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PrefaceSECOND EDITIONCommon Lisp has succeeded. Since publication of the �rst edition of thisbook in 1984, many implementors have used it as a de facto standard for Lispimplementation. As a result, it is now much easier to port large Lisp programsfrom one implementation to another. Common Lisp has proved to be a usefuland stable platform for rapid prototyping and systems delivery in arti�cialintelligence and other areas. With experience gained in using Common Lispfor so many applications, implementors found no shortage of opportunities forinnovation. One of the important characteristics of Lisp is its good support forexperimental extension of the language; while Common Lisp has been stable,it has not stagnated.The 1984 de�nition of CommonLisp was imperfect and incomplete. In somecases this was inadvertent: some odd boundary situation was overlooked andits consequences not speci�ed, or di�erent passages were in conict, or someproperty of Lisp was so well-known and traditionally relied upon that I forgotto write it down. In other cases the informal committee that was de�ningCommon Lisp could not settle on a solution, and therefore agreed to leavesome important aspect of the language unspeci�ed rather than choose a lessthan satisfactory de�nition. An example is error handling; 1984 CommonLisp had plenty of ways to signal errors but no way for a program to trap orprocess them.Over the next year I collected reports of errors in the book and gaps inthe language. In December 1985, a group of implementors and users met inBoston to discuss the state of Common Lisp. I prepared two lists for thismeeting, one of errata and clari�cations that I thought would be relativelyuncontroversial (boy, was I wrong!) and one of more substantial changes Ithought should be considered and perhaps voted upon. Others also broughtproposals to discuss. It became clear to everyone that there was now enoughinterest in Common Lisp, and dependence on its stability, that a more formalmechanism was needed for managing changes to the language. xiii



xiv PREFACE (SECOND EDITION)This realization led to the formation of X3J13, a subcommittee of ANSIcommittee X3, to produce a formal American National Standard for CommonLisp. That process is nearing completion. X3J13 has completed the bulk ofits technical work in rectifying the 1984 de�nition and codifying extensionsto that de�nition that have received widespread use and approval. A draftstandard is now being prepared; it will probably be available in 1990. Therewill then be a period (required by ANSI) for public review. X3J13 must thenconsider the comments it receives and respond appropriately. If the commentsresult in substantial changes to the draft standard, multiple public reviewperiods may be required before the draft can be approved as an AmericanNational Standard.Fortunately, X3J13 has done an outstanding job of documenting its work.For every change that came to a formal vote, a document was prepared thatdescribed the problem to be solved and one or more solutions. For eachsolution there is a detailed proposal for changing the language; a rationale; testcases that distinguish the proposal from the status quo or from other proposalsfor solving that problem; discussions of current practice, cost to implementors,cost to users, cost of not adopting the proposal, bene�ts of adoption, aestheticcriteria; and any relevant informal discussion that may have preceded creationof the formal proposal. All of these proposal documents were made availableon-line as well as in paper form. By my count, by June 1989 some 186 suchproposals were approved as language changes. (This count does not includemany proposals that came before the committee but were rejected.)The purpose of this second edition is to bridge the gap between the �rstedition and the forthcoming ANSI standard for Common Lisp. Because of therequirement for formal public review, it will be some time yet before the ANSIstandard is �nal. This book in no way resembles the forthcoming standard(which is being written independently by Kathy Chapman of Digital Equip-ment Corporation with assistance from the X3J13 Drafting Subcommittee).I have incorporated into this second edition a great deal of material basedon the votes of X3J13, in order to give the reader a picture of where thelanguage is heading. My purpose here is not simply to quote the X3J13documents verbatim but to paraphrase them and relate them to the structureof the �rst edition. A single vote by X3J13 may be discussed in many partsof this book, and a single passage of this book may be a�ected by many ofthe votes.I wish to be very clear: this book is not an o�cial document of X3J13,though it is based on publicly available material produced by X3J13. Inno way does this book constitute a de�nitive description of the forthcomingANSI standard. The committee's decisions have been remarkably stable (it



PREFACE (SECOND EDITION) xvhas rescinded earlier decisions only two or three times), and I do not expectradical changes in direction. Nevertheless, it is quite probable that the draftstandard will be substantively revised in response to editorial review or publiccomment. I have therefore reported here on the actions of X3J13 not toinscribe them in stone, but to make clear how the language of the �rst editionis likely to change. I have tried to be careful in my wording to avoid saying\the language has been changed" and to state simply that \X3J13 voted atsuch-and-so time to make the following change."Until the day when an o�cial ANSI Common Lisp standard emerges, itis likely that the 1984 de�nition of Common Lisp will continue to be usedwidely. This book has been designed to be used as a reference both to the1984 de�nition and to the language as modi�ed by the actions of X3J13.It contains the entire text of the �rst edition of Common Lisp: The Lan-guage, with corrections and minor editorial changes; however, more than halfof the material in this edition is new. All new material is identi�ed by solidlines in the left margin. Dotted lines in the left margin indicate material fromthe �rst edition that applies to the 1984 de�nition but that has been modi�edby a vote of X3J13. Modi�cations to these outmoded passages are explainedby preceding or following text (which will have a solid line in the margin). Insummary:. To use the 1984 language de�nition, read all material that does not have asolid line in the margin.. To use the updated language de�nition, read everything, but be wary ofmaterial with a dotted line in the margin.At the end of the book is an index of the X3J13 votes, ordered by the com-mittee's internal code names (included to ease cross-reference to the X3J13documents, which may be useful during the public review periods). Refer-ences to this list of votes appear as numbers in angle brackets; thus \h14i"refers to the vote on issue number 14, whereas \[14]" refers to reference 14 inthe bibliography.I have kept changes to the wording of the �rst-edition material to a min-imum. Obvious spelling and typographical errors have been corrected, andthe entire text has been edited to a uniform style of spelling and punctuation.(Note in particular that the �rst edition used the spelling \signalling" butthis edition, in deference to the style decision of the X3J13 Drafting Subcom-mittee, uses \signaling.") A few minor changes were made to accommodatetypographical or layout constraints. (For example, the word \also" has beendeleted from the �rst sentence of chapter 1, partly to make that paragraphlook better and partly to allow a better page break at the bottom of page 2.)



xvi PREFACE (SECOND EDITION)In a very few cases the �rst edition contained substantive errors that I couldnot in good conscience correct silently; these have been agged by paragraphsbeginning with the phrase Notice of correction.The chapter and section numbering of this edition matches that of the�rst edition, with the exception that a new section 7.9 has been interpolated.Four new chapters (26{29) describe substantial changes approved by X3J13:an extended loop macro, a pretty printer interface, the Common Lisp ObjectSystem, and the Common Lisp Condition System.X3J13, in the course of its work, formed a subcommittee to study whetheradditional means of iteration should be standardized for use in Common Lisp,for a great deal of existing practice in this area was not included in the �rstedition because of lack of agreement in 1984. The X3J13 Iteration Subcom-mittee produced reports on three possible facilities. One (loop) was approvedfor inclusion in the forthcoming draft standard and is described in chapter 26.X3J13 expressed interest in the other two approaches (series and genera-tors), but the consensus as of January 1989 was that these other approacheswere not yet su�ciently mature or in su�ciently widespread use to warrantinclusion in the draft Common Lisp standard at that time. However, the sub-committee was directed to continue work on these approaches and X3J13 isopen to the possibility of standardizing them at a later date. Please note thatI do not wish the prejudge the question of whether X3J13 will ever chooseto make the other two proposals the subject of standardization. Neverthe-less, I have chosen to include them in the second edition, in cooperation withDr. Richard C. Waters, as appendices A and B, in order to make these ideasavailable to the Lisp community. In my judgement these proposals addressan area of language design not otherwise covered by Common Lisp and arelikely to have practical value even if they are never adopted as part of a formalstandard.Some new material in this book has nothing to do with the work of X3J13.In many places I have added explanations, clari�cations, new examples, warn-ings, and tips on writing portable code. Appendix C contains a piece of codethat may help in understanding the backquote syntax.This second edition, unlike the �rst edition, also includes a few diagramsto pep up the text. However, there are absolutely no new jokes, and very fewoutright lies.
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Would it be wonderful if, under thepressure of all these di�culties, theConvention should have beenforced into some deviations fromthat arti�- cial structure andregular symmetry which anabstract view of the subject mightlead an ingenious theorist tobestow on a constitution plannedin his closet or in his imagination?|James Madison, The FederalistNo. 37, January 11, 1788



1IntroductionCommon Lisp is a new dialect of Lisp, a successor to MacLisp [33, 37], in-uenced strongly by Zetalisp [55, 34] and to some extent by Scheme [46] andInterlisp [50].1.1. PurposeCommon Lisp is intended to meet these goals:CommonalityCommon Lisp originated in an attempt to focus the work of several imple-mentation groups, each of which was constructing successor implementationsof MacLisp for di�erent computers. These implementations had begun todiverge because of the di�erences in the implementation environments: mi-crocoded personal computers (Zetalisp, Spice Lisp), commercial timesharedcomputers (NIL|the \New Implementation of Lisp"), and supercomputers(S-1 Lisp). While the di�erences among the several implementation environ-ments of necessity will continue to force certain incompatibilities among theimplementations, Common Lisp serves as a common dialect to which eachimplementation makes any necessary extensions.PortabilityCommon Lisp intentionally excludes features that cannot be implementedeasily on a broad class of machines. On the one hand, features that aredi�cult or expensive to implement on hardware without special microcodeare avoided or provided in a more abstract and e�ciently implementableform. (Examples of this are the invisible forwarding pointers and locativesof Zetalisp. Some of the problems that they solve are addressed in di�er-ent ways in Common Lisp.) On the other hand, features that are useful1



2 COMMON LISPonly on certain \ordinary" or \commercial" processors are avoided or madeoptional. (An example of this is the type declaration facility, which is use-ful in some implementations and completely ignored in others. Type dec-larations are completely optional and for correct programs a�ect only e�-ciency, not semantics.) Common Lisp is designed to make it easy to writeprograms that depend as little as possible on machine-speci�c characteris-tics, such as word length, while allowing some variety of implementationtechniques.ConsistencyMost Lisp implementations are internally inconsistent in that by default theinterpreter and compiler may assign di�erent semantics to correct programs.This semantic di�erence stems primarily from the fact that the interpreterassumes all variables to be dynamically scoped, whereas the compiler assumesall variables to be local unless explicitly directed otherwise. This di�erencehas been the usual practice in Lisp for the sake of convenience and e�ciencybut can lead to very subtle bugs. The de�nition of Common Lisp avoidssuch anomalies by explicitly requiring the interpreter and compiler to imposeidentical semantics on correct programs so far as possible.ExpressivenessCommon Lisp culls what experience has shown to be the most useful and un-derstandable constructs from not only MacLisp but also Interlisp, other Lispdialects, and other programming languages. Constructs judged to be awk-ward or less useful have been excluded. (An example is the store constructof MacLisp.)CompatibilityUnless there is a good reason to the contrary, Common Lisp strives to becompatible with Lisp Machine Lisp, MacLisp, and Interlisp, roughly in thatorder.E�ciencyCommonLisp has a number of features designed to facilitate the production ofhigh-quality compiled code in those implementations whose developers care toinvest e�ort in an optimizing compiler. One implementation of Common Lisp,namely S-1 Lisp, already has a compiler that produces code for numericalcomputations that is competitive in execution speed to that produced bya Fortran compiler [11]. The S-1 Lisp compiler extends the work done inMacLisp to produce extremely e�cient numerical code [19].



INTRODUCTION 3PowerCommon Lisp is a descendant of MacLisp, which has traditionally placedemphasis on providing system-building tools. Such tools may in turn be usedto build the user-level packages such as Interlisp provides; these packages arenot, however, part of the Common Lisp core speci�cation. It is expected suchpackages will be built on top of the Common Lisp core.StabilityIt is intended that Common Lisp will change only slowly and with due delib-eration. The various dialects that are supersets of Common Lisp may serveas laboratories within which to test language extensions, but such extensionswill be added to Common Lisp only after careful examination and experimen-tation.The goals of Common Lisp are thus very close to those of Standard Lisp[31] and Portable Standard Lisp [51]. Common Lisp di�ers from StandardLisp primarily in incorporating more features, including a richer and morecomplicated set of data types and more complex control structures.This book is intended to be a language speci�cation rather than animplementation speci�cation (although implementation notes are scatteredthroughout the text). It de�nes a set of standard language concepts and con-structs that may be used for communication of data structures and algorithmsin the Common Lisp dialect. This set of concepts and constructs is sometimesreferred to as the \core CommonLisp language" because it contains conceptu-ally necessary or important features. It is not necessarily implementationallyminimal. While many features could be de�ned in terms of others by writingLisp code, and indeed may be implemented that way, it was felt that thesefeatures should be conceptually primitive so that there might be agreementamong all users as to their usage. (For example, bignums and rational numberscould be implemented as Lisp code given operations on �xnums. However, itis important to the conceptual integrity of the language that they be regardedby the user as primitive, and they are useful enough to warrant a standardde�nition.)For the most part, this book de�nes a programming language, not a pro-gramming environment. A few interfaces are de�ned for invoking such stan-dard programming tools as a compiler, an editor, a program trace facility,and a debugger, but very little is said about their nature or operation. It isexpected that one or more extensive programming environments will be builtusing Common Lisp as a foundation, and will be documented separately.



4 COMMON LISPThere are now many implementations of Common Lisp, some programmedby research groups in universities and some by companies that sell them com-mercially, and a number of useful programming environments have indeedgrown up around these implementations. What is more, all the goals statedabove have been achieved, most notably that of portability. Moving largebodies of Lisp code from one computer to another is now routine.1.2. Notational ConventionsA number of special notational conventions are used throughout this book forthe sake of conciseness.1.2.1. Decimal NumbersAll numbers in this book are in decimal notation unless there is an explicitindication to the contrary. (Decimal notation is normally taken for granted,of course. Unfortunately, for certain other dialects of Lisp, MacLisp in partic-ular, the default notation for numbers is octal (base 8) rather than decimal,and so the use of decimal notation for describing Common Lisp is, taken inits historical context, a bit unusual!)1.2.2. Nil, False, and the Empty ListIn Common Lisp, as in most Lisp dialects, the symbol nil is used to representboth the empty list and the \false" value for Boolean tests. An empty list may,of course, also be written (); this normally denotes the same object as nil.(It is possible, by extremely perverse manipulation of the package system, tocause the sequence of letters nil to be recognized not as the symbol thatrepresents the empty list but as another symbol with the same name. Thisobscure possibility will be ignored in this book.) These two notations maybe used interchangeably as far as the Lisp system is concerned. However,as a matter of style, this book uses the notation () when it is desirable toemphasize the use of an empty list, and uses the notation nil when it isdesirable to emphasize the use of the Boolean \false". The notation 'nil(note the explicit quotation mark) is used to emphasize the use of a symbol.For example:(defun three () 3) ;Emphasize empty parameter list(append '() '()) ) () ;Emphasize use of empty lists



INTRODUCTION 5(not nil) ) t ;Emphasize use as Boolean \false"(get 'nil 'color) ;Emphasize use as a symbolAny data object other than nil is construed to be Boolean \not false", thatis, \true". The symbol t is conventionally used to mean \true" when no othervalue is more appropriate. When a function is said to \return false" or to \befalse" in some circumstance, this means that it returns nil. However, whena function is said to \return true" or to \be true" in some circumstance, thismeans that it returns some value other than nil, but not necessarily t.1.2.3. Evaluation, Expansion, and EquivalenceExecution of code in Lisp is called evaluation because executing a piece ofcode normally results in a data object called the value produced by the code.The symbol) is used in examples to indicate evaluation. For example,(+ 4 5) ) 9means \the result of evaluating the code (+ 4 5) is (or would be, or wouldhave been) 9."The symbol! is used in examples to indicate macro expansion. For exam-ple,(push x v) ! (setf v (cons x v))means \the result of expanding the macro-call form (push x v) is (setf v(cons x v))." This implies that the two pieces of code do the same thing;the second piece of code is the de�nition of what the �rst does.The symbol � is used in examples to indicate code equivalence. For exam-ple,(gcd x (gcd y z)) � (gcd (gcd x y) z)means \the value and e�ects of evaluating the form (gcd x (gcd y z)) arealways the same as the value and e�ects of (gcd (gcd x y) z) for any valuesof the variables x, y, and z." This implies that the two pieces of code do thesame thing; however, neither directly de�nes the other in the way macroexpansion does.1.2.4. ErrorsWhen this book speci�es that it \is an error" for some situation to occur, thismeans that:



6 COMMON LISP. No valid Common Lisp program should cause this situation to occur.. If this situation occurs, the e�ects and results are completely unde�ned asfar as adherence to the Common Lisp speci�cation is concerned.. No Common Lisp implementation is required to detect such an error. Ofcourse, implementors are encouraged to provide for detection of such errorswherever reasonable.This is not to say that some particular implementation might not de�ne thee�ects and results for such a situation; the point is that no program conformingto the Common Lisp speci�cation may correctly depend on such e�ects orresults.On the other hand, if it is speci�ed in this book that in some situation \anerror is signaled," this means that:. If this situation occurs, an error will be signaled (see error and cerror).. Valid Common Lisp programs may rely on the fact that an error will besignaled.. Every Common Lisp implementation is required to detect such an error.In places where it is stated that so-and-so \must" or \must not" or \maynot" be the case, then it \is an error" if the stated requirement is not met.For example, if an argument \must be a symbol," then it \is an error" if theargument is not a symbol. In all cases where an error is to be signaled, theword \signaled" is always used explicitly in this book.X3J13 has adopted a more elaborate terminology for errors, and has madesome e�ort to specify the type of error to be signaled in situations wheresignaling is appropriate. This e�ort was not complete as of September 1989,and I have made little attempt to incorporate the new error terminologyor error type speci�cations in this book. However, the new terminology isdescribed and used in the speci�cation of the Common Lisp Object Systemappearing in chapter 28; this gives the avor of how erroneous situations willbe described, and appropriate actions prescribed, in the forthcoming ANSICommon Lisp standard.1.2.5. Descriptions of Functions and Other EntitiesFunctions, variables, named constants, special forms, and macros are de-scribed using a distinctive typographical format. Table 1-1 illustrates themanner in which Common Lisp functions are documented. The �rst line



INTRODUCTION 7Table 1-1: Sample Function Description [Function]sample-function arg1 arg2 &optional arg3 arg4The function sample-function adds together arg1 and arg2, and then mul-tiplies the result by arg3. If arg3 is not provided or is nil, the multiplicationisn't done. sample-function then returns a list whose �rst element is thisresult and whose second element is arg4 (which defaults to the symbol foo).For example:(sample-function 3 4) ) (7 foo)(sample-function 1 2 2 'bar) ) (6 bar)In general, (sample-function x y) � (list (+ x y) 'foo).Table 1-2: Sample Variable Description [Variable]*sample-variable*The variable *sample-variable* speci�es how many times the special formsample-special-form should iterate. The value should always be a non-negative integer or nil (which means iterate inde�nitely many times). Theinitial value is 0 (meaning no iterations).Table 1-3: Sample Constant Description [Constant ]sample-constantThe named constant sample-constant has as its value the height of theterminal screen in furlongs times the base-2 logarithm of the implementation'stotal disk capacity in bytes, as a oating-point number.speci�es the name of the function, the manner in which it accepts arguments,and the fact that it is a function. If the function takes many arguments, thenthe names of the arguments may spill across two or three lines. The para-graphs following this standard header explain the de�nition and uses of thefunction and often present examples or related functions.Sometimes two or more related functions are explained in a single combineddescription. In this situation the headers for all the functions appear together,



8 COMMON LISPTable 1-4: Sample Special Form Description [Special form]sample-special-form [name] ( fvarg� ) f formg+This evaluates each form in sequence as an implicit progn, and does this asmany times as speci�ed by the global variable *sample-variable*. Eachvariable var is bound and initialized to 43 before the �rst iteration, and un-bound after the last iteration. The name name, if supplied, may be usedin a return-from form to exit from the loop prematurely. If the loop endsnormally, sample-special-form returns nil. For example:(setq *sample-variable* 3)(sample-special-form () form1 form2)This evaluates form1, form2, form1, form2, form1, form2 in that order.Table 1-5: Sample Macro Description [Macro]sample-macro var [[ declaration* j doc-string ]] ftag j statementg�This evaluates the statements as a prog body, with the variable var bound to43.(sample-macro x (return (+ x x))) ) 86(sample-macro var . body) ! (prog ((var 43)) . body)followed by the combined description.In general, actual code (including actual names of functions) appears in thistypeface: (cons a b). Names that stand for pieces of code (metavariables)are written in italics. In a function description, the names of the parametersappear in italics for expository purposes. The word &optional in the listof parameters indicates that all arguments past that point are optional; thedefault values for the parameters are described in the text. Parameter listsmay also contain &rest, indicating that an inde�nite number of argumentsmay appear, or &key, indicating that keyword arguments are accepted. (The&optional/&rest/&key syntax is actually used in Common Lisp functionde�nitions for these purposes.)Table 1-2 illustrates the manner in which a global variable is documented.The �rst line speci�es the name of the variable and the fact that it is a variable.



INTRODUCTION 9Purely as a matter of convention, all global variables used by Common Lisphave names beginning and ending with an asterisk.Table 1-3 illustrates the manner in which a named constant is documented.The �rst line speci�es the name of the constant and the fact that it is aconstant. (A constant is just like a global variable, except that it is an errorever to alter its value or to bind it to a new value.)Tables 1-4 and 1-5 illustrate the documentation of special forms and macros,which are closely related in purpose. These are very di�erent from functions.Functions are called according to a single, speci�c, consistent syntax; the&optional/&rest/&key syntax speci�es how the function uses its argumentsinternally but does not a�ect the syntax of a call. In contrast, each specialform or macro can have its own idiosyncratic syntax. It is by special formsand macros that the syntax of Common Lisp is de�ned and extended.In the description of a special form or macro, an italicized word namesa corresponding part of the form that invokes the special form or macro.Parentheses stand for themselves and should be written as such when invokingthe special form or macro. Brackets, braces, stars, plus signs, and vertical barsare metasyntactic marks. Brackets, [ and ], indicate that what they encloseis optional (may appear zero times or one time in that place); the squarebrackets should not be written in code. Braces, f and g, simply parenthesizewhat they enclose but may be followed by a star, �, or a plus sign, +; astar indicates that what the braces enclose may appear any number of times(including zero, that is, not at all), whereas a plus sign indicates that whatthe braces enclose may appear any non-zero number of times (that is, mustappear at least once). Within braces or brackets, a vertical bar, j, separatesmutually exclusive choices. In summary, the notation fxg� means zero ormore occurrences of x, the notation fxg+ means one or more occurrences ofx, and the notation [x ] means zero or one occurrence of x. These notationsare also used for syntactic descriptions expressed as BNF-like productions, asin table 22-2.Double brackets, [[ and ]], indicate that any number of the alternativesenclosed may be used, and those used may occur in any order, but eachalternative may be used at most once unless followed by a star. For example,p [[ x j fyg� j z ]] qmeans that at most one x, any number of y's, and at most one z may appearbetween the mandatory occurrences of p and q, and those that appear maybe in any order.A downward arrow, #, indicates a form of syntactic indirection that helpsto make [[ ]] notation more readable. If X is some non-terminal symbol



10 COMMON LISPoccurring on the left-hand side of some BNF production, then the right-handside of that production is to be textually substituted for any occurrence of#X . Thus the two fragmentsp [[ #xyz-mixture ]] qxyz-mixture ::= x j fyg� j zare together equivalent to the previous example.In the last example in table 1-5, notice the use of dot notation. The dot ap-pearing in the expression (sample-macro var . body) means that the namebody stands for a list of forms, not just a single form, at the end of a list. Thisnotation is often used in examples.In the heading line in table 1-5, notice the use of [[ ]] notation to indicatethat any number of declarations may appear but at most one documentationstring (which may appear before, after, or somewhere in the middle of anydeclarations).1.2.6. The Lisp ReaderThe term \Lisp reader" refers not to you, the reader of this book, nor to someperson reading Lisp code, but speci�cally to a Lisp procedure, namely thefunction read, which reads characters from an input stream and interpretsthem by parsing as representations of Lisp objects.1.2.7. Overview of SyntaxCertain characters are used in special ways in the syntax of Common Lisp.The complete syntax is explained in detail in chapter 22, but a quick summaryhere may be useful:( A left parenthesis begins a list of items. The list may contain any numberof items, including zero. Lists may be nested. For example, (cons (carx) (cdr y)) is a list of three things, of which the last two are themselveslists.) A right parenthesis ends a list of items.' An acute accent (also called single quote or apostrophe) followed byan expression form is an abbreviation for (quote form). Thus 'foomeans (quote foo) and '(cons 'a 'b) means (quote (cons (quotea) (quote b))).



INTRODUCTION 11; Semicolon is the comment character. It and all characters up to the endof the line are discarded." Double quotes surround character strings:"This is a thirty-nine-character string."\ Backslash is an escape character. It causes the next character to be treatedas a letter rather than for its usual syntactic purpose. For example, A\(Bdenotes a symbol whose name consists of the three characters A, (, andB. Similarly, "\"" denotes a character string containing one character, adouble quote, because the �rst and third double quotes serve to delimit thestring, and the second double quote serves as the contents of the string.The backslash causes the second double quote to be taken literally and pre-vents it from being interpreted as the terminating delimiter of the string.| Vertical bars are used in pairs to surround the name (or part of the name)of a symbol that has many special characters in it. It is roughly equivalentto putting a backslash in front of every character so surrounded. Forexample, |A(B)|, A|(|B|)|, and A\(B\) all mean the symbol whose nameconsists of the four characters A, (, B, and ).#-- The number sign signals the beginning of a complicated syntactic struc-ture. The next character designates the precise syntax to follow. Forexample, #--o105 means 1058 (105 in octal notation); #--x105 means 10516(105 in hexadecimal notation); #--b1011 means 10112 (1011 in binary no-tation); #--\L denotes a character object for the character L; and #--(a b c)denotes a vector of three elements a, b, and c. A particularly importantcase is that #--'fn means (function fn), in a manner analogous to 'formmeaning (quote form).` Grave accent (\backquote") signals that the next expression is a templatethat may contain commas. The backquote syntax represents a programthat will construct a data structure according to the template., Commas are used within the backquote syntax.: Colon is used to indicate which package a symbol belongs to. For example,network:reset denotes the symbol named reset in the package namednetwork. A leading colon indicates a keyword, a symbol that always eval-uates to itself. The colon character is not actually part of the print nameof the symbol. This is all explained in chapter 11; until you read that,just keep in mind that a symbol notated with a leading colon is in e�ect aconstant that evaluates to itself.



12 COMMON LISPNotice of correction. In the �rst edition, the characters \," and \:" at theleft margin above were inadvertently omitted.Brackets, braces, question mark, and exclamation point (that is, [, ], {,}, ?, and !) are not used for any purpose in standard Common Lisp syntax.These characters are explicitly reserved to the user, primarily for use as macrocharacters for user-de�ned lexical syntax extensions (see section 22.1.3).All code in this book is written using lowercase letters. Common Lisp is........................................................................................................................................................................................................

generally insensitive to the case in which code is written. Internally, names ofsymbols are ordinarily converted to and stored in uppercase form. There areways to force case conversion on output if desired; see *print-case*. In thisbook, wherever an interactive exchange between a user and the Lisp systemis shown, the input is exhibited with lowercase letters and the output withuppercase letters.X3J13 voted in June 1989 h150i to introduce readtable-case. Certainsettings allow the names of symbols to be case-sensitive. The default behav-ior, however, is as described in the previous paragraph. In any event, onlyuppercase letters appear in the internal print names of symbols naming thestandard Common Lisp facilities described in this book.



2Data TypesCommon Lisp provides a variety of types of data objects. It is important tonote that in Lisp it is data objects that are typed, not variables. Any variablecan have any Lisp object as its value. (It is possible to make an explicitdeclaration that a variable will in fact take on one of only a limited set ofvalues. However, such a declaration may always be omitted, and the programwill still run correctly. Such a declaration merely constitutes advice from theuser that may be useful in gaining e�ciency. See declare.)In Common Lisp, a data type is a (possibly in�nite) set of Lisp objects.Many Lisp objects belong to more than one such set, and so it doesn't alwaysmake sense to ask what is the type of an object; instead, one usually asks onlywhether an object belongs to a given type. The predicate typep may be usedto ask whether an object belongs to a given type, and the function type-ofreturns a type to which a given object belongs.The data types de�ned in Common Lisp are arranged into a hierarchy(actually a partial order) de�ned by the subset relationship. Certain setsof objects, such as the set of numbers or the set of strings, are interestingenough to deserve labels. Symbols are used for most such labels (here, andthroughout this book, the word \symbol" refers to atomic symbols, one kindof Lisp object, elsewhere known as literal atoms). See chapter 4 for a completedescription of type speci�ers.The set of all objects is speci�ed by the symbol t. The empty data type,which contains no objects, is denoted by nil.A type called common encompasses all the data objects required by the........................................................................................................................................................................................................

Common Lisp language. A Common Lisp implementation is free to provideother data types that are not subtypes of common.X3J13 voted in March 1989 h17i to remove the type common (and the pred-icate commonp) from the language, on the grounds that it has not proved tobe useful in practice and that it could be di�cult to rede�ne in the face of13



14 COMMON LISPother changes to the Common Lisp type system (such as the introduction ofCLOS classes).The following categories of Common Lisp objects are of particular interest:numbers, characters, symbols, lists, arrays, structures, and functions. Thereare others as well. Some of these categories have many subdivisions. There arealso standard types de�ned to be the union of two or more of these categories.The categories listed above, while they are data types, are neither more norless \real" than other data types; they simply constitute a particularly usefulslice across the type hierarchy for expository purposes.Here are brief descriptions of various CommonLisp data types. The remain-ing sections of this chapter go into more detail and also describe notationsfor objects of each type. Descriptions of Lisp functions that operate on dataobjects of each type appear in later chapters.. Numbers are provided in various forms and representations. Common Lispprovides a true integer data type: any integer, positive or negative, has inprinciple a representation as a Common Lisp data object, subject only tototal memory limitations (rather than machine word width). A true rationaldata type is provided: the quotient of two integers, if not an integer, is aratio. Floating-point numbers of various ranges and precisions are alsoprovided, as well as Cartesian complex numbers.. Characters represent printed glyphs such as letters or text formatting op-erations. Strings are one-dimensional arrays of characters. Common Lispprovides for a rich character set, including ways to represent characters ofvarious type styles.. Symbols (sometimes called atomic symbols for emphasis or clarity) arenamed data objects. Lisp provides machinery for locating a symbol ob-ject, given its name (in the form of a string). Symbols have property lists,which in e�ect allow symbols to be treated as record structures with anextensible set of named components, each of which may be any Lisp object.Symbols also serve to name functions and variables within programs.. Lists are sequences represented in the form of linked cells called conses.There is a special object (the symbol nil) that is the empty list. All otherlists are built recursively by adding a new element to the front of an existinglist. This is done by creating a new cons, which is an object having twocomponents called the car and the cdr. The car may hold anything, and thecdr is made to point to the previously existing list. (Conses may actually beused completely generally as two-element record structures, but their mostimportant use is to represent lists.)



DATA TYPES 15. Arrays are dimensioned collections of objects. An array can have any non-negative number of dimensions and is indexed by a sequence of integers. Ageneral array can have any Lisp object as a component; other types of arraysare specialized for e�ciency and can hold only certain types of Lisp objects.It is possible for two arrays, possibly with di�ering dimension information,to share the same set of elements (such that modifying one array modi�esthe other also) by causing one to be displaced to the other. One-dimensionalarrays of any kind are called vectors. One-dimensional arrays of charactersare called strings. One-dimensional arrays of bits (that is, of integers whosevalues are 0 or 1) are called bit-vectors.. Hash tables provide an e�cient way of mapping any Lisp object (a key) toan associated object.. Readtables are used to control the built-in expression parser read.. Packages are collections of symbols that serve as name spaces. The parserrecognizes symbols by looking up character sequences in the current pack-age.. Pathnames represent names of �les in a fairly implementation-independentmanner. They are used to interface to the external �le system.. Streams represent sources or sinks of data, typically characters or bytes.They are used to perform I/O, as well as for internal purposes such asparsing strings.. Random-states are data structures used to encapsulate the state of thebuilt-in random-number generator.. Structures are user-de�ned record structures, objects that have named com-ponents. The defstruct facility is used to de�ne new structure types. SomeCommon Lisp implementations may choose to implement certain system-supplied data types, such as bignums, readtables, streams, hash tables, andpathnames, as structures, but this fact will be invisible to the user.. Functions are objects that can be invoked as procedures; these may take ar-........................................................................................................................................................................................................

guments and return values. (All Lisp procedures can be construed to returnvalues and therefore every procedure is a function.) Such objects includecompiled-functions (compiled code objects). Some functions are representedas a list whose car is a particular symbol such as lambda. Symbols mayalso be used as functions.



16 COMMON LISPX3J13 voted in June 1988 h90i to specify that symbols are not of typefunction, but are automatically coerced to functions in certain situations(see section 2.13).X3J13 voted in June 1988 h30i to adopt the Common Lisp Condition Sys-tem, thereby introducing a new category of data objects:. Conditions are objects used to a�ect control ow in certain conventionalways by means of signals and handlers that intercept those signals. Inparticular, errors are signaled by raising particular conditions, and errorsmay be trapped by establishing handlers for those conditions.X3J13 voted in June 1988 h12i to adopt the Common Lisp Object System,thereby introducing additional categories of data objects:. Classes determine the structure and behavior of other objects, their in-stances. Every Common Lisp data object belongs to some class. (In someways the CLOS class system is a generalization of the system of type spec-i�ers of the �rst edition of this book, but the class system augments thetype system rather than supplanting it.). Methods are chunks of code that operate on arguments satisfying a partic-ular pattern of classes. Methods are not functions; they are not invokeddirectly on arguments but instead are bundled into generic functions.. Generic functions are functions that contain, among other information, aset of methods. When invoked, a generic function executes a subset of itsmethods. The subset chosen for execution depends in a speci�c way on theclasses or identities of the arguments to which it is applied.These categories are not always mutually exclusive. The required relation-ships among the various data types are explained in more detail in section 2.15.2.1. NumbersSeveral kinds of numbers are de�ned in Common Lisp. They are divided intointegers; ratios; oating-point numbers, with names provided for up to fourdi�erent oating-point representations; and complex numbers.X3J13 voted in March 1989 h151i to add the type real.The number data type encompasses all kinds of numbers. For convenience,there are names for some subclasses of numbers as well. Integers and ratiosare of type rational. Rational numbers and oating-point numbers are oftype real. Real numbers and complex numbers are of type number.



DATA TYPES 17Although the names of these types were chosen with the terminology ofmathematics in mind, the correspondences are not always exact. Integers andratios model the corresponding mathematical concepts directly. Numbers oftype float may be used to approximate real numbers, both rational and ir-rational. The real type includes all Common Lisp numbers that representmathematical real numbers, though there are mathematical real numbers (ir-rational numbers) that do not have an exact Common Lisp representation.Only real numbers may be ordered using the <, >, <UU, and >UU functions.Compatibility note: The Fortran 77 standard de�nes the term real datum to mean\a processor approximation to the value of a real number." In practice the Fortranbasic real type is the oating-point data type that Common Lisp calls single-float.The Fortran double precision type is Common Lisp's double-float. The Pascal realdata type is an \implementation-de�ned subset of the real numbers." In practicethis is usually a oating-point type, often what Common Lisp calls double-float.A translation of an algorithm written in Fortran or Pascal that uses real datausually will use some appropriate precision of Common Lisp's float type. Somealgorithms may gain accuracy or exibility by using Common Lisp's rational orreal type instead.2.1.1. IntegersThe integer data type is intended to represent mathematical integers. Unlikemost programming languages, Common Lisp in principle imposes no limit onthe magnitude of an integer; storage is automatically allocated as necessaryto represent large integers.In every Common Lisp implementation there is a range of integers that arerepresented more e�ciently than others; each such integer is called a �xnum,and an integer that is not a �xnum is called a bignum. Common Lisp isdesigned to hide this distinction as much as possible; the distinction between�xnums and bignums is visible to the user in only a few places where thee�ciency of representation is important. Exactly which integers are �xnumsis implementation-dependent; typically they will be those integers in the range�2n to 2n � 1, inclusive, for some n not less than 15. See most-positive-fixnum and most-negative-fixnum.X3J13 voted in January 1989 h76i to specify that fixnum must be a su-pertype of the type (signed-byte 16), and additionally that the value ofarray-dimension-limit must be a �xnum (implying that the implementorshould choose the range of �xnums to be large enough to accommodate thelargest size of array to be supported).



18 COMMON LISPRationale: This speci�cation allows programmers to declare variables in portablecode to be of type fixnum for e�ciency. Fixnums are guaranteed to encompass atleast the set of 16-bit signed integers (compare this to the data type short int inthe C programming language). In addition, any valid array index must be a �xnum,and therefore variables used to hold array indices (such as a dotimes variable) maybe declared fixnum in portable code.Integers are ordinarily written in decimal notation, as a sequence of decimaldigits, optionally preceded by a sign and optionally followed by a decimalpoint. For example: 0 ;Zero-0 ;This always means the same as 0+6 ;The �rst perfect number28 ;The second perfect number1024. ;Two to the tenth power-1 ;e�i15511210043330985984000000. ;25 factorial (25!), probably a bignumCompatibility note: MacLisp and Lisp Machine Lisp normally assume that in-tegers are written in octal (radix-8) notation unless a decimal point is present.Interlisp assumes integers are written in decimal notation and uses a trailing Q toindicate octal radix; however, a decimal point, even in trailing position, always indi-cates a oating-point number. This is of course consistent with Fortran. Ada doesnot permit trailing decimal points but instead requires them to be embedded. InCommon Lisp, integers written as described above are always construed to be indecimal notation, whether or not the decimal point is present; allowing the decimalpoint to be present permits compatibility with MacLisp.Integers may be notated in radices other than ten. The notation#--nnrddddd or #--nnRdddddmeans the integer in radix-nn notation denoted by the digits ddddd. Moreprecisely, one may write #--, a non-empty sequence of decimal digits represent-ing an unsigned decimal integer n, r (or R), an optional sign, and a sequenceof radix-n digits, to indicate an integer written in radix n (which must bebetween 2 and 36, inclusive). Only legal digits for the speci�ed radix may beused; for example, an octal number may contain only the digits 0 through 7.



DATA TYPES 19For digits above 9, letters of the alphabet of either case may be used in or-der. Binary, octal, and hexadecimal radices are useful enough to warrant thespecial abbreviations #--b for #--2r, #--o for #--8r, and #--x for #--16r. For example:#--2r11010101 ;Another way of writing 213 decimal#--b11010101 ;Ditto#--b+11010101 ;Ditto#--o325 ;Ditto, in octal radix#--xD5 ;Ditto, in hexadecimal radix#--16r+D5 ;Ditto#--o-300 ;Decimal �192, written in base 8#--3r-21010 ;Same thing in base 3#--25R-7H ;Same thing in base 25#--xACCEDED ;181202413, in hexadecimal radix2.1.2. RatiosA ratio is a number representing the mathematical ratio of two integers. In-tegers and ratios collectively constitute the type rational. The canonicalrepresentation of a rational number is as an integer if its value is integral,and otherwise as the ratio of two integers, the numerator and denominator,whose greatest common divisor is 1, and of which the denominator is positive(and in fact greater than 1, or else the value would be integral). A ratio isnotated with / as a separator, thus: 3/5. It is possible to notate ratios innon-canonical (unreduced) forms, such as 4/6, but the Lisp function prin1always prints the canonical form for a ratio.If any computation produces a result that is a ratio of two integers suchthat the denominator evenly divides the numerator, then the result is imme-diately converted to the equivalent integer. This is called the rule of rationalcanonicalization.Rational numbers may be written as the possibly signed quotient of decimalnumerals: an optional sign followed by two non-empty sequences of digitsseparated by a /. This syntax may be described as follows:ratio ::= [sign] fdigitg+ / fdigitg+The second sequence may not consist entirely of zeros. For example:2/3 ;This is in canonical form4/6 ;A non-canonical form for the same number-17/23 ;A not very interesting ratio



20 COMMON LISP-30517578125/32768 ;This is (�5=2)1510/5 ;The canonical form for this is 2To notate rational numbers in radices other than ten, one uses the sameradix speci�ers (one of #--nnR, #--O, #--B, or #--X) as for integers. For example:#--o-101/75 ;Octal notation for -65/61#--3r120/21 ;Ternary notation for 15/7#--Xbc/ad ;Hexadecimal notation for 188/173#--xFADED/FACADE ;Hexadecimal notation for 1027565/164359342.1.3. Floating-Point NumbersCommon Lisp allows an implementation to provide one or more kinds ofoating-point number, which collectively make up the type float. Now aoating-point number is a (mathematical) rational number of the form s �f � be�p, where s is +1 or �1, the sign; b is an integer greater than 1, thebase or radix of the representation; p is a positive integer, the precision (inbase-b digits) of the oating-point number; f is a positive integer betweenb p�1 and b p�1 (inclusive), the signi�cand; and e is an integer, the exponent.The value of p and the range of e depends on the implementation and onthe type of oating-point number within that implementation. In addition,there is a oating-point zero; depending on the implementation, there mayalso be a \minus zero." If there is no minus zero, then 0.0 and -0.0 are bothinterpreted as simply a oating-point zero.Implementation note: The form of the above description should not be con-strued to require the internal representation to be in sign-magnitude form. Two's-complement and other representations are also acceptable. Note that the radix ofthe internal representation may be other than 2, as on the IBM 360 and 370, whichuse radix 16; see float-radix.Floating-point numbers may be provided in a variety of precisions and sizes,depending on the implementation. High-quality oating-point software tendsto depend critically on the precise nature of the oating-point arithmetic andso may not always be completely portable. As an aid in writing programsthat are moderately portable, however, certain de�nitions are made here:. A short oating-point number (type short-float) is of the representationof smallest �xed precision provided by an implementation.



DATA TYPES 21Table 2-1: Recommended Minimum Floating-Point Precision and Exponent SizeFormat Minimum Precision Minimum Exponent SizeShort 13 bits 5 bitsSingle 24 bits 8 bitsDouble 50 bits 8 bitsLong 50 bits 8 bits. A long oating-point number (type long-float) is of the representation ofthe largest �xed precision provided by an implementation.. Intermediate between short and long formats are two others, arbitrarilycalled single and double (types single-float and double-float).The precise de�nition of these categories is implementation-dependent. How-ever, the rough intent is that short oating-point numbers be precise to atleast four decimal places (but also have a space-e�cient representation); singleoating-point numbers, to at least seven decimal places; and double oating-point numbers, to at least fourteen decimal places. It is suggested that theprecision (measured in bits, computed as p log2 b) and the exponent size (alsomeasured in bits, computed as the base-2 logarithm of 1 plus the maximumexponent value) be at least as great as the values in table 2-1.Floating-point numbers are written in either decimal fraction or computer-ized scienti�c notation: an optional sign, then a non-empty sequence of digitswith an embedded decimal point, then an optional decimal exponent speci�-cation. If there is no exponent speci�er, then the decimal point is required,and there must be digits after it. The exponent speci�er consists of an ex-ponent marker, an optional sign, and a non-empty sequence of digits. Forpreciseness, here is a modi�ed-BNF description of oating-point notation.oating-point-number ::= [sign] fdigitg� decimal-point fdigitg+ [exponent ]j [sign] fdigitg+ [decimal-point fdigitg� ] exponentsign ::= + j -decimal-point ::= .digit ::= 0 j 1 j 2 j 3 j 4 j 5 j 6 j 7 j 8 j 9exponent ::= exponent-marker [sign] fdigitg+exponent-marker ::= e j s j f j d j l j E j S j F j D j LIf no exponent speci�er is present, or if the exponent marker e (or E) is used,then the precise format to be used is not speci�ed. When such a representationis read and converted to an internal oating-point data object, the format



22 COMMON LISPspeci�ed by the variable *read-default-float-format* is used; the initialvalue of this variable is single-float.The letters s, f, d, and l (or their respective uppercase equivalents) explic-itly specify the use of short, single, double, and long format, respectively.Examples of oating-point numbers:0.0 ;Floating-point zero in default format0E0 ;Also oating-point zero in default format-.0 ;This may be a zero or a minus zero,; depending on the implementation0. ;The integer zero, not a oating-point zero!0.0s0 ;A oating-point zero in short format0s0 ;Also a oating-point zero in short format3.1415926535897932384d0 ;A double-format approximation to �6.02E+23 ;Avogadro's number, in default format602E+21 ;Also Avogadro's number, in default format3.010299957f-1 ;log10 2, in single format-0.000000001s9 ;e�i in short format, the hard wayNotice of correction. The �rst edition unfortunately listed an incorrectvalue (3.1010299957f-1) for the base-10 logarithm of 2.The internal format used for an external representation depends only onthe exponent marker and not on the number of decimal digits in the externalrepresentation.While Common Lisp provides terminology and notation su�cient to ac-commodate four distinct oating-point formats, not all implementations willhave the means to support that many distinct formats. An implementation istherefore permitted to provide fewer than four distinct internal oating-pointformats, in which case at least one of them will be \shared" by more than oneof the external format names short, single, double, and long according to thefollowing rules:. If one internal format is provided, then it is considered to be single, butserves also as short, double, and long. The data types short-float,single-float, double-float, and long-float are considered to be iden-tical. An expression such as (eql 1.0s0 1.0d0) will be true in such animplementation because the two numbers 1.0s0 and 1.0d0 will be con-verted into the same internal format and therefore be considered to havethe same data type, despite the di�ering external syntax. Similarly, (typep1.0L0 'short-float) will be true in such an implementation. For outputpurposes all oating-point numbers are assumed to be of single format and



DATA TYPES 23thus will print using the exponent letter E or F.. If two internal formats are provided, then either of two correspondencesmay be used, depending on which is the more appropriate:{ One format is short; the other is single and serves also as double andlong. The data types single-float, double-float, and long-float areconsidered to be identical, but short-float is distinct. An expressionsuch as (eql 1.0s0 1.0d0)will be false, but (eql 1.0f0 1.0d0)will betrue. Similarly, (typep 1.0L0 'short-float) will be false, but (typep1.0L0 'single-float) will be true. For output purposes all oating-point numbers are assumed to be of short or single format.{ One format is single and serves also as short; the other is double andserves also as long. The data types short-float and single-floatare considered to be identical, and the data types double-float andlong-float are considered to be identical. An expression such as (eql1.0s0 1.0d0) will be false, as will (eql 1.0f0 1.0d0); but (eql 1.0d01.0L0) will be true. Similarly, (typep 1.0L0 'short-float) will befalse, but (typep 1.0L0 'double-float) will be true. For output pur-poses all oating-point numbers are assumed to be of single or doubleformat.. If three internal formats are provided, then either of two correspondencesmay be used, depending on which is the more appropriate:{ One format is short; another format is single; and the third format isdouble and serves also as long. Similar constraints apply.{ One format is single and serves also as short; another is double; and thethird format is long.Implementation note: It is recommended that an implementation provide asmany distinct oating-point formats as feasible, using table 2-1 as a guideline. Ide-ally, short-format oating-point numbers should have an \immediate" representationthat does not require heap allocation; single-format oating-point numbers shouldapproximate IEEE proposed standard single-format oating-point numbers; anddouble-format oating-point numbers should approximate IEEE proposed standarddouble-format oating-point numbers [23, 17, 16].



24 COMMON LISP2.1.4. Complex NumbersComplex numbers (type complex) are represented in Cartesian form, witha real part and an imaginary part, each of which is a non-complex number(integer, ratio, or oating-point number). It should be emphasized that theparts of a complex number are not necessarily oating-point numbers; in this,Common Lisp is like PL/I and di�ers from Fortran. However, both partsmust be of the same type: either both are rational, or both are of the sameoating-point format.Complex numbers may be notated by writing the characters #--C followed bya list of the real and imaginary parts. If the two parts as notated are notof the same type, then they are converted according to the rules of oating-point contagion as described in chapter 12. (Indeed, #--C(a b) is equivalent to#--,(complex a b); see the description of the function complex.) For example:#--C(3.0s1 2.0s-1) ;Real and imaginary parts are short format#--C(5 -3) ;A Gaussian integer#--C(5/3 7.0) ;Will be converted internally to #--C(1.66666 7.0)#--C(0 1) ;The imaginary unit, that is, iThe type of a speci�c complex number is indicated by a list of the wordcomplex and the type of the components; for example, a specialized repre-sentation for complex numbers with short oating-point parts would be oftype (complex short-float). The type complex encompasses all complexrepresentations.A complex number of type (complex rational), that is, one whose com-ponents are rational, can never have a zero imaginary part. If the result ofa computation would be a complex rational with a zero imaginary part, theresult is immediately converted to a non-complex rational number by takingthe real part. This is called the rule of complex canonicalization. This ruledoes not apply to oating-point complex numbers; #--C(5.0 0.0) and 5.0 aredi�erent.2.2. CharactersCharacters are represented as data objects of type character.There are two subtypes of interest, called standard-char and string-........................................................................................................................................................................................................

char.X3J13 voted in March 1989 h11i to remove the type string-char.A character object can be notated by writing #--\ followed by the charac-ter itself. For example, #--\g means the character object for a lowercase g.



DATA TYPES 25This works well enough for printing characters. Non-printing characters havenames, and can be notated by writing #--\ and then the name; for example,#--\Space (or #--\SPACE or #--\space or #--\sPaCE) means the space character. Thesyntax for character names after #--\ is the same as that for symbols. However,only character names that are known to the particular implementation maybe used.2.2.1. Standard CharactersCommon Lisp de�nes a standard character set (subtype standard-char) fortwo purposes. Common Lisp programs that are written in the standard char-acter set can be read by any CommonLisp implementation; and CommonLispprograms that use only standard characters as data objects are most likelyto be portable. The Common Lisp character set consists of a space charac-ter #--\Space, a newline character #--\Newline, and the following ninety-fournon-blank printing characters or their equivalents:! " #-- $ % & ' ( ) * + , - . / 0 1 2 3 4 5 6 7 8 9 : ; < UU > ?@ A B C D E F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _` a b c d e f g h i j k l m n o p q r s t u v w x y z { | } ~The Common Lisp standard character set is apparently equivalent to theninety-�ve standard ASCII printing characters plus a newline character. Nev-ertheless, Common Lisp is designed to be relatively independent of the ASCIIcharacter encoding. For example, the collating sequence is not speci�ed ex-cept to say that digits must be properly ordered, the uppercase letters mustbe properly ordered, and the lowercase letters must be properly ordered (seechar< for a precise speci�cation). Other character encodings, particularlyEBCDIC, should be easily accommodated (with a suitable mapping of print-ing characters).Of the ninety-four non-blank printing characters, the following are used inonly limited ways in the syntax of Common Lisp programs:[ ] { } ? ! ^ _ ~ $ %All of these characters except ! and _ are used within format strings as........................................................................................................................................................................................................

formatting directives. Except for this, [, ], {, }, ?, and ! are not used inCommon Lisp and are reserved to the user for syntactic extensions; ^ and _are not yet used in Common Lisp but are part of the syntax of reserved tokensand are reserved to implementors; ~ is not yet used in Common Lisp and isreserved to implementors; and $ and % are normally regarded as alphabetic



26 COMMON LISPcharacters but are not used in the names of any standard Common Lispfunctions, variables, or other entities.X3J13 voted in June 1989 h139i to add a format directive ~_ (see chap-ter 27).The following characters are called semi-standard:#--\Backspace #--\Tab #--\Linefeed #--\Page #--\Return #--\RuboutNot all implementations of Common Lisp need to support them; but thoseimplementations that use the standard ASCII character set should supportthem, treating them as corresponding respectively to the ASCII charactersBS (octal code 010), HT (011), LF (012), FF (014), CR (015), and DEL(177). These characters are not members of the subtype standard-charunless synonymous with one of the standard characters speci�ed above. Forexample, in a given implementation it might be sensible for the implementorto de�ne #--\Linefeed or #--\Return to be synonymous with #--\Newline, or#--\Tab to be synonymous with #--\Space.2.2.2. Line DivisionsThe treatment of line divisions is one of the most di�cult issues in designingportable software, simply because there is so little agreement among operatingsystems. Some use a single character to delimit lines; the recommended ASCIIcharacter for this purpose is the line feed character LF (also called the new linecharacter, NL), but some systems use the carriage return character CR. Muchmore common is the two-character sequence CR followed by LF. Frequentlyline divisions have no representation as a character but are implicit in thestructuring of a �le into records, each record containing a line of text. A deckof punched cards has this structure, for example.CommonLisp provides an abstract interface by requiring that there be a sin-gle character, #--\Newline, that within the language serves as a line delimiter.(The language C has a similar requirement.) An implementation of CommonLisp must translate between this internal single-character representation andwhatever external representation(s) may be used.Implementation note: How the character called #--\Newline is represented inter-nally is not speci�ed here, but it is strongly suggested that the ASCII LF characterbe used in Common Lisp implementations that use the ASCII character encoding.The ASCII CR character is a workable, but in most cases inferior, alternative.



DATA TYPES 27When the �rst edition was written it was not yet clear that UNIX wouldbecome so widely accepted. The decision to represent the line delimiter as asingle character has proved to be a good one.The requirement that a line division be represented as a single character hascertain consequences. A character string written in the middle of a program insuch a way as to span more than one line must contain exactly one characterto represent each line division. Consider this code fragment:(setq a-string "This stringcontainsforty-two characters.")Between g and c there must be exactly one character, #--\Newline; a two-character sequence, such as #--\Return and then #--\Newline, is not acceptable,nor is the absence of a character. The same is true between s and f.When the character #--\Newline is written to an output �le, the CommonLisp implementation must take the appropriate action to produce a line divi-sion. This might involve writing out a record or translating #--\Newline to aCR/LF sequence.Implementation note: If an implementation uses the ASCII character encoding,uses the CR/LF sequence externally to delimit lines, uses LF to represent #--\Newlineinternally, and supports #--\Return as a data object corresponding to the ASCII char-acter CR, the question arises as to what action to take when the program writes out#--\Return followed by #--\Newline. It should �rst be noted that #--\Return is not astandard Common Lisp character, and the action to be taken when #--\Return is writ-ten out is therefore not de�ned by the Common Lisp language. A plausible approachis to bu�er the #--\Return character and suppress it if and only if the next characteris #--\Newline (the net e�ect is to generate a CR/LF sequence). Another plausibleapproach is simply to ignore the di�culty and declare that writing #--\Return andthen #--\Newline results in the sequence CR/CR/LF in the output.2.2.3. Non-standard CharactersAny implementation may provide additional characters, whether printingcharacters or named characters. Some plausible examples:



28 COMMON LISP#--\� #--\� #--\Break #--\Home-Up #--\EscapeThe use of such characters may render Common Lisp programs non-portable.2.2.4. Character Attributes........................................................................................................................................................................................................

Every object of type character has three attributes: code, bits, and font.The code attribute is intended to distinguish among the printed glyphs andformatting functions for characters; it is a numerical encoding of the characterproper. The bits attribute allows extra ags to be associated with a character.The font attribute permits a speci�cation of the style of the glyphs (such asitalics). Each of these attributes may be understood to be a non-negativeinteger.The font attribute may be notated in unsigned decimal notation betweenthe #-- and the \. For example, #--3\a means the letter a in font 3. This mightmean the same thing as #--\� if font 3 were used to represent Greek letters.Note that not all Common Lisp implementations provide for non-zero fontattributes; see char-font-limit.The bits attribute may be notated by preceding the name of the characterby the names or initials of the bits, separated by hyphens. The character itselfmay be written instead of the name, preceded if necessary by \. For example:#--\Control-Meta-Return #--\Meta-Control-Q#--\Hyper-Space #--\Meta-\a#--\Control-A #--\Meta-Hyper-\:#--\C-M-Return #--\Hyper-\�Note that not all Common Lisp implementations provide for non-zero bitsattributes; see char-bits-limit.X3J13 voted in March 1989 h11i to replace the notion of bits and fontattributes with that of implementation-de�ned attributes.2.2.5. String Characters........................................................................................................................................................................................................

Any character whose bits and font attributes are zero may be contained instrings. All such characters together constitute a subtype of the characters;this subtype is called string-char.X3J13 voted in March 1989 h11i to eliminate the type string-char. Twonew subtypes of character are base-character, de�ned to be equivalent tothe result of the function call



DATA TYPES 29(upgraded-array-element-type 'standard-char)and extended-character, de�ned to be equivalent to the type speci�er(and character (not base-character))An implementation may support additional subtypes of character that mayor may not be supertypes of base-character. In addition, an implementationmay de�ne base-character to be equivalent to character. The choice of anybase characters that are not standard characters is implementation-de�ned.Only base characters can be elements of a base string. No upper bound isspeci�ed for the number of distinct characters of type base-character|that is implementation-dependent|but the lower bound is 96, the number ofstandard Common Lisp characters.2.3. SymbolsSymbols are Lisp data objects that serve several purposes and have severalinteresting characteristics. Every object of type symbol has a name, calledits print name. Given a symbol, one can obtain its name in the form of astring. Conversely, given the name of a symbol as a string, one can obtain thesymbol itself. (More precisely, symbols are organized into packages, and allthe symbols in a package are uniquely identi�ed by name. See chapter 11.)Symbols have a component called the property list, or plist. By conven-tion this is always a list whose even-numbered components (calling the �rstcomponent zero) are symbols, here functioning as property names, and whoseodd-numbered components are associated property values. Functions are pro-vided for manipulating this property list; in e�ect, these allow a symbol to betreated as an extensible record structure.Symbols are also used to represent certain kinds of variables in Lisp pro-grams, and there are functions for dealing with the values associated withsymbols in this role.A symbol can be notated simply by writing its name. If its name is notempty, and if the name consists only of uppercase alphabetic, numeric, orcertain pseudo-alphabetic special characters (but not delimiter characters suchas parentheses or space), and if the name of the symbol cannot be mistakenfor a number, then the symbol can be notated by the sequence of charactersin its name. Any uppercase letters that appear in the (internal) name maybe written in either case in the external notation (more on this below). Forexample:



30 COMMON LISPFROBBOZ ;The symbol whose name is FROBBOZfrobboz ;Another way to notate the same symbolfRObBoz ;Yet another way to notate itunwind-protect ;A symbol with a - in its name+$ ;The symbol named +$1+ ;The symbol named 1++1 ;This is the integer 1, not a symbolpascal_style ;This symbol has an underscore in its nameb^2-4*a*c ;This is a single symbol!; It has several special characters in its namefile.rel.43 ;This symbol has periods in its name/usr/games/zork ;This symbol has slashes in its nameIn addition to letters and numbers, the following characters are normallyconsidered to be alphabetic for the purposes of notating symbols:+ - * / @ $ % ^ & _ UU < > ~ .Some of these characters have conventional purposes for naming things; forexample, symbols that name special variables generally have names beginningand ending with *. The last character listed above, the period, is consideredalphabetic provided that a token does not consist entirely of periods. A singleperiod standing by itself is used in the notation of conses and dotted lists; atoken consisting of two or more periods is syntactically illegal. (The periodalso serves as the decimal point in the notation of numbers.)The following characters are also alphabetic by default but are explicitly re-served to the user for de�nition as reader macro characters (see section 22.1.3)or any other desired purpose and therefore should not be used routinely innames of symbols:? ! [ ] { }A symbol may have uppercase letters, lowercase letters, or both in its printname. However, the Lisp reader normally converts lowercase letters to thecorresponding uppercase letters when reading symbols. The net e�ect is thatmost of the time case makes no di�erence when notating symbols. Case doesmake a di�erence internally and when printing a symbol. Internally the sym-bols that name all standard Common Lisp functions, variables, and keywordshave uppercase names; their names appear in lowercase in this book for read-ability. Typing such names with lowercase letters works because the functionread will convert lowercase letters to the equivalent uppercase letters.



DATA TYPES 31X3J13 voted in June 1989 h150i to introduce readtable-case, which con-trols whether read will alter the case of letters read as part of the name of asymbol.If a symbol cannot be simply notated by the characters of its name becausethe (internal) name contains special characters or lowercase letters, then thereare two \escape" conventions for notating them. Writing a \ character beforeany character causes the character to be treated itself as an ordinary characterfor use in a symbol name; in particular, it suppresses internal conversion oflowercase letters to their uppercase equivalents. If any character in a notationis preceded by \, then that notation can never be interpreted as a number.For example:\( ;The symbol whose name is (\+1 ;The symbol whose name is +1+\1 ;Also the symbol whose name is +1\frobboz ;The symbol whose name is fROBBOZ3.14159265\s0 ;The symbol whose name is 3.14159265s03.14159265\S0 ;A di�erent symbol, whose name is 3.14159265S03.14159265s0 ;A short-format oating-point approximation to �APL\\360 ;The symbol whose name is APL\360apl\\360 ;Also the symbol whose name is APL\360\(b^2\)\ -\ 4*a*c ;The name is (B 2̂) - 4*A*C;; it has parentheses and two spaces in it\(\b 2̂\)\ -\ 4*\a*\c ;The name is (b 2̂) - 4*a*c;; the letters are explicitly lowercaseIt may be tedious to insert a \ before every delimiter character in the name ofa symbol if there are many of them. An alternative convention is to surroundthe name of a symbol with vertical bars; these cause every character betweenthem to be taken as part of the symbol's name, as if \ had been written beforeeach one, excepting only | itself and \, which must nevertheless be precededby \. For example:|"| ;The same as writing \"|(b^2) - 4*a*c| ;The name is (b^2) - 4*a*c|frobboz| ;The name is frobboz, not FROBBOZ|APL\360| ;The name is APL360, because the \ quotes the 3|APL\\360| ;The name is APL\360|apl\\360| ;The name is apl\360|\|\|| ;Same as \|\|: the name is |||(B^2) - 4*A*C| ;The name is (B^2) - 4*A*C;



32 COMMON LISP ; it has parentheses and two spaces in it|(b^2) - 4*a*c| ;The name is (b^2) - 4*a*c2.4. Lists and ConsesA cons is a record structure containing two components called the car andthe cdr. Conses are used primarily to represent lists.A list is recursively de�ned to be either the empty list or a cons whose cdrcomponent is a list. A list is therefore a chain of conses linked by their cdrcomponents and terminated by nil, the empty list. The car components ofthe conses are called the elements of the list. For each element of the list thereis a cons. The empty list has no elements at all.A list is notated by writing the elements of the list in order, separated byblank space (space, tab, or return characters) and surrounded by parentheses.(a b c) ;A list of three symbols(2.0s0 (a 1) #--\*) ;A list of three things: a short oating-point; number, another list, and a character objectThe empty list nil therefore can be written as (), because it is a list with noelements.A dotted list is one whose last cons does not have nil for its cdr, rathersome other data object (which is also not a cons, or the �rst-mentioned conswould not be the last cons of the list). Such a list is called \dotted" becauseof the special notation used for it: the elements of the list are written betweenparentheses as before, but after the last element and before the right paren-thesis are written a dot (surrounded by blank space) and then the cdr of thelast cons. As a special case, a single cons is notated by writing the car andthe cdr between parentheses and separated by a space-surrounded dot. Forexample:(a . 4) ;A cons whose car is a symbol; and whose cdr is an integer(a b c . d) ;A dotted list with three elements whose last cons; has the symbol d in its cdrCompatibility note: In MacLisp, the dot in dotted-list notation need not besurrounded by white space or other delimiters. The dot is required to be delimitedin Common Lisp, as in Lisp Machine Lisp.



DATA TYPES 33It is legitimate to write something like (a b . (c d)); this means the sameas (a b c d). The standard Lisp output routines will never print a list inthe �rst form, however; they will avoid dot notation wherever possible.Often the term list is used to refer either to true lists or to dotted lists. Whenthe distinction is important, the term \true list" will be used to refer to a listterminated by nil. Most functions advertised to operate on lists expect tobe given true lists. Throughout this book, unless otherwise speci�ed, it is anerror to pass a dotted list to a function that is speci�ed to require a list as anargument.Implementation note: Implementors are encouraged to use the equivalent of thepredicate endp wherever it is necessary to test for the end of a list. Wheneverfeasible, this test should explicitly signal an error if a list is found to be terminatedby a non-nil atom. However, such an explicit error signal is not required, becausesome such tests occur in important loops where e�ciency is important. In suchcases, the predicate atom may be used to test for the end of the list, quietly treatingany non-nil list-terminating atom as if it were nil.Sometimes the term tree is used to refer to some cons and all the otherconses transitively accessible to it through car and cdr links until non-consesare reached; these non-conses are called the leaves of the tree.Lists, dotted lists, and trees are not mutually exclusive data types; theyare simply useful points of view about structures of conses. There are yetother terms, such as association list. None of these are true Lisp data types.Conses are a data type, and nil is the sole object of type null. The Lispdata type list is taken to mean the union of the cons and null data types,and therefore encompasses both true lists and dotted lists.2.5. ArraysAn array is an object with components arranged according to a Cartesiancoordinate system. In general, these components may be any Lisp data ob-jects.The number of dimensions of an array is called its rank (this terminologyis borrowed from APL); the rank is a non-negative integer. Likewise, eachdimension is itself a non-negative integer. The total number of elements inthe array is the product of all the dimensions.An implementation of Common Lisp may impose a limit on the rank ofan array, but this limit may not be smaller than 7. Therefore, any CommonLisp program may assume the use of arrays of rank 7 or less. (A program



34 COMMON LISPmay determine the actual limit on array ranks for a given implementation byexamining the constant array-rank-limit.)It is permissible for a dimension to be zero. In this case, the array has noelements, and any attempt to access an element is in error. However, otherproperties of the array, such as the dimensions themselves, may be used. If therank is zero, then there are no dimensions, and the product of the dimensionsis then by de�nition 1. A zero-rank array therefore has a single element.An array element is speci�ed by a sequence of indices. The length of thesequence must equal the rank of the array. Each index must be a non-negativeinteger strictly less than the corresponding array dimension. Array indexingis therefore zero-origin, not one-origin as in (the default case of) Fortran.As an example, suppose that the variable foo names a 3-by-5 array. Thenthe �rst index may be 0, 1, or 2, and the second index may be 0, 1, 2, 3,or 4. One may refer to array elements using the function aref; for example,(aref foo 2 1) refers to element (2, 1) of the array. Note that aref takes avariable number of arguments: an array, and as many indices as the array hasdimensions. A zero-rank array has no dimensions, and therefore aref wouldtake such an array and no indices, and return the sole element of the array.In general, arrays can be multidimensional, can share their contents withother array objects, and can have their size altered dynamically (either en-larging or shrinking) after creation. A one-dimensional array may also have a�ll pointer.Multidimensional arrays store their components in row-major order; that is,internally a multidimensional array is stored as a one-dimensional array, withthe multidimensional index sets ordered lexicographically, last index varyingfastest. This is important in two situations: (1) when arrays with di�erentdimensions share their contents, and (2) when accessing very large arrays in avirtual-memory implementation. (The �rst situation is a matter of semantics;the second, a matter of e�ciency.)An array that is not displaced to another array, has no �ll pointer, and isnot to have its size adjusted dynamically after creation is called a simple array.The user may provide declarations that certain arrays will be simple. Someimplementations can handle simple arrays in an especially e�cient manner;for example, simple arrays may have a more compact representation thannon-simple arrays.X3J13 voted in June 1989 h3i to clarify that if one or more of the:adjustable, :fill-pointer, and :displaced-to arguments is true whenmake-array is called, then whether the resulting array is simple is unspeci�ed;but if all three arguments are false, then the resulting array is guaranteed tobe simple.



DATA TYPES 352.5.1. VectorsOne-dimensional arrays are called vectors in Common Lisp and constitute thetype vector (which is therefore a subtype of array). Vectors and lists arecollectively considered to be sequences. They di�er in that any component ofa one-dimensional array can be accessed in constant time, whereas the averagecomponent access time for a list is linear in the length of the list; on the otherhand, adding a new element to the front of a list takes constant time, whereasthe same operation on an array takes time linear in the length of the array.A general vector (a one-dimensional array that can have any data objectas an element but that has no additional paraphernalia) can be notated bynotating the components in order, separated by whitespace and surroundedby #--( and ). For example:#--(a b c) ;A vector of length 3#--() ;An empty vector#--(2 3 5 7 11 13 17 19 23 29 31 37 41 43 47);A vector containing the primes below 50Note that when the function read parses this syntax, it always constructs asimple general vector.Rationale: Many people have suggested that brackets be used to notate vectors, as[a b c] instead of #--(a b c). This notation would be shorter, perhaps more read-able, and certainly in accord with cultural conventions in other parts of computerscience and mathematics. However, to preserve the usefulness of the user-de�nablemacro-character feature of the function read, it is necessary to leave some charactersto the user for this purpose. Experience in MacLisp has shown that users, especiallyimplementors of languages for use in arti�cial intelligence research, often want tode�ne special kinds of brackets. Therefore Common Lisp avoids using brackets andbraces for any syntactic purpose.Implementations may provide certain specialized representations of arraysfor e�ciency in the case where all the components are of the same specialized(typically numeric) type. All implementations provide specialized arrays forthe cases when the components are characters (or rather, a special subset ofthe characters); the one-dimensional instances of this specialization are calledstrings. All implementations are also required to provide specialized arraysof bits, that is, arrays of type (array bit); the one-dimensional instances ofthis specialization are called bit-vectors.



........................................................................................................................................................................................................

36 COMMON LISP2.5.2. StringsA string is simply a vector of characters. More precisely, a string is a........................................................................................................................................................................................................

specialized vector whose elements are of type string-char.X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vectortypes, the types of whose elements are subtypes of the type character. Sub-types of string include simple-string, base-string, and simple-base-string.base-string � (vector base-character)simple-base-string � (simple-array base-character (*))An implementation may support other string subtypes as well. All CommonLisp functions that operate on strings treat all strings uniformly; note, how-ever, that it is an error to attempt to insert an extended character into a basestring.



DATA TYPES 37The type string is therefore a subtype of the type vector.A string can be written as the sequence of characters contained in the string,preceded and followed by a " (double quote) character. Any " or \ characterin the sequence must additionally have a \ character before it.For example:"Foo" ;A string with three characters in it"" ;An empty string"\"APL\\360?\" he cried." ;A string with twenty characters"|x| UU |-x|" ;A ten-character stringNotice that any vertical bar | in a string need not be preceded by a \. Sim-ilarly, any double quote in the name of a symbol written using vertical-barnotation need not be preceded by a \. The double-quote and vertical-barnotations are similar but distinct: double quotes indicate a character stringcontaining the sequence of characters, whereas vertical bars indicate a symbolwhose name is the contained sequence of characters.The characters contained by the double quotes, taken from left to right,occupy locations within the string with increasing indices. The leftmost char-acter is string element number 0, the next one is element number 1, the nextone is element number 2, and so on.Note that the function prin1 will print any character vector (not just asimple one) using this syntax, but the function read will always construct asimple string when it reads this syntax.2.5.3. Bit-VectorsA bit-vector can be written as the sequence of bits contained in the string,preceded by #--*; any delimiter character, such as whitespace, will terminatethe bit-vector syntax. For example:#--*10110 ;A �ve-bit bit-vector; bit 0 is a 1#--* ;An empty bit-vectorThe bits notated following the #--*, taken from left to right, occupy locationswithin the bit-vector with increasing indices. The leftmost notated bit isbit-vector element number 0, the next one is element number 1, and so on.The function prin1 will print any bit-vector (not just a simple one) usingthis syntax, but the function read will always construct a simple bit-vectorwhen it reads this syntax.



38 COMMON LISP2.6. Hash TablesHash tables provide an e�cient way of mapping any Lisp object (a key) to anassociated object. They are provided as primitives of Common Lisp becausesome implementations may need to use internal storage management strate-gies that would make it very di�cult for the user to implement hash tables ina portable fashion. Hash tables are described in chapter 16.2.7. ReadtablesA readtable is a data structure that maps characters into syntax types for theLisp expression parser. In particular, a readtable indicates for each characterwith syntaxmacro character what its macro de�nition is. This is a mechanismby which the user may reprogram the parser to a limited but useful extent.See section 22.1.5.2.8. PackagesPackages are collections of symbols that serve as name spaces. The parserrecognizes symbols by looking up character sequences in the current package.Packages can be used to hide names internal to a module from other code.Mechanisms are provided for exporting symbols from a given package to theprimary \user" package. See chapter 11.2.9. PathnamesPathnames are the means by which a Common Lisp program can interface toan external �le system in a reasonably implementation-independent manner.See section 23.1.1.2.10. StreamsA stream is a source or sink of data, typically characters or bytes. Nearlyall functions that perform I/O do so with respect to a speci�ed stream. Thefunction open takes a pathname and returns a stream connected to the �lespeci�ed by the pathname. There are a number of standard streams that areused by default for various purposes. See chapter 21.X3J13 voted in January 1989 h167i to introduce subtypes of type stream:broadcast-stream, concatenated-stream, echo-stream, synonym-stream,



DATA TYPES 39string-stream, file-stream, and two-way-stream are disjoint subtypes ofstream. Note particularly that a synonym stream is always and only of typesynonym-stream, regardless of the type of the stream for which it is a syn-onym.2.11. Random-StatesAn object of type random-state is used to encapsulate state informationused by the pseudo-random number generator. For more information aboutrandom-state objects, see section 12.9.2.12. StructuresStructures are instances of user-de�ned data types that have a �xed numberof named components. They are analogous to records in Pascal. Structuresare declared using the defstruct construct; defstruct automatically de�nesaccess and constructor functions for the new data type.Di�erent structures may print out in di�erent ways; the de�nition of astructure type may specify a print procedure to use for objects of that type(see the :print-function option to defstruct). The default notation forstructures is#--S(structure-nameslot-name-1 slot-value-1slot-name-2 slot-value-2...)where #--S indicates structure syntax, structure-name is the name (a symbol) ofthe structure type, each slot-name is the name (also a symbol) of a component,and each corresponding slot-value is the representation of the Lisp object inthat slot.2.13. FunctionsA function is anything that may be correctly given to the funcall or apply........................................................................................................................................................................................................

function, and is to be executed as code when arguments are supplied.A compiled-function is a compiled code object.A lambda-expression (a list whose car is the symbol lambda) may serve asa function. Depending on the implementation, it may be possible for other



........................................................................................................................................................................................................

40 COMMON LISPlists to serve as functions. For example, an implementation might choose torepresent a \lexical closure" as a list whose car contains some special marker.A symbol may serve as a function; an attempt to invoke a symbol as afunction causes the contents of the symbol's function cell to be used. Seesymbol-function and defun.The result of evaluating a function special form will always be a function.X3J13 voted in June 1988 h90i to revise these speci�cations. The typefunction is to be disjoint from cons and symbol, and so a list whose caris lambda is not, properly speaking, of type function, nor is any symbol.However, standard Common Lisp functions that accept functional argumentswill accept a symbol or a list whose car is lambda and automatically coerceit to be a function; such standard functions include funcall, apply, andmapcar. Such functions do not, however, accept a lambda-expression as afunctional argument; therefore one may not write(mapcar '(lambda (x y) (sqrt (* x y))) p q)but instead one must write something like(mapcar #--'(lambda (x y) (sqrt (* x y))) p q)This change makes it impermissible to represent a lexical closure as a listwhose car is some special marker.The value of a function special form will always be of type function.2.14. Unreadable Data ObjectsSome objects may print in implementation-dependent ways. Such objectscannot necessarily be reliably reconstructed from a printed representation,and so they are usually printed in a format informative to the user but notacceptable to the read function: #--<useful information>. The Lisp reader willsignal an error on encountering #--<.As a hypothetical example, an implementation might print#--<stack-pointer si:rename-within-new-definition-maybe #--o311037552>for an implementation-speci�c \internal stack pointer" data type whoseprinted representation includes the name of the type, some information aboutthe stack slot pointed to, and the machine address (in octal) of the stack slot.See print-unreadable-object, a macro that prints an object using #--<syntax.



DATA TYPES 412.15. Overlap, Inclusion, and Disjointness of TypesThe Common Lisp data type hierarchy is tangled and purposely left some-what open-ended so that implementors may experiment with new data typesas extensions to the language. This section explicitly states all the de�nedrelationships between types, including subtype/supertype relationships, dis-jointness, and exhaustive partitioning. The user of Common Lisp should notdepend on any relationships not explicitly stated here. For example, it is notvalid to assume that because a number is not complex and not rational thatit must be a float, because implementations are permitted to provide yetother kinds of numbers.First we need some terminology. If x is a supertype of y, then any objectof type y is also of type x, and y is said to be a subtype of x. If types x andy are disjoint, then no object (in any implementation) may be both of type xand of type y. Types a1 through an are an exhaustive union of type x if eachaj is a subtype of x, and any object of type x is necessarily of at least one ofthe types aj; a1 through an are furthermore an exhaustive partition if they arealso pairwise disjoint.. The type t is a supertype of every type whatsoever. Every object is of typet.. The type nil is a subtype of every type whatsoever. No object is of typenil.. The types cons, symbol, array, number, and character are pairwise dis-........................................................................................................................................................................................................

joint.X3J13 voted in June 1988 h41i to extend the preceding paragraph as follows.. The types cons, symbol, array, number, character, hash-table,readtable, package, pathname, stream, random-state, and any singleother type created by defstruct or defclass are pairwise disjoint.The wording of the �rst edition was intended to allow implementors to usethe defstruct facility to de�ne the built-in types hash-table, readtable,package, pathname, stream, random-state. The change still permits this im-plementation strategy but forbids these built-in types from including, or beingincluded in, other types (in the sense of the defstruct :include option).X3J13 voted in June 1988 h90i to specify that the type function is disjointfrom the types cons, symbol, array, number, and character. The typecompiled-function is a subtype of function; implementations are free tode�ne other subtypes of function.
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42 COMMON LISP. The types rational, float, and complex are pairwise disjoint subtypes of........................................................................................................................................................................................................

number.X3J13 voted in March 1989 h151i to rewrite the preceding item as follows.. The types real and complex are pairwise disjoint subtypes of number.Rationale: It might be thought that real and complex should form an exhaustivepartition of the type number. This is purposely avoided here in order to permitcompatible experimentation with extensions to the Common Lisp number system.. The types rational and float are pairwise disjoint subtypes of real.Rationale: It might be thought that rational and float should form an exhaus-tive partition of the type real. This is purposely avoided here in order to permitcompatible experimentation with extensions to the Common Lisp number system.. The types integer and ratio are disjoint subtypes of rational.Rationale: It might be thought that integer and ratio should form an exhaustivepartition of the type rational. This is purposely avoided here in order to permitcompatible experimentation with extensions to the Common Lisp rational numbersystem.. The types fixnum and bignum are disjoint subtypes of integer.........................................................................................................................................................................................................

Rationale: It might be thought that fixnum and bignum should form an exhaustivepartition of the type integer. This is purposely avoided here in order to permitcompatible experimentation with extensions to the Common Lisp integer numbersystem, such as the idea of adding explicit representations of in�nity or of positiveand negative in�nity.X3J13 voted in January 1989 h76i to specify that the types fixnum andbignum do in fact form an exhaustive partition of the type integer; moreprecisely, they voted to specify that the type bignum is by de�nition equivalentto (and integer (not fixnum)). This is consistent with the �rst editiontext in section 2.1.1.I interpret this to mean that implementators could still experiment withsuch extensions as adding explicit representations of in�nity, but such in�nitieswould necessarily be of type bignum.



DATA TYPES 43. The types short-float, single-float, double-float, and long-floatare subtypes of float. Any two of them must be either disjoint or identical;if identical, then any other types between them in the above ordering mustalso be identical to them (for example, if single-float and long-floatare identical types, then double-float must be identical to them also).. The type null is a subtype of symbol; the only object of type null is nil.. The types cons and null form an exhaustive partition of the type list.. The type standard-char is a subtype of string-char; string-char is a........................................................................................................................................................................................................

subtype of character.X3J13 voted in March 1989 h11i to remove the type string-char. Thepreceding item is replaced by the following.. The type standard-char is a subtype of base-character. The typesbase-character and extended-character form an exhaustive partitionof character.. The type string is a subtype of vector, for string means (vector........................................................................................................................................................................................................

string-char).



44 COMMON LISPX3J13 voted in March 1989 h11i to remove the type string-char. Thepreceding item is replaced by the following.. The type string is a subtype of vector; it is the union of all types(vector c) such that c is a subtype of character.. The type bit-vector is a subtype of vector, for bit-vector means(vector bit).. The types (vector t), string, and bit-vector are disjoint.. The type vector is a subtype of array; for all types x, the type (vectorx) is the same as the type (array x (*)).. The type simple-array is a subtype of array.. The types simple-vector, simple-string, and simple-bit-vector are........................................................................................................................................................................................................

disjoint subtypes of simple-array, for they respectively mean (simple-array t (*)), (simple-array string-char (*)), and (simple-arraybit (*)).X3J13 voted in March 1989 h11i to remove the type string-char. Thepreceding item is replaced by the following.. The types simple-vector, simple-string, and simple-bit-vector aredisjoint subtypes of simple-array, for they mean (simple-array t (*)),the union of all types (simple-array c (*)) such that c is a subtype ofcharacter, and (simple-array bit (*)), respectively.. The type simple-vector is a subtype of vector and indeed is a subtypeof (vector t).. The type simple-string is a subtype of string. (Note that althoughstring is a subtype of vector, simple-string is not a subtype of simple-vector.)Rationale: The hypothetical name simple-general-vectorwould have been moreaccurate than simple-vector, but in this instance euphony and user conveniencewere deemed more important to the design of Common Lisp than a rigid symmetry.. The type simple-bit-vector is a subtype of bit-vector. (Note thatalthough bit-vector is a subtype of vector, simple-bit-vector is not asubtype of simple-vector.). The types vector and list are disjoint subtypes of sequence.



DATA TYPES 45. The types random-state, readtable, package, pathname, stream, andhash-table are pairwise disjoint.X3J13 voted in June 1988 h41i to make random-state, readtable,package, pathname, stream, and hash-table pairwise disjoint from a numberof other types as well; see note above.X3J13 voted in January 1989 h167i to introduce subtypes of type stream.. The types two-way-stream, echo-stream, broadcast-stream, file-stream, synonym-stream, string-stream, and concatenated-stream aredisjoint subtypes of stream.. Any two types created by defstruct are disjoint unless one is a supertypeof the other by virtue of the :include option.. An exhaustive union for the type common is formed by the types cons,........................................................................................................................................................................................................

symbol, (array x) where x is either t or a subtype of common, string,fixnum, bignum, ratio, short-float, single-float, double-float,long-float, (complex x) where x is a subtype of common, standard-char,hash-table, readtable, package, pathname, stream, random-state, andall types created by the user via defstruct. An implementation may notunilaterally add subtypes to common; however, future revisions to the Com-mon Lisp standard may extend the de�nition of the common data type. Notethat a type such as number or arraymay or may not be a subtype of common,depending on whether or not the given implementation has extended theset of objects of that type.X3J13 voted in March 1989 h17i to remove the type common from the lan-guage.



3Scope and ExtentIn describing various features of the Common Lisp language, the notions ofscope and extent are frequently useful. These notions arise when some objector construct must be referred to from some distant part of a program. Scoperefers to the spatial or textual region of the program within which referencesmay occur. Extent refers to the interval of time during which references mayoccur.As a simple example, consider this program:(defun copy-cell (x) (cons (car x) (cdr x)))The scope of the parameter named x is the body of the defun form. There isno way to refer to this parameter from any other place but within the body ofthe defun. Similarly, the extent of the parameter x (for any particular call tocopy-cell) is the interval from the time the function is invoked to the timeit is exited. (In the general case, the extent of a parameter may last beyondthe time of function exit, but that cannot occur in this simple case.)Within Common Lisp, a referenceable entity is established by the execu-tion of some language construct, and the scope and extent of the entity aredescribed relative to the construct and the time (during execution of the con-struct) at which the entity is established. For the purposes of this discussion,the term \entity" refers not only to Common Lisp data objects, such as sym-bols and conses, but also to variable bindings (both ordinary and special),catchers, and go targets. It is important to distinguish between an entity anda name for the entity. In a function de�nition such as(defun foo (x y) (* x (+ y 1)))there is a single name, x, used to refer to the �rst parameter of the procedurewhenever it is invoked; however, a new binding is established on every invoca-tion. A binding is a particular parameter instance. The value of a reference to46



SCOPE AND EXTENT 47the name x depends not only on the scope within which it occurs (the one inthe body of foo in the example occurs in the scope of the function de�nition'sparameters) but also on the particular binding or instance involved. (In thiscase, it depends on the invocation during which the reference is made). Morecomplicated examples appear at the end of this chapter.There are a few kinds of scope and extent that are particularly useful indescribing Common Lisp:. Lexical scope. Here references to the established entity can occur only withincertain program portions that are lexically (that is, textually) containedwithin the establishing construct. Typically the construct will have a partdesignated the body, and the scope of all entities established will be (orinclude) the body.Example: the names of parameters to a function normally are lexicallyscoped.. Inde�nite scope. References may occur anywhere, in any program.. Dynamic extent. References may occur at any time in the interval betweenestablishment of the entity and the explicit disestablishment of the entity.As a rule, the entity is disestablished when execution of the establishingconstruct completes or is otherwise terminated. Therefore entities with dy-namic extent obey a stack-like discipline, paralleling the nested executionsof their establishing constructs.Example: the with-open-file construct opens a connection to a �le andcreates a stream object to represent the connection. The stream objecthas inde�nite extent, but the connection to the open �le has dynamic ex-tent: when control exits the with-open-file construct, either normally orabnormally, the stream is automatically closed.Example: the binding of a \special" variable has dynamic extent.. Inde�nite extent. The entity continues to exist as long as the possibilityof reference remains. (An implementation is free to destroy the entity ifit can prove that reference to it is no longer possible. Garbage collectionstrategies implicitly employ such proofs.)Example: most Common Lisp data objects have inde�nite extent.Example: the bindings of lexically scoped parameters of a function haveinde�nite extent. (By contrast, in Algol the bindings of lexically scopedparameters of a procedure have dynamic extent.) The function de�nition



48 COMMON LISP(defun compose (f g)#--'(lambda (x)(funcall f (funcall g x))))when given two arguments, immediately returns a function as its value.The parameter bindings for f and g do not disappear because the returnedfunction, when called, could still refer to those bindings. Therefore(funcall (compose #--'sqrt #--'abs) -9.0)produces the value 3.0. (An analogous procedure would not necessarilywork correctly in typical Algol implementations or, for that matter, in mostLisp dialects.)In addition to the above terms, it is convenient to de�ne dynamic scopeto mean inde�nite scope and dynamic extent. Thus we speak of \special"variables as having dynamic scope, or being dynamically scoped, because theyhave inde�nite scope and dynamic extent: a special variable can be referredto anywhere as long as its binding is currently in e�ect.The term \dynamic scope" is a misnomer. Nevertheless it is both traditionaland useful.The above de�nitions do not take into account the possibility of shadowing.Remote reference of entities is accomplished by using names of one kind oranother. If two entities have the same name, then the second may shadowthe �rst, in which case an occurrence of the name will refer to the second andcannot refer to the �rst.In the case of lexical scope, if two constructs that establish entities with thesame name are textually nested, then references within the inner constructrefer to the entity established by the inner one; the inner one shadows theouter one. Outside the inner construct but inside the outer one, referencesrefer to the entity established by the outer construct. For example:(defun test (x z)(let ((z (* x 2))) (print z))z)The binding of the variable z by the let construct shadows the parameterbinding for the function test. The reference to the variable z in the printform refers to the let binding. The reference to z at the end of the functionrefers to the parameter named z.In the case of dynamic extent, if the time intervals of two entities overlap,then one interval will necessarily be nested within the other one. This is aproperty of the design of Common Lisp.



SCOPE AND EXTENT 49Implementation note: Behind the assertion that dynamic extents nest properlyis the assumption that there is only a single program or process. Common Lispdoes not address the problems of multiprogramming (timesharing) or multiprocess-ing (more than one active processor) within a single Lisp environment. The doc-umentation for implementations that extend Common Lisp for multiprogrammingor multiprocessing should be very clear on what modi�cations are induced by suchextensions to the rules of extent and scope. Implementors should note that CommonLisp has been carefully designed to allow special variables to be implemented usingeither the \deep binding" technique or the \shallow binding" technique, but the twotechniques have di�erent semantic and performance implications for multiprogram-ming and multiprocessing.A reference by name to an entity with dynamic extent will always refer tothe entity of that name that has been most recently established that has notyet been disestablished. For example:(defun fun1 (x)(catch 'trap (+ 3 (fun2 x))))(defun fun2 (y)(catch 'trap (* 5 (fun3 y))))(defun fun3 (z)(throw 'trap z))Consider the call (fun1 7). The result will be 10. At the time the throwis executed, there are two outstanding catchers with the name trap: oneestablished within procedure fun1, and the other within procedure fun2. Thelatter is the more recent, and so the value 7 is returned from the catch formin fun2. Viewed from within fun3, the catch in fun2 shadows the one infun1. Had fun2 been de�ned as(defun fun2 (y)(catch 'snare (* 5 (fun3 y))))then the two catchers would have di�erent names, and therefore the one infun1 would not be shadowed. The result would then have been 7.As a rule, this book simply speaks of the scope or extent of an entity; thepossibility of shadowing is left implicit.The important scope and extent rules in Common Lisp follow:. Variable bindings normally have lexical scope and inde�nite extent.



50 COMMON LISP. Variable bindings for which there is a dynamic-extent declaration also havelexical scope and inde�nite extent, but objects that are the values of suchbindings may have dynamic extent. (The declaration is the programmer'sguarantee that the program will behave correctly even if certain of the dataobjects have only dynamic extent rather than the usual inde�nite extent.). Bindings of variable names to symbol macros by symbol-macrolet havelexical scope and inde�nite extent.. Variable bindings that are declared to be special have dynamic scope(inde�nite scope and dynamic extent).. Bindings of function names established, for example, by flet and labelshave lexical scope and inde�nite extent.. Bindings of function names for which there is a dynamic-extent declarationalso have lexical scope and inde�nite extent, but function objects that arethe values of such bindings may have dynamic extent.. Bindings of function names to macros as established by macrolet havelexical scope and inde�nite extent.. Condition handlers and restarts have dynamic scope (see chapter 29).. A catcher established by a catch or unwind-protect special form has dy-namic scope.. An exit point established by a block construct has lexical scope and dy-namic extent. (Such exit points are also established by do, prog, and otheriteration constructs.). The go targets established by a tagbody, named by the tags in the tagbody,and referred to by go have lexical scope and dynamic extent. (Such gotargets may also appear as tags in the bodies of do, prog, and other iterationconstructs.). Named constants such as nil and pi have inde�nite scope and inde�niteextent.The rules of lexical scoping imply that lambda-expressions appearing in thefunction construct will, in general, result in \closures" over those non-specialvariables visible to the lambda-expression. That is, the function representedby a lambda-expression may refer to any lexically apparent non-special vari-able and get the correct value, even if the construct that established thebinding has been exited in the course of execution. The compose exampleshown earlier in this chapter provides one illustration of this. The rules also



SCOPE AND EXTENT 51imply that special variable bindings are not \closed over" as they may be incertain other dialects of Lisp.Constructs that use lexical scope e�ectively generate a new name for eachestablished entity on each execution. Therefore dynamic shadowing cannotoccur (though lexical shadowing may). This is of particular importance whendynamic extent is involved. For example:(defun contorted-example (f g x)(if (UU x 0)(funcall f)(block here(+ 5 (contorted-example g#--'(lambda ()(return-from here 4))(- x 1))))))Consider the call (contorted-example nil nil 2). This produces the re-sult 4. During the course of execution, there are three calls on contorted-example, interleaved with two establishments of blocks:(contorted-example nil nil 2)(block here1 ...)(contorted-example nil #--'(lambda () (return-from here1 4)) 1)(block here2 ...)(contorted-example #--'(lambda () (return-from here1 4))#--'(lambda () (return-from here2 4))0)(funcall f)where f ) #--'(lambda () (return-from here1 4))(return-from here1 4)At the time the funcall is executed there are two block exit points out-standing, each apparently named here. In the trace above, these exit pointsare distinguished for expository purposes by subscripts. The return-fromform executed as a result of the funcall operation refers to the outer out-standing exit point (here1), not the inner one (here2). This is a consequence



52 COMMON LISPof the rules of lexical scoping: it refers to that exit point textually visible atthe point of execution of the function construct (here abbreviated by the #--'syntax) that resulted in creation of the function object actually invoked bythe funcall.If, in this example, one were to change the form (funcall f) to (funcallg), then the value of the call (contorted-example nil nil 2) would be 9.The value would change because the funcall would cause the execution of(return-from here2 4), thereby causing a return from the inner exit point(here2). When that occurs, the value 4 is returned from the middle invocationof contorted-example, 5 is added to that to get 9, and that value is returnedfrom the outer block and the outermost call to contorted-example. Thepoint is that the choice of exit point returned from has nothing to do withits being innermost or outermost; rather, it depends on the lexical scopinginformation that is e�ectively packaged up with a lambda-expression whenthe function construct is executed.This function contorted-example works only because the function namedby f is invoked during the extent of the exit point. Block exit points are likenon-special variable bindings in having lexical scope, but they di�er in havingdynamic extent rather than inde�nite extent. Once the ow of execution hasleft the block construct, the exit point is disestablished. For example:(defun illegal-example ()(let ((y (block here #--'(lambda (z) (return-from here z)))))(if (numberp y) y (funcall y 5))))One might expect the call (illegal-example) to produce 5 by the followingincorrect reasoning: the let statement binds the variable y to the value of theblock construct; this value is a function resulting from the lambda-expression.Because y is not a number, it is invoked on the value 5. The return-fromshould then return this value from the exit point named here, thereby exitingfrom the block again and giving y the value 5 which, being a number, is thenreturned as the value of the call to illegal-example.The argument fails only because exit points are de�ned in Common Lispto have dynamic extent. The argument is correct up to the execution of thereturn-from. The execution of the return-from is an error, however, notbecause it cannot refer to the exit point, but because it does correctly referto an exit point and that exit point has been disestablished.



4Type SpecifiersIn Common Lisp, types are named by Lisp objects, speci�cally symbolsand lists, called type speci�ers. Symbols name prede�ned classes of objects,whereas lists usually indicate combinations or specializations of simpler types.Symbols or lists may also be abbreviations for types that could be speci�edin other ways.4.1. Type Speci�er SymbolsThe type symbols de�ned by the system include those shown in table 4-1. Inaddition, when a structure type is de�ned using defstruct, the name of thestructure type becomes a valid type symbol.Notice of correction. In the �rst edition, the type speci�ers signed-byteand unsigned-byte were inadvertently omitted from table 4-1.X3J13 voted in March 1989 h17i to eliminate the type common; this fact isindicated by the brackets around the common type speci�er in the table.X3J13 voted in March 1989 h11i to eliminate the type string-char; thisfact is indicated by the brackets around the string-char type speci�er in thetable.X3J13 voted in March 1989 h11i to add the type extended-character andthe type base-character.X3J13 voted in March 1989 h151i to add the type speci�er real.X3J13 votes have also implicitly added many other type speci�ers as namesof classes (see chapter 28) or of conditions (see chapter 29).4.2. Type Speci�er ListsIf a type speci�er is a list, the car of the list is a symbol, and the rest of thelist is subsidiary type information. In many cases a subsidiary item may be53



54 COMMON LISPTable 4-1: Standard Type Speci�er Symbolsarray fixnum package simple-stringatom float pathname simple-vectorbignum function random-state single-floatbit hash-table ratio standard-charbit-vector integer rational streamcharacter keyword readtable string[common] list sequence [string-char]compiled-function long-float short-float symbolcomplex nil signed-byte tcons null simple-array unsigned-bytedouble-float number simple-bit-vector vectorX3J13 voted in March 1989 h17i to remove the type common.X3J13 voted in March 1989 h11i to remove the type string-char.X3J13 voted in March 1989 h11i to add base-character and extended-character.X3J13 voted in March 1989 h151i to add the type real.unspeci�ed. The unspeci�ed subsidiary item is indicated by writing *. Forexample, to completely specify a vector type, one must mention the type ofthe elements and the length of the vector, as for example(vector double-float 100)To leave the length unspeci�ed, one would write(vector double-float *)To leave the element type unspeci�ed, one would write(vector * 100)One may also leave both length and element type unspeci�ed:(vector * *)Suppose that two type speci�ers are the same except that the �rst has a *where the second has a more explicit speci�cation. Then the second denotesa subtype of the type denoted by the �rst.As a convenience, if a list has one or more unspeci�ed items at the end,such items may simply be dropped rather than writing an explicit * for eachone. If dropping all occurrences of * results in a singleton list, then the



TYPE SPECIFIERS 55parentheses may be dropped as well (the list may be replaced by the sym-bol in its car). For example, (vector double-float *) may be abbrevi-ated to (vector double-float), and (vector * *) may be abbreviated to(vector) and then to simply vector.4.3. Predicating Type Speci�ersA type speci�er list (satisfies predicate-name) denotes the set of all objectsthat satisfy the predicate named by predicate-name, which must be a sym-bol whose global function de�nition is a one-argument predicate. (A name isrequired; lambda-expressions are disallowed in order to avoid scoping prob-lems.) For example, the type (satisfies numberp) is the same as the typenumber. The call (typep x '(satisfies p)) results in applying p to x andreturning t if the result is true and nil if the result is false.As an example, the type string-char could be de�ned as........................................................................................................................................................................................................

(deftype string-char ()'(and character (satisfies string-char-p)))See deftype.X3J13 voted in March 1989 h17i to remove the type string-char and thefunction string-char-p from the language.It is not a good idea for a predicate appearing in a satisfies type speci�erto cause any side e�ects when invoked.4.4. Type Speci�ers That CombineThe following type speci�er lists de�ne a type in terms of other types orobjects.(member object1 object2 ...)This denotes the set containing precisely those objects named. An object isof this type if and only if it is eql to one of the speci�ed objects.Compatibility note: This is roughly equivalent to the Interlisp DECL package'smemq.(eql object)X3J13 voted in June 1988 h12i to add the eql type speci�er. It may be used



56 COMMON LISPas a parameter specializer for CLOS methods (see section 28.1.6.2 and find-method). It denotes the set of the one object named; an object is of this typeif and only if it is eql to object. While (eql object) denotes the same typeas (member object), only (eql object) may be used as a CLOS parameterspecializer.(not type)This denotes the set of all those objects that are not of the speci�ed type.(and type1 type2 ...)This denotes the intersection of the speci�ed types.Compatibility note: This is roughly equivalent to the Interlisp DECL package'sallof.When typep processes an and type speci�er, it always tests each of thecomponent types in order from left to right and stops processing as soonas one component of the intersection has been found to which the object inquestion does not belong. In this respect an and type speci�er is similar to anexecutable and form. The purpose of this similarity is to allow a satisfiestype speci�er to depend on �ltering by previous type speci�ers. For example,suppose there were a function primep that takes an integer and says whetherit is prime. Suppose also that it is an error to give any object other than aninteger to primep. Then the type speci�er(and integer (satisfies primep))is guaranteed never to result in an error because the function primep will notbe invoked unless the object in question has already been determined to bean integer.(or type1 type2 ...)This denotes the union of the speci�ed types. For example, the type list byde�nition is the same as (or null cons). Also, the value returned by thefunction position is always of type (or null (integer 0 *)) (either nilor a non-negative integer).Compatibility note: This is roughly equivalent to the Interlisp DECL package'soneof.



TYPE SPECIFIERS 57As for and, when typep processes an or type speci�er, it always tests eachof the component types in order from left to right and stops processing assoon as one component of the union has been found to which the object inquestion belongs.4.5. Type Speci�ers That SpecializeSome type speci�er lists denote specializations of data types named by sym-bols. These specializations may be reected by more e�cient representationsin the underlying implementation. As an example, consider the type (arrayshort-float). Implementation A may choose to provide a specialized rep-resentation for arrays of short oating-point numbers, and implementation Bmay choose not to.If you should want to create an array for the express purpose of hold-ing only short-oat objects, you may optionally specify to make-array theelement type short-float. This does not require make-array to create anobject of type (array short-float); it merely permits it. The request is con-strued to mean \Produce the most specialized array representation capable ofholding short-oats that the implementation can provide." ImplementationA will then produce a specialized array of type (array short-float), andimplementation B will produce an ordinary array of type (array t).If one were then to ask whether the array were actually of type (arrayshort-float), implementation A would say \yes," but implementation Bwould say \no." This is a property of make-array and similar functions:what you ask for is not necessarily what you get.Types can therefore be used for two di�erent purposes: declaration and........................................................................................................................................................................................................

discrimination. Declaring to make-array that elements will always be of typeshort-float permits optimization. Similarly, declaring that a variable takeson values of type (array short-float) amounts to saying that the variablewill take on values that might be produced by specifying element type short-float to make-array. On the other hand, if the predicate typep is used totest whether an object is of type (array short-float), only objects actuallyof that specialized type can satisfy the test; in implementation B no objectcan pass that test.X3J13 voted in January 1989 h8i to eliminate the di�ering treatment oftypes when used \for discrimination" rather than \for declaration" on thegrounds that implementors have not treated the distinction consistently and(which is more important) users have found the distinction confusing.As a consequence of this change, the behavior of typep and subtypep onarray and complex type speci�ers must be modi�ed. See the descriptions of



58 COMMON LISPthose functions. In particular, under their new behavior, implementation Bwould say \yes," agreeing with implementation A, in the discussion above.Note that the distinction between declaration and discrimination remainsuseful, if only so that we may remark that the specialized (list) form of thefunction type speci�er may still be used only for declaration and not fordiscrimination.X3J13 voted in June 1988 h90i to clarify that while the specialized form ofthe function type speci�er (a list of the symbol function possibly followedby argument and value type speci�ers) may be used only for declaration, thesymbol form (simply the name function) may be used for discrimination.The valid list-format names for data types are as follows:(array element-type dimensions)This denotes the set of specialized arrays whose elements are all members ofthe type element-type and whose dimensions match dimensions. For declara-tion purposes, this type encompasses those arrays that can result by specifyingelement-type as the element type to the function make-array; this may be dif-ferent from what the type means for discrimination purposes. element-typemust be a valid type speci�er or unspeci�ed. dimensions may be a non-negative integer, which is the number of dimensions, or it may be a list ofnon-negative integers representing the length of each dimension (any dimen-sion may be unspeci�ed instead), or it may be unspeci�ed. For example:(array integer 3) ;Three-dimensional arrays of integers(array integer (* * *)) ;Three-dimensional arrays of integers(array * (4 5 6)) ;4-by-5-by-6 arrays(array character (3 *)) ;Two-dimensional arrays of characters; that have exactly three rows(array short-float ()) ;Zero-rank arrays of short-format; oating-point numbersNote that (array t) is a proper subset of (array *). The reason is that(array t) is the set of arrays that can hold any CommonLisp object (the ele-ments are of type t, which includes all objects). On the other hand, (array *)is the set of all arrays whatsoever, including, for example, arrays that can holdonly characters. Now (array character) is not a subset of (array t); thetwo sets are in fact disjoint because (array character) is not the set of allarrays that can hold characters but rather the set of arrays that are special-ized to hold precisely characters and no other objects. To test whether anarray foo can hold a character, one should not use



TYPE SPECIFIERS 59(typep foo '(array character))but rather(subtypep 'character (array-element-type foo))See array-element-type.X3J13 voted in January 1989 h8i to change typep and subtypep so thatthe specialized array type speci�er means the same thing for discriminationas for declaration: it encompasses those arrays that can result by specifyingelement-type as the element type to the function make-array. Under thisinterpretation (array character)might be the same type as (array t) (al-though it also might not be the same). See upgraded-array-element-type.However,(typep foo '(array character))is still not a legitimate test of whether the array foo can hold a character;one must still say(subtypep 'character (array-element-type foo))to determine that question.X3J13 also voted in January 1989 h43i to specify that within the lexicalscope of an array type declaration, it is an error for an array element, whenreferenced, not to be of the exact declared element type. A compiler may,for example, treat every reference to an element of a declared array as ifthe reference were surrounded by a the form mentioning the declared arrayelement type (not the upgraded array element type). Thus(defun snarf-hex-digits (the-array)(declare (type (array (unsigned-byte 4) 1) the-array))(do ((j (- (length array) 1) (- j 1))(val 0 (logior (ash val 4)(aref the-array j))))((< j 0) val)))may be treated as



60 COMMON LISP(defun snarf-hex-digits (the-array)(declare (type (array (unsigned-byte 4) 1) the-array))(do ((j (- (length array) 1) (- j 1))(val 0 (logior (ash val 4)(the (unsigned-byte 4)(aref the-array j)))))((< j 0) val)))The declaration amounts to a promise by the user that the aref will neverproduce a value outside the interval 0 to 15, even if in that particular imple-mentation the array element type (unsigned-byte 4) is upgraded to, say,(unsigned-byte 8). If such upgrading does occur, then values outside thatrange may in fact be stored in the-array, as long as the code in snarf-hex-digits never sees them.As a general rule, a compiler would be justi�ed in transforming(aref (the (array elt-type ...) a) ...)into(the elt-type (aref (the (array elt-type ...) a) ...)It may also make inferences involving more complex functions, such asposition or find. For example, find applied to an array always returnseither nil or an object whose type is the element type of the array.(simple-array element-type dimensions)This is equivalent to (array element-type dimensions) except that it addi-tionally speci�es that objects of the type are simple arrays (see section 2.5).(vector element-type size)This denotes the set of specialized one-dimensional arrays whose elementsare all of type element-type and whose lengths match size. This is entirelyequivalent to (array element-type (size)). For example:(vector double-float) ;Vectors of double-format; oating-point numbers(vector * 5) ;Vectors of length 5(vector t 5) ;General vectors of length 5(vector (mod 32) *) ;Vectors of integers between 0 and 31
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TYPE SPECIFIERS 61The specialized types (vector string-char) and (vector bit) are so........................................................................................................................................................................................................

useful that they have the special names string and bit-vector. Every im-plementation of Common Lisp must provide distinct representations for theseas distinct specialized data types.X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vectortypes, the types of whose elements are subtypes of the type character.(simple-vector size)This is the same as (vector t size) except that it additionally speci�es thatits elements are simple general vectors.(complex type)Every element of this type is a complex number whose real part and imaginarypart are each of type type. For declaration purposes, this type encompassesthose complex numbers that can result by giving numbers of the speci�ed typeto the function complex; this may be di�erent from what the type means fordiscrimination purposes. As an example, Gaussian integers might be describedas (complex integer), even in implementations where giving two integers tothe function complex results in an object of type (complex rational).X3J13 voted in January 1989 h8i to change typep and subtypep so thatthe specialized complex type speci�er means the same thing for discriminationpurposes as for declaration purposes. See upgraded-complex-part-type.(function (arg1-type arg2-type ...) value-type)This type may be used only for declaration and not for discrimination; typepwill signal an error if it encounters a speci�er of this form. Every element ofthis type is a function that accepts arguments at least of the types speci�edby the argj-type forms and returns a value that is a member of the typesspeci�ed by the value-type form. The &optional, &rest, and &key markersmay appear in the list of argument types. The value-type may be a valuestype speci�er in order to indicate the types of multiple values.X3J13 voted in January 1989 h93i to specify that the arg-type that followsa &rest marker indicates the type of each actual argument that would begathered into the list for a &rest parameter, and not the type of the &restparameter itself (which is always list). Thus one might declare the functiongcd to be of type (function (&rest integer) integer), or the functionaref to be of type (function (array &rest fixnum) t).X3J13 voted in March 1988 h92i to specify that, in a function type spec-i�er, an argument type speci�er following &key must be a list of two items,



62 COMMON LISPa keyword and a type speci�er. The keyword must be a valid keyword-namesymbol that may be supplied in the actual arguments of a call to the function,and the type speci�er indicates the permitted type of the corresponding argu-ment value. (The keyword-name symbol is typically a keyword, but anotherX3J13 vote h105i allows it to be any symbol.) Furthermore, if &allow-other-keys is not present, the set of keyword-names mentioned in the function typespeci�er may be assumed to be exhaustive; for example, a compiler would bejusti�ed in issuing a warning for a function call using a keyword argumentname not mentioned in the type declaration for the function being called. If&allow-other-keys is present in the function type speci�er, other keywordarguments may be supplied when calling a function of the indicated type, andif supplied such arguments may possibly be used.As an example, the function cons is of type (function (t t) cons), be-........................................................................................................................................................................................................

cause it can accept any two arguments and always returns a cons. The func-tion cons is also of type (function (float string) list), because it cancertainly accept a oating-point number and a string (among other things),and its result is always of type list (in fact a cons is never null, but thatdoes not matter for this type declaration). The function truncate is of type(function (number number) (values number number)), as well as of type(function (integer (mod 8)) integer).X3J13 voted in January 1989 h91i to alter the meaning of the functiontype speci�er when used in type and ftype declarations. While the precedingformulation may be theoretically elegant, they have found that it is not usefulto compiler implementors and that it is not the interpretation that usersexpect. X3J13 prescribed instead the following interpretation of declarations.A declaration speci�er of the form(ftype (function (arg1-type arg2-type ... argn-type) value-type) fname)implies that any function call of the form(fname arg1 arg2 ...)within the scope of the declaration can be treated as if it were rewritten touse the-forms in the following manner:(the value-type(fname (the arg1-type arg1)(the arg2-type arg2)...(the argn-type argn)))



TYPE SPECIFIERS 63That is, it is an error for any of the actual arguments not to be of its speci�edtype arg-type or for the result not to be of the speci�ed type value-type. (Inparticular, if any argument is not of its speci�ed type, then the result is notguaranteed to be of the speci�ed type|if indeed a result is returned at all.)Similarly, a declaration speci�er of the form(type (function (arg1-type arg2-type ... argn-type) value-type) var)is interpreted to mean that any reference to the variable var will �nd that itsvalue is a function, and that it is an error to call this function with any actualargument not of its speci�ed type arg-type. Also, it is an error for the resultnot to be of the speci�ed type value-type. For example, a function call of theform(funcall var arg1 arg2 ...)could be rewritten to use the-forms as well. If any argument is not of itsspeci�ed type, then the result is not guaranteed to be of the speci�ed type|ifindeed a result is returned at all.Thus, a type or ftype declaration speci�er describes type requirementsimposed on calls to a function as opposed to requirements imposed on thede�nition of the function. This is analogous to the treatment of type decla-rations of variables as imposing type requirements on references to variables,rather than on the contents of variables. See the vote of X3J13 on typedeclaration speci�ers in general, discussed in section 9.2.In the same manner as for variable type declarations in general, if two ormore of these declarations apply to the same function call (which can occur ifdeclaration scopes are suitably nested), then they all apply; in e�ect, the typesfor each argument or result are intersected. For example, the code fragment(locally (declare (ftype (function (biped) digit)butcher-fudge))(locally (declare (ftype (function (featherless) opposable)butcher-fudge))(butcher-fudge sam)))may be regarded as equivalent to(the opposable(the digit (butcher-fudge (the featherless(the biped sam)))))



64 COMMON LISPor to(the (and opposable digit)(butcher-fudge (the (and featherless biped) sam)))That is, sam had better be both featherless and a biped, and the resultof butcher-fudge had better be both opposable and a digit; otherwise thecode is in error. Therefore a compiler may generate code that relies on thesetype assumptions, for example.(values value1-type value2-type ...)This type speci�er is extremely restricted: it may be used only as the value-type in a function type speci�er or in a the special form. It is used to specifyindividual types when multiple values are involved. The &optional, &rest,and &key markers may appear in the value-type list; they thereby indicate theparameter list of a function that, when given to multiple-value-call alongwith the values, would be suitable for receiving those values.4.6. Type Speci�ers That AbbreviateThe following type speci�ers are, for the most part, abbreviations for othertype speci�ers that would be far too verbose to write out explicitly (using, forexample, member).(integer low high)Denotes the integers between low and high. The limits low and high must eachbe an integer, a list of an integer, or unspeci�ed. An integer is an inclusivelimit, a list of an integer is an exclusive limit, and *means that a limit does notexist and so e�ectively denotes minus or plus in�nity, respectively. The typefixnum is simply a name for (integer smallest largest) for implementation-dependent values of smallest and largest (see most-negative-fixnum andmost-positive-fixnum). The type (integer 0 1) is so useful that it hasthe special name bit.(mod n)Denotes the set of non-negative integers less than n. This is equivalent to(integer 0 n�1) or to (integer 0 (n)).(signed-byte s)Denotes the set of integers that can be represented in two's-complement form



TYPE SPECIFIERS 65in a byte of s bits. This is equivalent to (integer �2s�1 2s�1�1). Simplysigned-byte or (signed-byte *) is the same as integer.(unsigned-byte s)Denotes the set of non-negative integers that can be represented in a byte ofs bits. This is equivalent to (mod 2s), that is, (integer 0 2s�1). Simplyunsigned-byte or (unsigned-byte *) is the same as (integer 0 *), theset of non-negative integers.(rational low high)Denotes the rationals between low and high. The limits low and high musteach be a rational, a list of a rational, or unspeci�ed. A rational is an inclusivelimit, a list of a rational is an exclusive limit, and * means that a limit doesnot exist and so e�ectively denotes minus or plus in�nity, respectively.(float low high)Denotes the set of oating-point numbers between low and high. The limitslow and high must each be a oating-point number, a list of a oating-pointnumber, or unspeci�ed; a oating-point number is an inclusive limit, a list ofa oating-point number is an exclusive limit, and * means that a limit doesnot exist and so e�ectively denotes minus or plus in�nity, respectively.In a similar manner, one may use:(short-float low high)(single-float low high)(double-float low high)(long-float low high)In this case, if a limit is a oating-point number (or a list of one), it must beone of the appropriate format.X3J13 voted in March 1989 h151i to add a list form of the real type speci�erto denote an interval of real numbers.(real low high)Denotes the real numbers between low and high. The limits low and high musteach be a real, a list of a real, or unspeci�ed. A real is an inclusive limit, alist of a real is an exclusive limit, and * means that a limit does not exist andso e�ectively denotes minus or plus in�nity, respectively.
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66 COMMON LISP(string size)........................................................................................................................................................................................................

Means the same as (array string-char (size)): the set of strings of theindicated size.(simple-string size)Means the same as (simple-array string-char (size)): the set of simplestrings of the indicated size.X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vectortypes, the types of whose elements are subtypes of the type character. Sim-ilarly, the type simple-string is rede�ned to be the union of one or morespecialized simple vector types, the types of whose elements are subtypes ofthe type character.(base-string size)Means the same as (vector base-character size): the set of base stringsof the indicated size.(simple-base-string size)Means the same as (simple-array base-character (size)): the set of sim-ple base strings of the indicated size.(bit-vector size)Means the same as (array bit (size)): the set of bit-vectors of the indicatedsize.(simple-bit-vector size)This means the same as (simple-array bit (size)): the set of bit-vectorsof the indicated size.4.7. De�ning New Type Speci�ersNew type speci�ers can come into existence in two ways. First, de�ning a newstructure type with defstruct automatically causes the name of the structureto be a new type speci�er symbol. Second, the deftype special form can beused to de�ne new type-speci�er abbreviations.



TYPE SPECIFIERS 67[Macro]deftype name lambda-list [[ fdeclarationg� j doc-string ]] f formg�This is very similar to a defmacro form: name is the symbol that identi�esthe type speci�er being de�ned, lambda-list is a lambda-list (and may contain&optional and &rest markers), and the forms constitute the body of theexpander function. If we view a type speci�er list as a list containing the typespeci�er name and some argument forms, the argument forms (unevaluated)are bound to the corresponding parameters in lambda-list. Then the bodyforms are evaluated as an implicit progn, and the value of the last form isinterpreted as a new type speci�er for which the original speci�er was anabbreviation. The name is returned as the value of the deftype form.deftype di�ers from defmacro in that if no initform is speci�ed for an&optional parameter, the default value is *, not nil.If the optional documentation string doc-string is present, then it is attachedto the name as a documentation string of type type; see documentation.Here are some examples of the use of deftype:(deftype mod (n) `(integer 0 (,n)))(deftype list () '(or null cons))(deftype square-matrix (&optional type size)"SQUARE-MATRIX includes all square two-dimensional arrays."`(array ,type (,size ,size)))(square-matrix short-float 7) means (array short-float (7 7))(square-matrix bit) means (array bit (* *))If the type name de�ned by deftype is used simply as a type speci�er symbol,it is interpreted as a type speci�er list with no argument forms. Thus, in theexample above, square-matrixwould mean (array * (* *)), the set of two-dimensional arrays. This would unfortunately fail to convey the constraintthat the two dimensions be the same; (square-matrix bit) has the sameproblem. A better de�nition is(defun equidimensional (a)(or (< (array-rank a) 2)(apply #--'UU (array-dimensions a))))(deftype square-matrix (&optional type size)`(and (array ,type (,size ,size))



68 COMMON LISP(satisfies equidimensional)))X3J13 voted in March 1988 h78i to specify that the body of the expanderfunction de�ned by deftype is implicitly enclosed in a block construct whosename is the same as the name of the de�ned type. Therefore return-frommay be used to exit from the function.X3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts; deftype must de�ne the expander function within the enclosinglexical environment, not within the global environment.4.8. Type Conversion FunctionThe following function may be used to convert an object to an equivalentobject of another type. [Function]coerce object result-typeThe result-type must be a type speci�er; the object is converted to an \equiv-alent" object of the speci�ed type. If the coercion cannot be performed, thenan error is signaled. In particular, (coerce x 'nil) always signals an error.If object is already of the speci�ed type, as determined by typep, then it issimply returned. It is not generally possible to convert any object to be ofany type whatsoever; only certain conversions are permitted:. Any sequence type may be converted to any other sequence type, providedthe new sequence can contain all actual elements of the old sequence (it isan error if it cannot). If the result-type is speci�ed as simply array, forexample, then (array t) is assumed. A specialized type such as string or(vector (complex short-float)) may be speci�ed; of course, the resultmay be of either that type or some more general type, as determined by theimplementation. Elements of the new sequence will be eql to correspondingelements of the old sequence. If the sequence is already of the speci�edtype, it may be returned without copying it; in this, (coerce sequencetype) di�ers from (concatenate type sequence), for the latter is requiredto copy the argument sequence. In particular, if one speci�es sequence,then the argument may simply be returned if it already is a sequence.(coerce '(a b c) 'vector) ) #--(a b c)



TYPE SPECIFIERS 69X3J13 voted in June 1989 h158i to specify that coerce should signal anerror if the new sequence type speci�es the number of elements and the oldsequence has a di�erent length.X3J13 voted in March 1989 h11i to specify that if the result-type is stringthen it is understood to mean (vector character), and simple-string isunderstood to mean (simple-array character (*)).. Some strings, symbols, and integers may be converted to characters. If........................................................................................................................................................................................................

object is a string of length 1, then the sole element of the string is returned.If object is a symbol whose print name is of length 1, then the sole elementof the print name is returned. If object is an integer n, then (int-char n)is returned. See character.(coerce "a" 'character) ) #--\aX3J13 voted in March 1989 h11i to eliminate int-char from Common Lisp.Presumably this eliminates the possibility of coercing an integer to a character,although the vote did not address this question directly.. Any non-complex number can be converted to a short-float, single-float, double-float, or long-float. If simply float is speci�ed, andobject is not already a float of some kind, then the object is converted toa single-float.(coerce 0 'short-float) ) 0.0S0(coerce 3.5L0 'float) ) 3.5L0(coerce 7/2 'float) ) 3.5. Any number can be converted to a complex number. If the number is notalready complex, then a zero imaginary part is provided by coercing theinteger zero to the type of the given real part. (If the given real part isrational, however, then the rule of canonical representation for complexrationals will result in the immediate re-conversion of the result from typecomplex back to type rational.)(coerce 4.5s0 'complex) ) #--C(4.5S0 0.0S0)(coerce 7/2 'complex) ) 7/2(coerce #--C(7/2 0) '(complex double-float))) #--C(3.5D0 0.0D0). Any object may be coerced to type t.(coerce x 't) � (identity x) � x



70 COMMON LISPX3J13 voted in June 1988 h90i to allow coercion of certain objects to thetype function:. A symbol or lambda-expression can be converted to a function. A symbolis coerced to type function as if by applying symbol-function to thesymbol; an error is signaled if the predicate fboundp is not true of thesymbol or if the symbol names a macro or special form. A list x whose caris the symbol lambda is coerced to a function as if by execution of (eval`#--',x), that is, of (eval (list 'function x)).Coercions from oating-point numbers to rationals and from ratios to in-tegers are purposely not provided because of rounding problems. The func-tions rational, rationalize, floor, ceiling, truncate, and round may beused for such purposes. Similarly, coercions from characters to integers arepurposely not provided; char-code or char-int may be used explicitly toperform such conversions.4.9. Determining the Type of an ObjectThe following function may be used to obtain a type speci�er describing thetype of a given object. [Function]type-of object(type-of object) returns an implementation-dependent result: some type of........................................................................................................................................................................................................

which the object is a member. Implementors are encouraged to arrange fortype-of to return the most speci�c type that can be conveniently computedand is likely to be useful to the user. If the argument is a user-de�ned namedstructure created by defstruct, then type-of will return the type name ofthat structure. Because the result is implementation-dependent, it is usuallybetter to use type-of primarily for debugging purposes; however, in a fewsituations portable code requires the use of type-of, such as when the resultis to be given to the coerce or map function. On the other hand, often thetypep function or the typecase construct is more appropriate than type-of.Compatibility note: In MacLisp the function type-of is called typep, and anoma-lously so, for it is not a predicate.Many have observed (and rightly so) that this speci�cation is totally wimpyand therefore nearly useless. X3J13 voted in June 1989 h179i to place thefollowing constraints on type-of:



TYPE SPECIFIERS 71. Let x be an object such that (typep x type) is true and type is one of thefollowing:array float package sequencebit-vector function pathname short-floatcharacter hash-table random-state single-floatcomplex integer ratio streamcondition long-float rational stringcons null readtable symboldouble-float number restart vectorThen (subtypep (type-of x) type)) must return the values t and t; thatis, type-of applied to x must return either type itself or a subtype of typethat subtypep can recognize in that implementation.. For any object x, (subtypep (type-of x) (class-of x)) must producethe values t and t.. For every object x, (typep x (type-of x)) must be true. (This impliesthat type-of can never return nil, for no object is of type nil.). type-of never returns t and never uses a satisfies, and, or, not, orvalues type speci�er in its result.. For objects of CLOS metaclass structure-class or of standard-class,type-of returns the proper name of the class returned by class-of if it hasa proper name, and otherwise returns the class itself. In particular, for anyobject created by a defstruct constructor function, where the defstructhad the name name and no :type option, type-of will return name.As an example, (type-of "acetylcholinesterase")may return stringor simple-string or (simple-string 20), but not array or simple-vector. As another example, it is permitted for (type-of 1729) to re-turn integer or fixnum (if it is indeed a �xnum) or (signed-byte 16) or(integer 1729 1729) or (integer 1685 1750) or even (mod 1730), butnot rational or number, because(typep (+ (expt 9 3) (expt 10 3)) 'integer)is true, integer is in the list of types mentioned above, and(subtypep (type-of (+ (expt 1 3) (expt 12 3))) 'integer)would be false if type-of were to return rational or number.



72 COMMON LISP4.10. Type UpgradingX3J13 voted in January 1989 h8i to add new functions by which a program candetermine, in a given CommonLisp implementation, how that implementationwill upgrade a type when constructing an array specialized to contain elementsof that type, or a complex number specialized to contain parts of that type.[Function]upgraded-array-element-type typeA type speci�er is returned, indicating the element type of the most specializedarray representation capable of holding items of the speci�ed argument type.The result is necessarily a supertype of the given type. Furthermore, if atype A is a subtype of type B, then (upgraded-array-element-type A) isa subtype of (upgraded-array-element-type B).The manner in which an array element type is upgraded depends only onthe element type as such and not on any other property of the array such assize, rank, adjustability, presence or absence of a �ll pointer, or displacement.Rationale: If upgrading were allowed to depend on any of these properties, all ofwhich can be referred to, directly or indirectly, in the language of type speci�ers, thenit would not be possible to displace an array in a consistent and dependable mannerto another array created with the same :element-type argument but di�ering inone of these properties.Note that upgraded-array-element-type could be de�ned as(defun upgraded-array-element-type (type)(array-element-type (make-array 0 :element-type type)))but this de�nition has the disadvantage of allocating an array and then im-mediately discarding it. The clever implementor surely can conjure up a morepractical approach. [Function]upgraded-complex-part-type typeA type speci�er is returned, indicating the element type of the most special-ized complex number representation capable of having parts of the speci�edargument type. The result is necessarily a supertype of the given type. Further-more, if a type A is a subtype of type B, then (upgraded-complex-part-typeA) is a subtype of (upgraded-complex-part-type B).



5Program StructureIn chapter 2 the syntax was sketched for notating data objects in CommonLisp. The same syntax is used for notating programs because all CommonLisp programs have a representation as Common Lisp data objects.Lisp programs are organized as forms and functions. Forms are evaluated(relative to some context) to produce values and side e�ects. Functions areinvoked by applying them to arguments. The most important kind of formperforms a function call; conversely, a function performs computation by eval-uating forms.In this chapter, forms are discussed �rst and then functions. Finally, certain\top level" special forms are discussed; the most important of these is defun,whose purpose is to de�ne a named function.5.1. FormsThe standard unit of interaction with a Common Lisp implementation is theform, which is simply a data object meant to be evaluated as a program toproduce one or more values (which are also data objects). One may requestevaluation of any data object, but only certain ones are meaningful. Forinstance, symbols and lists are meaningful forms, while arrays normally arenot. Examples of meaningful forms are 3, whose value is 3, and (+ 3 4),whose value is 7. We write 3 ) 3 and (+ 3 4) ) 7 to indicate these facts.() means \evaluates to.")Meaningful forms may be divided into three categories: self-evaluatingforms, such as numbers; symbols, which stand for variables; and lists. Thelists in turn may be divided into three categories: special forms, macro calls,and function calls.Any Common Lisp data object not explicitly de�ned here to be a valid form........................................................................................................................................................................................................

is not a valid form. It is an error to evaluate anything but a valid form. 73
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74 COMMON LISPImplementation note: An implementation is free to make implementation-dependent extensions to the evaluator but is strongly encouraged to signal an erroron any attempt to evaluate anything but a valid form or an object for which ameaningful evaluation extension has been purposely de�ned.X3J13 voted in October 1988 h72i to specify that all standard CommonLispdata objects other than symbols and lists (including defstruct structuresde�ned without the :type option) are self-evaluating.5.1.1. Self-Evaluating FormsAll numbers, characters, strings, and bit-vectors are self-evaluating forms.When such an object is evaluated, that object (or possibly a copy in the caseof numbers or characters) is returned as the value of the form. The empty list(), which is also the false value nil, is also a self-evaluating form: the valueof nil is nil. Keywords (symbols written with a leading colon) also evaluateto themselves: the value of :start is :start.X3J13 voted in January 1989 h36i to clarify that it is an error to de-structively modify any object that appears as a constant in executable code,whether as a self-evaluating form or within a quote special form.5.1.2. VariablesSymbols are used as names of variables in Common Lisp programs. When asymbol is evaluated as a form, the value of the variable it names is produced.For example, after doing (setq items 3), which assigns the value 3 to thevariable named items, then items ) 3. Variables can be assigned to, asby setq, or bound, as by let. Any program construct that binds a variablee�ectively saves the old value of the variable and causes it to have a new value,and on exit from the construct the old value is reinstated.There are actually two kinds of variables in Common Lisp, called lexical (orstatic) variables and special (or dynamic) variables. At any given time eitheror both kinds of variable with the same namemay have a current value. Whichof the two kinds of variable is referred to when a symbol is evaluated dependson the context of the evaluation. The general rule is that if the symbol occurstextually within a program construct that creates a binding for a variable ofthe same name, then the reference is to the variable speci�ed by the binding;



PROGRAM STRUCTURE 75if no such program construct textually contains the reference, then it is takento refer to the special variable of that name.The distinction between the two kinds of variable is one of scope and ex-tent. A lexically bound variable can be referred to only by forms occurringat any place textually within the program construct that binds the variable.A dynamically bound (special) variable can be referred to at any time fromthe time the binding is made until the time evaluation of the construct thatbinds the variable terminates. Therefore lexical binding of variables imposes aspatial limitation on occurrences of references (but no temporal limitation, forthe binding continues to exist as long as the possibility of reference remains).Conversely, dynamic binding of variables imposes a temporal limitation onoccurrences of references (but no spatial limitation). For more information onscope and extent, see chapter 3.The value a special variable has when there are currently no bindings of thatvariable is called the global value of the (special) variable. A global value canbe given to a variable only by assignment, because a value given by bindingis by de�nition not global.It is possible for a special variable to have no value at all, in which caseit is said to be unbound. By default, every global variable is unbound unlessand until explicitly assigned a value, except for those global variables de�nedin this book or by the implementation already to have values when the Lispsystem is �rst started. It is also possible to establish a binding of a specialvariable and then cause that binding to be valueless by using the functionmakunbound. In this situation the variable is also said to be \unbound,"although this is a misnomer; precisely speaking, it is bound but valueless. Itis an error to refer to a variable that is unbound.X3J13 voted in June 1989 h180i to specify more precisely the e�ects ofreferring to an unbound variable.Reading an unbound variable or an unde�ned function must be detected inthe highest safety setting (see the safety quality of the optimize declarationspeci�er) but the e�ect is unde�ned in any other safety setting. That is, read-ing an unbound variable should signal an error and reading an unde�ned func-tion should signal an error. (\Reading a function" includes both referencesto the function using the function special form, such as f in (function f),and references to the function in a call, such as f in (f x y).)For the case of inline functions (in implementations where they are sup-ported), a permitted point of view is that performing the inlining constitutesthe read of the function, so that an fboundp check need not be done at execu-tion time. Put another way, the e�ect of the application of fmakunbound to afunction name on potentially inlined references to that function is unde�ned.



76 COMMON LISPWhen an unbound variable is detected an error of type unbound-variableis signaled, and the name slot of the unbound-variable condition is initializedto the name of the o�ending variable.When an unde�ned function is detected an error of type undefined-function is signaled, and the name slot of the undefined-function conditionis initialized to the name of the o�ending function.The condition type unbound-slot, which inherits from cell-error, hasan additional slot instance, which can be initialized using the :instancekeyword to make-condition. The function unbound-slot-instance accessesthis slot.The type of error signaled by the default primary method for the CLOSslot-unbound generic function is unbound-slot. The instance slot of theunbound-slot condition is initialized to the o�ending instance and the nameslot is initialized to the name of the o�ending variable.Certain global variables are reserved as \named constants." They have aglobal value and may not be bound or assigned to. For example, the symbolst and nil are reserved. One may not assign a value to t or nil, and one maynot bind t or nil. The global value of t is always t, and the global value ofnil is always nil. Constant symbols de�ned by defconstant also becomereserved and may not be further assigned to or bound (although they maybe rede�ned, if necessary, by using defconstant again). Keyword symbols,which are notated with a leading colon, are reserved and may never be assignedto or bound; a keyword always evaluates to itself.5.1.3. Special FormsIf a list is to be evaluated as a form, the �rst step is to examine the �rstelement of the list. If the �rst element is one of the symbols appearing intable 5-1, then the list is called a special form. (This use of the word \special"is unrelated to its use in the phrase \special variable.")Special forms are generally environment and control constructs. Every spe-cial form has its own idiosyncratic syntax. An example is the if special form:(if p (+ x 4) 5) in Common Lisp means what \if p then x+4 else 5"means in Algol.The evaluation of a special form normally produces a value or values, butthe evaluation may instead call for a non-local exit; see return-from, go, andthrow.The set of special forms is �xed in Common Lisp; no way is provided for theuser to de�ne more. The user can create new syntactic constructs, however,by de�ning macros.



PROGRAM STRUCTURE 77Table 5-1: Names of All Common Lisp Special Formsblock if progvcatch labels quote[compiler-let] let return-fromdeclare let* setqeval-when macrolet tagbodyflet multiple-value-call thefunction multiple-value-prog1 throwgo progn unwind-protectX3J13 voted in June 1989 h25i to remove compiler-let from the language.X3J13 voted in June 1988 h12i to add the special forms generic-flet, generic-labels, symbol-macrolet, and with-added-methods.X3J13 voted in March 1989 h113i to make locally a special form rather than amacro.X3J13 voted in March 1989 h111i to add the special form load-time-eval.The set of special forms in Common Lisp is purposely kept very small be-cause any program-analyzing program must have special knowledge aboutevery type of special form. Such a program needs no special knowledge aboutmacros because it is simple to expand the macro and operate on the result-ing expansion. (This is not to say that many such programs, particularlycompilers, will not have such special knowledge. A compiler may be able toproduce much better code if it recognizes such constructs as typecase andmultiple-value-bind and gives them customized treatment.)An implementation is free to implement as a macro any construct describedherein as a special form. Conversely, an implementation is free to implement asa special form any construct described herein as a macro if an equivalent macrode�nition is also provided. The practical consequence is that the predicatesmacro-function and special-form-pmay both be true of the same symbol.It is recommended that a program-analyzing program process a form that isa list whose car is a symbol as follows:1. If the program has particular knowledge about the symbol, process the formusing special-purpose code. All of the symbols listed in table 5-1 should fallinto this category.2. Otherwise, if macro-function is true of the symbol, apply eithermacroexpand or macroexpand-1, as appropriate, to the entire form andthen start over.



78 COMMON LISP3. Otherwise, assume it is a function call.5.1.4. MacrosIf a form is a list and the �rst element is not the name of a special form,it may be the name of a macro; if so, the form is said to be a macro call.A macro is essentially a function from forms to forms that will, given a callto that macro, compute a new form to be evaluated in place of the macrocall. (This computation is sometimes referred to as macro expansion.) Forexample, the macro named return will take a form such as (return x) andfrom that form compute a new form (return-from nil x). We say that theold form expands into the new form. The new form is then evaluated in placeof the original form; the value of the new form is returned as the value of theoriginal form.X3J13 voted in January 1989 h67i to clarify that macro calls, and subformsof macro calls, need not be proper lists, but that use of dotted forms requiresthe macro de�nition to use \. var" or \&rest var" in order to match themproperly. It is then the responsibility of the macro de�nition to recognize andappropriately handle such dotted forms or subforms.There are a number of standard macros in Common Lisp, and the user cande�ne more by using defmacro.Macros provided by a Common Lisp implementation as described hereinmay expand into code that is not portable among di�ering implementations.That is, a macro call may be implementation-independent because the macrois de�ned in this book, but the expansion need not be.Implementation note: Implementors are encouraged to implement the macrosde�ned in this book, as far as is possible, in such a way that the expansion willnot contain any implementation-dependent special forms, nor contain as forms dataobjects that are not considered to be forms in Common Lisp. The purpose ofthis restriction is to ensure that the expansion can be processed by a program-analyzing program in an implementation-independent manner. There is no problemwith a macro expansion containing calls to implementation-dependent functions.This restriction is not a requirement of Common Lisp; it is recognized that certaincomplex macros may be able to expand into signi�cantly more e�cient code incertain implementations by using implementation-dependent special forms in themacro expansion.



PROGRAM STRUCTURE 795.1.5. Function CallsIf a list is to be evaluated as a form and the �rst element is not a symbol thatnames a special form or macro, then the list is assumed to be a function call.The �rst element of the list is taken to name a function. Any and all remainingelements of the list are forms to be evaluated; one value is obtained from eachform, and these values become the arguments to the function. The function isthen applied to the arguments. The functional computation normally producesa value, but it may instead call for a non-local exit; see throw. A functionthat does return may produce no value or several values; see values. If andwhen the function returns, whatever values it returns become the values ofthe function-call form.For example, consider the evaluation of the form (+ 3 (* 4 5)). Thesymbol + names the addition function, not a special form or macro. Thereforethe two forms 3 and (* 4 5) are evaluated to produce arguments. The form3 evaluates to 3, and the form (* 4 5) is a function call (to the multiplicationfunction). Therefore the forms 4 and 5 are evaluated, producing arguments4 and 5 for the multiplication. The multiplication function calculates thenumber 20 and returns it. The values 3 and 20 are then given as arguments tothe addition function, which calculates and returns the number 23. Thereforewe say (+ 3 (* 4 5)) ) 23.X3J13 voted in October 1988 h86i to clarify that while the arguments ina function call are always evaluated in strict left-to-right order, whether thefunction to be called is determined before or after argument evaluation isunspeci�ed. Programs are in error that rely on a particular order of evaluationof the �rst element of a function call relative to the argument forms.5.2. FunctionsThere are two ways to indicate a function to be used in a function-call form.One is to use a symbol that names the function. This use of symbols toname functions is completely independent of their use in naming special andlexical variables. The other way is to use a lambda-expression, which is alist whose �rst element is the symbol lambda. A lambda-expression is not aform; it cannot be meaningfully evaluated. Lambda-expressions and symbols,when used in programs as names of functions, can appear only as the �rstelement of a function-call form, or as the second element of the functionspecial form. Note that symbols and lambda-expressions are treated as namesof functions in these two contexts. This should be distinguished from thetreatment of symbols and lambda-expressions as function objects, that is,



80 COMMON LISPobjects that satisfy the predicate functionp, as when giving such an objectto apply or funcall to be invoked.5.2.1. Named FunctionsA name can be given to a function in one of two ways. A global name can begiven to a function by using the defun construct. A local name can be givento a function by using the flet or labels special form. When a functionis named, a lambda-expression is e�ectively associated with that name alongwith information about the entities that are lexically apparent at that point.If a symbol appears as the �rst element of a function-call form, then it refersto the de�nition established by the innermost flet or labels construct thattextually contains the reference, or to the global de�nition (if any) if there isno such containing construct.5.2.2. Lambda-ExpressionsA lambda-expression is a list with the following syntax:(lambda lambda-list . body)The �rst element must be the symbol lambda. The second element must be alist. It is called the lambda-list, and speci�es names for the parameters of thefunction. When the function denoted by the lambda-expression is applied toarguments, the arguments are matched with the parameters speci�ed by thelambda-list. The bodymay then refer to the arguments by using the parameternames. The body consists of any number of forms (possibly zero). These formsare evaluated in sequence, and the results of the last form only are returnedas the results of the application (the value nil is returned if there are zeroforms in the body). The complete syntax of a lambda-expression is:(lambda ( fvarg�[&optional fvar j (var [initform [svar ] ] )g� ][&rest var ][&key fvar j ( fvar j (keyword var)g [initform [svar ] ] )g� ][&aux fvar j (var [initform] )g� ] )[[ fdeclarationg� j documentation-string ]]f formg� )



PROGRAM STRUCTURE 81Each element of a lambda-list is either a parameter speci�er or a lambda-list keyword; lambda-list keywords begin with &. (Note that lambda-list key-words are not keywords in the usual sense; they do not belong to the keywordpackage. They are ordinary symbols each of whose names begins with anampersand. This terminology is unfortunately confusing but is retained forhistorical reasons.)In all cases a var or svar must be a symbol, the name of a variable; each........................................................................................................................................................................................................

keyword must be a keyword symbol, such as :start. An initform may be anyform.X3J13 voted in March 1988 h105i to allow a keyword in the preceding spec-i�cation of a lambda-list to be any symbol whatsoever, not just a keywordsymbol in the keyword package. See below.A lambda-list has �ve parts, any or all of which may be empty:. Speci�ers for the required parameters. These are all the parameter speci�ersup to the �rst lambda-list keyword; if there is no such lambda-list keyword,then all the speci�ers are for required parameters.. Speci�ers for optional parameters. If the lambda-list keyword &optional ispresent, the optional parameter speci�ers are those following the lambda-list keyword &optional up to the next lambda-list keyword or the end ofthe list.. A speci�er for a rest parameter. The lambda-list keyword &rest, if present,must be followed by a single rest parameter speci�er, which in turn mustbe followed by another lambda-list keyword or the end of the lambda-list.. Speci�ers for keyword parameters. If the lambda-list keyword &key ispresent, all speci�ers up to the next lambda-list keyword or the end of thelist are keyword parameter speci�ers. The keyword parameter speci�ers mayoptionally be followed by the lambda-list keyword &allow-other-keys.. Speci�ers for aux variables. These are not really parameters. If the lambda-list keyword &key is present, all speci�ers after it are auxiliary variablespeci�ers.When the function represented by the lambda-expression is applied to argu-ments, the arguments and parameters are processed in order from left to right.In the simplest case, only required parameters are present in the lambda-list;each is speci�ed simply by a name var for the parameter variable. Whenthe function is applied, there must be exactly as many arguments as thereare parameters, and each parameter is bound to one argument. Here, and ingeneral, the parameter is bound as a lexical variable unless a declaration has



82 COMMON LISPbeen made that it should be a special binding; see defvar, proclaim, anddeclare.In the more general case, if there are n required parameters (n may be zero),there must be at least n arguments, and the required parameters are boundto the �rst n arguments. The other parameters are then processed using anyremaining arguments.If optional parameters are speci�ed, then each one is processed as follows. Ifany unprocessed arguments remain, then the parameter variable var is boundto the next remaining argument, just as for a required parameter. If noarguments remain, however, then the initform part of the parameter speci�eris evaluated, and the parameter variable is bound to the resulting value (orto nil if no initform appears in the parameter speci�er). If another variablename svar appears in the speci�er, it is bound to true if an argument wasavailable, and to false if no argument remained (and therefore initform had tobe evaluated). The variable svar is called a supplied-p parameter; it is boundnot to an argument but to a value indicating whether or not an argument hadbeen supplied for another parameter.After all optional parameter speci�ers have been processed, then there mayor may not be a rest parameter. If there is a rest parameter, it is bound to a listof all as-yet-unprocessed arguments. (If no unprocessed arguments remain,the rest parameter is bound to the empty list.) If there is no rest parameterand there are no keyword parameters, then there should be no unprocessedarguments (it is an error if there are).X3J13 voted in January 1989 h155i to clarify that if a function has a restparameter and is called using apply, then the list to which the rest parameteris bound is permitted, but not required, to share top-level list structure withthe list that was the last argument to apply. Programmers should be carefulabout performing side e�ects on the top-level list structure of a rest parameter.This was the result of a rather long discussion within X3J13 and the widerLisp community. To set it in its historical context, I must remark that in LispMachine Lisp the list to which a rest parameter was bound had only dynamicextent; this in conjunction with the technique of \cdr-coding" permitted aclever stack-allocation technique with very low overhead. However, the earlydesigners of Common Lisp, after a great deal of debate, concluded that it wasdangerous for cons cells to have dynamic extent; as an example, the \obvious"de�nition of the function list(defun list (&rest x) x)could fail catastrophically. Therefore the �rst edition simply implied thatthe list for a rest parameter, like all other lists, would have inde�nite extent.



PROGRAM STRUCTURE 83This still left open the ip side of the question, namely, Is the list for a restparameter guaranteed fresh? This is the question addressed by the X3J13vote. If it is always freshly consed, then it is permissible to destroy it, forexample by giving it to nconc. However, the requirement always to cons freshlists could impose an unacceptable overhead in many implementations. Theclari�cation approved by X3J13 speci�es that the programmer may not relyon the list being fresh; if the function was called using apply, there is no wayto know where the list came from.Next, any keyword parameters are processed. For this purpose the samearguments are processed that would be made into a list for a rest parameter.(Indeed, it is permitted to specify both &rest and &key. In this case theremaining arguments are used for both purposes; that is, all remaining argu-ments are made into a list for the &rest parameter and are also processedfor the &key parameters. This is the only situation in which an argument isused in the processing of more than one parameter speci�er.) If &key is spec-i�ed, there must remain an even number of arguments; these are consideredas pairs, the �rst argument in each pair being interpreted as a keyword nameand the second as the corresponding value.It is an error for the �rst object of each pair to be anything but a keyword.........................................................................................................................................................................................................

Rationale: This last restriction is imposed so that a compiler may issue warningsabout certain malformed calls to functions that take keyword arguments. It mustbe remembered that the arguments in a function call that evaluate to keywords arejust like any other arguments and may be any evaluable forms. A compiler couldnot, without additional context, issue a warning about the call(fill seq item x y)because in principle the variable x might have as its value a keyword such as :start.However, a compiler would be justi�ed in issuing a warning about the call(fill seq item 0 10)because the constant 0 is de�nitely not a keyword. Similarly, if in the �rst case thevariable x had been declared to be of type integer, then type analysis could enablethe compiler to justify a warning.X3J13 voted in March 1988 h105i to allow a keyword in a lambda-list to beany symbol whatsoever, not just a keyword symbol in the keyword package.If, after &key, a variable appears alone or within only one set of parentheses(possibly with an initform and a svar), then the behavior is as before: a



84 COMMON LISPkeyword symbol with the same name as the variable is used as the keyword-name when matching arguments to parameter speci�ers. Only a parameterspeci�er of the form ((keyword var) ...) can cause the keyword-name notto be a keyword symbol, by specifying a symbol not in the keyword packageas the keyword. For example:(defun wager (&key ((secret password) nil) amount)(format nil "You ~A $~D"(if (eq password 'joe-sent-me) "win" "lose")amount))(wager :amount 100) ) "You lose $100"(wager :amount 100 'secret 'joe-sent-me) ) "You win $100"The secret word could be made even more secret in this example by placingit in some other obscure package, so that one would have to write(wager :amount 100 'obscure:secret 'joe-sent-me) ) "You win $100"to win anything.In each keyword parameter speci�er must be a name var for the parametervariable. If an explicit keyword is speci�ed, then that is the keyword name forthe parameter. Otherwise the name var serves to indicate the keyword name,in that a keyword with the same name (in the keyword package) is used asthe keyword. Thus(defun foo (&key radix (type 'integer)) ...)means exactly the same as(defun foo (&key ((:radix radix)) ((:type type) 'integer)) ...)The keyword parameter speci�ers are, like all parameter speci�ers, e�ectivelyprocessed from left to right. For each keyword parameter speci�er, if there isan argument pair whose keyword name matches that speci�er's keyword name(that is, the names are eq), then the parameter variable for that speci�er isbound to the second item (the value) of that argument pair. If more than onesuch argument pair matches, it is not an error; the leftmost argument pair isused. If no such argument pair exists, then the initform for that speci�er isevaluated and the parameter variable is bound to that value (or to nil if noinitform was speci�ed). The variable svar is treated as for ordinary optionalparameters: it is bound to true if there was a matching argument pair, andto false otherwise.



PROGRAM STRUCTURE 85It is an error if an argument pair has a keyword name not matched by anyparameter speci�er, unless at least one of the following two conditions is met:. &allow-other-keys was speci�ed in the lambda-list.. Somewhere among the keyword argument pairs is a pair whose keyword is:allow-other-keys and whose value is not nil.If either condition obtains, then it is not an error for an argument pair tomatch no parameter speci�ed, and the argument pair is simply ignored (butsuch an argument pair is accessible through the &rest parameter if one wasspeci�ed). The purpose of these mechanisms is to allow sharing of argumentlists among several functions and to allow either the caller or the called func-tion to specify that such sharing may be taking place.After all parameter speci�ers have been processed, the auxiliary variablespeci�ers (those following the lambda-list keyword &aux) are processed fromleft to right. For each one, the initform is evaluated and the variable varbound to that value (or to nil if no initform was speci�ed). Nothing can bedone with &aux variables that cannot be done with the special form let*:(lambda (x y &aux (a (car x)) (b 2) c) ...)� (lambda (x y) (let* ((a (car x)) (b 2) c) ...))Which to use is purely a matter of style.Whenever any initform is evaluated for any parameter speci�er, that formmay refer to any parameter variable to the left of the speci�er in which theinitform appears, including any supplied-p variables, and may rely on thefact that no other parameter variable has yet been bound (including its ownparameter variable).Once the lambda-list has been processed, the forms in the body of thelambda-expression are executed. These forms may refer to the arguments tothe function by using the names of the parameters. On exit from the function,either by a normal return of the function's value(s) or by a non-local exit, theparameter bindings, whether lexical or special, are no longer in e�ect. (Thebindings are not necessarily permanently discarded, for a lexical binding canlater be reinstated if a \closure" over that binding was created, perhaps byusing function, and saved before the exit occurred.)Examples of &optional and &rest parameters:((lambda (a b) (+ a (* b 3))) 4 5) ) 19((lambda (a &optional (b 2)) (+ a (* b 3))) 4 5) ) 19((lambda (a &optional (b 2)) (+ a (* b 3))) 4) ) 10



86 COMMON LISP((lambda (&optional (a 2 b) (c 3 d) &rest x) (list a b c d x)))) (2 nil 3 nil nil)((lambda (&optional (a 2 b) (c 3 d) &rest x) (list a b c d x))6)) (6 t 3 nil nil)((lambda (&optional (a 2 b) (c 3 d) &rest x) (list a b c d x))6 3)) (6 t 3 t nil)((lambda (&optional (a 2 b) (c 3 d) &rest x) (list a b c d x))6 3 8)) (6 t 3 t (8))((lambda (&optional (a 2 b) (c 3 d) &rest x) (list a b c d x))6 3 8 9 10 11)) (6 t 3 t (8 9 10 11))Examples of &key parameters:((lambda (a b &key c d) (list a b c d)) 1 2)) (1 2 nil nil)((lambda (a b &key c d) (list a b c d)) 1 2 :c 6)) (1 2 6 nil)((lambda (a b &key c d) (list a b c d)) 1 2 :d 8)) (1 2 nil 8)((lambda (a b &key c d) (list a b c d)) 1 2 :c 6 :d 8)) (1 2 6 8)((lambda (a b &key c d) (list a b c d)) 1 2 :d 8 :c 6)) (1 2 6 8)((lambda (a b &key c d) (list a b c d)) :a 1 :d 8 :c 6)) (:a 1 6 8)((lambda (a b &key c d) (list a b c d)) :a :b :c :d)) (:a :b :d nil)Examples of mixtures:((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x))1) ) (1 3 nil 1 ())



PROGRAM STRUCTURE 87((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x))1 2) ) (1 2 nil 1 ())((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x)):c 7) ) (:c 7 nil :c ())((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x))1 6 :c 7) ) (1 6 7 1 (:c 7))((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x))1 6 :d 8) ) (1 6 nil 8 (:d 8))((lambda (a &optional (b 3) &rest x &key c (d a))(list a b c d x))1 6 :d 8 :c 9 :d 10) ) (1 6 9 8 (:d 8 :c 9 :d 10))All lambda-list keywords are permitted, but not terribly useful, in lambda-expressions appearing explicitly as the �rst element of a function-call form.They are extremely useful, however, in functions given global names by defun.All symbols whose names begin with & are conventionally reserved for useas lambda-list keywords and should not be used as variable names. Implemen-tations of Common Lisp are free to provide additional lambda-list keywords.[Constant ]lambda-list-keywordsThe value of lambda-list-keywords is a list of all the lambda-list key-words used in the implementation, including the additional ones used onlyby defmacro. This list must contain at least the symbols &optional, &rest,&key, &allow-other-keys, &aux, &body, &whole, and &environment.As an example of the use of &allow-other-keys and :allow-other-keys,consider a function that takes two keyword arguments of its own and alsoaccepts additional keyword arguments to be passed to make-array:(defun array-of-strings (str dims &rest keyword-pairs&key (start 0) end &allow-other-keys)(apply #--'make-array dims:initial-element (subseq str start end)



88 COMMON LISP:allow-other-keys tkeyword-pairs))This function takes a string and dimensioning information and returns anarray of the speci�ed dimensions, each of whose elements is the speci�ed string.However, :start and :end keyword arguments may be used in the usualmanner (see chapter 14) to specify that a substring of the given string shouldbe used. In addition, the presence of &allow-other-keys in the lambda-listindicates that the caller may specify additional keyword arguments; the &restargument provides access to them. These additional keyword arguments arefed to make-array. Now, make-array normally does not allow the keywords:start and :end to be used, and it would be an error to specify such keywordarguments to make-array. However, the presence in the call to make-array ofthe keyword argument :allow-other-keys with a non-nil value causes anyextraneous keyword arguments, including :start and :end, to be acceptableand ignored. [Constant ]lambda-parameters-limitThe value of lambda-parameters-limit is a positive integer that is the upperexclusive bound on the number of distinct parameter names that may appearin a single lambda-list. This bound depends on the implementation but willnot be smaller than 50. Implementors are encouraged to make this limit aslarge as practicable without sacri�cing performance. See call-arguments-limit.5.3. Top-Level FormsThe standard way for the user to interact with a CommonLisp implementationis via a read-eval-print loop: the system repeatedly reads a form from someinput source (such as a keyboard or a disk �le), evaluates it, and then printsthe value(s) to some output sink (such as a display screen or another disk �le).Any form (evaluable data object) is acceptable; however, certain special formsare speci�cally designed to be convenient for use as top-level forms, rather thanas forms embedded within other forms in the way that (+ 3 4) is embeddedwithin (if p (+ 3 4) 6). These top-level special forms may be used tode�ne globally named functions, to de�ne macros, to make declarations, andto de�ne global values for special variables.It is not illegal to use these forms at other than top level, but whether it........................................................................................................................................................................................................

is meaningful to do so depends on context. Compilers, for example, may not



........................................................................................................................................................................................................

PROGRAM STRUCTURE 89recognize these forms properly in other than top-level contexts. (As a specialcase, however, if a progn form appears at top level, then all forms within thatprogn are considered by the compiler to be top-level forms.)



90 COMMON LISPX3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts. All de�ning forms that create functional objects from code ap-pearing as argument forms must ensure that such argument forms refer to theenclosing lexical environment. Compilers must handle de�ning forms properlyin all situations, not just top-level contexts. However, certain compile-timeside e�ects of these de�ning forms are performed only when the de�ning formsoccur at top level (see section 25.1).Compatibility note: In MacLisp, a top-level progn is considered to contain top-level forms only if the �rst form is (quote compile). This odd marker is unnecessaryin Common Lisp.Macros are usually de�ned by using the special form defmacro. This facilityis fairly complicated; it is described in chapter 8.5.3.1. De�ning Named FunctionsThe defun special form is the usual means of de�ning named functions.[Macro]defun name lambda-list [[ fdeclarationg� j doc-string ]] f formg�Evaluating a defun form causes the symbol name to be a global name for thefunction speci�ed by the lambda-expression(lambda lambda-list fdeclaration j doc-stringg� f formg� )de�ned in the lexical environment in which the defun form was executed.Because defun forms normally appear at top level, this is normally the nulllexical environment.X3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts; defun must de�ne the function within the enclosing lexical environ-ment, not within the null lexical environment.X3J13 voted in March 1989 h89i to extend defun to accept any function-name (a symbol or a list whose car is setf|see section 7.1) as a name. Thusone may write(defun (setf cadr) ...)to de�ne a setf expansion function for cadr (although it may be much moreconvenient to use defsetf or define-modify-macro).



PROGRAM STRUCTURE 91If the optional documentation string doc-string is present, then it is attachedto the name as a documentation string of type function; see documentation.If doc-string is not followed by a declaration, it may be present only if at leastone form is also speci�ed, as it is otherwise taken to be a form. It is an errorif more than one doc-string is present.The forms constitute the body of the de�ned function; they are executedas an implicit progn.The body of the de�ned function is implicitly enclosed in a block constructwhose name is the same as the name of the function. Therefore return-frommay be used to exit from the function.Other implementation-dependent bookkeeping actions may be taken as wellby defun. The name is returned as the value of the defun form. For example:(defun discriminant (a b c)(declare (number a b c))"Compute the discriminant for a quadratic equation.Given a, b, and c, the value b^2-4*a*c is calculated.The quadratic equation a*x 2̂+b*x+cUU0 has real, multiple,or complex roots depending on whether this calculatedvalue is positive, zero, or negative, respectively."(- (* b b) (* 4 a c)))) discriminantand now (discriminant 1 2/3 -2) ) 76/9The documentation string in this example neglects to mention that thecoe�cients a, b, and c must be real for the discrimination criterion to hold.Here is an improved version:"Compute the discriminant for a quadratic equation.Given a, b, and c, the value b^2-4*a*c is calculated.If the coefficients a, b, and c are all real (that is,not complex), then the quadratic equation a*x^2+b*x+cUU0has real, multiple, or complex roots depending onwhether this calculated value is positive, zero, ornegative, respectively."It is permissible to use defun to rede�ne a function, to install a correctedversion of an incorrect de�nition, for example. It is permissible to rede�nea macro as a function. It is an error to attempt to rede�ne the name of aspecial form (see table 5-1) as a function.



92 COMMON LISP5.3.2. Declaring Global Variables and Named ConstantsThe defvar and defparameter special forms are the usual means of specifyingglobally de�ned variables. The defconstant special form is used for de�ningnamed constants. [Macro]defvar name [initial-value [documentation] ] [Macro]defparameter name initial-value [documentation] [Macro]defconstant name initial-value [documentation]defvar is the recommended way to declare the use of a special variable in aprogram.(defvar variable)proclaims variable to be special (see proclaim), and may perform othersystem-dependent bookkeeping actions.X3J13 voted in June 1987 h61i to clarify that if no initial-value form isprovided, defvar does not change the value of the variable; if no initial-valueform is provided and the variable has no value, defvar does not give it avalue.If a second argument form is supplied,(defvar variable initial-value)then variable is initialized to the result of evaluating the form initial-valueunless it already has a value. The initial-value form is not evaluated unless itis used; this fact is useful if evaluation of the initial-value form does somethingexpensive like creating a large data structure.X3J13 voted in June 1987 h60i to clarify that evaluation of the initial-valueand the initialization of the variable occur, if at all, at the time the defvarform is executed, and that the initial-value form is evaluated if and only ifthe variable does not already have a value.The initialization is performed by assignment and thus assigns a global valueto the variable unless there are currently special bindings of that variable.Normally there should not be any such special bindings.defvar also provides a good place to put a comment describing the meaningof the variable, whereas an ordinary special proclamation o�ers the tempta-tion to declare several variables at once and not have room to describe themall.(defvar *visible-windows* 0"Number of windows at least partially visible on the screen")



PROGRAM STRUCTURE 93defparameter is similar to defvar, but defparameter requires an initial-value form, always evaluates the form, and assigns the result to the vari-able. The semantic distinction is that defvar is intended to declare a vari-able changed by the program, whereas defparameter is intended to declare avariable that is normally constant but can be changed (possibly at run time),where such a change is considered a change to the program. defparametertherefore does not indicate that the quantity never changes; in particular,it does not license the compiler to build assumptions about the value intoprograms being compiled.defconstant is like defparameter but does assert that the value of the vari-able name is �xed and does license the compiler to build assumptions aboutthe value into programs being compiled. (However, if the compiler chooses toreplace references to the name of the constant by the value of the constantin code to be compiled, perhaps in order to allow further optimization, thecompiler must take care that such \copies" appear to be eql to the objectthat is the actual value of the constant. For example, the compiler may freelymake copies of numbers but must exercise care when the value is a list.)It is an error if there are any special bindings of the variable at the time thedefconstant form is executed (but implementations may or may not checkfor this).Once a name has been declared by defconstant to be constant, any furtherassignment to or binding of that special variable is an error. This is the case forsuch system-supplied constants as t and most-positive-fixnum. A compilermay also choose to issue warnings about bindings of the lexical variable of thesame name.X3J13 voted in January 1989 h48i to clarify the preceding paragraph byspecifying that it is an error to rebind constant symbols as either lexical orspecial variables. Consequently, a valid reference to a symbol declared withdefconstant always refers to its global value. (Unfortunately, this violatesthe principle of referential transparency, for one cannot always choose namesfor lexical variables without regard to surrounding context.)For any of these constructs, the documentation should be a string. Thestring is attached to the name of the variable, parameter, or constant underthe variable documentation type; see the documentation function.X3J13 voted in March 1988 h59i to clarify that the documentation-stringis not evaluated but must appear as a literal string when the defvar,defparameter, or defconstant form is evaluated.For example, the form(defvar *avoid-registers* nil "Compilation control switch #--43")



94 COMMON LISPis legitimate, but(defvar *avoid-registers* nil(format nil "Compilation control switch #--~D"(incf *compiler-switch-number*)))is erroneous because the call to format is not a literal string.(On the other hand, the form(defvar *avoid-registers* nil#--.(format nil "Compilation control switch #--~D"(incf *compiler-switch-number*)))might be used to accomplish the same purpose, because the call to format isevaluated at read time; when the defvar form is evaluated, only the resultof the call to format, a string, appears in the defvar form.)These constructs are normally used only as top-level forms. The valuereturned by each of these constructs is the name declared.5.3.3. Control of Time of EvaluationThe eval-when special form allows pieces of code to be executed only at........................................................................................................................................................................................................

compile time, only at load time, or when interpreted but not compiled. Itsuses are relatively esoteric.........................................................................................................................................................................................................

[Special form]eval-when ( fsituationg� ) f formg�The body of an eval-when form is processed as an implicit progn, but only inthe situations listed. Each situation must be a symbol, either compile, load,or eval.eval speci�es that the interpreter should process the body. compile spec-i�es that the compiler should evaluate the body at compile time in the com-pilation context. load speci�es that the compiler should arrange to evaluatethe forms in the body when the compiled �le containing the eval-when formis loaded.The eval-when construct may be more precisely understood in terms of amodel of how the compiler processes forms in a �le to be compiled. Successiveforms are read from the �le using the function read. These top-level formsare normally processed in what we shall call not-compile-time mode. Thereis another mode called compile-time-too mode. The eval-when special formcontrols which of these two modes to use.Every form is processed as follows:



........................................................................................................................................................................................................

PROGRAM STRUCTURE 95. If the form is an eval-when form:{ If the situation load is speci�ed:If the situation compile is speci�ed, or if the current processing modeis compile-time-too and the situation eval is speci�ed, then processeach of the forms in the body in compile-time-too mode.Otherwise, process each of the forms in the body in not-compile-timemode.{ If the situation load is not speci�ed:If the situation compile is speci�ed, or if the current processing modeis compile-time-too and the situation eval is speci�ed, then evaluateeach of the forms in the body in the compiler's executing environment.Otherwise, ignore the eval-when form entirely.. If the form is not an eval-when form, then do two things. First, if thecurrent processing mode is compile-time-too mode, evaluate the form inthe compiler's executing environment. Second, perform normal compilerprocessing of the form (compiling functions de�ned by defun forms, and soon).One example of the use of eval-when is that if the compiler is to be ableto properly read a �le that uses user-de�ned reader macro characters, it isnecessary to write(eval-when (compile load eval)(set-macro-character #--\$ #--'(lambda (stream char)(declare (ignore char))(list 'dollar (read stream)))))This causes the call to set-macro-character to be executed in the compiler'sexecution environment, thereby modifying its reader syntax table.X3J13 voted in March 1989 h73i to completely redesign the eval-when con-struct to solve some problems concerning its treatment in other than top-levelcontexts. The new de�nition is upward compatible with the old de�nition,but the old keywords are deprecated.



96 COMMON LISP [Special form]eval-when ( fsituationg� ) f formg�The body of an eval-when form is processed as an implicit progn, but onlyin the situations listed. Each situation must be a symbol, either :compile-toplevel, :load-toplevel, or :execute.The use of :compile-toplevel and :load-toplevel controls whether andwhen processing occurs for top-level forms. The use of :execute controlswhether processing occurs for non-top-level forms.The eval-when construct may be more precisely understood in terms of amodel of how the �le compiler, compile-file, processes forms in a �le to becompiled.Successive forms are read from the �le by the �le compiler using read.These top-level forms are normally processed in what we call \not-compile-time" mode. There is one other mode, called \compile-time-too"mode, whichcan come into play for top-level forms. The eval-when special form is usedto annotate a program in a way that allows the program doing the processingto select the appropriate mode.Processing of top-level forms in the �le compiler works as follows:. If the form is a macro call, it is expanded and the result is processed asa top-level form in the same processing mode (compile-time-too or not-compile-time).. If the form is a progn (or locally h113i) form, each of its body forms issequentially processed as top-level forms in the same processing mode.. If the form is a compiler-let, macrolet, or symbol-macrolet, the �lecompiler makes the appropriate bindings and recursively processes the bodyforms as an implicit top-level progn with those bindings in e�ect, in thesame processing mode.. If the form is an eval-when form, it is handled according to the followingtable:LT CT EX CTTM Actionyes yes { { process body in compile-time-too modeyes no yes yes process body in compile-time-too modeyes no { no process body in not-compile-time modeyes no no { process body in not-compile-time modeno yes { { evaluate bodyno no yes yes evaluate bodyno no { no do nothingno no no { do nothing



PROGRAM STRUCTURE 97In the preceding table the column LT asks whether :load-toplevel isone of the situations speci�ed in the eval-when form; CT similarly refersto :compile-toplevel and EX to :execute. The column CTTM askswhether the eval-when form was encountered while in compile-time-toomode. The phrase \process body" means to process the body as an im-plicit top-level progn in the indicated mode, and \evaluate body" means toevaluate the body forms sequentially as an implicit progn in the dynamicexecution context of the compiler and in the lexical environment in whichthe eval-when appears.. Otherwise, the form is a top-level form that is not one of the special cases.If in compile-time-too mode, the compiler �rst evaluates the form and thenperforms normal compiler processing on it. If in not-compile-time mode,only normal compiler processing is performed (see section 25.1). Any sub-forms are treated as non-top-level forms.Note that top-level forms are guaranteed to be processed in the order inwhich they textually appear in the �le, and that each top-level form readby the compiler is processed before the next is read. However, the order ofprocessing (including, in particular, macro expansion) of subforms that arenot top-level forms is unspeci�ed.For an eval-when form that is not a top-level form in the �le compiler (thatis, either in the interpreter, in compile, or in the �le compiler but not at toplevel), if the :execute situation is speci�ed, its body is treated as an implicitprogn. Otherwise, the body is ignored and the eval-when form has the valuenil.For the sake of backward compatibility, a situation may also be compile,load, or eval. Within a top-level eval-when form these have the same mean-ing as :compile-toplevel, :load-toplevel, and :execute, respectively;but their e�ect is unde�ned when used in an eval-when form that is not attop level.The following e�ects are logical consequences of the preceding speci�cation:. It is never the case that the execution of a single eval-when expression willexecute the body code more than once.. The old keyword eval was a misnomer because execution of the body neednot be done by eval. For example, when the function de�nition(defun foo () (eval-when (:execute) (print 'foo)))is compiled the call to print should be compiled, not evaluated at compiletime.



98 COMMON LISP. Macros intended for use in top-level forms should arrange for all side-e�ectsto be done by the forms in the macro expansion. The macro-expander itselfshould not perform the side-e�ects.(defmacro foo ()(really-foo) ;Wrong`(really-foo))(defmacro foo ()`(eval-when (:compile-toplevel:load-toplevel :execute) ;Right(really-foo)))Adherence to this convention will mean that such macros will behave intu-itively when called in non-top-level positions.. Placing a variable binding around an eval-when reliably captures the bind-ing because the \compile-time-too" mode cannot occur (because the eval-when could not be a top-level form). For example,(let ((x 3))(eval-when (:compile-toplevel :load-toplevel :execute)(print x)))will print 3 at execution (that is, load) time and will not print anything atcompile time. This is important so that expansions of defun and defmacrocan be done in terms of eval-when and can correctly capture the lexicalenvironment. For example, an implementation might expand a defun formsuch as(defun bar (x) (defun foo () (+ x 3)))into



PROGRAM STRUCTURE 99(progn (eval-when (:compile-toplevel)(compiler::notice-function 'bar '(x)))(eval-when (:load-toplevel :execute)(setf (symbol-function 'bar)#--'(lambda (x)(progn (eval-when (:compile-toplevel)(compiler::notice-function 'foo'()))(eval-when (:load-toplevel :execute)(setf (symbol-function 'foo)#--'(lambda () (+ x 3)))))))))which by the preceding rules would be treated the same as(progn (eval-when (:compile-toplevel)(compiler::notice-function 'bar '(x)))(eval-when (:load-toplevel :execute)(setf (symbol-function 'bar)#--'(lambda (x)(progn (eval-when (:load-toplevel :execute)(setf (symbol-function 'foo)#--'(lambda () (+ x 3)))))))))Here are some additional examples.(let ((x 1))(eval-when (:execute :load-toplevel :compile-toplevel)(setf (symbol-function 'foo1) #--'(lambda () x))))The eval-when in the preceding expression is not at top level, so only the:execute keyword is considered. At compile time, this has no e�ect. At loadtime (if the let is at top level), or at execution time (if the let is embeddedin some other form which does not execute until later), this sets (symbol-function 'foo1) to a function that returns 1.(eval-when (:execute :load-toplevel :compile-toplevel)(let ((x 2))(eval-when (:execute :load-toplevel :compile-toplevel)(setf (symbol-function 'foo2) #--'(lambda () x)))))If the preceding expression occurs at the top level of a �le to be compiled, ithas both a compile time and a load-time e�ect of setting (symbol-function'foo2) to a function that returns 2.



100 COMMON LISP(eval-when (:execute :load-toplevel :compile-toplevel)(setf (symbol-function 'foo3) #--'(lambda () 3)))If the preceding expression occurs at the top level of a �le to be compiled, ithas both a compile time and a load-time e�ect of setting the function cell offoo3 to a function that returns 3.(eval-when (:compile-toplevel)(eval-when (:compile-toplevel)(print 'foo4)))The preceding expression always does nothing; it simply returns nil.(eval-when (:compile-toplevel)(eval-when (:execute)(print 'foo5)))If the preceding form occurs at the top level of a �le to be compiled, foo5is printed at compile time. If this form occurs in a non-top-level position,nothing is printed at compile time. Regardless of context, nothing is everprinted at load time or execution time.(eval-when (:execute :load-toplevel)(eval-when (:compile-toplevel)(print 'foo6)))If the preceding form occurs at the top level of a �le to be compiled, foo6is printed at compile time. If this form occurs in a non-top-level position,nothing is printed at compile time. Regardless of context, nothing is everprinted at load time or execution time.



6PredicatesA predicate is a function that tests for some condition involving its argumentsand returns nil if the condition is false, or some non-nil value if the conditionis true. One may think of a predicate as producing a Boolean value, wherenil stands for false and anything else stands for true. Conditional controlstructures such as cond, if, when, and unless test such Boolean values. Wesay that a predicate is true when it returns a non-nil value, and is false whenit returns nil; that is, it is true or false according to whether the conditionbeing tested is true or false.By convention, the names of predicates usually end in the letter p (whichstands for \predicate"). Common Lisp uses a uniform convention in hyphen-ating names of predicates. If the name of the predicate is formed by addinga p to an existing name, such as the name of a data type, a hyphen is placedbefore the �nal p if and only if there is a hyphen in the existing name. For ex-ample, number begets numberp but standard-char begets standard-char-p.On the other hand, if the name of a predicate is formed by adding a pre�x-ing quali�er to the front of an existing predicate name, the two names arejoined with a hyphen and the presence or absence of a hyphen before the �nalp is not changed. For example, the predicate string-lessp has no hyphenbefore the p because it is the string version of lessp (a MacLisp functionthat has been renamed < in Common Lisp). The name string-less-p wouldincorrectly imply that it is a predicate that tests for a kind of object calleda string-less, and the name stringlessp would connote a predicate thattests whether something has no strings (is \stringless")!The control structures that test Boolean values only test for whether or notthe value is nil, which is considered to be false. Any other value is consideredto be true. Often a predicate will return nil if it \fails" and some useful valueif it \succeeds"; such a function can be used not only as a test but also forthe useful value provided in case of success. An example is member. 101



102 COMMON LISPIf no better non-nil value is available for the purpose of indicating success,by convention the symbol t is used as the \standard" true value.6.1. Logical ValuesThe names nil and t are constants in Common Lisp. Although they aresymbols like any other symbols, and appear to be treated as variables whenevaluated, it is not permitted to modify their values. See defconstant.[Constant ]nilThe value of nil is always nil. This object represents the logical false valueand also the empty list. It can also be written (). [Constant ]tThe value of t is always t.6.2. Data Type PredicatesPerhaps the most important predicates in Lisp are those that deal with datatypes; that is, given a data object one can determine whether or not it belongsto a given type, or one can compare two type speci�ers.6.2.1. General Type PredicatesIf a data type is viewed as the set of all objects belonging to the type, thenthe typep function is a set membership test, while subtypep is a subset test.[Function]typep object typetypep is a predicate that is true if object is of type type, and is false otherwise.Note that an object can be \of" more than one type, since one type caninclude another. The type may be any of the type speci�ers mentioned inchapter 4 except that it may not be or contain a type speci�er list whose �rstelement is function or values. A speci�er of the form (satisfies fn) ishandled simply by applying the function fn to object (see funcall); the objectis considered to be of the speci�ed type if the result is not nil.



PREDICATES 103X3J13 voted in January 1989 h8i to change typep to give specialized arrayand complex type speci�ers the same meaning for purposes of type discrimi-nation as they have for declaration purposes. Of course, this also applies tosuch type speci�ers as vector and simple-array (see section 4.5). Thus(typep foo '(array bignum))in the �rst edition asked the question, Is foo an array specialized to holdbignums? but under the new interpretation asks the question, Could thearray foo have resulted from giving bignum as the :element-type argumentto make-array? [Function]subtypep type1 type2The arguments must be type speci�ers that are acceptable to typep. Thetwo type speci�ers are compared; this predicate is true if type1 is de�nitely a(not necessarily proper) subtype of type2. If the result is nil, however, thentype1 may or may not be a subtype of type2 (sometimes it is impossible to tell,especially when satisfies type speci�ers are involved). A second returnedvalue indicates the certainty of the result; if it is true, then the �rst value is anaccurate indication of the subtype relationship. Thus there are three possibleresult combinations:t t type1 is de�nitely a subtype of type2nil t type1 is de�nitely not a subtype of type2nil nil subtypep could not determine the relationshipX3J13 voted in January 1989 h171i to place certain requirements upon theimplementation of subtypep, for it noted that implementations in many casessimply \give up" and return the two values nil and nil when in fact it wouldhave been possible to determine the relationship between the given types.The requirements are as follows, where it is understood that a type speci�ers involves a type speci�er u if either s contains an occurrence of u directly ors contains a type speci�er w de�ned by deftype whose expansion involves u.. subtypep is not permitted to return a second value of nil unless one orboth of its arguments involves satisfies, and, or, not, or member.. subtypep should signal an error when one or both of its arguments involvesvalues or the list form of the function type speci�er.. subtypep must always return the two values t and t in the case where itsarguments, after expansion of speci�ers de�ned by deftype, are equal.



104 COMMON LISPIn addition, X3J13 voted to clarify that in some cases the relationships be-tween types as reected by subtypep may be implementation-speci�c. Forexample, in an implementation supporting only one type of oating-pointnumber, (subtypep 'float 'long-float) would return t and t, since thetwo types would be identical.Note that satisfies is an exception because relationships between typesinvolving satisfies are undecidable in general, but (as X3J13 noted) and,or, not, and member are merely very messy to deal with. In all likelihoodthese will not be addressed unless and until someone is willing to write acareful speci�cation that covers all the cases for the processing of these typespeci�ers by subtypep. The requirements stated above were easy to state andprobably su�ce for most cases of interest.X3J13 voted in January 1989 h8i to change subtypep to give specializedarray and complex type speci�ers the same meaning for purposes of typediscrimination as they have for declaration purposes. Of course, this alsoapplies to such type speci�ers as vector and simple-array (see section 4.5).If A and B are type speci�ers (other than *, which technically is not atype speci�er anyway), then (array A) and (array B) represent the sametype in a given implementation if and only if they denote arrays of the samespecialized representation in that implementation; otherwise they are dis-joint. To put it another way, they represent the same type if and onlyif (upgraded-array-element-type 'A) and (upgraded-array-element-type 'B) are the same type. Therefore(subtypep '(array A) '(array B))is true if and only if (upgraded-array-element-type 'A) is the same typeas (upgraded-array-element-type 'B).The complex type speci�er is treated in a similar but subtly di�erent man-ner. If A and B are two type speci�ers (but not *, which technically isnot a type speci�er anyway), then (complex A) and (complex B) representthe same type in a given implementation if and only if they refer to com-plex numbers of the same specialized representation in that implementation;otherwise they are disjoint. Note, however, that there is no function calledmake-complex that allows one to specify a particular element type (then to beupgraded); instead, one must describe specialized complex numbers in termsof the actual types of the parts from which they were constructed. There isno number of type (or rather, representation) float as such; there are onlynumbers of type single-float, numbers of type double-float, and so on.Therefore we want (complex single-float) to be a subtype of (complexfloat).



PREDICATES 105The rule, then, is that (complex A) and (complex B) represent the sametype (and otherwise are disjoint) in a given implementation if and only ifeither the type A is a subtype of B, or (upgraded-complex-part-type 'A)and (upgraded-complex-part-type 'B) are the same type. In the lattercase (complex A) and (complex B) in fact refer to the same specializedrepresentation. Therefore(subtypep '(complex A) '(complex B))is true if and only if the results of (upgraded-complex-part-type 'A) and(upgraded-complex-part-type 'B) are the same type.Under this interpretation(subtypep '(complex single-float) '(complex float))must be true in all implementations; but(subtypep '(array single-float) '(array float))is true only in implementations that do not have a specialized array represen-tation for single-float elements distinct from that for float elements ingeneral.6.2.2. Speci�c Data Type PredicatesThe following predicates test for individual data types. [Function]null objectnull is true if its argument is (), and otherwise is false. This is the sameoperation performed by the function not; however, not is normally used toinvert a Boolean value, whereas null is normally used to test for an emptylist. The programmer can therefore express intent by the choice of functionname.(null x) � (typep x 'null) � (eq x '()) [Function]symbolp objectsymbolp is true if its argument is a symbol, and otherwise is false.(symbolp x) � (typep x 'symbol)



106 COMMON LISPCompatibility note: The Interlisp equivalent of symbolp is called litatom.[Function]atom objectThe predicate atom is true if its argument is not a cons, and otherwise is false.Note that (atom '()) is true, because () � nil.(atom x) � (typep x 'atom) � (not (typep x 'cons))Compatibility note: In some Lisp dialects, notably Interlisp, only symbols andnumbers are considered to be atoms; arrays and strings are considered to be neitheratoms nor lists (conses). [Function]consp objectThe predicate consp is true if its argument is a cons, and otherwise is false.Note that the empty list is not a cons, so (consp '()) � (consp 'nil) )nil.(consp x) � (typep x 'cons) � (not (typep x 'atom))Compatibility note: Some Lisp implementations call this function pairp or listp.The name pairp was rejected for Common Lisp because it emphasizes too stronglythe dotted-pair notion rather than the usual usage of conses in lists. On the otherhand, listp too strongly implies that the cons is in fact part of a list, which afterall it might not be; moreover, () is a list, though not a cons. The name consp seemsto be the appropriate compromise. [Function]listp objectlistp is true if its argument is a cons or the empty list (), and otherwise isfalse. It does not check for whether the list is a \true list" (one terminatedby nil) or a \dotted list" (one terminated by a non-null atom).(listp x) � (typep x 'list) � (typep x '(or cons null))[Function]numberp objectnumberp is true if its argument is any kind of number, and otherwise is false.



PREDICATES 107(numberp x) � (typep x 'number) [Function]integerp objectintegerp is true if its argument is an integer, and otherwise is false.(integerp x) � (typep x 'integer)Compatibility note: In MacLisp this is called fixp. Users have been confused asto whether this meant integerp or fixnump, and so the name integerp has beenadopted here. [Function]rationalp objectrationalp is true if its argument is a rational number (a ratio or an integer),and otherwise is false.(rationalp x) � (typep x 'rational) [Function]floatp objectfloatp is true if its argument is a oating-point number, and otherwise isfalse.(floatp x) � (typep x 'float) [Function]realp objectX3J13 voted in March 1989 h151i to add the function realp. realp is true ifits argument is a real number, and otherwise is false.(realp x) � (typep x 'real) [Function]complexp objectcomplexp is true if its argument is a complex number, and otherwise is false.(complexp x) � (typep x 'complex) [Function]characterp objectcharacterp is true if its argument is a character, and otherwise is false.



108 COMMON LISP(characterp x) � (typep x 'character) [Function]stringp objectstringp is true if its argument is a string, and otherwise is false.(stringp x) � (typep x 'string) [Function]bit-vector-p objectbit-vector-p is true if its argument is a bit-vector, and otherwise is false.(bit-vector-p x) � (typep x 'bit-vector) [Function]vectorp objectvectorp is true if its argument is a vector, and otherwise is false.(vectorp x) � (typep x 'vector) [Function]simple-vector-p objectvectorp is true if its argument is a simple general vector, and otherwise isfalse.(simple-vector-p x) � (typep x 'simple-vector) [Function]simple-string-p objectsimple-string-p is true if its argument is a simple string, and otherwise isfalse.(simple-string-p x) � (typep x 'simple-string) [Function]simple-bit-vector-p objectsimple-bit-vector-p is true if its argument is a simple bit-vector, and oth-erwise is false.(simple-bit-vector-p x) � (typep x 'simple-bit-vector) [Function]arrayp objectarrayp is true if its argument is an array, and otherwise is false.



PREDICATES 109(arrayp x) � (typep x 'array) [Function]packagep objectpackagep is true if its argument is a package, and otherwise is false.(packagep x) � (typep x 'package) [Function]functionp objectfunctionp is true if its argument is suitable for applying to arguments,........................................................................................................................................................................................................

using for example the funcall or apply function. Otherwise functionp isfalse.functionp is always true of symbols, lists whose car is the symbol lambda,any value returned by the function special form, and any values returned bythe function compile when the �rst argument is nil.X3J13 voted in June 1988 h90i to de�ne(functionp x) � (typep x 'function)Because the vote also speci�es that types cons and symbol are disjoint fromthe type function, this is an incompatible change; now functionp is in factalways false of symbols and lists. [Function]compiled-function-p objectcompiled-function-p is true if its argument is any compiled code object,and otherwise is false.(compiled-function-p x) � (typep x 'compiled-function) [Function]commonp object........................................................................................................................................................................................................

commonp is true if its argument is any standard Common Lisp data type, andotherwise is false.(commonp x) � (typep x 'common)X3J13 voted in March 1989 h17i to remove the predicate commonp (and thetype common) from the language.See also standard-char-p, string-char-p, streamp, random-state-p,readtablep, hash-table-p, and pathnamep.



110 COMMON LISP6.3. Equality PredicatesCommon Lisp provides a spectrum of predicates for testing for equality of twoobjects: eq (the most speci�c), eql, equal, and equalp (the most general).eq and equal have the meanings traditional in Lisp. eql was added becauseit is frequently needed, and equalp was added primarily in order to have aversion of equal that would ignore type di�erences when comparing numbersand case di�erences when comparing characters. If two objects satisfy anyone of these equality predicates, then they also satisfy all those that are moregeneral. [Function]eq x y(eq x y) is true if and only if x and y are the same identical object. (Im-plementationally, x and y are usually eq if and only if they address the sameidentical memory location.)It should be noted that things that print the same are not necessarily eq toeach other. Symbols with the same print name usually are eq to each otherbecause of the use of the intern function. However, numbers with the samevalue need not be eq, and two similar lists are usually not eq. For example:(eq 'a 'b) is false.(eq 'a 'a) is true.(eq 3 3) might be true or false, depending on the implementation.(eq 3 3.0) is false.(eq 3.0 3.0) might be true or false, depending on the implementation.(eq #--c(3 -4) #--c(3 -4))might be true or false, depending on the implementation.(eq #--c(3 -4.0) #--c(3 -4)) is false.(eq (cons 'a 'b) (cons 'a 'c)) is false.(eq (cons 'a 'b) (cons 'a 'b)) is false.(eq '(a . b) '(a . b)) might be true or false.(progn (setq x (cons 'a 'b)) (eq x x)) is true.(progn (setq x '(a . b)) (eq x x)) is true.(eq #--\A #--\A) might be true or false, depending on the implementation.(eq "Foo" "Foo") might be true or false.(eq "Foo" (copy-seq "Foo")) is false.(eq "FOO" "foo") is false.In Common Lisp, unlike some other Lisp dialects, the implementation is per-mitted to make \copies" of characters and numbers at any time. (This per-mission is granted because it allows tremendous performance improvements



PREDICATES 111in many common situations.) The net e�ect is that Common Lisp makes noguarantee that eq will be true even when both its arguments are \the samething" if that thing is a character or number. For example:(let ((x 5)) (eq x x)) might be true or false.The predicate eql is the same as eq, except that if the arguments are charac-ters or numbers of the same type then their values are compared. Thus eqltells whether two objects are conceptually the same, whereas eq tells whethertwo objects are implementationally identical. It is for this reason that eql,not eq, is the default comparison predicate for the sequence functions de�nedin chapter 14.Implementation note: eq simply compares the two given pointers, so any kindof object that is represented in an \immediate" fashion will indeed have like-valuedinstances satisfy eq. In some implementations, for example, �xnums and charactershappen to \work." However, no program should depend on this, as other implemen-tations of Common Lisp might not use an immediate representation for these datatypes.An additional problem with eq is that the implementation is permitted to........................................................................................................................................................................................................

\collapse" constants (or portions thereof) appearing in code to be compiledif they are equal. An object is considered to be a constant in code to becompiled if it is a self-evaluating form or is contained in a quote form. Thisis why (eq "Foo" "Foo") might be true or false; in interpreted code it wouldnormally be false, because reading in the form (eq "Foo" "Foo") would con-struct distinct strings for the two arguments to eq, but the compiler mightchoose to use the same identical string or two distinct copies as the two ar-guments in the call to eq. Similarly, (eq '(a . b) '(a . b)) might be trueor false, depending on whether the constant conses appearing in the quoteforms were collapsed by the compiler. However, (eq (cons 'a 'b) (cons'a 'b)) is always false, because every distinct call to the cons function nec-essarily produces a new and distinct cons.X3J13 voted in March 1989 h147i to clarify that eval and compile arenot permitted either to copy or to coalesce (\collapse") constants (see eq)appearing in the code they process; the resulting program behavior must referto objects that are eql to the corresponding objects in the source code. Onlythe compile-file/load process is permitted to copy or coalesce constants(see section 25.1).



112 COMMON LISP [Function]eql x yThe eql predicate is true if its arguments are eq, or if they are numbers of thesame type with the same value, or if they are character objects that representthe same character. For example:(eql 'a 'b) is false.(eql 'a 'a) is true.(eql 3 3) is true.(eql 3 3.0) is false.(eql 3.0 3.0) is true.(eql #--c(3 -4) #--c(3 -4)) is true.(eql #--c(3 -4.0) #--c(3 -4)) is false.(eql (cons 'a 'b) (cons 'a 'c)) is false.(eql (cons 'a 'b) (cons 'a 'b)) is false.(eql '(a . b) '(a . b)) might be true or false.(progn (setq x (cons 'a 'b)) (eql x x)) is true.(progn (setq x '(a . b)) (eql x x)) is true.(eql #--\A #--\A) is true.(eql "Foo" "Foo") might be true or false.(eql "Foo" (copy-seq "Foo")) is false.(eql "FOO" "foo") is false.Normally (eql 1.0s0 1.0d0) would be false, under the assumption that1.0s0 and 1.0d0 are of distinct data types. However, implementations thatdo not provide four distinct oating-point formats are permitted to \collapse"the four formats into some smaller number of them; in such an implementa-tion (eql 1.0s0 1.0d0) might be true. The predicate UU will compare thevalues of two numbers even if the numbers are of di�erent types.If an implementation supports positive and negative zeros as distinct val-ues (as in the IEEE proposed standard oating-point format), then (eql 0.0-0.0) will be false. Otherwise, when the syntax -0.0 is read it will be inter-preted as the value 0.0, and so (eql 0.0 -0.0) will be true. The predicateUU di�ers from eql in that (UU 0.0 -0.0) will always be true, because UU com-pares the mathematical values of its operands, whereas eql compares therepresentational values, so to speak.Two complex numbers are considered to be eql if their real parts are eqland their imaginary parts are eql. For example, (eql #--C(4 5) #--C(4 5)) istrue and (eql #--C(4 5) #--C(4.0 5.0)) is false. Note that while (eql #--C(5.00.0) 5.0) is false, (eql #--C(5 0) 5) is true. In the case of (eql #--C(5.00.0) 5.0) the two arguments are of di�erent types and so cannot satisfy



PREDICATES 113eql; that's all there is to it. In the case of (eql #--C(5 0) 5), however, #--C(50) is not a complex number but is always automatically reduced by the ruleof complex canonicalization to the integer 5, just as the apparent ratio 20/4is always simpli�ed to 5.The case of (eql "Foo" "Foo") is discussed above in the description ofeq. While eql compares the values of numbers and characters, it does notcompare the contents of strings. To compare the characters of two strings,one should use equal, equalp, stringUU, or string-equal.Compatibility note: The Common Lisp function eql is similar to the Interlispfunction eqp. However, eql considers 3 and 3.0 to be di�erent, whereas eqp con-siders them to be the same; eqp behaves like the Common Lisp UU function, not likeeql, when both arguments are numbers. [Function]equal x yThe equal predicate is true if its arguments are structurally similar (isomor-phic) objects. A rough rule of thumb is that two objects are equal if andonly if their printed representations are the same.Numbers and characters are compared as for eql. Symbols are comparedas for eq. This method of comparing symbols can violate the rule of thumbfor equal and printed representations, but only in the infrequently occurringcase of two distinct symbols with the same print name.Certain objects that have components are equal if they are of the sametype and corresponding components are equal. This test is implemented ina recursive manner and may fail to terminate for circular structures.For conses, equal is de�ned recursively as the two car's being equal andthe two cdr's being equal.Two arrays are equal only if they are eq, with one exception: strings andbit-vectors are compared element-by-element. If either argument has a �llpointer, the �ll pointer limits the number of elements examined by equal.Uppercase and lowercase letters in strings are considered by equal to bedistinct. (In contrast, equalp ignores case distinctions in strings.)Compatibility note: In Lisp Machine Lisp, equal ignores the di�erence betweenuppercase and lowercase letters in strings. This violates the rule of thumb aboutprinted representations, however, which is very useful, especially to novices. It isalso inconsistent with the treatment of single characters, which in Lisp Machine Lispare represented as �xnums.



114 COMMON LISPTwo pathname objects are equal if and only if all the corresponding com-ponents (host, device, and so on) are equivalent. (Whether or not uppercaseand lowercase letters are considered equivalent in strings appearing in com-ponents depends on the �le name conventions of the �le system.) Pathnamesthat are equal should be functionally equivalent.X3J13 voted in June 1989 h71i to clarify that equal never recursively de-scends any structure or data type other than the ones explicitly describedabove: conses, bit-vectors, strings, and pathnames. Numbers and charactersare compared as if by eql, and all other data objects are compared as if byeq.(equal 'a 'b) is false.(equal 'a 'a) is true.(equal 3 3) is true.(equal 3 3.0) is false.(equal 3.0 3.0) is true.(equal #--c(3 -4) #--c(3 -4)) is true.(equal #--c(3 -4.0) #--c(3 -4)) is false.(equal (cons 'a 'b) (cons 'a 'c)) is false.(equal (cons 'a 'b) (cons 'a 'b)) is true.(equal '(a . b) '(a . b)) is true.(progn (setq x (cons 'a 'b)) (equal x x)) is true.(progn (setq x '(a . b)) (equal x x)) is true.(equal #--\A #--\A) is true.(equal "Foo" "Foo") is true.(equal "Foo" (copy-seq "Foo")) is true.(equal "FOO" "foo") is false.To compare a tree of conses using eql (or any other desired predicate) on theleaves, use tree-equal. [Function]equalp x yTwo objects are equalp if they are equal; if they are characters and satisfychar-equal, which ignores alphabetic case and certain other attributes ofcharacters; if they are numbers and have the same numerical value, even ifthey are of di�erent types; or if they have components that are all equalp.Objects that have components are equalp if they are of the same type andcorresponding components are equalp. This test is implemented in a recursivemanner and may fail to terminate for circular structures. For conses, equalp



PREDICATES 115is de�ned recursively as the two car's being equalp and the two cdr's beingequalp.Two arrays are equalp if and only if they have the same number of dimen-sions, the dimensions match, and the corresponding components are equalp.The specializations need not match; for example, a string and a general arraythat happens to contain the same characters will be equalp (though de�-nitely not equal). If either argument has a �ll pointer, the �ll pointer lim-its the number of elements examined by equalp. Because equalp performselement-by-element comparisons of strings and ignores the alphabetic case ofcharacters, case distinctions are therefore also ignored when equalp comparesstrings.Two symbols can be equalp only if they are eq, that is, the same identicalobject.X3J13 voted in June 1989 h71i to specify that equalp compares compo-nents of hash tables (see below), and to clarify that otherwise equalp neverrecursively descends any structure or data type other than the ones explicitlydescribed above: conses, arrays (including bit-vectors and strings), and path-names. Numbers are compared for numerical equality (see UU), characters arecompared as if by char-equal, and all other data objects are compared as ifby eq.Two hash tables are considered the same by equalp if and only if theysatisfy a four-part test:. They must be of the same kind; that is, equivalent :test arguments weregiven to make-hash-table when the two hash tables were created.. They must have the same number of entries (see hash-table-count).. For every entry (key1, value1 ) in one hash table there must be a corre-sponding entry (key2, value2 ) in the other, such that key1 and key2 areconsidered to be the same by the :test function associated with the hashtables.. For every entry (key1, value1 ) in one hash table and its corresponding entry(key2, value2 ) in the other, such that key1 and key2 are the same, equalpmust be true of value1 and value2.The four parts of this test are carried out in the order shown, and if somepart of the test fails, equalp returns nil and the other parts of the test arenot attempted.If equalp must compare two structures and the defstruct de�nition forone used the :type option and the other did not, then equalp returns nil.



116 COMMON LISPIf equalp must compare two structures and neither defstruct de�nitionused the :type option, then equalp returns t if and only if the structureshave the same type (that is, the same defstruct name) and the values of allcorresponding slots (slots having the same name) are equalp.As part of the X3J13 discussion of this issue the following observationswere made. Object equality is not a concept for which there is a uniquelydetermined correct algorithm. The appropriateness of an equality predicatecan be judged only in the context of the needs of some particular program.Although these functions take any type of argument and their names soundvery generic, equal and equalp are not appropriate for every application.Any decision to use or not use them should be determined by what theyare documented to do rather than by any abstract characterization of theirfunction. If neither equal nor equalp is found to be appropriate in a particu-lar situation, programmers are encouraged to create another operator that isappropriate rather than blame equal or equalp for \doing the wrong thing."Note that one consequence of the vote to change the rules of oating-pointcontagion h37i (described in section 12.1) is to make equalp a true equivalencerelation on numbers.(equalp 'a 'b) is false.(equalp 'a 'a) is true.(equalp 3 3) is true.(equalp 3 3.0) is true.(equalp 3.0 3.0) is true.(equalp #--c(3 -4) #--c(3 -4)) is true.(equalp #--c(3 -4.0) #--c(3 -4)) is true.(equalp (cons 'a 'b) (cons 'a 'c)) is false.(equalp (cons 'a 'b) (cons 'a 'b)) is true.(equalp '(a . b) '(a . b)) is true.(progn (setq x (cons 'a 'b)) (equalp x x)) is true.(progn (setq x '(a . b)) (equalp x x)) is true.(equalp #--\A #--\A) is true.(equalp "Foo" "Foo") is true.(equalp "Foo" (copy-seq "Foo")) is true.(equalp "FOO" "foo") is true.6.4. Logical OperatorsCommon Lisp provides three operators on Boolean values: and, or, and not.Of these, and and or are also control structures because their arguments



PREDICATES 117are evaluated conditionally. The function not necessarily examines its singleargument, and so is a simple function. [Function]not xnot returns t if x is nil, and otherwise returns nil. It therefore inverts itsargument considered as a Boolean value.null is the same as not; both functions are included for the sake of clarity.As a matter of style, it is customary to use null to check whether somethingis the empty list and to use not to invert the sense of a logical value.[Macro]and f formg�(and form1 form2 ... ) evaluates each form, one at a time, from left toright. If any form evaluates to nil, the value nil is immediately returnedwithout evaluating the remaining forms. If every form but the last evaluatesto a non-nil value, and returns whatever the last form returns. Thereforein general and can be used both for logical operations, where nil stands forfalse and non-nil values stand for true, and as a conditional expression. Anexample follows.(if (and (>UU n 0)(< n (length a-simple-vector))(eq (elt a-simple-vector n) 'foo))(princ "Foo!"))The above expression prints Foo! if element n of a-simple-vector is thesymbol foo, provided also that n is indeed a valid index for a-simple-vector.Because and guarantees left-to-right testing of its parts, elt is not called if nis out of range.To put it another way, the and special form does short-circuit Booleanevaluation, like the and then operator in Ada and what in some Pascal-like languages is called cand (for \conditional and"); the Lisp and specialform is unlike the Pascal or Ada and operator, which always evaluates botharguments.In the previous example writing(and (>UU n 0)(< n (length a-simple-vector))(eq (elt a-simple-vector n) 'foo)(princ "Foo!"))



118 COMMON LISPwould accomplish the same thing. The di�erence is purely stylistic. Some pro-grammers never use expressions containing side e�ects within and, preferringto use if or when for that purpose.From the general de�nition, one can deduce that (and x) � x. Also, (and)evaluates to t, which is an identity for this operation.One can de�ne and in terms of cond in this way:(and x y z ... w) � (cond ((not x) nil)((not y) nil)((not z) nil): : :(t w))See if and when, which are sometimes stylistically more appropriate thanand for conditional purposes. If it is necessary to test whether a predicate istrue of all elements of a list or vector (element 0 and element 1 and element2 and : : :), then the function every may be useful. [Macro]or f formg�(or form1 form2 ... ) evaluates each form, one at a time, from left toright. If any form other than the last evaluates to something other than nil,or immediately returns that non-nil value without evaluating the remainingforms. If every form but the last evaluates to nil, or returns whateverevaluation of the last of the forms returns. Therefore in general or can beused both for logical operations, where nil stands for false and non-nil valuesstand for true, and as a conditional expression.To put it another way, the or special form does short-circuitBoolean evalua-tion, like the or else operator in Ada and what in some Pascal-like languagesis called cor (for \conditional or"); the Lisp or special form is unlike thePascal or Ada or operator, which always evaluates both arguments.From the general de�nition, one can deduce that (or x) � x. Also, (or)evaluates to nil, which is the identity for this operation.One can de�ne or in terms of cond in this way:(or x y z ... w) � (cond (x) (y) (z) ... (t w))See if and unless, which are sometimes stylistically more appropriate thanor for conditional purposes. If it is necessary to test whether a predicate istrue of one or more elements of a list or vector (element 0 or element 1 orelement 2 or : : :), then the function some may be useful.



7Control StructureCommonLisp provides a variety of special structures for organizing programs.Some have to do with ow of control (control structures), while others con-trol access to variables (environment structures). Some of these features areimplemented as special forms; others are implemented as macros, which typ-ically expand into complex program fragments expressed in terms of specialforms or other macros.Function application is the primary method for construction of Lisp pro-grams. Operations are written as the application of a function to its ar-guments. Usually, Lisp programs are written as a large collection of smallfunctions, each of which implements a simple operation. These functions op-erate by calling one another, and so larger operations are de�ned in termsof smaller ones. Lisp functions may call upon themselves recursively, eitherdirectly or indirectly.Locally de�ned functions (flet, labels) and macros (macrolet) are quiteversatile. The new symbolmacro facility allows even more syntactic exibility.While the Lisp language is more applicative in style than statement-oriented, it nevertheless provides many operations that produce side e�ectsand consequently requires constructs for controlling the sequencing of sidee�ects. The construct progn, which is roughly equivalent to an Algol begin-end block with all its semicolons, executes a number of forms sequentially,discarding the values of all but the last. Many Lisp control constructs includesequencing implicitly, in which case they are said to provide an \implicitprogn." Other sequencing constructs include prog1 and prog2.For looping, Common Lisp provides the general iteration facility do as wellas a variety of special-purpose iteration facilities for iterating or mapping overvarious data structures.Common Lisp provides the simple one-way conditionals when and unless,the simple two-way conditional if, and the more general multi-way condition-119



120 COMMON LISPals such as cond and case. The choice of which form to use in any particularsituation is a matter of taste and style.Constructs for performing non-local exits with various scoping disciplinesare provided: block, return, return-from, catch, and throw.The multiple-value constructs provide an e�cient way for a function toreturn more than one value; see values.7.1. Constants and VariablesBecause some Lisp data objects are used to represent programs, one cannotalways notate a constant data object in a program simply by writing thenotation for the object unadorned; it would be ambiguous whether a constantobject or a program fragment was intended. The quote special form resolvesthis ambiguity.There are two kinds of variables in Common Lisp, in e�ect: ordinary vari-ables and function names. There are some similarities between the two kinds,and in a few cases there are similar functions for dealing with them, for ex-ample boundp and fboundp. However, for the most part the two kinds ofvariables are used for very di�erent purposes: one to name de�ned functions,macros, and special forms, and the other to name data objects.X3J13 voted in March 1989 h89i to introduce the concept of a function-name, which may be either a symbol or a two-element list whose �rst elementis the symbol setf and whose second element is a symbol. The primary pur-pose of this is to allow setf expander functions to be CLOS generic functionswith user-de�ned methods. Many places in Common Lisp that used to re-quire a symbol for a function name are changed to allow 2-lists as well; forexample, defun is changed so that one may write (defun (setf foo) ...),and the function special form is changed to accept any function-name. Seealso fdefinition.By convention, any function named (setf f ) should return its �rst argu-ment as its only value, in order to preserve the speci�cation that setf returnsits newvalue. See setf.Implementations are free to extend the syntax of function-names to includelists beginning with additional symbols other than setf or lambda.7.1.1. ReferenceThe value of an ordinary variable may be obtained simply by writing thename of the variable as a form to be executed. Whether this is treated as the



CONTROL STRUCTURE 121name of a special variable or a lexical variable is determined by the presenceor absence of an applicable special declaration; see chapter 9.The following functions and special forms allow reference to the values ofconstants and variables in other ways. [Special form]quote object(quote x) simply returns x. The object is not evaluated and may be any Lispobject whatsoever. This construct allows any Lisp object to be written as aconstant value in a program. For example:(setq a 43)(list a (cons a 3)) ) (43 (43 . 3))(list (quote a) (quote (cons a 3)) ) (a (cons a 3))Since quote forms are so frequently useful but somewhat cumbersome to type,a standard abbreviation is de�ned for them: any form f preceded by a singlequote ( ' ) character is assumed to have (quote ) wrapped around it tomake (quote f). For example:(setq x '(the magic quote hack))is normally interpreted by read to mean(setq x (quote (the magic quote hack)))See section 22.1.3.X3J13 voted in January 1989 h36i to clarify that it is an error to de-structively modify any object that appears as a constant in executable code,whether within a quote special form or as a self-evaluating form.See section 25.1 for a discussion of how quoted constants are treated by thecompiler.X3J13 voted in March 1989 h147i to clarify that eval and compile arenot permitted either to copy or to coalesce (\collapse") constants (see eq)appearing in the code they process; the resulting program behavior mustrefer to objects that are eql to the corresponding objects in the source code.Moreover, the constraints introduced by the votes on issues h34i and h32i onwhat kinds of objects may appear as constants apply only to compile-file(see section 25.1).



122 COMMON LISP [Special form]function fnThe value of function is always the functional interpretation of fn; fn is inter-preted as if it had appeared in the functional position of a function invocation.In particular, if fn is a symbol, the functional de�nition associated with thatsymbol is returned; see symbol-function. If fn is a lambda-expression, thena \lexical closure" is returned, that is, a function that when invoked will exe-cute the body of the lambda-expression in such a way as to observe the rulesof lexical scoping properly.X3J13 voted in June 1988 h90i to specify that the result of a function spe-cial form is always of type function. This implies that a form (function fn)may be interpreted as (the (function fn)).It is an error to use the function special form on a symbol that does notdenote a function in the lexical or global environment in which the specialform appears. Speci�cally, it is an error to use the function special form ona symbol that denotes a macro or special form. Some implementations maychoose not to signal this error for performance reasons, but implementationsare forbidden to extend the semantics of function in this respect; that is, animplementation is not allowed to de�ne the failure to signal an error to be a\useful" behavior.X3J13 voted in March 1989 h89i to extend function to accept any function-name (a symbol or a list whose car is setf|see section 7.1) as well as lambda-expressions. Thus one may write (function (setf cadr)) to refer to thesetf expansion function for cadr.For example:(defun adder (x) (function (lambda (y) (+ x y))))The result of (adder 3) is a function that will add 3 to its argument:(setq add3 (adder 3))(funcall add3 5) ) 8This works because function creates a closure of the inner lambda-expressionthat is able to refer to the value 3 of the variable x even after control hasreturned from the function adder.More generally, a lexical closure in e�ect retains the ability to refer tolexically visible bindings, not just values. Consider this code:(defun two-funs (x)(list (function (lambda () x))(function (lambda (y) (setq x y)))))



CONTROL STRUCTURE 123(setq funs (two-funs 6))(funcall (car funs)) ) 6(funcall (cadr funs) 43) ) 43(funcall (car funs)) ) 43The function two-funs returns a list of two functions, each of which refers tothe binding of the variable x created on entry to the function two-funs whenit was called with argument 6. This binding has the value 6 initially, but setqcan alter a binding. The lexical closure created for the �rst lambda-expressiondoes not \snapshot" the value 6 for x when the closure is created. The secondfunction can be used to alter the binding (to 43, in the example), and thisaltered value then becomes accessible to the �rst function.In situations where a closure of a lambda-expression over the same set ofbindings may be produced more than once, the various resulting closures mayor may not be eq, at the discretion of the implementation. For example:(let ((x 5) (funs '()))(dotimes (j 10)(push #--'(lambda (z)(if (null z) (setq x 0) (+ x z)))funs))funs)The result of the above expression is a list of ten closures. Each logicallyrequires only the binding of x. It is the same binding in each case, so theten closures may or may not be the same identical (eq) object. On the otherhand, the result of the expression(let ((funs '()))(dotimes (j 10)(let ((x 5))(push (function (lambda (z)(if (null z) (setq x 0) (+ x z))))funs)))funs)is also a list of ten closures. However, in this case no two of the closures maybe eq, because each closure is over a distinct binding of x, and these bindingscan be behaviorally distinguished because of the use of setq.The question of distinguishable behavior is important; the result of thesimpler expression



124 COMMON LISP(let ((funs '()))(dotimes (j 10)(let ((x 5))(push (function (lambda (z) (+ x z)))funs)))funs)is a list of ten closures that may be pairwise eq. Although one might thinkthat a di�erent binding of x is involved for each closure (which is indeed thecase), the bindings cannot be distinguished because their values are identicaland immutable, there being no occurrence of setq on x. A compiler wouldtherefore be justi�ed in transforming the expression to(let ((funs '()))(dotimes (j 10)(push (function (lambda (z) (+ 5 z)))funs))funs)where clearly the closures may be the same after all. The general rule, then,is that the implementation is free to have two distinct evaluations of the samefunction form produce identical (eq) closures if it can prove that the twoconceptually distinct resulting closures must in fact be behaviorally identicalwith respect to invocation. This is merely a permitted optimization; a per-fectly valid implementation might simply cause every distinct evaluation of afunction form to produce a new closure object not eq to any other.Frequently a compiler can deduce that a closure in fact does not need toclose over any variable bindings. For example, in the code fragment(mapcar (function (lambda (x) (+ x 2))) y)the function (lambda (x) (+ x 2)) contains no references to any outsideentity. In this important special case, the same \closure" may be used asthe value for all evaluations of the function special form. Indeed, this valueneed not be a closure object at all; it may be a simple compiled functioncontaining no environment information. This example is simply a special caseof the foregoing discussion and is included as a hint to implementors familiarwith previous methods of implementingLisp. The distinction between closuresand other kinds of functions is somewhat pointless, actually, as Common Lispde�nes no particular representation for closures and no way to distinguishbetween closures and non-closure functions. All that matters is that the rulesof lexical scoping be obeyed.



CONTROL STRUCTURE 125Since function forms are so frequently useful but somewhat cumbersometo type, a standard abbreviation is de�ned for them: any form f preceded by#--' (#-- followed by an apostrophe) is assumed to have (function ) wrappedaround it to make (function f). For example,(remove-if #--'numberp '(1 a b 3))is normally interpreted by read to mean(remove-if (function numberp) '(1 a b 3))See section 22.1.4. [Function]symbol-value symbolsymbol-value returns the current value of the dynamic (special) variablenamed by symbol. An error occurs if the symbol has no value; see boundpand makunbound. Note that constant symbols are really variables that cannotbe changed, and so symbol-value may be used to get the value of a namedconstant. In particular, symbol-value of a keyword will return that keyword.symbol-value cannot access the value of a lexical variable.This function is particularly useful for implementing interpreters for lan-guages embedded in Lisp. The corresponding assignment primitive is set;alternatively, symbol-value may be used with setf. [Function]symbol-function symbolsymbol-function returns the current global function de�nition named bysymbol. An error is signalled if the symbol has no function de�nition; seefboundp. Note that the de�nition may be a function or may be an objectrepresenting a special form or macro. In the latter case, however, it is an errorto attempt to invoke the object as a function. If it is desired to process macros,special forms, and functions equally well, as when writing an interpreter, it isbest �rst to test the symbol with macro-function and special-form-p andthen to invoke the functional value only if these two tests both yield false.This function is particularly useful for implementing interpreters for lan-guages embedded in Lisp.symbol-function cannot access the value of a lexical function name pro-duced by flet or labels; it can access only the global function value.The global function de�nition of a symbol may be altered by using setfwith symbol-function. Performing this operation causes the symbol to haveonly the speci�ed de�nition as its global function de�nition; any previous



126 COMMON LISPde�nition, whether as a macro or as a function, is lost. It is an error toattempt to rede�ne the name of a special form (see table 5-1).X3J13 voted in June 1988 h90i to clarify the behavior of symbol-functionin the light of the rede�nition of the type function.. It is permissible to call symbol-function on any symbol for which fboundpreturns true. Note that fboundp must return true for a symbol naming amacro or a special form.. If fboundp returns true for a symbol but the symbol denotes a macro orspecial form, then the value returned by symbol-function is not well-de�ned but symbol-function will not signal an error.. When symbol-function is used with setf the new value must be of typefunction. It is an error to set the symbol-function of a symbol to asymbol, a list, or the value returned by symbol-function on the name ofa macro or a special form. [Function]fdefinition function-nameX3J13 voted in March 1989 h89i to add the function fdefinition to thelanguage. It is exactly like symbol-function except that its argument maybe any function-name (a symbol or a list whose car is setf|see section 7.1); itreturns the current global function de�nition named by the argument function-name. One may use fdefinition with setf to change the current globalfunction de�nition associated with a function-name. [Function]boundp symbolboundp is true if the dynamic (special) variable named by symbol has a value;otherwise, it returns nil.See also set and makunbound. [Function]fboundp symbolfboundp is true if the symbol has a global function de�nition. Note thatfboundp is true when the symbol names a special form or macro. macro-function and special-form-p may be used to test for these cases.X3J13 voted in June 1988 h90i to emphasize that, despite the tighteningof the de�nition of the type function, fboundp must return true when theargument names a special form or macro.See also symbol-function and fmakunbound.



CONTROL STRUCTURE 127X3J13 voted in March 1989 h89i to extend fboundp to accept any function-name (a symbol or a list whose car is setf|see section 7.1). Thus onemay write (fboundp '(setf cadr)) to determine whether a setf expansionfunction has been globally de�ned for cadr. [Function]special-form-p symbolThe function special-form-p takes a symbol. If the symbol globally namesa special form, then a non-nil value is returned; otherwise nil is returned. Areturned non-nil value is typically a function of implementation-dependentnature that can be used to interpret (evaluate) the special form.It is possible for both special-form-p and macro-function to be true of asymbol. This is possible because an implementation is permitted to implementany macro also as a special form for speed. On the other hand, the macrode�nition must be available for use by programs that understand only thestandard special forms listed in table 5-1.7.1.2. AssignmentThe following facilities allow the value of a variable (more speci�cally, thevalue associated with the current binding of the variable) to be altered. Suchalteration is di�erent from establishing a new binding. Constructs for estab-lishing new bindings of variables are described in section 7.5. [Special form]setq fvar formg�The special form (setq var1 form1 var2 form2 ...) is the \simple variableassignment statement" of Lisp. First form1 is evaluated and the result isstored in the variable var1, then form2 is evaluated and the result stored invar2, and so forth. The variables are represented as symbols, of course, andare interpreted as referring to static or dynamic instances according to theusual rules. Therefore setq may be used for assignment of both lexical andspecial variables.setq returns the last value assigned, that is, the result of the evaluation ofits last argument. As a boundary case, the form (setq) is legal and returnsnil. There must be an even number of argument forms. For example, in(setq x (+ 3 2 1) y (cons x nil))



128 COMMON LISPx is set to 6, y is set to (6), and the setq returns (6). Note that the �rstassignment is performed before the second form is evaluated, allowing thatform to use the new value of x.See also the description of setf, the Common Lisp \general assignmentstatement" that is capable of assigning to variables, array elements, and otherlocations.Some programmers choose to avoid setq as a matter of style, always usingsetf for any kind of structure modi�cation. Others use setq with simplevariable names and setf with all other generalized variables.X3J13 voted in March 1989 h173i to specify that if any var refers not to anordinary variable but to a binding made by symbol-macrolet, then that varis handled as if setf had been used instead of setq. [Macro]psetq fvar formg�A psetq form is just like a setq form, except that the assignments happen inparallel. First all of the forms are evaluated, and then the variables are set tothe resulting values. The value of the psetq form is nil. For example:(setq a 1)(setq b 2)(psetq a b b a)a ) 2b ) 1In this example, the values of a and b are exchanged by using parallel assign-ment. (If several variables are to be assigned in parallel in the context of aloop, the do construct may be appropriate.)See also the description of psetf, the Common Lisp \general parallel as-signment statement" that is capable of assigning to variables, array elements,and other locations.X3J13 voted in March 1989 h173i to specify that if any var refers not to anordinary variable but to a binding made by symbol-macrolet, then that varis handled as if psetf had been used instead of psetq. [Function]set symbol valueset allows alteration of the value of a dynamic (special) variable. set causesthe dynamic variable named by symbol to take on value as its value.X3J13 voted in January 1989 h7i to clarify that the value may be any Lispdatum whatsoever.



CONTROL STRUCTURE 129Only the value of the current dynamic binding is altered; if there are nobindings in e�ect, the most global value is altered. For example,(set (if (eq a b) 'c 'd) 'foo)will either set c to foo or set d to foo, depending on the outcome of the test(eq a b).set returns value as its result.set cannot alter the value of a local (lexically bound) variable. The specialform setq is usually used for altering the values of variables (lexical or dy-namic) in programs. set is particularly useful for implementing interpretersfor languages embedded in Lisp. See also progv, a construct that performsbinding rather than assignment of dynamic variables. [Function]makunbound symbol [Function]fmakunbound symbolmakunbound causes the dynamic (special) variable named by symbol to becomeunbound (have no value). fmakunbound does the analogous thing for theglobal function de�nition named by symbol. For example:(setq a 1)a ) 1(makunbound 'a)a ) causes an error(defun foo (x) (+ x 1))(foo 4) ) 5(fmakunbound 'foo)(foo 4) ) causes an errorBoth functions return symbol as the result value.X3J13 voted in March 1989 h89i to extend fmakunbound to accept anyfunction-name (a symbol or a list whose car is setf|see section 7.1). Thusone may write (fmakunbound '(setf cadr)) to remove any global de�nitionof a setf expansion function for cadr.7.2. Generalized VariablesIn Lisp, a variable can remember one piece of data, that is, one Lisp object.The main operations on a variable are to recover that object and to alter the



130 COMMON LISPvariable to remember a new object; these operations are often called accessand update operations. The concept of variables named by symbols can begeneralized to any storage location that can remember one piece of data, nomatter how that location is named. Examples of such storage locations arethe car and cdr of a cons, elements of an array, and components of a structure.For each kind of generalized variable, typically there are two functions thatimplement the conceptual access and update operations. For a variable, merelymentioning the name of the variable accesses it, while the setq special formcan be used to update it. The function car accesses the car of a cons, and thefunction rplaca updates it. The function symbol-value accesses the dynamicvalue of a variable named by a given symbol, and the function set updatesit.Rather than thinking about two distinct functions that respectively accessand update a storage location somehow deduced from their arguments, wecan instead simply think of a call to the access function with given argumentsas a name for the storage location. Thus, just as x may be considered a namefor a storage location (a variable), so (car x) is a name for the car of somecons (which is in turn named by x). Now, rather than having to remembertwo functions for each kind of generalized variable (having to remember, forexample, that rplaca corresponds to car), we adopt a uniform syntax forupdating storage locations named in this way, using the setf macro. This isanalogous to the way we use the setq special form to convert the name of avariable (which is also a form that accesses it) into a form that updates it.The uniformity of this approach is illustrated in the following table.Access Function Update Function Update Using setfx (setq x datum) (setf x datum)(car x) (rplaca x datum) (setf (car x) datum)(symbol-value x) (set x datum) (setf (symbol-value x) datum)setf is actually a macro that examines an access form and produces a call tothe corresponding update function.Given the existence of setf in Common Lisp, it is not necessary to havesetq, rplaca, and set; they are redundant. They are retained in CommonLisp because of their historical importance in Lisp. However, most otherupdate functions (such as putprop, the update function for get) have beeneliminated from Common Lisp in the expectation that setf will be uniformlyused in their place.



CONTROL STRUCTURE 131[Macro]setf fplace newvalueg�(setf place newvalue) takes a form place that when evaluated accesses adata object in some location and \inverts" it to produce a correspondingform to update the location. A call to the setf macro therefore expands intoan update form that stores the result of evaluating the form newvalue intothe place referred to by the access form.If more than one place-newvalue pair is speci�ed, the pairs are processedsequentially; that is,(setf place1 newvalue1place2 newvalue2)...placen newvaluen)is precisely equivalent to(progn (setf place1 newvalue1)(setf place2 newvalue2)...(setf placen newvaluen))For consistency, it is legal to write (setf), which simply returns nil.The form place may be any one of the following:. The name of a variable (either lexical or dynamic).. A function call form whose �rst element is the name of any one of thefollowing functions:aref car svrefnth cdr getelt caar getf symbol-valuerest cadr gethash symbol-functionfirst cdar documentation symbol-plistsecond cddr fill-pointer macro-functionthird caaar caaaar cdaaarfourth caadr caaadr cdaadrfifth cadar caadar cdadarsixth caddr caaddr cdaddrseventh cdaar cadaar cddaareighth cdadr cadadr cddadrninth cddar caddar cdddartenth cdddr cadddr cddddr



132 COMMON LISPX3J13 voted in March 1988 h6i to add row-major-aref to this list.X3J13 voted in June 1989 h49i to add compiler-macro-function to thislist.X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name refers to a global function de�nition and not to a locallyde�ned function or macro.
. A function call form whose �rst element is the name of a selector functionconstructed by defstruct.X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name refers to a global function de�nition and not to a locallyde�ned function or macro.
. A function call form whose �rst element is the name of any one of thefollowing functions, provided that the new value is of the speci�ed type so



CONTROL STRUCTURE 133that it can be used to replace the speci�ed \location" (which is in each ofthese cases not truly a generalized variable):Function Name Required Typechar string-charschar string-charbit bitsbit bitsubseq sequence........................................................................................................................................................................................................

X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne string to be the union of one or more specialized vector types,the types of whose elements are subtypes of the type character. In thepreceding table, the type string-char should be replaced by some suchphrase as \the element-type of the argument vector."X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name refers to a global function de�nition and not to a locallyde�ned function or macro.In the case of subseq, the replacement value must be a sequence whoseelements may be contained by the sequence argument to subseq. (Notethat this is not so stringent as to require that the replacement value bea sequence of the same type as the sequence of which the subsequence isspeci�ed.) If the length of the replacement value does not equal the lengthof the subsequence to be replaced, then the shorter length determines thenumber of elements to be stored, as for the function replace.. A function call form whose �rst element is the name of any one of thefollowing functions, provided that the speci�ed argument to that functionis in turn a place form; in this case the new place has stored back into itthe result of applying the speci�ed \update" function (which is in each ofthese cases not a true update function):Function Name Argument That Is a place Update Function Usedchar-bit �rst set-char-bitldb second dpbmask-field second deposit-fieldX3J13 voted in March 1989 h11i to eliminate char-bit and set-char-bit.X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name refers to a global function de�nition and not to a locally



134 COMMON LISPde�ned function or macro.. A the type declaration form, in which case the declaration is transferred tothe newvalue form, and the resulting setf form is analyzed. For example,(setf (the integer (cadr x)) (+ y 3))is processed as if it were(setf (cadr x) (the integer (+ y 3))). A call to apply where the �rst argument form is of the form #--'name, thatis, (function name), where name is the name of a function, calls to whichare recognized as places by setf. Suppose that the use of setf with applylooks like this:(setf (apply #--'name x1 x2 ... xn rest) x0)The setf method for the function name must be such that(setf (name z1 z2 ... zm) z0)expands into a store form(storefn zi1 zi2 ... zik zm)That is, it must expand into a function call such that all arguments butthe last may be any permutation or subset of the new value z0 and thearguments of the access form, but the last argument of the storing callmust be the same as the last argument of the access call. See define-setf-method for more details on accessing and storing forms.Given this, the setf-of-apply form shown above expands into(apply #--'storefn xi1 xi2 ... xik rest)As an example, suppose that the variable indexes contains a list of sub-scripts for a multidimensional array foo whose rank is not known until runtime. One may access the indicated element of the array by writing(apply #--'aref foo indexes)and one may alter the value of the indicated element to that of newvalueby writing(setf (apply #--'aref foo indexes) newvalue)



CONTROL STRUCTURE 135X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name apply refers to the global function de�nition and not toa locally de�ned function or macro named apply.. A macro call, in which case setf expands the macro call and then analyzesthe resulting form.X3J13 voted in March 1989 h89i to clarify that this step uses macroexpand-1, not macroexpand. This allows the chance to apply any of the rulespreceding this one to any of the intermediate expansions.. Any form for which a defsetf or define-setf-method declaration hasbeen made.X3J13 voted in March 1989 h89i to clarify that this rule applies only whenthe function name in the form refers to a global function de�nition and notto a locally de�ned function or macro.X3J13 voted in March 1989 h89i to add one more rule to the preceding list,coming after all those listed above:. Any other list whose �rst element is a symbol (call it f ). In this case, thecall to setf expands into a call to the function named by the list (setf f )(see section 7.1). The �rst argument is the new value and the remainingarguments are the values of the remaining elements of place. This expansionoccurs regardless of whether either f or (setf f ) is de�ned as a functionlocally, globally, or not at all. For example,(setf (f arg1 arg2 ...) newvalue)expands into a form with the same e�ect and value as(let ((#--:temp1 arg1) ;Force correct order of evaluation(#--:temp2 arg2)...(#--:temp0 newvalue))(funcall (function (setf f ))#--:temp0#--:temp1#--:temp2 ...))By convention, any function named (setf f ) should return its �rst ar-gument as its only value, in order to preserve the speci�cation that setfreturns its newvalue.X3J13 voted in March 1989 h173i to add this case as well:



136 COMMON LISP. A variable reference that refers to a symbol macro de�nition made bysymbol-macrolet, in which case setf expands the reference and then an-alyzes the resulting form.



CONTROL STRUCTURE 137setf carefully arranges to preserve the usual left-to-right order in whichthe various subforms are evaluated. On the other hand, the exact expansionfor any particular form is not guaranteed and may even be implementation-dependent; all that is guaranteed is that the expansion of a setf form will bean update form that works for that particular implementation, and that theleft-to-right evaluation of subforms is preserved.The ultimate result of evaluating a setf form is the value of newvalue.Therefore (setf (car x) y) does not expand into precisely (rplaca x y),but into something more like(let ((G1 x) (G2 y)) (rplaca G1 G2) G2)the precise expansion being implementation-dependent.The user can de�ne new setf expansions by using defsetf.X3J13 voted in June 1989 h159i to extend the speci�cation of setf to allowa place whose setf method has more than one store variable (see define-setf-method). In such a case as many values are accepted from the newvalueform as there are store variables; extra values are ignored and missing valuesdefault to nil, as is usual in situations involving multiple values.A proposal was submitted to X3J13 in September 1989 to add a setfmethod for values so that one could in fact write, for example,(setf (values quotient remainder)(truncate linewidth tabstop))but unless this proposal is accepted users will have to de�ne a setf methodfor values themselves (not a di�cult task). [Macro]psetf fplace newvalueg�psetf is like setf except that if more than one place-newvalue pair is speci�ed,then the assignments of new values to places are done in parallel. Moreprecisely, all subforms that are to be evaluated are evaluated from left toright; after all evaluations have been performed, all of the assignments areperformed in an unpredictable order. (The unpredictability matters only ifmore than one place form refers to the same place.) psetf always returnsnil.X3J13 voted in June 1989 h159i to extend the speci�cation of psetf to allowa place whose setf method has more than one store variable (see define-setf-method). In such a case as many values are accepted from the newvalueform as there are store variables; extra values are ignored and missing valuesdefault to nil, as is usual in situations involving multiple values.



138 COMMON LISP [Macro]shiftf fplaceg+ newvalueEach place form may be any form acceptable as a generalized variable tosetf. In the form (shiftf place1 place2 ... placen newvalue), the valuesin place1 through placen are accessed and saved, and newvalue is evaluated,for a total of n + 1 values in all. Values 2 through n + 1 are then stored intoplace1 through placen, and value 1 (the original value of place1) is returned.It is as if all the places form a shift register; the newvalue is shifted in fromthe right, all values shift over to the left one place, and the value shifted outof place1 is returned. For example:(setq x (list 'a 'b 'c)) ) (a b c)(shiftf (cadr x) 'z) ) band now x ) (a z c)(shiftf (cadr x) (cddr x) 'q) ) zand now x ) (a (c) . q)The e�ect of (shiftf place1 place2 ... placen newvalue) is equivalent to(let ((var1 place1)(var2 place2)...(varn placen))(setf place1 var2)(setf place2 var3)...(setf placen newvalue)var1)except that the latter would evaluate any subforms of each place twice,whereas shiftf takes care to evaluate them only once. For example:(setq n 0)(setq x '(a b c d))(shiftf (nth (setq n (+ n 1)) x) 'z) ) band now x ) (a z c d)but(setq n 0)(setq x '(a b c d))



CONTROL STRUCTURE 139(prog1 (nth (setq n (+ n 1)) x)(setf (nth (setq n (+ n 1)) x) 'z)) ) band now x ) (a b z d)Moreover, for certain place forms shiftf may be signi�cantly more e�cientthan the prog1 version.X3J13 voted in June 1989 h159i to extend the speci�cation of shiftf to al-low a place whose setfmethod has more than one store variable (see define-setf-method). In such a case as many values are accepted from the newvalueform as there are store variables; extra values are ignored and missing valuesdefault to nil, as is usual in situations involving multiple values.Rationale: shiftf and rotatef have been included in Common Lisp as generaliza-tions of two-argument versions formerly called swapf and exchf. The two-argumentversions have been found to be very useful, but the names were easily confused. Thegeneralization to many argument forms and the change of names were both inspiredby the work of Suzuki [47], which indicates that use of these primitives can makecertain complex pointer-manipulation programs clearer and easier to prove correct.[Macro]rotatef fplaceg�Each place form may be any form acceptable as a generalized variable tosetf. In the form (rotatef place1 place2 ... placen), the values in place1through placen are accessed and saved. Values 2 through n and value 1 arethen stored into place1 through placen. It is as if all the places form an end-around shift register that is rotated one place to the left, with the value ofplace1 being shifted around the end to placen. Note that (rotatef place1place2) exchanges the contents of place1 and place2.The e�ect of (rotatef place1 place2 ... placen) is roughly equivalent to(psetf place1 place2place2 place3...placen place1)except that the latter would evaluate any subforms of each place twice,whereas rotatef takes care to evaluate them only once. Moreover, for certainplace forms rotatef may be signi�cantly more e�cient.rotatef always returns nil.X3J13 voted in June 1989 h159i to extend the speci�cation of rotatefto allow a place whose setf method has more than one store variable (see



140 COMMON LISPdefine-setf-method). In such a case as many values are accepted fromthe newvalue form as there are store variables; extra values are ignored andmissing values default to nil, as is usual in situations involving multiplevalues.Other macros that manipulate generalized variables include getf, remf,incf, decf, push, pop, assert, ctypecase, and ccase.Macros that manipulate generalized variables must guarantee the \obvious"semantics: subforms of generalized-variable references are evaluated exactlyas many times as they appear in the source program, and they are evaluatedin exactly the same order as they appear in the source program.In generalized-variable references such as shiftf, incf, push, and setf ofldb, the generalized variables are both read and written in the same refer-ence. Preserving the source program order of evaluation and the number ofevaluations is particularly important.As an example of these semantic rules, in the generalized-variable refer-ence (setf reference value) the value form must be evaluated after all thesubforms of the reference because the value form appears to the right of them.The expansion of these macros must consist of code that follows these rulesor has the same e�ect as such code. This is accomplished by introducing tem-porary variables bound to the subforms of the reference. As an optimizationin the implementation, temporary variables may be eliminated whenever itcan be proved that removing them has no e�ect on the semantics of the pro-gram. For example, a constant need never be saved in a temporary variable.A variable, or for that matter any form that does not have side e�ects, neednot be saved in a temporary variable if it can be proved that its value will notchange within the scope of the generalized-variable reference.Common Lisp provides built-in facilities to take care of these semantic com-plications and optimizations. Since the required semantics can be guaranteedby these facilities, the user does not have to worry about writing correct codefor them, especially in complex cases. Even experts can become confused andmake mistakes while writing this sort of code.X3J13 voted in March 1988 h146i to clarify the preceding discussion aboutthe order of evaluation of subforms in calls to setf and related macros. Thegeneral intent is clear: evaluation proceeds from left to right whenever possi-ble. However, the left-to-right rule does not remove the obligation on writersof macros and define-setf-method to work to ensure left-to-right order ofevaluation.Let it be emphasized that, in the following discussion, a form is somethingwhose syntactic use is such that it will be evaluated. A subform means a form



CONTROL STRUCTURE 141that is nested inside another form, not merely any Lisp object nested insidea form regardless of syntactic context.The evaluation ordering of subforms within a generalized variable referenceis determined by the order speci�ed by the second value returned by get-setf-method. For all prede�ned generalized variable references (getf, ldb),this order of evaluation is exactly left-to-right. When a generalized variablereference is derived from a macro expansion, this rule is applied after themacro is expanded to �nd the appropriate generalized variable reference.This is intended to make it clear that if the user writes a defmacro ordefine-setf-methodmacro that doesn't preserve left-to-right evaluation or-der, the order speci�ed in the user's code holds. For example, given(defmacro wrong-order (x y) `(getf ,y ,x))then(push value (wrong-order place1 place2))will evaluate place2 �rst and then place1 because that is the order they areevaluated in the macro expansion.For the macros that manipulate generalized variables (push, pushnew, getf,remf, incf, decf, shiftf, rotatef, psetf, setf, pop, and those de�ned withdefine-modify-macro) the subforms of the macro call are evaluated exactlyonce in left-to-right order, with the subforms of the generalized variable ref-erences evaluated in the order speci�ed above.Each of push, pushnew, getf, remf, incf, decf, shiftf, rotatef, psetf,and pop evaluates all subforms before modifying any of the generalized vari-able locations. Moreover, setf itself, in the case when a call on it has morethan two arguments, performs its operation on each pair in sequence. Thatis, in(setf place1 value1 place2 value2 ...)the subforms of place1 and value1 are evaluated, the location speci�ed byplace1 is modi�ed to contain the value returned by value1, and then the restof the setf form is processed in a like manner.For the macros check-type, ctypecase, and ccase, subforms of the gener-alized variable reference are evaluated once per test of a generalized variable,but they may be evaluated again if the type check fails (in the case of check-type) or if none of the cases holds (in ctypecase or ccase).For the macro assert, the order of evaluation of the generalized variablereferences is not speci�ed.



142 COMMON LISPAnother reason for building in these functions is that the appropriate opti-mizations will di�er from implementation to implementation. In some imple-mentations most of the optimization is performed by the compiler, while inothers a simpler compiler is used and most of the optimization is performedin the macros. The cost of binding a temporary variable relative to the cost ofother Lisp operations may di�er greatly between one implementation and an-other, and some implementations may �nd it best never to remove temporaryvariables except in the simplest cases.A good example of the issues involved can be seen in the followinggeneralized-variable reference:(incf (ldb byte-field variable))This ought to expand into something like(setq variable(dpb (1+ (ldb byte-field variable))byte-fieldvariable))In this expansion example we have ignored the further complexity of return-ing the correct value, which is the incremented byte, not the new value ofvariable. Note that the variable byte-field is evaluated twice, and thevariable variable is referred to three times: once as the location in which tostore a value, and twice during the computation of that value.Now consider this expression:(incf (ldb (aref byte-fields (incf i))(aref (determine-words-array) i)))It ought to expand into something like this:(let ((temp1 (aref byte-fields (incf i)))(temp2 (determine-words-array)))(setf (aref temp2 i)(dpb (1+ (ldb temp1 (aref temp2 i)))temp1(aref temp2 i))))Again we have ignored the complexity of returning the correct value. Whatis important here is that the expressions (incf i) and (determine-words-array) must not be duplicated because each may have a side e�ect or bea�ected by side e�ects.



CONTROL STRUCTURE 143X3J13 voted in January 1989 h160i to specify more precisely the order ofevaluation of subforms when setf is used with an access function that itselftakes a place as an argument, for example, ldb, mask-field, and getf. (Thevote also discussed the function char-bit, but another vote h11i removed thatfunction from the language.) The setf methods for such accessors produceexpansions that e�ectively require explicit calls to get-setf-method.The code produced as the macro expansion of a setf form that itself admitsa generalized variable as an argument must essentially do the following majorsteps:. It evaluates the value-producing subforms, in left-to-right order, and bindsthe temporary variables to them; this is called binding the temporaries.. It reads the value from the generalized variable, using the supplied accessingform, to get the old value; this is called doing the access. Note that thisis done after all the evaluations of the preceding step, including any sidee�ects they may have.. It binds the store variable to a new value, and then installs this new valueinto the generalized variable using the supplied storing form; this is calleddoing the store.Doing the access for a generalized variable reference is not part of the seriesof evaluations that must be done in left-to-right order.The place-speci�er forms ldb, mask-field, and getf admit (other) placespeci�ers as arguments. During the setf expansion of these forms, it is neces-sary to call get-setf-method to determine how the inner, nested generalizedvariable must be treated.In a form such as(setf (ldb byte-spec place-form) newvalue-form)the place referred to by the place-form must always be both accessed andupdated; note that the update is to the generalized variable speci�ed by place-form, not to any object of type integer.Thus this call to setf should generate code to do the following:. Evaluate byte-spec and bind into a temporary. Bind the temporaries for place-form. Evaluate newvalue-form and bind into the store variable. Do the access to place-form



144 COMMON LISP. Do the store into place-form with the given bit-�eld of the accessed integerreplaced with the value in the store variableIf the evaluation of newvalue-form alters what is found in the given place|such as setting a di�erent bit-�eld of the integer|then the change of the bit-�eld denoted by byte-spec will be to that altered integer, because the accessstep must be done after the newvalue-form evaluation. Nevertheless, the eval-uations required for binding the temporaries are done before the evaluationof the newvalue-form, thereby preserving the required left-to-right evaluationorder.The treatment of mask-field is similar to that of ldb.In a form such as:(setf (getf place-form ind-form) newvalue-form)the place referred to by the place-form must always be both accessed andupdated; note that the update is to the generalized variable speci�ed byplace-form, not necessarily to the particular list which is the property listin question.Thus this call to setf should generate code to do the following:. Bind the temporaries for place-form. Evaluate ind-form and bind into a temporary. Evaluate the newvalue-form and bind into the store variable. Do the access to place-form. Do the store into place-form with a possibly new property list obtained bycombining the results of the evaluations and the accessIf the evaluation of newvalue-form alters what is found in the given place|such as setting a di�erent named property in the list|then the change of theproperty denoted by ind-form will be to that altered list, because the accessstep is done after the newvalue-form evaluation. Nevertheless, the evaluationsrequired for binding the temporaries are done before the evaluation of thenewvalue-form, thereby preserving the required left-to-right evaluation order.Note that the phrase \possibly new property list" treats the implementationof property lists as a \black box"; it can mean that the former property listis somehow destructively re-used, or it can mean partial or full copying of it.A side e�ect may or may not occur; therefore setf must proceed as if theresultant property list were a di�erent copy needing to be stored back intothe generalized variable.



CONTROL STRUCTURE 145The Common Lisp facilities provided to deal with these semantic issuesinclude:. Built-in macros such as setf and push that follow the semantic rules.. The define-modify-macro macro, which allows new generalized-variablemanipulating macros (of a certain restricted kind) to be de�ned easily. Ittakes care of the semantic rules automatically.. The defsetf macro, which allows new types of generalized-variable refer-ences to be de�ned easily. It takes care of the semantic rules automatically.. The define-setf-method macro and the get-setf-method function,which provide access to the internal mechanisms when it is necessary to de-�ne a complicated new type of generalized-variable reference or generalized-variable-manipulating macro.Also important are the changes that allow lexical environments to be usedin appropriate ways in setf methods. [Macro]define-modify-macro name lambda-list function [doc-string]This macro de�nes a read-modify-write macro named name. An example ofsuch a macro is incf. The �rst subform of the macro will be a generalized-variable reference. The function is literally the function to apply to the oldcontents of the generalized-variable to get the new contents; it is not evaluated.lambda-list describes the remaining arguments for the function; these argu-ments come from the remaining subforms of the macro after the generalized-variable reference. lambda-list may contain &optional and &rest markers.(The &key marker is not permitted here; &rest su�ces for the purposes ofdefine-modify-macro.) doc-string is documentation for the macro name be-ing de�ned.The expansion of a define-modify-macro is equivalent to the following,except that it generates code that follows the semantic rules outlined above.(defmacro name (reference . lambda-list)doc-string`(setf ,reference(function ,reference ,arg1 ,arg2 ...)))where arg1, arg2, ..., are the parameters appearing in lambda-list; appropriateprovision is made for a &rest parameter.As an example, incf could have been de�ned by:



146 COMMON LISP(define-modify-macro incf (&optional (delta 1)) +)An example of a possibly useful macro not prede�ned in Common Lisp is(define-modify-macro unionf (other-set &rest keywords) union)X3J13 voted in March 1988 h96i to specify that define-modify-macrocreates macros that take &environment arguments and perform the equivalentof correctly passing such lexical environments to get-setf-method in orderto correctly maintain lexical references. [Macro]defsetf access-fn fupdate-fn [doc-string] jlambda-list (store-variable)[[ fdeclarationg� j doc-string ]] f formg� gThis de�nes how to setf a generalized-variable reference of the form (access-fn ...). The value of a generalized-variable reference can always be obtainedsimply by evaluating it, so access-fn should be the name of a function or amacro.The user of defsetf provides a description of how to store into thegeneralized-variable reference and return the value that was stored (becausesetf is de�ned to return this value). The implementation of defsetf takescare of ensuring that subforms of the reference are evaluated exactly once andin the proper left-to-right order. In order to do this, defsetf requires thataccess-fn be a function or a macro that evaluates its arguments, behaving likea function. Furthermore, a setf of a call on access-fn will also evaluate all ofaccess-fn's arguments; it cannot treat any of them specially. This means thatdefsetf cannot be used to describe how to store into a generalized variablethat is a byte, such as (ldb field reference). To handle situations that donot �t the restrictions imposed by defsetf, use define-setf-method, whichgives the user additional control at the cost of increased complexity.A defsetf declaration may take one of two forms. The simple form is(defsetf access-fn update-fn [doc-string ] )The update-fn must name a function (or macro) that takes one more argumentthan access-fn takes. When setf is given a place that is a call on access-fn, itexpands into a call on update-fn that is given all the arguments to access-fnand also, as its last argument, the new value (which must be returned byupdate-fn as its value). For example, the e�ect of(defsetf symbol-value set)



CONTROL STRUCTURE 147is built into the Common Lisp system. This causes the expansion(setf (symbol-value foo) fu) ! (set foo fu)for example. Note that(defsetf car rplaca)would be incorrect because rplaca does not return its last argument.The complex form of defsetf looks like(defsetf access-fn lambda-list (store-variable) . body)and resembles defmacro. The body must compute the expansion of a setf ofa call on access-fn.The lambda-list describes the arguments of access-fn. &optional, &rest,and &keymarkers are permitted in lambda-list. Optional arguments may havedefaults and \supplied-p" ags. The store-variable describes the value to bestored into the generalized-variable reference.Rationale: The store-variable is enclosed in parentheses to provide for an exten-sion to multiple store variables that would receive multiple values from the secondsubform of setf. The rules given below for coding setf methods discuss the properhandling of multiple store variables to allow for the possibility that this extensionmay be incorporated into Common Lisp in the future.The body forms can be written as if the variables in the lambda-list werebound to subforms of the call on access-fn and the store-variable were bound tothe second subform of setf. However, this is not actually the case. During theevaluation of the body forms, these variables are bound to names of temporaryvariables, generated as if by gensym or gentemp, that will be bound by theexpansion of setf to the values of those subforms. This binding permitsthe body forms to be written without regard for order-of-evaluation issues.defsetf arranges for the temporary variables to be optimized out of the �nalresult in cases where that is possible. In other words, an attempt is made bydefsetf to generate the best code possible in a particular implementation.Note that the code generated by the body forms must include provision forreturning the correct value (the value of store-variable). This is handled bythe body forms rather than by defsetf because in many cases this value canbe returned at no extra cost, by calling a function that simultaneously storesinto the generalized variable and returns the correct value.An example of the use of the complex form of defsetf:



148 COMMON LISP(defsetf subseq (sequence start &optional end) (new-sequence)`(progn (replace ,sequence ,new-sequence:start1 ,start :end1 ,end),new-sequence))X3J13 voted in March 1988 h78i to specify that the body of the expanderfunction de�ned by the complex form of defsetf is implicitly enclosed ina block construct whose name is the same as the name of the access-fn.Therefore return-from may be used to exit from the function.X3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts; the complex form of defsetf must de�ne the expander functionwithin the enclosing lexical environment, not within the global environment.The underlying theory by which setf and related macros arrange to con-form to the semantic rules given above is that from any generalized-variablereference one may derive its \setf method," which describes how to storeinto that reference and which subforms of it are evaluated.Compatibility note: To avoid confusion, it should be noted that the use of theword \method" here in connection with setf has nothing to do with its use in LispMachine Lisp in connection with message-passing and the Lisp Machine Lisp \avorsystem."And of course it also has nothing to do with the methods in the Common LispObject System h12i.Given knowledge of the subforms of the reference, it is possible to avoidevaluating them multiple times or in the wrong order. A setf method for agiven access form can be expressed as �ve values:. A list of temporary variables. A list of value forms (subforms of the given form) to whose values thetemporary variables are to be bound. A second list of temporary variables, called store variables. A storing form. An accessing formThe temporary variables will be bound to the values of the value forms as ifby let*; that is, the value forms will be evaluated in the order given and mayrefer to the values of earlier value forms by using the corresponding variables.



CONTROL STRUCTURE 149The store variables are to be bound to the values of the newvalue form, thatis, the values to be stored into the generalized variable. In almost all casesonly a single value is to be stored, and there is only one store variable.The storing form and the accessing form may contain references to thetemporary variables (and also, in the case of the storing form, to the storevariables). The accessing form returns the value of the generalized variable.The storing form modi�es the value of the generalized variable and guaranteesto return the values of the store variables as its values; these are the correctvalues for setf to return. (Again, in most cases there is a single store variableand thus a single value to be returned.) The value returned by the accessingform is, of course, a�ected by execution of the storing form, but either of theseforms may be evaluated any number of times and therefore should be free ofside e�ects (other than the storing action of the storing form).The temporary variables and the store variables are generated names, as ifby gensym or gentemp, so that there is never any problem of name clashesamong them, or between them and other variables in the program. This isnecessary to make the special forms that do more than one setf in parallelwork properly; these are psetf, shiftf, and rotatef. Computation of thesetf method must always create new variable names; it may not return thesame ones every time.Some examples of setf methods for particular forms:. For a variable x:()()(g0001)(setq x g0001)x. For (car exp):(g0002)(exp)(g0003)(progn (rplaca g0002 g0003) g0003)(car g0002). For (subseq seq s e):(g0004 g0005 g0006)(seq s e)(g0007)



150 COMMON LISP(progn (replace g0004 g0007 :start1 g0005 :end1 g0006)g0007)(subseq g0004 g0005 g0006) [Macro]define-setf-method access-fn lambda-list[[ fdeclarationg� j doc-string ]] f formg�This de�nes how to setf a generalized-variable reference that is of the form(access-fn...). The value of a generalized-variable reference can always beobtained simply by evaluating it, so access-fn should be the name of a functionor a macro.The lambda-list describes the subforms of the generalized-variable reference,as with defmacro. The result of evaluating the forms in the body must be�ve values representing the setf method, as described above. Note thatdefine-setf-method di�ers from the complex form of defsetf in that whilethe body is being executed the variables in lambda-list are bound to partsof the generalized-variable reference, not to temporary variables that will bebound to the values of such parts. In addition, define-setf-method does nothave defsetf's restriction that access-fn must be a function or a function-likemacro; an arbitrary defmacro destructuring pattern is permitted in lambda-list.By de�nition there are no good small examples of define-setf-methodbecause the easy cases can all be handled by defsetf. A typical use is tode�ne the setf method for ldb:;;; SETF method for the form (LDB bytespec int).;;; Recall that the int form must itself be suitable for SETF.(define-setf-method ldb (bytespec int)(multiple-value-bind (temps vals storesstore-form access-form)(get-setf-method int) ;Get SETF method for int(let ((btemp (gensym)) ;Temp var for byte specifier(store (gensym)) ;Temp var for byte to store(stemp (first stores))) ;Temp var for int to store;; Return the SETF method for LDB as five values.(values (cons btemp temps) ;Temporary variables(cons bytespec vals) ;Value forms(list store) ;Store variables



........................................................................................................................................................................................................

CONTROL STRUCTURE 151`(let ((,stemp (dpb ,store ,btemp ,access-form))),store-form,store) ;Storing form`(ldb ,btemp ,access-form) ;Accessing form))))X3J13 voted in March 1988 h96i to specify that the &environment lambda-list keyword may appear in the lambda-list in the same manner as for defmacroin order to obtain the lexical environment of the call to the setf macro. Thepreceding example should be modi�ed to take advantage of this new feature.The setfmethod must accept an &environment parameter, which will receivethe lexical environment of the call to setf; this environment must then begiven to get-setf-method in order that it may correctly use any locally boundsetf method that might be applicable to the place form that appears as thesecond argument to ldb in the call to setf.;;; SETF method for the form (LDB bytespec int).;;; Recall that the int form must itself be suitable for SETF.;;; Note the use of an &environment parameter to receive the;;; lexical environment of the call for use with GET-SETF-METHOD.(define-setf-method ldb (bytespec int &environment env)(multiple-value-bind (temps vals storesstore-form access-form)(get-setf-method int env) ;Get SETF method for int(let ((btemp (gensym)) ;Temp var for byte specifier(store (gensym)) ;Temp var for byte to store(stemp (first stores))) ;Temp var for int to store;; Return the SETF method for LDB as five values.(values (cons btemp temps) ;Temporary variables(cons bytespec vals) ;Value forms(list store) ;Store variables`(let ((,stemp (dpb ,store ,btemp ,access-form))),store-form,store) ;Storing form`(ldb ,btemp ,access-form) ;Accessing form))))X3J13 voted in March 1988 h78i to specify that the body of the expanderfunction de�ned by define-setf-method is implicitly enclosed in a blockconstruct whose name is the same as the name of the access-fn. Thereforereturn-from may be used to exit from the function.



152 COMMON LISPX3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts; define-setf-methodmust de�ne the expander function within theenclosing lexical environment, not within the global environment. [Function]get-setf-method form........................................................................................................................................................................................................

get-setf-method returns �ve values constituting the setf method for form.The form must be a generalized-variable reference. get-setf-method takescare of error-checking and macro expansion and guarantees to return exactlyone store variable.As an example, an extremely simpli�ed version of setf, allowing no moreand no fewer than two subforms, containing no optimization to remove unnec-essary variables, and not allowing storing of multiple values, could be de�nedby:(defmacro setf (reference value)(multiple-value-bind (vars vals stores store-form access-form)(get-setf-method reference)(declare (ignore access-form))`(let* ,(mapcar #--'list(append vars stores)(append vals (list value))),store-form)))X3J13 voted in March 1988 h96i to add an optional environment argumentto get-setf-method. The revised de�nition and example are as follows.[Function]get-setf-method form &optional envget-setf-method returns �ve values constituting the setf method for form.The form must be a generalized-variable reference. The env must be an envi-ronment of the sort obtained through the &environment lambda-list keyword;if env is nil or omitted, the null lexical environment is assumed. get-setf-method takes care of error checking and macro expansion and guarantees toreturn exactly one store variable.As an example, an extremely simpli�ed version of setf, allowing no moreand no fewer than two subforms, containing no optimization to remove unnec-essary variables, and not allowing storing of multiple values, could be de�nedby:



CONTROL STRUCTURE 153(defmacro setf (reference value &environment env)(multiple-value-bind (vars vals stores store-form access-form)(get-setf-method reference env) ;Note use of environment(declare (ignore access-form))`(let* ,(mapcar #--'list(append vars stores)(append vals (list value))),store-form))) [Function]get-setf-method-multiple-value form........................................................................................................................................................................................................

get-setf-method-multiple-value returns �ve values constituting the setfmethod for form. The form must be a generalized-variable reference. Thisis the same as get-setf-method except that it does not check the numberof store variables; use this in cases that allow storing multiple values into ageneralized variable. There are no such cases in standard Common Lisp, butthis function is provided to allow for possible extensions.X3J13 voted in March 1988 h96i to add an optional environment argumentto get-setf-method. The revised de�nition is as follows. [Function]get-setf-method-multiple-value form &optional envget-setf-method-multiple-value returns �ve values constituting the setfmethod for form. The form must be a generalized-variable reference. Theenv must be an environment of the sort obtained through the &environmentlambda-list keyword; if env is nil or omitted, the null lexical environment isassumed.This is the same as get-setf-method except that it does not check thenumber of store variables; use this in cases that allow storing multiple valuesinto a generalized variable. There are no such cases in standard CommonLisp, but this function is provided to allow for possible extensions.X3J13 voted in March 1988 h96i to clarify that a setf method for a func-tional name is applicable only when the global binding of that name is lexicallyvisible. If such a name has a local binding introduced by flet, labels, ormacrolet, then global de�nitions of setfmethods for that name do not applyand are not visible. All of the standard Common Lisp macros that modify asetf place (for example, incf, decf, pop, and rotatef) obey this convention.



154 COMMON LISP7.3. Function InvocationThe most primitive form for function invocation in Lisp of course has noname; any list that has no other interpretation as a macro call or special formis taken to be a function call. Other constructs are provided for less commonbut nevertheless frequently useful situations. [Function]apply function arg &rest more-argsThis applies function to a list of arguments.The function may be a compiled-code object, or a lambda-expression, or a........................................................................................................................................................................................................

symbol; in the latter case the global functional value of that symbol is used(but it is illegal for the symbol to be the name of a macro or special form).X3J13 voted in June 1988 h90i to allow the function to be only of typesymbol or function; a lambda-expression is no longer acceptable as a func-tional argument. One must use the function special form or the abbreviation#--' before a lambda-expression that appears as an explicit argument form.The arguments for the function consist of the last argument to apply ap-pended to the end of a list of all the other arguments to apply but the functionitself; it is as if all the arguments to apply except the function were given tolist* to create the argument list. For example:(setq f '+) (apply f '(1 2)) ) 3(setq f #--'-) (apply f '(1 2)) ) -1(apply #--'max 3 5 '(2 7 3)) ) 7(apply 'cons '((+ 2 3) 4)) )((+ 2 3) . 4) not (5 . 4)(apply #--'+ '()) ) 0Note that if the function takes keyword arguments, the keywords as well asthe corresponding values must appear in the argument list:(apply #--'(lambda (&key a b) (list a b)) '(:b 3)) ) (nil 3)This can be very useful in conjunction with the &allow-other-keys feature:(defun foo (size &rest keys &key double &allow-other-keys)(let ((v (apply #--'make-array size :allow-other-keys t keys)))(if double (concatenate (type-of v) v v) v)))(foo 4 :initial-contents '(a b c d) :double t)) #--(a b c d a b c d)



CONTROL STRUCTURE 155[Function]funcall fn &rest arguments(funcall fn a1 a2 ... an) applies the function fn to the arguments a1,a2, ..., an. The fn may not be a special form or a macro; this would not bemeaningful.X3J13 voted in June 1988 h90i to allow the fn to be only of type symbolor function; a lambda-expression is no longer acceptable as a functionalargument. One must use the function special form or the abbreviation #--'before a lambda-expression that appears as an explicit argument form.For example:(cons 1 2) ) (1 . 2)(setq cons (symbol-function '+))(funcall cons 1 2) ) 3The di�erence between funcall and an ordinary function call is that thefunction is obtained by ordinary Lisp evaluation rather than by the specialinterpretation of the function position that normally occurs.Compatibility note: The Common Lisp function funcall corresponds roughly tothe Interlisp primitive apply*. [Constant ]call-arguments-limitThe value of call-arguments-limit is a positive integer that is the upperexclusive bound on the number of arguments that may be passed to a function.This bound depends on the implementation but will not be smaller than50. (Implementors are encouraged to make this limit as large as practicablewithout sacri�cing performance.) The value of call-arguments-limitmustbe at least as great as that of lambda-parameters-limit. See also multiple-values-limit.7.4. Simple SequencingEach of the constructs in this section simply evaluates all the argument formsin order. They di�er only in what results are returned. [Special form]progn f formg�The progn construct takes a number of forms and evaluates them sequentially,in order, from left to right. The values of all the forms but the last are



156 COMMON LISPdiscarded; whatever the last form returns is returned by the progn form.One says that all the forms but the last are evaluated for e�ect, becausetheir execution is useful only for the side e�ects caused, but the last form isexecuted for value.progn is the primitive control structure construct for \compound state-ments," such as begin-end blocks in Algol-like languages. Many Lisp con-structs are \implicit progn" forms: as part of their syntax each allows manyforms to be written that are to be evaluated sequentially, discarding the resultsof all forms but the last and returning the results of the last form.If the last form of the progn returns multiple values, then those multiplevalues are returned by the progn form. If there are no forms for the progn,then the result is nil. These rules generally hold for implicit progn forms aswell. [Macro]prog1 �rst f formg�prog1 is similar to progn, but it returns the value of its �rst form. All theargument forms are executed sequentially; the value of the �rst form is savedwhile all the others are executed and is then returned.prog1 is most commonly used to evaluate an expression with side e�ectsand to return a value that must be computed before the side e�ects happen.For example:(prog1 (car x) (rplaca x 'foo))alters the car of x to be foo and returns the old car of x.prog1 always returns a single value, even if the �rst form tries to returnmultiple values. As a consequence, (prog1 x) and (progn x) may behavedi�erently if x can produce multiple values. See multiple-value-prog1. Apoint of style: although prog1 can be used to force exactly a single value tobe returned, it is conventional to use the function values for this purpose.[Macro]prog2 �rst second f formg�prog2 is similar to prog1, but it returns the value of its second form. Allthe argument forms are executed sequentially; the value of the second form issaved while all the other forms are executed and is then returned. prog2 isprovided mostly for historical compatibility.(prog2 a b c ... z) � (progn a (prog1 b c ... z))



CONTROL STRUCTURE 157Occasionally it is desirable to perform one side e�ect, then a value-producingoperation, then another side e�ect. In such a peculiar case, prog2 is fairlyperspicuous. For example:(prog2 (open-a-file) (process-the-file) (close-the-file));value is that of process-the-fileprog2, like prog1, always returns a single value, even if the second formtries to return multiple values. As a consequence of this, (prog2 x y) and(progn x y) may behave di�erently if y can produce multiple values.7.5. Establishing New Variable BindingsDuring the invocation of a function represented by a lambda-expression (or aclosure of a lambda-expression, as produced by function), new bindings areestablished for the variables that are the parameters of the lambda-expression.These bindings initially have values determined by the parameter-bindingprotocol discussed in section 5.2.2.The following constructs may also be used to establish bindings of variables,both ordinary and functional. [Special form]let ( fvar j (var value)g� ) fdeclarationg� f formg�A let form can be used to execute a series of forms with speci�ed variablesbound to speci�ed values.More precisely, the form(let ((var1 value1)(var2 value2)...(varm valuem))declaration1declaration2...declarationpbody1body2...bodyn)



158 COMMON LISP�rst evaluates the expressions value1, value2, and so on, in that order, savingthe resulting values. Then all of the variables varj are bound to the corre-sponding values in parallel; each binding will be a lexical binding unless thereis a special declaration to the contrary. The expressions bodyk are then eval-uated in order; the values of all but the last are discarded (that is, the bodyof a let form is an implicit progn). The let form returns what evaluatingbodyn produces (if the body is empty, which is fairly useless, let returns nilas its value). The bindings of the variables have lexical scope and inde�niteextent.Instead of a list (varj valuej), one may write simply varj. In this case varjis initialized to nil. As a matter of style, it is recommended that varj bewritten only when that variable will be stored into (such as by setq) beforeits �rst use. If it is important that the initial value be nil rather than someunde�ned value, then it is clearer to write out (varj nil) if the initial valueis intended to mean \false," or (varj '()) if the initial value is intended tobe an empty list. Note that the code(let (x)(declare (integer x))(setq x (gcd y z))...)is incorrect; although x is indeed set before it is used, and is set to a valueof the declared type integer, nevertheless x momentarily takes on the valuenil in violation of the type declaration.Declarations may appear at the beginning of the body of a let. Seedeclare.See also destructuring-bind.X3J13 voted in January 1989 h182i to regularize the binding formats fordo, do*, let, let*, prog, prog*, and compiler-let. The new syntacticde�nition for let makes the value optional: [Macro]let ( fvar j (var [value] )g� ) fdeclarationg� f formg�This changes let to allow a list (var) to appear, meaning the same as simplyvar. [Special form]let* ( fvar j (var value)g� ) fdeclarationg� f formg�let* is similar to let, but the bindings of variables are performed sequentiallyrather than in parallel. This allows the expression for the value of a variableto refer to variables previously bound in the let* form.



CONTROL STRUCTURE 159More precisely, the form(let* ((var1 value1)(var2 value2)...(varm valuem))declaration1declaration2...declarationpbody1body2...bodyn)�rst evaluates the expression value1, then binds the variable var1 to thatvalue; then it evaluates value2 and binds var2; and so on. The expressionsbodyj are then evaluated in order; the values of all but the last are discarded(that is, the body of a let* form is an implicit progn). The let* form returnsthe results of evaluating bodyn (if the body is empty, which is fairly useless,let* returns nil as its value). The bindings of the variables have lexicalscope and inde�nite extent.Instead of a list (varj valuej), one may write simply varj. In this case varjis initialized to nil. As a matter of style, it is recommended that varj bewritten only when that variable will be stored into (such as by setq) beforeits �rst use. If it is important that the initial value be nil rather than someunde�ned value, then it is clearer to write out (varj nil) if the initial valueis intended to mean \false," or (varj '()) if the initial value is intended tobe an empty list.Declarations may appear at the beginning of the body of a let*. Seedeclare.X3J13 voted in January 1989 h182i to regularize the binding formats fordo, do*, let, let*, prog, prog*, and compiler-let. The new syntacticde�nition for let* makes the value optional: [Macro]let* ( fvar j (var [value] )g� ) fdeclarationg� f formg�This changes let* to allow a list (var) to appear, meaning the same as simplyvar.



........................................................................................................................................................................................................

160 COMMON LISP........................................................................................................................................................................................................

[Special form]compiler-let ( fvar j (var value)g� ) f formg�When executed by the Lisp interpreter, compiler-let behaves exactly likelet with all the variable bindings implicitly declared special. When thecompiler processes this form, however, no code is compiled for the bindings;instead, the processing of the body by the compiler (including, in particular,the expansion of any macro calls within the body) is done with the specialvariables bound to the indicated values in the execution context of the com-piler. This is primarily useful for communication among complicated macros.Declarations may not appear at the beginning of the body of a compiler-let.Rationale: Because of the unorthodox handling by compiler-let of its variablebindings, it would be complicated and confusing to permit declarations that appar-ently referred to the variables bound by compiler-let. Disallowing declarationseliminates the problem.X3J13 voted in January 1989 h182i to regularize the binding formats fordo, do*, let, let*, prog, prog*, and compiler-let. The new syntacticde�nition for compiler-let makes the value optional:........................................................................................................................................................................................................

[Macro]compiler-let ( fvar j (var [value] )g� ) f formg�This changes compiler-let to allow a list (var) to appear, meaning the sameas simply var.X3J13 voted in June 1989 h25i to remove compiler-let from the language.Many uses of compiler-let can be replaced with more portable code thatuses macrolet or symbol-macrolet. [Special form]progv symbols values f formg�progv is a special form that allows binding one or more dynamic variableswhose names may be determined at run time. The sequence of forms (animplicit progn) is evaluated with the dynamic variables whose names are inthe list symbols bound to corresponding values from the list values. (If too fewvalues are supplied, the remaining symbols are bound and then made to haveno value; see makunbound. If too many values are supplied, the excess valuesare ignored.) The results of the progv form are those of the last form. Thebindings of the dynamic variables are undone on exit from the progv form.The lists of symbols and values are computed quantities; this is what makes



CONTROL STRUCTURE 161progv di�erent from, for example, let, where the variable names are statedexplicitly in the program text.progv is particularly useful for writing interpreters for languages embeddedin Lisp; it provides a handle on the mechanism for binding dynamic variables.[Special form]flet ( f(name lambda-list[[ fdeclarationg� j doc-string ]] f formg� )g� )f formg� [Special form]labels ( f(name lambda-list[[ fdeclarationg� j doc-string ]] f formg� )g� )f formg� [Special form]macrolet ( f(name varlist[[ fdeclarationg� j doc-string ]] f formg� )g� )f formg�flet may be used to de�ne locally named functions. Within the body of theflet form, function names matching those de�ned by the flet refer to thelocally de�ned functions rather than to the global function de�nitions of thesame name.Any number of functions may be simultaneously de�ned. Each de�nitionis similar in format to a defun form: �rst a name, then a parameter list(which may contain &optional, &rest, or &key parameters), then optionaldeclarations and documentation string, and �nally a body.(flet ((safesqrt (x) (sqrt (abs x))));; The safesqrt function is used in two places.(safesqrt (apply #--'+ (map 'list #--'safesqrt longlist))))The labels construct is identical in form to the flet construct. Theseconstructs di�er in that the scope of the de�ned function names for fletencompasses only the body, whereas for labels it encompasses the functionde�nitions themselves. That is, labels can be used to de�ne mutually recur-sive functions, but flet cannot. This distinction is useful. Using flet onecan locally rede�ne a global function name, and the new de�nition can referto the global de�nition; the same construction using labels would not havethat e�ect.(defun integer-power (n k) ;A highly "bummed" integer(declare (integer n)) ; exponentiation routine(declare (type (integer 0 *) k))



162 COMMON LISP(labels ((expt0 (x k a)(declare (integer x a) (type (integer 0 *) k))(cond ((zerop k) a)((evenp k) (expt1 (* x x) (floor k 2) a))(t (expt0 (* x x) (floor k 2) (* x a)))))(expt1 (x k a)(declare (integer x a) (type (integer 1 *) k))(cond ((evenp k) (expt1 (* x x) (floor k 2) a))(t (expt0 (* x x) (floor k 2) (* x a))))))(expt0 n k 1)))macrolet is similar in form to flet but de�nes local macros, using the sameformat used by defmacro. The names established by macrolet as names formacros are lexically scoped.I have observed that, while most Common Lisp users pronounce macroletto rhyme with \silhouette," a small but vocal minority pronounce it to rhymewith \Chevrolet." A very few extremists furthermore adjust their pronuncia-tion of flet similarly: they say \ay." Hey, hey! Tr�es outr�e.Macros often must be expanded at \compile time" (more generally, at atime before the program itself is executed), and so the run-time values ofvariables are not available to macros de�ned by macrolet.The precise rule is that the macro-expansion functions de�ned by macrolet........................................................................................................................................................................................................

are de�ned in the global environment; lexically scoped entities that wouldordinarily be lexically apparent are not visible within the expansion functions.X3J13 voted in March 1989 h50i to retract the previous sentence and specifythat the macro-expansion functions created by macrolet are de�ned in thelexical environment in which the macrolet form appears, not in the null lex-ical environment. Declarations, macrolet de�nitions, and symbol-macroletde�nitions a�ect code within the expansion functions in a macrolet, but theconsequences are unde�ned if such code attempts to refer to any local variableor function bindings that are visible in that lexical environment.However, lexically scoped entities are visible within the body of themacrolet form and are visible to the code that is the expansion of a macrocall. The following example should make this clear:



CONTROL STRUCTURE 163;;; Example of scoping in macrolet.(defun foo (x flag)(macrolet ((fudge (z);;The parameters x and flag are not accessible;; at this point; a reference to flag would be to;; the global variable of that name.`(if flag(* ,z ,z),z)));;The parameters x and flag are accessible here.(+ x(fudge x)(fudge (+ x 1)))))The body of the macrolet becomes(+ x(if flag(* x x)x))(if flag(* (+ x 1) (+ x 1))(+ x 1)))after macro expansion. The occurrences of x and flag legitimately refer tothe parameters of the function foo because those parameters are visible atthe site of the macro call which produced the expansion.X3J13 voted in March 1988 h78i to specify that the body of each function orexpander function de�ned by flet, labels, or macrolet is implicitly enclosedin a block construct whose name is the same as the name of the function.Therefore return-from may be used to exit from the function.X3J13 voted in March 1989 h89i to extend flet and labels to accept anyfunction-name (a symbol or a list whose car is setf|see section 7.1) as aname for a function to be locally de�ned. In this way one can create localde�nitions for setf expansion functions. (X3J13 explicitly declined to extendmacrolet in the same manner.)X3J13 voted in March 1988 h77i to change flet, labels, and macroletto allow declarations to appear before the body. The new descriptions aretherefore as follows:



164 COMMON LISP [Macro]flet ( f(name lambda-list[[ fdeclarationg� j doc-string ]] f formg� )g� )fdeclarationg� f formg� [Macro]labels ( f(name lambda-list[[ fdeclarationg� j doc-string ]] f formg� )g� )fdeclarationg� f formg� [Macro]macrolet ( f(name varlist[[ fdeclarationg� j doc-string ]] f formg� )g� )fdeclarationg� f formg�These are now syntactically more similar to such other binding forms as let.For flet and labels, the bodies of the locally de�ned functions are part ofthe scope of pervasive declarations appearing before the main body. (This isconsistent with the treatment of initialization forms in let.) For macrolet,however, the bodies of the locally de�ned macro expander functions are notincluded in the scope of pervasive declarations appearing before the mainbody. (This is consistent with the rule, stated below, that the bodies ofmacro expander functions are in the global environment, not the local lexicalenvironment.) Here is an example:(flet ((stretch (x) (* x *stretch-factor*))(chop (x) (- x *chop-margin*)))(declare (inline stretch chop)) ;Illegal in original Common Lisp(if (> x *chop-margin*) (stretch (chop x)) (chop (stretch x))))X3J13 voted to permit declarations of the sort noted above. [Special form]symbol-macrolet ( f(var expansion)g� )fdeclarationg� f formg�X3J13 voted in June 1988 h12i to adopt the Common Lisp Object System.Part of this proposal is a general mechanism, symbol-macrolet, for treatingcertain variable names as if they were parameterless macro calls. This facilitymay be useful independent of CLOS. X3J13 voted in March 1989 h173i tomodify the de�nition of symbol-macrolet substantially and also voted h172ito allow declarations before the body of symbol-macrolet but with peculiartreatment of special and type declarations.The forms are executed as an implicit progn in a lexical environment thatcauses every reference to any de�ned var to be replaced by the correspondingexpansion. It is as if the reference to the var were a parameterless macro call;the expansion is evaluated or otherwise processed in place of the reference(in particular, the expansion form is itself subject to further expansion|



CONTROL STRUCTURE 165this is one of the changes h173i from the original de�nition in the CLOSproposal). Note, however, that the names of such symbol macros occupythe name space of variables, not the name space of functions; just as onemay have a function (or macro, or special form) and a variable with thesame name without interference, so one may have an ordinary macro (orfunction, or special form) and a symbol macro with the same name. The useof symbol-macrolet can therefore be shadowed by let or other constructsthat bind variables; symbol-macrolet does not substitute for all occurrencesof a var as a variable but only for those occurrences that would be construedas references in the scope of a lexical binding of var as a variable. For example:(symbol-macrolet ((pollyanna 'goody))(list pollyanna (let ((pollyanna 'two-shoes)) pollyanna)))) (goody two-shoes), not (goody goody)One might think that 'goody simply replaces all occurrences of pollyanna,and so the value of the let would be goody; but this is not so. A littlereection shows that under this incorrect interpretation the body in expandedform would be(list 'goody (let (('goody 'two-shoes)) 'goody))which is syntactically malformed. The correct expanded form is(list 'goody (let ((pollyanna 'two-shoes)) pollyanna))because the rebinding of pollyanna by the let form shadows the symbolmacro de�nition.The expansion for each var is not evaluated at binding time but only afterit has replaced a reference to the var. The setf macro allows a symbol macroto be used as a place, in which case its expansion is used; moreover, setq ofa variable that is really a symbol macro will be treated as if setf had beenused. The values of the last form are returned, or nil if there is no value.See macroexpand and macroexpand-1; they will expand symbol macros aswell as ordinary macros.Certain declarations before the body are handled in a peculiar manner; seesection 9.1.7.6. ConditionalsThe traditional conditional construct in Lisp is cond. However, if is muchsimpler and is directly comparable to conditional constructs in other program-ming languages, so it is considered to be primitive in Common Lisp and is



166 COMMON LISPdescribed �rst. Common Lisp also provides the dispatching constructs caseand typecase, which are often more convenient than cond. [Special form]if test then [else]The if special form corresponds to the if-then-else construct found in mostalgebraic programming languages. First the form test is evaluated. If theresult is not nil, then the form then is selected; otherwise the form elseis selected. Whichever form is selected is then evaluated, and if returnswhatever is returned by evaluation of the selected form.(if test then else) � (cond (test then) (t else))but if is considered more readable in some situations.The else form may be omitted, in which case if the value of test is nil thennothing is done and the value of the if form is nil. If the value of the ifform is important in this situation, then the and construct may be stylisticallypreferable, depending on the context. If the value is not important, but onlythe e�ect, then the when construct may be stylistically preferable. [Macro]when test f formg�(when test form1 form2 ... ) �rst evaluates test. If the result is nil, thenno form is evaluated, and nil is returned. Otherwise the forms constitute animplicit progn and are evaluated sequentially from left to right, and the valueof the last one is returned.(when p a b c) � (and p (progn a b c))(when p a b c) � (cond (p a b c))(when p a b c) � (if p (progn a b c) nil)(when p a b c) � (unless (not p) a b c)As a matter of style, when is normally used to conditionally produce someside e�ects, and the value of the when form is normally not used. If the valueis relevant, then it may be stylistically more appropriate to use and or if.[Macro]unless test f formg�(unless test form1 form2 ... ) �rst evaluates test. If the result is not nil,then the forms are not evaluated, and nil is returned. Otherwise the formsconstitute an implicit progn and are evaluated sequentially from left to right,and the value of the last one is returned.



CONTROL STRUCTURE 167(unless p a b c) � (cond ((not p) a b c))(unless p a b c) � (if p nil (progn a b c))(unless p a b c) � (when (not p) a b c)As a matter of style, unless is normally used to conditionally produce someside e�ects, and the value of the unless form is normally not used. If thevalue is relevant, then it may be stylistically more appropriate to use if.[Macro]cond f(test f formg� )g�A cond form has a number (possibly zero) of clauses, which are lists of forms.Each clause consists of a test followed by zero or more consequents. Forexample:(cond (test-1 consequent-1-1 consequent-1-2 ...)(test-2)(test-3 consequent-3-1 ...)... )The �rst clause whose test evaluates to non-nil is selected; all other clausesare ignored, and the consequents of the selected clause are evaluated in order(as an implicit progn).More speci�cally, cond processes its clauses in order from left to right.For each clause, the test is evaluated. If the result is nil, cond advancesto the next clause. Otherwise, the cdr of the clause is treated as a list offorms, or consequents; these forms are evaluated in order from left to right,as an implicit progn. After evaluating the consequents, cond returns withoutinspecting any remaining clauses. The cond special form returns the resultsof evaluating the last of the selected consequents; if there were no consequentsin the selected clause, then the single (and necessarily non-null) value of thetest is returned. If cond runs out of clauses (every test produced nil, andtherefore no clause was selected), the value of the cond form is nil.If it is desired to select the last clause unconditionally if all others fail, thestandard convention is to use t for the test. As a matter of style, it is desirableto write a last clause (t nil) if the value of the cond form is to be used forsomething. Similarly, it is in questionable taste to let the last clause of a condbe a \singleton clause"; an explicit t should be provided. (Note moreover that(cond ... (x)) may behave di�erently from (cond ... (t x)) if x mightproduce multiple values; the former always returns a single value, whereas thelatter returns whatever values x returns. However, as a matter of style it ispreferable to obtain this behavior by writing (cond ... (t (values x))),



168 COMMON LISPusing the values function explicitly to indicate the discarding of any excessvalues.) For example:(setq z (cond (a 'foo) (b 'bar))) ;Possibly confusing(setq z (cond (a 'foo) (b 'bar) (t nil))) ;Better(cond (a b) (c d) (e)) ;Possibly confusing(cond (a b) (c d) (t e)) ;Better(cond (a b) (c d) (t (values e))) ;Better (if one value; needed)(cond (a b) (c)) ;Possibly confusing(cond (a b) (t c)) ;Better(if a b c) ;Also betterA Lisp cond form may be compared to a continued if-then-else as found inmany algebraic programming languages:(cond (p ...) if p then ...(q ...) roughly else if q then ...(r ...) corresponds else if r then ...... to ...(t ...)) else ... [Macro]case keyform f( f( fkeyg� ) j keyg f formg� )g�case is a conditional that chooses one of its clauses to execute by comparinga value to various constants, which are typically keyword symbols, integers,or characters (but may be any objects). Its form is as follows:(case keyform(keylist-1 consequent-1-1 consequent-1-2 ...)(keylist-2 consequent-2-1 ...)(keylist-3 consequent-3-1 ...)...)Structurally case is much like cond, and it behaves like cond in selectingone clause and then executing all consequents of that clause. However, casedi�ers in the mechanism of clause selection.The �rst thing case does is to evaluate the form keyform to produce anobject called the key object. Then case considers each of the clauses in turn.If key is in the keylist (that is, is eql to any item in the keylist) of a clause, theconsequents of that clause are evaluated as an implicit progn; case returns



CONTROL STRUCTURE 169what was returned by the last consequent (or nil if there are no consequentsin that clause). If no clause is satis�ed, case returns nil.The keys in the keylists are not evaluated; literal key values must appear inthe keylists. It is an error for the same key to appear in more than one clause;a consequence is that the order of the clauses does not a�ect the behavior ofthe case construct.Instead of a keylist, one may write one of the symbols t and otherwise. Aclause with such a symbol always succeeds and must be the last clause (thisis an exception to the order-independence of clauses). See also ecase andccase, each of which provides an implicit otherwise clause to signal an errorif no clause is satis�ed.If there is only one key for a clause, then that key may be written in place ofa list of that key, provided that no ambiguity results. Such a \singleton key"may not be nil (which is confusable with (), a list of no keys), t, otherwise,or a cons.Compatibility note: The Lisp Machine Lisp caseq construct uses eq for the com-parison. In Lisp Machine Lisp caseq therefore works for �xnums but not bignums.The MacLisp caseq construct simply prohibits the use of bignums; indeed, it permitsonly �xnums and symbols as clause keys. In the interest of hiding the �xnum-bignumdistinction, and for general language consistency, case uses eql in Common Lisp.The Interlisp selectq construct is similar to case. [Macro]typecase keyform f(type f formg� )g�typecase is a conditional that chooses one of its clauses by examining thetype of an object. Its form is as follows:(typecase keyform(type-1 consequent-1-1 consequent-1-2 ...)(type-2 consequent-2-1 ...)(type-3 consequent-3-1 ...)...)Structurally typecase is much like cond or case, and it behaves like themin selecting one clause and then executing all consequents of that clause. Itdi�ers in the mechanism of clause selection.The �rst thing typecase does is to evaluate the form keyform to producean object called the key object. Then typecase considers each of the clausesin turn. The type that appears in each clause is a type speci�er; it is notevaluated but is a literal type speci�er. The �rst clause for which the key is



170 COMMON LISPof that clause's speci�ed type is selected, the consequents of this clause areevaluated as an implicit progn, and typecase returns what was returned bythe last consequent (or nil if there are no consequents in that clause). If noclause is satis�ed, typecase returns nil.As for case, the symbol t or otherwisemay be written for type to indicatethat the clause should always be selected. See also etypecase and ctypecase,each of which provides an implicit otherwise clause to signal an error if noclause is satis�ed.It is permissible for more than one clause to specify a given type, partic-ularly if one is a subtype of another; the earliest applicable clause is chosen.Thus for typecase, unlike case, the order of the clauses may a�ect the be-havior of the construct. For example:(typecase an-object(string ...) ;This clause handles strings((array t) ...) ;This clause handles general arrays((array bit) ...) ;This clause handles bit arrays(array ...) ;This handles all other arrays((or list number) ...) ;This handles lists and numbers(t ...)) ;This handles all other objectsA Common Lisp compiler may choose to issue a warning if a clause cannotbe selected because it is completely shadowed by earlier clauses.7.7. Blocks and ExitsThe block and return-from constructs provide a structured lexical non-localexit facility. At any point lexically within a block construct, a return-fromwith the same name may be used to perform an immediate transfer of controlthat exits from the block. In the most common cases this mechanism ismore e�cient than the dynamic non-local exit facility provided by catch andthrow, described in section 7.11. [Special form]block name f formg�The block construct executes each form from left to right, returning whateveris returned by the last form. If, however, a return or return-from form thatspeci�es the same name is executed during the execution of some form, thenthe results speci�ed by the return or return-from are immediately returnedas the value of the block construct, and execution proceeds as if the block had



CONTROL STRUCTURE 171terminated normally. In this, block di�ers from progn; the progn constructhas nothing to do with return.The name is not evaluated; it must be a symbol. The scope of the nameis lexical; only a return or return-from textually contained in some formcan exit from the block. The extent of the name is dynamic. Therefore it isonly possible to exit from a given run-time incarnation of a block once, eithernormally or by explicit return.The defun form implicitly puts a block around the body of the functionde�ned; the block has the same name as the function. Therefore one mayuse return-from to return prematurely from a function de�ned by defun.The lexical scoping of the block name is fully general and has consequencesthat may be surprising to users and implementors of other Lisp systems. Forexample, the return-from in the following example actually does work inCommon Lisp as one might expect:(block loser(catch 'stuff(mapcar #--'(lambda (x) (if (numberp x)(hairyfun x)(return-from loser nil)))items)))Depending on the situation, a return in Common Lisp may not be simple.A return can break up catchers if necessary to get to the block in question.It is possible for a \closure" created by function for a lambda-expression torefer to a block name as long as the name is lexically apparent.[Special form]return-from name [result]return-from is used to return from a block or from such constructs as do andprog that implicitly establish a block. The name is not evaluated and mustbe a symbol. A block construct with the same name must lexically enclosethe occurrence of return-from; whatever the evaluation of result produces isimmediately returned from the block. (If the result form is omitted, it defaultsto nil. As a matter of style, this form ought to be used to indicate that theparticular value returned doesn't matter.)The return-from form itself never returns and cannot have a value; itcauses results to be returned from a block construct. If the evaluation ofresult produces multiple values, those multiple values are returned by theconstruct exited.



172 COMMON LISP [Macro]return [result](return form) is identical in meaning to (return-from nil form); it re-turns from a block named nil. Blocks established implicitly by iterationconstructs such as do are named nil, so that return will exit properly fromsuch a construct.7.8. IterationCommon Lisp provides a number of iteration constructs. The loop constructprovides a trivial iteration facility; it is little more than a progn with a branchfrom the bottom back to the top. The do and do* constructs provide a generaliteration facility for controlling the variation of several variables on each cycle.For specialized iterations over the elements of a list or n consecutive integers,dolist and dotimes are provided. The tagbody construct is the most general,permitting arbitrary go statements within it. (The traditional prog constructis a synthesis of tagbody, block, and let.) Most of the iteration constructspermit statically de�ned non-local exits (see return-from and return).7.8.1. Inde�nite IterationThe loop construct is the simplest iteration facility. It controls no variables,and simply executes its body repeatedly. [Macro]loop f formg�Each form is evaluated in turn from left to right. When the last form hasbeen evaluated, then the �rst form is evaluated again, and so on, in a never-ending cycle. The loop construct never returns a value. Its execution mustbe terminated explicitly, using return or throw, for example.loop, like most iteration constructs, establishes an implicit block namednil. Thus return may be used to exit from a loop with speci�ed results.A loop construct has this meaning only if every form is non-atomic (a list).........................................................................................................................................................................................................

The case where some form is atomic is reserved for future extensions.Implementation note: There have been several proposals for a powerful iterationmechanism to be called loop. One version is provided in Lisp Machine Lisp. Im-plementors are encouraged to experiment with extensions to the loop syntax, butusers should be advised that in all likelihood some speci�c set of extensions to loopwill be adopted in a future revision of Common Lisp.



CONTROL STRUCTURE 173X3J13 voted in January 1989 h115i to include just such an extension ofloop. See chapter 26.7.8.2. General IterationIn contrast to loop, do and do* provide a powerful and general mechanismfor repetitively recalculating many variables. [Macro]do ( f(var [init [step] ] )g� )(end-test fresultg� )fdeclarationg� ftag j statementg� [Macro]do* ( f(var [init [step] ] )g� )(end-test fresultg� )fdeclarationg� ftag j statementg�The do special form provides a generalized iteration facility, with an arbitrarynumber of \index variables." These variables are bound within the iterationand stepped in parallel in speci�ed ways. They may be used both to generatesuccessive values of interest (such as successive integers) or to accumulate re-sults. When an end condition is met, the iteration terminates with a speci�edvalue.In general, a do loop looks like this:(do ((var1 init1 step1)(var2 init2 step2)...(varn initn stepn))(end-test . result)fdeclarationg�. tagbody)A do* loop looks exactly the same except that the name do is replaced bydo*.The �rst item in the form is a list of zero or more index-variable speci�ers.Each index-variable speci�er is a list of the name of a variable var, an initialvalue init, and a stepping form step. If init is omitted, it defaults to nil. Ifstep is omitted, the var is not changed by the do construct between repetitions(though code within the do is free to alter the value of the variable by usingsetq).



174 COMMON LISPAn index-variable speci�er can also be just the name of a variable. In thiscase, the variable has an initial value of nil and is not changed between rep-etitions. As a matter of style, it is recommended that an unadorned variablename be written only when that variable will be stored into (such as by setq)before its �rst use. If it is important that the initial value be nil rather thansome unde�ned value, then it is clearer to write out (varj nil) if the initialvalue is intended to mean \false," or (varj '()) if the initial value is intendedto be an empty list.X3J13 voted in January 1989 h182i to regularize the binding formats fordo, do*, let, let*, prog, prog*, and compiler-let. In the case of do anddo* the �rst edition was inconsistent; the formal syntax fails to reect thefact that a simple variable name may appear, as described in the precedingparagraph. The de�nitions should read [Macro]do ( fvar j (var [init [step] ] )g� )(end-test fresultg� )fdeclarationg� ftag j statementg� [Macro]do* ( fvar j (var [init [step] ] )g� )(end-test fresultg� )fdeclarationg� ftag j statementg�for consistency with the reading of the �rst edition and the X3J13 vote.Before the �rst iteration, all the init forms are evaluated, and each var isbound to the value of its respective init. This is a binding, not an assignment;when the loop terminates, the old values of those variables will be restored.For do, all of the init forms are evaluated before any var is bound; hence allthe init forms may refer to the old bindings of all the variables (that is, tothe values visible before beginning execution of the do construct). For do*,the �rst init form is evaluated, then the �rst var is bound to that value, thenthe second init form is evaluated, then the second var is bound, and so on;in general, the initj form can refer to the new binding vark if k < j , andotherwise to the old binding of vark.The second element of the loop is a list of an end-testing predicate formend-test and zero or more result forms. This resembles a cond clause. Atthe beginning of each iteration, after processing the variables, the end-test isevaluated. If the result is nil, execution proceeds with the body of the do (ordo*) form. If the result is not nil, the result forms are evaluated in order asan implicit progn, and then do returns. do returns the results of evaluatingthe last result form. If there are no result forms, the value of do is nil. Notethat this is not quite analogous to the treatment of clauses in a cond form,



CONTROL STRUCTURE 175because a cond clause with no result forms returns the (non-nil) result of thetest.At the beginning of each iteration other than the �rst, the index variablesare updated as follows. All the step forms are evaluated, from left to right,and the resulting values are assigned to the respective index variables. Anyvariable that has no associated step form is not assigned to. For do, all thestep forms are evaluated before any variable is updated; the assignment ofvalues to variables is done in parallel, as if by psetq. Because all of the stepforms are evaluated before any of the variables are altered, a step form whenevaluated always has access to the old values of all the index variables, evenif other step forms precede it. For do*, the �rst step form is evaluated, thenthe value is assigned to the �rst var, then the second step form is evaluated,then the value is assigned to the second var, and so on; the assignment ofvalues to variables is done sequentially, as if by setq. For either do or do*,after the variables have been updated, the end-test is evaluated as describedabove, and the iteration continues.If the end-test of a do form is nil, the test will never succeed. Therefore thisprovides an idiom for \do forever": the body of the do is executed repeatedly,stepping variables as usual. (The loop construct performs a \do forever" thatsteps no variables.) The in�nite loop can be terminated by the use of return,return-from, go to an outer level, or throw. For example:(do ((j 0 (+ j 1)))(nil) ;Do forever(format t "~%Input ~D:" j)(let ((item (read)))(if (null item) (return) ;Process items until nil seen(format t "~&Output ~D: ~S" j (process item)))))The remainder of the do form constitutes an implicit tagbody. Tags mayappear within the body of a do loop for use by go statements appearing inthe body (but such go statements may not appear in the variable speci�ers,the end-test, or the result forms). When the end of a do body is reached, thenext iteration cycle (beginning with the evaluation of step forms) occurs.An implicit block named nil surrounds the entire do form. A returnstatement may be used at any point to exit the loop immediately.declare forms may appear at the beginning of a do body. They apply tocode in the do body, to the bindings of the do variables, to the init forms, tothe step forms, to the end-test, and to the result forms.



176 COMMON LISPCompatibility note: \Old-style" MacLisp do loops, that is, those of the form (dovar init step end-test . body), are not supported in Common Lisp. Such old-styleloops are considered obsolete and in any case are easily converted to a new-style dowith the insertion of three pairs of parentheses. In practice the compiler can catchnearly all instances of old-style do loops because they will not have a legal formatanyway.Here are some examples of the use of do:(do ((i 0 (+ i 1)) ;Sets every null element of a-vector to zero(n (length a-vector)))((UU i n))(when (null (aref a-vector i))(setf (aref a-vector i) 0)))The construction(do ((x e (cdr x))(oldx x x))((null x))body)exploits parallel assignment to index variables. On the �rst iteration, the valueof oldx is whatever value x had before the do was entered. On succeedingiterations, oldx contains the value that x had on the previous iteration.Very often an iterative algorithm can be most clearly expressed entirely inthe step forms of a do, and the body is empty. For example,(do ((x foo (cdr x))(y bar (cdr y))(z '() (cons (f (car x) (car y)) z)))((or (null x) (null y))(nreverse z)))does the same thing as (mapcar #--'f foo bar). Note that the step compu-tation for z exploits the fact that variables are stepped in parallel. Also, thebody of the loop is empty. Finally, the use of nreverse to put an accumulateddo loop result into the correct order is a standard idiom. Another example:



CONTROL STRUCTURE 177(defun list-reverse (list)(do ((x list (cdr x))(y '() (cons (car x) y)))((endp x) y)))Note the use of endp rather than null or atom to test for the end of a list;this may result in more robust code.As an example of nested loops, suppose that env holds a list of conses. Thecar of each cons is a list of symbols, and the cdr of each cons is a list of equallength containing corresponding values. Such a data structure is similar to anassociation list but is divided into \frames"; the overall structure resembles arib cage. A lookup function on such a data structure might be(defun ribcage-lookup (sym ribcage)(do ((r ribcage (cdr r)))((null r) nil)(do ((s (caar r) (cdr s))(v (cdar r) (cdr v)))((null s))(when (eq (car s) sym)(return-from ribcage-lookup (car v))))))(Notice the use of indentation in the above example to set o� the bodies ofthe do loops.)A do loop may be explained in terms of the more primitive constructs block,return, let, loop, tagbody, and psetq as follows:(block nil(let ((var1 init1)(var2 init2)...(varn initn))fdeclarationg�(loop (when end-test (return (progn . result)))(tagbody . tagbody)(psetq var1 step1var2 step2...varn stepn))))do* is exactly like do except that the bindings and steppings of the variablesare performed sequentially rather than in parallel. It is as if, in the above



178 COMMON LISPexplanation, let were replaced by let* and psetq were replaced by setq.7.8.3. Simple Iteration ConstructsThe constructs dolist and dotimes execute a body of code once for eachvalue taken by a single variable. They are expressible in terms of do, butcapture very common patterns of use.Both dolist and dotimes perform a body of statements repeatedly. Oneach iteration a speci�ed variable is bound to an element of interest thatthe body may examine. dolist examines successive elements of a list, anddotimes examines integers from 0 to n � 1 for some speci�ed positive integern. The value of any of these constructs may be speci�ed by an optional resultform, which if omitted defaults to the value nil.The return statement may be used to return immediately from a dolistor dotimes form, discarding any following iterations that might have beenperformed; in e�ect, a block named nil surrounds the construct. The bodyof the loop is implicitly a tagbody construct; it may contain tags to serve asthe targets of go statements. Declarations may appear before the body of theloop. [Macro]dolist (var listform [resultform] )fdeclarationg� ftag j statementg�dolist provides straightforward iteration over the elements of a list. Firstdolist evaluates the form listform, which should produce a list. It thenexecutes the body once for each element in the list, in order, with the variablevar bound to the element. Then resultform (a single form, not an implicitprogn) is evaluated, and the result is the value of the dolist form. (Whenthe resultform is evaluated, the control variable var is still bound and has thevalue nil.) If resultform is omitted, the result is nil.(dolist (x '(a b c d)) (prin1 x) (princ " ")) ) nilafter printing \a b c d " (note the trailing space)An explicit return statement may be used to terminate the loop and returna speci�ed value.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



CONTROL STRUCTURE 179[Macro]dotimes (var countform [resultform] )fdeclarationg� ftag j statementg�dotimes provides straightforward iteration over a sequence of integers. Theexpression (dotimes (var countform resultform) . progbody) evaluates theform countform, which should produce an integer. It then performs progbodyonce for each integer from zero (inclusive) to count (exclusive), in order, withthe variable var bound to the integer; if the value of countform is zero ornegative, then the progbody is performed zero times. Finally, resultform (asingle form, not an implicit progn) is evaluated, and the result is the value ofthe dotimes form. (When the resultform is evaluated, the control variable varis still bound and has as its value the number of times the body was executed.)If resultform is omitted, the result is nil.An explicit return statement may be used to terminate the loop and returna speci�ed value.Here is an example of the use of dotimes in processing strings:;;; True if the specified subsequence of the string is a;;; palindrome (reads the same forwards and backwards).(defun palindromep (string &optional(start 0)(end (length string)))(dotimes (k (floor (- end start) 2) t)(unless (char-equal (char string (+ start k))(char string (- end k 1)))(return nil))))(palindromep "Able was I ere I saw Elba") ) t(palindromep "A man, a plan, a canal--Panama!") ) nil(remove-if-not #--'alpha-char-p ;Remove punctuation"A man, a plan, a canal--Panama!")) "AmanaplanacanalPanama"(palindromep(remove-if-not #--'alpha-char-p"A man, a plan, a canal--Panama!")) ) t



180 COMMON LISP(palindromep(remove-if-not#--'alpha-char-p"Unremarkable was I ere I saw Elba Kramer, nu?")) ) t(palindromep(remove-if-not#--'alpha-char-p"A man, a plan, a cat, a ham, a yak,a yam, a hat, a canal--Panama!")) ) t(palindromep(remove-if-not#--'alpha-char-p"Ja-da, ja-da, ja-da ja-da jing jing jing")) ) nilAltering the value of var in the body of the loop (by using setq, for ex-ample) will have unpredictable, possibly implementation-dependent results.A Common Lisp compiler may choose to issue a warning if such a variableappears in a setq.Compatibility note: The dotimes construct is the closest thing in Common Lispto the Interlisp rptq construct.See also do-symbols, do-external-symbols, and do-all-symbols.7.8.4. MappingMapping is a type of iteration in which a function is successively applied topieces of one or more sequences. The result of the iteration is a sequence con-taining the respective results of the function applications. There are severaloptions for the way in which the pieces of the list are chosen and for what isdone with the results returned by the applications of the function.The function map may be used to map over any kind of sequence. Thefollowing functions operate only on lists.



CONTROL STRUCTURE 181[Function]mapcar function list &rest more-lists [Function]maplist function list &rest more-lists [Function]mapc function list &rest more-lists [Function]mapl function list &rest more-lists [Function]mapcan function list &rest more-lists [Function]mapcon function list &rest more-listsFor each of these mapping functions, the �rst argument is a function and therest must be lists. The function must take as many arguments as there arelists.mapcar operates on successive elements of the lists. First the functionis applied to the car of each list, then to the cadr of each list, and so on.(Ideally all the lists are the same length; if not, the iteration terminates whenthe shortest list runs out, and excess elements in other lists are ignored.) Thevalue returned by mapcar is a list of the results of the successive calls to thefunction. For example:(mapcar #--'abs '(3 -4 2 -5 -6)) ) (3 4 2 5 6)(mapcar #--'cons '(a b c) '(1 2 3)) ) ((a . 1) (b . 2) (c . 3))maplist is like mapcar except that the function is applied to the lists andsuccessive cdr's of those lists rather than to successive elements of the lists.For example:(maplist #--'(lambda (x) (cons 'foo x))'(a b c d))) ((foo a b c d) (foo b c d) (foo c d) (foo d))(maplist #--'(lambda (x) (if (member (car x) (cdr x)) 0 1)))'(a b a c d b c))) (0 0 1 0 1 1 1);An entry is 1 if the corresponding element of the input; list was the last instance of that element in the input list.mapl and mapc are like maplist and mapcar, respectively, except that theydo not accumulate the results of calling the function.Compatibility note: In all Lisp systems since Lisp 1.5, mapl has been called map.In the chapter on sequences it is explained why this was a bad choice. Here the namemap is used for the far more useful generic sequence mapper, in closer accordance withthe computer science literature, especially the growing body of papers on functionalprogramming.



182 COMMON LISPNote that this remark, predating the design of the Common Lisp Object System,uses the term \generic" in a generic sense and not necessarily in the technical senseused by CLOS (see chapter 2).These functions are used when the function is being called merely for itsside e�ects rather than for its returned values. The value returned by maplor mapc is the second argument, that is, the �rst sequence argument.mapcan and mapcon are like mapcar and maplist, respectively, except thatthey combine the results of the function using nconc instead of list. Thatis,(mapcon f x1 ... xn)� (apply #--'nconc (maplist f x1 ... xn))and similarly for the relationship between mapcan and mapcar. Conceptually,these functions allow the mapped function to return a variable number ofitems to be put into the output list. This is particularly useful for e�ectivelyreturning zero or one item:(mapcan #--'(lambda (x) (and (numberp x) (list x)))'(a 1 b c 3 4 d 5))) (1 3 4 5)In this case the function serves as a �lter; this is a standard Lisp idiom usingmapcan. (The function remove-if-not might have been useful in this par-ticular context, however.) Remember that nconc is a destructive operation,and therefore so are mapcan and mapcon; the lists returned by the functionare altered in order to concatenate them.Sometimes a do or a straightforward recursion is preferable to a mappingoperation; however, the mapping functions should be used wherever theynaturally apply because this increases the clarity of the code.The functional argument to a mapping function must be acceptable toapply; it cannot be a macro or the name of a special form. Of course, there isnothing wrong with using a function that has &optional and &rest parame-ters as the functional argument.X3J13 voted in June 1988 h90i to allow the function to be only of typesymbol or function; a lambda-expression is no longer acceptable as a func-tional argument. One must use the function special form or the abbreviation#--' before a lambda-expression that appears as an explicit argument form.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



CONTROL STRUCTURE 1837.8.5. The \Program Feature"Lisp implementations since Lisp 1.5 have had what was originally called \theprogram feature," as if it were impossible to write programs without it! Theprog construct allows one to write in an Algol-like or Fortran-like statement-oriented style, using go statements that can refer to tags in the body of theprog. Modern Lisp programming style tends to use prog rather infrequently.The various iteration constructs, such as do, have bodies with the character-istics of a prog. (However, the ability to use go statements within iterationconstructs is very seldom called upon in practice.)Three distinct operations are performed by prog: it binds local variables, itpermits use of the return statement, and it permits use of the go statement.In Common Lisp, these three operations have been separated into three dis-tinct constructs: let, block, and tagbody. These three constructs may beused independently as building blocks for other types of constructs.[Special form]tagbody ftag j statementg�The part of a tagbody after the variable list is called the body. An item inthe body may be a symbol or an integer, in which case it is called a tag, oran item in the body may be a list, in which case it is called a statement.Each element of the body is processed from left to right. A tag is ignored;a statement is evaluated, and its results are discarded. If the end of the bodyis reached, the tagbody returns nil.If (go tag) is evaluated, control jumps to the part of the body labelled withthe tag.Compatibility note: The \computed go" feature of MacLisp is not supported.The syntax of a computed go is idiosyncratic, and the feature is not supported byLisp Machine Lisp, NIL (New Implementation of Lisp), or Interlisp. The computedgo has been infrequently used in MacLisp anyway and is easily simulated with noloss of e�ciency by using a case statement each of whose clauses performs a (non-computed) go.The scope of the tags established by a tagbody is lexical, and the extent isdynamic. Once a tagbody construct has been exited, it is no longer legal togo to a tag in its body. It is permissible for a go to jump to a tagbody that isnot the innermost tagbody construct containing that go; the tags establishedby a tagbody will only shadow other tags of like name.The lexical scoping of the go targets named by tags is fully general and hasconsequences that may be surprising to users and implementors of other Lisp



184 COMMON LISPsystems. For example, the go in the following example actually does work inCommon Lisp as one might expect:(tagbody(catch 'stuff(mapcar #--'(lambda (x) (if (numberp x)(hairyfun x)(go lose)))items))(return)lose(error "I lost big!"))Depending on the situation, a go in Common Lisp does not necessarily corre-spond to a simple machine \jump" instruction. A go can break up catchersif necessary to get to the target. It is possible for a \closure" created byfunction for a lambda-expression to refer to a go target as long as the tag islexically apparent. See chapter 3 for an elaborate example of this.There are some holes in this speci�cation (and that of go) that leave someroom for interpretation. For example, there is no explicit prohibition againstthe same tag appearing more than once in the same tagbody body. Everyimplementation I know of will complain in the compiler, if not in the inter-preter, if there is a go to such a duplicated tag; but some implementors takethe position that duplicate tags are permitted provided there is no go to sucha tag. (\If a tree falls in the forest, and there is no one there to hear it,then no one needs to yell `Timber!'") Also, some implementations allow ob-jects other than symbols, integers, and lists in the body and typically ignorethem. Consequently, some programmers use redundant tags such as --- forformatting purposes, and strings as comments:(defun dining-philosopher (j)(tagbody ---think (unless (hungry) (go think))---"Can't eat without chopsticks."(snatch (chopstick j))(snatch (chopstick (mod (+ j 1) 5)))---



CONTROL STRUCTURE 185eat (when (hungry)(mapc #--'gobble-down'(twice-cooked-pork kung-pao-chi-dingwu-dip-har orange-flavor-beeftwo-side-yellow-noodles twinkies))(go eat))---"Can't think with my neighbors' stomachs rumbling."(relinquish (chopstick j))(relinquish (chopstick (mod (+ j 1) 5)))---(if (happy) (go think)(become insurance-salesman))))In certain implementations of Common Lisp they get away with it. Othersabhor what they view as an abuse of unintended ambiguity in the languagespeci�cation. For maximum portability, I advise users to steer clear of theseissues. Similarly, it is best to avoid using nil as a tag, even though it is asymbol, because a few implementations treat nil as a list to be executed. Tobe extra careful, avoid calling fromwithin a tagbody a macro whose expansionmight not be a non-nil list; wrap such a call in (progn ...), or rewrite themacro to return (progn ...) if possible. [Macro]prog ( fvar j (var [init] )g� ) fdeclarationg� ftag j statementg� [Macro]prog* ( fvar j (var [init] )g� ) fdeclarationg� ftag j statementg�The prog construct is a synthesis of let, block, and tagbody, allowing boundvariables and the use of return and go within a single construct. A typicalprog construct looks like this:(prog (var1 var2 (var3 init3) var4 (var5 init5))fdeclarationg�statement1tag1 statement2statement3statement4tag2 statement5...)



186 COMMON LISPThe list after the keyword prog is a set of speci�cations for binding var1,var2, etc., which are temporary variables bound locally to the prog. This listis processed exactly as the list in a let statement: �rst all the init forms areevaluated from left to right (where nil is used for any omitted init form),and then the variables are all bound in parallel to the respective results. Anydeclaration appearing in the prog is used as if appearing at the top of the letbody.The body of the prog is executed as if it were a tagbody construct; the gostatement may be used to transfer control to a tag.A prog implicitly establishes a block named nil around the entire progconstruct, so that return may be used at any time to exit from the progconstruct.Here is a �ne example of what can be done with prog:(defun king-of-confusion (w)"Take a cons of two lists and make a list of conses.Think of this function as being like a zipper."(prog (x y z) ;Initialize x, y, z to nil(setq y (car w) z (cdr w))loop (cond ((null y) (return x))((null z) (go err)))rejoin(setq x (cons (cons (car y) (car z)) x))(setq y (cdr y) z (cdr z))(go loop)err (cerror "Will self-pair extraneous items""Mismatch - gleep! S" y)(setq z y)(go rejoin)))which is accomplished somewhat more perspicuously by(defun prince-of-clarity (w)"Take a cons of two lists and make a list of conses.Think of this function as being like a zipper."(do ((y (car w) (cdr y))(z (cdr w) (cdr z))(x '() (cons (cons (car y) (car z)) x)))((null y) x)



CONTROL STRUCTURE 187(when (null z)(cerror "Will self-pair extraneous items""Mismatch - gleep! S" y)(setq z y))))The prog construct may be explained in terms of the simpler constructsblock, let, and tagbody as follows:(prog variable-list fdeclarationg� . body)� (block nil (let variable-list fdeclarationg� (tagbody . body)))The prog* special form is almost the same as prog. The only di�erence isthat the binding and initialization of the temporary variables is done sequen-tially, so that the init form for each one can use the values of previous ones.Therefore prog* is to prog as let* is to let. For example,(prog* ((y z) (x (car y)))(return x))returns the car of the value of z.I haven't seen prog used very much in the last several years. Apparentlysplitting it into functional constituents (let, block, tagbody) has been a suc-cess. CommonLisp programmers now tend to use whichever speci�c constructis appropriate. [Special form]go tagThe (go tag) special form is used to do a \go to" within a tagbody construct.The tag must be a symbol or an integer; the tag is not evaluated. go transferscontrol to the point in the body labelled by a tag eql to the one given. Ifthere is no such tag in the body, the bodies of lexically containing tagbodyconstructs (if any) are examined as well. It is an error if there is no matchingtag lexically visible to the point of the go.The go form does not ever return a value.As a matter of style, it is recommended that the user think twice beforeusing a go. Most purposes of go can be accomplished with one of the iterationprimitives, nested conditional forms, or return-from. If the use of go seemsto be unavoidable, perhaps the control structure implemented by go shouldbe packaged as a macro de�nition.



188 COMMON LISP7.9. Structure Traversal and Side E�ectsX3J13 voted in January 1989 h121i to restrict side e�ects during the courseof a built-in operation that can execute user-supplied code while traversing adata structure.Consider the following example:(let ((x '(apples peaches pumpkin pie)))(dolist (z x)(when (eq z 'peaches)(setf (cddr x) '(mango kumquat)))(format t " S " (car z))))Depending on the details of the implementation of dolist, this bit of codecould easily printapples peaches mango kumquat(which is perhaps what was intended), but it might as easily printapples peaches pumpkin pieHere is a plausible implementation of dolist that produces the �rst result:(defmacro dolist ((var listform &optional (resultform ''nil))&body body)(let ((tailvar (gensym "DOLIST")))`(do ((,tailvar ,listform (cdr ,tailvar)))((null ,tailvar) ,resultform)(let ((,var (car ,tailvar))) ,@body))But here is a plausible implementation of dolist that produces the secondresult:(defmacro dolist ((var listform &optional (resultform ''nil))&body body)(let ((tailvar (gensym "DOLIST")))`(do ((,tailvar ,listform))((null ,tailvar) ,resultform)(let ((,var (pop ,tailvar))) ,@body))The X3J13 recognizes and legitimizes varying implementation practices:in general it is an error for code executed during a \structure-traversing"operation to destructively modify the structure in a way that might a�ect



CONTROL STRUCTURE 189the ongoing traversal operation. The committee identi�ed in particular thefollowing special cases.For list traversal operations, the cdr chain may not be destructively modi-�ed.For array traversal operations, the array may not be adjusted (see adjust-array) and its �ll pointer, if any, may not be modi�ed.For hash table operations (such as with-hash-table-iterator andmaphash), new entries may not be added or deleted, except that the veryentry being processed by user code may be changed or deleted.For package symbol operations (for example, with-package-iterator anddo-symbols), new symbols may not be interned in, nor symbols uninternedfrom, the packages being traversed or any packages they use, except that thevery symbol being processed by user code may be uninterned.X3J13 noted that this vote is intended to clarify restrictions on the use ofstructure traversal operations that are not themselves inherently destructive;for example, it applies to map and dolist. Destructive operators such asdelete require even more complicated restrictions and are addressed by aseparate proposal.The X3J13 vote did not specify a complete list of the operations to whichthese restrictions apply. Table 7-1 shows what I believe to be a complete listof operations that traverse structures and take user code as a body (in thecase of macros) or as a functional argument (in the case of functions).In addition, note that user code should not modify list structure that mightbe undergoing interpretation by the evaluator, whether explicitly invoked viaeval or implicitly invoked, for example as in the case of a hook function (adefstruct print function, the value of *evalhook* or *applyhook*, etc.)that happens to be a closure of interpreted code. Similarly, defstruct printfunctions and other hooks should not perform side e�ects on data structuresbeing printed or being processed by format, or on a string given to make-string-input-stream. You get the idea; be sensible.Note that an operation such as mapcar or dolist traverses not only cdrpointers (in order to chase down the list) but also car pointers (in order toobtain the elements themselves). The restriction against modi�cation appearsto apply to all these pointers.7.10. Multiple ValuesOrdinarily the result of calling a Lisp function is a single Lisp object. Some-times, however, it is convenient for a function to compute several objects and



190 COMMON LISPTable 7-1: Structure Traversal Operations Subject to Side E�ect Restrictionsadjoin maphash reduceassoc mapl removeassoc-if maplist remove-duplicatesassoc-if-not member remove-ifcount member-if remove-if-notcount-if member-if-not searchcount-if-not merge set-differencedelete mismatch set-exclusive-ordelete-duplicates nintersection somedelete-if notany sortdelete-if-not notevery stable-sortdo-all-symbols nset-difference sublisdo-external-symbols nset-exclusive-or subsetpdo-symbols nsublis substdolist nsubst subst-ifeval nsubst-if subst-if-notevery nsubst-if-not substitutefind nsubstitute substitute-iffind-if nsubstitute-if substitute-if-notfind-if-not nsubstitute-if-not tree-equalintersection nunion unioncertain loop clauses position with-hash-table-iteratormap position-if with-input-from-stringmapc position-if-not with-output-to-stringmapcan rassoc with-package-iteratormapcar rassoc-ifmapcon rassoc-if-notreturn them. Common Lisp provides a mechanism for handling multiple val-ues directly. This mechanism is cleaner and more e�cient than the usual tricksinvolving returning a list of results or stashing results in global variables.7.10.1. Constructs for Handling Multiple ValuesNormally multiple values are not used. Special forms are required both toproduce multiple values and to receive them. If the caller of a function doesnot request multiple values, but the called function produces multiple values,then the �rst value is given to the caller and all others are discarded; if thecalled function produces zero values, then the caller gets nil as a value.



CONTROL STRUCTURE 191The primary primitive for producing multiple values is values, which takesany number of arguments and returns that many values. If the last form inthe body of a function is a values with three arguments, then a call to thatfunction will return three values. Other special forms also produce multiplevalues, but they can be described in terms of values. Some built-in CommonLisp functions, such as floor, return multiple values; those that do are sodocumented.The special forms and macros for receiving multiple values are as follows:multiple-value-listmultiple-value-callmultiple-value-prog1multiple-value-bindmultiple-value-setqThese specify a form to evaluate and an indication of where to put the valuesreturned by that form. [Function]values &rest argsAll of the arguments are returned, in order, as values. For example:(defun polar (x y)(values (sqrt (+ (* x x) (* y y))) (atan y x)))(multiple-value-bind (r theta) (polar 3.0 4.0)(vector r theta))) #--(5.0 0.9272952)The expression (values) returns zero values. This is the standard idiomfor returning no values from a function.Sometimes it is desirable to indicate explicitly that a function will returnexactly one value. For example, the function(defun foo (x y)(floor (+ x y) y))will return two values because floor returns two values. It may be that thesecond value makes no sense, or that for e�ciency reasons it is desired notto compute the second value. The values function is the standard idiom forindicating that only one value is to be returned, as shown in the followingexample.



192 COMMON LISP(defun foo (x y)(values (floor (+ x y) y)))This works because values returns exactly one value for each of its argumentforms; as for any function call, if any argument form to values produces morethan one value, all but the �rst are discarded.There is absolutely no way in Common Lisp for a caller to distinguishbetween returning a single value in the ordinary manner and returning exactlyone \multiple value." For example, the values returned by the expressions(+ 1 2) and (values (+ 1 2)) are identical in every respect: the singlevalue 3. [Constant ]multiple-values-limitThe value of multiple-values-limit is a positive integer that is the upperexclusive bound on the number of values that may be returned from a function.This bound depends on the implementation but will not be smaller than20. (Implementors are encouraged to make this limit as large as practicablewithout sacri�cing performance.) See lambda-parameters-limit and call-arguments-limit. [Function]values-list listAll of the elements of list are returned as multiple values. For example:(values-list (list a b c)) � (values a b c)In general,(values-list list) � (apply #--'values list)but values-list may be clearer or more e�cient. [Macro]multiple-value-list formmultiple-value-list evaluates form and returns a list of the multiple valuesit returned. For example:(multiple-value-list (floor -3 4)) ) (-1 1)multiple-value-list and values-list are therefore inverses of each other.



CONTROL STRUCTURE 193[Special form]multiple-value-call function f formg�multiple-value-call �rst evaluates function to obtain a function and thenevaluates all of the forms. All the values of the forms are gathered together(not just one value from each) and are all given as arguments to the function.The result of multiple-value-call is whatever is returned by the function.For example:(+ (floor 5 3) (floor 19 4))� (+ 1 4) ) 5(multiple-value-call #--'+ (floor 5 3) (floor 19 4))� (+ 1 2 4 3) ) 10(multiple-value-list form) � (multiple-value-call #--'list form)[Special form]multiple-value-prog1 form f formg�multiple-value-prog1 evaluates the �rst form and saves all the values pro-duced by that form. It then evaluates the other forms from left to right,discarding their values. The values produced by the �rst form are returnedby multiple-value-prog1. See prog1, which always returns a single value.[Macro]multiple-value-bind ( fvarg� ) values-formfdeclarationg� f formg�The values-form is evaluated, and each of the variables var is bound to therespective value returned by that form. If there are more variables than valuesreturned, extra values of nil are given to the remaining variables. If thereare more values than variables, the excess values are simply discarded. Thevariables are bound to the values over the execution of the forms, which makeup an implicit progn. For example:(multiple-value-bind (x) (floor 5 3) (list x)) ) (1)(multiple-value-bind (x y) (floor 5 3) (list x y)) ) (1 2)(multiple-value-bind (x y z) (floor 5 3) (list x y z))) (1 2 nil) [Macro]multiple-value-setq variables formThe variables must be a list of variables. The form is evaluated, and thevariables are set (not bound) to the values returned by that form. If there aremore variables than values returned, extra values of nil are assigned to the



194 COMMON LISPremaining variables. If there are more values than variables, the excess valuesare simply discarded.Compatibility note: In Lisp Machine Lisp this is called multiple-value. Theadded clarity of the name multiple-value-setq in Common Lisp was deemed worththe incompatibility with Lisp Machine Lisp.



CONTROL STRUCTURE 195multiple-value-setq always returns a single value, which is the �rst valuereturned by form, or nil if form produces zero values.X3J13 voted in March 1989 h173i to specify that if any var refers not to anordinary variable but to a binding made by symbol-macrolet, then that varis handled as if setq were used to assign the appropriate value to it. [Macro]nth-value n formX3J13 voted in January 1989 h123i to add a new macro named nth-value.The argument forms n and form are both evaluated. The value of n must bea non-negative integer, and the form may produce any number of values. Theinteger n is used as a zero-based index into the list of values. Value n of theform is returned as the single value of the nth-value form; nil is returned ifthe form produces no more than n values.As an example, mod could be de�ned as(defun mod (number divisor)(nth-value 1 (floor number divisor)))Value number 1 is the second value returned by floor, the �rst value beingvalue number 0.One could de�ne nth-value simply as(defmacro nth-value (n form)`(nth ,n (multiple-value-list ,form)))but the clever implementor will doubtless �nd an implementation techniquefor nth-value that avoids constructing an intermediate list of all the valuesof the form.7.10.2. Rules Governing the Passing of Multiple ValuesIt is often the case that the value of a special form or macro call is de�ned tobe the value of one of its subforms. For example, the value of a cond is thevalue of the last form in the selected clause.In most such cases, if the subform produces multiple values, then the orig-inal form will also produce all of those values. This passing back of multiplevalues of course has no e�ect unless eventually one of the special forms forreceiving multiple values is reached.To be explicit, multiple values can result from a special form under preciselythese circumstances:



196 COMMON LISPEvaluation and application. eval returns multiple values if the form given it to evaluate produces mul-tiple values.. apply, funcall, and multiple-value-call pass back multiple values fromthe function applied or called.Implicit progn contexts. The special form progn passes back multiple values resulting from evalua-tion of the last subform. Other situations referred to as \implicit progn,"where several forms are evaluated and the results of all but the last formare discarded, also pass back multiple values from the last form. Thesesituations include the body of a lambda-expression, in particular those con-structed by defun, defmacro, and deftype. Also included are bodies of theconstructs eval-when, progv, let, let*, when, unless, block, multiple-value-bind, and catch, as well as clauses in such conditional constructsas case, typecase, ecase, etypecase, ccase, and ctypecase.X3J13 has voted to add many new constructs to the language that containimplicit progn contexts. I won't attempt to list them all here. Of particu-lar interest, however, is locally, which may be regarded as simply a versionof progn that permits declarations before its body. This provides a usefulbuilding block for constructing macros that permit declarations (but not doc-umentation strings) before their bodies and pass back any multiple valuesproduced by the last sub-form of a body. (If a body can contain a documen-tation string, most likely lambda is the correct building block to use.)Conditional constructs. if passes back multiple values from whichever subform is selected (the thenform or the else form).. and and or pass back multiple values from the last subform but not fromsubforms other than the last.. cond passes back multiple values from the last subform of the implicit prognof the selected clause. If, however, the clause selected is a singleton clause,then only a single value (the non-nil predicate value) is returned. This istrue even if the singleton clause is the last clause of the cond. It is notpermitted to treat a �nal clause (x) as being the same as (t x) for thisreason; the latter passes back multiple values from the form x.



CONTROL STRUCTURE 197Returning from a block. The block construct passes back multiple values from its last subform whenit exits normally. If return-from (or return) is used to terminate theblock prematurely, then return-from passes back multiple values fromits subform as the values of the terminated block. Other constructs thatcreate implicit blocks, such as do, dolist, dotimes, prog, and prog*, alsopass back multiple values speci�ed by return-from (or return).. do passes back multiple values from the last form of the exit clause, exactlyas if the exit clause were a cond clause. Similarly, dolist and dotimespass back multiple values from the resultform if that is executed. Thesesituations are all examples of implicit uses of return-from.Throwing out of a catch. The catch construct returns multiple values if the result form in a throwexiting from such a catch produces multiple values.Miscellaneous situations. multiple-value-prog1 passes back multiple values from its �rst subform.However, prog1 always returns a single value.. unwind-protect returns multiple values if the form it protects returns mul-tiple values.. the returns multiple values if the form it contains returns multiple values.Among special forms that never pass back multiple values are prog1, prog2,setq, and multiple-value-setq. The conventional way to force only onevalue to be returned from a form x is to write (values x).The most important rule about multiple values is: No matter how manyvalues a form produces, if the form is an argument form in a functioncall, then exactly one value (the �rst one) is used.For example, if you write (cons (floor x)), then cons will always receiveexactly one argument (which is of course an error), even though floor re-turns two values. To pass both values from floor to cons, one must writesomething like (multiple-value-call #--'cons (floor x)). In an ordinaryfunction call, each argument form produces exactly one argument; if such aform returns zero values, nil is used for the argument, and if more than onevalue, all but the �rst are discarded. Similarly, conditional constructs such asif that test the value of a form will use exactly one value, the �rst one, from



198 COMMON LISPthat form and discard the rest; such constructs will use nil as the test valueif zero values are returned.7.11. Dynamic Non-Local ExitsCommon Lisp provides a facility for exiting from a complex process in a non-local, dynamically scoped manner. There are two classes of special forms forthis purpose, called catch forms and throw forms, or simply catches and throws.A catch form evaluates some subforms in such a way that, if a throw form isexecuted during such evaluation, the evaluation is aborted at that point andthe catch form immediately returns a value speci�ed by the throw. Unlikeblock and return (section 7.7), which allow for exiting a block form fromany point lexically within the body of the block, the catch/throw mechanismworks even if the throw form is not textually within the body of the catchform. The throw need only occur within the extent (time span) of the evalu-ation of the body of the catch. This is analogous to the distinction betweendynamically bound (special) variables and lexically bound (local) variables.[Special form]catch tag f formg�The catch special form serves as a target for transfer of control by throw.The form tag is evaluated �rst to produce an object that names the catch; itmay be any Lisp object. A catcher is then established with the object as thetag. The forms are evaluated as an implicit progn, and the results of the lastform are returned, except that if during the evaluation of the forms a throwshould be executed such that the tag of the throw matches (is eq to) the tagof the catch and the catcher is the most recent outstanding catcher with thattag, then the evaluation of the forms is aborted and the results speci�ed bythe throw are immediately returned from the catch expression. The catcherestablished by the catch expression is disestablished just before the resultsare returned.The tag is used to match throws with catches. (catch 'foo form) willcatch a (throw 'foo form) but not a (throw 'bar form). It is an error ifthrow is done when there is no suitable catch ready to catch it.Catch tags are compared using eq, not eql; therefore numbers and charac-ters should not be used as catch tags.Compatibility note: The name catch comes from MacLisp, but the syntax ofcatch in Common Lisp is di�erent. The MacLisp syntax was (catch form tag),where the tag was not evaluated.



CONTROL STRUCTURE 199[Special form]unwind-protect protected-form fcleanup-formg�Sometimes it is necessary to evaluate a form and make sure that certain sidee�ects take place after the form is evaluated; a typical example is(progn (start-motor)(drill-hole)(stop-motor))The non-local exit facility of Common Lisp creates a situation in which theabove code won't work, however: if drill-hole should do a throw to a catchthat is outside of the progn form (perhaps because the drill bit broke), then(stop-motor) will never be evaluated (and the motor will presumably be leftrunning). This is particularly likely if drill-hole causes a Lisp error and theuser tells the error-handler to give up and abort the computation. (A possiblymore practical example might be(prog2 (open-a-file)(process-file)(close-the-file))where it is desired always to close the �le when the computation is terminatedfor whatever reason. This case is so important that Common Lisp providesthe special form with-open-file for this purpose.)In order to allow the example hole-drilling program to work, it can berewritten using unwind-protect as follows:;; Stop the motor no matter what (even if it failed to start).(unwind-protect(progn (start-motor)(drill-hole))(stop-motor))If drill-hole does a throw that attempts to quit out of the unwind-protect,then (stop-motor) will be executed.This example assumes that it is correct to call stop-motor even if the motorhas not yet been started. Remember that an error or interrupt may causean exit even before any initialization forms have been executed. Any staterestoration code should operate correctly no matter where in the protectedcode an exit occurred. For example, the following code is not correct:



200 COMMON LISP(unwind-protect(progn (incf *access-count*)(perform-access))(decf *access-count*))If an exit occurs before completion of the incf operation the decf operationwill be executed anyway, resulting in an incorrect value for *access-count*.The correct way to code this is as follows:(let ((old-count *access-count*))(unwind-protect(progn (incf *access-count*)(perform-access))(setq *access-count* old-count)))As a general rule, unwind-protect guarantees to execute the cleanup-formsbefore exiting, whether it terminates normally or is aborted by a throw ofsome kind. (If, however, an exit occurs during execution of the cleanup-forms, no special action is taken. The cleanup-forms of an unwind-protectare not protected by that unwind-protect, though they may be protected ifthat unwind-protect occurs within the protected form of another unwind-protect.) unwind-protect returns whatever results from evaluation of theprotected-form and discards all the results from the cleanup-forms.It should be emphasized that unwind-protect protects against all attemptsto exit from the protected form, including not only \dynamic exit" facilitiessuch as throw but also \lexical exit" facilities such as go and return-from.Consider this situation:(tagbody(let ((x 3))(unwind-protect(if (numberp x) (go out))(print x)))out...)When the go is executed, the call to print is executed �rst, and then thetransfer of control to the tag out is completed.X3J13 voted in March 1989 h74i to clarify the interaction of unwind-protect with constructs that perform exits.Let an exit be a point out of which control can be transferred. For athrow the exit is the matching catch; for a return-from the exit is the



CONTROL STRUCTURE 201corresponding block. For a go the exit is the statement within the tagbody(the one to which the target tag belongs) which is being executed at the timethe go is performed.The extent of an exit is dynamic; it is not inde�nite. The extent of an exitbegins when the corresponding form (catch, block, or tagbody statement) isentered. When the extent of an exit has ended, it is no longer legal to returnfrom it.Note that the extent of an exit is not the same thing as the scope or extentof the designator by which the exit is identi�ed. For example, a block namehas lexical scope but the extent of its exit is dynamic. The extent of a catchtag could di�er from the extent of the exit associated with the catch (which isexactly what is at issue here). The di�erence matters when there are transfersof control from the cleanup clauses of an unwind-protect.When a transfer of control out of an exit is initiated by throw, return-from,or go, a variety of events occur before the transfer of control is complete:. The cleanup clauses of any intervening unwind-protect clauses are evalu-ated.. Intervening dynamic bindings of special variables and catch tags are undone.. Intervening exits are abandoned, that is, their extent ends and it is no longerlegal to attempt to transfer control from them.. The extent of the exit being invoked ends.. Control is �nally passed to the target.The �rst edition left the order of these events in some doubt. The implemen-tation note for throw hinted that the �rst two processes are interwoven, butit was unclear whether it is permissible for an implementation to abandon allintervening exits before processing any intervening unwind-protect cleanupclauses.The clari�cation adopted by X3J13 is as follows. Intervening exits areabandoned as soon as the transfer of control is initiated; in the case of athrow, this occurs at the beginning of the \second pass" mentioned in theimplementation note. It is an error to attempt a transfer of control to an exitwhose dynamic extent has ended.Next the evaluation of unwind-protect cleanup clauses and the undoingof dynamic bindings and catch tags are performed together, in the ordercorresponding to the reverse of the order in which they were established. Thee�ect of this is that the cleanup clauses of an unwind-protect will see thesame dynamic bindings of variables and catch tags as were visible when the



202 COMMON LISPunwind-protect was entered. (However, some of those catch tags may notbe useable because they correspond to abandoned exit points.)Finally control is transferred to the originally invoked exit and simultane-ously that exit is abandoned.The e�ect of this speci�cation is that once a program has attempted totransfer control to a particular exit, an unwind-protect cleanup form cannotstep in and decide to transfer control to a more recent (nested) exit, blithelyforgetting the original exit request. However, a cleanup form may restate therequest to transfer to the same exit that started the cleanup process.Here is an example based on a nautical metaphor. The function gentlymoves an oar in the water with low force, but if an oar gets stuck, the callerwill catch a crab. The function row takes a boat, an oar-stroking function,a stream, and a count; an oar is constructed for the boat and stream andthe oar-stroking function is called :count times. The function life rows aparticular boat. Merriment follows, except that if the oarsman is winded hemust stop to catch his breath.(defun gently (oar)(stroke oar :force 0.5)(when (stuck oar)(throw 'crab nil)))(defun row (boat stroke-fn stream &key count)(let ((oar (make-oar boat stream)))(loop repeat count do (funcall stroke-fn oar))))(defun life ()(catch 'crab(catch 'breath(unwind-protect(row *your-boat* #--'gently *query-io* :count 3))(when (winded) (throw 'breath nil)))(loop repeat 4 (set-mode :merry))(dream))))Suppose that the oar gets stuck, causing gently to call throw with the tagcrab. The program is then committed to exiting from the outer catch (theone with the tag crab). As control breaks out of the unwind-protect form,the winded test is executed. Suppose it is true; then another call to throwoccurs, this time with the tag breath. The inner catch (the one with the tagbreath) has been abandoned as a result of the �rst throw operation (still in



CONTROL STRUCTURE 203progress). The clari�cation voted by X3J13 speci�es that the program is inerror for attempting to transfer control to an abandoned exit point. To putit in terms of the example: once you have begun to catch a crab, you cannotrely on being able to catch your breath.Implementations may support longer extents for exits than is required bythis speci�cation, but portable programs may not rely on such extended ex-tents.(This speci�cation is somewhat controversial. An alternative proposal wasthat the abandoning of exits should be lumped in with the evaluation ofunwind-protect cleanup clauses and the undoing of dynamic bindings andcatch tags, performing all in reverse order of establishment. X3J13 agreedthat this approach is theoretically cleaner and more elegant but also morestringent and of little additional practical use. There was some concern thata more stringent speci�cation might be a great added burden to some imple-mentors and would achieve only a small gain for users.) [Special form]throw tag resultThe throw special form transfers control to a matching catch construct. Thetag is evaluated �rst to produce an object called the throw tag; then theresult form is evaluated, and its results are saved (if the result form producesmultiple values, then all the values are saved). The most recent outstandingcatch whose tag matches the throw tag is exited; the saved results are returnedas the value(s) of the catch. A catch matches only if the catch tag is eq tothe throw tag.In the process, dynamic variable bindings are undone back to the pointof the catch, and any intervening unwind-protect cleanup code is executed.The result form is evaluated before the unwinding process commences, andwhatever results it produces are returned from the catch.If there is no outstanding catcher whose tag matches the throw tag, nounwinding of the stack is performed, and an error is signalled. When theerror is signalled, the outstanding catchers and the dynamic variable bindingsare those in force at the point of the throw.Implementation note: These requirements imply that throwing should typicallymake two passes over the control stack. In the �rst pass it simply searches for amatching catch. In this search every catch must be considered, but every unwind-protect should be ignored. On the second pass the stack is actually unwound,one frame at a time, undoing dynamic bindings and outstanding unwind-protectconstructs in reverse order of creation until the matching catch is reached.



204 COMMON LISPCompatibility note: The name throw comes from MacLisp, but the syntax ofthrow in Common Lisp is di�erent. The MacLisp syntax was (throw form tag),where the tag was not evaluated.



8MacrosThe Common Lisp macro facility allows the user to de�ne arbitrary functionsthat convert certain Lisp forms into di�erent forms before evaluating or com-piling them. This is done at the expression level, not at the character-stringlevel as in most other languages. Macros are important in the writing of goodcode: they make it possible to write code that is clear and elegant at the userlevel but that is converted to a more complex or more e�cient internal formfor execution.When eval is given a list whose car is a symbol, it looks for local de�ni-tions of that symbol (by flet, labels, and macrolet); if that fails, it looksfor a global de�nition. If the de�nition is a macro de�nition, then the orig-inal list is said to be a macro call. Associated with the de�nition will be afunction of two arguments, called the expansion function. This function iscalled with the entire macro call as its �rst argument (the second argumentis a lexical environment); it must return some new Lisp form, called the ex-pansion of the macro call. (Actually, a more general mechanism is involved;see macroexpand.) This expansion is then evaluated in place of the originalform.When a function is being compiled, any macros it contains are expandedat compilation time. This means that a macro de�nition must be seen by thecompiler before the �rst use of the macro.More generally, an implementation of Common Lisp has great latitude indeciding exactly when to expand macro calls within a program. For example,it is acceptable for the defun special form to expand all macro calls withinits body at the time the defun form is executed and record the fully ex-panded body as the body of the function being de�ned. (An implementationmight even choose always to compile functions de�ned by defun, even whenoperating in an \interpretive" mode.)Macros should be written so as to depend as little as possible on the ex-205



206 COMMON LISPecution environment to produce a correct expansion. To ensure consistentbehavior, it is best to ensure that all macro de�nitions are available, whetherto the interpreter or compiler, before any code containing calls to those macrosis introduced.In Common Lisp, macros are not functions. In particular, macros cannotbe used as functional arguments to such functions as apply, funcall, or map;in such situations, the list representing the \original macro call" does notexist, and cannot exist, because in some sense the arguments have alreadybeen evaluated.8.1. Macro De�nitionThe function macro-function determines whether a given symbol is the nameof a macro. The defmacro construct provides a convenient way to de�ne newmacros. [Function]macro-function symbol........................................................................................................................................................................................................

The argument must be a symbol. If the symbol has a global function de�-nition that is a macro de�nition, then the expansion function (a function oftwo arguments, the macro-call form and an environment) is returned. If thesymbol has no global function de�nition, or has a de�nition as an ordinaryfunction or as a special form but not as a macro, then nil is returned. Thefunction macroexpand is the best way to invoke the expansion function.It is possible for both macro-function and special-form-p to be true of asymbol. This is possible because an implementation is permitted to implementany macro also as a special form for speed. On the other hand, the macrode�nition must be available for use by programs that understand only thestandard special forms listed in table 5-1.macro-function cannot be used to determine whether a symbol names alocally de�ned macro established by macrolet; macro-function can examineonly global de�nitions.setf may be used with macro-function to install a macro as a symbol'sglobal function de�nition:(setf (macro-function symbol) fn)The value installed must be a function that accepts two arguments, an entiremacro call and an environment, and computes the expansion for that call.Performing this operation causes the symbol to have only that macro de�nition



........................................................................................................................................................................................................

MACROS 207as its global function de�nition; any previous de�nition, whether as a macroor as a function, is lost. It is an error to attempt to rede�ne the name of aspecial form.X3J13 voted in March 1988 h118i to add an optional environment argumentto macro-function. [Function]macro-function symbol &optional envThe �rst argument must be a symbol. If the symbol has a function de�nitionthat is a macro de�nition, whether a local one established in the environmentenv by macrolet or a global one established as if by defmacro, then theexpansion function (a function of two arguments, the macro-call form and anenvironment) is returned. If the symbol has no function de�nition, or has ade�nition as an ordinary function or as a special form but not as a macro,then nil is returned. The function macroexpand or macroexpand-1 is thebest way to invoke the expansion function.It is possible for both macro-function and special-form-p to be true of asymbol. This is possible because an implementation is permitted to implementany macro also as a special form for speed. On the other hand, the macrode�nition must be available for use by programs that understand only thestandard special forms listed in table 5-1.setf may be used with macro-function to install a macro as a symbol'sglobal function de�nition:(setf (macro-function symbol) fn)The value installed must be a function that accepts two arguments, an entiremacro call and an environment, and computes the expansion for that call.Performing this operation causes the symbol to have only that macro de�nitionas its global function de�nition; any previous de�nition, whether as a macroor as a function, is lost. One cannot use setf to establish a local macrode�nition; it is an error to supply a second argument to macro-functionwhen using it with setf. It is an error to attempt to rede�ne the name of aspecial form.See also compiler-macro-function. [Macro]defmacro name lambda-list [[ fdeclarationg� j doc-string ]] f formg�defmacro is a macro-de�ning macro that arranges to decompose the macro-call form in an elegant and useful way. defmacro has essentially the same



208 COMMON LISPsyntax as defun: name is the symbol whose macro de�nition we are creating,lambda-list is similar in form to a lambda-list, and the forms constitute thebody of the expander function. The defmacro construct arranges to installthis expander function, as the global macro de�nition of name.The expander function is e�ectively de�ned in the global environment; lex-........................................................................................................................................................................................................

ically scoped entities established outside the defmacro form that would ordi-narily be lexically apparent are not visible within the body of the expansionfunction.X3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts. Furthermore, defmacro should de�ne the expander function withinthe enclosing lexical environment, not within the global environment.X3J13 voted in March 1988 h78i to specify that the body of the expanderfunction de�ned by defmacro is implicitly enclosed in a block construct whosename is the same as the name of the de�ned macro. Therefore return-frommay be used to exit from the function.The name is returned as the value of the defmacro form.If we view the macro call as a list containing a function name and someargument forms, in e�ect the expander function and the list of (unevaluated)argument forms is given to apply. The parameter speci�ers are processedas for any lambda-expression, using the macro-call argument forms as thearguments. Then the body forms are evaluated as an implicit progn, and thevalue of the last form is returned as the expansion of the macro call.If the optional documentation string doc-string is present (if not followedby a declaration, it may be present only if at least one form is also speci�ed,as it is otherwise taken to be a form), then it is attached to the name as adocumentation string of type function; see documentation.Like the lambda-list in a defun, a defmacro lambda-list may contain the........................................................................................................................................................................................................

lambda-list keywords &optional, &rest, &key, &allow-other-keys, and&aux. For &optional and &key parameters, initialization forms and supplied-p parameters may be speci�ed, just as for defun. Three additional markersare allowed in defmacro variable lists only.These three markers are now allowed in other constructs as well.&body This is identical in function to &rest, but it informs certainoutput-formatting and editing functions that the remainderof the form is treated as a body and should be indented ac-cordingly. (Only one of &body or &rest may be used.)&whole This is followed by a single variable that is bound to theentire macro-call form; this is the value that the macro def-



MACROS 209inition function receives as its single argument. &whole andthe following variable should appear �rst in the lambda-list,before any other parameter or lambda-list keyword.&environment This is followed by a single variable that is bound to an en-vironment representing the lexical environment in which themacro call is to be interpreted. This environment may notbe the complete lexical environment; it should be used onlywith the function macroexpand for the sake of any local macrode�nitions that the macrolet construct may have establishedwithin that lexical environment. This is useful primarily inthe rare cases where a macro de�nition must explicitly ex-pand any macros in a subform of the macro call before com-puting its own expansion.See lambda-list-keywords.Notice of correction. In the �rst edition, the symbol &environment at theleft margin above was inadvertently omitted.X3J13 voted in March 1989 h117i to specify that macro environment objectsreceived with the &environment argument of a macro function have onlydynamic extent. The consequences are unde�ned if such objects are referred tooutside the dynamic extent of that particular invocation of the macro function.This allows implementations to use somewhat more e�cient techniques forrepresenting environment objects.X3J13 voted in March 1989 h51i to clarify the permitted uses of &body,&whole, and &environment:. &body may appear at any level of a defmacro lambda-list.. &whole may appear at any level of a defmacro lambda-list. At inner levelsa &whole variable is bound to that part of the argument that matches thesub-lambda-list in which &whole appears. No matter where &whole is used,other parameters or lambda-list keywords may follow it.. &environmentmay occur only at the outermost level of a defmacro lambda-list, and it may occur at most once, but it may occur anywhere within thatlambda-list, even before an occurrence of &whole.defmacro, unlike any other Common Lisp construct that has a lambda-listas part of its syntax, provides an additional facility known as destructuring.See destructuring-bind, which provides the destructuring facility sepa-rately.



210 COMMON LISPAnywhere in the lambda-list where a parameter name may appear, andwhere ordinary lambda-list syntax (as described in section 5.2.2) does nototherwise allow a list, a lambda-list may appear in place of the parametername. When this is done, then the argument form that would match theparameter is treated as a (possibly dotted) list, to be used as an argumentforms list for satisfying the parameters in the embedded lambda-list. As anexample, one could write the macro de�nition for dolist in this manner:(defmacro dolist ((var listform &optional resultform)&rest body)...)More examples of embedded lambda-lists in defmacro are shown below.Another destructuring rule is that defmacro allows any lambda-list(whether top-level or embedded) to be dotted, ending in a parameter name.This situation is treated exactly as if the parameter name that ends the listhad appeared preceded by &rest. For example, the de�nition skeleton fordolist shown above could instead have been written(defmacro dolist ((var listform &optional resultform). body)...)If the compiler encounters a defmacro, the new macro is added to thecompilation environment, and a compiled form of the expansion function isalso added to the output �le so that the new macro will be operative at runtime. If this is not the desired e�ect, the defmacro form can be wrapped inan eval-when construct.It is permissible to use defmacro to rede�ne a macro (for example, to installa corrected version of an incorrect de�nition), or to rede�ne a function as amacro. It is an error to attempt to rede�ne the name of a special form (seetable 5-1) as a macro. See macrolet, which establishes macro de�nitions overa restricted lexical scope.See also define-compiler-macro.Suppose, for the sake of example, that it were desirable to implement aconditional construct analogous to the Fortran arithmetic IF statement. (Thisof course requires a certain stretching of the imagination and suspension ofdisbelief.) The construct should accept four forms: a test-value, a neg-form,a zero-form, and a pos-form. One of the last three forms is chosen to beexecuted according to whether the value of the test-form is positive, negative,or zero. Using defmacro, a de�nition for such a construct might look like this:



MACROS 211(defmacro arithmetic-if (test neg-form zero-form pos-form)(let ((var (gensym)))`(let ((,var ,test))(cond ((< ,var 0) ,neg-form)((UU ,var 0) ,zero-form)(t ,pos-form)))))Note the use of the backquote facility in this de�nition (see section 22.1.3).Also note the use of gensym to generate a new variable name. This is necessaryto avoid conict with any variables that might be referred to in neg-form, zero-form, or pos-form.If the form is executed by the interpreter, it will cause the function de�nitionof the symbol arithmetic-if to be a macro associated with which is a two-argument expansion function roughly equivalent to(lambda (calling-form environment)(declare (ignore environment))(let ((var (gensym)))(list 'let(list (list 'var (cadr calling-form)))(list 'cond(list (list '< var '0) (caddr calling-form))(list (list 'UU var '0) (cadddr calling-form))(list 't (fifth calling-form))))))The lambda-expression is produced by the defmacro declaration. The calls tolist are the (hypothetical) result of the backquote ( )̀ macro character andits associated commas. The precise macro expansion function may dependon the implementation, for example providing some degree of explicit errorchecking on the number of argument forms in the macro call.Now, if eval encounters(arithmetic-if (- x 4.0)(- x)(error "Strange zero")x)this will be expanded into something like(let ((g407 (- x 4.0)))(cond ((< g407 0) (- x))((UU g407 0) (error "Strange zero"))



212 COMMON LISP(t x)))and eval tries again on this new form. (It should be clear now that the back-quote facility is very useful in writing macros, since the form to be returnedis normally a complex list structure, typically consisting of a mostly constanttemplate with a few evaluated forms here and there. The backquote templateprovides a \picture" of the resulting code, with places to be �lled in indicatedby preceding commas.)To expand on this example, stretching credibility to its limit, we might allowthe pos-form and zero-form to be omitted, allowing their values to default tonil, in much the same way that the else form of a Common Lisp if constructmay be omitted:(defmacro arithmetic-if (test neg-form&optional zero-form pos-form)(let ((var (gensym)))`(let ((,var ,test))(cond ((< ,var 0) ,neg-form)((UU ,var 0) ,zero-form)(t ,pos-form)))))Then one could write(arithmetic-if (- x 4.0) (print x))which would be expanded into something like(let ((g408 (- x 4.0)))(cond ((< g408 0) (print x))((UU g408 0) nil)(t nil)))The resulting code is correct but rather silly-looking. One might rewrite themacro de�nition to produce better code when pos-form and possibly zero-formare omitted, or one might simply rely on the Common Lisp implementationto provide a compiler smart enough to improve the code itself.Destructuring is a very powerful facility that allows the defmacro lambda-list to express the structure of a complicated macro-call syntax. If no lambda-list keywords appear, then the defmacro lambda-list is simply a list, nestedto some extent, containing parameter names at the leaves. The macro-callform must have the same list structure. For example, consider this macrode�nition:



MACROS 213(defmacro halibut ((mouth eye1 eye2)((fin1 length1) (fin2 length2))tail)...)Now consider this macro call:(halibut (m (car eyes) (cdr eyes))((f1 (count-scales f1)) (f2 (count-scales f2)))my-favorite-tail)This would cause the expansion function to receive the following values for itsparameters:Parameter Valuemouth meye1 (car eyes)eye2 (cdr eyes)fin1 f1length1 (count-scales f1)fin2 f2length2 (count-scales f2)tail my-favorite-tailThe following macro call would be in error because there would be no argu-ment form to match the parameter length1:(halibut (m (car eyes) (cdr eyes))((f1) (f2 (count-scales f2)))my-favorite-tail)The following macro call would be in error because a symbol appears in thecall where the structure of the lambda-list requires a list.(halibut my-favorite-head((f1 (count-scales f1)) (f2 (count-scales f2)))my-favorite-tail)The fact that the value of the variable my-favorite-head might happen tobe a list is irrelevant here. It is the macro call itself whose structure mustmatch that of the defmacro lambda-list.The use of lambda-list keywords adds even greater exibility. For example,suppose it is convenient within the expansion function for halibut to be able



214 COMMON LISPto refer to the list whose components are called mouth, eye1, and eye2 ashead. One may write this:(defmacro halibut ((&whole head mouth eye1 eye2)((fin1 length1) (fin2 length2))tail)Now consider the same valid macro call as before:(halibut (m (car eyes) (cdr eyes))((f1 (count-scales f1)) (f2 (count-scales f2)))my-favorite-tail)This would cause the expansion function to receive the same values for itsparameters and also a value for the parameter head:Parameter Valuehead (m (car eyes) (cdr eyes))The stipulation that an embedded lambda-list is permitted only where or-dinary lambda-list syntax would permit a parameter name but not a list ismade to prevent ambiguity. For example, one may not write(defmacro loser (x &optional (a b &rest c) &rest z)...)because ordinary lambda-list syntax does permit a list following &optional;the list (a b &rest c) would be interpreted as describing an optional pa-rameter named a whose default value is that of the form b, with a supplied-pparameter named &rest (not legal), and an extraneous symbol c in the list(also not legal). An almost correct way to express this is(defmacro loser (x &optional ((a b &rest c)) &rest z)...)The extra set of parentheses removes the ambiguity. However, the de�nition isnow incorrect because a macro call such as (loser (car pool)) would notprovide any argument form for the lambda-list (a b &rest c), and so thedefault value against which to match the lambda-list would be nil becauseno explicit default value was speci�ed. This is in error because nil is anempty list; it does not have forms to satisfy the parameters a and b. Thefully correct de�nition would be either(defmacro loser (x &optional ((a b &rest c) '(nil nil)) &rest z)



MACROS 215...)or(defmacro loser (x &optional ((&optional a b &rest c)) &rest z)...)These di�er slightly: the �rst requires that if the macro call speci�es a explic-itly then it must also specify b explicitly, whereas the second does not havethis requirement. For example,(loser (car pool) ((+ x 1)))would be a valid call for the second de�nition but not for the �rst.8.2. Macro ExpansionThe macroexpand function is the conventional means for expanding a macrocall. A hook is provided for a user function to gain control during the expan-sion process. [Function]macroexpand form &optional env [Function]macroexpand-1 form &optional envIf form is a macro call, then macroexpand-1 will expand the macro call onceand return two values: the expansion and t. If form is not a macro call, thenthe two values form and nil are returned.A form is considered to be a macro call only if it is a cons whose car isa symbol that names a macro. The environment env is similar to that usedwithin the evaluator (see evalhook); it defaults to a null environment. Anylocal macro de�nitions established within env by macroletwill be considered.If only form is given as an argument, then the environment is e�ectivelynull, and only global macro de�nitions (as established by defmacro) will beconsidered.Macro expansion is carried out as follows. Once macroexpand-1 has deter-mined that a symbol names a macro, it obtains the expansion function forthat macro. The value of the variable *macroexpand-hook* is then called asa function of three arguments: the expansion function, the form, and the en-vironment env. The value returned from this call is taken to be the expansionof the macro call. The initial value of *macroexpand-hook* is funcall, andthe net e�ect is to invoke the expansion function, giving it form and env asits two arguments.



216 COMMON LISPX3J13 voted in June 1988 h90i to specify that the value of *macroexpand-hook* is �rst coerced to a function before being called as the expansion inter-face hook. Therefore its value may be a symbol, a lambda-expression, or anyobject of type function.X3J13 voted in March 1989 h117i to specify that macro environment ob-jects received by a *macroexpand-hook* function have only dynamic extent.The consequences are unde�ned if such objects are referred to outside the dy-namic extent of that particular invocation of the hook function. This allowsimplementations to use somewhat more e�cient techniques for representingenvironment objects.(The purpose of *macroexpand-hook* is to facilitate various techniques for........................................................................................................................................................................................................

improving interpretation speed by caching macro expansions.)X3J13 voted in June 1989 h116i to clarify that, while *macroexpand-hook*may be useful for debugging purposes, despite the original design intent thereis currently no correct portable way to use it for caching macro expansions.. Caching by displacement (performing a side e�ect on the macro-call form)won't work because the same (eq) macro-call form may appear in distinctlexical contexts. In addition, the macro-call form may be a read-only con-stant (see quote and also section 25.1).. Caching by table lookup won't work because such a table would have to bekeyed by both the macro-call form and the environment, but X3J13 votedin March 1989 h117i to permit macro environments to have only dynamicextent.. Caching by storing macro-call forms and expansions within the environmentobject itself would work, but there are no portable primitives that wouldallow users to do this.X3J13 also noted that, although there seems to be no correct portable way touse *macroexpand-hook* to cache macro expansions, there is no requirementthat an implementation call the macro expansion function more than once fora given form and lexical environment.X3J13 voted in March 1989 h173i to specify that macroexpand-1 will alsoexpand symbol macros de�ned by symbol-macrolet; therefore a form mayalso be a macro call if it is a symbol. The vote did not address the interactionof this feature with the *macroexpand-hook* function. An obvious imple-mentation choice is that the hook function is indeed called and given a specialexpansion function that, when applied to the form (a symbol) and env, willproduce the expansion, just as for an ordinary macro; but this is only mysuggestion.



MACROS 217The evaluator expands macro calls as if through the use of macroexpand-1;the point is that eval also uses *macroexpand-hook*.macroexpand is similar to macroexpand-1, but repeatedly expands formuntil it is no longer a macro call. (In e�ect, macroexpand simply callsmacroexpand-1 repeatedly until the second value returned is nil.) A sec-ond value of t or nil is returned as for macroexpand-1, indicating whetherthe original form was a macro call. [Variable]*macroexpand-hook*The value of *macroexpand-hook* is used as the expansion interface hook bymacroexpand-1.8.3. DestructuringX3J13 voted in March 1989 h64i to make the destructuring feature ofdefmacro available as a separate facility. [Macro]destructuring-bind lambda-list expression fdeclarationg� f formg�This macro binds the variables speci�ed in lambda-list to the correspondingvalues in the tree structure resulting from evaluating the expression, thenexecutes the forms as an implicit progn.A destructuring-bind lambda-list may contain the lambda-list keywords&optional, &rest, &key, &allow-other-keys, and &aux; &body and &wholemay also be used as they are in defmacro, but &environment may not beused. Nested and dotted lambda-lists are also permitted as for defmacro.The idea is that a destructuring-bind lambda-list has the same format asinner levels of a defmacro lambda-list.If the result of evaluating the expression does not match the destructuringpattern, an error should be signaled.8.4. Compiler MacrosX3J13 voted in June 1989 h49i to add a facility for de�ning compiler macrosthat take e�ect only when compiling code, not when interpreting it.The purpose of this facility is to permit selective source-code transforma-tions only when the compiler is processing the code. When the compiler isabout to compile a non-atomic form, it �rst calls compiler-macroexpand-1



218 COMMON LISPrepeatedly until there is no more expansion (there might not be any to beginwith). Then it continues its remaining processing, which may include callingmacroexpand-1 and so on.The compiler is required to expand compiler macros. It is unspeci�edwhether the interpreter does so. The intention is that only the compiler willdo so, but the range of possible \compiled-only" implementation strategiesprecludes any �rm speci�cation. [Macro]define-compiler-macro name lambda-listfdeclaration j doc-stringg� f formg�This is just like defmacro except the de�nition is not stored in the symbolfunction cell of name and is not seen by macroexpand-1. It is, however, seenby compiler-macroexpand-1. As with defmacro, the lambda-listmay include&environment and &whole and may include destructuring. The de�nition isglobal. (There is no provision for de�ning local compiler macros in the waythat macrolet de�nes local macros.)A top-level call to define-compiler-macro in a �le being compiled bycompile-file has an e�ect on the compilation environment similar to that ofa call to defmacro, except it is noticed as a compiler macro (see section 25.1).Note that compiler macro de�nitions do not appear in information re-turned by function-information; they are global, and their interaction withother lexical and global de�nitions can be reconstructed by compiler-macro-function. It is up to code-walking programs to decide whether to invokecompiler macro expansion.X3J13 voted in March 1988 h78i to specify that the body of the expanderfunction de�ned by defmacro is implicitly enclosed in a block construct whosename is the same as the name of the de�ned macro; presumably this appliesalso to define-compiler-macro. Therefore return-frommay be used to exitfrom the function. [Function]compiler-macro-function name &optional envThe name must be a symbol. If it has been de�ned as a compiler macro, thencompiler-macro-function returns the macro expansion function; otherwiseit returns nil. The lexical environment env may override any global de�nitionfor name by de�ning a local function or local macro (such as by flet, labels,or macrolet) in which case nil is returned.setf may be used with compiler-macro-function to install a function asthe expansion function for the compiler macro name, in the same manner as



MACROS 219for macro-function. Storing the value nil removes any existing compilermacro de�nition. As with macro-function, a non-nil stored value must bea function of two arguments, the entire macro call and the environment. Thesecond argument to compiler-macro-function must be omitted when it isused with setf. [Function]compiler-macroexpand form &optional env [Function]compiler-macroexpand-1 form &optional envThese are just like macroexpand and macroexpand-1 except that the ex-pander function is obtained as if by a call to compiler-macro-functionon the car of the form rather than by a call to macro-function. Notethat compiler-macroexpand performs repeated expansion but compiler-macroexpand-1 performs at most one expansion. Two values are returned,the expansion (or the original form) and a value that is true if any expansionoccurred and nil otherwise.There are three cases where no expansion happens:. There is no compiler macro de�nition for the car of form.. There is such a de�nition but there is also a notinline declaration, eitherglobally or in the lexical environment env.. A global compiler macro de�nition is shadowed by a local function or macrode�nition (such as by flet, labels, or macrolet).Note that if there is no expansion, the original form is returned as the �rstvalue, and nil as the second value.Any macro expansion performed by the function compiler-macroexpandor by the function compiler-macroexpand-1 is carried out by calling thefunction that is the value of *macroexpand-hook*.A compiler macro may decline to provide any expansion merely by returningthe original form. This is useful when using the facility to put \compileroptimizers" on various function names. For example, here is a compiler macrothat \optimizes" (one would hope) the zero-argument and one-argument casesof a function called plus:(define-compiler-macro plus (&whole form &rest args)(case (length args)(0 0)(1 (car args))(t form)))



220 COMMON LISP8.5. EnvironmentsX3J13 voted in June 1989 h174i to add some facilities for obtaining in-formation from environment objects of the kind received as arguments bymacro expansion functions, *macroexpand-hook* functions, and *evalhook*functions. There is a minimal set of accessors (variable-information,function-information, and declaration-information) and a constructor(augment-environment) for environments.All of the standard declaration speci�ers, with the exception of special,can be de�ned fairly easily using define-declaration. It also seems to beable to handle most extended declarations.The function parse-macro is provided so that users don't have to writetheir own code to destructure macro arguments. This function is not entirelynecessary since X3J13 voted in March 1989 h64i to add destructuring-bindto the language. However, parse-macro is worth having anyway, since anyprogram-analyzing program is going to need to de�ne it, and the implemen-tation isn't completely trivial even with destructuring-bind to build upon.The function enclose allows expander functions to be de�ned in a non-nulllexical environment, as required by the vote of X3J13 in March 1989 h50i.It also provides a mechanism by which a program processing the body of an(eval-when (:compile-toplevel) ...) form can execute it in the enclosingenvironment (see issue h73i).In all of these functions the argument named env is an environment ob-ject. (It is not required that implementations provide a distinguished repre-sentation for such objects.) Optional env arguments default to nil, whichrepresents the local null lexical environment (containing only global de�ni-tions and proclamations that are present in the run-time environment). Allof these functions should signal an error of type type-error if the value ofan environment argument is not a syntactic environment object.The accessor functions variable-information, function-information,and declaration-information retrieve information about declarations thatare in e�ect in the environment. Since implementations are permitted toignore declarations (except for special declarations and optimize safetydeclarations if they ever compile unsafe code), these accessors are requiredonly to return information about declarations that were explicitly added tothe environment using augment-environment. They might also return infor-mation about declarations recognized and added to the environment by theinterpreter or the compiler, but that is at the discretion of the implementor.Implementations are also permitted to canonicalize declarations, so the infor-mation returned by the accessors might not be identical to the information



MACROS 221that was passed to augment-environment. [Function]variable-information variable &optional envThis function returns information about the interpretation of the symbol vari-able when it appears as a variable within the lexical environment env. Threevalues are returned.The �rst value indicates the type of de�nition or binding for variable inenv :nil There is no apparent de�nition or binding for variable.:special The variable refers to a special variable, either declared orproclaimed.:lexical The variable refers to a lexical variable.:symbol-macro The variable refers to a symbol-macrolet binding.:constant Either the variable refers to a named constant de�ned bydefconstant or the variable is a keyword symbol.The second value indicates whether there is a local binding of the name.If the name is locally bound, the second value is true; otherwise, the secondvalue is nil.The third value is an a-list containing information about declarations thatapply to the apparent binding of the variable. The keys in the a-list aresymbols that name declaration speci�ers, and the format of the correspondingvalue in the cdr of each pair depends on the particular declaration nameinvolved. The standard declaration names that might appear as keys in thisa-list are:dynamic-extent A non-nil value indicates that the variable has been de-clared dynamic-extent. If the value is nil, the pair mightbe omitted.ignore A non-nil value indicates that the variable has been de-clared ignore. If the value is nil, the pair might be omit-ted.type The value is a type speci�er associated with the variable bya type declaration or an abbreviated declaration such as(fixnum variable). If no explicit association exists, eitherby proclaim or declare, then the type speci�er is t. Itis permissible for implementations to use a type speci�er



222 COMMON LISPthat is equivalent to or a supertype of the one appearingin the original declaration. If the value is t, the pair mightbe omitted.If an implementation supports additional declaration speci�ers that apply tovariable bindings, those declaration names might also appear in the a-list.However, the corresponding key must not be a symbol that is external inany package de�ned in the standard or that is otherwise accessible in thecommon-lisp-user package.The a-list might contain multiple entries for a given key. The consequencesof destructively modifying the list structure of this a-list or its elements (ex-cept for values that appear in the a-list as a result of define-declaration)are unde�ned.Note that the global binding might di�er from the local one and can beretrieved by calling variable-information with a null lexical environment.[Function]function-information function &optional envThis function returns information about the interpretation of the function-name function when it appears in a functional position within lexical environ-ment env. Three values are returned.The �rst value indicates the type of de�nition or binding of the function-name which is apparent in env:nil There is no apparent de�nition for function.:function The function refers to a function.:macro The function refers to a macro.:special-form The function refers to a special form.Some function-names can refer to both a global macro and a global specialform. In such a case the macro takes precedence and :macro is returned asthe �rst value.The second value speci�es whether the de�nition is local or global. If local,the second value is true; it is nil when the de�nition is global.The third value is an a-list containing information about declarations thatapply to the apparent binding of the function. The keys in the a-list aresymbols that name declaration speci�ers, and the format of the correspondingvalues in the cdr of each pair depends on the particular declaration nameinvolved. The standard declaration names that might appear as keys in thisa-list are:



MACROS 223dynamic-extent A non-nil value indicates that the function has been de-clared dynamic-extent. If the value is nil, the pair mightbe omitted.inline The value is one of the symbols inline, notinline, or nilto indicate whether the function-name has been declaredinline, declared notinline, or neither, respectively. Ifthe value is nil, the pair might be omitted.ftype The value is the type speci�er associated with the function-name in the environment, or the symbol function if thereis no functional type declaration or proclamation associ-ated with the function-name. This value might not includeall the apparent ftype declarations for the function-name.It is permissible for implementations to use a type speci-�er that is equivalent to or a supertype of the one that ap-peared in the original declaration. If the value is function,the pair might be omitted.If an implementation supports additional declaration speci�ers that apply tofunction bindings, those declaration names might also appear in the a-list.However, the corresponding key must not be a symbol that is external inany package de�ned in the standard or that is otherwise accessible in thecommon-lisp-user package.The a-list might contain multiple entries for a given key. In this case thevalue associated with the �rst entry has precedence. The consequences ofdestructively modifying the list structure of this a-list or its elements (exceptfor values that appear in the a-list as a result of define-declaration) areunde�ned.Note that the global binding might di�er from the local one and can beretrieved by calling function-information with a null lexical environment.[Function]declaration-information decl-name &optional envThis function returns information about declarations named by the symboldecl-name that are in force in the environment env. Only declarations that donot apply to function or variable bindings can be accessed with this function.The format of the information that is returned depends on the decl-nameinvolved.It is required that this function recognize optimize and declaration asdecl-names. The values returned for these two cases are as follows:



224 COMMON LISPoptimize A single value is returned, a list whose entries are of theform (quality value), where quality is one of the standardoptimization qualities (speed, safety, compilation-speed, space, debug) or some implementation-speci�c op-timization quality, and value is an integer in the range0 to 3 (inclusive). The returned list always containsan entry for each of the standard qualities and for eachof the implementation-speci�c qualities. In the absenceof any previous declarations, the associated values areimplementation-dependent. The list might contain multi-ple entries for a quality, in which case the �rst such entryspeci�es the current value. The consequences of destruc-tively modifying this list or its elements are unde�ned.declaration A single value is returned, a list of the declaration namesthat have been proclaimed as valid through the use of thedeclaration proclamation. The consequences of destruc-tively modifying this list or its elements are unde�ned.If an implementation is extended to recognize additional declaration speci-�ers in declare or proclaim, it is required that either the declaration-information function should recognize those declarations also or the im-plementation should provide a similar accessor that is specialized for thatdeclaration speci�er. If declaration-information is used to return the in-formation, the corresponding decl-name must not be a symbol that is externalin any package de�ned in the standard or that is otherwise accessible in thecommon-lisp-user package. [Function]augment-environment env &key :variable :symbol-macro:function :macro :declareThis function returns a new environment containing the information presentin env augmented with the information provided by the keyword arguments.It is intended to be used by program analyzers that perform a code walk.The arguments are supplied as follows.:variableThe argument is a list of symbols that will be visible as bound variables inthe new environment. Whether each binding is to be interpreted as specialor lexical depends on special declarations recorded in the environment orprovided in the :declare argument.



MACROS 225:symbol-macroThe argument is a list of symbol macro de�nitions, each of the form (namede�nition); that is, the argument is in the same format as the cadr of asymbol-macrolet special form. The new environment will have local symbol-macro bindings of each symbol to the corresponding expansion, so thatmacroexpand will be able to expand them properly. A type declaration inthe :declare argument that refers to a name in this list implicitly modi�esthe de�nition associated with the name. The e�ect is to wrap a the formmentioning the type around the de�nition.:functionThe argument is a list of function-names that will be visible as local functionbindings in the new environment.:macroThe argument is a list of local macro de�nitions, each of the form (namede�nition). Note that the argument is not in the same format as the cadr of amacrolet special form. Each de�nition must be a function of two arguments(a form and an environment). The new environment will have local macrobindings of each name to the corresponding expander function, which will bereturned by macro-function and used by macroexpand.:declareThe argument is a list of declaration speci�ers. Information about thesedeclarations can be retrieved from the resulting environment using variable-information, function-information, and declaration-information.The consequences of subsequently destructively modifying the list structureof any of the arguments to this function are unde�ned.An error is signaled if any of the symbols naming a symbol macro in the:symbol-macro argument is also included in the :variable argument. Anerror is signaled if any symbol naming a symbol macro in the :symbol-macroargument is also included in a special declaration speci�er in the :declareargument. An error is signaled if any symbol naming a macro in the :macroargument is also included in the :function argument. The condition type ofeach of these errors is program-error.The extent of the returned environment is the same as the extent of theargument environment env. The result might share structure with env butenv is not modi�ed.



226 COMMON LISPWhile an environment argument received by an *evalhook* function is per-mitted to be used as the environment argument to augment-environment, theconsequences are unde�ned if an attempt is made to use the result of augment-environment as the environment argument for evalhook. The environmentreturned by augment-environment can be used only for syntactic analysis,that is, as an argument to the functions de�ned in this section and functionssuch as macroexpand. [Macro]define-declaration decl-name lambda-list f formg�This macro de�nes a handler for the named declaration. It is the mechanismby which augment-environment is extended to support additional declara-tion speci�ers. The function de�ned by this macro will be called with twoarguments, a declaration speci�er whose car is decl-name and the env argu-ment to augment-environment. This function must return two values. The�rst value must be one of the following keywords::variable The declaration applies to variable bindings.:function The declaration applies to function bindings.:declare The declaration does not apply to bindings.If the �rst value is :variable or :function then the second value must bea list, the elements of which are lists of the form (binding-name key value).If the corresponding information function (either variable-information orfunction-information) is applied to the binding-name and the augmentedenvironment, the a-list returned by the information function as its third valuewill contain the value under the speci�ed key.If the �rst value is :declare, the second value must be a cons of the form(key . value). The function declaration-information will return valuewhen applied to the key and the augmented environment.define-declaration causes decl-name to be proclaimed to be a declara-tion; it is as if its expansion included a call (proclaim '(declaration decl-name)). As is the case with standard declaration speci�ers, the evaluatorand compiler are permitted, but not required, to add information about dec-laration speci�ers de�ned with define-declaration to the macro expansionand *evalhook* environments.The consequences are unde�ned if decl-name is a symbol that can appearas the car of any standard declaration speci�er.The consequences are also unde�ned if the return value from a declarationhandler de�ned with define-declaration includes a key name that is used



MACROS 227by the corresponding accessor to return information about any standard dec-laration speci�er. (For example, if the �rst return value from the handleris :variable, the second return value may not use the symbols dynamic-extent, ignore, or type as key names.)The define-declaration macro does not have any special compile-timeside e�ects (see section 25.1). [Function]parse-macro name lambda-list body &optional envThis function is used to process a macro de�nition in the same way asdefmacro and macrolet. It returns a lambda-expression that accepts twoarguments, a form and an environment. The name, lambda-list, and bodyarguments correspond to the parts of a defmacro or macrolet de�nition.The lambda-list argument may include &environment and &whole and mayinclude destructuring. The name argument is used to enclose the body in animplicit block and might also be used for implementation-dependent purposes(such as including the name of the macro in error messages if the form doesnot match the lambda-list). [Function]enclose lambda-expression &optional envThis function returns an object of type function that is equivalent to whatwould be obtained by evaluating `(function ,lambda-expression) in a syn-tactic environment env. The lambda-expression is permitted to reference onlythe parts of the environment argument env that are relevant only to syntacticprocessing, speci�cally declarations and the de�nitions of macros and symbolmacros. The consequences are unde�ned if the lambda-expression contains anyreferences to variable or function bindings that are lexically visible in env, anygo to a tag that is lexically visible in env, or any return-from mentioning ablock name that is lexically visible in env.



9DeclarationsDeclarations allow you to specify extra information about your program tothe Lisp system. With one exception, declarations are completely optionaland correct declarations do not a�ect the meaning of a correct program. Theexception is that special declarations do a�ect the interpretation of variablebindings and references and so must be speci�ed where appropriate. All otherdeclarations are of an advisory nature, and may be used by the Lisp system toaid the programmer by performing extra error checking or producing more ef-�cient compiled code. Declarations are also a good way to add documentationto a program.Note that it is considered an error for a program to violate a declaration(such as a type declaration), but an implementation is not required to detectsuch errors (though such detection, where feasible, is to be encouraged).9.1. Declaration SyntaxThe declare construct is used for embedding declarations within executablecode. Global declarations and declarations that are computed by a programare established by the proclaim construct.X3J13 voted in June 1989 h144i to introduce the new macro declaim, whichis guaranteed to be recognized appropriately by the compiler and is often moreconvenient than proclaim for establishing global declarations. [Special form]declare fdecl-specg�A declare form is known as a declaration. Declarations may occur only atthe beginning of the bodies of certain special forms; that is, a declaration mayoccur only as a statement of such a special form, and all statements precedingit (if any) must also be declare forms (or possibly documentation strings, in228



DECLARATIONS 229some cases). Declarations may occur in lambda-expressions and in the formslisted here.define-setf-method labelsdefmacro letdefsetf let*deftype locallydefun macroletdo multiple-value-binddo* progdo-all-symbols prog*do-external-symbols with-input-from-stringdo-symbols with-open-filedolist with-open-streamdotimes with-output-to-stringfletNotice of correction. In the �rst edition, the above list failed to men-tion the forms define-setf-method, with-input-from-string, with-open-file, with-open-stream, and with-output-to-string, even though theirindividual descriptions in the �rst edition speci�ed that declarations may ap-pear in those forms.X3J13 voted in June 1989 h31i to add with-condition-restarts and alsoh40i to add print-unreadable-objectand with-standard-io-syntax. TheX3J13 vote left it unclear whether these macros permit declarations to appearat the heads of their bodies. I believe that was the intent, but this is only myinterpretation.X3J13 voted in June 1988 h12i to adopt the Common Lisp Object System,which includes the following additional forms in which declarations may occur:defgeneric generic-functiondefine-method-combination generic-labelsdefmethod with-added-methodsgeneric-fletFurthermore X3J13 voted in January 1989 h172i to allow declarations to occurbefore the bodies of these forms:symbol-macrolet with-slotswith-accessors



230 COMMON LISPThere are certain aspects peculiar to symbol-macrolet (and therefore alsoto with-accessors and with-slots, which expand into uses of symbol-macrolet). An error is signaled if a name de�ned by symbol-macrolet isdeclared special, and a type declaration of a name de�ned by symbol-macrolet is equivalent in e�ect to wrapping a the form mentioning thattype around the expansion of the de�ned symbol.It is an error to attempt to evaluate a declaration. Those special forms thatpermit declarations to appear perform explicit checks for their presence.Compatibility note: In MacLisp, declare is a special form that does nothing butreturn the symbol declare as its result. The MacLisp interpreter knows nothingabout declarations but just blindly evaluates them, e�ectively ignoring them. TheMacLisp compiler recognizes declarations but processes them simply by evaluatingthe subforms of the declaration in the compilation context. In Common Lisp it isimportant that both the interpreter and compiler recognize declarations (especiallyspecial declarations) and treat them consistently, and so the rules about the struc-ture and use of declarations have been made considerably more stringent. The oddtricks played in MacLisp by writing arbitrary forms to be evaluated within a declareform are better done in both MacLisp and Common Lisp by using eval-when.It is permissible for a macro call to expand into a declaration and be rec-ognized as such, provided that the macro call appears where a declarationmay legitimately appear. (However, a macro call may not appear in place ofa decl-spec.)X3J13 voted in March 1988 h45i to eliminate the recognition of a declarationresulting from the expansion of a macro call. This feature proved to be seldomused and awkward to implement in interpreters, compilers, and other code-analyzing programs.Under this change, a declaration is recognized only as such if it appearsexplicitly, as a list whose car is the symbol declare, in the body of a relevantspecial form. (Note, however, that it is still possible for a macro to expandinto a call to the proclaim function.)Each decl-spec is a list whose car is a symbol specifying the kind of decla-ration to be made. Declarations may be divided into two classes: those thatconcern the bindings of variables, and those that do not. (The special dec-laration is the sole exception: it e�ectively falls into both classes, as explainedbelow.) Those that concern variable bindings apply only to the bindings madeby the form at the head of whose body they appear. For example, in(defun foo (x)(declare (type float x)) ...



DECLARATIONS 231(let ((x 'a)) ...)...)the type declaration applies only to the outer binding of x, and not to thebinding made in the let.Compatibility note: This represents a di�erence from MacLisp, in which typedeclarations are pervasive.Declarations that do not concern themselves with variable bindings arepervasive, a�ecting all code in the body of the special form. As an exampleof a pervasive declaration,(defun foo (x y) (declare (notinline floor)) ...)advises that everywhere within the body of foo the function floor shouldnot be open-coded but called as an out-of-line subroutine.Some special forms contain pieces of code that, properly speaking, are notpart of the body of the special form. Examples of this are initialization formsthat provide values for bound variables, and the result forms of iteration con-structs. In all cases such additional code is within the scope of any pervasivedeclarations appearing before the body of the special form. Non-pervasivedeclarations have no e�ect on such code, except (of course) in those situa-tions where the code is de�ned to be within the scope of the variables a�ectedby such non-pervasive declarations. For example:(defun few (x &optional (y *print-circle*))(declare (special *print-circle*))...)The reference to *print-circle* in the �rst line of this example is specialbecause of the declaration in the second line.(defun nonsense (k x z)(foo z x) ;First call to foo(let ((j (foo k x)) ;Second call to foo(x (* k k)))(declare (inline foo) (special x z))(foo x j z))) ;Third call to fooIn this rather nonsensical example, the inline declaration applies to thesecond and third calls to foo, but not to the �rst one. The special declaration



232 COMMON LISPof x causes the let form to make a special binding for x and causes thereference to x in the body of the let to be a special reference. The referenceto x in the second call to foo is also a special reference. The reference to xin the �rst call to foo is a local reference, not a special one. The specialdeclaration of z causes the reference to z in the call to foo to be a specialreference; it will not refer to the parameter to nonsense named z, becausethat parameter binding has not been declared to be special. (The specialdeclaration of z does not appear in the body of the defun, but in an innerconstruct, and therefore does not a�ect the binding of the parameter.)X3J13 voted in January 1989 h42i to replace the rules concerning the scopeof declarations occurring at the head of a special form or lambda-expression:. The scope of a declaration always includes the body forms, as well as any\stepper" or \result" forms (which are logically part of the body), of thespecial form or lambda-expression.. If the declaration applies to a name binding, then the scope of the declara-tion also includes the scope of the name binding.Note that the distinction between pervasive and non-pervasive declarations iseliminated. An important change from the �rst edition is that \initialization"forms are speci�cally not included as part of the body under the �rst rule; onthe other hand, in many cases initialization forms may fall within the scopeof certain declarations under the second rule.X3J13 also voted in January 1989 h46i to change the interpretation of typedeclarations (see section 9.2).These changes a�ect the interpretation of some of the examples from the�rst edition.(defun foo (x)(declare (type float x)) ...(let ((x 'a)) ...)...)Under the interpretation approved by X3J13, the type declaration applies toboth bindings of x. More accurately, the type declaration is considered toapply to variable references rather than bindings, and the type declarationrefers to every reference in the body of foo to a variable named x, no matterto what binding it may refer.(defun foo (x y) (declare (notinline floor)) ...)



DECLARATIONS 233This example of the use of notinline stands unchanged, but the followingslight extension of it would change:(defun foo (x &optional (y (floor x)))(declare (notinline floor)) ...)Under �rst edition rules, the notinline declaration would be considered toapply to the call to floor in the initialization form for y. Under the interpre-tation approved by X3J13, the notinline would not apply to that particularcall to floor. Instead the user must write something like(defun foo (x &optional (y (locally (declare (notinline floor))(floor x))))(declare (notinline floor)) ...)or perhaps(locally (declare (notinline floor))(defun foo (x &optional (y (floor x))) ...))Similarly, the special declaration in(defun few (x &optional (y *print-circle*))(declare (special *print-circle*))...)is not considered to apply to the reference in the initialization form for y infew. As for the nonsense example,(defun nonsense (k x z)(foo z x) ;First call to foo(let ((j (foo k x)) ;Second call to foo(x (* k k)))(declare (inline foo) (special x z))(foo x j z))) ;Third call to foounder the interpretation approved by X3J13, the inline declaration is nolonger considered to apply to the second call to foo, because it is in an ini-tialization form, which is no longer considered in the scope of the declaration.Similarly, the reference to x in that second call to foo is no longer taken to bea special reference, but a local reference to the second parameter of nonsense.
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234 COMMON LISP........................................................................................................................................................................................................

[Macro]locally fdeclarationg� f formg�This macro may be used to make local pervasive declarations where desired.It does not bind any variables and therefore cannot be used meaningfully fordeclarations of variable bindings. (Note that the special declaration may beused with locally to pervasively a�ect references to, rather than bindings of,variables.) For example:(locally (declare (inline floor) (notinline car cdr))(declare (optimize space))(floor (car x) (cdr y)))X3J13 voted in January 1989 h156i to specify that locally executes theforms as an implicit progn and returns the value(s) of the last form.X3J13 voted in March 1989 h113i to make locally be a special form ratherthan a macro. It still has the same syntax. [Special form]locally fdeclarationg� f formg�This change was made to accommodate the new compilation model for top-level forms in a �le (see section 25.1). When a locally form appears at toplevel, the forms in its body are processed as top-level forms. This means thatone may, for example, meaningfully use locally to wrap declarations arounda defun or defmacro form:(locally(declare (optimize (safety 3) (space 3) (debug 3) (speed 1)))(defun foo (x &optional (y (abs x)) (z (sqrt y)))(bar x y z)))Without assurance that this works one must write something cumbersomesuch as(defun foo (x &optional (y (locally(declare (optimize (safety 3)(space 3)(debug 3)(speed 1)))(abs x)))(z (locally(declare (optimize (safety 3)(space 3)



DECLARATIONS 235(debug 3)(speed 1)))(sqrt y))))(locally(declare (optimize (safety 3) (space 3) (debug 3) (speed 1)))(bar x y z)))



236 COMMON LISP [Function]proclaim decl-specThe function proclaim takes a decl-spec as its argument and puts it into ef-fect globally. (Such a global declaration is called a proclamation.) Becauseproclaim is a function, its argument is always evaluated. This allows a pro-gram to compute a declaration and then put it into e�ect by calling proclaim.Any variable names mentioned are assumed to refer to the dynamic valuesof the variable. For example, the proclamation(proclaim '(type float tolerance))once executed, speci�es that the dynamic value of tolerance should alwaysbe a oating-point number. Similarly, any function-names mentioned areassumed to refer to the global function de�nition.A proclamation constitutes a universal declaration, always in force unlesslocally shadowed. For example,(proclaim '(inline floor))advises that floor should normally be open-coded in-line by the compiler(but in the situation(defun foo (x y) (declare (notinline floor)) ...)it will be compiled out-of-line anyway in the body of foo, because of theshadowing local declaration to that e�ect).X3J13 voted in January 1989 h164i to clarify that such shadowing does notoccur in the case of type declarations. If there is a local type declaration for aspecial variable and there is also a global proclamation for that same variable,then the value of the variable within the scope of the local declaration must bea member of the intersection of the two declared types. This is consistent withthe treatment of nested local type declarations on which X3J13 also voted inJanuary 1989 h46i.As a special case (so to speak), proclaim treats a special decl-spec asapplying to all bindings as well as to all references of the mentioned variables.Notice of correction. In the �rst edition, this sentence referred to a\special declaration-form." That was incorrect; proclaim accepts only adecl-spec, not a declaration-form.For example, after(proclaim '(special x))in a function de�nition such as



DECLARATIONS 237(defun example (x) ...)the parameter x will be bound as a special (dynamic) variable rather than as alexical (static) variable. This facility should be used with caution. The usualway to de�ne a globally special variable is with defvar or defparameter.X3J13 voted in June 1989 h144i to clarify that the compiler is not requiredto treat calls to proclaim any di�erently from the way it treats any otherfunction call. If a top-level call to proclaim is to take e�ect at compile time,it should be surrounded by an appropriate eval-when form. Better yet, thenew macro declaim may be used instead. [Macro]declaim fdecl-specg�This macro is syntactically like declare and semantically like proclaim. Itis an executable form and may be used anywhere proclaim may be called.However, each decl-spec is not evaluated.If a call to this macro appears at top level in a �le being processed by the�le compiler, the proclamations are also made at compile time. As with otherde�ning macros, it is unspeci�ed whether or not the compile-time side e�ectsof a declaim persist after the �le has been compiled (see section 25.1).9.2. Declaration Speci�ersHere is a list of valid declaration speci�ers for use in declare. A constructis said to be \a�ected" by a declaration if it occurs within the scope of adeclaration.special(special var1 var2 ...) speci�es that all of the variables named are to beconsidered special. This speci�er a�ects variable bindings but also pervasivelya�ects references. All variable bindings a�ected are made to be dynamicbindings, and a�ected variable references refer to the current dynamic bindingrather than to the current local binding. For example:(defun hack (thing *mod*) ;The binding of the parameter(declare (special *mod*)) ; *mod* is visible to hack1,(hack1 (car thing))) ; but not that of thing(defun hack1 (arg)(declare (special *mod*)) ;Declare references to *mod*



238 COMMON LISP ; within hack1 to be special(if (atom arg) *mod*(cons (hack1 (car arg)) (hack1 (cdr arg)))))Note that it is conventional, though not required, to give special variablesnames that begin and end with an asterisk.A special declaration does not a�ect bindings pervasively. Inner bindingsof a variable implicitly shadow a special declaration and must be explicitlyre-declared to be special. (However, a special proclamation does pervasivelya�ect bindings; this exception is made for reasons of convenience and com-patibility with MacLisp.) For example:(proclaim '(special x)) ;x is always special(defun example (x y)(declare (special y))(let ((y 3) (x (* x 2)))(print (+ y (locally (declare (special y)) y)))(let ((y 4)) (declare (special y)) (foo x))))In the contorted code above, the outermost and innermost bindings of y arespecial and therefore dynamically scoped, but the middle binding is lexicallyscoped. The two arguments to + are di�erent, one being the value, which is 3,of the lexically bound variable y, and the other being the value of the specialvariable named y (a binding of which happens, coincidentally, to lexicallysurround it at an outer level). All the bindings of x and references to x arespecial, however, because of the proclamation that x is always special.As a matter of style, use of special proclamations should be avoided. Thedefvar and defparametermacros are the conventional means for proclaimingspecial variables in a program.type(type type var1 var2 ...) a�ects only variable bindings and speci�es thatthe variables mentioned will take on values only of the speci�ed type. Inparticular, values assigned to the variables by setq, as well as the initialvalues of the variables, must be of the speci�ed type.X3J13 voted in January 1989 h46i to alter the interpretation of type decla-rations. They are not to be construed to a�ect \only variable bindings." Thenew rule for a declaration of a variable to have a speci�ed type is threefold:



DECLARATIONS 239. It is an error if, during the execution of any reference to that variable withinthe scope of the declaration, the value of the variable is not of the declaredtype.. It is an error if, during the execution of a setq of that variable within thescope of the declaration, the new value for the variable is not of the declaredtype.. It is an error if, at any moment that execution enters the scope of thedeclaration, the value of the variable is not of the declared type.One may think of a type declaration (declare (type face bodoni)) asimplicitly changing every reference to bodoni within the scope of the dec-laration to (the face bodoni); changing every expression exp assigned tobodoni within the scope of the declaration to (the face exp); and implic-itly executing (the face bodoni) every time execution enters the scope ofthe declaration.These new rules make type declarations much more useful. Under �rstedition rules, a type declaration was useless if not associated with a variablebinding; declarations such as in(locally(declare (type (byte 8) x y))(+ x y))at best had no e�ect and at worst were erroneous, depending on one's inter-pretation of the �rst edition. Under the interpretation approved by X3J13,such declarations have \the obvious natural interpretation."X3J13 noted that if nested type declarations refer to the same variable,then all of them have e�ect; the value of the variable must be a member ofthe intersection of the declared types.Nested type declarations could occur as a result of either macro expansionor carefully crafted code. There are three cases. First, the inner type mightbe a subtype of the outer one:(defun compare (apples oranges)(declare (type number apples oranges))



240 COMMON LISP(cond ((typep apples 'fixnum);; The programmer happens to know that, thanks to;; constraints imposed by the caller, if APPLES;; is a fixnum, then ORANGES will be also, and;; therefore wishes to avoid the unnecessary cost;; of checking ORANGES. Nevertheless the compiler;; should be informed to allow it to optimize code.(locally (declare (type fixnum apples oranges)));; Maybe the compiler could have figured;; out by flow analysis that APPLES must;; be a fixnum here, but it doesn't hurt;; to say it explicitly.(< apples oranges)))((or (complex apples)(complex oranges))(error "Not yet implemented. Sorry."))...))This is the case most likely to arise in code written completely by hand.Second, the outer type might be a subtype of the inner one. In this case theinner declaration has no additional practical e�ect, but it is harmless. Thisis likely to occur if code declares a variable to be of a very speci�c type andthen passes it to a macro that then declares it to be of a less speci�c type.Third, the inner and outer declarations might be for types that overlap,neither being a subtype of the other. This is likely to occur only as a resultof macro expansion. For example, user code might declare a variable to be oftype integer, and a macro might later declare it to be of type (or fixnumpackage); in this case a compiler could intersect the two types to determinethat in this instance the variable may hold only �xnums.The reader should note that the following code fragment is, perhaps aston-ishingly, not in error under the interpretation approved by X3J13:



DECLARATIONS 241(let ((james .007)(maxwell 86))(flet ((spy-swap ()(rotatef james maxwell)))(locally (declare (integer maxwell))(spy-swap)(view-movie "The Sound of Music")(spy-swap)maxwell)))) 86 (after a couple of hours of Julie Andrews)The variable maxwell is declared to be an integer over the scope of the typedeclaration, not over its extent. Indeed maxwell takes on the non-integer value.007 while the Trapp family make their escape, but because no reference tomaxwellwithin the scope of the declaration ever produces a non-integer value,the code is correct.Now the assignment to maxwell during the �rst call to spy-swap, and thereference to maxwell during the second call, do involve non-integer values,but they occur within the body of spy-swap, which is not in the scope of thetype declaration! One could put the declaration in a di�erent place so as toinclude spy-swap in the scope:(let ((james .007)(maxwell 86))(locally (declare (integer maxwell))(flet ((spy-swap ()(rotatef james maxwell)))(spy-swap) ;Bug!(view-movie "The Sound of Music")(spy-swap)maxwell)))and then the code is indeed in error.X3J13 also voted in January 1989 h91i to alter the meaning of the functiontype speci�er when used in type declarations (see section 4.5).type(type var1 var2 ...) is an abbreviation for (type type var1 var2 ...),provided that type is one of the symbols appearing in table 4-1.



242 COMMON LISPObserve that this covers the particularly common case of declaring numericvariables:(declare (single-float mass dx dy dz)(double-float acceleration sum))In many implementations there is also some advantage to declaring variablesto have certain specialized vector types such as base-string.ftype(ftype type function-name-1 function-name-2 ...) speci�es that thenamed functions will be of the functional type type, an example of whichfollows. For example:(declare (ftype (function (integer list) t) nth)(ftype (function (number) float) sin cos))Note that rules of lexical scoping are observed; if one of the functions men-tioned has a lexically apparent local de�nition (as made by flet or labels),then the declaration applies to that local de�nition and not to the globalfunction de�nition.X3J13 voted in March 1989 h89i to extend ftype declaration speci�ers toaccept any function-name (a symbol or a list whose car is setf|see sec-tion 7.1). Thus one may write(declaim (ftype (function (list) t) (setf cadr)))to indicate the type of the setf expansion function for cadr.X3J13 voted in January 1989 h91i to alter the meaning of the functiontype speci�er when used in ftype declarations (see section 4.5).function........................................................................................................................................................................................................

(function name arglist result-type1 result-type2 ...) is entirely equiva-lent to(ftype (function arglist result-type1 result-type2 ...) name)but may be more convenient for some purposes. For example:(declare (function nth (integer list) t)



........................................................................................................................................................................................................

DECLARATIONS 243(function sin (number) float)(function cos (number) float))The syntax mildly resembles that of defun: a function-name, then an argu-ment list, then a speci�cation of results.Note that rules of lexical scoping are observed; if one of the functions men-tioned has a lexically apparent local de�nition (as made by flet or labels),then the declaration applies to that local de�nition and not to the globalfunction de�nition.X3J13 voted in January 1989 h44i to remove this interpretation of thefunction declaration speci�er from the language. Instead, a declaration spec-i�er(function var1 var2 ...)is to be treated simply as an abbreviation for(type function var1 var2 ...)just as for all other symbols appearing in table 4-1.X3J13 noted that although function appears in table 4-1, the �rst editionalso discussed it explicitly, with a di�erent meaning, without noting whetherthe di�ering interpretation was to replace or augment the interpretation re-garding table 4-1. Unfortunately there is an ambiguous case: the declaration(declare (function foo nil string))can be construed to abbreviate either(declare (ftype (function () string) foo))or(declare (type function foo nil string))The latter could perhaps be rejected on semantic grounds: it would be anerror to declare nil, a constant, to be of type function. In any case, X3J13determined that the ice was too thin here; the possibility of confusion is notworth the convenience of an abbreviation for ftype declarations. The changealso makes the language more consistent.inline(inline function1 function2 ...) speci�es that it is desirable for the com-



244 COMMON LISPpiler to open-code calls to the speci�ed functions; that is, the code for aspeci�ed function should be integrated into the calling routine, appearing in-line in place of a procedure call. This may achieve extra speed at the expenseof debuggability (calls to functions compiled in-line cannot be traced, for ex-ample). This declaration is pervasive. Remember that a compiler is free toignore this declaration.Note that rules of lexical scoping are observed; if one of the functions men-tioned has a lexically apparent local de�nition (as established by flet orlabels), then the declaration applies to that local de�nition and not to theglobal function de�nition.X3J13 voted in October 1988 h145i to clarify that during compilation theinline declaration speci�er serves two distinct purposes: it indicates not onlythat a�ected calls to the speci�ed functions should be expanded in-line, butalso that a�ected de�nitions of the speci�ed functions must be recorded forpossible use in performing such expansions.Looking at it the other way, the compiler is not required to save functionde�nitions against the possibility of future expansions unless the functionshave already been proclaimed to be inline. If a function is proclaimed (ordeclaimed) inline before some call to that function but the current de�ni-tion of that function was established before the proclamation was processed,it is implementation-dependent whether that call will be expanded in-line.(Of course, it is implementation-dependent anyway, because a compiler is al-ways free to ignore inline declaration speci�ers. However, the intent of thecommittee is clear: for best results, the user is advised to put any inlineproclamation of a function before any de�nition of or call to that function.)Consider these examples:(defun huey (x) (+ x 100)) ;Compiler need not remember this(declaim (inline huey dewey))(defun dewey (y) (huey (sqrt y))) ;Call to huey unlikely to be expanded(defun louie (z) (dewey (/ z))) ;Call to dewey likely to be expandedX3J13 voted in March 1989 h89i to extend inline declaration speci�ersto accept any function-name (a symbol or a list whose car is setf|see sec-tion 7.1). Thus one may write (declare (inline (setf cadr))) to indicatethat the setf expansion function for cadr should be compiled in-line.notinline(notinline function1 function2 ...) speci�es that it is undesirable to com-



DECLARATIONS 245pile the speci�ed functions in-line. This declaration is pervasive. A compileris not free to ignore this declaration.Note that rules of lexical scoping are observed; if one of the functions men-tioned has a lexically apparent local de�nition (as made by flet or labels),then the declaration applies to that local de�nition and not to the globalfunction de�nition.X3J13 voted in March 1989 h89i to extend notinline declaration speci-�ers to accept any function-name (a symbol or a list whose car is setf|seesection 7.1). Thus one may write (declare (notinline (setf cadr))) toindicate that the setf expansion function for cadr should not be compiledin-line.X3J13 voted in January 1989 h4i to clarify that the proper way to de�nea function gnards that is not inline by default, but for which a local decla-ration (declare (inline gnards)) has half a chance of actually compilinggnards in-line, is as follows:(declaim (inline gnards))(defun gnards ...)(declaim (notinline gnards))The point is that the �rst declamation informs the compiler that the de�-nition of gnards may be needed later for in-line expansion, and the seconddeclamation prevents any expansions unless and until it is overridden.While an implementation is never required to perform in-line expansion,many implementations that do support such expansion will not processinline requests successfully unless de�nitions are written with these procla-mations in the manner shown above.ignore(ignore var1 var2 ... varn) a�ects only variable bindings and speci�esthat the bindings of the speci�ed variables are never used. It is desirablefor a compiler to issue a warning if a variable so declared is ever referred toor is also declared special, or if a variable is lexical, never referred to, and notdeclared to be ignored.optimize(optimize (quality1 value1) (quality2 value2)...) advises the compilerthat each quality should be given attention according to the speci�ed cor-



246 COMMON LISPresponding value. A quality is a symbol; standard qualities include speed (ofthe object code), space (both code size and run-time space), safety (run-timeerror checking), and compilation-speed (speed of the compilation process).X3J13 voted in October 1988 h124i to add the standard quality debug (easeof debugging).Other qualities may be recognized by particular implementations. A valueshould be a non-negative integer, normally in the range 0 to 3. The value0 means that the quality is totally unimportant, and 3 that the quality isextremely important; 1 and 2 are intermediate values, with 1 the \normal"or \usual" value. One may abbreviate (quality 3) to simply quality. Thisdeclaration is pervasive. For example:(defun often-used-subroutine (x y)(declare (optimize (safety 2)))(error-check x y)(hairy-setup x)(do ((i 0 (+ i 1))(z x (cdr z)))((null z) i);; This inner loop really needs to burn.(declare (optimize speed))(declare (fixnum i)))))declaration(declaration name1 name2 ...) advises the compiler that each namej isa valid but non-standard declaration name. The purpose of this is to tell onecompiler not to issue warnings for declarations meant for another compiler orother program processor.This kind of declaration may be used only as a proclamation. For example:........................................................................................................................................................................................................

(proclaim '(declaration authortarget-languagetarget-machine))(proclaim '(target-language ada))(proclaim '(target-machine IBM-650))



........................................................................................................................................................................................................

DECLARATIONS 247(defun strangep (x)(declare (author "Harry Tweeker"))(member x '(strange weird odd peculiar)))X3J13 voted in June 1989 h144i to introduce the new macro declaim, whichis guaranteed to be recognized appropriately by the compiler and is often moreconvenient than proclaim for establishing global declarations.The declaration declaration speci�er may be used with declaim as well asproclaim. The preceding examples would be better written using declaim,to ensure that the compiler will process them properly.(declaim (declaration authortarget-languagetarget-machine))(declaim (target-language ada)(target-machine IBM-650))(defun strangep (x)(declare (author "Harry Tweeker"))(member x '(strange weird odd peculiar)))X3J13 voted in March 1989 h69i to introduce a new declaration speci�erdynamic-extent for variables, and voted in June 1989 h70i to extend it tohandle function-names as well.dynamic-extent(dynamic-extent item1 item2 ... itemn) declares that certain variables orfunction-names refer to data objects whose extents may be regarded as dy-namic; that is, the declaration may be construed as a guarantee on the partof the programmer that the program will behave correctly even if the dataobjects have only dynamic extent rather than the usual inde�nite extent.Each item may be either a variable name or (function f ) where f is afunction-name (see section 7.1). (Of course, (function f ) may be abbrevi-ated in the usual way as #--'f.)It is permissible for an implementation simply to ignore this declaration.In implementations that do not ignore it, the compiler (or interpreter) isfree to make whatever optimizations are appropriate given this information;the most common optimization is to stack-allocate the initial value of the



248 COMMON LISPobject. The data types that can be optimized in this manner may vary fromimplementation to implementation.The meaning of this declaration can be stated more precisely. We saythat object x is an otherwise inaccessible part of y if and only if making yinaccessible would make x inaccessible. (Note that every object is an otherwiseinaccessible part of itself.) Now suppose that construct c contains a dynamic-extent declaration for variable (or function) v (which need not be boundby c). Consider the values w1; : : : ;wn taken on by v during the course ofsome execution of c. The declaration asserts that if some object x is anotherwise inaccessible part of wj whenever wj becomes the value of v, thenjust after execution of c terminates x will be either inaccessible or still anotherwise inaccessible part of the value of v. If this assertion is ever violated,the consequences are unde�ned.In some implementations, it is possible to allocate data structures in a waythat will make them easier to reclaim than by general-purpose garbage col-lection (for example, on the stack or in some temporary area). The dynamic-extent declaration is designed to give the implementation the informationnecessary to exploit such techniques.For example, in the code fragment(let ((x (list 'a1 'b1 'c1))(y (cons 'a2 (cons 'b2 (cons 'c2 'd2)))))(declare (dynamic-extent x y))...)it is not di�cult to prove that the otherwise inaccessible parts of x include thethree conses constructed by list, and that the otherwise inaccessible parts ofy include three other conses manufactured by the three calls to cons. Giventhe presence of the dynamic-extent declaration, a compiler would be justi�edin stack-allocating these six conses and reclaiming their storage on exit fromthe let form.Since stack allocation of the initial value entails knowing at the object'screation time that the object can be stack-allocated, it is not generally usefulto declare dynamic-extent for variables that have no lexically apparent initialvalue. For example,(defun f ()(let ((x (list 1 2 3)))(declare (dynamic-extent x))...))



DECLARATIONS 249would permit a compiler to stack-allocate the list in x. However,(defun g (x) (declare (dynamic-extent x)) ...)(defun f () (g (list 1 2 3)))could not typically permit a similar optimization in f because of the possibilityof later rede�nition of g. Only an implementation careful enough to recompilef if the de�nition of g were to change incompatibly could stack-allocate thelist argument to g in f.Other interesting cases are(declaim (inline g))(defun g (x) (declare (dynamic-extent x)) ...)(defun f () (g (list 1 2 3)))and(defun f ()(flet ((g (x) (declare (dynamic-extent x)) ...))(g (list 1 2 3))))In each case some compilers might realize the optimization is possible andothers might not.An interesting variant of this is the so-called stack-allocated rest list, whichcan be achieved (in implementations supporting the optimization) by(defun f (&rest x)(declare (dynamic-extent x))...)Note here that although the initial value of x is not explicitly present, nev-ertheless in the usual implementation strategy the function f is responsiblefor assembling the list for x from the passed arguments, so the f functioncan be optimized by a compiler to construct a stack-allocated list instead ofa heap-allocated list.Some CommonLisp functions take other functions as arguments; frequentlythe argument function is a so-called downward funarg, that is, a functionalargument that is passed only downward and whose extent may therefore bedynamic.



250 COMMON LISP(flet ((gd (x) (atan (sinh x))))(declare (dynamic-extent #--'gd)) ;mapcar won't hang on to gd(mapcar #--'gd my-list-of-numbers))The following three examples are in error, since in each case the value of xis used outside of its extent.(length (let ((x (list 1 2 3)))(declare (dynamic-extent x))x)) ;WrongThe preceding code is obviously incorrect, because the cons cells making upthe list in x might be deallocated (thanks to the declaration) before lengthis called.(length (list (let ((x (list 1 2 3)))(declare (dynamic-extent x))x))) ;WrongIn this second case it is less obvious that the code is incorrect, because onemight argue that the cons cells making up the list in x have no e�ect onthe result to be computed by length. Nevertheless the code briey violatesthe assertion implied by the declaration and is therefore incorrect. (It is notdi�cult to imagine a perfectly sensible implementation of a garbage collectorthat might become confused by a cons cell containing a dangling pointer to alist that was once stack-allocated but then deallocated.)(progn (let ((x (list 1 2 3)))(declare (dynamic-extent x))x) ;Wrong(print "Six dollars is your change have a nice day NEXT!"))In this third case it is even less obvious that the code is incorrect, becausethe value of x returned from the let construct is discarded right away bythe progn. Indeed it is, but \right away" isn't fast enough. The code brieyviolates the assertion implied by the declaration and is therefore incorrect.(If the code is being interpreted, the interpreter might hang on to the valuereturned by the let for some time before it is eventually discarded.)Here is one last example, one that has little practical import but is theo-retically quite instructive.



DECLARATIONS 251(dotimes (j 10)(declare (dynamic-extent j))(setq foo 3) ;Correct(setq foo j)) ;Erroneous|but why? (see text)Since j is an integer by the de�nition of dotimes, but eq and eql are not nec-essarily equivalent for integers, what are the otherwise inaccessible parts of j,which this declaration requires the body of the dotimes not to \save"? If thevalue of j is 3, and the body does (setq foo 3), is that an error? The an-swer is no, but the interesting thing is that it depends on the implementation-dependent behavior of eq on numbers. In an implementation where eq andeql are equivalent for 3, then 3 is not an otherwise inaccessible part because(eq j (+ 2 1)) is true, and therefore there is another way to access the ob-ject besides going through j. On the other hand, in an implementation whereeq and eql are not equivalent for 3, then the particular 3 that is the value of jis an otherwise inaccessible part, but any other 3 is not. Thus (setq foo 3)is valid but (setq foo j) is erroneous. Since (setq foo j) is erroneousin some implementations, it is erroneous in all portable programs, but someother implementations may not be able to detect the error. (If this conclusionseems strange, it may help to replace 3 everywhere in the preceding argumentwith some obvious bignum such as 375374638837424898243 and to replace10 with some even larger bignum.)The dynamic-extent declaration should be used with great care. It makespossible great performance improvements in some situations, but if the usermisdeclares something and consequently the implementation returns a pointerinto the stack (or stores it in the heap), an unde�ned situation may result andthe integrity of the Lisp storage mechanism may be compromised. Debuggingthese situations may be tricky. Users who have asked for this feature haveindicated a willingness to deal with such problems; nevertheless, I do notencourage casual users to use this declaration.An implementation is free to support other (implementation-dependent)declaration speci�ers as well. On the other hand, a Common Lisp com-piler is free to ignore entire classes of declaration speci�ers (for example,implementation-dependent declaration speci�ers not supported by that com-piler's implementation), except for the declaration declaration speci�er.Compiler implementors are encouraged, however, to program the compilerto issue by default a warning if the compiler �nds a declaration speci�er ofa kind it never uses. Such a warning is required in any case if a declarationspeci�er is not one of those de�ned above and has not been declared in a



252 COMMON LISPdeclaration declaration.9.3. Type Declaration for FormsFrequently it is useful to declare that the value produced by the evaluationof some form will be of a particular type. Using declare one can declare thetype of the value held by a bound variable, but there is no easy way to declarethe type of the value of an unnamed form. For this purpose the the specialform is de�ned; (the type form) means that the value of form is declared tobe of type type. [Special form]the value-type formThe form is evaluated; whatever it produces is returned by the the form. Inaddition, it is an error if what is produced by the form does not conformto the data type speci�ed by value-type (which is not evaluated). (A givenimplementationmay or may not actually check for this error. Implementationsare encouraged to make an explicit error check when running interpretively.)In e�ect, this declares that the user undertakes to guarantee that the valuesof the form will always be of the speci�ed type. For example:(the string (copy-seq x)) ;The result will be a string(the integer (+ x 3)) ;The result of + will be an integer(+ (the integer x) 3) ;The value of x will be an integer(the (complex rational) (* z 3))(the (unsigned-byte 8) (logand x mask))The values type speci�er may be used to indicate the types of multiple values:(the (values integer integer) (floor x y))(the (values string t)(gethash the-key the-string-table))X3J13 voted in June 1989 h177i to clarify that value-type may be any validtype speci�er whatsoever. The point is that a type speci�er need not be onesuitable for discrimination but only for declaration.In the case that the form produces exactly one value and value-type is not avalues type speci�er, one may describe a the form as being entirely equivalentto(let ((#--1UU#--:temp form)) (declare (type value-type #--1#--)) #--1#--)



DECLARATIONS 253A more elaborate expression could be written to describe the case wherevalue-type is a values type speci�er.Compatibility note: This construct is borrowed from the Interlisp DECL package;Interlisp, however, allows an implicit progn after the type speci�er rather than justa single form. The MacLisp fixnum-identity and flonum-identity constructs canbe expressed as (the fixnum x) and (the single-float x).



10SymbolsA Lisp symbol is a data object that has three user-visible components:. The property list is a list that e�ectively provides each symbol with manymodi�able named components.. The print name must be a string, which is the sequence of characters usedto identify the symbol. Symbols are of great use because a symbol canbe located once its name is given (typed, say, on a keyboard). One mayordinarily not alter a symbol's print name.X3J13 voted in March 1989 h11i to specify it is an error to alter a printname.. The package cell must refer to a package object. A package is a data struc-ture used to locate a symbol once given the symbol's name. A symbol isuniquely identi�ed by its name only when considered relative to a package.A symbol may appear in many packages, but it can be owned by at mostone package. The package cell points to the owner, if any. Package cells arediscussed along with packages in chapter 11.A symbol may actually have other components for use by the implemen-tation. One of the more important uses of symbols is as names for programvariables; it is frequently desirable for the implementor to use certain compo-nents of a symbol to implement the semantics of variables. See symbol-valueand symbol-function. However, there are several possible implementationstrategies, and so such possible components are not described here.10.1. The Property ListSince its inception, Lisp has associated with each symbol a kind of tabulardata structure called a property list (plist for short). A property list contains254



SYMBOLS 255zero or more entries; each entry associates with a key (called the indicator),which is typically a symbol, an arbitrary Lisp object (called the value or,sometimes, the property). There are no duplications among the indicators; aproperty list may only have one property at a time with a given name. In thisway, given a symbol and an indicator (another symbol), an associated valuecan be retrieved.A property list is very similar in purpose to an association list. The di�er-ence is that a property list is an object with a unique identity; the operationsfor adding and removing property-list entries are destructive operations thatalter the property list rather than making a new one. Association lists, on theother hand, are normally augmented non-destructively (without side e�ects)by adding new entries to the front (see acons and pairlis).A property list is implemented as a memory cell containing a list withan even number (possibly zero) of elements. (Usually this memory cell isthe property-list cell of a symbol, but any memory cell acceptable to setfcan be used if getf and remf are used.) Each pair of elements in the listconstitutes an entry; the �rst item is the indicator, and the second is thevalue. Because property-list functions are given the symbol and not the listitself, modi�cations to the property list can be recorded by storing back intothe property-list cell of the symbol.When a symbol is created, its property list is initially empty. Propertiesare created by using get within a setf form.Common Lisp does not use a symbol's property list as extensively as earlierLisp implementations did. Less-used data, such as compiler, debugging, anddocumentation information, is kept on property lists in Common Lisp.Compatibility note: In older Lisp implementations, the print name, value, andfunction de�nition of a symbol were kept on its property list. The value cell wasintroduced into MacLisp and Interlisp to speed up access to variables; similarlyfor the print-name cell and function cell (MacLisp does not use a function cell).Recent Lisp implementations such as Spice Lisp, Lisp Machine Lisp, and NIL haveintroduced all of these cells plus the package cell. None of the MacLisp systemproperty names (expr, fexpr, macro, array, subr, lsubr, fsubr, and in formertimes value and pname) exist in Common Lisp.In Common Lisp, the notion of \disembodied property list" introduced in MacLispis eliminated. It tended to be used for rather kludgy things, and in Lisp MachineLisp is often associated with the use of locatives (to make it \o� by one" for searchingalternating keyword lists). In Common Lisp special setf-like property-list functionsare introduced: getf and remf.



256 COMMON LISP [Function]get symbol indicator &optional defaultget searches the property list of symbol for an indicator eq to indicator. The�rst argument must be a symbol. If one is found, then the correspondingvalue is returned; otherwise default is returned.If default is not speci�ed, then nil is used for default.Note that there is no way to distinguish an absent property from one whosevalue is default.(get x y) � (getf (symbol-plist x) y)Suppose that the property list of foo is (bar t baz 3 hunoz "Huh?"). Then,for example:(get 'foo 'baz) ) 3(get 'foo 'hunoz) ) "Huh?"(get 'foo 'zoo) ) nilCompatibility note: In MacLisp, the �rst argument to get could be a list, inwhich case the cdr of the list was treated as a so-called \disembodied property list."The �rst argument to get could also be any other object, in which case get wouldalways return nil. In Common Lisp, it is an error to give anything but a symbol asthe �rst argument to get.What Common Lisp calls get, Interlisp calls getprop.What MacLisp and Interlisp call putprop is accomplished in Common Lisp byusing get with setf.setf may be used with get to create a new property-value pair, possiblyreplacing an old pair with the same property name. For example:(get 'clyde 'species) ) nil(setf (get 'clyde 'species) 'elephant) ) elephantand now (get 'clyde 'species) ) elephantThe default argument may be speci�ed to get in this context; it is ignored bysetf but may be useful in such macros as push that are related to setf:(push item (get sym 'token-stack '(initial-item)))means approximately the same as(setf (get sym 'token-stack '(initial-item))(cons item (get sym 'token-stack '(initial-item))))



SYMBOLS 257which in turn would be treated as simply(setf (get sym 'token-stack)(cons item (get sym 'token-stack '(initial-item))))X3J13 voted in March 1989 h153i to clarify the permissible side e�ectsof certain operations; (setf (get symbol indicator) newvalue) is requiredto behave exactly the same as (setf (getf (symbol-plist symbol) indi-cator) newvalue). [Function]remprop symbol indicatorThis removes from symbol the property with an indicator eq to indicator. Theproperty indicator and the corresponding value are removed by destructivelysplicing the property list. It returns nil if no such property was found, ornon-nil if a property was found.(remprop x y) � (remf (symbol-plist x) y)For example, if the property list of foo is initially(color blue height 6.3 near-to bar)then the call(remprop 'foo 'height)returns a non-nil value after altering foo's property list to be(color blue near-to bar)X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; (remprop symbol indicator) is required to behave exactlythe same as (remf (symbol-plist symbol) indicator). [Function]symbol-plist symbolThis returns the list that contains the property pairs of symbol; the contentsof the property-list cell are extracted and returned.Note that using get on the result of symbol-plist does not work. Onemust give the symbol itself to get or else use the function getf.setf may be used with symbol-plist to destructively replace the entireproperty list of a symbol. This is a relatively dangerous operation, as it maydestroy important information that the implementation may happen to store



258 COMMON LISPin property lists. Also, care must be taken that the new property list is infact a list of even length.Compatibility note: In MacLisp, this function is called plist; in Interlisp, it iscalled getproplist. [Function]getf place indicator &optional defaultgetf searches the property list stored in place for an indicator eq to indicator.If one is found, then the corresponding value is returned; otherwise default isreturned. If default is not speci�ed, then nil is used for default. Note thatthere is no way to distinguish an absent property from one whose value isdefault. Often place is computed from a generalized variable acceptable tosetf.setf may be used with getf, in which case the place must indeed be ac-ceptable as a place to setf. The e�ect is to add a new property-value pair,or update an existing pair, in the property list kept in the place. The de-fault argument may be speci�ed to getf in this context; it is ignored by setfbut may be useful in such macros as push that are related to setf. See thedescription of get for an example of this.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; setf used with getf is permitted to perform a setf onthe place or on any part, car or cdr, of the top-level list structure held by thatplace.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2).Compatibility note: The Interlisp function listget is similar to getf. TheInterlisp function listput is similar to using getf with setf. [Macro]remf place indicatorThis removes from the property list stored in place the property with anindicator eq to indicator. The property indicator and the corresponding valueare removed by destructively splicing the property list. remf returns nil if nosuch property was found, or some non-nil value if a property was found. Theform place may be any generalized variable acceptable to setf. See remprop.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; remf is permitted to perform a setf on the place or onany part, car or cdr, of the top-level list structure held by that place.



SYMBOLS 259X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). [Function]get-properties place indicator-listget-properties is like getf, except that the second argument is a list ofindicators. get-properties searches the property list stored in place for anyof the indicators in indicator-list until it �nds the �rst property in the propertylist whose indicator is one of the elements of indicator-list. Normally place iscomputed from a generalized variable acceptable to setf.get-properties returns three values. If any property was found, thenthe �rst two values are the indicator and value for the �rst property whoseindicator was in indicator-list, and the third is that tail of the property listwhose car was the indicator (and whose cadr is therefore the value). If noproperty was found, all three values are nil. Thus the third value serves as aag indicating success or failure and also allows the search to be restarted, ifdesired, after the property was found.10.2. The Print NameEvery symbol has an associated string called the print name. This string isused as the external representation of the symbol: if the characters in thestring are typed in to read (with suitable escape conventions for certain char-acters), it is interpreted as a reference to that symbol (if it is interned); and ifthe symbol is printed, print types out the print name. For more information,see the sections on the reader (section 22.1.1) and printer (section 22.1.6).[Function]symbol-name symThis returns the print name of the symbol sym. For example:(symbol-name 'xyz) ) "XYZ"It is an extremely bad idea to modify a string being used as the print name ofa symbol. Such a modi�cation may tremendously confuse the function readand the package system.X3J13 voted in March 1989 h11i to specify that it is an error to modify astring being used as the print name of a symbol.



260 COMMON LISP10.3. Creating SymbolsSymbols can be used in two rather di�erent ways. An interned symbol is onethat is indexed by its print name in a catalogue called a package. A request tolocate a symbol with that print name results in the same (eq) symbol. Everytime input is read with the function read, and that print name appears, it isread as the same symbol. This property of symbols makes them appropriateto use as names for things and as hooks on which to hang permanent dataobjects (using the property list, for example).Interned symbols are normally created automatically; the �rst time some-thing (such as the function read) asks the package system for a symbol witha given print name, that symbol is automatically created. The function usedto ask for an interned symbol is intern, or one of the functions related tointern.Although interned symbols are the most commonly used, they will not bediscussed further here. For more information, see chapter 11.An uninterned symbol is a symbol used simply as a data object, with no spe-cial cataloguing (it belongs to no particular package). An uninterned symbolis printed as #--: followed by its print name. The following are some functionsfor creating uninterned symbols. [Function]make-symbol print-name(make-symbol print-name) creates a new uninterned symbol, whose printname is the string print-name. The value and function bindings will be un-bound and the property list will be empty.The string actually installed in the symbol's print-name component may bethe given string print-name or may be a copy of it, at the implementation'sdiscretion. The user should not assume that (symbol-name (make-symbolx)) is eq to x, but also should not alter a string once it has been given as anargument to make-symbol.Implementation note: An implementation might choose, for example, to copythe string to some read-only area, in the expectation that it will never be altered.[Function]copy-symbol sym &optional copy-propsThis returns a new uninterned symbol with the same print name as sym.X3J13 voted in March 1989 h39i that the print name of the new symbolis required to be the same only in the sense of stringUU; in other words, an



SYMBOLS 261implementation is permitted (but not required) to make a copy of the printname. User programs should not assume that the print names of the oldand new symbols will be eq, although they may happen to be eq in someimplementations.If copy-props is non-nil, then the initial value and function de�nition ofthe new symbol will be the same as those of sym, and the property list of thenew symbol will be a copy of sym's.X3J13 voted in March 1989 h38i to clarify that only the top-level consesof the property list are copied; it is as if (copy-list (symbol-plist sym))were used as the property list of the new symbol.If copy-props is nil (the default), then the new symbol will be unboundand unde�ned, and its property list will be empty. [Function]gensym &optional xgensym invents a print name and creates a new symbol with that print name.It returns the new, uninterned symbol.The invented print name consists of a pre�x (which defaults to G), followedby the decimal representation of a number.The number is increased by 1 every time gensym is called.........................................................................................................................................................................................................

If the argument x is present and is an integer, then x must be non-negative,and the internal counter is set to x for future use; otherwise the internalcounter is incremented. If x is a string, then that string is made the de-fault pre�x for this and future calls to gensym. After handling the argument,gensym creates a symbol as it would with no argument. For example:(gensym) ) G7(gensym "FOO-") ) FOO-8(gensym 32) ) FOO-32(gensym) ) FOO-33(gensym "GARBAGE-") ) GARBAGE-34gensym is usually used to create a symbol that should not normally beseen by the user and whose print name is unimportant except to allow easydistinction by eye between two such symbols. The optional argument is rarelysupplied. The name comes from\generate symbol," and the symbols producedby it are often called \gensyms."Compatibility note: In earlier versions of Lisp, such as MacLisp and Interlisp,the print name of a gensym was of �xed length, consisting of a single letter anda �xed-length decimal representation with leading zeros if necessary, for example,



262 COMMON LISPG0007. This convention was motivated by an implementation consideration, namelythat the name should �t into a single machine word, allowing a quick and clever im-plementation. Such considerations are less relevant in Common Lisp. The consistentuse of mnemonic pre�xes can make it easier for the programmer, when debugging,to determine what code generated a particular symbol. The elimination of the �xed-length decimal representation prevents the same name from being used twice unlessthe counter is explicitly reset.If it is desirable for the generated symbols to be interned, and yet guaranteedto be symbols distinct from all others, then the function gentempmay be moreappropriate to use.X3J13 voted in March 1989 h94i to alter the speci�cation of gensym sothat supplying an optional argument (whether a string or a number) does notalter the internal state maintained by gensym. Instead, the internal counteris made explicitly available as a variable named *gensym-counter*.If a string argument is given to gensym, that string is used as the pre�x;otherwise \G" is used. If a number is provided, its decimal representation isused, but the internal counter is una�ected. X3J13 deprecates the use of anumber as an argument. [Variable]*gensym-counter*X3J13 voted in March 1989 h94i to add *gensym-counter*, which holds thestate of the gensym counter; that is, gensym uses the decimal representationof its value as part of the generated name and then increments its value.The initial value of this variable is implementation-dependent but will be anon-negative integer.The user may assign to or bind this variable at any time, but its value mustalways be a non-negative integer. [Function]gentemp &optional pre�x packagegentemp, like gensym, creates and returns a new symbol. gentemp di�ersfrom gensym in that it interns the symbol (see intern) in the package (whichdefaults to the current package; see *package*). gentemp guarantees thesymbol will be a new one not already existing in the package. It does thisby using a counter as gensym does, but if the generated symbol is not reallynew, then the process is repeated until a new one is created. There is noprovision for resetting the gentemp counter. Also, the pre�x for gentemp isnot remembered from one call to the next; if pre�x is omitted, the defaultpre�x T is used.



SYMBOLS 263[Function]symbol-package symGiven a symbol sym, symbol-package returns the contents of the package cellof that symbol. This will be a package object or nil. [Function]keywordp objectThe argument may be any Lisp object. The predicate keywordp is true ifthe argument is a symbol and that symbol is a keyword (that is, belongs tothe keyword package). Keywords are those symbols that are written witha leading colon. Every keyword is a constant, in the sense that it alwaysevaluates to itself. See constantp.



11PackagesOne problem with earlier Lisp systems is the use of a single name space forall symbols. In large Lisp systems, with modules written by many di�erentprogrammers, accidental name collisions become a serious problem. CommonLisp addresses this problem through the package system, derived from anearlier package system developed for Lisp Machine Lisp [55]. In additionto preventing name-space conicts, the package system makes the modularstructure of large Lisp systems more explicit.A package is a data structure that establishes a mapping from print names(strings) to symbols. The package thus replaces the \oblist" or \obarray"machinery of earlier Lisp systems. At any given time one package is current,and this package is used by the Lisp reader in translating strings into symbols.The current package is, by de�nition, the one that is the value of the globalvariable *package*. It is possible to refer to symbols in packages other thanthe current one through the use of package quali�ers in the printed representa-tion of the symbol. For example, foo:bar, when seen by the reader, refers tothe symbol whose name is bar in the package whose name is foo. (Actually,this is true only if bar is an external symbol of foo, that is, a symbol thatis supposed to be visible outside of foo. A reference to an internal symbolrequires the intentionally clumsier syntax foo::bar.)The string-to-symbol mappings available in a given package are dividedinto two classes, external and internal. We refer to the symbols accessiblevia these mappings as being external and internal symbols of the packagein question, though really it is the mappings that are di�erent and not thesymbols themselves. Within a given package, a name refers to one symbol orto none; if it does refer to a symbol, then it is either external or internal inthat package, but not both.External symbols are part of the package's public interface to other pack-ages. External symbols are supposed to be chosen with some care and are264



PACKAGES 265advertised to users of the package. Internal symbols are for internal use only,and these symbols are normally hidden from other packages. Most symbolsare created as internal symbols; they become external only if they appearexplicitly in an export command for the package.A symbol may appear in many packages. It will always have the same namewherever it appears, but it may be external in some packages and internal inothers. On the other hand, the same name (string) may refer to di�erentsymbols in di�erent packages.Normally, a symbol that appears in one or more packages will be owned byone particular package, called the home package of the symbol; that packageis said to own the symbol. Every symbol has a component called the packagecell that contains a pointer to its home package. A symbol that is owned bysome package is said to be interned. Some symbols are not owned by anypackage; such a symbol is said to be uninterned, and its package cell containsnil.Packages may be built up in layers. From the point of view of a package'suser, the package is a single collection of mappings from strings into internaland external symbols. However, some of these mappings may be establishedwithin the package itself, while other mappings are inherited from other pack-ages via the use-package construct. (The mechanisms responsible for thisinheritance are described below.) In what follows, we will refer to a symbol asbeing accessible in a package if it can be referred to without a package qual-i�er when that package is current, regardless of whether the mapping occurswithin that package or via inheritance. We will refer to a symbol as beingpresent in a package if the mapping is in the package itself and is not inheritedfrom somewhere else. Thus a symbol present in a package is accessible, butan accessible symbol is not necessarily present.A symbol is said to be interned in a package if it is accessible in thatpackage and also is owned (by either that package or some other package).Normally all the symbols accessible in a package will in fact be owned by somepackage, but the terminology is useful when discussing the pathological caseof an accessible but unowned (uninterned) symbol.As a verb, to intern a symbol in a package means to cause the symbol to beinterned in the package if it was not already; this process is performed by thefunction intern. If the symbol was previously unowned, then the package itis being interned in becomes its owner (home package); but if the symbol waspreviously owned by another package, that other package continues to ownthe symbol.To unintern a symbol from the package means to cause it to be not presentin the package and, additionally, to cause the symbol to be uninterned if



266 COMMON LISPthe package was the home package (owner) of the symbol. This process isperformed by the function unintern.11.1. Consistency RulesPackage-related bugs can be very subtle and confusing: things are not whatthey appear to be. The Common Lisp package system is designed with anumber of safety features to prevent most of the common bugs that wouldotherwise occur in normal use. This may seem over-protective, but experiencewith earlier package systems has shown that such safety features are needed.In dealing with the package system, it is useful to keep in mind the followingconsistency rules, which remain in force as long as the value of *package* isnot changed by the user:. Read-read consistency: Reading the same print name always results in thesame (eq) symbol.. Print-read consistency: An interned symbol always prints as a sequence ofcharacters that, when read back in, yields the same (eq) symbol.. Print-print consistency: If two interned symbols are not eq, then theirprinted representations will be di�erent sequences of characters.These consistency rules remain true in spite of any amount of implicit in-terning caused by typing in Lisp forms, loading �les, etc. This has the impor-tant implication that, as long as the current package is not changed, resultsare reproducible regardless of the order of loading �les or the exact historyof what symbols were typed in when. The rules can only be violated byexplicit action: changing the value of *package*, forcing some action by con-tinuing from an error, or calling one of the \dangerous" functions unintern,unexport, shadow, shadowing-import, or unuse-package.11.2. Package NamesEach package has a name (a string) and perhaps some nicknames. These areassigned when the package is created, though they can be changed later. Apackage's name should be something long and self-explanatory, like editor;there might be a nickname that is shorter and easier to type, such as ed.There is a single name space for packages. The function find-packagetranslates a package name or nickname into the associated package. The func-tion package-name returns the name of a package. The function package-



PACKAGES 267nicknames returns a list of all nicknames for a package. The function rename-package removes a package's current name and nicknames and replaces themwith new ones speci�ed by the user. Package renaming is occasionally usefulwhen, for development purposes, it is desirable to load two versions of a pack-age into the same Lisp. One can load the �rst version, rename it, and thenload the other version, without getting a lot of name conicts.When the Lisp reader sees a quali�ed symbol, it handles the package-namepart in the same way as the symbol part with respect to capitalization. Lower-case characters in the package name are converted to corresponding uppercasecharacters unless preceded by the escape character \ or surrounded by | char-acters. The lookup done by the find-package function is case-sensitive, likethat done for symbols. Note that |Foo|:|Bar| refers to a symbol whosename is Bar in a package whose name is Foo. By contrast, |Foo:Bar| refersto a seven-character symbol that has a colon in its name (as well as twouppercase letters and four lowercase letters) and is interned in the currentpackage. Following the convention used in this book for symbols, we showordinary package names using lowercase letters, even though the name stringis internally represented with uppercase letters.Most of the functions that require a package-name argument from the useraccept either a symbol or a string. If a symbol is supplied, its print namewill be used; the print name will already have undergone case-conversion bythe usual rules. If a string is supplied, it must be so capitalized as to matchexactly the string that names the package.X3J13 voted in January 1989 h127i to clarify that one may use either apackage object or a package name (symbol or string) in any of the followingsituations:. the :use argument to make-package. the �rst argument to package-use-list, package-used-by-list,package-name, package-nicknames, in-package, find-package, rename-package, or delete-package,. the second argument to intern, find-symbol, unintern, export,unexport, import, shadowing-import, or shadow. the �rst argument, or a member of the list that is the �rst argument, touse-package or unuse-package. the value of the package given to do-symbols, do-external-symbols, ordo-all-symbols. a member of the package-list given to with-package-iterator



268 COMMON LISPNote that the �rst argument to make-package must still be a package nameand not an actual package; it makes no sense to create an already existingpackage. Similarly, package nicknames must always be expressed as packagenames and not as package objects. If find-package is given a package objectinstead of a name, it simply returns that package.11.3. Translating Strings to SymbolsThe value of the special variable *package* must always be a package object(not a name). Whatever package object is currently the value of *package*is referred to as the current package.When the Lisp reader has, by parsing, obtained a string of charactersthought to name a symbol, that name is looked up in the current package.This lookup may involve looking in other packages whose external symbolsare inherited by the current package. If the name is found, the correspondingsymbol is returned. If the name is not found (that is, there is no symbol ofthat name accessible in the current package), a new symbol is created for itand is placed in the current package as an internal symbol. Moreover, thecurrent package becomes the owner (home package) of the symbol, and so thesymbol becomes interned in the current package. If the name is later readagain while this same package is current, the same symbol will then be foundand returned.Often it is desirable to refer to an external symbol in some package otherthan the current one. This is done through the use of a quali�ed name,consisting of a package name, then a colon, then the name of the symbol.This causes the symbol's name to be looked up in the speci�ed package, ratherthan in the current one. For example, editor:buffer refers to the externalsymbol named buffer accessible in the package named editor, regardless ofwhether there is a symbol named buffer in the current package. If thereis no package named editor, or if no symbol named buffer is accessible ineditor, or if buffer is an internal symbol in editor, the Lisp reader willsignal a correctable error to ask the user for instructions.On rare occasions, a user may need to refer to an internal symbol of somepackage other than the current one. It is illegal to do this with the colonquali�er, since accessing an internal symbol of some other package is usuallya mistake. However, this operation is legal if a doubled colon :: is used asthe separator in place of the usual single colon. If editor::buffer is seen,the e�ect is exactly the same as reading buffer with *package* temporarilyrebound to the package whose name is editor. This special-purpose quali�ershould be used with caution.



PACKAGES 269The package named keyword contains all keyword symbols used by theLisp system itself and by user-written code. Such symbols must be easilyaccessible from any package, and name conicts are not an issue because thesesymbols are used only as labels and never to carry package-speci�c values orproperties. Because keyword symbols are used so frequently, Common Lispprovides a special reader syntax for them. Any symbol preceded by a colonbut no package name (for example :foo) is added to (or looked up in) thekeyword package as an external symbol. The keyword package is also treatedspecially in that whenever a symbol is added to the keyword package thesymbol is always made external; the symbol is also automatically declared tobe a constant (see defconstant) and made to have itself as its value. This iswhy every keyword evaluates to itself. As a matter of style, keywords shouldalways be accessed using the leading-colon convention; the user should neverimport or inherit keywords into any other package. It is an error to try toapply use-package to the keyword package.Each symbol contains a package cell that is used to record the home packageof the symbol, or nil if the symbol is uninterned. This cell may be accessedby using the function symbol-package. When an interned symbol is printed,if it is a symbol in the keyword package, then it is printed with a precedingcolon; otherwise, if it is accessible (directly or by inheritance) in the currentpackage, it is printed without any quali�cation; otherwise, it is printed withthe name of the home package as the quali�er, using : as the separator if thesymbol is external and :: if not.A symbol whose package slot contains nil (that is, has no home package)is printed preceded by #--:. It is possible, by the use of import and unintern,to create a symbol that has no recorded home package but that in fact isaccessible in some package. The system does not check for this pathologicalcase, and such symbols will always be printed preceded by #--:.In summary, the following four uses of symbol quali�er syntax are de�ned.foo:barWhen read, looks up BAR among the external symbols of the package namedFOO. Printed when symbol bar is external in its home package foo and is notaccessible in the current package.foo::barWhen read, interns BAR as if FOO were the current package. Printed whensymbol bar is internal in its home package foo and is not accessible in thecurrent package.



270 COMMON LISP:barWhen read, interns BAR as an external symbol in the keyword package andmakes it evaluate to itself. Printed when the home package of symbol bar iskeyword.#--:barWhen read, creates a new uninterned symbol named BAR. Printed when thesymbol bar is uninterned (has no home package), even in the pathologicalcase that bar is uninterned but nevertheless somehow accessible in the currentpackage.All other uses of colons within names of symbols are not de�ned by CommonLisp but are reserved for implementation-dependent use; this includes namesthat end in a colon, contain two or more colons, or consist of just a colon.11.4. Exporting and Importing SymbolsSymbols from one package may be made accessible in another package in twoways.First, any individual symbol may be added to a package by use of thefunction import. The form (import 'editor:buffer) takes the externalsymbol named buffer in the editor package (this symbol was located whenthe form was read by the Lisp reader) and adds it to the current package asan internal symbol. The symbol is then present in the current package. Theimported symbol is not automatically exported from the current package, butif it is already present and external, then the fact that it is external is notchanged. After the call to import it is possible to refer to buffer in theimporting package without any quali�er. The status of buffer in the packagenamed editor is unchanged, and editor remains the home package for thissymbol. Once imported, a symbol is present in the importing package andcan be removed only by calling unintern.If the symbol is already present in the importing package, import has noe�ect. If a distinct symbol with the name buffer is accessible in the importingpackage (directly or by inheritance), then a correctable error is signaled, asdescribed in section 11.5, because import avoids letting one symbol shadowanother.A symbol is said to be shadowed by another symbol in some package ifthe �rst symbol would be accessible by inheritance if not for the presence ofthe second symbol. To import a symbol without the possibility of getting



PACKAGES 271an error because of shadowing, use the function shadowing-import. Thisinserts the symbol into the speci�ed package as an internal symbol, regardlessof whether another symbol of the same name will be shadowed by this action.If a di�erent symbol of the same name is already present in the package, thatsymbol will �rst be uninterned from the package (see unintern). The newsymbol is added to the package's shadowing-symbols list. shadowing-importshould be used with caution. It changes the state of the package system insuch a way that the consistency rules do not hold across the change.The second mechanism is provided by the function use-package. Thiscauses a package to inherit all of the external symbols of some other package.These symbols become accessible as internal symbols of the using package.That is, they can be referred to without a quali�er while this package iscurrent, but they are not passed along to any other package that uses thispackage. Note that use-package, unlike import, does not cause any newsymbols to be present in the current package but only makes them accessi-ble by inheritance. use-package checks carefully for name conicts betweenthe newly imported symbols and those already accessible in the importingpackage. This is described in detail in section 11.5.Typically a user, working by default in the user package, will load a numberof packages into Lisp to provide an augmented working environment, and thencall use-package on each of these packages to allow easy access to their exter-nal symbols. unuse-package undoes the e�ects of a previous use-package.The external symbols of the used package are no longer inherited. However,any symbols that have been imported into the using package continue to bepresent in that package.There is no way to inherit the internal symbols of another package; to referto an internal symbol, the user must either make that symbol's home packagecurrent, use a quali�er, or import that symbol into the current package.The distinction between external and internal symbols is a primary meansof hiding names so that one program does not tread on the namespace ofanother.When intern or some other function wants to look up a symbol in a givenpackage, it �rst looks for the symbol among the external and internal symbolsof the package itself; then it looks through the external symbols of the usedpackages in some unspeci�ed order. The order does not matter; according tothe rules for handling name conicts (see below), if conicting symbols appearin two or more packages inherited by package X, a symbol of this name mustalso appear in X itself as a shadowing symbol. Of course, implementationsare free to choose other, more e�cient ways of implementing this search, aslong as the user-visible behavior is equivalent to what is described here.



272 COMMON LISPThe function export takes a symbol that is accessible in some speci�edpackage (directly or by inheritance) and makes it an external symbol of thatpackage. If the symbol is already accessible as an external symbol in thepackage, export has no e�ect. If the symbol is directly present in the packageas an internal symbol, it is simply changed to external status. If it is accessibleas an internal symbol via use-package, the symbol is �rst imported into thepackage, then exported. (The symbol is then present in the speci�ed packagewhether or not the package continues to use the package through which thesymbol was originally inherited.) If the symbol is not accessible at all in thespeci�ed package, a correctable error is signaled that, upon continuing, asksthe user whether the symbol should be imported.The function unexport is provided mainly as a way to undo erroneous callsto export. It works only on symbols directly present in the current package,switching them back to internal status. If unexport is given a symbol alreadyaccessible as an internal symbol in the current package, it does nothing; if itis given a symbol not accessible in the package at all, it signals an error.11.5. Name ConictsA fundamental invariant of the package system is that within one package anyparticular name can refer to at most one symbol. A name conict is said tooccur when there is more than one candidate symbol and it is not obviouswhich one to choose. If the system does not always choose the same way, theread-read consistency rule would be violated. For example, some programsor data might have been read in under a certain mapping of the name toa symbol. If the mapping changes to a di�erent symbol, and subsequentlyadditional programs or data are read, then the two programs will not accessthe same symbol even though they use the same name. Even if the system didalways choose the same way, a name conict is likely to result in a mappingfrom names to symbols di�erent from what was expected by the user, causingprograms to execute incorrectly. Therefore, any time a name conict is aboutto occur, an error is signaled. The user may continue from the error and tellthe package system how to resolve the conict.It may be that the same symbol is accessible to a package through morethan one path. For example, the symbol might be an external symbol ofmore than one used package, or the symbol might be directly present in apackage and also inherited from another package. In such cases there is noname conict. The same identical symbol cannot conict with itself. Nameconicts occur only between distinct symbols with the same name.



PACKAGES 273The creator of a package can tell the system in advance how to resolvea name conict through the use of shadowing. Every package has a list ofshadowing symbols. A shadowing symbol takes precedence over any othersymbol of the same name that would otherwise be accessible to the package.A name conict involving a shadowing symbol is always resolved in favor ofthe shadowing symbol, without signaling an error (except for one instanceinvolving import described below). The functions shadow and shadowing-import may be used to declare shadowing symbols.Name conicts are detected when they become possible, that is, when thepackage structure is altered. There is no need to check for name conictsduring every name lookup.The functions use-package, import, and export check for name conicts.use-packagemakes the external symbols of the package being used accessibleto the using package; each of these symbols is checked for name conicts withthe symbols already accessible. import adds a single symbol to the internals ofa package, checking for a name conict with an existing symbol either presentin the package or accessible to it. import signals a name conict error even ifthe conict is with a shadowing symbol, the rationale being that the user hasgiven two explicit and inconsistent directives. export makes a single symbolaccessible to all the packages that use the package from which the symbolis exported. All of these packages are checked for name conicts: (export sp) does (find-symbol (symbol-name s) q) for each package q in (package-used-by-list p). Note that in the usual case of an export during the initialde�nition of a package, the result of package-used-by-list will be nil andthe name-conict checking will take negligible time.The function intern, which is the one used most frequently by the Lispreader for looking up names of symbols, does not need to do any name-conictchecking, because it never creates a new symbol if there is already an accessiblesymbol with the name given.shadow and shadowing-import never signal a name-conict error becausethe user, by calling these functions, has speci�ed how any possible conictis to be resolved. shadow does name-conict checking to the extent that itchecks whether a distinct existing symbol with the speci�ed name is accessibleand, if so, whether it is directly present in the package or inherited. In thelatter case, a new symbol is created to shadow it. shadowing-import doesname-conict checking to the extent that it checks whether a distinct existingsymbol with the same name is accessible; if so, it is shadowed by the newsymbol, which implies that it must be uninterned if it was directly present inthe package.unuse-package, unexport, and unintern (when the symbol being unin-



274 COMMON LISPterned is not a shadowing symbol) do not need to do any name-conict check-ing because they only remove symbols from a package; they do not make anynew symbols accessible.Giving a shadowing symbol to unintern can uncover a name conict thathad previously been resolved by the shadowing. If package A uses packages Band C, A contains a shadowing symbol x, and B and C each contain externalsymbols named x, then removing the shadowing symbol x from A will reveala name conict between b:x and c:x if those two symbols are distinct. Inthis case unintern will signal an error.Aborting from a name-conict error leaves the original symbol accessible.Package functions always signal name-conict errors before makingany changeto the package structure. When multiple changes are to be made, however,for example when export is given a list of symbols, it is permissible for theimplementation to process each change separately, so that aborting from aname conict caused by the second symbol in the list will not unexport the�rst symbol in the list. However, aborting from a name-conict error causedby export of a single symbol will not leave that symbol accessible to somepackages and inaccessible to others; with respect to each symbol processed,export behaves as if it were an atomic operation.Continuing from a name-conict error should o�er the user a chance toresolve the name conict in favor of either of the candidates. The packagestructure should be altered to reect the resolution of the name conict, viashadowing-import, unintern, or unexport.A name conict in use-package between a symbol directly present in theusing package and an external symbol of the used package may be resolved infavor of the �rst symbol by making it a shadowing symbol, or in favor of thesecond symbol by uninterning the �rst symbol from the using package. Thelatter resolution is dangerous if the symbol to be uninterned is an externalsymbol of the using package, since it will cease to be an external symbol.A name conict in use-package between two external symbols inheritedby the using package from other packages may be resolved in favor of eithersymbol by importing it into the using package and making it a shadowingsymbol.A name conict in export between the symbol being exported and a symbolalready present in a package that would inherit the newly exported symbolmay be resolved in favor of the exported symbol by uninterning the other one,or in favor of the already-present symbol by making it a shadowing symbol.A name conict in export or unintern due to a package inheriting twodistinct symbols with the same name from two other packages may be resolvedin favor of either symbol by importing it into the using package and making



PACKAGES 275it a shadowing symbol, just as with use-package.A name conict in import between the symbol being imported and a symbolinherited from some other package may be resolved in favor of the symbolbeing imported by making it a shadowing symbol, or in favor of the symbolalready accessible by not doing the import. A name conict in import witha symbol already present in the package may be resolved by uninterning thatsymbol, or by not doing the import.Good user-interface style dictates that use-package and export, whichcan cause many name conicts simultaneously, �rst check for all of the nameconicts before presenting any of them to the user. The user may then chooseto resolve all of them wholesale or to resolve each of them individually, thelatter requiring a lot of interaction but permitting di�erent conicts to beresolved di�erent ways.Implementations may o�er other ways of resolving name conicts. For in-stance, if the symbols that conict are not being used as objects but onlyas names for functions, it may be possible to \merge" the two symbols byputting the function de�nition onto both symbols. References to either sym-bol for purposes of calling a function would be equivalent. A similar mergingoperation can be done for variable values and for things stored on the prop-erty list. In Lisp Machine Lisp, for example, one can also forward the value,function, and property cells so that future changes to either symbol will prop-agate to the other one. Some other implementations are able to do this withvalue cells but not with property lists. Only the user can know whether thisway of resolving a name conict is adequate, because it will work only if theuse of two non-eq symbols with the same name will not prevent the correctoperation of the program. The value of o�ering symbol merging as a way ofresolving name conicts is that it can avoid the need to throw away the wholeLisp world, correct the package-de�nition forms that caused the error, andstart over from scratch.11.6. Built-in PackagesThe following packages, at least, are built into every Common Lisp system.........................................................................................................................................................................................................

lispThe package named lisp contains the primitives of the Common Lisp sys-tem. Its external symbols include all of the user-visible functions and globalvariables that are present in the Common Lisp system, such as car, cdr, and*package*. Almost all other packages will want to use lisp so that thesesymbols will be accessible without quali�cation.



........................................................................................................................................................................................................

276 COMMON LISPuserThe user package is, by default, the current package at the time a CommonLisp system starts up. This package uses the lisp package.X3J13 voted in March 1989 h108i to specify that the forthcoming ANSICommon Lisp will use the package name common-lisp instead of lisp andthe package name common-lisp-user instead of user. The purpose is toallow a single Lisp system to support both \old" Common Lisp and \new"ANSI Common Lisp simultaneously despite the fact that in some cases thetwo languages use the same names for incompatible purposes. (That's whatpackages are for!)common-lispThe package named common-lisp contains the primitives of the ANSI Com-mon Lisp system (as opposed to a Common Lisp system based on the 1984speci�cation). Its external symbols include all of the user-visible functionsand global variables that are present in the ANSI Common Lisp system, suchas car, cdr, and *package*. Note, however, that the home package of suchsymbols is not necessarily the common-lisp package (this makes it easier forsymbols such as t and lambda to be shared between the common-lisp packageand another package, possibly one named lisp). Almost all other packagesought to use common-lisp so that these symbols will be accessible withoutquali�cation. This package has the nickname cl.common-lisp-userThe common-lisp-user package is, by default, the current package at the timean ANSI Common Lisp system starts up. This package uses the common-lisppackage and has the nickname cl-user. It may contain other implementation-dependent symbols and may use other implementation-speci�c packages.keywordThis package contains all of the keywords used by built-in or user-de�nedLisp functions. Printed symbol representations that start with a colon areinterpreted as referring to symbols in this package, which are always externalsymbols. All symbols in this package are treated as constants that evaluateto themselves, so that the user can type :foo instead of ':foo.system........................................................................................................................................................................................................

This package name is reserved to the implementation. Normally this is used to



........................................................................................................................................................................................................

PACKAGES 277contain names of implementation-dependent system-interface functions. Thispackage uses lisp and has the nickname sys.X3J13 voted in January 1989 h125i to modify the requirements on the built-in packages so as to limitwhat may appear in the common-lisp package and tolift the requirement that every implementation have a package named system.The details are as follows.Not only must the common-lisp package in any given implementation con-tain all the external symbols prescribed by the standard; the common-lisppackage moreover may not contain any external symbol that is not prescribedby the standard. However, the common-lisp package may contain additionalinternal symbols, depending on the implementation.An external symbol of the common-lisp package may not have a function,macro, or special form de�nition, or a top-level value, or a special procla-mation, or a type de�nition, unless speci�cally permitted by the standard.Programmers may validly rely on this fact; for example, fboundp is guaran-teed to be false for all external symbols of the common-lisp package exceptthose explicitly speci�ed in the standard to name functions, macros, and spe-cial forms. Similarly, boundp will be false of all such external symbols exceptthose documented to be variables or constants.Portable programs may use external symbols in the common-lisp packagethat are not documented to be constants or variables as names of local lexicalvariables with the presumption that the implementation has not proclaimedsuch variables to be special; this legitimizes the common practice of usingsuch names as list and string as names for local variables.A valid implementation may initially have properties on any symbol, ordynamically put new properties on symbols (even user-created symbols), aslong as no property indicator used for this purpose is an external symbol ofany package de�ned by the standard or a symbol that is accessible from thecommon-lisp-user package or any package de�ned by the user.This vote eliminates the requirement that every implementation have a pre-de�ned package named system. An implementation may provide any numberof prede�ned packages; these should be described in the documentation forthat implementation.The common-lisp-user package may contain symbols not described by thestandard and may use other implementation-speci�c packages.X3J13 voted in March 1989 h109i to restrict user programs from performingcertain actions that might interfere with built-in facilities or interact badlywith them. Except where explicitly allowed, the consequences are unde�nedif any of the following actions are performed on a symbol in the common-lisp



278 COMMON LISPpackage.. binding or altering its value (lexically or dynamically). de�ning or binding it as a function. de�ning or binding it as a macro. de�ning it as a type speci�er (defstruct, defclass, deftype). de�ning it as a structure (defstruct). de�ning it as a declaration. dsing it as a symbol macro. altering its print name. altering its package. tracing it. declaring or proclaiming it special or lexical. declaring or proclaiming its type or ftype. removing it from the package common-lispX3J13 also voted in June 1989 h49i to add to this list the item. de�ning it as a compiler macroIf such a symbol is not globally de�ned as a variable or a constant, a userprogram is allowed to lexically bind it and declare the type of that binding.If such a symbol is not de�ned as a function, macro, or special form, a userprogram is allowed to (lexically) bind it as a function and to declare the ftypeof that binding and to trace that binding.If such a symbol is not de�ned as a function, macro, or special form, a userprogram is allowed to (lexically) bind it as a macro.As an example, the behavior of the code fragment(flet ((open (filename &key direction)(format t "~%OPEN was called.")(open filename :direction direction)))(with-open-file (x "frob" :direction ':output)(format t "~%Was OPEN called?")))



PACKAGES 279is unde�ned. Even in a \reasonable" implementation, for example, the macroexpansion of with-open-filemight refer to the open function and might not.However, the preceding rules eliminate the burden of deciding whether animplementation is reasonable. The code fragment violates the rules; o�ciallyits behavior is therefore completely unde�ned, and that's that.Note that \altering the property list" is not in the list of proscribed actions,so a user program is permitted to add properties to or remove properties fromsymbols in the common-lisp package.11.7. Package System Functions and VariablesSome of the functions and variables in this section are described in previoussections but are included here for completeness.It is up to each implementation's compiler to ensure that when a compiled........................................................................................................................................................................................................

�le is loaded, all of the symbols in the �le end up in the same packages thatthey would occupy if the Lisp source �le were loaded. In most compilers,this will be accomplished by treating certain package operations as thoughthey are surrounded by (eval-when (compile load eval) ...); see eval-when. These operations are make-package, in-package, shadow, shadowing-import, export, unexport, use-package, unuse-package, and import. Toguarantee proper compilation in all Common Lisp implementations, thesefunctions should appear only at top level within a �le. As a matter of style,it is suggested that each �le contain only one package, and that all of thepackage setup forms appear near the start of the �le. This is discussed inmore detail, with examples, in section 11.9.X3J13 voted in March 1989 h103i to cancel the speci�cations of the pre-ceding paragraph in order to support a model of �le compilation in which thecompiler need never take special note of ordinary function calls; only specialforms and macros are recognized as a�ecting the state of the compilation pro-cess. As part of this change in-package was changed to be a macro ratherthan a function and its functionality was restricted. The actions of shadow,shadowing-import, use-package, import, intern, and export for compila-tion purposes may be accomplished with the new macro defpackage.Implementation note: In the past, some Lisp compilers have read the entire �leinto Lisp before processing any of the forms. Other compilers have arranged forthe loader to do all of its intern operations before evaluating any of the top-levelforms. Neither of these techniques will work in a straightforward way in CommonLisp because of the presence of multiple packages.



280 COMMON LISPFor the functions described here, all optional arguments named package de-fault to the current value of *package*. Where a function takes an argumentthat is either a symbol or a list of symbols, an argument of nil is treated asan empty list of symbols. Any argument described as a package name may beeither a string or a symbol. If a symbol is supplied, its print name will be usedas the package name; if a string is supplied, the user must take care to specifythe same capitalization used in the package name, normally all uppercase.[Variable]*package*The value of this variable must be a package; this package is said to be thecurrent package. The initial value of *package* is the user package.X3J13 voted in March 1989 h108i to specify that the forthcoming ANSICommon Lisp will use the package name common-lisp-user instead of user.The function load rebinds *package* to its current value. If some form inthe �le changes the value of *package* during loading, the old value will berestored when the loading is completed.X3J13 voted in October 1988 h21i to require compile-file to rebind*package* to its current value. [Function]make-package package-name &key :nicknames :useThis creates and returns a new package with the speci�ed package name.As described above, this argument may be either a string or a symbol. The:nicknames argument must be a list of strings to be used as alternative namesfor the package. Once again, the user may supply symbols in place of thestrings, in which case the print names of the symbols are used. These namesand nicknames must not conict with any existing package names; if they do,a correctable error is signaled.The :use argument is a list of packages or the names (strings or symbols)of packages whose external symbols are to be inherited by the new package.These packages must already exist. If not supplied, :use defaults to a list ofone package, the lisp package.X3J13 voted in March 1989 h108i to specify that the forthcoming ANSICommon Lisp will use the package name common-lisp instead of lisp.X3J13 voted in January 1989 h119i to change the speci�cation of make-package so that the default value for the :use argument is unspeci�ed.Portable code should specify :use '("COMMON-LISP") explicitly.Rationale: Many existing implementations of Common Lisp happen to have vi-olated the �rst edition speci�cation, providing as the default not only the lisp



PACKAGES 281package but also (or instead) a package containing implementation-dependent lan-guage extensions. This is for good reason: usually it is much more convenient tothe user for the default :use list to be the entire, implementation-dependent, ex-tended language rather than only the facilities speci�ed in this book. The X3J13vote simply legitimizes existing practice. [Function]in-package package-name &key :nicknames :use........................................................................................................................................................................................................

The in-package function is intended to be placed at the start of a �le con-taining a subsystem that is to be loaded into some package other than user.If there is not already a package named package-name, this function is simi-lar to make-package, except that after the new package is created, *package*is set to it. This binding will remain in force until changed by the user (per-haps with another in-package call) or until the *package* variable revertsto its old value at the completion of a load operation.If there is an existing package whose name is package-name, the assumptionis that the user is re-loading a �le after making some changes. The existingpackage is augmented to reect any new nicknames or new packages in the:use list (with the usual error checking), and *package* is then set to thispackage.X3J13 voted in January 1989 h156i to specify that in-package returns thenew package, that is, the value of *package* after the operation has beenexecuted.X3J13 voted in March 1989 h108i to specify that the forthcoming ANSICommon Lisp will use the package name common-lisp-user instead of user.X3J13 voted in March 1989 h103i to restrict the functionality of in-packageand to make it a macro. This is an incompatible change.Making in-package a macro rather than a function means that there isno need to require compile-file to handle it specially. Since defpackage isalso de�ned to have side e�ects on the compilation environment, there is noneed to require any of the package functions to be treated specially by thecompiler. [Macro]in-package nameThis macro causes *package* to be set to the package named name, whichmust be a symbol or string. The name is not evaluated. An error is signaledif the package does not already exist. Everything this macro does is alsoperformed at compile time if the call appears at top level.



282 COMMON LISP [Function]find-package nameThe name must be a string that is the name or nickname for a package.This argument may also be a symbol, in which case the symbol's print nameis used. The package with that name or nickname is returned; if no suchpackage exists, find-package returns nil. The matching of names observescase (as in stringUU).X3J13 voted in January 1989 h127i to allow find-package to accept apackage object, in which case the package is simply returned (see section 11.2).[Function]package-name packageThe argument must be a package. This function returns the string that namesthat package.X3J13 voted in January 1989 h127i to allow package-name to accept apackage name or nickname, in which case the primary name of the packageso speci�ed is returned (see section 11.2).X3J13 voted in January 1989 h126i to add a function to delete packages.One consequence of this vote is that package-name will return nil instead ofa package name if applied to a deleted package object. See delete-package.[Function]package-nicknames packageThe argument must be a package. This function returns the list of nicknamestrings for that package, not including the primary name.X3J13 voted in January 1989 h127i to allow package-nicknames to accepta package name or nickname, in which case the nicknames of the package sospeci�ed are returned (see section 11.2). [Function]rename-package package new-name &optionalnew-nicknamesThe old name and all of the old nicknames of package are eliminated andare replaced by new-name and new-nicknames. The new-name argument isa string or symbol; the new-nicknames argument, which defaults to nil, is alist of strings or symbols.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).X3J13 voted in January 1989 h156i to specify that rename-package returnspackage.



PACKAGES 283[Function]package-use-list packageA list of other packages used by the argument package is returned.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]package-used-by-list packageA list of other packages that use the argument package is returned.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]package-shadowing-symbols packageA list is returned of symbols that have been declared as shadowing symbolsin this package by shadow or shadowing-import. All symbols on this list arepresent in the speci�ed package.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]list-all-packagesThis function returns a list of all packages that currently exist in the Lispsystem. [Function]delete-package packageX3J13 voted in January 1989 h126i to add the delete-package function,which deletes the speci�ed package from all package system data structures.The package argument may be either a package or the name of a package.If package is a name but there is currently no package of that name, acorrectable error is signaled. Continuing from the error makes no deletionattempt but merely returns nil from the call to delete-package.If package is a package object that has already been deleted, no error issignaled and no deletion is attempted; instead, delete-package immediatelyreturns nil.If the package speci�ed for deletion is currently used by other packages,a correctable error is signaled. Continuing from this error, the e�ect of thefunction unuse-package is performed on all such other packages so as to re-move their dependency on the speci�ed package, after which delete-package



284 COMMON LISPproceeds to delete the speci�ed package as if no other package had been usingit.If any symbol had the speci�ed package as its home package before the callto delete-package, then its home package is unspeci�ed (that is, the contentsof its package cell are unspeci�ed) after the delete-package operation hasbeen completed. Symbols in the deleted package are not modi�ed in any otherway.The name and nicknames of the package cease to be recognized packagenames. The package object is still a package, but anonymous; packagep willbe true of it, but package-name applied to it will return nil.The e�ect of any other package operation on a deleted package object isunde�ned. In particular, an attempt to locate a symbol within a deletedpackage (using intern or find-symbol, for example) will have unspeci�edresults.delete-package returns t if the deletion succeeds, and nil otherwise.[Function]intern string &optional packageThe package, which defaults to the current package, is searched for a symbolwith the name speci�ed by the string argument. This search will includeinherited symbols, as described in section 11.4. If a symbol with the speci�edname is found, it is returned. If no such symbol is found, one is createdand is installed in the speci�ed package as an internal symbol (as an externalsymbol if the package is the keyword package); the speci�ed package becomesthe home package of the created symbol.X3J13 voted in March 1989 h11i to specify that intern may in e�ect per-form the search using a copy of the argument string in which some or all ofthe implementation-de�ned attributes have been removed from the charactersof the string. It is implementation-dependent which attributes are removed.Two values are returned. The �rst is the symbol that was found or created.The second value is nil if no pre-existing symbol was found, and takes on oneof three values if a symbol was found::internal The symbol was directly present in the package as an internalsymbol.:external The symbol was directly present as an external symbol.:inherited The symbol was inherited via use-package (which impliesthat the symbol is internal).



PACKAGES 285X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).Compatibility note: Conceptually, intern translates a string to a symbol. InMacLisp and several other dialects of Lisp, intern can take either a string or asymbol as its argument; in the latter case, the symbol's print name is extractedand used as the string. However, this leads to some confusing issues about what todo if intern �nds a symbol that is not eq to the argument symbol. To avoid suchconfusion, Common Lisp requires the argument to be a string. [Function]find-symbol string &optional packageThis is identical to intern, but it never creates a new symbol. If a symbol withthe speci�ed name is found in the speci�ed package, directly or by inheritance,the symbol found is returned as the �rst value and the second value is asspeci�ed for intern. If the symbol is not accessible in the speci�ed package,both values are nil.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]unintern symbol &optional packageIf the speci�ed symbol is present in the speci�ed package, it is removed fromthat package and also from the package's shadowing-symbols list if it is presentthere. Moreover, if the package is the home package for the symbol, the symbolis made to have no home package. Note that in some circumstances thesymbol may continue to be accessible in the speci�ed package by inheritance.unintern returns t if it actually removed a symbol, and nil otherwise.unintern should be used with caution. It changes the state of the packagesystem in such a way that the consistency rules do not hold across the change.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).Compatibility note: The equivalent of this in MacLisp is remob. [Function]export symbols &optional packageThe symbols argument should be a list of symbols, or possibly a single sym-bol. These symbols become accessible as external symbols in package (seesection 11.4). export returns t.



286 COMMON LISPBy convention, a call to export listing all exported symbols is placed nearthe start of a �le to advertise which of the symbols mentioned in the �le areintended to be used by other programs.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]unexport symbols &optional packageThe argument should be a list of symbols, or possibly a single symbol. Thesesymbols become internal symbols in package. It is an error to unexport asymbol from the keyword package (see section 11.4). unexport returns t.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]import symbols &optional packageThe argument should be a list of symbols, or possibly a single symbol. Thesesymbols become internal symbols in package and can therefore be referredto without having to use quali�ed-name (colon) syntax. import signals acorrectable error if any of the imported symbols has the same name as somedistinct symbol already accessible in the package (see section 11.4). importreturns t.X3J13 voted in June 1987 h102i to clarify that if any symbol to be importedhas no home package then import sets the home package of the symbol to thepackage to which the symbol is being imported.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]shadowing-import symbols &optional packageThis is like import, but it does not signal an error even if the importationof a symbol would shadow some symbol already accessible in the package. Inaddition to being imported, the symbol is placed on the shadowing-symbolslist of package (see section 11.5). shadowing-import returns t.shadowing-import should be used with caution. It changes the state of thepackage system in such a way that the consistency rules do not hold acrossthe change.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).



PACKAGES 287[Function]shadow symbols &optional packageThe argument should be a list of symbols, or possibly a single symbol. Theprint name of each symbol is extracted, and the speci�ed package is searchedfor a symbol of that name. If such a symbol is present in this package (directly,not by inheritance), then nothing is done. Otherwise, a new symbol is createdwith this print name, and it is inserted in the package as an internal symbol.The symbol is also placed on the shadowing-symbols list of the package (seesection 11.5). shadow returns t.X3J13 voted in March 1988 h161i to change shadow to accept strings as wellas well as symbols (a string in the symbols list being treated as a print name),and to clarify that if a symbol of speci�ed name is already in the package butis not yet on the shadowing-symbols list for that package, then shadow doesadd it to the shadowing-symbols list rather than simply doing nothing.shadow should be used with caution. It changes the state of the packagesystem in such a way that the consistency rules do not hold across the change.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]use-package packages-to-use &optional packageThe packages-to-use argument should be a list of packages or package names,or possibly a single package or package name. These packages are added tothe use-list of package if they are not there already. All external symbolsin the packages to use become accessible in package as internal symbols (seesection 11.4). It is an error to try to use the keyword package. use-packagereturns t.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).[Function]unuse-package packages-to-unuse &optional packageThe packages-to-unuse argument should be a list of packages or packagenames, or possibly a single package or package name. These packages areremoved from the use-list of package. unuse-package returns t.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).X3J13 voted in January 1989 h52i to add a macro defpackage to the lan-guage to make it easier to create new packages, alleviating the burden on theprogrammer to perform the various setup operations in exactly the correctsequence.



288 COMMON LISP [Macro]defpackage de�ned-package-name foptiong�This creates a new package, or modi�es an existing one, whose name is de�ned-package-name. The de�ned-package-name may be a string or a symbol; if itis a symbol, only its print name matters, and not what package, if any, thesymbol happens to be in. The newly created or modi�ed package is returnedas the value of the defpackage form.Each standard option is a list of a keyword (the name of the option) andassociated arguments. No part of a defpackage form is evaluated. Except forthe :size option, more than one option of the same kind may occur withinthe same defpackage form.The standard options for defpackage are as follows. In every case, anyoption argument called package-name or symbol-name may be a string or asymbol; if it is a symbol, only its print name matters, and not what package,if any, the symbol happens to be in.(:size integer)This speci�es approximately the number of symbols expected to be in thepackage. This is purely an e�ciency hint to the storage allocator, so thatimplementations using hash tables as part of the package data structure (theusual technique) will not have to incrementally expand the package as newsymbols are added to it (for example, as a large �le is read while \in" thatpackage).(:nicknames fpackage-nameg� )The speci�ed names become nicknames of the package being de�ned. If anyof the speci�ed nicknames already refers to an existing package, a continuableerror is signaled exactly as for the function make-package.(:shadow fsymbol-nameg� )Symbols with the speci�ed names are created as shadows in the package beingde�ned, just as with the function shadow.(:shadowing-import-from package-name fsymbol-nameg� )Symbols with the speci�ed names are located in the speci�ed package. Thesesymbols are imported into the package being de�ned, shadowing other sym-bols if necessary, just as with the function shadowing-import. In no case willsymbols be created in a package other than the one being de�ned; a continu-able error is signaled if for any symbol-name there is no symbol of that nameaccessible in the package named package-name.



PACKAGES 289(:use fpackage-nameg� )The package being de�ned is made to \use" (inherit from) the packages spec-i�ed by this option, just as with the function use-package. If no :use optionis supplied, then a default list is assumed as for make-package.X3J13 voted in January 1989 h119i to change the speci�cation of make-package so that the default value for the :use argument is unspeci�ed.This change a�ects defpackage as well. Portable code should specify(:use '("COMMON-LISP")) explicitly.(:import-from package-name fsymbol-nameg� )Symbols with the speci�ed names are located in the speci�ed package. Thesesymbols are imported into the package being de�ned, just as with the functionimport. In no case will symbols be created in a package other than the onebeing de�ned; a continuable error is signaled if for any symbol-name there isno symbol of that name accessible in the package named package-name.(:intern fsymbol-nameg� )Symbols with the speci�ed names are located or created in the package beingde�ned, just as with the function intern. Note that the action of this optionmay be a�ected by a :use option, because an inherited symbol will be usedin preference to creating a new one.(:export fsymbol-nameg� )Symbols with the speci�ed names are located or created in the package beingde�ned and then exported, just as with the function export. Note that the ac-tion of this option may be a�ected by a :use, :import-from, or :shadowing-import-from option, because an inherited or imported symbol will be usedin preference to creating a new one.The order in which options appear in a defpackage form does not matter;part of the convenience of defpackage is that it sorts out the options into thecorrect order for processing. Options are processed in the following order:1. :shadow and :shadowing-import-from2. :use3. :import-from and :intern4. :exportShadows are established �rst in order to avoid spurious name conicts whenuse links are established. Use links must occur before importing and interning



290 COMMON LISPso that those operations may refer to normally inherited symbols rather thancreating new ones. Exports are performed last so that symbols created byany of the other options, in particular, shadows and imported symbols, maybe exported. Note that exporting an inherited symbol implicitly imports it�rst (see section 11.4).If no package named de�ned-package-name already exists, defpackage cre-ates it. If such a package does already exist, then no new package is created.The existing package is modi�ed, if possible, to reect the new de�nition. Theresults are unde�ned if the new de�nition is not consistent with the currentstate of the package.An error is signaled if more than one :size option appears.An error is signaled if the same symbol-name argument (in the sense of com-paring names with stringUU) appears more than once among the argumentsto all the :shadow, :shadowing-import-from, :import-from, and :internoptions.An error is signaled if the same symbol-name argument (in the sense of com-paring names with stringUU) appears more than once among the argumentsto all the :intern and :export options.Other kinds of name conicts are handled in the same manner that theunderlying operations use-package, import, and export would handle them.Implementations may support other defpackage options. Every implemen-tation should signal an error on encountering a defpackage option it does notsupport.The function compile-file should treat top-level defpackage forms inthe same way it would treat top-level calls to package-a�ecting functions (asdescribed at the beginning of section 11.7).Here is an example of a call to defpackage that \plays it safe" by usingonly strings as names.(cl:defpackage "MY-VERY-OWN-PACKAGE"(:size 496)(:nicknames "MY-PKG" "MYPKG" "MVOP")(:use "COMMON-LISP")(:shadow "CAR" "CDR")(:shadowing-import-from "BRAND-X-LISP" "CONS")(:import-from "BRAND-X-LISP" "GC" "BLINK-FRONT-PANEL-LIGHTS")(:export "EQ" "CONS" "MY-VERY-OWN-FUNCTION"))The preceding defpackage example is designed to operate correctly even if thepackage current when the form is read happens not to \use" the common-lisppackage. (Note the use in this example of the nickname cl for the common-



PACKAGES 291lisp package.) Moreover, neither reading in nor evaluating this defpackageform will ever create any symbols in the current package. Note too the use ofuppercase letters in the strings.Here, for the sake of contrast, is a rather similar use of defpackage that\plays the whale" by using all sorts of permissible syntax.(defpackage my-very-own-package(:export :EQ common-lisp:cons my-very-own-function)(:nicknames "MY-PKG" #--:MyPkg)(:use "COMMON-LISP")(:shadow "CAR")(:size 496)(:nicknames mvop)(:import-from "BRAND-X-LISP" "GC" Blink-Front-Panel-Lights)(:shadow common-lisp::cdr)(:shadowing-import-from "BRAND-X-LISP" CONS))This example has exactly the same e�ect on the newly created package butmay create useless symbols in other packages. The use of explicit packagetags is particularly confusing; for example, this defpackage form will causethe symbol cdr to be shadowed in the new package; it will not be shadowedin the package common-lisp. The fact that the name \CDR" was speci�edby a package-quali�ed reference to a symbol in the common-lisp package isa red herring. The moral is that the syntactic exibility of defpackage, asin other parts of Common Lisp, yields considerable convenience when usedwith commonsense competence, but unutterable confusion when used withMalthusian profusion.Implementation note: An implementation of defpackagemight choose to trans-form all the package-name and symbol-name arguments into strings at macro ex-pansion time, rather than at the time the resulting expansion is executed, so thateven if source code is expressed in terms of strange symbols in the defpackage form,the binary �le resulting from compiling the source code would contain only strings.The purpose of this is simply to minimize the creation of useless symbols in produc-tion code. This technique is permitted as an implementation strategy but is not abehavior required by the speci�cation of defpackage.Note that defpackage is not capable by itself of de�ning mutually recursivepackages, for example two packages each of which uses the other. However,nothing prevents one from using defpackage to perform much of the initial



292 COMMON LISPsetup and then using functions such as use-package, import, and export tocomplete the links.The purpose of defpackage is to encourage the user to put the entire de�-nition of a package and its relationships to other packages in a single place. Itmay also encourage the designer of a large system to place the de�nitions ofall relevant packages into a single �le (say) that can be loaded before loadingor compiling any code that depends on those packages. Such a �le, if carefullyconstructed, can simply be loaded into the common-lisp-user package.Implementations and programming environments may also be better able tosupport the programming process (if only by providing better error checking)through global knowledge of the intended package setup. [Function]find-all-symbols string-or-symbolfind-all-symbols searches every package in the Lisp system to �nd everysymbol whose print name is the speci�ed string. A list of all such symbolsfound is returned. This search is case-sensitive. If the argument is a symbol,its print name supplies the string to be searched for. [Macro]do-symbols (var [package [result-form] ])fdeclarationg� ftag j statementg�do-symbols provides straightforward iteration over the symbols of a package.The body is performed once for each symbol accessible in the package, in noparticular order, with the variable var bound to the symbol. Then result-form (a single form, not an implicit progn) is evaluated, and the result isthe value of the do-symbols form. (When the result-form is evaluated, thecontrol variable var is still bound and has the value nil.) If the result-formis omitted, the result is nil. return may be used to terminate the iterationprematurely. If execution of the body a�ects which symbols are contained inthe package, other than possibly to remove the symbol currently the value ofvar by using unintern, the e�ects are unpredictable.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).X3J13 voted in March 1988 h66i to specify that the body of a do-symbolsform may be executed more than once for the same accessible symbol, andusers should take care to allow for this possibility.The point is that the same symbol might be accessible via more than onechain of inheritance, and it is implementationally costly to eliminate suchduplicates. Here is an example:



PACKAGES 293(setq *a* (make-package 'a)) ;Implicitly uses package common-lisp(setq *b* (make-package 'b)) ;Implicitly uses package common-lisp(setq *c* (make-package 'c :use '(a b)))(do-symbols (x *c*) (print x)) ;Symbols in package common-lisp; might be printed once or twice hereX3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Note that the loop construct provides a kind of for clause that can iterateover the symbols of a package (see chapter 26). [Macro]do-external-symbols (var [package [result] ] )fdeclarationg� ftag j statementg�do-external-symbols is just like do-symbols, except that only the externalsymbols of the speci�ed package are scanned.The clari�cation voted by X3J13 in March 1988 for do-symbols h66i, re-garding redundant executions of the body for the same symbol, applies alsoto do-external-symbols.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Macro]do-all-symbols (var [result-form] )fdeclarationg� ftag j statementg�This is similar to do-symbols but executes the body once for every symbolcontained in every package. (This will not process every symbol whatsoever,because a symbol not accessible in any package will not be processed. Nor-mally, uninterned symbols are not accessible in any package.) It is not ingeneral the case that each symbol is processed only once, because a symbolmay appear in many packages.The clari�cation voted by X3J13 in March 1988 for do-symbols h66i, re-garding redundant executions of the body for the same symbol, applies alsoto do-all-symbols.X3J13 voted in January 1989 h127i to clarify that the package argumentmay be either a package object or a package name (see section 11.2).X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



294 COMMON LISPX3J13 voted in January 1989 h98i to add a new macro with-package-iterator to the language. [Macro]with-package-iterator (mname package-list fsymbol-typeg+ )f formg�The namemname is bound and de�ned as if by macrolet, with the body formsas its lexical scope, to be a \generator macro" such that each invocation of(mname) will return a symbol and that successive invocations will eventuallydeliver, one by one, all the symbols from the packages that are elements of thelist that is the value of the expression package-list (which is evaluated exactlyonce).Each element of the package-list value may be either a package or the nameof a package. As a further convenience, if the package-list value is itself apackage or the name of a package, it is treated as if a singleton list containingthat value had been provided. If the package-list value is nil, it is consideredto be an empty list of packages.At each invocation of the generator macro, there are two possibilities. Ifthere is yet another unprocessed symbol, then four values are returned: t,the symbol, a keyword indicating the accessibility of the symbol within thepackage (see below), and the package from which the symbol was accessed. Ifthere are no more unprocessed symbols in the list of packages, then one valueis returned: nil.When the generator macro returns a symbol as its second value, the fourthvalue is always one of the packages present or named in the package-list value,and the third value is a keyword indicating accessibility: :internal meanspresent in the package and not exported; :external means present and ex-ported; and :inheritedmeans not present (thus not shadowed) but inheritedfrom some package used by the package that is the fourth value.Each symbol-type in an invocation of with-package-iterator is not eval-uated. More than one may be present; their order does not matter. Theyindicate the accessibility types of interest. A symbol is not returned by thegenerator macro unless its actual accessibility matches one of the symbol-typeindicators. The standard symbol-type indicators are :internal, :external,and :inherited, but implementations are permitted to extend the syntax ofwith-package-iteratorby recognizing additional symbol accessibility types.An error is signaled if no symbol-type is supplied, or if any supplied symbol-typeis not recognized by the implementation.The order in which symbols are produced by successive invocations of thegenerator macro is not necessarily correlated in any way with the order of the



PACKAGES 295packages in the package-list. When more than one package is in the package-list, symbols accessible from more than one package may be produced once ormore than once. Even when only one package is speci�ed, symbols inheritedin multiple ways via used packages may be produced once or more than once.The implicit interior state of the iteration over the list of packages andthe symbols within them has dynamic extent. It is an error to invoke thegenerator macro once the with-package-iterator form has been exited.Any number of invocations of with-package-iterator and related macrosmay be nested, and the generator macro of an outer invocation may be calledfrom within an inner invocation (provided, of course, that its name is visibleor otherwise made available).X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Rationale: This facility is a bit more exible in some ways than do-symbols andfriends. In particular, it makes it possible to implement loop clauses for iteratingover packages in a way that is both portable and e�cient (see chapter 26).11.8. ModulesA module is a Common Lisp subsystem that is loaded from one or more �les.A module is normally loaded as a single unit, regardless of how many �lesare involved. A module may consist of one package or several packages. The�le-loading process is necessarily implementation-dependent, but CommonLisp provides some very simple portable machinery for naming modules, forkeeping track of which modules have been loaded, and for loading modules asa unit.X3J13 voted in January 1989 h154i to eliminate the entire module facilityfrom the language; that is, the variable *modules* and the functions provideand require are deleted. X3J13 commented that the �le-loading featureof require is not portable, and that the remaining functionality is easilyimplemented by user code. (I will add that in any case the speci�cation ofrequire is so vague that di�erent implementations are likely to have di�eringbehavior.) [Variable]*modules*The variable *modules* is a list of names of the modules that have beenloaded into the Lisp system so far. This list is used by the functions provideand require.



296 COMMON LISP [Function]provide module-name [Function]require module-name &optional pathnameEach module has a unique name (a string). The provide and require func-tions accept either a string or a symbol as the module-name argument. If asymbol is provided, its print name is used as the module name. If the moduleconsists of a single package, it is customary for the package and module namesto be the same.The provide function adds a new module name to the list of modulesmaintained in the variable *modules*, thereby indicating that the module inquestion has been loaded.The require function tests whether a module is already present (using acase-sensitive comparison); if the module is not present, require proceeds toload the appropriate �le or set of �les. The pathname argument, if present, isa single pathname or a list of pathnames whose �les are to be loaded in order,left to right. If the pathname argument is nil or is not provided, the systemwill attempt to determine, in some system-dependent manner, which �les toload. This will typically involve some central registry of module names andthe associated �le lists.X3J13 voted in March 1988 not to permit symbols as pathnames h134iand to specify exactly which streams may be used as pathnames h132i (seesection 23.1.6). Of course, this is moot if require is not in the language.X3J13 voted in January 1989 h156i to specify that the values returned byprovide and require are implementation-dependent. Of course, this is mootif provide and require are not in the language.Implementation note: One way to implement such a registry on many operatingsystems is simply to use a distinguished \library" directory within the �le system,where the name of each �le is the same as the module it contains.11.9. An ExampleMost users will want to load and use packages but will never need to build one.........................................................................................................................................................................................................

Often a user will load a number of packages into the user package wheneverusing Common Lisp. Typically an implementation might provide some sortof initialization �le mechanism to make such setup automatic when the Lispstarts up. Table 11-1 shows such an initialization �le, one that simply causesother facilities to be loaded.X3J13 voted in March 1989 h108i to specify that the forthcoming ANSICommon Lisp will use the package name common-lisp-user instead of user.



PACKAGES 297Table 11-1: An Initialization File;;;; Lisp init file for I. Newton.;;; Set up the USER package the way I like it.(require 'calculus) ;I use CALCULUS a lot; load it.(use-package 'calculus) ;Get easy access to its; exported symbols.(require 'newtonian-mechanics) ;Same thing for NEWTONIAN-MECHANICS(use-package 'newtonian-mechanics);;; I just want a few things from RELATIVITY,;;; and other things conflict.;;; Import only what I need into the USER package.(require 'relativity)(import '(relativity:speed-of-lightrelativity:ignore-small-errors));;; These are worth loading, but I will use qualified names,;;; such as PHLOGISTON:MAKE-FIRE-BOTTLE, to get at any symbols;;; I might need from these packages.(require 'phlogiston)(require 'alchemy);;; End of Lisp init file for I. Newton.When each of two �les uses some symbols from the other, the author ofthose �les must be careful to arrange the contents of the �le in the properorder. Typically each �le contains a single package that is a complete module.The contents of such a �le should include the following items, in order:1. A call to provide that announces the module name.2. A call to in-package that establishes the package.3. A call to shadow that establishes any local symbols that will shadow symbolsthat would otherwise be inherited from packages that this package will use.4. A call to export that establishes all of this package's external symbols.



298 COMMON LISP5. Any number of calls to require to load other modules that the contents ofthis �le might want to use or refer to. (Because the calls to require followthe calls to in-package, shadow, and export, it is possible for the packagesthat may be loaded to refer to external symbols in this package.)6. Any number of calls to use-package, to make external symbols from otherpackages accessible in this package.7. Any number of calls to import, to make symbols from other packagespresent in this package.8. Finally, the de�nitions making up the contents of this package/module.The followingmnemonic sentence may be helpful in remembering the properorder of these calls:Put in seven extremely random user interface commands.Each word of the sentence corresponds to one item in the above ordering:Put ProvideIN IN-packageSeven ShadowEXtremely EXportRandom RequireUSEr USE-packageInterface ImportCOmmands COntents of package/moduleThe sentence says what it helps you to do.The most distressing aspect of the X3J13 vote to eliminate provide andrequire h154i is of course that it completely ruins the mnemonic sentence.Now, suppose for the sake of example that the phlogiston and alchemypackages are single-�le, single-package modules as described above. Thephlogiston package needs to use the alchemy package, and the alchemypackage needs to use several external symbols from the phlogiston pack-age. The de�nitions in the alchemy and phlogiston �les (see tables 11-2and 11-3) allow a user to specify require statements for either of these mod-ules, or for both of them in either order, and all relevant information will beloaded automatically and in the correct order.For very large modules whose contents are spread over several �les (the lisp........................................................................................................................................................................................................

package is an example), it is recommended that the user create the package



PACKAGES 299Table 11-2: File alchemy;;;; Alchemy functions, written and maintained by Merlin, Inc.(provide 'alchemy) ;The module is named ALCHEMY.(in-package 'alchemy) ;So is the package.;;; There is nothing to shadow.;;; Here is the external interface.(export '(lead-to-gold gold-to-leadantimony-to-zinc elixir-of-life));;; This package/module needs a function from;;; the PHLOGISTON package/module.(require 'phlogiston);;; We don't frequently need most of the external symbols from;;; PHLOGISTON, so it's not worth doing a USE-PACKAGE on it.;;; We'll just use qualified names as needed. But we use;;; one function, MAKE-FIRE-BOTTLE, a lot, so import it.;;; It's external in PHLOGISTON and so can be referred to;;; here using ":" qualified-name syntax.(import '(phlogiston:make-fire-bottle));;; Now for the real contents of this file.(defun lead-to-gold (x)"Takes a quantity of lead and returns gold."(when (> (phlogiston:heat-flow 5 x x) ;Using a qualified symbol3)(make-fire-bottle x)) ;Using an imported symbol(gild x));;; And so on ...



300 COMMON LISPTable 11-3: File phlogiston;;;; Phlogiston functions, by Thermofluidics, Ltd.(provide 'phlogiston) ;The module is named PHLOGISTON.(in-package 'phlogiston) ;So is the package.;;; There is nothing to shadow.;;; Here is the external interface.(export '(heat-flow cold-flow mix-fluids separate-fluidsburn make-fire-bottle));;; This file uses functions from the ALCHEMY package/module.(require 'alchemy);;; We use alchemy functions a lot, so use the package.;;; This will allow symbols exported from the ALCHEMY package;;; to be referred to here without the need for qualified names.(use-package 'alchemy);;; No calls to IMPORT are needed here.;;; The real contents of this package/module.(defvar *feeling-weak* nil)(defun heat-flow (amount x y)"Make some amount of heat flow from x to y."(when *feeling-weak*(quaff (elixir-of-life))) ;No qualifier is needed.(push-heat amount x y));;; And so on ...



PACKAGES 301Table 11-4: An Initialization File When defpackage Is Used;;;; Lisp init file for I. Newton.;;; Set up the USER package the way I like it.(load "calculus") ;I use CALCULUS a lot; load it.(use-package 'calculus) ;Get easy access to its; exported symbols.(load "newtonian-mechanics") ;Ditto for NEWTONIAN-MECHANICS(use-package 'newtonian-mechanics);;; I just want a few things from RELATIVITY,;;; and other things conflict.;;; Import only what I need into the USER package.(load "relativity")(import '(relativity:speed-of-lightrelativity:ignore-small-errors));;; These are worth loading, but I will use qualified names,;;; such as PHLOGISTON:MAKE-FIRE-BOTTLE, to get at any symbols;;; I might need from these packages.(load "phlogiston")(load "alchemy");;; End of Lisp init file for I. Newton.and declare all of the shadows and external symbols in a separate �le, so thatthis can be loaded before anything that might use symbols from this package.Indeed, the defpackage macro approved by X3J13 in January 1989 h52iencourages the use of such a separate �le. (By the way, X3J13 voted in March1989 h108i to specify that the forthcoming ANSI Common Lisp will use thepackage name common-lisp instead of lisp.) Let's take a look at a revisionof I. Newton's �les using defpackage.The new version of the initialization �le avoids using require; instead, weassume that load will do the job (see table 11-4).The other �les have each been split into two parts, one that establishes



302 COMMON LISPthe package and one that de�nes the contents. This example uses a simpleconvention that for any �le named, say, \foo" the �le named \foo-package"contains the necessary defpackage and/or other package-establishing code.The idiom(unless (find-package "FOO")(load "foo-package"))is conventionally used to load a package de�nition but only if the package hasnot already been de�ned. (This is a bit clumsy, and there are other ways toarrange things so that a package is de�ned no more than once.)The �le alchemy-package is shown in table 11-5. The tricky point hereis that the alchemy and phlogiston packages contain mutual references(each imports from the other), and so defpackage alone cannot do the job.Therefore the phlogiston package is not mentioned in a :use option in thedefpackage for the alchemy package. Instead, the function use-package iscalled explicitly, after the package de�nition for phlogiston has been loaded.Note that this �le has been coded with excruciating care so as to operate cor-rectly even if the package current when the �le is loaded does not inherit fromthe common-lisp package. In particular, the standard load-package-de�nitionidiom has been peppered with package quali�ers:(cl:unless (cl:find-package "PHLOGISTON")(cl:load "phlogiston-package"))Note the use of the nickname cl for the common-lisp package.The alchemy �le, shown in table 11-6, simply loads the alchemy packagede�nition, makes that package current, and then de�nes the \real contents"of the package.The �le phlogiston-package is shown in table 11-7. This one is a lit-tle more straightforward than the �le alchemy-package, because the latterbears the responsibility for breaking the circular package references. This �lesimply makes sure that the alchemy package is de�ned and then performs adefpackage for the phlogiston package.The phlogiston �le, shown in table 11-8, simply loads the phlogistonpackage de�nition, makes that package current, and then de�nes the \realcontents" of the package.Let's look at the question of package circularity in this example a littlemore closely. Suppose that the �le alchemy-package is loaded �rst. It de-�nes the alchemy package and then loads �le phlogiston-package. That �lein turn �nds that the package alchemy has already been de�ned and there-



PACKAGES 303fore does not attempt to load �le alchemy-package again; it merely de�nespackage phlogiston. The �le alchemy-package then has a chance to importphlogiston:make-fire-bottle and everything is �ne.On the other hand, suppose that the �le phlogiston-package is loaded�rst. It �nds that the package alchemy has not already been de�ned, andtherefore it immediately loads �le alchemy-package. That �le in turn de�nesthe alchemy package; then it �nds that package phlogiston is not yet de�nedand so loads �le phlogiston-package again (indeed, in nested fashion). Thistime �le phlogiston-package does �nd that the package alchemy has al-ready been de�ned, so it simply de�nes package phlogiston and terminates.The �le alchemy-package then imports phlogiston:make-fire-bottle andterminates. Finally, the outer loading of �le phlogiston-package re-de�nespackage phlogiston. Oh, dear. Fortunately the two de�nitions of packagephlogiston agree in every detail, so everything ought to be all right. Still, itlooks a bit dicey; I certainly don't have the same warm, fuzzy feeling that Iwould if no package were de�ned more than once.



304 COMMON LISPTable 11-5: File alchemy-package Using defpackage;;;; Alchemy package, written and maintained by Merlin, Inc.(cl:defpackage "ALCHEMY"(:export "LEAD-TO-GOLD" "GOLD-TO-LEAD""ANTIMONY-TO-ZINC" "ELIXIR-OF-LIFE"));;; This package needs a function from the PHLOGISTON package.;;; Load the definition of the PHLOGISTON package if necessary.(cl:unless (cl:find-package "PHLOGISTON")(cl:load "phlogiston-package"));;; We don't frequently need most of the external symbols from;;; PHLOGISTON, so it's not worth doing a USE-PACKAGE on it.;;; We'll just use qualified names as needed. But we use;;; one function, MAKE-FIRE-BOTTLE, a lot, so import it.;;; It's external in PHLOGISTON and so can be referred to;;; here using ":" qualified-name syntax.(cl:import '(phlogiston:make-fire-bottle))Table 11-6: File alchemy Using defpackage;;;; Alchemy functions, written and maintained by Merlin, Inc.(unless (find-package "ALCHEMY")(load "alchemy-package"))(in-package 'alchemy)(defun lead-to-gold (x)"Takes a quantity of lead and returns gold."(when (> (phlogiston:heat-flow 5 x x) ;Using a qualified symbol3)(make-fire-bottle x)) ;Using an imported symbol(gild x));;; And so on ...



PACKAGES 305Table 11-7: File phlogiston-package Using defpackage;;;; Phlogiston package definition, by Thermofluidics, Ltd.;;; This package uses functions from the ALCHEMY package.(cl:unless (cl:find-package "ALCHEMY")(cl:load "alchemy-package"))(cl:defpackage "PHLOGISTON"(:use "COMMON-LISP" "ALCHEMY")(:export "HEAT-FLOW""COLD-FLOW""MIX-FLUIDS""SEPARATE-FLUIDS""BURN""MAKE-FIRE-BOTTLE"))Table 11-8: File phlogiston Using defpackage;;;; Phlogiston functions, by Thermofluidics, Ltd.(unless (find-package "PHLOGISTON")(load "phlogiston-package"))(in-package 'phlogiston)(defvar *feeling-weak* nil)(defun heat-flow (amount x y)"Make some amount of heat flow from x to y."(when *feeling-weak*(quaff (elixir-of-life))) ;No qualifier is needed.(push-heat amount x y));;; And so on ...



306 COMMON LISPConclusion: defpackage goes a long way, but it certainly doesn't solve allthe possible problems of package and �le management. Neither did requireand provide. Perhaps further experimentation will yield facilities appropriatefor future standardization.



12NumbersCommon Lisp provides several di�erent representations for numbers. Theserepresentations may be divided into four categories: integers, ratios, oating-point numbers, and complex numbers. Many numeric functions will acceptany kind of number; they are generic. Other functions accept only certainkinds of numbers.Note that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense and not necessarily in thetechnical sense used by CLOS (see chapter 2).In general, numbers in Common Lisp are not true objects; eq cannot becounted upon to operate on them reliably. In particular, it is possible thatthe expression(let ((x z) (y z)) (eq x y))may be false rather than true if the value of z is a number.Rationale: This odd breakdown of eq in the case of numbers allows the imple-mentor enough design freedom to produce exceptionally e�cient numerical code onconventional architectures. MacLisp requires this freedom, for example, in order toproduce compiled numerical code equal in speed to Fortran. Common Lisp makesthis same restriction, if not for this freedom, then at least for the sake of compati-bility.If two objects are to be compared for \identity," but either might be anumber, then the predicate eql is probably appropriate; if both objects areknown to be numbers, then UU may be preferable. 307



308 COMMON LISP12.1. Precision, Contagion, and CoercionIn general, computations with oating-point numbers are only approximate.The precision of a oating-point number is not necessarily correlated at allwith the accuracy of that number. For instance, 3.142857142857142857 is amore precise approximation to � than 3.14159, but the latter is more accurate.The precision refers to the number of bits retained in the representation.When an operation combines a short oating-point number with a long one,the result will be a long oating-point number. This rule is made to ensurethat as much accuracy as possible is preserved; however, it is by no meansa guarantee. Common Lisp numerical routines do assume, however, that theaccuracy of an argument does not exceed its precision. Therefore when twosmall oating-point numbers are combined, the result will always be a smalloating-point number. This assumption can be overridden by �rst explicitlyconverting a small oating-point number to a larger representation. (CommonLisp never converts automatically from a larger size to a smaller one.)Rational computations cannot overow in the usual sense (though of coursethere may not be enough storage to represent one), as integers and ratiosmay in principle be of any magnitude. Floating-point computations may getexponent overow or underow; this is an error.X3J13 voted in June 1989 h79i to address certain problems relating tooating-point overow and underow, but certain parts of the proposedsolution were not adopted, namely to add the macro without-floating-underflow-traps to the language and to require certain behavior of oating-point overow and underow. The committee agreed that this area of thelanguage requires more discussion before a solution is standardized.For the record, the proposal that was considered and rejected (for the nonce)introduced a macro without-floating-underflow-traps that would exe-cute its body in such a way that, within its dynamic extent, a oating-pointunderow must not signal an error but instead must produce either a denor-malized number or zero as the result. The rejected proposal also speci�ed thefollowing treatment of overow and underow:. A oating-point computation that overows should signal an error of typefloating-point-overflow.. Unless the dynamic extent of a use of without-floating-underflow-traps, a oating-point computation that underows should signal an errorof type floating-point-underflow. A result that can be represented onlyin denormalized form must be considered an underow in implementationsthat support denormalized oating-point numbers.



NUMBERS 309These points refer to conditions floating-point-overflow and floating-point-underflow that were approved by X3J13 and are described in sec-tion 29.5.

When rational and oating-point numbers are compared or combined bya numerical function, the rule of oating-point contagion is followed: whena rational meets a oating-point number, the rational is �rst converted to



310 COMMON LISPa oating-point number of the same format. For functions such as + thattake more than two arguments, it may be that part of the operation is car-ried out exactly using rationals and then the rest is done using oating-pointarithmetic.X3J13 voted in January 1989 h37i to apply the rule of oating-point conta-gion stated above to the case of combining rational and oating-point numbers.For comparing, the following rule is to be used instead: When a rational num-ber and a oating-point number are to be compared by a numerical function,in e�ect the oating-point number is �rst converted to a rational number asif by the function rational, and then an exact comparison of two rationalnumbers is performed. It is of course valid to use a more e�cient implemen-tation than actually calling the function rational, as long as the result ofthe comparison is the same. In the case of complex numbers, the real andimaginary parts are handled separately.Rationale: In general, accuracy cannot be preserved in combining operations, but itcan be preserved in comparisons, and preserving it makes that part of Common Lispalgebraically a bit more tractable. In particular, this change prevents the breakdownof transitivity. Let a be the result of (/ 10.0 single-float-epsilon), and let jbe the result of (floor a). (Note that (UU a (+ a 1.0)) is true, by the de�nition ofsingle-float-epsilon.) Under the old rules, all of (<UU a j), (< j (+ j 1)), and(<UU (+ j 1) a) would be true; transitivity would then imply that (< a a) oughtto be true, but of course it is false, and therefore transitivity fails. Under the newrule, however, (<UU (+ j 1) a) is false.For functions that are mathematically associative (and possibly commu-tative), a Common Lisp implementation may process the arguments in anymanner consistent with associative (and possibly commutative) rearrange-ment. This does not a�ect the order in which the argument forms are eval-uated, of course; that order is always left to right, as in all Common Lispfunction calls. What is left loose is the order in which the argument valuesare processed. The point of all this is that implementations may di�er inwhich automatic coercions are applied because of di�ering orders of argumentprocessing. As an example, consider this expression:(+ 1/3 2/3 1.0D0 1.0 1.0E-15)One implementation might process the arguments from left to right, �rstadding 1/3 and 2/3 to get 1, then converting that to a double-precisionoating-point number for combination with 1.0D0, then successively convert-ing and adding 1.0 and 1.0E-15. Another implementation might process the



NUMBERS 311arguments from right to left, �rst performing a single-precision oating-pointaddition of 1.0 and 1.0E-15 (and probably losing some accuracy in the pro-cess!), then converting the sum to double precision and adding 1.0D0, thenconverting 2/3 to double-precision oating-point and adding it, and then con-verting 1/3 and adding that. A third implementation might �rst scan all thearguments, process all the rationals �rst to keep that part of the computationexact, then �nd an argument of the largest oating-point format among allthe arguments and add that, and then add in all other arguments, convertingeach in turn (all in a perhaps misguided attempt to make the computationas accurate as possible). In any case, all three strategies are legitimate. Theuser can of course control the order of processing explicitly by writing severalcalls; for example:(+ (+ 1/3 2/3) (+ 1.0D0 1.0E-15) 1.0)The user can also control all coercions simply by writing calls to coercionfunctions explicitly.In general, then, the type of the result of a numerical function is a oating-point number of the largest format among all the oating-point arguments tothe function; but if the arguments are all rational, then the result is rational(except for functions that can produce mathematically irrational results, inwhich case a single-format oating-point number may result).There is a separate rule of complex contagion. As a rule, complex numbersnever result from a numerical function unless one or more of the argumentsis complex. (Exceptions to this rule occur among the irrational and transcen-dental functions, speci�cally expt, log, sqrt, asin, acos, acosh, and atanh;see section 12.5.) When a non-complex number meets a complex number,the non-complex number is in e�ect �rst converted to a complex number byproviding an imaginary part of zero.If any computation produces a result that is a ratio of two integers suchthat the denominator evenly divides the numerator, then the result is imme-diately converted to the equivalent integer. This is called the rule of rationalcanonicalization.If the result of any computation would be a complex rational with a zeroimaginary part, the result is immediately converted to a non-complex rationalnumber by taking the real part. This is called the rule of complex canonical-ization. Note that this rule does not apply to complex numbers whose com-ponents are oating-point numbers. Whereas #--C(5 0) and 5 are not distinctvalues in Common Lisp (they are always eql), #--C(5.0 0.0) and 5.0 are al-ways distinct values in Common Lisp (they are never eql, although they areequalp).



312 COMMON LISP12.2. Predicates on NumbersEach of the following functions tests a single number for a speci�c property.Each function requires that its argument be a number; to call one with anon-number is an error. [Function]zerop numberThis predicate is true if number is zero (the integer zero, a oating-point zero,or a complex zero), and is false otherwise. Regardless of whether an implemen-tation provides distinct representations for positive and negative oating-pointzeros, (zerop -0.0) is always true. It is an error if the argument number isnot a number. [Function]plusp numberThis predicate is true if number is strictly greater than zero, and is falseotherwise. It is an error if the argument number is not a non-complex number.[Function]minusp numberThis predicate is true if number is strictly less than zero, and is false otherwise.Regardless of whether an implementation provides distinct representationsfor positive and negative oating-point zeros, (minusp -0.0) is always false.(The function float-sign may be used to distinguish a negative zero.) It isan error if the argument number is not a non-complex number. [Function]oddp integerThis predicate is true if the argument integer is odd (not divisible by 2), andotherwise is false. It is an error if the argument is not an integer. [Function]evenp integerThis predicate is true if the argument integer is even (divisible by 2), andotherwise is false. It is an error if the argument is not an integer.See also the data-type predicates integerp, rationalp, floatp, complexp,and numberp.



NUMBERS 31312.3. Comparisons on NumbersEach of the functions in this section requires that its arguments all be num-bers; to call one with a non-number is an error. Unless otherwise speci�ed,each works on all types of numbers, automatically performing any requiredcoercions when arguments are of di�erent types. [Function]UU number &rest more-numbers [Function]/UU number &rest more-numbers [Function]< number &rest more-numbers [Function]> number &rest more-numbers [Function]<UU number &rest more-numbers [Function]>UU number &rest more-numbersThese functions each take one or more arguments. If the sequence of argu-ments satis�es a certain condition:UU all the same/UU all di�erent< monotonically increasing> monotonically decreasing<UU monotonically nondecreasing>UU monotonically nonincreasingthen the predicate is true, and otherwise is false. Complex numbers maybe compared using UU and /UU, but the others require non-complex arguments.Two complex numbers are considered equal by UU if their real parts are equaland their imaginary parts are equal according to UU. A complex number maybe compared with a non-complex number with UU or /UU. For example:(UU 3 3) is true. (/UU 3 3) is false.(UU 3 5) is false. (/UU 3 5) is true.(UU 3 3 3 3) is true. (/UU 3 3 3 3) is false.(UU 3 3 5 3) is false. (/UU 3 3 5 3) is false.(UU 3 6 5 2) is false. (/UU 3 6 5 2) is true.(UU 3 2 3) is false. (/UU 3 2 3) is false.(< 3 5) is true. (<UU 3 5) is true.(< 3 -5) is false. (<UU 3 -5) is false.(< 3 3) is false. (<UU 3 3) is true.(< 0 3 4 6 7) is true. (<UU 0 3 4 6 7) is true.(< 0 3 4 4 6) is false. (<UU 0 3 4 4 6) is true.(> 4 3) is true. (>UU 4 3) is true.



314 COMMON LISP(> 4 3 2 1 0) is true. (>UU 4 3 2 1 0) is true.(> 4 3 3 2 0) is false. (>UU 4 3 3 2 0) is true.(> 4 3 1 2 0) is false. (>UU 4 3 1 2 0) is false.(UU 3) is true. (/UU 3) is true.(< 3) is true. (<UU 3) is true.(UU 3.0 #--C(3.0 0.0)) is true. (/UU 3.0 #--C(3.0 1.0)) is true.(UU 3 3.0) is true. (UU 3.0s0 3.0d0) is true.(UU 0.0 -0.0) is true. (UU 5/2 2.5) is true.(> 0.0 -0.0) is false. (UU 0 -0.0) is true.With two arguments, these functions perform the usual arithmetic comparisontests. With three or more arguments, they are useful for range checks, asshown in the following example:(<UU 0 x 9) ;true if x is between 0 and 9, inclusive(< 0.0 x 1.0) ;true if x is between 0.0 and 1.0, exclusive(< -1 j (length s)) ;true if j is a valid index for s(<UU 0 j k (- (length s) 1)) ;true if j and k are each valid; indices for s and j � kRationale: The \unequality" relation is called /UU rather than <> (the name usedin Pascal) for two reasons. First, /UU of more than two arguments is not the sameas the or of < and > of those same arguments. Second, unequality is meaningfulfor complex numbers even though < and > are not. For both reasons it would bemisleading to associate unequality with the names of < and >.Compatibility note: In Common Lisp, the comparison operations perform\mixed-mode" comparisons: (UU 3 3.0) is true. In MacLisp, there must be ex-actly two arguments, and they must be either both �xnums or both oating-pointnumbers. To compare two numbers for numerical equality and type equality, useeql. [Function]max number &rest more-numbers [Function]min number &rest more-numbersThe arguments may be any non-complex numbers. max returns the argumentthat is greatest (closest to positive in�nity). min returns the argument thatis least (closest to negative in�nity).For max, if the arguments are a mixture of rationals and oating-pointnumbers, and the largest argument is a rational, then the implementationis free to produce either that rational or its oating-point approximation; if



NUMBERS 315the largest argument is a oating-point number of a smaller format than thelargest format of any oating-point argument, then the implementation is freeto return the argument in its given format or expanded to the larger format.More concisely, the implementation has the choice of returning the largestargument as is or applying the rules of oating-point contagion, taking all thearguments into consideration for contagion purposes. Also, if two or more ofthe arguments are equal, then any one of them may be chosen as the valueto return. Similar remarks apply to min (replacing \largest argument" by\smallest argument").(max 6 12) ) 12 (min 6 12) ) 6(max -6 -12) ) -6 (min -6 -12) ) -12(max 1 3 2 -7) ) 3 (min 1 3 2 -7) ) -7(max -2 3 0 7) ) 7 (min -2 3 0 7) ) -2(max 3) ) 3 (min 3) ) 3(max 5.0 2) ) 5.0 (min 5.0 2) ) 2 or 2.0(max 3.0 7 1) ) 7 or 7.0 (min 3.0 7 1) ) 1 or 1.0(max 1.0s0 7.0d0) ) 7.0d0(min 1.0s0 7.0d0) ) 1.0s0 or 1.0d0(max 3 1 1.0s0 1.0d0) ) 3 or 3.0d0(min 3 1 1.0s0 1.0d0) ) 1 or 1.0s0 or 1.0d012.4. Arithmetic OperationsEach of the functions in this section requires that its arguments all be num-bers; to call one with a non-number is an error. Unless otherwise speci�ed,each works on all types of numbers, automatically performing any requiredcoercions when arguments are of di�erent types. [Function]+ &rest numbersThis returns the sum of the arguments. If there are no arguments, the resultis 0, which is an identity for this operation.Compatibility note: While + is compatible with its use in Lisp Machine Lisp, itis incompatible with MacLisp, which uses + for �xnum-only addition. [Function]- number &rest more-numbersThe function -, when given one argument, returns the negative of that argu-ment.



316 COMMON LISPThe function -, when given more than one argument, successively subtractsfrom the �rst argument all the others, and returns the result. For example,(- 3 4 5) ) -6.Compatibility note: While - is compatible with its use in Lisp Machine Lisp, itis incompatible with MacLisp, which uses - for �xnum-only subtraction. Also, -di�ers from difference as used in most Lisp systems in the case of one argument.[Function]* &rest numbersThis returns the product of the arguments. If there are no arguments, theresult is 1, which is an identity for this operation.Compatibility note: While * is compatible with its use in Lisp Machine Lisp, itis incompatible with MacLisp, which uses * for �xnum-only multiplication.[Function]/ number &rest more-numbersThe function /, when given more than one argument, successively divides the�rst argument by all the others and returns the result.It is generally accepted that it is an error for any argument other than the�rst to be zero.With one argument, / reciprocates the argument.It is generally accepted that it is an error in this case for the argument tobe zero./ will produce a ratio if the mathematical quotient of two integers is notan exact integer. For example:(/ 12 4) ) 3(/ 13 4) ) 13/4(/ -8) ) -1/8(/ 3 4 5) ) 3/20To divide one integer by another producing an integer result, use one of thefunctions floor, ceiling, truncate, or round.If any argument is a oating-point number, then the rules of oating-pointcontagion apply.Compatibility note: What / does is totally unlike what the usual // or quotientoperator does. In most Lisp systems, quotient behaves like / except when dividing



NUMBERS 317integers, in which case it behaves like truncate of two arguments; this behavior ismathematically intractable, leading to such anomalies as(quotient 1.0 2.0) ) 0.5 but (quotient 1 2) ) 0In contrast, the Common Lisp function / produces these results:(/ 1.0 2.0) ) 0.5 and (/ 1 2) ) 1/2In practice quotient is used only when one is sure that both arguments are integers,or when one is sure that at least one argument is a oating-point number. / istractable for its purpose and works for any numbers. [Function]1+ number [Function]1- number(1+ x) is the same as (+ x 1).(1- x) is the same as (- x 1). Note that the short name may be confusing:(1- x) does not mean 1� x ; rather, it means x � 1.Rationale: These are included primarily for compatibility with MacLisp and LispMachine Lisp. Some programmers prefer always to write (+ x 1) and (- x 1)instead of (1+ x) and (1- x).Implementation note: Compiler writers are very strongly encouraged to ensurethat (1+ x) and (+ x 1) compile into identical code, and similarly for (1- x) and(- x 1), to avoid pressure on a Lisp programmer to write possibly less clear code forthe sake of e�ciency. This can easily be done as a source-language transformation.[Macro]incf place [delta] [Macro]decf place [delta]The number produced by the form delta is added to (incf) or subtractedfrom (decf) the number in the generalized variable named by place, and thesum is stored back into place and returned. The form place may be any formacceptable as a generalized variable to setf. If delta is not supplied, then thenumber in place is changed by 1. For example:(setq n 0)(incf n) ) 1 and now n ) 1(decf n 3) ) -2 and now n ) -2(decf n -5) ) 3 and now n ) 3(decf n) ) 2 and now n ) 2



318 COMMON LISPThe e�ect of (incf place delta) is roughly equivalent to(setf place (+ place delta))except that the latter would evaluate any subforms of place twice, whereasincf takes care to evaluate them only once. Moreover, for certain place formsincf may be signi�cantly more e�cient than the setf version.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). [Function]conjugate numberThis returns the complex conjugate of number. The conjugate of a non-complex number is itself. For a complex number z,(conjugate z) � (complex (realpart z) (- (imagpart z)))For example:(conjugate #--C(3/5 4/5)) ) #--C(3/5 -4/5)(conjugate #--C(0.0D0 -1.0D0)) ) #--C(0.0D0 1.0D0)(conjugate 3.7) ) 3.7 [Function]gcd &rest integersThis returns the greatest common divisor of all the arguments, which must beintegers. The result of gcd is always a non-negative integer. If one argumentis given, its absolute value is returned. If no arguments are given, gcd returns0, which is an identity for this operation. For three or more arguments,(gcd a b c ... z) � (gcd (gcd a b) c ... z)Here are some examples of the use of gcd:(gcd 91 -49) ) 7(gcd 63 -42 35) ) 7(gcd 5) ) 5(gcd -4) ) 4(gcd) ) 0 [Function]lcm integer &rest more-integersThis returns the least common multiple of its arguments, which must be in-tegers. The result of lcm is always a non-negative integer. For two argumentsthat are not both zero,



NUMBERS 319(lcm a b) � (/ (abs (* a b)) (gcd a b))If one or both arguments are zero,(lcm a 0) � (lcm 0 a) � 0For one argument, lcm returns the absolute value of that argument. Forthree or more arguments,(lcm a b c ... z) � (lcm (lcm a b) c ... z)Some examples:(lcm 14 35) ) 70(lcm 0 5) ) 0(lcm 1 2 3 4 5 6) ) 60Mathematically, (lcm) should return in�nity. Because Common Lisp doesnot have a representation for in�nity, lcm, unlike gcd, always requires at leastone argument.X3J13 voted in January 1989 h107i to specify that (lcm) ) 1.This is one of my biggest boners. The identity for lcm is of course 1, notin�nity, and so (lcm) ought to have been de�ned to return 1. Sorry aboutthat, though in point of fact very few users have complained to me that thismistake in the �rst edition has cramped their programming style.12.5. Irrational and Transcendental FunctionsCommon Lisp provides no data type that can accurately represent irrationalnumerical values. The functions in this section are described as if the resultswere mathematically accurate, but actually they all produce oating-pointapproximations to the true mathematical result in the general case. In someplaces mathematical identities are set forth that are intended to elucidate themeanings of the functions; however, two mathematically identical expressionsmay be computationally di�erent because of errors inherent in the oating-point approximation process.When the arguments to a function in this section are all rational and thetrue mathematical result is also (mathematically) rational, then unless oth-erwise noted an implementation is free to return either an accurate result oftype rational or a single-precision oating-point approximation. If the argu-ments are all rational but the result cannot be expressed as a rational number,then a single-precision oating-point approximation is always returned.



320 COMMON LISPX3J13 voted in March 1989 h29i to clarify that the provisions of the previ-ous paragraph apply to complex numbers. If the arguments to a function areall of type (or rational (complex rational)) and the true mathematicalresult is (mathematically) a complex number with rational real and imagi-nary parts, then unless otherwise noted an implementation is free to returneither an accurate result of type (or rational (complex rational)) or asingle-precision oating-point approximation of type single-float (permis-sible only if the imaginary part of the true mathematical result is zero) or(complex single-float). If the arguments are all of type (or rational(complex rational)) but the result cannot be expressed as a rational orcomplex rational number, then the returned value will be of type single-float (permissible only if the imaginary part of the true mathematical resultis zero) or (complex single-float).The rules of oating-point contagion and complex contagion are e�ectivelyobeyed by all the functions in this section except expt, which treats some casesof rational exponents specially. When, possibly after contagious conversion,all of the arguments are of the same oating-point or complex oating-pointtype, then the result will be of that same type unless otherwise noted.Implementation note: There is a \oating-point cookbook" by Cody and Waite[14] that may be a useful aid in implementing the functions de�ned in this section.12.5.1. Exponential and Logarithmic FunctionsAlong with the usual one-argument and two-argument exponential and loga-rithm functions, sqrt is considered to be an exponential function, because itraises a number to the power 1/2. [Function]exp numberReturns e raised to the power number, where e is the base of the naturallogarithms. [Function]expt base-number power-numberReturns base-number raised to the power power-number. If the base-numberis of type rational and the power-number is an integer, the calculation willbe exact and the result will be of type rational; otherwise a oating-pointapproximation may result.



NUMBERS 321X3J13 voted in March 1989 h29i to clarify that provisions similar to thoseof the previous paragraph apply to complex numbers. If the base-numberis of type (complex rational) and the power-number is an integer, thecalculation will also be exact and the result will be of type (or rational(complex rational)); otherwise a oating-point or complex oating-pointapproximation may result.When power-number is 0 (a zero of type integer), then the result is alwaysthe value 1 in the type of base-number, even if the base-number is zero (of anytype). That is:(expt x 0) � (coerce 1 (type-of x))If the power-number is a zero of any other data type, then the result is also thevalue 1, in the type of the arguments after the application of the contagionrules, with one exception: it is an error if base-number is zero when the power-number is a zero not of type integer.Implementations of expt are permitted to use di�erent algorithms for thecases of a rational power-number and a oating-point power-number; the mo-tivation is that in many cases greater accuracy can be achieved for the case ofa rational power-number. For example, (expt pi 16) and (expt pi 16.0)may yield slightly di�erent results if the �rst case is computed by repeatedsquaring and the second by the use of logarithms. Similarly, an implementa-tion might choose to compute (expt x 3/2) as if it had been written (sqrt(expt x 3)), perhaps producing a more accurate result than would (expt x1.5). It is left to the implementor to determine the best strategies.X3J13 voted in January 1989 h75i to clarify that the preceding remark isin error, because (sqrt (expt x 3)) does not produce the same value as(expt x 3/2) in most cases, and to specify that the speci�cation of the prin-cipal value of expt as given in section 12.5.3 should be regarded as de�nitive.As an example of the di�culty, let x = cis 2�3 = �12 + p32 i . Then px3 =p1 = 1, but x3=2 = e(3=2) log x = e(3=2)(2�=3)i = e�i = �1. Another exampleis x = �1; then px3 = p�1 = i , but x3=2 = e(3=2) log x = e(3=2)�i = �i .The result of expt can be a complex number, even when neither argumentis complex, if base-number is negative and power-number is not an integer.The result is always the principal complex value. Note that (expt -8 1/3)is not permitted to return -2; while -2 is indeed one of the cube roots of -8,it is not the principal cube root, which is a complex number approximatelyequal to #--C(1.0 1.73205).Notice of correction. The �rst edition gave the incorrect value #--C(0.51.73205) for the principal cube root of -8. The correct value is #--C(1.0



322 COMMON LISP1.73205), that is, 1 +p3i . I simply don't know what I was thinking of![Function]log number &optional baseReturns the logarithm of number in the base base, which defaults to e, thebase of the natural logarithms. For example:(log 8.0 2) ) 3.0(log 100.0 10) ) 2.0The result of (log 8 2) may be either 3 or 3.0, depending on the implemen-tation.Note that log may return a complex result when given a non-complexargument if the argument is negative. For example:(log -1.0) � (complex 0.0 (float pi 0.0))X3J13 voted in January 1989 h101i to specify certain oating-point be-havior when minus zero is supported. As a part of that vote it approveda mathematical de�nition of complex logarithm in terms of real logarithm,absolute value, arc tangent of two real arguments, and the phase function asLogarithm log jz j+ i phase zThis speci�es the branch cuts precisely whether minus zero is supported ornot; see phase and atan. [Function]sqrt numberReturns the principal square root of number. If the number is not complexbut is negative, then the result will be a complex number. For example:(sqrt 9.0) ) 3.0(sqrt -9.0) ) #--c(0.0 3.0)The result of (sqrt 9) may be either 3 or 3.0, depending on the implemen-tation. The result of (sqrt -9) may be either #--c(0 3) or #--c(0.0 3.0).X3J13 voted in January 1989 h101i to specify certain oating-point be-havior when minus zero is supported. As a part of that vote it approved amathematical de�nition of complex square root in terms of complex logarithmand exponential functions asSquare root e(log z)=2



NUMBERS 323This speci�es the branch cuts precisely whether minus zero is supported ornot; see phase and atan. [Function]isqrt integerInteger square root: the argument must be a non-negative integer, and theresult is the greatest integer less than or equal to the exact positive squareroot of the argument. For example:(isqrt 9) ) 3(isqrt 12) ) 3(isqrt 300) ) 17(isqrt 325) ) 1812.5.2. Trigonometric and Related FunctionsSome of the functions in this section, such as abs and signum, are appar-ently unrelated to trigonometric functions when considered as functions ofreal numbers only. The way in which they are extended to operate on com-plex numbers makes the trigonometric connection clear. [Function]abs numberReturns the absolute value of the argument. For a non-complex number x,(abs x) � (if (minusp x) (- x) x)and the result is always of the same type as the argument.For a complex number z, the absolute value may be computed as(sqrt (+ (expt (realpart z) 2) (expt (imagpart z) 2)))Implementation note: The careful implementor will not use this formula directlyfor all complex numbers but will instead handle very large or very small componentsspecially to avoid intermediate overow or underow.For example:(abs #--c(3.0 -4.0)) ) 5.0



324 COMMON LISPThe result of (abs #--c(3 4)) may be either 5 or 5.0, depending on the im-plementation.
[Function]phase numberThe phase of a number is the angle part of its polar representation as acomplex number. That is,(phase z) � (atan (imagpart z) (realpart z))The result is in radians, in the range �� (exclusive) to � (inclusive). The........................................................................................................................................................................................................

phase of a positive non-complex number is zero; that of a negative non-complex number is �. The phase of zero is arbitrarily de�ned to be zero.X3J13 voted in January 1989 h101i to specify certain oating-point behaviorwhen minus zero is supported; phase is still de�ned in terms of atan as above,but thanks to a change in atan the range of phase becomes �� inclusive to �inclusive. The value �� results from an argument whose real part is negative



NUMBERS 325and whose imaginary part is minus zero. The phase function therefore has abranch cut along the negative real axis. The phase of +0+0i is +0, of +0�0iis �0, of �0 + 0i is +�, and of �0 � 0i is ��.If the argument is a complex oating-point number, the result is a oating-point number of the same type as the components of the argument. If theargument is a oating-point number, the result is a oating-point numberof the same type. If the argument is a rational number or complex rationalnumber, the result is a single-format oating-point number. [Function]signum numberBy de�nition,(signum x) � (if (zerop x) x (/ x (abs x)))For a rational number, signum will return one of -1, 0, or 1 according towhether the number is negative, zero, or positive. For a oating-point number,the result will be a oating-point number of the same format whose value is�1, 0, or 1. For a complex number z, (signum z) is a complex number ofthe same phase but with unit magnitude, unless z is a complex zero, in whichcase the result is z. For example:(signum 0) ) 0(signum -3.7L5) ) -1.0L0(signum 4/5) ) 1(signum #--C(7.5 10.0)) ) #--C(0.6 0.8)(signum #--C(0.0 -14.7)) ) #--C(0.0 -1.0)For non-complex rational numbers, signum is a rational function, but it maybe irrational for complex arguments. [Function]sin radians [Function]cos radians [Function]tan radianssin returns the sine of the argument, cos the cosine, and tan the tangent.The argument is in radians. The argument may be complex. [Function]cis radiansThis computes ei�radians. The name cis means \cos + i sin," because ei� =cos � + i sin �. The argument is in radians and may be any non-complex



326 COMMON LISPnumber. The result is a complex number whose real part is the cosine of theargument and whose imaginary part is the sine. Put another way, the resultis a complex number whose phase is the equal to the argument (mod 2�) andwhose magnitude is unity.Implementation note: Often it is cheaper to calculate the sine and cosine of asingle angle together than to perform two disjoint calculations. [Function]asin number [Function]acos numberasin returns the arc sine of the argument, and acos the arc cosine. The resultis in radians. The argument may be complex.The arc sine and arc cosine functions may be de�ned mathematically foran argument z as follows:Arc sine �i log �iz +p1� z2�Arc cosine �i log �z + ip1� z2�Note that the result of asin or acos may be complex even if the argument isnot complex; this occurs when the absolute value of the argument is greaterthan 1.Kahan [25] suggests for acos the de�ning formulaArc cosine 2 log�q1+z2 + iq1�z2 �ior even the much simpler (�=2)�arcsin z . Both equations are mathematicallyequivalent to the formula shown above.Implementation note: These formulae are mathematically correct, assuming com-pletely accurate computation. They may be terrible methods for oating-pointcomputation. Implementors should consult a good text on numerical analysis. Theformulae given above are not necessarily the simplest ones for real-valued compu-tations, either; they are chosen to de�ne the branch cuts in desirable ways for thecomplex case. [Function]atan y &optional xAn arc tangent is calculated and the result is returned in radians.



NUMBERS 327With two arguments y and x, neither argument may be complex. Theresult is the arc tangent of the quantity y/x. The signs of y and x are used toderive quadrant information; moreover, x may be zero provided y is not zero.The value of atan is always between �� (exclusive) and � (inclusive). Thefollowing table details various special cases.Condition Cartesian Locus Range of Resulty = 0 x > 0 Positive x-axis 0y > 0 x > 0 Quadrant I 0 < result < �=2y > 0 x = 0 Positive y-axis �=2y > 0 x < 0 Quadrant II �=2 < result < �y = 0 x < 0 Negative x-axis �y < 0 x < 0 Quadrant III �� < result < ��=2y < 0 x = 0 Negative y-axis ��=2y < 0 x > 0 Quadrant IV ��=2 < result < 0y = 0 x = 0 Origin errorX3J13 voted in January 1989 h101i to specify certain oating-point behaviorwhen minus zero is supported. When there is a minus zero, the preceding tablemust be modi�ed slightly:Condition Cartesian Locus Range of Resulty = +0 x > 0 Just above positive x-axis +0y > 0 x > 0 Quadrant I +0 < result < �=2y > 0 x = �0 Positive y-axis �=2y > 0 x < 0 Quadrant II �=2 < result < �y = +0 x < 0 Just below negative x-axis �y = �0 x < 0 Just above negative x-axis �y < 0 x < 0 Quadrant III �� < result < ��=2y < 0 x = �0 Negative y-axis ��=2y < 0 x > 0 Quadrant IV ��=2 < result < �0y = �0 x > 0 Just below positive x-axis �0y = +0 x = +0 Near origin +0y = �0 x = +0 Near origin �0y = +0 x = �0 Near origin �y = �0 x = �0 Near origin ��Note that the case y = 0; x = 0 is an error in the absence of minus zero,but the four cases y = �0; x = �0 are de�ned in the presence of minus zero.With only one argument y, the argument may be complex. The result is........................................................................................................................................................................................................

the arc tangent of y, which may be de�ned by the following formula:



........................................................................................................................................................................................................

328 COMMON LISPArc tangent �i log�(1 + iy)p1=(1 + y2)�



NUMBERS 329Implementation note: This formula is mathematically correct, assuming com-pletely accurate computation. It may be a terrible method for oating-point com-putation. Implementors should consult a good text on numerical analysis. Theformula given above is not necessarily the simplest one for real-valued computa-tions, either; it is chosen to de�ne the branch cuts in desirable ways for the complexcase.X3J13 voted in January 1989 h28i to replace the preceding formula withthe formulaArc tangent log(1 + iy)� log(1 � iy)2iThis change alters the direction of continuity for the branch cuts, which altersthe result returned by atan only for arguments on the imaginary axis thatare of magnitude greater than 1. See section 12.5.3 for further details.For a non-complex argument y, the result is non-complex and lies between��=2 and �=2 (both exclusive).Compatibility note: MacLisp has a function called atan whose range is from 0 to2�. Almost every other programming language (ANSI Fortran, IBM PL/1, Interlisp)has a two-argument arc tangent function with range �� to �. Lisp Machine Lispprovides two two-argument arc tangent functions, atan (compatible with MacLisp)and atan2 (compatible with all others).Common Lisp makes two-argument atan the standard one with range �� to�. Observe that this makes the one-argument and two-argument versions of atancompatible in the sense that the branch cuts do not fall in di�erent places. TheInterlisp one-argument function arctan has a range from 0 to �, while nearly everyother programming language provides the range ��=2 to �=2 for one-argument arctangent! Nevertheless, since Interlisp uses the standard two-argument version of arctangent, its branch cuts are inconsistent anyway. [Constant ]piThis global variable has as its value the best possible approximation to � inlong oating-point format. For example:(defun sind (x) ;The argument is in degrees(sin (* x (/ (float pi x) 180))))An approximation to � in some other precision can be obtained by writing(float pi x), where x is a oating-point number of the desired precision,



330 COMMON LISPor by writing (coerce pi type), where type is the name of the desired type,such as short-float.



NUMBERS 331[Function]sinh number [Function]cosh number [Function]tanh number [Function]asinh number [Function]acosh number [Function]atanh numberThese functions compute the hyperbolic sine, cosine, tangent, arc sine, arc........................................................................................................................................................................................................

cosine, and arc tangent functions, which are mathematically de�ned for anargument z as follows:Hyperbolic sine (ez � e�z)=2Hyperbolic cosine (ez + e�z)=2Hyperbolic tangent (ez � e�z)=(ez + e�z)Hyperbolic arc sine log �z +p1 + z2�Hyperbolic arc cosine log�z + (z + 1)p(z � 1)=(z + 1)�Hyperbolic arc tangent log�(1 + z )p1� 1=z2� WRONG!WARNING! The formula shown above for hyperbolic arc tangent is incor-rect. It is not a matter of incorrect branch cuts; it simply does not computeanything like a hyperbolic arc tangent. This unfortunate error in the �rst edi-tion was the result of mistranscribing a (correct) APL formula from Pen�eld'spaper [36]. The formula should have been transcribed asHyperbolic arc tangent log�(1 + z )p1=(1� z2)�A proposal was submitted to X3J13 in September 1989 to replace the formulaefor acosh and atanh. See section 12.5.3 for further discussion.Note that the result of acosh may be complex even if the argument is notcomplex; this occurs when the argument is less than 1. Also, the result ofatanh may be complex even if the argument is not complex; this occurs whenthe absolute value of the argument is greater than 1.Implementation note: These formulae are mathematically correct, assuming com-pletely accurate computation. They may be terrible methods for oating-pointcomputation. Implementors should consult a good text on numerical analysis. Theformulae given above are not necessarily the simplest ones for real-valued compu-tations, either; they are chosen to de�ne the branch cuts in desirable ways for thecomplex case.



332 COMMON LISP12.5.3. Branch Cuts, PrincipalValues, andBoundaryCon-ditions in the Complex PlaneMany of the irrational and transcendental functions are multiply de�ned inthe complex domain; for example, there are in general an in�nite number ofcomplex values for the logarithm function. In each such case, a principal valuemust be chosen for the function to return. In general, such values cannot bechosen so as to make the range continuous; lines in the domain called branchcuts must be de�ned, which in turn de�ne the discontinuities in the range.Common Lisp de�nes the branch cuts, principal values, and boundary con-ditions for the complex functions following a proposal for complex functionsin APL [36]. The contents of this section are borrowed largely from thatproposal.Compatibility note: The branch cuts de�ned here di�er in a few very minor re-spects from those advanced by W. Kahan, who considers not only the \usual" de�ni-tions but also the special modi�cations necessary for IEEE proposed oating-pointarithmetic, which has in�nities and minus zero as explicit computational objects.For example, he proposes that p�4 + 0i = 2i , but p�4� 0i = �2i .It may be that the di�erences between the APL proposal and Kahan's proposalwill be ironed out. If so, Common Lisp may be changed as necessary to be compatiblewith these other groups. Any changes from the speci�cation below are likely to bequite minor, probably concerning primarily questions of which side of a branch cutis continuous with the cut itself.Indeed, X3J13 voted in January 1989 h28i to alter the direction of continuityfor the branch cuts of atan, and also h101i to address the treatment of branchcuts in implementations that have a distinct oating-point minus zero.The treatment of minus zero centers in two-argument atan. If there is nominus zero, then the branch cut runs just below the negative real axis asbefore, and the range of two-argument atan is (��; �]. If there is a minuszero, however, then the branch cut runs precisely on the negative real axis,skittering between pairs of numbers of the form �x � 0i , and the range oftwo-argument atan is [��; �].The treatment of minus zero by all other irrational and transcendental func-tions is then speci�ed by de�ning those functions in terms of two-argumentatan. First, phase is de�ned in terms of two-argument atan, and complexabs in terms of real sqrt; then complex log is de�ned in terms of phase,abs, and real log; then complex sqrt in terms of complex log; and �nally allothers are de�ned in terms of these.



NUMBERS 333Kahan [25] treats these matters in some detail and also suggests speci�calgorithms for implementing irrational and transcendental functions in IEEEstandard oating-point arithmetic [23].Remarks in the �rst edition about the direction of the continuity of branchcuts continue to hold in the absence of minus zero and may be ignored if minuszero is supported; since all branch cuts happen to run along the principalaxes, they run between plus zero and minus zero, and so each sort of zero isassociated with the obvious quadrant.sqrtThe branch cut for square root lies along the negative real axis, continuouswith quadrant II. The range consists of the right half-plane, including thenon-negative imaginary axis and excluding the negative imaginary axis.X3J13 voted in January 1989 h101i to specify certain oating-point be-havior when minus zero is supported. As a part of that vote it approved amathematical de�nition of complex square root:pz = e(log z)=2This de�nes the branch cuts precisely, whether minus zero is supported ornot.phaseThe branch cut for the phase function lies along the negative real axis, con-tinuous with quadrant II. The range consists of that portion of the real axisbetween �� (exclusive) and � (inclusive).X3J13 voted in January 1989 h101i to specify certain oating-point be-havior when minus zero is supported. As a part of that vote it approved amathematical de�nition of phase:phase z = arctan(=z ;<z )where =z is the imaginary part of z and <z the real part of z . This de�nesthe branch cuts precisely, whether minus zero is supported or not.logThe branch cut for the logarithm function of one argument (natural logarithm)lies along the negative real axis, continuous with quadrant II. The domainexcludes the origin. For a complex number z , log z is de�ned to be



334 COMMON LISPlog z = (log jz j) + i(phase z )Therefore the range of the one-argument logarithm function is that strip ofthe complex plane containing numbers with imaginary parts between �� (ex-clusive) and � (inclusive).The X3J13 vote on minus zero h101i would alter that exclusive bound of�� to be inclusive if minus zero is supported.The two-argument logarithm function is de�ned as logb z = (log z )=(log b).This de�nes the principal values precisely. The range of the two-argumentlogarithm function is the entire complex plane. It is an error if z is zero. If zis non-zero and b is zero, the logarithm is taken to be zero.expThe simple exponential function has no branch cut.exptThe two-argument exponential function is de�ned as bx = ex log b. This de�nesthe principal values precisely. The range of the two-argument exponentialfunction is the entire complex plane. Regarded as a function of x , with b�xed, there is no branch cut. Regarded as a function of b, with x �xed,there is in general a branch cut along the negative real axis, continuous withquadrant II. The domain excludes the origin. By de�nition, 00 = 1. If b = 0and the real part of x is strictly positive, then bx = 0. For all other values ofx , 0x is an error.asinThe following de�nition for arc sine determines the range and branch cuts:arcsin z = �i log �iz +p1� z2�This is equivalent to the formulaarcsin z = arcsinh izirecommended by Kahan [25].The branch cut for the arc sine function is in two pieces: one along thenegative real axis to the left of �1 (inclusive), continuous with quadrant II,and one along the positive real axis to the right of 1 (inclusive), continuouswith quadrant IV. The range is that strip of the complex plane containing



NUMBERS 335numbers whose real part is between ��=2 and �=2. A number with real partequal to ��=2 is in the range if and only if its imaginary part is non-negative;a number with real part equal to �=2 is in the range if and only if its imaginarypart is non-positive.acosThe following de�nition for arc cosine determines the range and branch cuts:arccos z = �i log �z + ip1� z2�or, which is equivalent,arccos z = �2 � arcsin zThe branch cut for the arc cosine function is in two pieces: one along thenegative real axis to the left of �1 (inclusive), continuous with quadrant II,and one along the positive real axis to the right of 1 (inclusive), continuouswith quadrant IV. This is the same branch cut as for arc sine. The range isthat strip of the complex plane containing numbers whose real part is betweenzero and �. A number with real part equal to zero is in the range if and onlyif its imaginary part is non-negative; a number with real part equal to � is inthe range if and only if its imaginary part is non-positive.atanThe following de�nition for (one-argument) arc tangent determines the rangeand branch cuts:arctan z = �i log�(1 + iz )p1=(1 + z2)�........................................................................................................................................................................................................

Beware of simplifying this formula; \obvious" simpli�cations are likely toalter the branch cuts or the values on the branch cuts incorrectly.The branch cut for the arc tangent function is in two pieces: one alongthe positive imaginary axis above i (exclusive), continuous with quadrant II,and one along the negative imaginary axis below �i (exclusive), continuouswith quadrant IV. The points i and �i are excluded from the domain. Therange is that strip of the complex plane containing numbers whose real partis between ��=2 and �=2. A number with real part equal to ��=2 is in therange if and only if its imaginary part is strictly positive; a number with realpart equal to �=2 is in the range if and only if its imaginary part is strictly



336 COMMON LISPnegative. Thus the range of the arc tangent function is identical to that ofthe arc sine function with the points ��=2 and �=2 excluded.X3J13 voted in January 1989 h28i to replace the formula shown above withthe formulaarctan z = log(1 + iz )� log(1� iz )2iThis is equivalent to the formulaarctan z = arctanh izirecommended by Kahan [25]. It causes the upper branch cut to be continuouswith quadrant I rather than quadrant II, and the lower branch cut to becontinuous with quadrant III rather than quadrant IV; otherwise it agreeswith the formula of the �rst edition. Therefore this change alters the resultreturned by atan only for arguments on the positive imaginary axis that areof magnitude greater than 1. The full description for this new formula is asfollows.The branch cut for the arc tangent function is in two pieces: one alongthe positive imaginary axis above i (exclusive), continuous with quadrant I,and one along the negative imaginary axis below �i (exclusive), continuouswith quadrant III. The points i and �i are excluded from the domain. Therange is that strip of the complex plane containing numbers whose real partis between ��=2 and �=2. A number with real part equal to ��=2 is in therange if and only if its imaginary part is strictly negative; a number with realpart equal to �=2 is in the range if and only if its imaginary part is strictlypositive. Thus the range of the arc tangent function is not identical to thatof the arc sine function.asinhThe following de�nition for the inverse hyperbolic sine determines the rangeand branch cuts:arcsinh z = log �z +p1 + z2�The branch cut for the inverse hyperbolic sine function is in two pieces: onealong the positive imaginaryaxis above i (inclusive), continuous with quadrantI, and one along the negative imaginary axis below �i (inclusive), continuouswith quadrant III. The range is that strip of the complex plane containingnumbers whose imaginary part is between ��=2 and �=2. A number with



NUMBERS 337imaginary part equal to ��=2 is in the range if and only if its real part isnon-positive; a number with imaginary part equal to �=2 is in the range ifand only if its real part is non-negative.acoshThe following de�nition for the inverse hyperbolic cosine determines the rangeand branch cuts:arccosh z = log�z + (z + 1)p(z � 1)=(z + 1)�Kahan [25] suggests the formulaarccosh z = 2 log�p(z + 1)=2 +p(z � 1)=2�pointing out that it yields the same principal value but eliminates a gratuitousremovable singularity at z = �1. A proposal was submitted to X3J13 inSeptember 1989 to replace the formula acosh with that recommended byKahan. There is a good possibility that it will be adopted.The branch cut for the inverse hyperbolic cosine function lies along the realaxis to the left of 1 (inclusive), extending inde�nitely along the negative realaxis, continuous with quadrant II and (between 0 and 1) with quadrant I. Therange is that half-strip of the complex plane containing numbers whose realpart is non-negative and whose imaginary part is between �� (exclusive) and� (inclusive). A number with real part zero is in the range if its imaginarypart is between zero (inclusive) and � (inclusive).atanhThe following de�nition for the inverse hyperbolic tangent determines therange and branch cuts:arctanh z = log�(1 + z )p1� 1=z2� WRONG!........................................................................................................................................................................................................

WARNING! The formula shown above for hyperbolic arc tangent is incor-rect. It is not a matter of incorrect branch cuts; it simply does not computeanything like a hyperbolic arc tangent. This unfortunate error in the �rst edi-tion was the result of mistranscribing a (correct) APL formula from Pen�eld'spaper [36]. The formula should have been transcribed asarctanh z = log�(1 + z )p1=(1� z2)�



........................................................................................................................................................................................................

338 COMMON LISPBeware of simplifying this formula; \obvious" simpli�cations are likely to........................................................................................................................................................................................................

alter the branch cuts or the values on the branch cuts incorrectly.The branch cut for the inverse hyperbolic tangent function is in two pieces:one along the negative real axis to the left of �1 (inclusive), continuous withquadrant III, and one along the positive real axis to the right of 1 (inclusive),continuous with quadrant I. The points �1 and 1 are excluded from the do-main. The range is that strip of the complex plane containing numbers whoseimaginary part is between ��=2 and �=2. A number with imaginary partequal to ��=2 is in the range if and only if its real part is strictly negative;a number with imaginary part equal to �=2 is in the range if and only if itsreal part is strictly positive. Thus the range of the inverse hyperbolic tangentfunction is identical to that of the inverse hyperbolic sine function with thepoints ��i=2 and �i=2 excluded.A proposal was submitted to X3J13 in September 1989 to replace the for-mula atanh with that recommended by Kahan [25]:arctanh z = (log(1 + z ) � log(1� z ))2There is a good possibility that it will be adopted. If it is, the completedescription of the branch cuts of atanh will then be as follows.The branch cut for the inverse hyperbolic tangent function is in two pieces:one along the negative real axis to the left of �1 (inclusive), continuous withquadrant II, and one along the positive real axis to the right of 1 (inclusive),continuous with quadrant IV. The points �1 and 1 are excluded from thedomain. The range is that strip of the complex plane containing numberswhose imaginary part is between ��=2 and �=2. A number with imaginarypart equal to ��=2 is in the range if and only if its real part is strictly positive;a number with imaginary part equal to �=2 is in the range if and only if itsreal part is strictly negative. Thus the range of the inverse hyperbolic tangentfunction is not the same as that of the inverse hyperbolic sine function.With these de�nitions, the following useful identities are obeyed throughoutthe applicable portion of the complex domain, even on the branch cuts:sin iz = i sinh z sinh iz = i sin z arctan iz = i arctanh zcos iz = cosh z cosh iz = cos z arcsinh iz = i arcsin ztan iz = i tanh z arcsin iz = i arcsinh z arctanh iz = i arctan z



NUMBERS 339I thought it would be useful to provide some graphs illustrating the behaviorof the irrational and transcendental functions in the complex plane. It alsoprovides an opportunity to show o� the Common Lisp code that was used togenerate them.Imagine the complex plane to be decorated as follows. The real and imag-inary axes are painted with thick lines. Parallels from the axes on both sidesat distances of 1, 2, and 3 are painted with thin lines; these parallels are dou-bly in�nite lines, as are the axes. Four annuli (rings) are painted in gradatedshades of gray. Ring 1, the inner ring, consists of points whose radial dis-tances from the origin lie in the range [1=4; 1=2]; ring 2 is in the radial range[3=4; 1]; ring 3, in the range [�=2; 2]; and ring 4, in the range [3; �]. Ring j isdivided into 2j+1 equal sectors, with each sector painted a di�erent shade ofgray, darkening as one proceeds counterclockwise from the positive real axis.We can illustrate the behavior of a numerical function f by considering howit maps the complex plane to itself. More speci�cally, consider each point zof the decorated plane. We decorate a new plane by coloring the point f (z )with the same color that point z had in the original decorated plane. In otherwords, the newly decorated plane illustrates how the f maps the axes, otherhorizontal and vertical lines, and annuli.In each �gure we will show only a fragment of the complex plane, with thereal axis horizontal in the usual manner (�1 to the left, +1 to the right)and the imaginary axis vertical (�1i below, +1i above). Each fragmentshows a region containing points whose real and imaginary parts are in therange [�4:1; 4:1]. The axes of the new plane are shown as very thin lines, withlarge tick marks at integer coordinates and somewhat smaller tick marks atmultiples of �=2.Figure 12-1 shows the result of plotting the identity function (quite liter-ally); the graph exhibits the decoration of the original plane.Figures 12-2 through 12-20 show the graphs for the functions sqrt, exp,log, sin, asin, cos, acos, tan, atan, sinh, asinh, cosh, acosh, tanh, andatanh, and as a bonus, the graphs for the functions p1� z2, p1 + z2, (z �1)=(z + 1), and (1 + z )=(1 � z ). All of these are related to the trigonometricfunctions in various ways. For example, if f (z ) = (z � 1)=(z + 1), thentanh z = f (e2z), and if g(z ) = p1� z2, then cos z = g(sin z ). It is instructiveto examine the graph for p1� z2 and try to visualize how it transforms thegraph for sin into the graph for cos.Each �gure is accompanied by a commentary on what maps to what andother interesting features. None of this material is terribly new; much of itmay be found in any good textbook on complex analysis. I believe that theparticular form in which the graphs are presented is novel, as well as the fact



340 COMMON LISPthat the graphs have been generated as PostScript [1] code by Common Lispcode. This PostScript code was then fed directly to the typesetting equipmentthat set the pages for this book. Samples of this PostScript code follow the�gures themselves, after which the code for the entire program is presented.In the commentaries that accompany the �gures I sometimes speak of map-ping the points �1 or �1i . When I say that function f maps +1 to acertain point z , I mean thatz = limx!+1 f (x + 0i)Similarly, when I say that f maps �1i to z , I mean thatz = limy!�1 f (0 + yi)In other words, I am considering a limit as one travels out along one of themain axes. I also speak in a similar manner of mapping to one of thesein�nities.



NUMBERS 341Figure 12-1: Initial Decoration of the Complex Plane (Identity Function)

This �gure was produced in exactly the same manner as succeeding �gures, simplyby plotting the function identity instead of a numerical function. Thus the �rst ofthese �gures was produced by the last function of the �rst edition. I knew it wouldcome in handy someday!



342 COMMON LISPFigure 12-2: Illustration of the Range of the Square Root Function

The sqrt function maps the complex plane into the right half of the plane by slittingit along the negative real axis and then sweeping it around as if half-closing a foldingfan. The fan also shrinks, as if it were made of cotton and had gotten wetter atthe periphery than at the center. The positive real axis is mapped onto itself. Thenegative real axis is mapped onto the positive imaginary axis (but if minus zero issupported, then �x + 0i is mapped onto the positive imaginary axis and �x � 0ionto the negative imaginary axis, assuming x > 0). The positive imaginary axisis mapped onto the northeast diagonal, and the negative imaginary axis onto thesoutheast diagonal. More generally, lines are mapped to rectangular hyperbolas (orfragments thereof ) centered on the origin; lines through the origin are mapped todegenerate hyperbolas (perpendicular lines through the origin).



NUMBERS 343Figure 12-3: Illustration of the Range of the Exponential Function

The exp function maps horizontal lines to radii and maps vertical lines to circlescentered at the origin. The origin is mapped to 1. (It is instructive to comparethis graph with those of other functions that map the origin to 1, for example(1 + z )=(1� z ), cos z , and p1� z 2.) The entire real axis is mapped to the positivereal axis, with �1 mapping to the origin and +1 to itself. The imaginary axisis mapped to the unit circle with in�nite multiplicity (period 2�); therefore themapping of the imaginary in�nities �1i is indeterminate. It follows that the entireleft half-plane is mapped to the interior of the unit circle, and the right half-plane ismapped to the exterior of the unit circle. A line at any angle other than horizontalor vertical is mapped to a logarithmic spiral (but this is not illustrated here).



344 COMMON LISPFigure 12-4: Illustration of the Range of the Natural Logarithm Function

The log function, which is the inverse of exp, naturally maps radial lines to horizon-tal lines and circles centered at the origin to vertical lines. The interior of the unitcircle is thus mapped to the entire left half-plane, and the exterior of the unit circleis mapped to the right half-plane. The positive real axis is mapped to the entirereal axis, and the negative real axis to a horizontal line of height �. The positiveand negative imaginary axes are mapped to horizontal lines of height ��=2. Theorigin is mapped to �1.



NUMBERS 345Figure 12-5: Illustration of the Range of the Function (z � 1)=(z + 1)

A line is a degenerate circle with in�nite radius; when I say \circles" here I alsomean lines. Then (z � 1)=(z + 1) maps circles into circles. All circles through �1become lines; all lines become circles through 1. The real axis is mapped onto itself:1 to the origin, the origin to �1, �1 to in�nity, and in�nity to 1. The imaginaryaxis becomes the unit circle; i is mapped to itself, as is �i . Thus the entire righthalf-plane is mapped to the interior of the unit circle, the unit circle interior tothe left half-plane, the left half-plane to the unit circle exterior, and the unit circleexterior to the right half-plane. Imagine the complex plane to be a vast sea. TheColossus of Rhodes straddles the origin, its left foot on i and its right foot on �i . Itbends down and briey paddles water between its legs so furiously that the waterdirectly beneath is pushed out into the entire area behind it; much that was behindswirls forward to either side; and all that was before is sucked in to lie between itsfeet.



346 COMMON LISPFigure 12-6: Illustration of the Range of the Function (1 + z )=(1� z )

The function h(z ) = (1 + z )=(1 � z ) is the inverse of f (z ) = (z � 1)=(z + 1); thatis, h(f (z )) = f (h(z )) = z . At �rst glance, the graph of h appears to be that of fipped left-to-right, or perhaps reected in the origin, but careful consideration ofthe shaded annuli reveals that this is not so; something more subtle is going on.Note that f (f (z )) = h(h(z )) = g(z ) = �1=z . The functions f , g, h, and the identityfunction thus form a group under composition, isomorphic to the group of the cyclicpermutations of the points �1, 0, 1, and1, as indeed these functions accomplish thefour possible cyclic permutations on those points. This function group is a subset ofthe group of bilinear transformations (az + b)=(cz + d), all of which are conformal(angle-preserving) and map circles onto circles. Now, doesn't that tangle of circlesthrough �1 look like something the cat got into?



NUMBERS 347Figure 12-7: Illustration of the Range of the Sine Function

We are used to seeing sin looking like a wiggly ocean wave, graphed vertically asa function of the real axis only. Here is a di�erent view. The entire real axis ismapped to the segment [�1; 1] of the real axis with in�nite multiplicity (period 2�).The imaginary axis is mapped to itself as if by sinh considered as a real function.The origin is mapped to itself. Horizontal lines are mapped to ellipses with foci at�1 (note that two horizontal lines equidistant from the real axis will map onto thesame ellipse). Vertical lines are mapped to hyperbolas with the same foci. Thereis a curious accident: the ellipse for horizontal lines at distance �1 from the realaxis appears to intercept the real axis at ��=2 � �1:57 : : : but this is not so; theintercepts are actually at �(e + 1=e)=2 � �1:54 : : : .



348 COMMON LISPFigure 12-8: Illustration of the Range of the Arc Sine Function

Just as sin grabs horizontal lines and bends them into elliptical loops around theorigin, so its inverse asin takes annuli and yanks them more or less horizontallystraight. Because sine is not injective, its inverse as a function cannot be surjective.This is just a highfalutin way of saying that the range of the asin function doesn'tcover the entire plane but only a strip � wide; arc sine as a one-to-many relationwould cover the plane with an in�nite number of copies of this strip side by side,looking for all the world like the tail of a peacock with an in�nite number of feathers.The imaginary axis is mapped to itself as if by asinh considered as a real function.The real axis is mapped to a bent path, turning corners at ��=2 (the points towhich �1 are mapped); +1 is mapped to �=2 �1i , and �1 to ��=2 +1i .



NUMBERS 349Figure 12-9: Illustration of the Range of the Cosine Function

We are used to seeing cos looking exactly like sin, a wiggly ocean wave, onlydisplaced. Indeed the complex mapping of cos is also similar to that of sin, withhorizontal and vertical lines mapping to the same ellipses and hyperbolas with fociat �1, although mapping to them in a di�erent manner, to be sure. The entire realaxis is again mapped to the segment [�1; 1] of the real axis, but each half of theimaginary axis is mapped to the real axis to the right of 1 (as if by cosh consideredas a real function). Therefore �1i both map to +1. The origin is mapped to 1.Whereas sin is an odd function, cos is an even function; as a result two points ineach annulus, one the negative of the other, are mapped to the same shaded pointin this graph; the shading shown here is taken from points in the original upperhalf-plane.



350 COMMON LISPFigure 12-10: Illustration of the Range of the Arc Cosine Function

The graph of acos is very much like that of asin. One might think that our nervouspeacock has shu�ed half a step to the right, but the shading on the annuli showsthat we have instead caught the bird exactly in mid-ight while doing a cartwheel.This is easily understood if we recall that arccos z = (�=2) � arcsin z ; negatingarcsin z rotates it upside down, and adding the result to �=2 translates it �=2 to theright. The imaginary axis is mapped upside down to the vertical line at �=2. Thepoint +1 is mapped to the origin, and �1 to �. The image of the real axis is againcranky; +1 is mapped to +1i , and �1 to � �1i .



NUMBERS 351Figure 12-11: Illustration of the Range of the Tangent Function

The usual graph of tan as a real function looks like an in�nite chorus line of discodancers, left hands pointed skyward and right hands to the oor. The tan functionis the quotient of sin and cos but it doesn't much look like either except for havingperiod 2�. This goes for the complex plane as well, although the swoopy loopsproduced from the annulus between �=2 and 2 look vaguely like those from thegraph of sin inside out. The real axis is mapped onto itself with in�nite multiplicity(period 2�). The imaginary axis is mapped backwards onto [�i ; i ]: +1i is mappedto �i and �1i to +i . Horizontal lines below or above the real axis become circlessurrounding +i or �i , respectively. Vertical lines become circular arcs from +ito �i ; two vertical lines separated by (2k + 1)� for integer k together become acomplete circle. It seems that two arcs shown hit the real axis at ��=2 = �1:57 : : :but that is a coincidence; they really hit the axis at � tan 1 = 1:55 : : : .



352 COMMON LISPFigure 12-12: Illustration of the Range of the Arc Tangent Function

All I can say is that this peacock is a horse of another color. At �rst glance, theaxes seem to map in the same way as for asin and acos, but look again: thistime it's the imaginary axis doing weird things. All in�nities map multiply to thepoints (2k + 1)�=2; within the strip of principal values we may say that the realaxis is mapped to the interval [��=2;+�=2] and therefore �1 is mapped to ��=2and +1 to +�=2. The point +i is mapped to +1i , and �i to �1i , and so theimaginary axis is mapped into three pieces: the segment [�1i ;�i ] is mapped to[�=2; �=2 �1i ]; the segment [�i ; i ] is mapped to the imaginary axis [�1i ;+1i ];and the segment [+i ;+1i ] is mapped to [��=2 +1i ;��=2].



NUMBERS 353Figure 12-13: Illustration of the Range of the Hyperbolic Sine Function

It would seem that the graph of sinh is merely that of sin rotated 90 degrees. Ifthat were so, then we would have sinh z = i sin z . Careful inspection of the shading,however, reveals that this is not quite the case; in both graphs the lightest anddarkest shades, which initially are adjacent to the positive real axis, remain adjacentto the positive real axis in both cases. To derive the graph of sinh from sin wemust therefore �rst rotate the complex plane by �90 degrees, then apply sin, thenrotate the result by 90 degrees. In other words, sinh z = i sin(�i)z ; consistentlyreplacing z with iz in this formula yields the familiar identity sinh iz = i sin z .



354 COMMON LISPFigure 12-14: Illustration of the Range of the Hyperbolic Arc Sine Function

The peacock sleeps. Because arcsinh iz = i arcsin z , the graph of asinh is related tothat of asin by pre- and post-rotations of the complex plane in the same way as forsinh and sin.



NUMBERS 355Figure 12-15: Illustration of the Range of the Hyperbolic Cosine Function

The graph of cosh does not look like that of cos rotated 90 degrees; instead it lookslike that of cos unrotated. That is because cosh iz is not equal to i cos z ; rather,cosh iz = cos z . Interpreted, that means that the shading is pre-rotated but there isno post-rotation.



356 COMMON LISPFigure 12-16: Illustration of the Range of the Hyperbolic Arc Cosine Function

Hmm|I'd rather not say what happened to this peacock. This feather looks a bitmangled. Actually it is all right|the principal value for acosh is so chosen that itsgraph does not look simply like a rotated version of the graph of acos, but if allvalues were shown, the two graphs would �ll the plane in repeating patterns relatedby a rotation.



NUMBERS 357Figure 12-17: Illustration of the Range of the Hyperbolic Tangent Function

The diagram for tanh is simply that of tan turned on its ear: i tan z = tanh iz .The imaginary axis is mapped onto itself with in�nite multiplicity (period 2�), andthe real axis is mapped onto the segment [�1;+1]: +1 is mapped to +1, and�1 to �1. Vertical lines to the left or right of the real axis are mapped to circlessurrounding �1 or 1, respectively. Horizontal lines are mapped to circular arcsanchored at �1 and +1; two horizontal lines separated by a distance (2k + 1)� forinteger k are together mapped into a complete circle. How do we know these reallyare circles? Well, tanh z = ((exp 2z )�1)=((exp 2z )+1), which is the composition ofthe bilinear transform (z � 1)=(z + 1), the exponential exp z , and the magni�cation2z . Magni�cation maps lines to lines of the same slope; the exponential mapshorizontal lines to circles and vertical lines to radial lines; and a bilinear transformmaps generalized circles (including lines) to generalized circles. Q.E.D.



358 COMMON LISPFigure 12-18: Illustration of the Range of the Hyperbolic Arc Tangent Function

A sleeping peacock of another color: arctanh iz = i arctan z .



NUMBERS 359Figure 12-19: Illustration of the Range of the Function p1� z 2

Here is a curious graph indeed for so simple a function! The origin is mapped to1. The real axis segment [0;1] is mapped backwards (and non-linearly) into itself;the segment [1;+1] is mapped non-linearly onto the positive imaginary axis. Thenegative real axis is mapped to the same points as the positive real axis. Bothhalves of the imaginary axis are mapped into [1;+1] on the real axis. Horizontallines become vaguely vertical, and vertical lines become vaguely horizontal. Circlescentered at the origin are transformed into Cassinian (half-)ovals; the unit circle ismapped to a (half-)lemniscate of Bernoulli. The outermost annulus appears to haveits inner edge at � on the real axis and its outer edge at 3 on the imaginary axis,but this is another accident; the intercept on the real axis, for example, is not reallyat � � 3:14 : : : but at p1� (3i)2 = p10 � 3:16 : : : .



360 COMMON LISPFigure 12-20: Illustration of the Range of the Function p1 + z 2

The graph of q(z ) = p1 + z 2 looks like that of p(z ) = p1� z 2 except for theshading. You might not expect p and q to be related in the same way that cos andcosh are, but after a little reection (or perhaps I should say, after turning it aroundin one's mind) one can see that q(iz ) = p(z ). This formula is indeed of exactly thesame form as cosh iz = cos z . The function p1 + z 2 maps both halves of the realaxis into [1;+1] on the real axis. The segments [0; i ] and [0;�i ] of the imaginaryaxis are each mapped backwards onto segment [0; 1] of the real axis; [i ;+1i ] and[�; �1i ] are each mapped onto the positive imaginary axis (but if minus zero issupported then opposite sides of the imaginary axis map to opposite halves of theimaginary axis|for example, q(+0 + 2i) = p5i but q(�0 + 2i) = �p5i).



NUMBERS 361Here is a sample of the PostScript code that generated �gure 12-1, showingthe initial scaling, translation, and clipping parameters; the code for one sec-tor of the innermost annulus; and the code for the negative imaginary axis.Comment lines indicate how path or boundary segments were generated sep-arately and then spliced (in order to allow for the places that a singularitymight lurk, in which case the generating code can \inch up" to the problem-atical argument value).The size of the entire PostScript �le for the identity function was about 68kilobytes (2757 lines, including comments). The smallest �les were the plotsfor atan and atanh, about 65 kilobytes apiece; the largest were the plots forsin, cos, sinh, and cosh, about 138 kilobytes apiece.% PostScript file for plot of function IDENTITY% Plot is to fit in a region 4.666666666666667 inches square% showing axes extending 4.1 units from the origin.40.97560975609756 40.97560975609756 scale4.1 4.1 translatenewpath-4.1 -4.1 moveto4.1 -4.1 lineto4.1 4.1 lineto-4.1 4.1 linetoclosepathclip% Moby grid for function IDENTITY% Annulus 0.25 0.5 4 0.97 0.45% Sector from 4.7124 to 6.2832 (quadrant 3)newpath0.0 -0.25 moveto0.0 -0.375 lineto%middle radial0.0 -0.375 lineto0.0 -0.5 lineto%end radial0.0 -0.5 lineto0.092 -0.4915 lineto0.1843 -0.4648 lineto0.273 -0.4189 lineto0.3536 -0.3536 lineto%middle circumferential0.3536 -0.3536 lineto0.413 -0.2818 lineto0.4594 -0.1974 lineto



362 COMMON LISP0.4894 -0.1024 lineto0.5 0.0 lineto%end circumferential0.5 0.0 lineto0.375 0.0 lineto%middle radial0.375 0.0 lineto0.25 0.0 lineto%end radial0.25 0.0 lineto0.2297 -0.0987 lineto0.1768 -0.1768 lineto%middle circumferential0.1768 -0.1768 lineto0.0922 -0.2324 lineto0.0 -0.25 lineto%end circumferentialclosepathcurrentgray 0.45 setgray fill setgray[2598 lines omitted]% Vertical line from (0.0, -0.5) to (0.0, 0.0)newpath0.0 -0.5 moveto0.0 0.0 lineto0.05 setlinewidth 1 setlinecap stroke% Vertical line from (0.0, -0.5) to (0.0, -1.0)newpath0.0 -0.5 moveto0.0 -1.0 lineto0.05 setlinewidth 1 setlinecap stroke% Vertical line from (0.0, -2.0) to (0.0, -1.0)newpath0.0 -2.0 moveto0.0 -1.0 lineto0.05 setlinewidth 1 setlinecap stroke% Vertical line from (0.0, -2.0) to (0.0, -1.1579208923731617E77)newpath0.0 -2.0 moveto0.0 -6.3553 lineto0.0 -6.378103166302659 lineto0.0 -6.378103166302659 lineto0.0 -6.378103166302659 lineto0.05 setlinewidth 1 setlinecap stroke[84 lines omitted]% End of PostScript file for plot of function IDENTITY



NUMBERS 363Here is the program that generated the PostScript code for the graphsshown in �gures 12-1 through 12-20. It contains a mixture of fairly generalmechanisms and ad hoc kludges for plotting functions of a single complexargument while gracefully handling extremely large and small values, branchcuts, singularities, and periodic behavior. The aim was to provide a simpleuser interface that would not require the caller to provide special advice foreach function to be plotted. The �le for �gure 12-1, for example, was generatedby the call (picture 'identity), which resulted in the writing of a �lenamed identity-plot.ps.The program assumes that any periodic behavior will have a period thatis a multiple of 2�; that branch cuts will fall along the real or imaginaryaxis; and that singularities or very large or small values will occur only at theorigin, at �1 or �i , or on the boundaries of the annuli (particularly those withradius �=2 or �). The central function is parametric-path, which acceptsfour arguments: two real numbers that are the endpoints of an interval ofreal numbers, a function that maps this interval into a path in the complexplane, and the function to be plotted; the task of parametric-path is togenerate PostScript code (a series of lineto operations) that will plot anapproximation to the image of the parametric path as transformed by thefunction to be plotted. Each of the functions hline, vline, -hline, -vline,radial, and circumferential takes appropriate parameters and returns afunction suitable for use as the third argument to parametric-path. There issome code that defends against errors (by using ignore-errors) and againstcertain peculiarities of IEEE oating-point arithmetic (the code that checksfor not-a-number (NaN) results).The program is o�ered here without further comment or apology.(defparameter units-to-show 4.1)(defparameter text-width-in-picas 28.0)(defparameter device-pixels-per-inch 300)(defparameter pixels-per-unit(* (/ (/ text-width-in-picas 6)(* units-to-show 2))device-pixels-per-inch))(defparameter big (sqrt (sqrt most-positive-single-float)))(defparameter tiny (sqrt (sqrt least-positive-single-float)))(defparameter path-really-losing 1000.0)(defparameter path-outer-limit (* units-to-show (sqrt 2) 1.1))(defparameter path-minimal-delta (/ 10 pixels-per-unit))(defparameter path-outer-delta (* path-outer-limit 0.3))



364 COMMON LISP(defparameter path-relative-closeness 0.00001)(defparameter back-off-delta 0.0005)



NUMBERS 365(defun comment-line (stream &rest stuff)(format stream "~%% ")(apply #--'format stream stuff)(format t "~%% ")(apply #--'format t stuff))(defun parametric-path (from to paramfn plotfn)(assert (and (plusp from) (plusp to)))(flet ((domainval (x) (funcall paramfn x))(rangeval (x) (funcall plotfn (funcall paramfn x)))(losing (x) (or (null x)(/UU (realpart x) (realpart x)) ;NaN?(/UU (imagpart x) (imagpart x)) ;NaN?(> (abs (realpart x)) path-really-losing)(> (abs (imagpart x)) path-really-losing))))(when (> to 1000.0)(let ((f0 (rangeval from))(f1 (rangeval (+ from 1)))(f2 (rangeval (+ from (* 2 pi))))(f3 (rangeval (+ from 1 (* 2 pi))))(f4 (rangeval (+ from (* 4 pi)))))(flet ((close (x y)(or (< (careful-abs (- x y)) path-minimal-delta)(< (careful-abs (- x y))(* (+ (careful-abs x) (careful-abs y))path-relative-closeness)))))(when (and (close f0 f2)(close f2 f4)(close f1 f3)(or (and (close f0 f1)(close f2 f3))(and (not (close f0 f1))(not (close f2 f3)))))(format t "~&Periodicity detected.")(setq to (+ from (* (signum (- to from)) 2 pi)))))))(let ((fromrange (ignore-errors (rangeval from)))(torange (ignore-errors (rangeval to))))(if (losing fromrange)(if (losing torange)'()(parametric-path (back-off from to) to paramfn plotfn))(if (losing torange)(parametric-path from (back-off to from) paramfn plotfn)(expand-path (refine-path (list from to) #--'rangeval)#--'rangeval))))))



366 COMMON LISP(defun back-off (point other)(if (or (> point 10.0) (< point 0.1))(let ((sp (sqrt point)))(if (or (> point sp other) (< point sp other))sp(* sp (sqrt other))))(+ point (* (signum (- other point)) back-off-delta))))(defun careful-abs (z)(cond ((or (> (realpart z) big)(< (realpart z) (- big))(> (imagpart z) big)(< (imagpart z) (- big)))big)((complexp z) (abs z))((minusp z) (- z))(t z)))(defparameter max-refinements 5000)(defun refine-path (original-path rangevalfn)(flet ((rangeval (x) (funcall rangevalfn x)))(let ((path original-path))(do ((j 0 (+ j 1)))((null (rest path)))(when (zerop (mod (+ j 1) max-refinements))(break "Runaway path"))(let* ((from (first path))(to (second path))(fromrange (rangeval from))(torange (rangeval to))(dist (careful-abs (- torange fromrange)))(mid (* (sqrt from) (sqrt to)))(midrange (rangeval mid)))(cond ((or (and (far-out fromrange) (far-out torange))(and (< dist path-minimal-delta)(< (abs (- midrange fromrange))path-minimal-delta);; Next test is intentionally asymmetric to;; avoid problems with periodic functions.(< (abs (- (rangeval (/ (+ to (* from 1.5))2.5))fromrange))path-minimal-delta)))(pop path))



NUMBERS 367((UU mid from) (pop path))((UU mid to) (pop path))(t (setf (rest path) (cons mid (rest path)))))))))original-path)(defun expand-path (path rangevalfn)(flet ((rangeval (x) (funcall rangevalfn x)))(let ((final-path (list (rangeval (first path)))))(do ((p (rest path) (cdr p)))((null p)(unless (rest final-path)(break "Singleton path"))(reverse final-path))(let ((v (rangeval (car p))))(cond ((and (rest final-path)(not (far-out v))(not (far-out (first final-path)))(between v (first final-path)(second final-path)))(setf (first final-path) v))((null (rest p)) ;Mustn't omit last point(push v final-path))((< (abs (- v (first final-path))) path-minimal-delta))((far-out v)(unless (and (far-out (first final-path))(< (abs (- v (first final-path)))path-outer-delta))(push (* 1.01 path-outer-limit (signum v))final-path)))(t (push v final-path))))))))(defun far-out (x)(> (careful-abs x) path-outer-limit))(defparameter between-tolerance 0.000001)(defun between (p q r)(let ((px (realpart p)) (py (imagpart p))(qx (realpart q)) (qy (imagpart q))(rx (realpart r)) (ry (imagpart r)))(and (or (<UU px qx rx) (>UU px qx rx))(or (<UU py qy ry) (>UU py qy ry))(< (abs (- (* (- qx px) (- ry qy))(* (- rx qx) (- qy py))))between-tolerance))))



368 COMMON LISP(defun circle (radius)#--'(lambda (angle) (* radius (cis angle))))(defun hline (imag)#--'(lambda (real) (complex real imag)))(defun vline (real)#--'(lambda (imag) (complex real imag)))(defun -hline (imag)#--'(lambda (real) (complex (- real) imag)))(defun -vline (real)#--'(lambda (imag) (complex real (- imag))))(defun radial (phi quadrant)#--'(lambda (rho) (repair-quadrant (* rho (cis phi)) quadrant)))(defun circumferential (rho quadrant)#--'(lambda (phi) (repair-quadrant (* rho (cis phi)) quadrant)));;; Quadrant is 0, 1, 2, or 3, meaning I, II, III, or IV.(defun repair-quadrant (z quadrant)(complex (* (+ (abs (realpart z)) tiny)(case quadrant (0 1.0) (1 -1.0) (2 -1.0) (3 1.0)))(* (+ (abs (imagpart z)) tiny)(case quadrant (0 1.0) (1 1.0) (2 -1.0) (3 -1.0)))))(defun clamp-real (x)(if (far-out x)(* (signum x) path-outer-limit)(round-real x)))(defun round-real (x)(/ (round (* x 10000.0)) 10000.0))(defun round-point (z)(complex (round-real (realpart z)) (round-real (imagpart z))))(defparameter hiringshade 0.97)(defparameter loringshade 0.45)(defparameter ticklength 0.12)(defparameter smallticklength 0.09)



NUMBERS 369;;; This determines the pattern of lines and annuli to be drawn.(defun moby-grid (&optional (fn 'sqrt) (stream t))(comment-line stream "Moby grid for function ~S" fn)(shaded-annulus 0.25 0.5 4 hiringshade loringshade fn stream)(shaded-annulus 0.75 1.0 8 hiringshade loringshade fn stream)(shaded-annulus (/ pi 2) 2.0 16 hiringshade loringshade fn stream)(shaded-annulus 3 pi 32 hiringshade loringshade fn stream)(moby-lines :horizontal 1.0 fn stream)(moby-lines :horizontal -1.0 fn stream)(moby-lines :vertical 1.0 fn stream)(moby-lines :vertical -1.0 fn stream)(let ((tickline 0.015)(axisline 0.008))(flet ((tick (n) (straight-line (complex n ticklength)(complex n (- ticklength))ticklinestream))(smalltick (n) (straight-line (complex n smallticklength)(complex n (- smallticklength))ticklinestream)))(comment-line stream "Real axis")(straight-line #--c(-5 0) #--c(5 0) axisline stream)(dotimes (j (floor units-to-show))(let ((q (+ j 1))) (tick q) (tick (- q))))(dotimes (j (floor units-to-show (/ pi 2)))(let ((q (* (/ pi 2) (+ j 1))))(smalltick q)(smalltick (- q)))))(flet ((tick (n) (straight-line (complex ticklength n)(complex (- ticklength) n)ticklinestream))(smalltick (n) (straight-line (complex smallticklength n)(complex (- smallticklength) n)ticklinestream)))(comment-line stream "Imaginary axis")(straight-line #--c(0 -5) #--c(0 5) axisline stream)(dotimes (j (floor units-to-show))(let ((q (+ j 1))) (tick q) (tick (- q))))(dotimes (j (floor units-to-show (/ pi 2)))(let ((q (* (/ pi 2) (+ j 1))))(smalltick q)(smalltick (- q)))))))



370 COMMON LISP(defun straight-line (from to wid stream)(format stream"~%newpath ~S ~S moveto ~S ~S lineto ~S ~setlinewidth 1 setlinecap stroke"(realpart from)(imagpart from)(realpart to)(imagpart to)wid));;; This function draws the lines for the pattern.(defun moby-lines (orientation signum plotfn stream)(let ((paramfn (ecase orientation(:horizontal (if (< signum 0) #--'-hline #--'hline))(:vertical (if (< signum 0) #--'-vline #--'vline)))))(flet ((foo (from to other wid)(ecase orientation(:horizontal(comment-line stream"Horizontal line from (~S, ~S) to (~S, ~S)"(round-real (* signum from))(round-real other)(round-real (* signum to))(round-real other)))(:vertical(comment-line stream"Vertical line from (~S, ~S) to (~S, ~S)"(round-real other)(round-real (* signum from))(round-real other)(round-real (* signum to)))))(postscript-pathstream(parametric-path fromto(funcall paramfn other)plotfn))(postscript-penstroke stream wid)))(let* ((thick 0.05)(thin 0.02));; Main axis(foo 0.5 tiny 0.0 thick)(foo 0.5 1.0 0.0 thick)(foo 2.0 1.0 0.0 thick)(foo 2.0 big 0.0 thick)



NUMBERS 371;; Parallels at 1 and -1(foo 2.0 tiny 1.0 thin)(foo 2.0 big 1.0 thin)(foo 2.0 tiny -1.0 thin)(foo 2.0 big -1.0 thin);; Parallels at 2, 3, -2, -3(foo tiny big 2.0 thin)(foo tiny big -2.0 thin)(foo tiny big 3.0 thin)(foo tiny big -3.0 thin)))))(defun splice (p q)(let ((v (car (last p)))(w (first q)))(and (far-out v)(far-out w)(>UU (abs (- v w)) path-outer-delta);; Two far-apart far-out points. Try to walk around;; outside the perimeter, in the shorter direction.(let* ((pdiff (phase (/ v w)))(npoints (floor (abs pdiff) (asin .2)))(delta (/ pdiff (+ npoints 1)))(incr (cis delta)))(do ((j 0 (+ j 1))(p (list w "end splice") (cons (* (car p) incr) p)))((UU j npoints) (cons "start splice" p)))))));;; This function draws the annuli for the pattern.(defun shaded-annulus (inner outer sectors firstshade lastshade fn stream)(assert (zerop (mod sectors 4)))(comment-line stream "Annulus ~S ~S ~S ~S ~S"(round-real inner) (round-real outer)sectors firstshade lastshade)(dotimes (jj sectors)(let ((j (- sectors jj 1)))(let* ((lophase (+ tiny (* 2 pi (/ j sectors))))(hiphase (* 2 pi (/ (+ j 1) sectors)))(midphase (/ (+ lophase hiphase) 2.0))(midradius (/ (+ inner outer) 2.0))(quadrant (floor (* j 4) sectors)))(comment-line stream "Sector from ~S to ~S (quadrant ~S)"(round-real lophase)(round-real hiphase)quadrant)



372 COMMON LISP(let ((p0 (reverse (parametric-path midradiusinner(radial lophase quadrant)fn)))(p1 (parametric-path midradiusouter(radial lophase quadrant)fn))(p2 (reverse (parametric-path midphaselophase(circumferential outerquadrant)fn)))(p3 (parametric-path midphasehiphase(circumferential outer quadrant)fn))(p4 (reverse (parametric-path midradiusouter(radial hiphase quadrant)fn)))(p5 (parametric-path midradiusinner(radial hiphase quadrant)fn))(p6 (reverse (parametric-path midphasehiphase(circumferential innerquadrant)fn)))(p7 (parametric-path midphaselophase(circumferential inner quadrant)fn)))(postscript-closed-path stream(appendp0 (splice p0 p1) '("middle radial")p1 (splice p1 p2) '("end radial")p2 (splice p2 p3) '("middle circumferential")p3 (splice p3 p4) '("end circumferential")p4 (splice p4 p5) '("middle radial")p5 (splice p5 p6) '("end radial")p6 (splice p6 p7) '("middle circumferential")p7 (splice p7 p0) '("end circumferential"))))



NUMBERS 373(postscript-shade stream(/ (+ (* firstshade (- (- sectors 1) j))(* lastshade j))(- sectors 1)))))))(defun postscript-penstroke (stream wid)(format stream "~%~S setlinewidth 1 setlinecap stroke"wid))(defun postscript-shade (stream shade)(format stream "~%currentgray ~S setgray fill setgray"shade))(defun postscript-closed-path (stream path)(unless (every #--'far-out (remove-if-not #--'numberp path))(postscript-raw-path stream path)(format stream "~% closepath")))(defun postscript-path (stream path)(unless (every #--'far-out (remove-if-not #--'numberp path))(postscript-raw-path stream path)));;; Print a path as a series of PostScript "lineto" commands.(defun postscript-raw-path (stream path)(format stream "~%newpath")(let ((fmt "~% ~S ~S moveto"))(dolist (pt path)(cond ((stringp pt)(format stream "~% %~A" pt))(t (format streamfmt(clamp-real (realpart pt))(clamp-real (imagpart pt)))(setq fmt "~% ~S ~S lineto"))))));;; Definitions of functions to be plotted that are not;;; standard Common Lisp functions.(defun one-plus-over-one-minus (x) (/ (+ 1 x) (- 1 x)))(defun one-minus-over-one-plus (x) (/ (- 1 x) (+ 1 x)))(defun sqrt-square-minus-one (x) (sqrt (- 1 (* x x))))(defun sqrt-one-plus-square (x) (sqrt (+ 1 (* x x))))



374 COMMON LISP;;; Because X3J13 voted for a new definition of the atan function,;;; the following definition was used in place of the atan function;;; provided by the Common Lisp implementation I was using.(defun good-atan (x)(/ (- (log (+ 1 (* x #--c(0 1))))(log (- 1 (* x #--c(0 1)))))#--c(0 2)));;; Because the first edition had an erroneous definition of atanh,;;; the following definition was used in place of the atanh function;;; provided by the Common Lisp implementation I was using.(defun really-good-atanh (x)(/ (- (log (+ 1 x))(log (- 1 x)))2));;; This is the main procedure that is intended to be called by a user.(defun picture (&optional (fn #--'sqrt))(with-open-file (stream (concatenate 'string(string-downcase (string fn))"-plot.ps"):direction :output)(format stream "% PostScript file for plot of function ~S~%" fn)(format stream "% Plot is to fit in a region ~S inches square~%"(/ text-width-in-picas 6.0))(format stream"% showing axes extending ~S units from the origin.~%"units-to-show)(let ((scaling (/ (* text-width-in-picas 12) (* units-to-show 2))))(format stream "~%~S ~:*~S scale" scaling))(format stream "~%~S ~:*~S translate" units-to-show)(format stream "~%newpath")(format stream "~% ~S ~S moveto" (- units-to-show) (- units-to-show))(format stream "~% ~S ~S lineto" units-to-show (- units-to-show))(format stream "~% ~S ~S lineto" units-to-show units-to-show)(format stream "~% ~S ~S lineto" (- units-to-show) units-to-show)(format stream "~% closepath")(format stream "~%clip")(moby-grid fn stream)(format stream"~%% End of PostScript file for plot of function ~S"fn)(terpri stream)))



NUMBERS 37512.6. Type Conversions and Component Extractions onNumbersWhile most arithmetic functions will operate on any kind of number, coerc-ing types if necessary, the following functions are provided to allow speci�cconversions of data types to be forced when desired. [Function]float number &optional otherThis converts any non-complex number to a oating-point number. With nosecond argument, if number is already a oating-point number, then numberis returned; otherwise a single-float is produced. If the argument other isprovided, then it must be a oating-point number, and number is convertedto the same format as other. See also coerce. [Function]rational number [Function]rationalize numberEach of these functions converts any non-complex number to a rational num-ber. If the argument is already rational, it is returned. The two functionsdi�er in their treatment of oating-point numbers.rational assumes that the oating-point number is completely accurateand returns a rational number mathematically equal to the precise value ofthe oating-point number.rationalize assumes that the oating-point number is accurate only tothe precision of the oating-point representation and may return any rationalnumber for which the oating-point number is the best available approxi-mation of its format; in doing this it attempts to keep both numerator anddenominator small.It is always the case that(float (rational x) x) � xand(float (rationalize x) x) � xThat is, rationalizing a oating-point number by either method and thenconverting it back to a oating-point number of the same format producesthe original number. What distinguishes the two functions is that rationaltypically has a simple, inexpensive implementation, whereas rationalize



376 COMMON LISPgoes to more trouble to produce a result that is more pleasant to view andsimpler to compute with for some purposes. [Function]numerator rational [Function]denominator rationalThese functions take a rational number (an integer or ratio) and return as aninteger the numerator or denominator of the canonical reduced form of therational. The numerator of an integer is that integer; the denominator of aninteger is 1. Note that(gcd (numerator x) (denominator x)) ) 1The denominator will always be a strictly positive integer; the numerator maybe any integer. For example:(numerator (/ 8 -6)) ) -4(denominator (/ 8 -6)) ) 3There is no fix function in Common Lisp because there are several inter-esting ways to convert non-integral values to integers. These are provided bythe functions below, which perform not only type conversion but also somenon-trivial calculations as well. [Function]floor number &optional divisor [Function]ceiling number &optional divisor [Function]truncate number &optional divisor [Function]round number &optional divisorIn the simple one-argument case, each of these functions converts its argumentnumber (which must not be complex) to an integer. If the argument is alreadyan integer, it is returned directly. If the argument is a ratio or oating-pointnumber, the functions use di�erent algorithms for the conversion.floor converts its argument by truncating toward negative in�nity; thatis, the result is the largest integer that is not larger than the argument.ceiling converts its argument by truncating toward positive in�nity; thatis, the result is the smallest integer that is not smaller than the argument.truncate converts its argument by truncating toward zero; that is, theresult is the integer of the same sign as the argument and which has thegreatest integral magnitude not greater than that of the argument.



NUMBERS 377round converts its argument by rounding to the nearest integer; if numberis exactly halfway between two integers (that is, of the form integer + 0.5),then it is rounded to the one that is even (divisible by 2).The following table shows what the four functions produce when givenvarious arguments.Argument floor ceiling truncate round2.6 2 3 2 32.5 2 3 2 22.4 2 3 2 20.7 0 1 0 10.3 0 1 0 0-0.3 -1 0 0 0-0.7 -1 0 0 -1-2.4 -3 -2 -2 -2-2.5 -3 -2 -2 -2-2.6 -3 -2 -2 -3If a second argument divisor is supplied, then the result is the appropriatetype of rounding or truncation applied to the result of dividing the number bythe divisor. For example, (floor 5 2) � (floor (/ 5 2)) but is potentiallymore e�cient.This statement is not entirely accurate; one should instead say that (values(floor 5 2))� (values (floor (/ 5 2))), because there is a second valueto consider, as discussed below. In other words, the �rst values returned bythe two forms will be the same, but in general the second values will di�er.Indeed, we have(floor 5 2) ) 2 and 1(floor (/ 5 2)) ) 2 and 1/2for this example.The divisor may be any non-complex number.It is generally accepted that it is an error for the divisor to be zero.The one-argument case is exactly like the two-argument case where thesecond argument is 1.In other words, the one-argument case returns an integer and fractionalpart for the number: (truncate 5.3) ) 5.0 and 0.3, for example.Each of the functions actually returns two values, whether given one or twoarguments. The second result is the remainder and may be obtained usingmultiple-value-bind and related constructs. If any of these functions is



378 COMMON LISPgiven two arguments x and y and produces results q and r , then q �y+ r = x .The �rst result q is always an integer. The remainder r is an integer ifboth arguments are integers, is rational if both arguments are rational, andis oating-point if either argument is oating-point. One consequence is thatin the one-argument case the remainder is always a number of the same typeas the argument.When only one argument is given, the two results are exact; the mathemat-ical sum of the two results is always equal to the mathematical value of theargument.Compatibility note: The names of the functions floor, ceiling, truncate, andround are more accurate than names like fix that have heretofore been used in vari-ous Lisp systems. The names used here are compatible with standard mathematicalterminology (and with PL/1, as it happens). In Fortran ifix means truncate. Al-gol 68 provides round and uses entier to mean floor. In MacLisp, fix and ifixboth mean floor (one is generic, the other onum-in/�xnum-out). In Interlisp, fixmeans truncate. In Lisp Machine Lisp, fix means floor and fixr means round.Standard Lisp provides a fix function but does not specify precisely what it does.The existing usage of the name fix is so confused that it seemed best to avoid italtogether.The names and de�nitions given here have recently been adopted by Lisp MachineLisp, and MacLisp and NIL (New Implementation of Lisp) seem likely to follow suit.[Function]mod number divisor [Function]rem number divisormod performs the operation floor on its two arguments and returns the sec-ond result of floor as its only result. Similarly, rem performs the operationtruncate on its arguments and returns the second result of truncate as itsonly result.mod and rem are therefore the usual modulus and remainder functions whenapplied to two integer arguments. In general, however, the arguments may beintegers or oating-point numbers.(mod 13 4) ) 1 (rem 13 4) ) 1(mod -13 4) ) 3 (rem -13 4) ) -1(mod 13 -4) ) -3 (rem 13 -4) ) 1(mod -13 -4) ) -1 (rem -13 -4) ) -1(mod 13.4 1) ) 0.4 (rem 13.4 1) ) 0.4(mod -13.4 1) ) 0.6 (rem -13.4 1) ) -0.4



NUMBERS 379Compatibility note: The Interlisp function remainder is essentially equivalent tothe Common Lisp function rem. The MacLisp function remainder is like rem butaccepts only integer arguments. [Function]ffloor number &optional divisor [Function]fceiling number &optional divisor [Function]ftruncate number &optional divisor [Function]fround number &optional divisorThese functions are just like floor, ceiling, truncate, and round, exceptthat the result (the �rst result of two) is always a oating-point number ratherthan an integer. It is roughly as if ffloor gave its arguments to floor, andthen applied float to the �rst result before passing them both back. Inpractice, however, ffloormay be implemented much more e�ciently. Similarremarks apply to the other three functions. If the �rst argument is a oating-point number, and the second argument is not a oating-point number oflonger format, then the �rst result will be a oating-point number of thesame type as the �rst argument. For example:(ffloor -4.7) ) -5.0 and 0.3(ffloor 3.5d0) ) 3.0d0 and 0.5d0 [Function]decode-float oat [Function]scale-float oat integer [Function]float-radix oat [Function]float-sign oat1 &optional oat2 [Function]float-digits oat [Function]float-precision oat [Function]integer-decode-float oatThe function decode-float takes a oating-point number and returns threevalues.The �rst value is a new oating-point number of the same format represent-ing the signi�cand; the second value is an integer representing the exponent;and the third value is a oating-point number of the same format indicatingthe sign (�1:0 or 1:0). Let b be the radix for the oating-point representation;then decode-float divides the argument by an integral power of b so as tobring its value between 1/b (inclusive) and 1 (exclusive) and returns the quo-tient as the �rst value. If the argument is zero, however, the result is equal



380 COMMON LISPto the absolute value of the argument (that is, if there is a negative zero, itssigni�cand is considered to be a positive zero).The second value of decode-float is the integer exponent e to which bmustbe raised to produce the appropriate power for the division. If the argumentis zero, any integer value may be returned, provided that the identity shownbelow for scale-float holds.The third value of decode-float is a oating-point number, of the sameformat as the argument, whose absolute value is 1 and whose sign matchesthat of the argument.The function scale-float takes a oating-point number f (not necessarilybetween 1/b and 1) and an integer k, and returns (* f (expt (float b f)k)). (The use of scale-float may be much more e�cient than using expo-nentiation and multiplication and avoids intermediate overow and underowif the �nal result is representable.)Note that(multiple-value-bind (signif expon sign)(decode-float f)(scale-float signif expon))� (abs f)and(multiple-value-bind (signif expon sign)(decode-float f)(* (scale-float signif expon) sign))� fThe function float-radix returns (as an integer) the radix b of the oating-point argument.The function float-sign returns a oating-point number z such that z andoat1 have the same sign and also such that z and oat2 have the same ab-solute value. The argument oat2 defaults to the value of (float 1 oat1);(float-sign x) therefore always produces a 1.0 or -1.0 of appropriate for-mat according to the sign of x. (Note that if an implementation has distinctrepresentations for negative zero and positive zero, then (float-sign -0.0)) -1.0.)The function float-digits returns, as a non-negative integer, the numberof radix-b digits used in the representation of its argument (including any im-plicit digits, such as a \hidden bit"). The function float-precision returns,as a non-negative integer, the number of signi�cant radix-b digits present in



NUMBERS 381the argument; if the argument is (a oating-point) zero, then the result is (aninteger) zero. For normalized oating-point numbers, the results of float-digits and float-precision will be the same, but the precision will be lessthan the number of representation digits for a denormalized or zero number.The function integer-decode-float is similar to decode-float but forits �rst value returns, as an integer, the signi�cand scaled so as to be aninteger. For an argument f, this integer will be strictly less than(expt b (float-precision f))but no less than(expt b (- (float-precision f) 1))except that if f is zero, then the integer value will be zero.The second value bears the same relationship to the �rst value as fordecode-float:(multiple-value-bind (signif expon sign)(integer-decode-float f)(scale-float (float signif f) expon))� (abs f)The third value of integer-decode-float will be 1 or -1.Rationale: These functions allow the writing of machine-independent, or at leastmachine-parameterized, oating-point software of reasonable e�ciency. [Function]complex realpart &optional imagpartThe arguments must be non-complex numbers; a number is returned that hasrealpart as its real part and imagpart as its imaginary part, possibly convertedaccording to the rule of oating-point contagion (thus both components willbe of the same type). If imagpart is not speci�ed, then (coerce 0 (type-ofrealpart)) is e�ectively used. Note that if both the realpart and imagpart arerational and the imagpart is zero, then the result is just the realpart becauseof the rule of canonical representation for complex rationals. It follows thatthe result of complex is not always a complex number; it may be simply arational.



382 COMMON LISP [Function]realpart number [Function]imagpart numberThese return the real and imaginary parts of a complex number. If numberis a non-complex number, then realpart returns its argument number andimagpart returns (* 0 number), which has the e�ect that the imaginary partof a rational is 0 and that of a oating-point number is a oating-point zeroof the same format.A clever way to multiply a complex number z by i is to write(complex (- (imagpart z)) (realpart z))instead of (* z #--c(0 1)). This cleverness is not always gratuitous; it maybe of particular importance in the presence of minus zero. For example, if weare using IEEE standard oating-point arithmetic and z = 4 + 0i , the resultof the clever expression is �0+4i , a true 90� rotation of z , whereas the resultof (* z #--c(0 1)) is likely to be(4 + 0i)(+0 + i) = ((4)(+0) � (+0)(1)) + ((4)(1) + (+0)(+0))i= ((+0) � (+0)) + ((4) + (+0))i = +0 + 4iwhich could land on the wrong side of a branch cut, for example.12.7. Logical Operations on NumbersThe logical operations in this section require integers as arguments; it is anerror to supply a non-integer as an argument. The functions all treat integersas if they were represented in two's-complement notation.Implementation note: Internally, of course, an implementation of Common Lispmay or may not use a two's-complement representation. All that is necessary is thatthe logical operations perform calculations so as to give this appearance to the user.The logical operations provide a convenient way to represent an in�nitevector of bits. Let such a conceptual vector be indexed by the non-negativeintegers. Then bit j is assigned a \weight" 2j. Assume that only a �nitenumber of bits are 1's or only a �nite number of bits are 0's. A vector withonly a �nite number of one-bits is represented as the sum of the weights of theone-bits, a positive integer. A vector with only a �nite number of zero-bitsis represented as -1 minus the sum of the weights of the zero-bits, a negativeinteger.



NUMBERS 383This method of using integers to represent bit-vectors can in turn be usedto represent sets. Suppose that some (possibly countably in�nite) universeof discourse for sets is mapped into the non-negative integers. Then a setcan be represented as a bit vector; an element is in the set if the bit whoseindex corresponds to that element is a one-bit. In this way all �nite sets canbe represented (by positive integers), as well as all sets whose complementsare �nite (by negative integers). The functions logior, logand, and logxorde�ned below then compute the union, intersection, and symmetric di�erenceoperations on sets represented in this way. [Function]logior &rest integersThis returns the bit-wise logical inclusive or of its arguments. If no argumentis given, then the result is zero, which is an identity for this operation.[Function]logxor &rest integersThis returns the bit-wise logical exclusive or of its arguments. If no argumentis given, then the result is zero, which is an identity for this operation.[Function]logand &rest integersThis returns the bit-wise logical and of its arguments. If no argument is given,then the result is -1, which is an identity for this operation. [Function]logeqv &rest integersThis returns the bit-wise logical equivalence (also known as exclusive nor) ofits arguments. If no argument is given, then the result is -1, which is anidentity for this operation. [Function]lognand integer1 integer2 [Function]lognor integer1 integer2 [Function]logandc1 integer1 integer2 [Function]logandc2 integer1 integer2 [Function]logorc1 integer1 integer2 [Function]logorc2 integer1 integer2These are the other six non-trivial bit-wise logical operations on two argu-ments. Because they are not associative, they take exactly two argumentsrather than any non-negative number of arguments.



384 COMMON LISP(lognand n1 n2) � (lognot (logand n1 n2))(lognor n1 n2) � (lognot (logior n1 n2))(logandc1 n1 n2) � (logand (lognot n1) n2)(logandc2 n1 n2) � (logand n1 (lognot n2))(logorc1 n1 n2) � (logior (lognot n1) n2)(logorc2 n1 n2) � (logior n1 (lognot n2))
The ten bit-wise logical operations on two integers are summarized in thefollowing table:
integer1 0 0 1 1integer2 0 1 0 1 Operation Namelogand 0 0 0 1 andlogior 0 1 1 1 inclusive orlogxor 0 1 1 0 exclusive orlogeqv 1 0 0 1 equivalence (exclusive nor)lognand 1 1 1 0 not-andlognor 1 0 0 0 not-orlogandc1 0 1 0 0 and complement of integer1 with integer2logandc2 0 0 1 0 and integer1 with complement of integer2logorc1 1 1 0 1 or complement of integer1 with integer2logorc2 1 0 1 1 or integer1 with complement of integer2



NUMBERS 385[Function]boole op integer1 integer2 [Constant ]boole-clr [Constant ]boole-set [Constant ]boole-1 [Constant ]boole-2 [Constant ]boole-c1 [Constant ]boole-c2 [Constant ]boole-and [Constant ]boole-ior [Constant ]boole-xor [Constant ]boole-eqv [Constant ]boole-nand [Constant ]boole-nor [Constant ]boole-andc1 [Constant ]boole-andc2 [Constant ]boole-orc1 [Constant ]boole-orc2The function boole takes an operation op and two integers, and returns aninteger produced by performing the logical operation speci�ed by op on thetwo integers. The precise values of the sixteen constants are implementation-dependent, but they are suitable for use as the �rst argument to boole:integer1 0 0 1 1integer2 0 1 0 1 Operation Performedboole-clr 0 0 0 0 always 0boole-set 1 1 1 1 always 1boole-1 0 0 1 1 integer1boole-2 0 1 0 1 integer2boole-c1 1 1 0 0 complement of integer1boole-c2 1 0 1 0 complement of integer2boole-and 0 0 0 1 andboole-ior 0 1 1 1 inclusive orboole-xor 0 1 1 0 exclusive orboole-eqv 1 0 0 1 equivalence (exclusive nor)boole-nand 1 1 1 0 not-andboole-nor 1 0 0 0 not-orboole-andc1 0 1 0 0 and complement of integer1 with integer2boole-andc2 0 0 1 0 and integer1 with complement of integer2boole-orc1 1 1 0 1 or complement of integer1 with integer2boole-orc2 1 0 1 1 or integer1 with complement of integer2



386 COMMON LISPboole can therefore compute all sixteen logical functions on two arguments.In general,(boole boole-and x y) � (logand x y)and the latter is more perspicuous. However, boole is useful when it is nec-essary to parameterize a procedure so that it can use one of several logicaloperations. [Function]lognot integerThis returns the bit-wise logical not of its argument. Every bit of the resultis the complement of the corresponding bit in the argument.(logbitp j (lognot x)) � (not (logbitp j x)) [Function]logtest integer1 integer2logtest is a predicate that is true if any of the bits designated by the 1's ininteger1 are 1's in integer2.(logtest x y) � (not (zerop (logand x y))) [Function]logbitp index integerlogbitp is true if the bit in integer whose index is index (that is, its weightis 2index) is a one-bit; otherwise it is false. For example:(logbitp 2 6) is true(logbitp 0 6) is false(logbitp k n) � (ldb-test (byte 1 k) n)X3J13 voted in January 1989 h7i to clarify that the index must be a non-negative integer. [Function]ash integer countThis function shifts integer arithmetically left by count bit positions if countis positive, or right by �count bit positions if count is negative. The sign ofthe result is always the same as the sign of integer.Mathematically speaking, this operation performs the computationoor (integer � 2count).



NUMBERS 387Logically, this moves all of the bits in integer to the left, adding zero-bitsat the bottom, or moves them to the right, discarding bits. (In this contextthe question of what gets shifted in on the left is irrelevant; integers, viewedas strings of bits, are \half-in�nite," that is, conceptually extend in�nitely farto the left.) For example:(logbitp j (ash n k)) � (and (>UU j k) (logbitp (- j k) n))[Function]logcount integerThe number of bits in integer is determined and returned. If integer is positive,the 1-bits in its binary representation are counted. If integer is negative, the0-bits in its two's-complement binary representation are counted. The resultis always a non-negative integer. For example:(logcount 13) ) 3 ;Binary representation is ...0001101(logcount -13) ) 2 ;Binary representation is ...1110011(logcount 30) ) 4 ;Binary representation is ...0011110(logcount -30) ) 4 ;Binary representation is ...1100010The following identity always holds:(logcount x) � (logcount (- (+ x 1)))� (logcount (lognot x)) [Function]integer-length integerThis function performs the computationceiling(log2(if integer < 0 then � integer else integer + 1))This is useful in two di�erent ways. First, if integer is non-negative, then itsvalue can be represented in unsigned binary form in a �eld whose width inbits is no smaller than (integer-length integer). Second, regardless of thesign of integer, its value can be represented in signed binary two's-complementform in a �eld whose width in bits is no smaller than (+ (integer-lengthinteger) 1). For example:(integer-length 0) ) 0(integer-length 1) ) 1(integer-length 3) ) 2(integer-length 4) ) 3(integer-length 7) ) 3



388 COMMON LISP(integer-length -1) ) 0(integer-length -4) ) 2(integer-length -7) ) 3(integer-length -8) ) 3Compatibility note: This function is similar to the MacLisp function haulong.One may de�ne haulong as(haulong x) � (integer-length (abs x))12.8. Byte Manipulation FunctionsSeveral functions are provided for dealing with an arbitrary-width �eld ofcontiguous bits appearing anywhere in an integer. Such a contiguous set ofbits is called a byte. Here the term byte does not imply some �xed number ofbits (such as eight), rather a �eld of arbitrary and user-speci�able width.The byte-manipulation functions use objects called byte speci�ers to desig-nate a speci�c byte position within an integer. The representation of a bytespeci�er is implementation-dependent; in particular, it may or may not be anumber. It is su�cient to know that the function byte will construct one, andthat the byte-manipulation functions will accept them. The function byte ac-cepts two integers representing the position and size of the byte and returnsa byte speci�er. Such a speci�er designates a byte whose width is size andwhose bits have weights 2position+size�1 through 2position. [Function]byte size positionbyte takes two integers representing the size and position of a byte and returnsa byte speci�er suitable for use as an argument to byte-manipulation functions.[Function]byte-size bytespec [Function]byte-position bytespecGiven a byte speci�er, byte-size returns the size speci�ed as an integer;byte-position similarly returns the position. For example:(byte-size (byte j k)) � j(byte-position (byte j k)) � k



NUMBERS 389[Function]ldb bytespec integerbytespec speci�es a byte of integer to be extracted. The result is returned asa non-negative integer. For example:(logbitp j (ldb (byte s p) n)) � (and (< j s) (logbitp (+ j p) n))The name of the function ldb means \load byte."Compatibility note: The MacLisp function haipart can be implemented in termsof ldb as follows:(defun haipart (integer count)(let ((x (abs integer)))(if (minusp count)(ldb (byte (- count) 0) x)(ldb (byte count (max 0 (- (integer-length x) count)))x))))If the argument integer is speci�ed by a form that is a place form acceptableto setf, then setf may be used with ldb to modify a byte within the integerthat is stored in that place. The e�ect is to perform a dpb operation and thenstore the result back into the place. [Function]ldb-test bytespec integerldb-test is a predicate that is true if any of the bits designated by the bytespeci�er bytespec are 1's in integer; that is, it is true if the designated �eld isnon-zero.(ldb-test bytespec n) � (not (zerop (ldb bytespec n))) [Function]mask-field bytespec integerThis is similar to ldb; however, the result contains the speci�ed byte of integerin the position speci�ed by bytespec, rather than in position 0 as with ldb.The result therefore agrees with integer in the byte speci�ed but has zero-bitseverywhere else. For example:(ldb bs (mask-field bs n)) � (ldb bs n)(logbitp j (mask-field (byte s p) n))



390 COMMON LISP� (and (>UU j p) (< j (+ p s)) (logbitp j n))(mask-field bs n) � (logand n (dpb -1 bs 0))If the argument integer is speci�ed by a form that is a place form acceptableto setf, then setfmay be used with mask-field to modify a byte within theinteger that is stored in that place. The e�ect is to perform a deposit-fieldoperation and then store the result back into the place. [Function]dpb newbyte bytespec integerThis returns a number that is the same as integer except in the bits speci�edby bytespec. Let s be the size speci�ed by bytespec; then the low s bits ofnewbyte appear in the result in the byte speci�ed by bytespec. The integernewbyte is therefore interpreted as being right-justi�ed, as if it were the resultof ldb. For example:(logbitp j (dpb m (byte s p) n))� (if (and (>UU j p) (< j (+ p s)))(logbitp (- j p) m)(logbitp j n))The name of the function dpb means \deposit byte." [Function]deposit-field newbyte bytespec integerThis function is to mask-field as dpb is to ldb. The result is an integerthat contains the bits of newbyte within the byte speci�ed by bytespec, andelsewhere contains the bits of integer. For example:(logbitp j (deposit-field m (byte s p) n))� (if (and (>UU j p) (< j (+ p s)))(logbitp j m)(logbitp j n))Implementation note: If the bytespec is a constant, one may of course construct,at compile time, an equivalent mask m, for example by computing (deposit-field-1 bytespec 0). Given this mask m, one may then compute(deposit-field newbyte bytespec integer)by computing



NUMBERS 391(logior (logand newbyte m) (logand integer (lognot m)))where the result of (lognot m) can of course also be computed at compile time.However, the following expression may also be used and may require fewer temporaryregisters in some situations:(logxor integer (logand m (logxor integer newbyte)))A related, though possibly less useful, trick is that(let ((z (logand (logxor x y) m)))(setq x (logxor z x))(setq y (logxor z y)))interchanges those bits of x and y for which the mask m is 1, and leaves alone thosebits of x and y for which m is 0.12.9. Random NumbersThe Common Lisp facility for generating pseudo-random numbers has beencarefully de�ned to make its use reasonably portable. While two implementa-tions may produce di�erent series of pseudo-random numbers, the distributionof values should be relatively independent of such machine-dependent aspectsas word size. [Function]random number &optional state(random n) accepts a positive number n and returns a number of the samekind between zero (inclusive) and n (exclusive). The number n may be aninteger or a oating-point number. An approximately uniform choice distri-bution is used. If n is an integer, each of the possible results occurs with(approximate) probability 1/n. (The quali�er \approximate" is used becauseof implementation considerations; in practice, the deviation from uniformityshould be quite small.)The argument state must be an object of type random-state; it defaults tothe value of the variable *random-state*. This object is used to maintain thestate of the pseudo-random-number generator and is altered as a side e�ectof the random operation.Compatibility note: random of zero arguments as de�ned in MacLisp has beenomitted because its value is too implementation-dependent (limited by �xnumrange).



392 COMMON LISPImplementation note: In general, even if random of zero arguments were de�nedas in MacLisp, it is not adequate to de�ne (random n) for integral n to be simply(mod (random) n); this fails to be uniformly distributed if n is larger than the largestnumber produced by random, or even if n merely approaches this number. This isanother reason for omitting random of zero arguments in Common Lisp. Assumingthat the underlying mechanism produces \random bits" (possibly in chunks suchas �xnums), the best approach is to produce enough random bits to construct aninteger k some number d of bits larger than (integer-length n) (see integer-length), and then compute (mod k n). The quantity d should be at least 7, andpreferably 10 or more.To produce random oating-point numbers in the half-open range [A;B), acceptedpractice (as determined by a look through the Collected Algorithms from the ACM,particularly algorithms 133, 266, 294, and 370) is to compute X � (B�A)+A, whereX is a oating-point number uniformly distributed over [0:0;1:0) and computed bycalculating a random integer N in the range [0;M ) (typically by a multiplicative-congruential or linear-congruential method mod M ) and then setting X = N =M .See also [27]. If one takes M = 2f, where f is the length of the signi�cand of aoating-point number (and it is in fact common to choose M to be a power of 2),then this method is equivalent to the following assembly-language-level procedure.Assume the representation has no hidden bit. Take a oating-point 0.5, and clobberits entire signi�cand with random bits. Normalize the result if necessary.For example, on the DEC PDP-10, assume that accumulator T is completelyrandom (all 36 bits are random). Then the code sequenceLSH T,-9 ;Clear high 9 bits; low 27 are randomFSC T,128. ;Install exponent and normalizewill produce in T a random oating-point number uniformly distributed over[0:0; 1:0). (Instead of the LSH instruction, one could doTLZ T,777000 ;That's 777000 octalbut if the 36 random bits came from a congruential random-number generator, thehigh-order bits tend to be \more random" than the low-order ones, and so the LSHwould be better for uniform distribution. Ideally all the bits would be the result ofhigh-quality randomness.)With a hidden-bit representation, normalization is not a problem, but dealingwith the hidden bit is. The method can be adapted as follows. Take a oating-point 1.0 and clobber the explicit signi�cand bits with random bits; this produces arandom oating-point number in the range [1:0; 2:0). Then simply subtract 1.0. Ine�ect, we let the hidden bit creep in and then subtract it away again.For example, on the DEC VAX, assume that register T is completely random (buta little less random than on the PDP-10, as it has only 32 random bits). Then thecode sequence



NUMBERS 393INSV #--^X81,#--7,#--9,T ;Install correct sign bit and exponentSUBF #--^F1.0,T ;Subtract 1.0will produce in T a random oating-point number uniformly distributed over[0:0; 1:0). Again, if the low-order bits are not random enough, then the instruc-tionROTL #--7,Tshould be performed �rst.Implementors may wish to consult reference [41] for a discussion of some e�cientmethods of generating pseudo-random numbers. [Variable]*random-state*This variable holds a data structure, an object of type random-state, thatencodes the internal state of the random-number generator that random usesby default. The nature of this data structure is implementation-dependent. Itmay be printed out and successfully read back in, but may or may not functioncorrectly as a random-number state object in another implementation. A callto random will perform a side e�ect on this data structure. Lambda-bindingthis variable to a di�erent random-number state object will correctly save andrestore the old state object. [Function]make-random-state &optional stateThis function returns a new object of type random-state, suitable for use asthe value of the variable *random-state*. If state is nil or omitted, make-random-state returns a copy of the current random-number state object (thevalue of the variable *random-state*). If state is a state object, a copy ofthat state object is returned. If state is t, then a new state object is returnedthat has been \randomly" initialized by some means (such as by a time-of-dayclock).Rationale: Common Lisp purposely provides no way to initialize a random-stateobject from a user-speci�ed \seed." The reason for this is that the number of bitsof state information in a random-state object may vary widely from one implemen-tation to another, and there is no simple way to guarantee that any user-speci�edseed value will be \random enough." Instead, the initialization of random-stateobjects is left to the implementor in the case where the argument t is given tomake-random-state.To handle the common situation of executing the same program many times ina reproducible manner, where that program uses random, the following proceduremay be used:



394 COMMON LISP1. Evaluate (make-random-state t) to create a random-state object.2. Write that object to a �le, using print, for later use.3. Whenever the program is to be run, �rst use read to create a copy of the random-state object from the printed representation in the �le. Then use the random-state object newly created by the read operation to initialize the random-numbergenerator for the program.It is for the sake of this procedure for reproducible execution that implementationsare required to provide a read/print syntax for objects of type random-state.It is also possible to make copies of a random-state object directly without goingthrough the print/read process, simply by using the make-random-state function tocopy the object; this allows the same sequence of random numbers to be generatedmany times within a single program.Implementation note: A recommended way to implement the type random-stateis e�ectively to use the machinery for defstruct. The usual structure syntax maythen be used for printing random-state objects; one might look something like#--S(RANDOM-STATE DATA #--(14 49 98436589 786345 8734658324 ...))where the components are of course completely implementation-dependent.[Function]random-state-p objectrandom-state-p is true if its argument is a random-state object, and other-wise is false.(random-state-p x) � (typep x 'random-state)12.10. Implementation ParametersThe values of the named constants de�ned in this section are implementation-dependent. They may be useful for parameterizing code in some situations.[Constant ]most-positive-fixnum [Constant ]most-negative-fixnumThe value of most-positive-fixnum is that �xnum closest in value to positivein�nity provided by the implementation.The value of most-negative-fixnum is that �xnum closest in value tonegative in�nity provided by the implementation.



NUMBERS 395X3J13 voted in January 1989 h76i to specify that fixnum must be a su-pertype of the type (signed-byte 16), and additionally that the value ofarray-dimension-limit must be a �xnum. This implies that the value ofmost-negative-fixnummust be less than or equal to �215, and the value ofmost-positive-fixnum must be greater than or equal to both 215 � 1 andthe value of array-dimension-limit.
[Constant ]most-positive-short-float [Constant ]least-positive-short-float [Constant ]least-negative-short-float [Constant ]most-negative-short-floatThe value of most-positive-short-float is that short-format oating-pointnumber closest in value to (but not equal to) positive in�nity provided by theimplementation.The value of least-positive-short-float is that positive short-formatoating-point number closest in value to (but not equal to) zero provided bythe implementation.The value of least-negative-short-float is that negative short-formatoating-point number closest in value to (but not equal to) zero provided bythe implementation. (Note that even if an implementation supports minuszero as a distinct short oating-point value, least-negative-short-floatmust not be minus zero.)X3J13 voted in June 1989 h79i to clarify that these de�nitions are to betaken quite literally. In implementations that support denormalized numbers,the values of least-positive-short-float and least-negative-short-float may be denormalized.The value of most-negative-short-float is that short-format oating-point number closest in value to (but not equal to) negative in�nity providedby the implementation.



396 COMMON LISP [Constant ]most-positive-single-float [Constant ]least-positive-single-float [Constant ]least-negative-single-float [Constant ]most-negative-single-float [Constant ]most-positive-double-float [Constant ]least-positive-double-float [Constant ]least-negative-double-float [Constant ]most-negative-double-float [Constant ]most-positive-long-float [Constant ]least-positive-long-float [Constant ]least-negative-long-float [Constant ]most-negative-long-floatThese are analogous to the constants de�ned above for short-format oating-point numbers.
[Constant ]least-positive-normalized-short-float [Constant ]least-negative-normalized-short-floatX3J13 voted in June 1989 h79i to add these constants to the language.The value of least-positive-normalized-short-float is that positivenormalized short-format oating-point number closest in value to (but notequal to) zero provided by the implementation. In implementations that donot support denormalized numbers this may be the same as the value ofleast-positive-short-float.The value of least-negative-normalized-short-float is that negativenormalized short-format oating-point number closest in value to (but notequal to) zero provided by the implementation. (Note that even if an im-plementation supports minus zero as a distinct short oating-point value,least-negative-normalized-short-floatmust not be minus zero.) In im-plementations that do not support denormalized numbers this may be thesame as the value of least-positive-short-float.



NUMBERS 397[Constant ]least-positive-normalized-single-float [Constant ]least-negative-normalized-single-float [Constant ]least-positive-normalized-double-float [Constant ]least-negative-normalized-double-float [Constant ]least-positive-normalized-long-float [Constant ]least-negative-normalized-long-floatThese are analogous to the constants de�ned above for short-format oating-point numbers. [Constant ]short-float-epsilon [Constant ]single-float-epsilon [Constant ]double-float-epsilon [Constant ]long-float-epsilonThese constants have as value, for each oating-point format, the smallestpositive oating-point number e of that format such that the expression(not (UU (float 1 e) (+ (float 1 e) e)))is true when actually evaluated. [Constant ]short-float-negative-epsilon [Constant ]single-float-negative-epsilon [Constant ]double-float-negative-epsilon [Constant ]long-float-negative-epsilonThese constants have as value, for each oating-point format, the smallestpositive oating-point number e of that format such that the expression(not (UU (float 1 e) (- (float 1 e) e)))is true when actually evaluated.



13CharactersCommon Lisp provides a character data type; objects of this type representprinted symbols such as letters.In general, characters in Common Lisp are not true objects; eq cannot becounted upon to operate on them reliably. In particular, it is possible thatthe expression(let ((x z) (y z)) (eq x y))may be false rather than true, if the value of z is a character.Rationale: This odd breakdown of eq in the case of characters allows the implemen-tor enough design freedom to produce exceptionally e�cient code on conventionalarchitectures. In this respect the treatment of characters exactly parallels that ofnumbers, as described in chapter 12.If two objects are to be compared for \identity," but either might be acharacter, then the predicate eql is probably appropriate.X3J13 voted in March 1989 h11i to approve the following de�nitions andterminology for use in discussing character facilities in Common Lisp.A character repertoire de�nes a collection of characters independent of theirspeci�c rendered image or font. (This corresponds to the mathematical notionof a set, but the term character set is avoided here because it has been used inthe past to mean both what is here called a repertoire and what is here calleda coded character set.) Character repertoires are speci�ed independent ofcoding and their characters are identi�ed only with a unique character label,a graphic symbol, and a character description. As an example, table 13-1shows the character labels, graphic symbols, and character descriptions forall of the characters in the repertoire standard-char except for #--\Space and#--\Newline.398



CHARACTERS 399Table 13-1: Standard Character Labels, Glyphs, and DescriptionsSM05 @ commercial at SD13 ` grave accentSP02 ! exclamation mark LA02 A capital A LA01 a small aSP04 " quotation mark LB02 B capital B LB01 b small bSM01 #-- number sign LC02 C capital C LC01 c small cSC03 $ dollar sign LD02 D capital D LD01 d small dSM02 % percent sign LE02 E capital E LE01 e small eSM03 & ampersand LF02 F capital F LF01 f small fSP05 ' apostrophe LG02 G capital G LG01 g small gSP06 ( left parenthesis LH02 H capital H LH01 h small hSP07 ) right parenthesis LI02 I capital I LI01 i small iSM04 * asterisk LJ02 J capital J LJ01 j small jSA01 + plus sign LK02 K capital K LK01 k small kSP08 , comma LL02 L capital L LL01 l small lSP10 - hyphen or minus sign LM02 M capital M LM01 m small mSP11 . period or full stop LN02 N capital N LN01 n small nSP12 / solidus LO02 O capital O LO01 o small oND10 0 digit 0 LP02 P capital P LP01 p small pND01 1 digit 1 LQ02 Q capital Q LQ01 q small qND02 2 digit 2 LR02 R capital R LR01 r small rND03 3 digit 3 LS02 S capital S LS01 s small sND04 4 digit 4 LT02 T capital T LT01 t small tND05 5 digit 5 LU02 U capital U LU01 u small uND06 6 digit 6 LV02 V capital V LV01 v small vND07 7 digit 7 LW02 W capital W LW01 w small wND08 8 digit 8 LX02 X capital X LX01 x small xND09 9 digit 9 LY02 Y capital Y LY01 y small ySP13 : colon LZ02 Z capital Z LZ01 z small zSP14 ; semicolon SM06 [ left square bracket SM11 { left curly bracketSA03 < less-than sign SM07 \ reverse solidus SM13 | vertical barSA04 UU equals sign SM08 ] right square bracket SM14 } right curly bracketSA05 > greater-than sign SD15 ^ circumex accent SD19 ~ tildeSP15 ? question mark SP09 _ low lineThe characters in this table plus the space and newline characters make up thestandard Common Lisp character repertoire (type standard-char). The characterlabels and character descriptions shown here are taken from ISO standard 6937/2. The �rst character of the label categorizes the character as Latin, Numeric, orSpecial.



400 COMMON LISPEvery Common Lisp implementation must support the standard char-acter repertoire as well as repertoires named base-character, extended-character, and character. Other repertoires may be supported as well.X3J13 voted in June 1989 h122i to specify that names of repertoires may beused as type speci�ers. Such types must be subtypes of character; that is,in a given implementation the repertoire named character must encompassall the character objects supported by that implementation.A coded character set is a character repertoire plus an encoding that providesa bijective mapping between each character in the set and a number (typicallya non-negative integer) that serves as the character representation. There arenumerous internationally standardized coded character sets.A character may be included in one or more character repertoires. Similarly,a character may be included in one or more coded character sets.To ensure that each character is uniquely de�ned, we may use a universalregistry of characters that incorporates a collection of distinguished repertoirescalled character scripts that form an exhaustive partition of all characters.That is, each character is included in exactly one character script. (Draft ISO10646 Coded Character Set Standard, if eventually approved as a standard,may become the practical realization of this universal registry.)(X3J13 voted in June 1989 h122i to specify that an implementation mustdocument the character scripts it supports. For each script the documen-tation should discuss character labels, glyphs, and descriptions; any canoni-calization processes performed by the reader that result in treating distinctcharacters as equivalent; any canonicalization performed by format in process-ing directives; the behavior of char-upcase, char-downcase, and the predi-cates alpha-char-p, upper-case-p, lower-case-p, both-case-p, graphic-char-p, alphanumericp, char-equal, char-not-equal, char-lessp, char-greaterp, char-not-greaterp, and char-not-lessp for characters in thescript; and behavior with respect to input and output, including coded char-acter sets and external coding schemes.)In Common Lisp a character data object is identi�ed by its character code,a unique numerical code. Each character code is composed from a characterscript and a character label. The convention by which a character scriptand character label compose a character code is implementation dependent.[X3J13 did not approve all parts of the proposal from its Subcommittee onCharacters. As a result, some features that were approved appear to have nopurpose. X3J13 wished to support the standardization by ISO of characterscripts and coded character sets but declined to design facilities for use inCommon Lisp until there has been more progress by ISO in this area. Theapproval of the terminology for scripts and labels gives a hint to implementors



CHARACTERS 401of likely directions for Common Lisp in the future.]A character object that is classi�ed as graphic, or displayable, has an as-sociated glpyh. The glyph is the visual representation of the character. Allother character data objects are classi�ed as non-graphic.This terminology assigns names to Common Lisp concepts in a mannerconsistent with related concepts discussed in various ISO standards for codedcharacter sets and provides a demarcation between standardization activi-ties. For example, facilities for manipulating characters, character scripts,and coded character sets are properly de�ned by a Common Lisp standard,but Common Lisp should not de�ne standard character sets or standard char-acter scripts.13.1. Character AttributesEvery character has three attributes: code, bits, and font. The code attributeis intended to distinguish among the printed glyphs and formatting functionsfor characters. The bits attribute allows extra ags to be associated with acharacter. The font attribute permits a speci�cation of the style of the glyphs(such as italics).The treatment of character attributes in CommonLisp has not been entirelysuccessful. The font attribute has not been widely used, for two reasons.First, a single integer, limited in most implementations to 255 at most, isnot an adequate, convenient, or portable representation for a font. Second,in many applications where font information matters it is more convenientor more e�cient to represent font information as shift codes that apply tomany characters, rather than attaching font information separately to eachcharacter.As for the bits attribute, it was intended to support character input fromextended keyboards having extra \shift" keys. This, in turn, was imaginedto support the programming of a portable EMACS-like editor in CommonLisp. (The EMACS command set is most convenient when the keyboard hasseparate \control" and \meta" keys.) The bits attribute has been used inthe implementation of such editors and other interactive interfaces. However,software that relies crucially on these extended characters will not be portableto Common Lisp implementations that do not support them.X3J13 voted in March 1989 h11i and in June 1989 h122i to revise consid-erably the treatment of characters in the language. The bits and font at-tributes are eliminated; instead a character may have implementation-de�nedattributes. The treatment of such attributes by existing character-handlingfunctions is carefully constrained by certain rules.



402 COMMON LISPImplementations are free to continue to support bits and font attributes,but they are formally regarded as implementation-de�ned attributes. Therules are generally consistent with the previous treatment of the bits and fontattributes. My guess is that the font attribute as currently de�ned will witheraway, but the bits attribute as de�ned by the �rst edition will continue tobe supported as a de facto standard extension, because it �lls a useful smallpurpose. [Constant ]char-code-limitThe value of char-code-limit is a non-negative integer that is the upperexclusive bound on values produced by the function char-code, which returnsthe code component of a given character; that is, the values returned by char-code are non-negative and strictly less than the value of char-code-limit.Common Lisp does not at present explicitly guarantee that all integersbetween zero and the value of char-code-limit are valid character codes,and so it is wise in any case for the programmer to assume that the space ofassigned character codes may be sparse. [Constant ]char-font-limit........................................................................................................................................................................................................

The value of char-font-limit is a non-negative integer that is the upperexclusive bound on values produced by the function char-font, which returnsthe font component of a given character; that is, the values returned by char-font are non-negative and strictly less than the value of char-font-limit.Implementation note: No Common Lisp implementation is required to supportnon-zero font attributes; if it does not, then char-font-limit should be 1.X3J13 voted in March 1989 h11i to eliminate char-font-limit.Experience has shown that numeric codes are not an especially convenient,let alone portable, representation for font information. A system based ontypeface names, type styles, and point sizes would be much better. (Macintoshsoftware developers made the same discovery and have recently converted toa new font identi�cation scheme.) [Constant ]char-bits-limit........................................................................................................................................................................................................

The value of char-bits-limit is a non-negative integer that is the upperexclusive bound on values produced by the function char-bits, which returns



........................................................................................................................................................................................................

CHARACTERS 403the bits component of a given character; that is, the values returned by char-bits are non-negative and strictly less than the value of char-bits-limit.Note that the value of char-bits-limit will be a power of 2.Implementation note: No Common Lisp implementation is required to supportnon-zero bits attributes; if it does not, then char-bits-limit should be 1.X3J13 voted in March 1989 h11i to eliminate char-bits-limit.13.2. Predicates on CharactersThe predicate characterpmay be used to determine whether any Lisp objectis a character object. [Function]standard-char-p charThe argument char must be a character object. standard-char-p is true ifthe argument is a \standard character," that is, an object of type standard-char.Note that any character with a non-zero bits or font attribute is non-standard. [Function]graphic-char-p charThe argument char must be a character object. graphic-char-p is true if theargument is a \graphic" (printing) character, and false if it is a \non-graphic"(formatting or control) character. Graphic characters have a standard textualrepresentation as a single glyph, such as A or * or UU. By convention, the spacecharacter is considered to be graphic. Of the standard characters all but#--\Newline are graphic. The semi-standard characters #--\Backspace, #--\Tab,#--\Rubout, #--\Linefeed, #--\Return, and #--\Page are not graphic.Programs may assume that graphic characters of font 0 are all of the samewidth when printed, for example, for purposes of columnar formatting. (Thisdoes not prohibit the use of a variable-pitch font as font 0, but merely impliesthat every implementation of Common Lisp must provide some mode of oper-ation in which font 0 is a �xed-pitch font.) Portable programs should assumethat, in general, non-graphic characters and characters of other fonts may beof varying widths.Any character with a non-zero bits attribute is non-graphic.



........................................................................................................................................................................................................

404 COMMON LISP [Function]string-char-p char........................................................................................................................................................................................................

The argument char must be a character object. string-char-p is true if charcan be stored into a string, and otherwise is false. Any character that satis�esstandard-char-p also satis�es string-char-p; others may also.X3J13 voted in March 1989 h11i to eliminate string-char-p. [Function]alpha-char-p charThe argument char must be a character object. alpha-char-p is true if theargument is an alphabetic character, and otherwise is false.If a character is alphabetic, then it is perforce graphic. Therefore anycharacter with a non-zero bits attribute cannot be alphabetic. Whether acharacter is alphabetic may depend on its font number.Of the standard characters (as de�ned by standard-char-p), the letters Athrough Z and a through z are alphabetic. [Function]upper-case-p char [Function]lower-case-p char [Function]both-case-p charThe argument char must be a character object.upper-case-p is true if the argument is an uppercase character, and oth-erwise is false.lower-case-p is true if the argument is a lowercase character, and other-wise is false.both-case-p is true if the argument is an uppercase character and thereis a corresponding lowercase character (which can be obtained using char-downcase), or if the argument is a lowercase character and there is a corre-sponding uppercase character (which can be obtained using char-upcase).If a character is either uppercase or lowercase, it is necessarily alphabetic(and therefore is graphic, and therefore has a zero bits attribute). However,it is permissible in theory for an alphabetic character to be neither uppercasenor lowercase (in a non-Roman font, for example).Of the standard characters (as de�ned by standard-char-p), the letters Athrough Z are uppercase and a through z are lowercase. [Function]digit-char-p char &optional (radix 10)The argument char must be a character object, and radix must be a non-negative integer. If char is not a digit of the radix speci�ed by radix, then



CHARACTERS 405digit-char-p is false; otherwise it returns a non-negative integer that is the\weight" of char in that radix.Digits are necessarily graphic characters.Of the standard characters (as de�ned by standard-char-p), the characters0 through 9, A through Z, and a through z are digits. The weights of 0 through9 are the integers 0 through 9, and of A through Z (and also a through z) are10 through 35. digit-char-p returns the weight for one of these digits if andonly if its weight is strictly less than radix. Thus, for example, the digits forradix 16 are0 1 2 3 4 5 6 7 8 9 A B C D E FHere is an example of the use of digit-char-p:(defun convert-string-to-integer (str &optional (radix 10))"Given a digit string and optional radix, return an integer."(do ((j 0 (+ j 1))(n 0 (+ (* n radix)(or (digit-char-p (char str j) radix)(error "Bad radix-~D digit: ~C"radix(char str j))))))((UU j (length str)) n))) [Function]alphanumericp charThe argument char must be a character object. alphanumericp is true if charis either alphabetic or numeric. By de�nition,(alphanumericp x)� (or (alpha-char-p x) (not (null (digit-char-p x))))Alphanumeric characters are therefore necessarily graphic (as de�ned by thepredicate graphic-char-p).Of the standard characters (as de�ned by standard-char-p), the characters0 through 9, A through Z, and a through z are alphanumeric.



406 COMMON LISP [Function]charUU character &rest more-characters [Function]char/UU character &rest more-characters [Function]char< character &rest more-characters [Function]char> character &rest more-characters [Function]char<UU character &rest more-characters [Function]char>UU character &rest more-charactersThe arguments must all be character objects. These functions compare theobjects using the implementation-dependent total ordering on characters, ina manner analogous to numeric comparisons by UU and related functions.The total ordering on characters is guaranteed to have the following prop-erties:. The standard alphanumeric characters obey the following partial ordering:A<B<C<D<E<F<G<H<I<J<K<L<M<N<O<P<Q<R<S<T<U<V<W<X<Y<Za<b<c<d<e<f<g<h<i<j<k<l<m<n<o<p<q<r<s<t<u<v<w<x<y<z0<1<2<3<4<5<6<7<8<9either 9<A or Z<0either 9<a or z<0This implies that alphabetic ordering holds within each case (upper andlower), and that the digits as a group are not interleaved with letters. How-ever, the ordering or possible interleaving of uppercase letters and lowercaseletters is unspeci�ed. (Note that both the ASCII and the EBCDIC char-acter sets conform to this speci�cation. As it happens, neither orderinginterleaves uppercase and lowercase letters: in the ASCII ordering, 9<A andZ<a, whereas in the EBCDIC ordering z<A and Z<0.). If two characters have the same bits and font attributes, then their ordering........................................................................................................................................................................................................

by char< is consistent with the numerical ordering by the predicate < ontheir code attributes.. If two characters di�er in any attribute (code, bits, or font), then they aredi�erent.X3J13 voted in March 1989 h11i to replace the notion of bits and fontattributes with that of implementation-de�ned attributes.. If two characters have identical implementation-de�ned attributes, thentheir ordering by char< is consistent with the numerical ordering by thepredicate < on their codes, and similarly for char>, char<UU, and char>UU.. If two characters di�er in any implementation-de�ned attribute, then theyare not charUU.



CHARACTERS 407The total ordering is not necessarily the same as the total ordering on theintegers produced by applying char-int to the characters (although it is areasonable implementation technique to use that ordering).While alphabetic characters of a given case must be properly ordered, theyneed not be contiguous; thus (char<UU #--\a x #--\z) is not a valid way of de-termining whether or not x is a lowercase letter. That is why a separatelower-case-p predicate is provided.(charUU #--\d #--\d) is true.(char/UU #--\d #--\d) is false.(charUU #--\d #--\x) is false.(char/UU #--\d #--\x) is true.(charUU #--\d #--\D) is false.(char/UU #--\d #--\D) is true.(charUU #--\d #--\d #--\d #--\d) is true.(char/UU #--\d #--\d #--\d #--\d) is false.(charUU #--\d #--\d #--\x #--\d) is false.(char/UU #--\d #--\d #--\x #--\d) is false.(charUU #--\d #--\y #--\x #--\c) is false.(char/UU #--\d #--\y #--\x #--\c) is true.(charUU #--\d #--\c #--\d) is false.(char/UU #--\d #--\c #--\d) is false.(char< #--\d #--\x) is true.(char<UU #--\d #--\x) is true.(char< #--\d #--\d) is false.(char<UU #--\d #--\d) is true.(char< #--\a #--\e #--\y #--\z) is true.(char<UU #--\a #--\e #--\y #--\z) is true.(char< #--\a #--\e #--\e #--\y) is false.(char<UU #--\a #--\e #--\e #--\y) is true.(char> #--\e #--\d) is true.(char>UU #--\e #--\d) is true.(char> #--\d #--\c #--\b #--\a) is true.(char>UU #--\d #--\c #--\b #--\a) is true.(char> #--\d #--\d #--\c #--\a) is false.(char>UU #--\d #--\d #--\c #--\a) is true.(char> #--\e #--\d #--\b #--\c #--\a) is false.(char>UU #--\e #--\d #--\b #--\c #--\a) is false.(char> #--\z #--\A) may be true or false.



408 COMMON LISP(char> #--\Z #--\a) may be true or false.There is no requirement that (eq c1 c2) be true merely because (charUUc1 c2) is true. While eq may distinguish two character objects that charUUdoes not, it is distinguishing them not as characters, but in some sense onthe basis of a lower-level implementation characteristic. (Of course, if (eq c1c2) is true, then one may expect (charUU c1 c2) to be true.) However, eqland equal compare character objects in the same way that charUU does.[Function]char-equal character &rest more-characters [Function]char-not-equal character &rest more-characters [Function]char-lessp character &rest more-characters [Function]char-greaterp character &rest more-characters [Function]char-not-greaterp character &rest more-characters [Function]char-not-lessp character &rest more-charactersThe predicate char-equal is like charUU, and similarly for the others, ex-........................................................................................................................................................................................................

cept according to a di�erent ordering such that di�erences of bits attributesand case are ignored, and font information is taken into account in animplementation-dependent manner.X3J13 voted in March 1989 h11i to replace the notion of bits and fontattributes with that of implementation-de�ned attributes. The e�ect, if any,of each such attribute on the behavior of char-equal, char-not-equal, char-lessp, char-greaterp, char-not-greaterp, and char-not-lessp must bespeci�ed as part of the de�nition of that attribute.For the standard characters, the ordering is such that AUUa, BUUb, and so on,up to ZUUz, and furthermore either 9<A or Z<0. For example:(char-equal #--\A #--\a) is true.(charUU #--\A #--\a) is false.(char-equal #--\A #--\Control-A) is true.The ordering may depend on the font information. For example, an im-........................................................................................................................................................................................................

plementation might decree that (char-equal #--\p #--\p) be true, but that(char-equal #--\p #--\�) be false (where #--\� is a lowercase p in some font).Assuming italics to be in font 1 and the Greek alphabet in font 2, this is thesame as saying that (char-equal #--0\p #--1\p) may be true and at the sametime (char-equal #--0\p #--2\p) may be false.



CHARACTERS 40913.3. Character Construction and SelectionThese functions may be used to extract attributes of a character and to con-struct new characters. [Function]char-code charThe argument char must be a character object. char-code returns the codeattribute of the character object; this will be a non-negative integer less thanthe (normal) value of the variable char-code-limit.This is usually what you need in order to treat a character as an indexinto a vector. The length of the vector should then be equal to char-code-limit. Be careful how you initialize this vector; remember that you cannotnecessarily expect all non-negative integers less than char-code-limit to bevalid character codes. [Function]char-bits char........................................................................................................................................................................................................

The argument char must be a character object. char-bits returns the bitsattribute of the character object; this will be a non-negative integer less thanthe (normal) value of the variable char-bits-limit.X3J13 voted in March 1989 h11i to eliminate char-bits. [Function]char-font char........................................................................................................................................................................................................

The argument char must be a character object. char-font returns the fontattribute of the character object; this will be a non-negative integer less thanthe (normal) value of the variable char-font-limit.X3J13 voted in March 1989 h11i to eliminate char-font.The references to the \normal" values of the \variables" char-code-limit,char-bits-limit, and char-font-limit in the descriptions of char-code,char-bits, and char-font were an oversight on my part. Early in the designof Common Lisp they were indeed variables, but they are at present de�nedto be constants, and their values therefore are always normal and should notchange. But this point is now moot. [Function]code-char code &optional (bits 0) (font 0)All three arguments must be non-negative integers. If it is possible in the........................................................................................................................................................................................................

implementation to construct a character object whose code attribute is code,



........................................................................................................................................................................................................

410 COMMON LISPwhose bits attribute is bits, and whose font attribute is font, then such anobject is returned; otherwise nil is returned.For any integers c, b, and f, if (code-char c b f) is not nil then(char-code (code-char c b f)) ) c(char-bits (code-char c b f)) ) b(char-font (code-char c b f)) ) fIf the font and bits attributes of a character object c are zero, then it is thecase that(charUU (code-char (char-code c)) c)is true.X3J13 voted in March 1989 h11i to eliminate the bits and font argumentsfrom the speci�cation of code-char. [Function]make-char char &optional (bits 0) (font 0)........................................................................................................................................................................................................

The argument char must be a character, and bits and font must be non-negative integers. If it is possible in the implementation to construct a char-acter object whose code attribute is the same as the code attribute of char,whose bits attribute is bits, and whose font attribute is font, then such anobject is returned; otherwise nil is returned.If bits and font are zero, then make-char cannot fail. This implies that forevery character object one can \turn o�" its bits and font attributes.X3J13 voted in March 1989 h11i to eliminate make-char.13.4. Character ConversionsThese functions perform various transformations on characters, including caseconversions. [Function]character objectThe function character coerces its argument to be a character if possible;see coerce.(character x) � (coerce x 'character)



CHARACTERS 411[Function]char-upcase char [Function]char-downcase charThe argument char must be a character object. char-upcase attempts toconvert its argument to an uppercase equivalent; char-downcase attempts toconvert its argument to a lowercase equivalent.char-upcase returns a character object with the same font and bits at-........................................................................................................................................................................................................

tributes as char, but with possibly a di�erent code attribute. If the code isdi�erent from char's, then the predicate lower-case-p is true of char, andupper-case-p is true of the result character. Moreover, if (charUU (char-upcase x) x) is not true, then it is true that(charUU (char-downcase (char-upcase x)) x)Similarly, char-downcase returns a character object with the same font andbits attributes as char, but with possibly a di�erent code attribute. If the codeis di�erent from char's, then the predicate upper-case-p is true of char, andlower-case-p is true of the result character. Moreover, if (charUU (char-downcase x) x) is not true, then it is true that(charUU (char-upcase (char-downcase x)) x)Note that the action of char-upcase and char-downcasemay depend on thebits and font attributes of the character. In particular, they have no e�ecton a character with a non-zero bits attribute, because such characters are byde�nition not alphabetic. See alpha-char-p.X3J13 voted in March 1989 h11i to replace the notion of bits and fontattributes with that of implementation-de�ned attributes. The e�ect of char-upcase and char-downcase is to preserve implementation-de�ned attributes.[Function]digit-char weight &optional (radix 10) (font 0)All arguments must be integers. digit-char determines whether or not it ispossible to construct a character object whose font attribute is font, and whosecode is such that the result character has the weight weight when consideredas a digit of the radix radix (see the predicate digit-char-p). It returns sucha character if that is possible, and otherwise returns nil.digit-char cannot return nil if font is zero, radix is between 2 and 36inclusive, and weight is non-negative and less than radix.If more than one character object can encode such a weight in the givenradix, one will be chosen consistently by any given implementation; moreover,



412 COMMON LISPamong the standard characters, uppercase letters are preferred to lowercaseletters. For example:(digit-char 7) ) #--\7(digit-char 12) ) nil(digit-char 12 16) ) #--\C ;not #--\c(digit-char 6 2) ) nil(digit-char 1 2) ) #--\1Note that no argument is provided for specifying the bits component of thereturned character, because a digit cannot have a non-zero bits component.The reasoning is that every digit is graphic (see digit-char-p) and no graphiccharacter has a non-zero bits component (see graphic-char-p).X3J13 voted in March 1989 h11i to eliminate the font argument from thespeci�cation of digit-char. [Function]char-int charThe argument char must be a character object. char-int returns a non-negative integer encoding the character object.If the font and bits attributes of char are zero, then char-int returns thesame integer char-code would. Also,(charUU c1 c2) � (UU (char-int c1) (char-int c2))for characters c1 and c2.This function is provided primarily for the purpose of hashing characters.[Function]int-char integer........................................................................................................................................................................................................

The argument must be a non-negative integer. int-char returns a characterobject c such that (char-int c) is equal to integer, if possible; otherwiseint-char returns false.X3J13 voted in March 1989 h11i to eliminate int-char. [Function]char-name charThe argument char must be a character object. If the character has a name,then that name (a string) is returned; otherwise nil is returned. All charactersthat have zero font and bits attributes and that are non-graphic (do not satisfythe predicate graphic-char-p) have names. Graphic characters may or maynot have names.



CHARACTERS 413The standard newline and space characters have the respective namesNewline and Space. The semi-standard characters have the names Tab, Page,Rubout, Linefeed, Return, and Backspace.Characters that have names can be notated as #--\ followed by the name.(See section 22.1.4.) Although the name may be written in any case, it isstylish to capitalize it thus: #--\Space.char-name will only locate \simple" character names; it will not constructnames such as Control-Space on the basis of the character's bits attribute.The easiest way to get a name that includes the bits attribute of a characterc is (format nil "~:C" c). [Function]name-char nameThe argument name must be an object coerceable to a string as if by thefunction string. If the name is the same as the name of a character object(as determined by string-equal), that object is returned; otherwise nil isreturned.13.5. Character Control-Bit Functions........................................................................................................................................................................................................

Common Lisp provides explicit names for four bits of the bits attribute: Con-trol, Meta, Hyper, and Super. The following de�nitions are provided for ma-nipulating these. Each CommonLisp implementation provides these functionsfor compatibility, even if it does not support any or all of the bits named below.[Constant ]char-control-bit........................................................................................................................................................................................................

[Constant ]char-meta-bit [Constant ]char-super-bit [Constant ]char-hyper-bitThe values of these named constants are the \weights" (as integers) for thefour named control bits. The weight of the control bit is 1; of the meta bit,2; of the super bit, 4; and of the hyper bit, 8.If a given implementation of Common Lisp does not support a particularbit, then the corresponding constant is zero instead.X3J13 voted in March 1989 h11i to eliminate all four of the constants char-control-bit, char-meta-bit, char-super-bit, and char-hyper-bit.When Common Lisp was �rst designed, keyboards with \extra bits" wererelatively rare. The bits attribute was originally designed to support inputfrom keyboards in use at Stanford and M.I.T. circa 1981.



414 COMMON LISPSince that time such extended keyboards have come into wider use. Notablehere are the keyboards associated with certain personal computers and work-stations. For example, in some speci�c applications the command and optionkeys of Apple Macintosh keyboards have had the connotations of control andmeta. Macintosh II extended keyboards also have keys marked control whoseuse is analogous to that of hyper on the old M.I.T. keyboards. IBM PC per-sonal computer keyboards have alt keys that function much like meta keys;similarly, keyboards on Sun workstations have keys very much like meta keysbut labelled left and right. [Function]char-bit char name........................................................................................................................................................................................................

char-bit takes a character object char and the name of a bit, and returnsnon-nil if the bit of that name is set in char, or nil if the bit is not set inchar. For example:(char-bit #--\Control-X :control) ) trueValid values for name are implementation-dependent, but typically are:control, :meta, :hyper, and :super. It is an error to give char-bit thename of a bit not supported by the implementation.If the argument char is speci�ed by a form that is a place form acceptable tosetf, then setf may be used with char-bit to modify a bit of the characterstored in that place. The e�ect is to perform a set-char-bit operation andthen store the result back into the place.X3J13 voted in March 1989 h11i to eliminate char-bit. [Function]set-char-bit char name newvalue........................................................................................................................................................................................................

char-bit takes a character object char, the name of a bit, and a ag. Acharacter is returned that is just like char except that the named bit is set orreset according to whether newvalue is non-nil or nil. Valid values for nameare implementation-dependent, but typically are :control, :meta, :hyper,and :super. For example:(set-char-bit #--\X :control t) ) #--\Control-X(set-char-bit #--\Control-X :control t) ) #--\Control-X(set-char-bit #--\Control-X :control nil) ) #--\XX3J13 voted in March 1989 h11i to eliminate set-char-bit.



14SequencesThe type sequence encompasses both lists and vectors (one-dimensional ar-rays). While these are di�erent data structures with di�erent structural prop-erties leading to di�erent algorithmic uses, they do have a common property:each contains an ordered set of elements. Note that nil is considered to be asequence of length zero.Some operations are useful on both lists and arrays because they deal withordered sets of elements. One may ask the number of elements, reverse theordering, extract a subsequence, and so on. For such purposes Common Lispprovides a set of generic functions on sequences.Note that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense, and not necessarily in thetechnical sense used by CLOS (see chapter 2).elt reverse map removelength nreverse some remove-duplicatessubseq concatenate every deletecopy-seq position notany delete-duplicatesfill find notevery substitutereplace sort reduce nsubstitutecount merge search mismatchSome of these operations come in more than one version. Such versions areindicated by adding a su�x (or occasionally a pre�x) to the basic name of theoperation. In addition, many operations accept one or more optional keywordarguments that can modify the operation in various ways.If the operation requires testing sequence elements according to some cri-terion, then the criterion may be speci�ed in one of two ways. The basicoperation accepts an item, and elements are tested for being eql to thatitem. (A test other than eql can be speci�ed by the :test or :test-not415



416 COMMON LISPkeyword. It is an error to use both of these keywords in the same call.) Thevariants formed by adding -if and -if-not to the basic operation name donot take an item, but instead a one-argument predicate, and elements aretested for satisfying or not satisfying the predicate. As an example,(remove item sequence)returns a copy of sequence from which all elements eql to item have beenremoved;(remove item sequence :test #--'equal)returns a copy of sequence from which all elements equal to item have beenremoved;(remove-if #--'numberp sequence)returns a copy of sequence from which all numbers have been removed.If an operation tests elements of a sequence in any manner, the keywordargument :key, if not nil, should be a function of one argument that willextract from an element the part to be tested in place of the whole element.For example, the e�ect of the MacLisp expression (assq item seq) could beobtained by(find item sequence :test #--'eq :key #--'car)This searches for the �rst element of sequence whose car is eq to item.X3J13 voted in June 1988 h90i to allow the :key function to be only oftype symbol or function; a lambda-expression is no longer acceptable as afunctional argument. One must use the function special form or the abbre-viation #--' before a lambda-expression that appears as an explicit argumentform.For some operations it can be useful to specify the direction in which thesequence is conceptually processed. In this case the basic operation normallyprocesses the sequence in the forward direction, and processing in the reversedirection is indicated by a non-nil value for the keyword argument :from-end. (The processing order speci�ed by the :from-end is purely conceptual.Depending on the object to be processed and on the implementation, theactual processing order may be di�erent. For this reason a user-supplied testfunction should be free of side e�ects.)Many operations allow the speci�cation of a subsequence to be operatedupon. Such operations have keyword arguments called :start and :end.These arguments should be integer indices into the sequence, with start � end



SEQUENCES 417(it is an error if start > end ). They indicate the subsequence starting with andincluding element start and up to but excluding element end. The length of thesubsequence is therefore end�start . If start is omitted, it defaults to zero; andif end is omitted or nil, it defaults to the length of the sequence. Thereforeif both start and end are omitted, the entire sequence is processed by default.For the most part, subsequence speci�cation is permitted purely for the sakeof e�ciency; one could simply call subseq instead to extract the subsequencebefore operating on it. Note, however, that operations that calculate indicesreturn indices into the original sequence, not into the subsequence:(position #--\b "foobar" :start 2 :end 5) ) 3(position #--\b (subseq "foobar" 2 5)) ) 1If two sequences are involved, then the keyword arguments :start1, :end1,:start2, and :end2 are used to specify separate subsequences for each se-quence.X3J13 voted in June 1988 h170i (and further clari�cation was voted inJanuary 1989 h149i) to specify that these rules apply not only to all built-infunctions that have keyword parameters named :start, :start1, :start2,:end, :end1, or :end2 but also to functions such as subseq that take requiredor optional parameters that are documented as being named start or end.. A \start" argument must always be a non-negative integer and defaults tozero if not supplied; it is not permissible to pass nil as a \start" argument.. An \end" argument must be either a non-negative integer or nil (whichindicates the end of the sequence) and defaults to nil if not supplied;therefore supplying nil is equivalent to not supplying such an argument.. If the \end" argument is an integer, it must be no greater than the activelength of the corresponding sequence (as returned by the function length).. The default value for the \end" argument is the active length of the corre-sponding sequence.. The \start" value (after defaulting, if necessary) must not be greater thanthe corresponding \end" value (after defaulting, if necessary).This may be summarized as follows. Let x be the sequence within whichindices are to be considered. Let s be the \start" argument for that sequenceof any standard function, whether explicitly speci�ed or defaulted, throughomission, to zero. Let e be the \end" argument for that sequence of anystandard function, whether explicitly speci�ed or defaulted, through omission



418 COMMON LISPor an explicitly passed nil value, to the active length of x, as returned bylength. Then it is an error if the test (<UU 0 s e (length x)) is not true.For some functions, notably remove and delete, the keyword argument:count is used to specify how many occurrences of the item should be a�ected.If this is nil or is not supplied, all matching items are a�ected.In the following function descriptions, an element x of a sequence \satis�esthe test" if any of the following holds:. A basic function was called, testfn was speci�ed by the keyword :test, and(funcall testfn item (keyfn x)) is true.. A basic function was called, testfn was speci�ed by the keyword :test-not,and (funcall testfn item (keyfn x)) is false.. An -if function was called, and (funcall predicate (keyfn x)) is true.. An -if-not function was called, and (funcall predicate (keyfn x)) isfalse.In each case keyfn is the value of the :key keyword argument (the defaultbeing the identity function). See, for example, remove.In the following function descriptions, two elements x and y taken fromsequences \match" if either of the following holds:. testfn was speci�ed by the keyword :test, and (funcall testfn (keyfn x)(keyfn y)) is true.. testfn was speci�ed by the keyword :test-not, and (funcall testfn (keyfnx) (keyfn y)) is false.See, for example, search.X3J13 voted in June 1988 h90i to allow the testfn or predicate to be onlyof type symbol or function; a lambda-expression is no longer acceptable as afunctional argument. One must use the function special form or the abbre-viation #--' before a lambda-expression that appears as an explicit argumentform.You may depend on the order in which arguments are given to testfn; thispermits the use of non-commutative test functions in a predictable manner.The order of the arguments to testfn corresponds to the order in which thosearguments (or the sequences containing those arguments) were given to thesequence function in question. If a sequence function gives two elements fromthe same sequence argument to testfn, they are given in the same order inwhich they appear in the sequence.



SEQUENCES 419Whenever a sequence function must construct and return a new vector,it always returns a simple vector (see section 2.5). Similarly, any stringsconstructed will be simple strings.X3J13 voted in January 1989 h176i to deprecate the use of :test-not key-word arguments and -if-not functions. This means that these features arevery likely to be retained in the forthcoming standard but are regarded ascandidates for removal in a future revision of the ANSI standard. X3J13 alsovoted in January 1989 h87i to add the complement function, intended to re-duce or eliminate the need for these deprecated features. Time will tell. Inote that many features in Fortran have been deprecated but very few indeedhave actually been removed or altered incompatibly. [Function]complement fnReturns a function whose value is the same as that of not applied to theresult of applying the function fn to the same arguments. One could de�necomplement as follows:(defun complement (fn)#--'(lambda (&rest arguments)(not (apply fn arguments))))One intended use of complement is to supplant the use of :test-not argu-ments and -if-not functions.(remove-if-not #--'virtuous senators) �(remove-if (complement #--'virtuous) senators)(remove-duplicates telephone-book:test-not #--'mismatch) �(remove-duplicates telephone-book:test (complement #--'mismatch))14.1. Simple Sequence FunctionsMost of the following functions perform simple operations on a single sequence;make-sequence constructs a new sequence.



420 COMMON LISP [Function]elt sequence indexThis returns the element of sequence speci�ed by index, which must be a non-negative integer less than the length of the sequence as returned by length.The �rst element of a sequence has index 0.(Note that elt observes the �ll pointer in those vectors that have �ll point-ers. The array-speci�c function aref may be used to access vector elementsthat are beyond the vector's �ll pointer.)setf may be used with elt to destructively replace a sequence elementwith a new value. [Function]subseq sequence start &optional endThis returns the subsequence of sequence speci�ed by start and end. subseqalways allocates a new sequence for a result; it never shares storage with an oldsequence. The result subsequence is always of the same type as the argumentsequence.setf may be used with subseq to destructively replace a subsequence witha sequence of new values; see also replace. [Function]copy-seq sequenceA copy is made of the argument sequence; the result is equalp to the argumentbut not eq to it.(copy-seq x) � (subseq x 0)but the name copy-seq is more perspicuous when applicable. [Function]length sequenceThe number of elements in sequence is returned as a non-negative integer. Ifthe sequence is a vector with a �ll pointer, the \active length" as speci�ed bythe �ll pointer is returned (see section 17.5). [Function]reverse sequenceThe result is a new sequence of the same kind as sequence, containing thesame elements but in reverse order. The argument is not modi�ed.



SEQUENCES 421[Function]nreverse sequenceThe result is a sequence containing the same elements as sequence but inreverse order. The argument may be destroyed and re-used to produce theresult. The result may or may not be eq to the argument, so it is usually wiseto say something like (setq x (nreverse x)), because simply (nreversex) is not guaranteed to leave a reversed value in x.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations. When the sequence is a list, nreverse is permitted toperform a setf on any part, car or cdr, of the top-level list structure of thatlist. When the sequence is an array, nreverse is permitted to re-order theelements of the given array in order to produce the resulting array.[Function]make-sequence type size &key :initial-elementThis returns a sequence of type type and of length size, each of whose elementshas been initialized to the :initial-element argument. If speci�ed, the:initial-element argument must be an object that can be an element of asequence of type type. For example:(make-sequence '(vector double-float)100:initial-element 1d0)If an :initial-element argument is not speci�ed, then the sequence will beinitialized in an implementation-dependent way.X3J13 voted in January 1989 h7i to clarify that the type argument must bea type speci�er, and the size argument must be a non-negative integer lessthan the value of array-dimension-limit.X3J13 voted in June 1989 h158i to specify that make-sequence shouldsignal an error if the sequence type speci�es the number of elements and thesize argument is di�erent.X3J13 voted in March 1989 h11i to specify that if type is string, the result isthe same as if make-string had been called with the same size and :initial-element arguments.14.2. Concatenating, Mapping, and Reducing SequencesThe functions in this section each operate on an arbitrary number of sequencesexcept for reduce, which is included here because of its conceptual relation-ship to the mapping functions.



422 COMMON LISP [Function]concatenate result-type &rest sequencesThe result is a new sequence that contains all the elements of all the sequencesin order. All of the sequences are copied from; the result does not share anystructure with any of the argument sequences (in this concatenate di�ersfrom append). The type of the result is speci�ed by result-type, which mustbe a subtype of sequence, as for the function coerce. It must be possible forevery element of the argument sequences to be an element of a sequence oftype result-type.If only one sequence argument is provided and it has the type speci�ed byresult-type, concatenate is required to copy the argument rather than simplyreturning it. If a copy is not required, but only possibly type conversion, thenthe coerce function may be appropriate.X3J13 voted in June 1989 h158i to specify that concatenate should signalan error if the sequence type speci�es the number of elements and the sum ofthe argument lengths is di�erent. [Function]map result-type function sequence &rest more-sequencesThe function must take as many arguments as there are sequences provided;at least one sequence must be provided. The result of map is a sequence suchthat element j is the result of applying function to element j of each of theargument sequences. The result sequence is as long as the shortest of theinput sequences.If the function has side e�ects, it can count on being called �rst on all theelements numbered 0, then on all those numbered 1, and so on.The type of the result sequence is speci�ed by the argument result-type(which must be a subtype of the type sequence), as for the function coerce.In addition, one may specify nil for the result type, meaning that no resultsequence is to be produced; in this case the function is invoked only for e�ect,and map returns nil. This gives an e�ect similar to that of mapc.X3J13 voted in June 1989 h158i to specify that map should signal an errorif the sequence type speci�es the number of elements and the minimum of theargument lengths is di�erent.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Compatibility note: In MacLisp, Lisp Machine Lisp, Interlisp, and indeed evenLisp 1.5, the function map has always meant a non-value-returning version. However,standard computer science literature, including in particular the recent wave ofpapers on \functional programming," have come to use map to mean what in the past



SEQUENCES 423Lisp implementations have called mapcar. To simplify things henceforth, CommonLisp follows current usage, and what was formerly called map is named mapl inCommon Lisp.For example:(map 'list #--'- '(1 2 3 4)) ) (-1 -2 -3 -4)(map 'string#--'(lambda (x) (if (oddp x) #--\1 #--\0))'(1 2 3 4))) "1010" [Function]map-into result-sequence function &rest sequencesX3J13 voted in June 1989 h120i to add the function map-into. It destructivelymodi�es the result-sequence to contain the results of applying function tocorresponding elements of the argument sequences in turn; it then returnsresult-sequence.The arguments result-sequence and each element of sequences can each beeither a list or a vector (one-dimensional array). The function must acceptat least as many arguments as the number of argument sequences suppliedto map-into. If result-sequence and the other argument sequences are notall the same length, the iteration terminates when the shortest sequence isexhausted. If result-sequence is a vector with a �ll pointer, the �ll pointer isignored when deciding how many iterations to perform, and afterwards the�ll pointer is set to the number of times the function was applied.If the function has side e�ects, it can count on being called �rst on all theelements numbered 0, then on all those numbered 1, and so on.If result-sequence is longer than the shortest element of sequences, extraelements at the end of result-sequence are unchanged.The function map-into di�ers from map in that it modi�es an existingsequence rather than creating a new one. In addition, map-into can be calledwith only two arguments (result-sequence and function), while map requires atleast three arguments.If result-sequence is nil, map-into immediately returns nil, because nilis a sequence of length zero.



424 COMMON LISP [Function]some predicate sequence &rest more-sequences [Function]every predicate sequence &rest more-sequences [Function]notany predicate sequence &rest more-sequences [Function]notevery predicate sequence &rest more-sequencesThese are all predicates. The predicate must take as many arguments as thereare sequences provided. The predicate is �rst applied to the elements withindex 0 in each of the sequences, and possibly then to the elements withindex 1, and so on, until a termination criterion is met or the end of theshortest of the sequences is reached.If the predicate has side e�ects, it can count on being called �rst on all theelements numbered 0, then on all those numbered 1, and so on.some returns as soon as any invocation of predicate returns a non-nil value;some returns that value. If the end of a sequence is reached, some returns nil.Thus, considered as a predicate, it is true if some invocation of predicate istrue.every returns nil as soon as any invocation of predicate returns nil. If theend of a sequence is reached, every returns a non-nil value. Thus, consideredas a predicate, it is true if every invocation of predicate is true.notany returns nil as soon as any invocation of predicate returns a non-nilvalue. If the end of a sequence is reached, notany returns a non-nil value.Thus, considered as a predicate, it is true if no invocation of predicate is true.notevery returns a non-nil value as soon as any invocation of predicatereturns nil. If the end of a sequence is reached, notevery returns nil. Thus,considered as a predicate, it is true if not every invocation of predicate is true.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Compatibility note: The order of the arguments here is not compatible withInterlisp and Lisp Machine Lisp. This is to stress the similarity of these functionsto map. The functions are therefore extended here to functions of more than oneargument, and to multiple sequences. [Function]reduce function sequence &key :from-end :start :end:initial-valueThe reduce function combines all the elements of a sequence using a binaryoperation; for example, using + one can add up all the elements.The speci�ed subsequence of the sequence is combined or \reduced" us-ing the function, which must accept two arguments. The reduction is left-associative, unless the :from-end argument is true (it defaults to nil), in



SEQUENCES 425which case it is right-associative. If an :initial-value argument is given, itis logically placed before the subsequence (after it if :from-end is true) andincluded in the reduction operation.If the speci�ed subsequence contains exactly one element and the keywordargument :initial-value is not given, then that element is returned and thefunction is not called. If the speci�ed subsequence is empty and an :initial-value is given, then the :initial-value is returned and the function is notcalled.If the speci�ed subsequence is empty and no :initial-value is given, thenthe function is called with zero arguments, and reduce returns whatever thefunction does. (This is the only case where the function is called with otherthan two arguments.)(reduce #--'+ '(1 2 3 4)) ) 10(reduce #--'- '(1 2 3 4)) � (- (- (- 1 2) 3) 4) ) -8(reduce #--'- '(1 2 3 4) :from-end t) ;Alternating sum� (- 1 (- 2 (- 3 4))) ) -2(reduce #--'+ '()) ) 0(reduce #--'+ '(3)) ) 3(reduce #--'+ '(foo)) ) foo(reduce #--'list '(1 2 3 4)) ) (((1 2) 3) 4)(reduce #--'list '(1 2 3 4) :from-end t) ) (1 (2 (3 4)))(reduce #--'list '(1 2 3 4) :initial-value 'foo)) ((((foo 1) 2) 3) 4)(reduce #--'list '(1 2 3 4):from-end t :initial-value 'foo)) (1 (2 (3 (4 foo))))If the function produces side e�ects, the order of the calls to the function canbe correctly predicted from the reduction ordering demonstrated above.The name \reduce" for this function is borrowed from APL.X3J13 voted in March 1988 h152i to extend the reduce function to take anadditional keyword argument named :key. As usual, this argument defaultsto the identity function. The value of this argument must be a function thataccepts at least one argument. This function is applied once to each elementof the sequence that is to participate in the reduction operation, in the orderimplied by the :from-end argument; the values returned by this functionare combined by the reduction function. However, the :key function is notapplied to the :initial-value argument (if any).X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



426 COMMON LISP14.3. Modifying SequencesEach of these functions alters the contents of a sequence or produces an alteredcopy of a given sequence. [Function]fill sequence item &key :start :endThe sequence is destructively modi�ed by replacing each element of the sub-sequence speci�ed by the :start and :end parameters with the item. Theitem may be any Lisp object but must be a suitable element for the sequence.The item is stored into all speci�ed components of the sequence, beginning atthe one speci�ed by the :start index (which defaults to zero), up to but notincluding the one speci�ed by the :end index (which defaults to the length ofthe sequence). fill returns the modi�ed sequence. For example:(setq x (vector 'a 'b 'c 'd 'e)) ) #--(a b c d e)(fill x 'z :start 1 :end 3) ) #--(a z z d e)and now x ) #--(a z z d e)(fill x 'p) ) #--(p p p p p)and now x ) #--(p p p p p) [Function]replace sequence1 sequence2 &key :start1 :end1:start2 :end2The sequence sequence1 is destructively modi�ed by copying successive ele-ments into it from sequence2. The elements of sequence2 must be of a typethat may be stored into sequence1. The subsequence of sequence2 speci�edby :start2 and :end2 is copied into the subsequence of sequence1 speci�edby :start1 and :end1. (The arguments :start1 and :start2 default tozero. The arguments :end1 and :end2 default to nil, meaning the end ofthe appropriate sequence.) If these subsequences are not of the same length,then the shorter length determines how many elements are copied; the ex-tra elements near the end of the longer subsequence are not involved in theoperation. The number of elements copied may be expressed as:(min (- end1 start1) (- end2 start2))The value returned by replace is the modi�ed sequence1.If sequence1 and sequence2 are the same (eq) object and the region beingmodi�ed overlaps the region being copied from, then it is as if the entiresource region were copied to another place and only then copied back into thetarget region. However, if sequence1 and sequence2 are not the same, but the



SEQUENCES 427region being modi�ed overlaps the region being copied from (perhaps becauseof shared list structure or displaced arrays), then after the replace operationthe subsequence of sequence1 being modi�ed will have unpredictable contents.[Function]remove item sequence &key :from-end :test :test-not:start :end :count :key [Function]remove-if predicate sequence &key :from-end :start :end:count :key [Function]remove-if-not predicate sequence &key :from-end :start:end :count :keyThe result is a sequence of the same kind as the argument sequence that hasthe same elements except that those in the subsequence delimited by :startand :end and satisfying the test (see above) have been removed. This is anon-destructive operation; the result is a copy of the input sequence, save thatsome elements are not copied. Elements not removed occur in the same orderin the result as they did in the argument.The :count argument, if supplied, limits the number of elements removed;if more than :count elements satisfy the test, then of these elements only theleftmost are removed, as many as speci�ed by :count.X3J13 voted in January 1989 h148i to clarify that the :count argumentmust be either nil or an integer, and that supplying a negative integer pro-duces the same behavior as supplying zero.A non-nil :from-end speci�cation matters only when the :count argumentis provided; in that case only the rightmost :count elements satisfying thetest are removed. For example:(remove 4 '(1 2 4 1 3 4 5)) ) (1 2 1 3 5)(remove 4 '(1 2 4 1 3 4 5) :count 1) ) (1 2 1 3 4 5)(remove 4 '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 5)(remove 3 '(1 2 4 1 3 4 5) :test #--'>) ) (4 3 4 5)(remove-if #--'oddp '(1 2 4 1 3 4 5)) ) (2 4 4)(remove-if #--'evenp '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 5)The result of removemay share with the argument sequence; a list result mayshare a tail with an input list, and the result may be eq to the input sequenceif no elements need to be removed.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



428 COMMON LISP [Function]delete item sequence &key :from-end :test :test-not:start :end :count :key [Function]delete-if predicate sequence &key :from-end:start :end :count :key [Function]delete-if-not predicate sequence &key :from-end:start :end :count :keyThis is the destructive counterpart to remove. The result is a sequence of thesame kind as the argument sequence that has the same elements except thatthose in the subsequence delimited by :start and :end and satisfying the test(see above) have been deleted. This is a destructive operation. The argumentsequence may be destroyed and used to construct the result; however, theresult may or may not be eq to sequence. Elements not deleted occur in thesame order in the result as they did in the argument.The :count argument, if supplied, limits the number of elements deleted;if more than :count elements satisfy the test, then of these elements only theleftmost are deleted, as many as speci�ed by :count.X3J13 voted in January 1989 h148i to clarify that the :count argumentmust be either nil or an integer, and that supplying a negative integer pro-duces the same behavior as supplying zero.A non-nil :from-end speci�cation matters only when the :count argumentis provided; in that case only the rightmost :count elements satisfying thetest are deleted. For example:(delete 4 '(1 2 4 1 3 4 5)) ) (1 2 1 3 5)(delete 4 '(1 2 4 1 3 4 5) :count 1) ) (1 2 1 3 4 5)(delete 4 '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 5)(delete 3 '(1 2 4 1 3 4 5) :test #--'>) ) (4 3 4 5)(delete-if #--'oddp '(1 2 4 1 3 4 5)) ) (2 4 4)(delete-if #--'evenp '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 5)X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side e�ectsof certain operations. When the sequence is a list, delete is permitted toperform a setf on any part, car or cdr, of the top-level list structure ofthat list. When the sequence is an array, delete is permitted to alter thedimensions of the given array and to slide some of its elements into newpositions without permuting them in order to produce the resulting array.



SEQUENCES 429Furthermore, (delete-if predicate sequence ...) is required to behaveexactly like(delete nil sequence:test #--'(lambda (unused item)(declare (ignore unused))(funcall predicate item))...)Compatibility note: In MacLisp, the delete function uses an equal comparisonrather than eql, which is the default test for delete in Common Lisp. Where inMacLisp one would write (delete x y), one must in Common Lisp write (deletex y :test #--'equal) to get the completely identical e�ect. Similarly, one can getthe precise e�ect, and no more, of the MacLisp (delq x y) by writing in CommonLisp (delete x y :test #--'eq). [Function]remove-duplicates sequence &key :from-end :test:test-not :start :end :key [Function]delete-duplicates sequence &key :from-end :test:test-not :start :end :keyThe elements of sequence are compared pairwise, and if any two match, thenthe one occurring earlier in the sequence is discarded (but if the :from-endargument is true, then the one later in the sequence is discarded). The resultis a sequence of the same kind as the argument sequence with enough elementsremoved so that no two of the remaining elements match. The order of theelements remaining in the result is the same as the order in which they appearin sequence.remove-duplicates is the non-destructive version of this operation. Theresult of remove-duplicates may share with the argument sequence; a listresult may share a tail with an input list, and the result may be eq to theinput sequence if no elements need to be removed.delete-duplicates may destroy the argument sequence.Some examples:(remove-duplicates '(a b c b d d e)) ) (a c b d e)(remove-duplicates '(a b c b d d e) :from-end t) ) (a b c d e)(remove-duplicates '((foo #--\a) (bar #--\%) (baz #--\A)):test #--'char-equal :key #--'cadr)) ((bar #--\%) (baz #--\A))(remove-duplicates '((foo #--\a) (bar #--\%) (baz #--\A))



430 COMMON LISP:test #--'char-equal :key #--'cadr :from-end t)) ((foo #--\a) (bar #--\%))These functions are useful for converting a sequence into a canonical formsuitable for representing a set.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side e�ectsof certain operations. When the sequence is a list, delete-duplicates ispermitted to perform a setf on any part, car or cdr, of the top-level liststructure of that list. When the sequence is an array, delete-duplicates ispermitted to alter the dimensions of the given array and to slide some of itselements into new positions without permuting them in order to produce theresulting array. [Function]substitute newitem olditem sequence &key :from-end:test :test-not :start :end :count :key [Function]substitute-if newitem test sequence &key :from-end:start :end :count :key [Function]substitute-if-not newitem test sequence &key :from-end:start :end :count :keyThe result is a sequence of the same kind as the argument sequence that hasthe same elements except that those in the subsequence delimited by :startand :end and satisfying the test (see above) have been replaced by newitem.This is a non-destructive operation; the result is a copy of the input sequence,save that some elements are changed.The :count argument, if supplied, limits the number of elements altered;if more than :count elements satisfy the test, then of these elements only theleftmost are replaced, as many as speci�ed by :count.X3J13 voted in January 1989 h148i to clarify that the :count argumentmust be either nil or an integer, and that supplying a negative integer pro-duces the same behavior as supplying zero.A non-nil :from-end speci�cation matters only when the :count argumentis provided; in that case only the rightmost :count elements satisfying thetest are replaced. For example:(substitute 9 4 '(1 2 4 1 3 4 5)) ) (1 2 9 1 3 9 5)(substitute 9 4 '(1 2 4 1 3 4 5) :count 1) ) (1 2 9 1 3 4 5)(substitute 9 4 '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 9 5)



SEQUENCES 431(substitute 9 3 '(1 2 4 1 3 4 5) :test #--'>) ) (9 9 4 9 3 4 5)(substitute-if 9 #--'oddp '(1 2 4 1 3 4 5)) ) (9 2 4 9 9 4 9)(substitute-if 9 #--'evenp '(1 2 4 1 3 4 5) :count 1 :from-end t)) (1 2 4 1 3 9 5)The result of substitutemay share with the argument sequence; a list resultmay share a tail with an input list, and the result may be eq to the inputsequence if no elements need to be changed.See also subst, which performs substitutions throughout a tree.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]nsubstitute newitem olditem sequence &key :from-end:test :test-not :start :end :count :key [Function]nsubstitute-if newitem test sequence &key :from-end:start :end :count :key [Function]nsubstitute-if-not newitem test sequence &key :from-end:start :end :count :keyThis is the destructive counterpart to substitute. The result is a sequenceof the same kind as the argument sequence that has the same elements exceptthat those in the subsequence delimited by :start and :end and satisfyingthe test (see above) have been replaced by newitem. This is a destructiveoperation. The argument sequence may be destroyed and used to constructthe result; however, the result may or may not be eq to sequence.See also nsubst, which performs destructive substitutions throughout atree.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side ef-fects of certain operations. When the sequence is a list, nsubstitute ornsubstitute-if is required to perform a setf on any car of the top-level liststructure of that list whose old contents must be replaced with newitem butis forbidden to perform a setf on any cdr of the list. When the sequence isan array, nsubstitute or nsubstitute-if is required to perform a setf onany element of the array whose old contents must be replaced with newitem.These functions, therefore, may successfully be used solely for e�ect, the callerdiscarding the returned value (though some programmers �nd this stylisticallydistasteful).



432 COMMON LISP14.4. Searching Sequences for ItemsEach of these functions searches a sequence to locate one or more elementssatisfying some test. [Function]find item sequence &key :from-end :test :test-not:start :end :key [Function]find-if predicate sequence &key :from-end :start :end:key [Function]find-if-not predicate sequence &key :from-end:start :end :keyIf the sequence contains an element satisfying the test, then the leftmost suchelement is returned; otherwise nil is returned.If :start and :end keyword arguments are given, only the speci�ed subse-quence of sequence is searched.If a non-nil :from-end keyword argument is speci�ed, then the result isthe rightmost element satisfying the test.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]position item sequence &key :from-end :test :test-not:start :end :key [Function]position-if predicate sequence &key :from-end:start :end :key [Function]position-if-not predicate sequence &key :from-end:start :end :keyIf the sequence contains an element satisfying the test, then the index withinthe sequence of the leftmost such element is returned as a non-negative integer;otherwise nil is returned.If :start and :end keyword arguments are given, only the speci�ed subse-quence of sequence is searched. However, the index returned is relative to theentire sequence, not to the subsequence.If a non-nil :from-end keyword argument is speci�ed, then the result isthe index of the rightmost element satisfying the test. (The index returned,however, is an index from the left-hand end, as usual.)X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



SEQUENCES 433Here is a simple piece of code that uses several of the sequence functions,notably position-if and find-if, to process strings. Note one use of loopas well.(defun debug-palindrome (s)(flet ((match (x) (char-equal (first x) (third x))))(let* ((pairs (loop for c across sfor j from 0when (alpha-char-p c)collect (list c j)))(quads (mapcar #--'append pairs (reverse pairs)))(diffpos (position-if (complement #--'match) quads)))(when diffpos(let* ((diff (elt quads diffpos))(same (find-if #--'match quads:start (+ diffpos 1))))(if same(format nil"/~A/ (at ~D) is not the reverse of /~A/"(subseq s (second diff) (second same))(second diff)(subseq s (+ (fourth same) 1)(+ (fourth diff) 1)))"This palindrome is completely messed up!"))))))Here is an example of its behavior.(setq panama ;A putative palindrome?"A man, a plan, a canoe, pasta, heros, rajahs,a coloratura, maps, waste, percale, macaroni, a gag,a banana bag, a tan, a tag, a banana bag again(or a camel), a crepe, pins, Spam, a rut, a Rolo,cash, a jar, sore hats, a peon, a canal--Panama!")(debug-palindrome panama)) "/wast/ (at 73) is not the reverse of /, pins/"



434 COMMON LISP(replace panama "snipe" :start1 73) ;Repair it) "A man, a plan, a canoe, pasta, heros, rajahs,a coloratura, maps, snipe, percale, macaroni, a gag,a banana bag, a tan, a tag, a banana bag again(or a camel), a crepe, pins, Spam, a rut, a Rolo,cash, a jar, sore hats, a peon, a canal--Panama!"(debug-palindrome panama) ) nil ;Copacetic|a true palindrome(debug-palindrome "Rubber baby buggy bumpers")) "/Rubber / (at 0) is not the reverse of /umpers/"(debug-palindrome "Common Lisp: The Language")) "/Commo/ (at 0) is not the reverse of /guage/"(debug-palindrome "Complete mismatches are hard to find"))"/Complete mism/ (at 0) is not the reverse of /re hard to find/"(debug-palindrome "Waltz, nymph, for quick jigs vex Bud")) "This palindrome is completely messed up!"(debug-palindrome "Doc, note: I dissent. A fast neverprevents a fatness. I diet on cod."))nil ;Another winner(debug-palindrome "Top step's pup's pet spot") ) nil [Function]count item sequence &key :from-end :test :test-not:start :end :key [Function]count-if predicate sequence &key :from-end:start :end :key [Function]count-if-not predicate sequence &key :from-end:start :end :keyThe result is always a non-negative integer, the number of elements in thespeci�ed subsequence of sequence satisfying the test.The :from-end argument does not a�ect the result returned; it is acceptedpurely for compatibility with other sequence functions.



SEQUENCES 435X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]mismatch sequence1 sequence2 &key :from-end :test:test-not :key :start1 :start2 :end1 :end2The speci�ed subsequences of sequence1 and sequence2 are compared element-wise. If they are of equal length and match in every element, the result isnil. Otherwise, the result is a non-negative integer. This result is the indexwithin sequence1 of the leftmost position at which the two subsequences failto match; or, if one subsequence is shorter than and a matching pre�x of theother, the result is the index relative to sequence1 beyond the last positiontested.If a non-nil :from-end keyword argument is given, then one plus the indexof the rightmost position in which the sequences di�er is returned. In e�ect,the (sub)sequences are aligned at their right-hand ends; then, the last elementsare compared, the penultimate elements, and so on. The index returned isagain an index relative to sequence1.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]search sequence1 sequence2 &key :from-end :test:test-not :key :start1 :start2 :end1 :end2A search is conducted for a subsequence of sequence2 that element-wisematches sequence1. If there is no such subsequence, the result is nil; ifthere is, the result is the index into sequence2 of the leftmost element of theleftmost such matching subsequence.If a non-nil :from-end keyword argument is given, the index of the leftmostelement of the rightmost matching subsequence is returned.The implementationmay choose to search the sequence in any order; there isno guarantee on the number of times the test is made. For example, searchwith a non-nil :from-end argument might actually search a list from leftto right instead of from right to left (but in either case would return therightmost matching subsequence, of course). Therefore it is a good idea for auser-supplied predicate to be free of side e�ects.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



436 COMMON LISP14.5. Sorting and MergingThese functions may destructively modify argument sequences in order to puta sequence into sorted order or to merge two already sorted sequences.[Function]sort sequence predicate &key :key [Function]stable-sort sequence predicate &key :keyThe sequence is destructively sorted according to an order determined by thepredicate. The predicate should take two arguments, and return non-nil if andonly if the �rst argument is strictly less than the second (in some appropriatesense). If the �rst argument is greater than or equal to the second (in theappropriate sense), then the predicate should return nil.The sort function determines the relationship between two elements bygiving keys extracted from the elements to the predicate. The :key argument,when applied to an element, should return the key for that element. The :keyargument defaults to the identity function, thereby making the element itselfbe the key.The :key function should not have any side e�ects. A useful example ofa :key function would be a component selector function for a defstructstructure, used in sorting a sequence of structures.(sort a p :key s) � (sort a #--'(lambda (x y) (p (s x) (s y))))While the above two expressions are equivalent, the �rst may be more e�-cient in some implementations for certain types of arguments. For example,an implementation may choose to apply s to each item just once, puttingthe resulting keys into a separate table, and then sort the parallel tables, asopposed to applying s to an item every time just before applying the predicate.If the :key and predicate functions always return, then the sorting operationwill always terminate, producing a sequence containing the same elements asthe original sequence (that is, the result is a permutation of sequence). This isguaranteed even if the predicate does not really consistently represent a totalorder (in which case the elements will be scrambled in some unpredictableway, but no element will be lost). If the :key function consistently returnsmeaningful keys, and the predicate does reect some total ordering criterionon those keys, then the elements of the result sequence will be properly sortedaccording to that ordering.The sorting operation performed by sort is not guaranteed stable. Elementsconsidered equal by the predicate may or may not stay in their original order.(The predicate is assumed to consider two elements x and y to be equal if



SEQUENCES 437(funcall predicate x y) and (funcall predicate y x) are both false.) Thefunction stable-sort guarantees stability but may be slower than sort insome situations.The sorting operation may be destructive in all cases. In the case of anarray argument, this is accomplished by permuting the elements in place. Inthe case of a list, the list is destructively reordered in the same manner as fornreverse. Thus if the argument should not be destroyed, the user must sorta copy of the argument.Should execution of the :key function or the predicate cause an error, thestate of the list or array being sorted is unde�ned. However, if the error iscorrected, the sort will, of course, proceed correctly.Note that since sorting requires many comparisons, and thus many calls tothe predicate, sorting will be much faster if the predicate is a compiled functionrather than interpreted.An example:(setq foovector (sort foovector #--'string-lessp :key #--'car))If foovector contained these items before the sort("Tokens" "The Lion Sleeps Tonight")("Carpenters" "Close to You")("Rolling Stones" "Brown Sugar")("Beach Boys" "I Get Around")("Mozart" "Eine Kleine Nachtmusik" (K 525))("Beatles" "I Want to Hold Your Hand")then after the sort foovector would contain("Beach Boys" "I Get Around")("Beatles" "I Want to Hold Your Hand")("Carpenters" "Close to You")("Mozart" "Eine Kleine Nachtmusik" (K 525))("Rolling Stones" "Brown Sugar")("Tokens" "The Lion Sleeps Tonight")X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]merge result-type sequence1 sequence2 predicate &key :keyThe sequences sequence1 and sequence2 are destructively merged accordingto an order determined by the predicate. The result is a sequence of type



438 COMMON LISPresult-type, which must be a subtype of sequence, as for the function coerce.The predicate should take two arguments and return non-nil if and only ifthe �rst argument is strictly less than the second (in some appropriate sense).If the �rst argument is greater than or equal to the second (in the appropriatesense), then the predicate should return nil.The merge function determines the relationship between two elements bygiving keys extracted from the elements to the predicate. The :key function,when applied to an element, should return the key for that element; the :keyfunction defaults to the identity function, thereby making the element itselfbe the key.The :key function should not have any side e�ects. A useful example ofa :key function would be a component selector function for a defstructstructure, used to merge a sequence of structures.If the :key and predicate functions always return, then the merging opera-tion will always terminate. The result of merging two sequences x and y is anew sequence z, such that the length of z is the sum of the lengths of x and y,and z contains all the elements of x and y. If x1 and x2 are two elements of x,and x1 precedes x2 in x, then x1 precedes x2 in z, and similarly for elementsof y. In short, z is an interleaving of x and y.Moreover, if x and y were correctly sorted according to the predicate, thenz will also be correctly sorted, as shown in this example.(merge 'list '(1 3 4 6 7) '(2 5 8) #--'<) ) (1 2 3 4 5 6 7 8)If x or y is not so sorted then z will not be sorted, but will nevertheless be aninterleaving of x and y.The merging operation is guaranteed stable; if two or more elements areconsidered equal by the predicate, then the elements from sequence1 will pre-cede those from sequence2 in the result. (The predicate is assumed to considertwo elements x and y to be equal if (funcall predicate x y) and (funcallpredicate y x) are both false.) For example:(merge 'string "BOY" "nosy" #--'char-lessp) ) "BnOosYy"The result can not be "BnoOsYy", "BnOosyY", or "BnoOsyY". The functionchar-lessp ignores case, and so considers the characters Y and y to be equal,for example; the stability property then guarantees that the character fromthe �rst argument (Y) must precede the one from the second argument (y).X3J13 voted in June 1989 h158i to specify that merge should signal anerror if the sequence type speci�es the number of elements and the sum of thelengths of the two sequence arguments is di�erent.



SEQUENCES 439X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



15ListsA cons, or dotted pair, is a compound data object having two componentscalled the car and cdr. Each component may be any Lisp object. A list is achain of conses linked by cdr �elds; the chain is terminated by some atom (anon-cons object). An ordinary list is terminated by nil, the empty list (alsowritten ()). A list whose cdr chain is terminated by some non-nil atom iscalled a dotted list.The recommended predicate for testing for the end of a list is endp.15.1. ConsesThese are the basic operations on conses viewed as pairs rather than as theconstituents of a list. [Function]car listThis returns the car of list, which must be a cons or (); that is, list mustsatisfy the predicate listp. By de�nition, the car of () is (). If the cons isregarded as the �rst cons of a list, then car returns the �rst element of thelist. For example:(car '(a b c)) ) aSee first. The car of a cons may be altered by using rplaca or setf.[Function]cdr listThis returns the cdr of list, which must be a cons or (); that is, list mustsatisfy the predicate listp. By de�nition, the cdr of () is (). If the cons isregarded as the �rst cons of a list, then cdr returns the rest of the list, whichis a list with all elements but the �rst of the original list. For example:440



LISTS 441(cdr '(a b c)) ) (b c)See rest. The cdr of a cons may be altered by using rplacd or setf.[Function]caar list [Function]cadr list [Function]cdar list [Function]cddr list [Function]caaar list [Function]caadr list [Function]cadar list [Function]caddr list [Function]cdaar list [Function]cdadr list [Function]cddar list [Function]cdddr list [Function]caaaar list [Function]caaadr list [Function]caadar list [Function]caaddr list [Function]cadaar list [Function]cadadr list [Function]caddar list [Function]cadddr list [Function]cdaaar list [Function]cdaadr list [Function]cdadar list [Function]cdaddr list [Function]cddaar list [Function]cddadr list [Function]cdddar list [Function]cddddr listAll of the compositions of up to four car and cdr operations are de�ned asseparate Common Lisp functions. The names of these functions begin with cand end with r, and in between is a sequence of a and d letters correspondingto the composition performed by the function. For example:(cddadr x) is the same as (cdr (cdr (car (cdr x))))If the argument is regarded as a list, then cadr returns the second element ofthe list, caddr the third, and cadddr the fourth. If the �rst element of a list



442 COMMON LISPis a list, then caar is the �rst element of the sublist, cdar is the rest of thatsublist, and cadar is the second element of the sublist, and so on.As a matter of style, it is often preferable to de�ne a function or macro toaccess part of a complicated data structure, rather than to use a long car/cdrstring. For example, one might de�ne a macro to extract the list of parametervariables from a lambda-expression:(defmacro lambda-vars (lambda-exp) `(cadr ,lambda-exp))and then use lambda-vars for this purpose instead of cadr. See alsodefstruct, which will automatically de�ne new record data types and ac-cess functions for instances of them.Any of these functions may be used to specify a place for setf. [Function]cons x ycons is the primitive function to create a new cons whose car is x and whosecdr is y. For example:(cons 'a 'b) ) (a . b)(cons 'a (cons 'b (cons 'c '()))) ) (a b c)(cons 'a '(b c d)) ) (a b c d)cons may be thought of as creating a cons, or as adding a new element to thefront of a list. [Function]tree-equal x y &key :test :test-notThis is a predicate that is true if x and y are isomorphic trees with identicalleaves, that is, if x and y are atoms that satisfy the test (by default eql), or ifthey are both conses and their car's are tree-equal and their cdr's are tree-equal. Thus tree-equal recursively compares conses (but not any otherobjects that have components). See equal, which does recursively comparecertain other structured objects, such as strings.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.15.2. ListsThe following functions perform various operations on lists.The list is one of the original Lisp data types. The very name \Lisp" is anabbreviation for \LISt Processing."



LISTS 443[Function]endp objectThe predicate endp is the recommended way to test for the end of a list. It isfalse of conses, true of nil, and an error for all other arguments.Implementation note: Implementations are encouraged to signal an error, espe-cially in the interpreter, for a non-list argument. The endp function is de�ned so asto allow compiled code to perform simply an atom check or a null check if speed ismore important than safety. [Function]list-length listlist-length returns, as an integer, the length of list. list-length di�ersfrom length when the list is circular; length may fail to return, whereaslist-length will return nil. For example:(list-length '()) ) 0(list-length '(a b c d)) ) 4(list-length '(a (b c) d)) ) 3(let ((x (list 'a b c)))(rplacd (last x) x)(list-length x)) ) nillist-length could be implemented as follows:(defun list-length (x)(do ((n 0 (+ n 2)) ;Counter(fast x (cddr fast)) ;Fast pointer: leaps by 2(slow x (cdr slow))) ;Slow pointer: leaps by 1(nil);; If fast pointer hits the end, return the count.(when (endp fast) (return n))(when (endp (cdr fast)) (return (+ n 1)));; If fast pointer eventually equals slow pointer,;; then we must be stuck in a circular list.;; (A deeper property is the converse: if we are;; stuck in a circular list, then eventually the;; fast pointer will equal the slow pointer.;; That fact justifies this implementation.)(when (and (eq fast slow) (> n 0)) (return nil))))See length, which will return the length of any sequence.



444 COMMON LISP [Function]nth n list(nth n list) returns the nth element of list, where the car of the list is the\zeroth" element. The argument n must be a non-negative integer. If thelength of the list is not greater than n, then the result is (), that is, nil.(This is consistent with the idea that the car and cdr of () are each ().) Forexample:(nth 0 '(foo bar gack)) ) foo(nth 1 '(foo bar gack)) ) bar(nth 3 '(foo bar gack)) ) ()Compatibility note: This is not the same as the Interlisp function called nth,which is similar to but not exactly the same as the Common Lisp function nthcdr.This de�nition of nth is compatible with Lisp Machine Lisp and NIL (New Imple-mentation of Lisp). Also, some people have used macros and functions called nthof their own in their old MacLisp programs, which may not work the same way.nth may be used to specify a place to setf; when nth is used in this way,the argument n must be less than the length of the list.Note that the arguments to nth are reversed from the order used by mostother sequence selector functions such as elt. [Function]first list [Function]second list [Function]third list [Function]fourth list [Function]fifth list [Function]sixth list [Function]seventh list [Function]eighth list [Function]ninth list [Function]tenth listThese functions are sometimes convenient for accessing particular elementsof a list. first is the same as car, second is the same as cadr, third isthe same as caddr, and so on. Note that the ordinal numbering used here isone-origin, as opposed to the zero-origin numbering used by nth:(fifth x) � (nth 4 x)



LISTS 445setf may be used with each of these functions to store into the indicatedposition of a list. [Function]rest listrest means the same as cdr but mnemonically complements first. setfmay be used with rest to replace the cdr of a list with a new value.[Function]nthcdr n list(nthcdr n list) performs the cdr operation n times on list, and returns theresult. For example:(nthcdr 0 '(a b c)) ) (a b c)(nthcdr 2 '(a b c)) ) (c)(nthcdr 4 '(a b c)) ) ()In other words, it returns the nth cdr of the list.Compatibility note: This is similar to the Interlisp function nth, except that theInterlisp function is one-based instead of zero-based.(car (nthcdr n x)) � (nth n x)X3J13 voted in January 1989 h7i to clarify that the argument n must be anon-negative integer. [Function]last list........................................................................................................................................................................................................

last returns the last cons (not the last element!) of list. If list is (), it returns(). For example:(setq x '(a b c d))(last x) ) (d)(rplacd (last x) '(e f))x ) '(a b c d e f)(last '(a b c . d)) ) (c . d)X3J13 voted in June 1988 h106i to extend the last function to acceptan optional second argument. The e�ect is to make last complementary inoperation to butlast. The new description (with some additional examples)would be as follows.



446 COMMON LISP [Function]last list &optional (n 1)last returns the tail of the list consisting of the last n conses of list. The listmay be a dotted list. It is an error if the list is circular.The argument n must be a non-negative integer. If n is zero, then the atomthat terminates the list is returned. If n is not less than the number of conscells making up the list, then the list itself is returned.For example:(setq x '(a b c d))(last x) ) (d)(rplacd (last x) '(e f))x ) '(a b c d e f)(last x 3) ) (d e f)(last '()) ) ()(last '(a b c . d)) ) (c . d)(last '(a b c . d) 0) ) d(last '(a b c . d) 2) ) (b c . d)(last '(a b c . d) 1729) ) (a b c . d) [Function]list &rest argslist constructs and returns a list of its arguments. For example:(list 3 4 'a (car '(b . c)) (+ 6 -2)) ) (3 4 a b 4)(list) ) ()(list (list 'a 'b) (list 'c 'd 'e)) ) ((a b) (c d e)) [Function]list* arg &rest otherslist* is like list except that the last cons of the constructed list is \dotted."The last argument to list* is used as the cdr of the last cons constructed;this need not be an atom. If it is not an atom, then the e�ect is to add severalnew elements to the front of a list. For example:(list* 'a 'b 'c 'd) ) (a b c . d)This is like(cons 'a (cons 'b (cons 'c 'd)))Also:



LISTS 447(list* 'a 'b 'c '(d e f)) ) (a b c d e f)(list* x) � x [Function]make-list size &key :initial-elementThis creates and returns a list containing size elements, each of which isinitialized to the :initial-element argument (which defaults to nil). sizeshould be a non-negative integer. For example:(make-list 5) ) (nil nil nil nil nil)(make-list 3 :initial-element 'rah) ) (rah rah rah) [Function]append &rest listsThe arguments to append are lists. The result is a list that is the concatenationof the arguments. The arguments are not destroyed. For example:(append '(a b c) '(d e f) '() '(g)) ) (a b c d e f g)Note that append copies the top-level list structure of each of its argumentsexcept the last. The function concatenate can perform a similar operation,but always copies all its arguments. See also nconc, which is like append butdestroys all arguments but the last.The last argument actually need not be a list but may be any Lisp object,which becomes the tail end of the constructed list. For example, (append '(ab c) 'd) ) (a b c . d).(append x '()) is an idiom once frequently used to copy the list x, but thecopy-list function is more appropriate to this task. [Function]copy-list listThis returns a list that is equal to list, but not eq. Only the top level oflist structure is copied; that is, copy-list copies in the cdr direction but notin the car direction. If the list is \dotted," that is, (cdr (last list)) is anon-nil atom, this will be true of the returned list also. See also copy-seqand copy-tree. [Function]copy-alist listcopy-alist is for copying association lists. The top level of list structure oflist is copied, just as for copy-list. In addition, each element of list that isa cons is replaced in the copy by a new cons with the same car and cdr.



448 COMMON LISP [Function]copy-tree objectcopy-tree is for copying trees of conses. The argument object may be anyLisp object. If it is not a cons, it is returned; otherwise the result is a newcons of the results of calling copy-tree on the car and cdr of the argument. Inother words, all conses in the tree are copied recursively, stopping only whennon-conses are encountered. Circularities and the sharing of substructure arenot preserved.Compatibility note: This function is called copy in Interlisp. [Function]revappend x y(revappend x y) is exactly the same as (append (reverse x) y) exceptthat it is potentially more e�cient. Both x and y should be lists. The argu-ment x is copied, not destroyed. Compare this with nreconc, which destroysits �rst argument. [Function]nconc &rest listsnconc takes lists as arguments. It returns a list that is the arguments concate-nated together. The arguments are changed rather than copied. (Comparethis with append, which copies arguments rather than destroying them.) Forexample:(setq x '(a b c))(setq y '(d e f))(nconc x y) ) (a b c d e f)x ) (a b c d e f)Note, in the example, that the value of x is now di�erent, since its last conshas been rplacd'd to the value of y. If one were then to evaluate (nconc xy) again, it would yield a piece of \circular" list structure, whose printed rep-resentation would be (a b c d e f d e f d e f ...), repeating forever; ifthe *print-circle* switch were non-nil, it would be printed as (a b c .#--1UU(d e f . #--1#--)).X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations. The side-e�ect behavior of nconc is speci�ed by a recursiverelationship outlined in the following table, in which a call to nconc matchingthe earliest possible pattern on the left is required to have side-e�ect behaviorequivalent to the corresponding expression on the right.



LISTS 449(nconc) nil ;No side e�ects(nconc nil . r) (nconc . r)(nconc x) x(nconc x y) (let ((p x) (q y))(rplacd (last p) q)p)(nconc x y . r) (nconc (nconc x y) . r)



450 COMMON LISP [Function]nreconc x y(nreconc x y) is exactly the same as (nconc (nreverse x) y) except thatit is potentially more e�cient. Both x and y should be lists. The argument xis destroyed. Compare this with revappend.(setq planets '(jupiter mars earth venus mercury))(setq more-planets '(saturn uranus pluto neptune))(nreconc more-planets planets)) (neptune pluto uranus saturn jupiter mars earth venus mercury)and now the value of more-planets is not well de�nedX3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; (nreconc x y) is permitted and required to have side-e�ect behavior equivalent to that of (nconc (nreverse x) y). [Macro]push item placeThe form place should be the name of a generalized variable containing a list;item may refer to any Lisp object. The item is consed onto the front of thelist, and the augmented list is stored back into place and returned. The formplace may be any form acceptable as a generalized variable to setf. If the listheld in place is viewed as a push-down stack, then push pushes an elementonto the top of the stack. For example:(setq x '(a (b c) d))(push 5 (cadr x)) ) (5 b c) and now x ) (a (5 b c) d)The e�ect of (push item place) is roughly equivalent to(setf place (cons item place))except that the latter would evaluate any subforms of place twice, while pushtakes care to evaluate them only once. Moreover, for certain place forms pushmay be signi�cantly more e�cient than the setf version.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). Note that item is fully evaluated before any part of place is evalu-ated. [Macro]pushnew item place &key :test :test-not :keyThe form place should be the name of a generalized variable containing a list;item may refer to any Lisp object. If the item is not already a member of the



LISTS 451list (as determined by comparisons using the :test predicate, which defaultsto eql), then the item is consed onto the front of the list, and the augmentedlist is stored back into place and returned; otherwise the unaugmented listis returned. The form place may be any form acceptable as a generalizedvariable to setf. If the list held in place is viewed as a set, then pushnewadjoins an element to the set; see adjoin.The keyword arguments to pushnew follow the conventions for the genericsequence functions. See chapter 14. In e�ect, these keywords are simplypassed on to the adjoin function.pushnew returns the new contents of the place. For example:(setq x '(a (b c) d))(pushnew 5 (cadr x)) ) (5 b c) and now x ) (a (5 b c) d)(pushnew 'b (cadr x)) ) (5 b c) and x is unchangedThe e�ect of(pushnew item place :test p)is roughly equivalent to(setf place (adjoin item place :test p))except that the latter would evaluate any subforms of place twice, whilepushnew takes care to evaluate them only once. Moreover, for certain placeforms pushnew may be signi�cantly more e�cient than the setf version.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). Note that item is fully evaluated before any part of place is evalu-ated. [Macro]pop placeThe form place should be the name of a generalized variable containing a list.The result of pop is the car of the contents of place, and as a side e�ect thecdr of the contents is stored back into place. The form place may be any formacceptable as a generalized variable to setf. If the list held in place is viewedas a push-down stack, then pop pops an element from the top of the stackand returns it. For example:(setq stack '(a b c))(pop stack) ) a and now stack ) (b c)The e�ect of (pop place) is roughly equivalent to



452 COMMON LISP(prog1 (car place) (setf place (cdr place)))except that the latter would evaluate any subforms of place three times, whilepop takes care to evaluate them only once. Moreover, for certain place formspop may be signi�cantly more e�cient than the setf version.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). [Function]butlast list &optional nThis creates and returns a list with the same elements as list, excepting thelast n elements. n defaults to 1. The argument is not destroyed. If the listhas fewer than n elements, then () is returned. For example:(butlast '(a b c d)) ) (a b c)(butlast '((a b) (c d))) ) ((a b))(butlast '(a)) ) ()(butlast nil) ) ()The name is from the phrase \all elements but the last." [Function]nbutlast list &optional nThis is the destructive version of butlast; it changes the cdr of the cons n+1from the end of the list to nil. n defaults to 1. If the list has fewer thann elements, then nbutlast returns (), and the argument is not modi�ed.(Therefore one normally writes (setq a (nbutlast a)) rather than simply(nbutlast a).) For example:(setq foo '(a b c d))(nbutlast foo) ) (a b c)foo ) (a b c)(nbutlast '(a)) ) ()(nbutlast 'nil) ) () [Function]ldiff list sublistlist should be a list, and sublist should be a sublist of list, that is, one of theconses that make up list. ldiff (meaning \list di�erence") will return a new(freshly consed) list, whose elements are those elements of list that appearbefore sublist. If sublist is not a tail of list (and in particular if sublist is nil),then a copy of the entire list is returned. The argument list is not destroyed.For example:



LISTS 453(setq x '(a b c d e))(setq y (cdddr x)) ) (d e)(ldiff x y) ) (a b c)but (ldiff '(a b c d) '(c d)) ) (a b c d)since the sublist was not eq to any part of the list.15.3. Alteration of List StructureThe functions rplaca and rplacdmay be used to make alterations in alreadyexisting list structure, that is, to change the car or cdr of an existing cons.One may also use setf in conjunction with car and cdr.The structure is not copied but is destructively altered; hence cautionshould be exercised when using these functions, as strange side e�ects canoccur if portions of list structure become shared. The nconc, nreverse,nreconc, and nbutlast functions, already described, have the same prop-erty, as do certain of the generic sequence functions such as delete. How-ever, they are normally not used for this side e�ect; rather, the list-structuremodi�cation is purely for e�ciency, and compatible non-modifying functionsare provided. [Function]rplaca x y(rplaca x y) changes the car of x to y and returns (the modi�ed) x. x mustbe a cons, but y may be any Lisp object. For example:(setq g '(a b c))(rplaca (cdr g) 'd) ) (d c)Now g ) (a d c) [Function]rplacd x y(rplacd x y) changes the cdr of x to y and returns (the modi�ed) x. x mustbe a cons, but y may be any Lisp object. For example:(setq x '(a b c))(rplacd x 'd) ) (a . d)Now x ) (a . d)



454 COMMON LISPThe functions rplaca and rplacd go back to the earliest origins of Lisp,along with car, cdr, and cons. Nowadays, however, they seem to be falling bythe wayside. More and more Common Lisp programmers use setf for nearlyall structure modi�cations: (rplaca x y) is rendered as (setf (car x) y)or perhaps as (setf (first x) y). Even more likely is that a defstructstructure or a CLOS class is used in place of a list, if the data structure is atall complicated; in this case setf is used with a slot accessor.



LISTS 45515.4. Substitution of ExpressionsA number of functions are provided for performing substitutions within atree. All take a tree and a description of old subexpressions to be replaced bynew ones. They come in non-destructive and destructive varieties and specifysubstitution either by two arguments or by an association list.The naming conventions for these functions and for their keyword argu-ments generally follow the conventions for the generic sequence functions. Seechapter 14. [Function]subst new old tree &key :test :test-not :key [Function]subst-if new test tree &key :key [Function]subst-if-not new test tree &key :key(subst new old tree)makes a copy of tree, substituting new for every subtreeor leaf of tree (whether the subtree or leaf is a car or a cdr of its parent) suchthat old and the subtree or leaf satisfy the test. It returns the modi�ed copyof tree. The original tree is unchanged, but the result tree may share withparts of the argument tree.Compatibility note: In MacLisp, subst is guaranteed not to share with the treeargument, and the idiom (subst nil nil x) was used to copy a tree x. In CommonLisp, the function copy-tree should be used to copy a tree, as the subst idiom willnot work.For example:(subst 'tempest 'hurricane'(shakespeare wrote (the hurricane)))) (shakespeare wrote (the tempest))(subst 'foo 'nil '(shakespeare wrote (twelfth night)))) (shakespeare wrote (twelfth night . foo) . foo)(subst '(a . cons) '(old . pair)'((old . spice) ((old . shoes) old . pair) (old . pair)):test #--'equal)) ((old . spice) ((old . shoes) a . cons) (a . cons))This function is not destructive; that is, it does not change the car or cdr ofany already existing list structure. One possible de�nition of subst:



456 COMMON LISP(defun subst (old new tree &rest x &key test test-not key)(cond ((satisfies-the-test old tree :test test:test-not test-not :key key)new)((atom tree) tree)(t (let ((a (apply #--'subst old new (car tree) x))(d (apply #--'subst old new (cdr tree) x)))(if (and (eql a (car tree))(eql d (cdr tree)))tree(cons a d))))))See also substitute, which substitutes for top-level elements of a sequence.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]nsubst new old tree &key :test :test-not :key [Function]nsubst-if new test tree &key :key [Function]nsubst-if-not new test tree &key :keynsubst is a destructive version of subst. The list structure of tree is alteredby destructively replacing with new each leaf or subtree of the tree such thatold and the leaf or subtree satisfy the test.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]sublis alist tree &key :test :test-not :keysublis makes substitutions for objects in a tree (a structure of conses). The�rst argument to sublis is an association list. The second argument is thetree in which substitutions are to be made, as for subst. sublis looks atall subtrees and leaves of the tree; if a subtree or leaf appears as a key inthe association list (that is, the key and the subtree or leaf satisfy the test),it is replaced by the object with which it is associated. This operation isnon-destructive. In e�ect, sublis can perform several subst operations si-multaneously. For example:



LISTS 457(sublis '((x . 100) (z . zprime))'(plus x (minus g z x p) 4 . x))) (plus 100 (minus g zprime 100 p) 4 . 100)(sublis '(((+ x y) . (- x y)) ((- x y) . (+ x y)))'(* (/ (+ x y) (+ x p)) (- x y)):test #--'equal)) (* (/ (- x y) (+ x p)) (+ x y))X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]nsublis alist tree &key :test :test-not :keynsublis is like sublis but destructively modi�es the relevant parts of thetree.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.15.5. Using Lists as SetsCommon Lisp includes functions that allow a list of items to be treated as aset. There are functions to add, remove, and search for items in a list, basedon various criteria. There are also set union, intersection, and di�erencefunctions.The naming conventions for these functions and for their keyword argu-ments generally follow the conventions that apply to the generic sequencefunctions. See chapter 14. [Function]member item list &key :test :test-not :key [Function]member-if predicate list &key :key [Function]member-if-not predicate list &key :keyThe list is searched for an element that satis�es the test. If none is found, nilis returned; otherwise, the tail of list beginning with the �rst element thatsatis�ed the test is returned. The list is searched on the top level only. Thesefunctions are suitable for use as predicates.For example:



458 COMMON LISP(member 'snerd '(a b c d)) ) nil(member-if #--'numberp '(a #--\Space 5/3 foo)) ) (5/3 foo)(member 'a '(g (a y) c a d e a f)) ) (a d e a f)Note, in the last example, that the value returned by member is eq to theportion of the list beginning with a. Thus rplaca on the result of membermay be used to alter the found list element, if a check is �rst made thatmember did not return nil.See also find and position.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Compatibility note: In MacLisp, the member function uses an equal comparisonrather than eql, which is the default test for member in Common Lisp. Where inMacLisp one would write (member x y), in Common Lisp one must write (memberx y :test #--'equal) to get a completely identical e�ect. Similarly, one can get theprecise e�ect, and no more, of the MacLisp (memq x y) by writing in Common Lisp(member x y :test #--'eq). [Function]tailp sublist listThis predicate is true if sublist is a sublist of list (that is, one of the consesthat makes up list); otherwise it is false. Another way to look at this is thattailp is true if (nthcdr n list) is sublist, for some value of n. See ldiff.X3J13 voted in January 1989 h175i to strike the parenthetical remark thatsuggests that the sublist must be a cons, to clarify that tailp is true if andonly if there exists an integer n such that(eql sublist (nthcdr n list))and to specify that list may be a dotted list (implying that implementationsmust use atom and not endp to check for the end of the list). [Function]adjoin item list &key :test :test-not :keyadjoin is used to add an element to a set, provided that it is not already amember. The equality test defaults to eql.(adjoin item list) � (if (member item list) list (cons item list))In general, the test may be any predicate; the item is added to the list only ifthere is no element of the list that \satis�es the test."



LISTS 459adjoin deviates from the usual rules described in chapter 14 for the treat-ment of arguments named item and :key. If a :key function is speci�ed, it isapplied to item as well as to each element of the list. The rationale is that ifthe item is not yet in the list, it soon will be, and so the test is more properlyviewed as being between two elements rather than between a separate itemand an element.(adjoin item list :key fn)� (if (member (funcall fn item) list :key fn) list (cons item list))See pushnew.Notice of correction. In the �rst edition, the form (fn item) appeared inthis example without the required funcall.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]union list1 list2 &key :test :test-not :key [Function]nunion list1 list2 &key :test :test-not :keyunion takes two lists and returns a new list containing everything that is anelement of either of the lists. If there is a duplication between two lists, onlyone of the duplicate instances will be in the result. If either of the argumentshas duplicate entries within it, the redundant entries may or may not appearin the result. For example:(union '(a b c) '(f a d))) (a b c f d) or (b c f a d) or (d f a b c) or ...(union '((x 5) (y 6)) '((z 2) (x 4)) :key #--'car)) ((x 5) (y 6) (z 2)) or ((x 4) (y 6) (z 2)) or ...There is no guarantee that the order of elements in the result will reectthe ordering of the arguments in any particular way. The implementation istherefore free to use any of a variety of strategies. The result list may sharecells with, or be eq to, either of the arguments if appropriate.In general, the test may be any predicate, and the union operation may bedescribed as follows. For all possible ordered pairs consisting of one elementfrom list1 and one element from list2, the test is used to determine whetherthey \match." For every matching pair, at least one of the two elements of thepair will be in the result. Moreover, any element from either list that matchesno element of the other will appear in the result. All this is very general, butprobably not particularly useful unless the test is an equivalence relation.



460 COMMON LISPThe :test-not argument can be useful when the test function is the log-ical negation of an equivalence test. A good example of this is the functionmismatch, which is logically inverted so that possibly useful information canbe returned if the arguments do not match. This additional \useful infor-mation" is discarded in the following example; mismatch is used purely as apredicate.(union '(#--(a b) #--(5 0 6) #--(f 3))'(#--(5 0 6) (a b) #--(g h)):test-not#--'mismatch)) (#--(a b) #--(5 0 6) #--(f 3) #--(g h)) ;One possible result) ((a b) #--(f 3) #--(5 0 6) #--(g h)) ;Another possible resultUsing :test-not #--'mismatch di�ers from using :test #--'equalp, for exam-ple, because mismatch will determine that #--(a b) and (a b) are the same,while equalp would regard them as not the same.nunion is the destructive version of union. It performs the same operationbut may destroy the argument lists, perhaps in order to use their cells toconstruct the result.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; nunion is permitted to perform a setf on any part, caror cdr, of the top-level list structure of any of the argument lists. [Function]intersection list1 list2 &key :test :test-not :key [Function]nintersection list1 list2 &key :test :test-not :keyintersection takes two lists and returns a new list containing everythingthat is an element of both argument lists. If either list has duplicate entries,the redundant entries may or may not appear in the result. For example:(intersection '(a b c) '(f a d)) ) (a)There is no guarantee that the order of elements in the result will reectthe ordering of the arguments in any particular way. The implementation istherefore free to use any of a variety of strategies. The result list may sharecells with, or be eq to, either of the arguments if appropriate.In general, the test may be any predicate, and the intersection operationmay be described as follows. For all possible ordered pairs consisting of oneelement from list1 and one element from list2, the test is used to determine



LISTS 461whether they \match." For every matching pair, exactly one of the two el-ements of the pair will be put in the result. No element from either listappears in the result that does not match an element from the other list. Allthis is very general, but probably not particularly useful unless the test is anequivalence relation.nintersection is the destructive version of intersection. It performsthe same operation, but may destroy list1, perhaps in order to use its cells toconstruct the result. (The argument list2 is not destroyed.)X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; nintersection is permitted to perform a setf on anypart, car or cdr, of the top-level list structure of any of the argument lists.[Function]set-difference list1 list2 &key :test :test-not :key [Function]nset-difference list1 list2 &key :test :test-not :keyset-difference returns a list of elements of list1 that do not appear in list2.This operation is not destructive.There is no guarantee that the order of elements in the result will reectthe ordering of the arguments in any particular way. The implementation istherefore free to use any of a variety of strategies. The result list may sharecells with, or be eq to, either of the arguments if appropriate.In general, the test may be any predicate, and the set di�erence operationmay be described as follows. For all possible ordered pairs consisting of oneelement from list1 and one element from list2, the test is used to determinewhether they \match." An element of list1 appears in the result if and onlyif it does not match any element of list2. This is very general and permitsinteresting applications. For example, one can remove from a list of stringsall those strings containing one of a given list of characters:;; Remove all flavor names that contain "c" or "w".(set-difference '("strawberry" "chocolate" "banana""lemon" "pistachio" "rhubarb")'(#--\c #--\w):test#--'(lambda (s c) (find c s)))) ("banana" "rhubarb" "lemon") ;One possible orderingnset-difference is the destructive version of set-difference. This op-eration may destroy list1.



462 COMMON LISPX3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Compatibility note: An approximately equivalent Interlisp function isldifference. [Function]set-exclusive-or list1 list2 &key :test :test-not :key [Function]nset-exclusive-or list1 list2 &key :test :test-not :keyset-exclusive-or returns a list of elements that appear in exactly one oflist1 and list2. This operation is not destructive.There is no guarantee that the order of elements in the result will reectthe ordering of the arguments in any particular way. The implementation istherefore free to use any of a variety of strategies. The result list may sharecells with, or be eq to, either of the arguments if appropriate.In general, the test may be any predicate, and the set-exclusive-or operationmay be described as follows. For all possible ordered pairs consisting of oneelement from list1 and one element from list2, the test is used to determinewhether they \match." The result contains precisely those elements of list1and list2 that appear in no matching pair.



LISTS 463nset-exclusive-or is the destructive version of set-exclusive-or. Bothlists may be destroyed in producing the result.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.X3J13 voted in March 1989 h153i to clarify the permissible side e�ects ofcertain operations; nset-exclusive-or is permitted to perform a setf onany part, car or cdr, of the top-level list structure of any of the argumentlists. [Function]subsetp list1 list2 &key :test :test-not :keysubsetp is a predicate that is true if every element of list1 appears in(\matches" some element of) list2, and false otherwise.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.15.6. Association ListsAn association list, or a-list, is a data structure used very frequently in Lisp.An a-list is a list of pairs (conses); each pair is an association. The car of apair is called the key, and the cdr is called the datum.An advantage of the a-list representation is that an a-list can be incre-mentally augmented simply by adding new entries to the front. Moreover,because the searching function assoc searches the a-list in order, new entriescan \shadow" old entries. If an a-list is viewed as a mapping from keys todata, then the mapping can be not only augmented but also altered in anon-destructive manner by adding new entries to the front of the a-list.Sometimes an a-list represents a bijective mapping, and it is desirable toretrieve a key given a datum. For this purpose, the \reverse" searching func-tion rassoc is provided. Other variants of a-list searches can be constructedusing the function find or member.It is permissible to let nil be an element of an a-list in place of a pair. Suchan element is not considered to be a pair but is simply passed over when thea-list is searched by assoc. [Function]acons key datum a-listacons constructs a new association list by adding the pair (key . datum) tothe old a-list.



464 COMMON LISP(acons x y a) � (cons (cons x y) a)This is a trivial convenience function, but I �nd I use it a lot.



LISTS 465[Function]pairlis keys data &optional a-listpairlis takes two lists and makes an association list that associates elementsof the �rst list to corresponding elements of the second list. It is an error if thetwo lists keys and data are not of the same length. If the optional argumenta-list is provided, then the new pairs are added to the front of it.The new pairs may appear in the resulting a-list in any order; in particular,either forward or backward order is permitted. Therefore the result of the call(pairlis '(one two) '(1 2) '((three . 3) (four . 19)))might be((one . 1) (two . 2) (three . 3) (four . 19))but could equally well be((two . 2) (one . 1) (three . 3) (four . 19)) [Function]assoc item a-list &key :test :test-not :key [Function]assoc-if predicate a-list [Function]assoc-if-not predicate a-listX3J13 voted in March 1988 h9i to allow assoc-if and assoc-if-not alsoto take a keyword argument named :key, to be used to determine whether apair \satis�es the test" in the same manner as for sequence functions. Thenew function descriptions are therefore as follows: [Function]assoc-if predicate a-list &key :key [Function]assoc-if-not predicate a-list &key :keyThe omission of :key arguments for these functions in the �rst edition wasprobably an oversight.Each of these searches the association list a-list. The value is the �rst pairin the a-list such that the car of the pair satis�es the test, or nil if there isno such pair in the a-list. For example:(assoc 'r '((a . b) (c . d) (r . x) (s . y) (r . z)))) (r . x)(assoc 'goo '((foo . bar) (zoo . goo))) ) nil(assoc '2 '((1 a b c) (2 b c d) (-7 x y z))) ) (2 b c d)



466 COMMON LISPIt is possible to rplacd the result of assoc provided that it is not nil, inorder to \update" the \table" that was assoc's second argument. (However,it is often better to update an a-list by adding new pairs to the front, ratherthan altering old pairs.) For example:(setq values '((x . 100) (y . 200) (z . 50)))(assoc 'y values) ) (y . 200)(rplacd (assoc 'y values) 201)(assoc 'y values) ) (y . 201) nowA typical trick is to say (cdr (assoc x y)). Because the cdr of nil is guar-anteed to be nil, this yields nil if no pair is found or if a pair is found whosecdr is nil. This is useful if nil serves its usual role as a \default value."The two expressions(assoc item list :test fn)and(find item list :test fn :key #--'car)are equivalent in meaning with one important exception: if nil appears inthe a-list in place of a pair, and the item being searched for is nil, find willblithely compute the car of the nil in the a-list, �nd that it is equal to theitem, and return nil, whereas assoc will ignore the nil in the a-list andcontinue to search for an actual pair (cons) whose car is nil. See find andposition.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Compatibility note: In MacLisp, the assoc function uses an equal comparisonrather than eql, which is the default test for assoc in Common Lisp. Where inMacLisp one would write (assoc x y), in Common Lisp one must write (assoc xy :test #--'equal) to get the completely identical e�ect. Similarly, one can get theprecise e�ect, and no more, of the MacLisp (assq x y) by writing in Common Lisp(assoc x y :test #--'eq).In Interlisp, assoc uses an eq test, and sassoc uses an Interlisp equal test.[Function]rassoc item a-list &key :test :test-not :key [Function]rassoc-if predicate a-list [Function]rassoc-if-not predicate a-listX3J13 voted in March 1988 h9i to allow rassoc-if and rassoc-if-not also



LISTS 467to take a keyword argument named :key, to be used to determine whether apair \satis�es the test" in the same manner as for sequence functions. Thenew function descriptions are therefore as follows: [Function]rassoc-if predicate a-list &key :key [Function]rassoc-if-not predicate a-list &key :keyThe omission of :key arguments for these functions in the �rst edition wasprobably an oversight.rassoc is the reverse form of assoc; it searches for a pair whose cdr satis�esthe test, rather than the car. If the a-list is considered to be a mapping, thenrassoc treats the a-list as representing the inverse mapping. For example:(rassoc 'a '((a . b) (b . c) (c . a) (z . a))) ) (c . a)The expressions(rassoc item list :test fn)and(find item list :test fn :key #--'cdr)are equivalent in meaning, except when the item is nil and nil appears inplace of a pair in the a-list. See the discussion of the function assoc.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.



16Hash TablesA hash table is a Lisp object that can e�ciently map a given Lisp objectto another Lisp object. Each hash table has a set of entries, each of whichassociates a particular key with a particular value. The basic functions thatdeal with hash tables can create entries, delete entries, and �nd the value thatis associated with a given key. Finding the value is very fast, even if there aremany entries, because hashing is used; this is an important advantage of hashtables over property lists.A given hash table can associate only one value with a given key; if youtry to add a second value, it will replace the �rst. Also, adding a value to ahash table is a destructive operation; the hash table is modi�ed. By contrast,association lists can be augmented non-destructively.Hash tables come in three kinds, the di�erence being whether the keys arecompared with eq, eql, or equal. In other words, there are hash tables thathash on Lisp objects (using eq or eql) and there are hash tables that hash ontree structure (using equal).Hash tables are created with the function make-hash-table, which takesvarious options, including which kind of hash table to make (the default beingthe eql kind). To look up a key and �nd the associated value, use gethash.New entries are added to hash tables using setf with gethash. To removean entry, use remhash. Here is a simple example.(setq a (make-hash-table))(setf (gethash 'color a) 'brown)(setf (gethash 'name a) 'fred)(gethash 'color a) ) brown(gethash 'name a) ) fred(gethash 'pointy a) ) nilIn this example, the symbols color and name are being used as keys, and468



HASH TABLES 469the symbols brown and fred are being used as the associated values. Thehash table has two items in it, one of which associates from color to brown,and the other of which associates from name to fred.Keys do not have to be symbols; they can be any Lisp object. Similarly,values can be any Lisp object.When a hash table is �rst created, it has a size, which is the maximum........................................................................................................................................................................................................

number of entries it can hold. Usually the actual capacity of the table issomewhat less, since the hashing is not perfectly collision-free. With themaximum possible bad luck, the capacity could be very much less, but thisrarely happens. If so many entries are added that the capacity is exceeded,the hash table will automatically grow, and the entries will be rehashed (newhash values will be recomputed, and everything will be rearranged so that thefast hash lookup still works). This is transparent to the caller; it all happensautomatically.There is a discrepancy between the preceding description of the size of ahash table and the description of the :size argument in the speci�cationbelow of make-hash-table.X3J13 voted in June 1989 h99i to regard the latter description as de�ni-tive: the :size argument is approximately the number of entries that can beinserted without having to enlarge the hash table. This de�nition is certainlymore convenient for the user.Compatibility note: This hash table facility is compatible with Lisp Machine Lisp.It is similar to the hasharray facility of Interlisp, and some of the function namesare the same. However, it is not compatible with Interlisp. The exact details andthe order of arguments are designed to be consistent with the rest of MacLisp ratherthan with Interlisp. For instance, the order of arguments to maphash is di�erent,there is no \system hash table," and there is not the Interlisp restriction that keysand values may not be nil.16.1. Hash Table FunctionsThis section documents the functions for hash tables, which use objects askeys and associate other objects with them. [Function]make-hash-table &key :test :size :rehash-size:rehash-thresholdThis function creates and returns a new hash table. The :test argumentdetermines how keys are compared; it must be one of the three values #--'eq,



470 COMMON LISP#--'eql, or #--'equal, or one of the three symbols eq, eql, or equal. If no testis speci�ed, eql is assumed.X3J13 voted in January 1989 h100i to add a fourth type of hash table:the value of #--'equalp and the symbol equalp are to be additional validpossibilities for the :test argument.Note that one consequence of the vote to change the rules of oating-pointcontagion h37i (described in section 12.1) is to require UU, and therefore alsoequalp, to compare the values of numbers exactly and not approximately,making equalp a true equivalence relation on numbers.Another valuable use of equalp hash tables is case-insensitive comparisonof keys that are strings.The :size argument sets the initial size of the hash table, in entries. (Theactual size may be rounded up from the size you specify to the next \good"size, for example to make it a prime number.) You won't necessarily be ableto store precisely this many entries into the table before it overows andbecomes bigger, but this argument does serve as a hint to the implementationof approximately how many entries you intend to store.X3J13 voted in January 1989 h7i to clarify that the :size argument mustbe a non-negative integer.X3J13 voted in June 1989 h99i to regard the preceding description of the:size argument as de�nitive: it is approximately the number of entries thatcan be inserted without having to enlarge the hash table.The :rehash-size argument speci�es how much to increase the size of thehash table when it becomes full. This can be an integer greater than zero,which is the number of entries to add, or it can be a oating-point numbergreater than 1, which is the ratio of the new size to the old size. The defaultvalue for this argument is implementation-dependent.The :rehash-threshold argument speci�es how full the hash table can........................................................................................................................................................................................................

get before it must grow. This can be an integer greater than zero and lessthan the :rehash-size (in which case it will be scaled whenever the table isgrown), or it can be a oating-point number between zero and 1. The defaultvalue for this argument is implementation-dependent.X3J13 voted in June 1989 h99i to replace the preceding speci�cation of the:rehash-threshold argument with the following: The :rehash-thresholdargument speci�es how full the hash table can get before it must grow. It maybe any real number between 0 and 1, inclusive. It indicates the maximumdesired level of hash table occupancy. An implementation is permitted toignore this argument. The default value for this argument is implementation-dependent.An example of the use of make-hash-table:



HASH TABLES 471(make-hash-table :rehash-size 1.5:size (* number-of-widgets 43)) [Function]hash-table-p objecthash-table-p is true if its argument is a hash table, and otherwise is false.(hash-table-p x) � (typep x 'hash-table) [Function]gethash key hash-table &optional defaultgethash �nds the entry in hash-table whose key is key and returns the asso-ciated value. If there is no such entry, gethash returns default, which is nilif not speci�ed.gethash actually returns two values, the second being a predicate valuethat is true if an entry was found, and false if no entry was found.setf may be used with gethash to make new entries in a hash table. Ifan entry with the speci�ed key already exists, it is removed before the newentry is added. The default argument may be speci�ed to gethash in thiscontext; it is ignored by setf but may be useful in such macros as incf thatare related to setf:(incf (gethash a-key table 0))means approximately the same as(setf (gethash a-key table 0)(+ (gethash a-key table 0) 1))which in turn would be treated as simply(setf (gethash a-key table)(+ (gethash a-key table 0) 1)) [Function]remhash key hash-tableremhash removes any entry for key in hash-table. This is a predicate that istrue if there was an entry or false if there was not. [Function]maphash function hash-tableFor each entry in hash-table, maphash calls function on two arguments: thekey of the entry and the value of the entry; maphash then returns nil. If



472 COMMON LISPentries are added to or deleted from the hash table while a maphash is inprogress, the results are unpredictable, with one exception: if the functioncalls remhash to remove the entry currently being processed by the function,or performs a setf of gethash on that entry to change the associated value,then those operations will have the intended e�ect. For example:;;; Alter every entry in MY-HASH-TABLE, replacing the value with;;; its square root. Entries with negative values are removed.(maphash #--'(lambda (key val)(if (minusp val)(remhash key my-hash-table)(setf (gethash key my-hash-table) (sqrt val))))my-hash-table)X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Function]clrhash hash-tableThis removes all the entries from hash-table and returns the hash table itself.[Function]hash-table-count hash-tableThis returns the number of entries in the hash-table. When a hash table is�rst created or has been cleared, the number of entries is zero. [Macro]with-hash-table-iterator (mname hash-table) f formg�X3J13 voted in January 1989 h98i to add the macro with-hash-table-iterator.The name mname is bound and de�ned as if by macrolet, with the bodyforms as its lexical scope, to be a \generator macro" such that successiveinvocations (mname) will return entries, one by one, from the hash table thatis the value of the expression hash-table (which is evaluated exactly once).At each invocation of the generator macro, there are two possibilities. Ifthere is yet another unprocessed entry in the hash table, then three values arereturned: t, the key of the hash table entry, and the associated value of thehash table entry. On the other hand, if there are no more unprocessed entriesin the hash table, then one value is returned: nil.The implicit interior state of the iteration over the hash table entries hasdynamic extent. While the name mname has lexical scope, it is an error to



HASH TABLES 473invoke the generator macro once the with-hash-table-iterator form hasbeen exited.Invocations of with-hash-table-iterator and related macros may benested, and the generator macro of an outer invocation may be called fromwithin an inner invocation (assuming that its name is visible or otherwisemade available).X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9.Rationale: This facility is a bit more exible than maphash. It makes possible aportable and e�cient implementation of loop clauses for iterating over hash tables(see chapter 26).



474 COMMON LISP(setq turtles (make-hash-table :size 9 :test 'eq))(setf (gethash 'howard-kaylan turtles) '(musician lead-singer))(setf (gethash 'john-barbata turtles) '(musician drummer))(setf (gethash 'leonardo turtles) '(ninja leader blue))(setf (gethash 'donatello turtles) '(ninja machines purple))(setf (gethash 'al-nichol turtles) '(musician guitarist))(setf (gethash 'mark-volman turtles) '(musician great-hair))(setf (gethash 'raphael turtles) '(ninja cool rude red))(setf (gethash 'michaelangelo turtles) '(ninja party-dude orange))(setf (gethash 'jim-pons turtles) '(musician bassist))(with-hash-table-iterator (get-turtle turtles)(labels ((try (got-one &optional key value)(when got-one ;Remember, keys may show up in any order(when (eq (first value) 'ninja)(format t "~%~:(~A~): ~{~A~̂ , ~}"key (rest value)))(multiple-value-call #--'try (get-turtle)))))(multiple-value-call #--'try (get-turtle)))) ;Prints 4 linesMichaelangelo: PARTY-DUDE, ORANGELeonardo: LEADER, BLUERaphael: COOL, RUDE, REDDonatello: MACHINES, PURPLE) nil [Function]hash-table-rehash-size hash-table [Function]hash-table-rehash-threshold hash-table [Function]hash-table-size hash-table [Function]hash-table-test hash-tableX3J13 voted in March 1989 h97i to add four accessor functions that returnvalues suitable for use in a call to make-hash-table in order to produce anew hash table with state corresponding to the current state of the argumenthash table.hash-table-rehash-size returns the current rehash size of a hash table.hash-table-rehash-threshold returns the current rehash threshold.hash-table-size returns the current size of a hash table.hash-table-test returns the test used for comparing keys. If the test isone of the standard test functions, then the result will always be a symbol,



HASH TABLES 475even if the function itself was speci�ed when the hash-table was created. Forexample:(hash-table-test (make-hash-table :test #--'equal)) ) equalImplementations that extend make-hash-table by providing additional pos-sibilities for the :test argument may determine how the value returned byhash-table-test is related to such additional tests.16.2. Primitive Hash FunctionThe function sxhash is a convenient tool for the user who needs to createmore complicated hashed data structures than are provided by hash-tableobjects. [Function]sxhash objectsxhash computes a hash code for an object and returns the hash code as anon-negative �xnum. A property of sxhash is that (equal x y) implies (UU(sxhash x) (sxhash y)).The manner in which the hash code is computed is implementation-dependent but independent of the particular \incarnation" or \core image."Hash values produced by sxhash may be written out to �les, for example,and meaningfully read in again into an instance of the same implementation.



17ArraysAn array is an object with components arranged according to a rectilinearcoordinate system. In principle, an array in Common Lisp may have anynumber of dimensions, including zero. (A zero-dimensional array has exactlyone element.) In practice, an implementation may limit the number of di-mensions supported, but every Common Lisp implementation must supportarrays of up to seven dimensions. Each dimension is a non-negative integer;if any dimension of an array is zero, the array has no elements.An array may be a general array, meaning each element may be any Lispobject, or it may be a specialized array, meaning that each element must beof a given restricted type.One-dimensional arrays are called vectors. General vectors may contain any........................................................................................................................................................................................................

Lisp object. Vectors whose elements are restricted to type string-char arecalled strings. Vectors whose elements are restricted to type bit are calledbit-vectors.X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vectortypes, the types of whose elements are subtypes of the type character.17.1. Array CreationDo not be daunted by the many options of the function make-array. Allthat is required to construct an array is a list of the dimensions; most of theoptions are for relatively esoteric applications. [Function]make-array dimensions &key :element-type:initial-element :initial-contents :adjustable:fill-pointer :displaced-to :displaced-index-offsetThis is the primitive function for making arrays. The dimensions argument476



ARRAYS 477should be a list of non-negative integers that are to be the dimensions ofthe array; the length of the list will be the dimensionality of the array. Eachdimension must be smaller than array-dimension-limit, and the product ofall the dimensions must be smaller than array-total-size-limit. Note thatif dimensions is nil, then a zero-dimensional array is created. For conveniencewhen making a one-dimensional array, the single dimension may be providedas an integer rather than as a list of one integer.An implementation of Common Lisp may impose a limit on the rank of anarray, but this limit may not be smaller than 7. Therefore, any Common Lispprogram may assume the use of arrays of rank 7 or less. The implementation-dependent limit on array rank is reected in array-rank-limit.The keyword arguments for make-array are as follows::element-typeThis argument should be the name of the type of the elements of the array;an array is constructed of the most specialized type that can neverthelessaccommodate elements of the given type. The type t speci�es a generalarray, one whose elements may be any Lisp object; this is the default type.X3J13 voted in January 1989 h8i to change typep and subtypep so thatthe specialized array type speci�er means the same thing for discriminationpurposes as for declaration purposes: it encompasses those arrays that canresult by specifying element-type as the element type to the function make-array. Therefore we may say that if type is the :element-type argument,then the result will be an array of type (array type); put another way, forany type A,(typep (make-array ... :element-type 'A ...)'(array A)))is always true. See upgraded-array-element-type.:initial-elementThis argument may be used to initialize each element of the array. Thevalue must be of the type speci�ed by the :element-type argument. If the:initial-element option is omitted, the initial values of the array elementsare unde�ned (unless the :initial-contents or :displaced-to option isused). The :initial-element option may not be used with the :initial-contents or :displaced-to option.:initial-contents



478 COMMON LISPThis argument may be used to initialize the contents of the array. The valueis a nested structure of sequences. If the array is zero-dimensional, then thevalue speci�es the single element. Otherwise, the value must be a sequencewhose length is equal to the �rst dimension; each element must be a nestedstructure for an array whose dimensions are the remaining dimensions, andso on. For example:(make-array '(4 2 3):initial-contents'(((a b c) (1 2 3))((d e f) (3 1 2))((g h i) (2 3 1))((j k l) (0 0 0))))The numbers of levels in the structure must equal the rank of the array.Each leaf of the nested structure must be of the type speci�ed by the :typeoption. If the :initial-contents option is omitted, the initial values of thearray elements are unde�ned (unless the :initial-element or :displaced-to option is used). The :initial-contents option may not be used withthe :initial-element or :displaced-to option.:adjustableThis argument, if speci�ed and not nil, indicates that it must be possible toalter the array's size dynamically after it is created. This argument defaultsto nil.X3J13 voted in June 1989 h3i to clarify that if this argument is non-nilthen the predicate adjustable-array-p will necessarily be true when ap-plied to the resulting array; but if this argument is nil (or omitted) then theresulting array may or may not be adjustable, depending on the implemen-tation, and therefore adjustable-array-p may be correspondingly true orfalse of the resulting array. Common Lisp provides no portable way to createa non-adjustable array, that is, an array for which adjustable-array-p isguaranteed to be false.:fill-pointerThis argument speci�es that the array should have a �ll pointer. If this optionis speci�ed and not nil, the array must be one-dimensional. The value is usedto initialize the �ll pointer for the array. If the value t is speci�ed, the length ofthe array is used; otherwise the value must be an integer between 0 (inclusive)and the length of the array (inclusive). This argument defaults to nil.



ARRAYS 479:displaced-toThis argument, if speci�ed and not nil, speci�es that the array will be adisplaced array. The argument must then be an array; make-array will createan indirect or shared array that shares its contents with the speci�ed array.In this case the :displaced-index-offset option may be useful. It is anerror if the array given as the :displaced-to argument does not have thesame :element-type as the array being created. The :displaced-to optionmay not be used with the :initial-element or :initial-contents option.This argument defaults to nil.:displaced-index-offsetThis argument may be used only in conjunction with the displaced-to op-tion. It must be a non-negative integer (it defaults to zero); it is made to bethe index-o�set of the created shared array.When an array A is given as the :displaced-to argument to make-arraywhen creating array B, then array B is said to be displaced to array A. Nowthe total number of elements in an array, called the total size of the array, iscalculated as the product of all the dimensions (see array-total-size). It isrequired that the total size of A be no smaller than the sum of the total sizeof B plus the o�set n speci�ed by the :displaced-index-offset argument.The e�ect of displacing is that array B does not have any elements of its ownbut instead maps accesses to itself into accesses to array A. The mappingtreats both arrays as if they were one-dimensional by taking the elements inrow-major order, and then maps an access to element k of array B to an accessto element k+n of array A.If make-array is called with each of the :adjustable, :fill-pointer, and:displaced-to arguments either unspeci�ed or nil, then the resulting arrayis guaranteed to be a simple array (see section 2.5).X3J13 voted in June 1989 h3i to clarify that if one or more of the:adjustable, :fill-pointer, and :displaced-to arguments is true, thenwhether the resulting array is simple is unspeci�ed.Here are some examples of the use of make-array:;;; Create a one-dimensional array of five elements.(make-array 5);;; Create a two-dimensional array, 3 by 4, with four-bit elements.(make-array '(3 4) :element-type '(mod 16))



480 COMMON LISP;;; Create an array of single-floats.(make-array 5 :element-type 'single-float));;; Making a shared array.(setq a (make-array '(4 3)))(setq b (make-array 8 :displaced-to a:displaced-index-offset 2));;; Now it is the case that:(aref b 0) � (aref a 0 2)(aref b 1) � (aref a 1 0)(aref b 2) � (aref a 1 1)(aref b 3) � (aref a 1 2)(aref b 4) � (aref a 2 0)(aref b 5) � (aref a 2 1)(aref b 6) � (aref a 2 2)(aref b 7) � (aref a 3 0)The last example depends on the fact that arrays are, in e�ect, stored inrow-major order for purposes of sharing. Put another way, the indices for theelements of an array are ordered lexicographically.Compatibility note: Both Lisp Machine Lisp, as described in reference [55], andFortran [15, 3] store arrays in column-major order. [Constant ]array-rank-limitThe value of array-rank-limit is a positive integer that is the upper exclu-sive bound on the rank of an array. This bound depends on the implementa-tion but will not be smaller than 8; therefore every Common Lisp implementa-tion supports arrays whose rank is between 0 and 7 (inclusive). (Implementorsare encouraged to make this limit as large as practicable without sacri�cingperformance.) [Constant ]array-dimension-limitThe value of array-dimension-limit is a positive integer that is the upperexclusive bound on each individual dimension of an array. This bound dependson the implementation but will not be smaller than 1024. (Implementorsare encouraged to make this limit as large as practicable without sacri�cingperformance.)



ARRAYS 481X3J13 voted in January 1989 h76i to specify that the value of array-dimension-limit must be of type fixnum. This in turn implies that allvalid array indices will be �xnums. [Constant ]array-total-size-limitThe value of array-total-size-limit is a positive integer that is the upperexclusive bound on the total number of elements in an array. This bounddepends on the implementation but will not be smaller than 1024. (Imple-mentors are encouraged to make this limit as large as practicable withoutsacri�cing performance.)The actual limit on array size imposed by the implementation may varyaccording to the :element-type of the array; in this case the value of array-total-size-limit will be the smallest of these individual limits. [Function]vector &rest objectsThe function vector is a convenient means for creating a simple general vectorwith speci�ed initial contents. It is analogous to the function list.(vector a1 a2 ... an)� (make-array (list n) :element-type t:initial-contents (list a1 a2 ... an))17.2. Array AccessThe function aref is normally used for accessing an element of an array.Other access functions, such as svref, char, and bit, may be more e�cientin specialized circumstances. [Function]aref array &rest subscriptsThis accesses and returns the element of array speci�ed by the subscripts. Thenumber of subscripts must equal the rank of the array, and each subscript mustbe a non-negative integer less than the corresponding array dimension.aref is unusual among the functions that operate on arrays in that it com-pletely ignores �ll pointers. aref can access without error any array element,whether active or not. The generic sequence function elt, however, observesthe �ll pointer; accessing an element beyond the �ll pointer with elt is anerror.



482 COMMON LISPNote that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense and not necessarily in thetechnical sense used by CLOS (see chapter 2).setf may be used with aref to destructively replace an array element witha new value.Under some circumstances it is desirable to write code that will extract anelement from an array a given a list z of the indices, in such a way that thecode works regardless of the rank of the array. This is easy using apply:(apply #--'aref a z)(The length of the list must of course equal the rank of the array.) Thisconstruction may be used with setf to alter the element so selected to somenew value w:(setf (apply #--'aref a z) w) [Function]svref simple-vector indexThe �rst argument must be a simple general vector, that is, an object of typesimple-vector. The element of the simple-vector speci�ed by the integerindex is returned.The index must be non-negative and less than the length of the vector.setf may be used with svref to destructively replace a simple-vector ele-ment with a new value.svref is identical to aref except that it requires its �rst argument to bea simple vector. In some implementations of Common Lisp, svref may befaster than aref in situations where it is applicable. See also schar and sbit.17.3. Array InformationThe following functions extract from an array interesting information otherthan the elements. [Function]array-element-type arrayarray-element-type returns a type speci�er for the set of objects that canbe stored in the array. This set may be larger than the set requested whenthe array was created; for example, the result of(array-element-type (make-array 5 :element-type '(mod 5)))



ARRAYS 483could be (mod 5), (mod 8), fixnum, t, or any other type of which (mod 5)is a subtype. See subtypep. [Function]array-rank arrayThis returns the number of dimensions (axes) of array. This will be a non-negative integer. See array-rank-limit.Compatibility note: In Lisp Machine Lisp, this is called array-#---dims. Thisname causes problems in other Lisp dialects because of the #-- character. [Function]array-dimension array axis-numberThe length of dimension number axis-number of the array is returned. arraymay be any kind of array, and axis-number should be a non-negative integerless than the rank of array. If the array is a vector with a �ll pointer, array-dimension returns the total size of the vector, including inactive elements,not the size indicated by the �ll pointer. (The function length will returnthe size indicated by the �ll pointer.)Compatibility note: This is similar to the Lisp Machine Lisp function array-dimension-n, but takes its arguments in the other order, and is zero-origin forconsistency instead of one-origin. In Lisp Machine Lisp (array-dimension-n 0)returns the length of the array leader. [Function]array-dimensions arrayarray-dimensions returns a list whose elements are the dimensions of array.[Function]array-total-size arrayarray-total-size returns the total number of elements in the array, calcu-lated as the product of all the dimensions.(array-total-size x)� (apply #--'* (array-dimensions x))� (reduce #--'* (array-dimensions x))



484 COMMON LISPNote that the total size of a zero-dimensional array is 1. The total size of aone-dimensional array is calculated without regard for any �ll pointer.[Function]array-in-bounds-p array &rest subscriptsThis predicate checks whether the subscripts are all legal subscripts for array.The predicate is true if they are all legal; otherwise it is false. The subscriptsmust be integers. The number of subscripts supplied must equal the rank ofthe array. Like aref, array-in-bounds-p ignores �ll pointers. [Function]array-row-major-index array &rest subscriptsThis function takes an array and valid subscripts for the array and returns asingle non-negative integer less than the total size of the array that identi�esthe accessed element in the row-major ordering of the elements. The numberof subscripts supplied must equal the rank of the array. Each subscript mustbe a non-negative integer less than the corresponding array dimension. Likearef, array-row-major-index ignores �ll pointers.A possible de�nition of array-row-major-index, with no error checking,would be(defun array-row-major-index (a &rest subscripts)(apply #--'+ (maplist #--'(lambda (x y)(* (car x) (apply #--'* (cdr y))))subscripts(array-dimensions a))))For a one-dimensional array, the result of array-row-major-index alwaysequals the supplied subscript. [Function]row-major-aref array indexX3J13 voted in March 1988 h6i to add the function row-major-aref. Thisallows any array element to be accessed as if the containing array were one-dimensional. The index must be a non-negative integer less than the totalsize of the array. It indexes into the array as if its elements were arrangedone-dimensionally in row-major order. It may be understood in terms of arefas follows:



ARRAYS 485(row-major-aref array index) �(aref (make-array (array-total-size array)):displaced-to array:element-type (array-element-type array))index)In other words, one may treat an array as one-dimensional by creating a newone-dimensional array that is displaced to the old one and then accessing thenew array. Alternatively, aref may be understood in terms of row-major-aref:(aref array i0 i1 ... in�1) �(row-major-aref array(array-row-major-index array i0 i1 ... in�1)That is, a multidimensional array access is equivalent to a row-major accessusing an equivalent row-major index.Like aref, row-major-aref completely ignores �ll pointers. A call to row-major-setf is suitable for use as a place for setf.This operation makes it easier to write code that e�ciently processes arraysof any rank. Suppose, for example, that one wishes to set every element of anarray tennis-scores to zero. One might write(fill (make-array (array-total-size tennis-scores):element-type (array-element-type tennis-scores):displaced-to tennis-scores)0)Unfortunately, this incurs the overhead of creating a displaced array, and fillcannot be applied to multidimensional arrays. Another approach would be tohandle each possible rank separately:(ecase (array-rank tennis-scores)(0 (setf (aref tennis-scores) 0))(1 (dotimes (i0 (array-dimension tennis-scores 0))(setf (aref tennis-scores i0) 0)))(2 (dotimes (i0 (array-dimension tennis-scores 0))(dotimes (i1 (array-dimension tennis-scores 1))(setf (aref tennis-scores i0 i1) 0))))...(7 (dotimes (i0 (array-dimension tennis-scores 0))(dotimes (i1 (array-dimension tennis-scores 1))



486 COMMON LISP(dotimes (i2 (array-dimension tennis-scores 1))(dotimes (i3 (array-dimension tennis-scores 1))(dotimes (i4 (array-dimension tennis-scores 1))(dotimes (i5 (array-dimension tennis-scores 1))(dotimes (i6 (array-dimension tennis-scores 1))(setf (aref tennis-scores i0 i1 i2 i3 i4 i5 i6)0))))))))))It is easy to get tired of writing such code. Furthermore, this approach is un-desirable because some implementations of Common Lisp will in fact correctlysupport arrays of rank greater than 7 (though no implementation is requiredto do so). A recursively nested loop does the job, but it is still pretty hairy:(labels((grok-any-rank (&rest indices)(let ((d (- (array-rank tennis-scores) (length indices)))(if (UU d 0)(setf (apply #--'row-major-aref indices) 0)(dotimes (i (array-dimension tennis-scores (- d 1)))(apply #--'grok-any-rank i indices))))))(grok-any-rank))Whether this code is particularly e�cient depends on many implementationparameters, such as how &rest arguments are handled and how cleverly callsto apply are compiled. How much easier it is to use row-major-aref!(dotimes (i (array-total-size tennis-scores))(setf (row-major-aref tennis-scores i) 0))Surely this code is sweeter than the honeycomb. [Function]adjustable-array-p arrayThis predicate is true if the argument (which must be an array) is adjustable,and otherwise is false.X3J13 voted in June 1989 h3i to clarify that adjustable-array-p is trueof an array if and only if adjust-array, when applied to that array, willreturn the same array, that is, an array eq to the original array. If the:adjustable argument to make-array is non-nil when an array is created,then adjustable-array-p must be true of that array. If an array is cre-ated with the :adjustable argument nil (or omitted), then adjustable-



ARRAYS 487array-pmay be true or false of that array, depending on the implementation.X3J13 further voted to de�ne the terminology \adjustable array" to meanprecisely \an array of which adjustable-array-p is true." See make-arrayand adjust-array.17.4. Functions on Arrays of BitsThe functions described in this section operate only on arrays of bits, that is,specialized arrays whose elements are all 0 or 1. [Function]bit bit-array &rest subscripts [Function]sbit simple-bit-array &rest subscriptsbit is exactly like aref but requires an array of bits, that is, one of type(array bit). The result will always be 0 or 1. sbit is like bit but addition-ally requires that the �rst argument be a simple array (see section 2.5). Notethat bit and sbit, unlike char and schar, allow the �rst argument to be anarray of any rank.setf may be used with bit or sbit to destructively replace a bit-arrayelement with a new value.bit and sbit are identical to aref except for the more speci�c type re-quirements on the �rst argument. In some implementations of Common Lisp,bit may be faster than aref in situations where it is applicable, and sbitmay similarly be faster than bit. [Function]bit-and bit-array1 bit-array2 &optional result-bit-array [Function]bit-ior bit-array1 bit-array2 &optional result-bit-array [Function]bit-xor bit-array1 bit-array2 &optional result-bit-array [Function]bit-eqv bit-array1 bit-array2 &optional result-bit-array [Function]bit-nand bit-array1 bit-array2 &optional result-bit-array [Function]bit-nor bit-array1 bit-array2 &optional result-bit-array [Function]bit-andc1 bit-array1 bit-array2 &optional result-bit-array [Function]bit-andc2 bit-array1 bit-array2 &optional result-bit-array [Function]bit-orc1 bit-array1 bit-array2 &optional result-bit-array [Function]bit-orc2 bit-array1 bit-array2 &optional result-bit-arrayThese functions perform bit-wise logical operations on bit-arrays. All of thearguments to any of these functions must be bit-arrays of the same rank anddimensions. The result is a bit-array of matching rank and dimensions, such



488 COMMON LISPthat any given bit of the result is produced by operating on correspondingbits from each of the arguments.If the third argument is nil or omitted, a new array is created to containthe result. If the third argument is a bit-array, the result is destructivelyplaced into that array. If the third argument is t, then the �rst argument isalso used as the third argument; that is, the result is placed back in the �rstarray.The following table indicates what the result bit is for each operation as afunction of the two corresponding argument bits.argument1 0 0 1 1argument2 0 1 0 1 Operation namebit-and 0 0 0 1 andbit-ior 0 1 1 1 inclusive orbit-xor 0 1 1 0 exclusive orbit-eqv 1 0 0 1 equivalence (exclusive nor)bit-nand 1 1 1 0 not-andbit-nor 1 0 0 0 not-orbit-andc1 0 1 0 0 and complement of argument1 with argument2bit-andc2 0 0 1 0 and argument1 with complement of argument2bit-orc1 1 1 0 1 or complement of argument1 with argument2bit-orc2 1 0 1 1 or argument1 with complement of argument2For example:(bit-and #--*1100 #--*1010) ) #--*1000(bit-xor #--*1100 #--*1010) ) #--*0110(bit-andc1 #--*1100 #--*1010) ) #--*0100See logand and related functions. [Function]bit-not bit-array &optional result-bit-arrayThe �rst argument must be an array of bits. A bit-array of matching rankand dimensions is returned that contains a copy of the argument with all thebits inverted. See lognot.If the second argument is nil or omitted, a new array is created to containthe result. If the second argument is a bit-array, the result is destructivelyplaced into that array. If the second argument is t, then the �rst argumentis also used as the second argument; that is, the result is placed back in the�rst array.



ARRAYS 48917.5. Fill PointersSeveral functions for manipulating a �ll pointer are provided in Common Lispto make it easy to incrementally �ll in the contents of a vector and, moregenerally, to allow e�cient varying of the length of a vector. For example,a string with a �ll pointer has most of the characteristics of a PL/I varyingstring.The �ll pointer is a non-negative integer no larger than the total number ofelements in the vector (as returned by array-dimension); it is the number of\active" or \�lled-in" elements in the vector. The �ll pointer constitutes the\active length" of the vector; all vector elements whose index is less than the�ll pointer are active, and the others are inactive. Nearly all functions thatoperate on the contents of a vector will operate only on the active elements.An important exception is aref, which can be used to access any vectorelement whether in the active region of the vector or not. It is important tonote that vector elements not in the active region are still considered part ofthe vector.Implementation note: An implication of this rule is that vector elements outsidethe active region may not be garbage-collected.Only vectors (one-dimensional arrays) may have �ll pointers; multidimen-sional arrays may not. (Note, however, that one can create a multidimensionalarray that is displaced to a vector that has a �ll pointer.) [Function]array-has-fill-pointer-p arrayThe argument must be an array. array-has-fill-pointer-p returns t ifthe array has a �ll pointer, and otherwise returns nil. Note that array-has-fill-pointer-p always returns nil if the array is not one-dimensional.[Function]fill-pointer vectorThe �ll pointer of vector is returned. It is an error if the vector does not havea �ll pointer.setf may be used with fill-pointer to change the �ll pointer of a vector.The �ll pointer of a vector must always be an integer between zero and thesize of the vector (inclusive).



490 COMMON LISP [Function]vector-push new-element vectorvectormust be a one-dimensional array that has a �ll pointer, and new-elementmay be any object. vector-push attempts to store new-element in the el-ement of the vector designated by the �ll pointer, and to increase the �llpointer by 1. If the �ll pointer does not designate an element of the vector(speci�cally, when it gets too big), it is una�ected and vector-push returnsnil. Otherwise, the store and increment take place and vector-push returnsthe former value of the �ll pointer (1 less than the one it leaves in the vector);thus the value of vector-push is the index of the new element pushed.It is instructive to compare vector-push, which is a function, with push,which is a macro that requires a place suitable for setf. A vector with a �llpointer e�ectively contains the place to be modi�ed in its fill-pointer slot.[Function]vector-push-extend new-element vector &optionalextensionvector-push-extend is just like vector-push except that if the �ll pointergets too large, the vector is extended (using adjust-array) so that it cancontain more elements. If, however, the vector is not adjustable, then vector-push-extend signals an error.X3J13 voted in June 1989 h3i to clarify that vector-push-extend regardsan array as not adjustable if and only if adjustable-array-p is false of thatarray.The optional argument extension, which must be a positive integer, is theminimumnumber of elements to be added to the vector if it must be extended;it defaults to a \reasonable" implementation-dependent value. [Function]vector-pop vectorvectormust be a one-dimensional array that has a �ll pointer. If the �ll pointeris zero, vector-pop signals an error. Otherwise the �ll pointer is decreasedby 1, and the vector element designated by the new value of the �ll pointer isreturned.17.6. Changing the Dimensions of an ArrayThis function may be used to resize or reshape an array. Its options are similarto those of make-array.



ARRAYS 491[Function]adjust-array array new-dimensions &key :element-type:initial-element :initial-contents :fill-pointer:displaced-to :displaced-index-offsetadjust-array takes an array and a number of other arguments as for make-array. The number of dimensions speci�ed by new-dimensions must equalthe rank of array.adjust-array returns an array of the same type and rank as array, withthe speci�ed new-dimensions. In e�ect, the array argument itself is modi�edto conform to the new speci�cations, but this may be achieved either bymodifying the array or by creating a new array and modifying the arrayargument to be displaced to the new array.In the simplest case, one speci�es only the new-dimensions and possiblyan :initial-element argument. Those elements of array that are still inbounds appear in the new array. The elements of the new array that arenot in the bounds of array are initialized to the :initial-element; if thisargument is not provided, then the initial contents of any new elements areunde�ned.If :element-type is speci�ed, then array must be such that it could havebeen originally created with that type; otherwise an error is signaled. Spec-ifying :element-type to adjust-array serves only to require such an errorcheck.If :initial-contents or :displaced-to is speci�ed, then it is treated asfor make-array. In this case none of the original contents of array appears inthe new array.If :fill-pointer is speci�ed, the �ll pointer of the array is reset as speci-�ed. An error is signaled if array had no �ll pointer already.X3J13 voted in June 1988 h2i to clarify the treatment of the :fill-pointerargument as follows.If the :fill-pointer argument is not supplied, then the �ll pointer of thearray is left alone. It is an error to try to adjust the array to a total size thatis smaller than its �ll pointer.If the :fill-pointer argument is supplied, then its value must be eitheran integer, t, or nil. If it is an integer, then it is the new value for the �llpointer; it must be non-negative and no greater than the new size to whichthe array is being adjusted. If it is t, then the �ll pointer is set equal to thenew size for the array. If it is nil, then the �ll pointer is left alone; it is asif the argument had not been supplied. Again, it is an error to try to adjustthe array to a total size that is smaller than its �ll pointer.An error is signaled if a non-nil :fill-pointer value is supplied and the



492 COMMON LISParray to be adjusted does not already have a �ll pointer.This extended treatment of the :fill-pointer argument to adjust-arrayis consistent with the previously existing treatment of the :fill-pointerargument to make-array.adjust-array may, depending on the implementation and the arguments,simply alter the given array or create and return a new one. In the latter casethe given array will be altered so as to be displaced to the new array and havethe given new dimensions.It is not permitted to call adjust-array on an array that was not created........................................................................................................................................................................................................

with the :adjustable option. The predicate adjustable-array-p may beused to determine whether or not an array is adjustable.X3J13 voted in January 1989 h3i to allow adjust-array to be applied toany array. If adjust-array is applied to an array that was originally createdwith :adjustable true, the array returned is eq to its �rst argument. It isnot speci�ed whether adjust-array returns an array eq to its �rst argumentfor any other arrays. If the array returned by adjust-array is not eq to its�rst argument, the original array is unchanged and does not share storagewith the new array.Under this new de�nition, it is wise to treat adjust-array in the samemanner as delete and nconc: one should carefully retain the returned value,for example by writing(setq my-array (adjust-array my-array ...))rather than relying solely on a side e�ect.If adjust-array is applied to an array that is displaced to another array x,then afterwards neither array nor the returned result is displaced to x unlesssuch displacement is explicitly re-speci�ed in the call to adjust-array.For example, suppose that the 4-by-4 array m looks like this:#--2A( ( alpha beta gamma delta )( epsilon zeta eta theta )( iota kappa lambda mu )( nu xi omicron pi ) )Then the result of(adjust-array m '(3 5) :initial-element 'baz)is a 3-by-5 array with contents#--2A( ( alpha beta gamma delta baz )



ARRAYS 493( epsilon zeta eta theta baz )( iota kappa lambda mu baz ) )Note that if array a is created displaced to array b and subsequently array bis given to adjust-array, array a will still be displaced to array b; the e�ectsof this displacement and the rule of row-major storage order must be takeninto account.X3J13 voted in June 1988 h1i to clarify the interaction of adjust-arraywith array displacement.Suppose that an array A is to be adjusted. There are four cases accordingto whether or not A was displaced before adjustment and whether or not theresult is displaced after adjustment.. Suppose A is not displaced either before or after. The dimensions of Aare altered, and the contents are rearranged as appropriate. Additionalelements of A are taken from the :initial-element argument. However,the use of the :initial-contents argument causes all old contents to bediscarded.. Suppose A is not displaced before, but is displaced to array C after. Noneof the original contents of A appears in A afterwards; A now contains (someof) the contents of C, without any rearrangement of C.. Suppose A is displaced to array B before the call, and is displaced to arrayC after the call. (Note that B and C may be the same array.) The contentsof B do not appear in A afterwards (unless such contents also happen to bein C, as when B and C are the same, for example). If :displaced-index-offset is not speci�ed in the call to adjust-array, it defaults to zero; theold o�set (into B) is not retained.. Suppose A is displaced to array B before the call, but is not displacedafterwards. In this case A gets a new \data region" and (some of) thecontents of B are copied into it as appropriate to maintain the existing oldcontents. Additional elements of A are taken from the :initial-elementargument. However, the use of the :initial-contents argument causesall old contents to be discarded.If array X is displaced to array Y, and array Y is displaced to array Z, andarray Y is altered by adjust-array, array X must now refer to the adjustedcontents of Y. This means that an implementation may not collapse the chainto make X refer to Z directly and forget that the chain of reference passesthrough array Y. (Caching techniques are of course permitted, as long as theypreserve the semantics speci�ed here.)



494 COMMON LISPIf X is displaced to Y, it is an error to adjust Y in such a way that it nolonger has enough elements to satisfy X. This error may be signaled at thetime of the adjustment, but this is not required.Note that omitting the :displaced-toargument to adjust-array is equiv-alent to specifying :displaced-to nil; in either case, the array is not dis-placed after the call regardless of whether it was displaced before the call.



18StringsA string is a specialized vector (one-dimensional array) whose elements arecharacters.Speci�cally, the type string is identical to the type (vector string-........................................................................................................................................................................................................

char), which in turn is the same as (array string-char (*)).X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vectortypes, the types of whose elements are subtypes of the type character.Any string-speci�c function de�ned in this chapter whose name begins withthe pre�x string will accept a symbol instead of a string as an argument pro-vided that the operation never modi�es that argument; the print name of thesymbol is used. In this respect the string-speci�c sequence operations arenot simply specializations of generic versions; the generic sequence operationsdescribed in chapter 14 never accept symbols as sequences. This slight inel-egance is permitted in Common Lisp in the name of pragmatic utility. Onemay get the e�ect of having a generic sequence function operate on eithersymbols or strings by applying the coercion function string to any argumentwhose data type is in doubt.Note that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense and not necessarily in thetechnical sense used by CLOS (see chapter 2).Also, there is a slight non-parallelism in the names of string functions.Where the su�xes equalp and eql would be more appropriate, for histori-cal compatibility the su�xes equal and UU are used instead to indicate case-insensitive and case-sensitive character comparison, respectively.Any Lisp object may be tested for being a string by the predicate stringp.Note that strings, like all vectors, may have �ll pointers (though such stringsare not necessarily simple). String operations generally operate only on theactive portion of the string (below the �ll pointer). See fill-pointer and495



496 COMMON LISPrelated functions.18.1. String AccessThe following functions access a single character element of a string.[Function]char string index [Function]schar simple-string indexThe given index must be a non-negative integer less than the length of string,which must be a string. The character at position index of the string isreturned as a character object.(This character will necessarily satisfy the predicate string-char-p.)........................................................................................................................................................................................................

X3J13 voted in March 1989 h11i to eliminate string-char-p.As with all sequences in CommonLisp, indexing is zero-origin. For example:(char "Floob-Boober-Bab-Boober-Bubs" 0) ) #--\F(char "Floob-Boober-Bab-Boober-Bubs" 1) ) #--\lSee aref and elt. In e�ect,(char s j) � (aref (the string s) j)setf may be used with char to destructively replace a character within astring.For char, the string may be any string; for schar, it must be a simplestring. In some implementations of Common Lisp, the function schar maybe faster than char when it is applicable.18.2. String ComparisonThe naming conventions for these functions and for their keyword argumentsgenerally follow the conventions for the generic sequence functions (see chapter14).Note that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense and not necessarily in thetechnical sense used by CLOS (see chapter 2). [Function]stringUU string1 string2 &key :start1 :end1 :start2 :end2stringUU compares two strings and is true if they are the same (correspondingcharacters are identical) but is false if they are not. The function equal callsstringUU if applied to two strings.



STRINGS 497The keyword arguments :start1 and :start2 are the places in the stringsto start the comparison. The arguments :end1 and :end2 are the placesin the strings to stop comparing; comparison stops just before the positionspeci�ed by a limit. The \start" arguments default to zero (beginning ofstring), and the \end" arguments (if either omitted or nil) default to thelengths of the strings (end of string), so that by default the entirety of eachstring is examined. These arguments are provided so that substrings can becompared e�ciently.stringUU is necessarily false if the (sub)strings being compared are of un-equal length; that is, if(not (UU (- end1 start1) (- end2 start2)))is true, then stringUU is false.(stringUU "foo" "foo") is true(stringUU "foo" "Foo") is false(stringUU "foo" "bar") is false(stringUU "together" "frog" :start1 1 :end1 3 :start2 2)is trueX3J13 voted in June 1989 h169i to clarify string coercion (see string).Compatibility note: stringUU is called strequal in Interlisp. [Function]string-equal string1 string2 &key :start1 :end1:start2 :end2string-equal is just like stringUU except that di�erences in case are ignored;two characters are considered to be the same if char-equal is true of them.For example:(string-equal "foo" "Foo") is trueX3J13 voted in June 1989 h169i to clarify string coercion (see string).



498 COMMON LISP [Function]string< string1 string2 &key :start1 :end1 :start2 :end2 [Function]string> string1 string2 &key :start1 :end1 :start2 :end2 [Function]string<UU string1 string2 &key :start1 :end1:start2 :end2 [Function]string>UU string1 string2 &key :start1 :end1:start2 :end2 [Function]string/UU string1 string2 &key :start1 :end1:start2 :end2These functions compare the two string arguments lexicographically, and theresult is nil unless string1 is respectively less than, greater than, less than orequal to, greater than or equal to, or not equal to string2. If the condition issatis�ed, however, then the result is the index within the strings of the �rstcharacter position at which the strings fail to match; put another way, theresult is the length of the longest common pre�x of the strings.A string a is less than a string b if in the �rst position in which they di�erthe character of a is less than the corresponding character of b according tothe function char<, or if string a is a proper pre�x of string b (of shorterlength and matching in all the characters of a).The keyword arguments :start1 and :start2 are the places in the stringsto start the comparison. The keyword arguments :end1 and :end2 are theplaces in the strings to stop comparing; comparison stops just before theposition speci�ed by a limit. The \start" arguments default to zero (beginningof string), and the \end" arguments (if either omitted or nil) default to thelengths of the strings (end of string), so that by default the entirety of eachstring is examined. These arguments are provided so that substrings can becompared e�ciently. The index returned in case of a mismatch is an indexinto string1.X3J13 voted in June 1989 h169i to clarify string coercion (see string).



STRINGS 499[Function]string-lessp string1 string2 &key :start1 :end1:start2 :end2 [Function]string-greaterp string1 string2 &key :start1 :end1:start2 :end2 [Function]string-not-greaterp string1 string2 &key :start1 :end1:start2 :end2 [Function]string-not-lessp string1 string2 &key :start1 :end1:start2 :end2 [Function]string-not-equal string1 string2 &key :start1 :end1:start2 :end2These are exactly like string<, string>, string<UU, string>UU, and string/UU,respectively, except that distinctions between uppercase and lowercase lettersare ignored. It is as if char-lessp were used instead of char< for comparingcharacters.X3J13 voted in June 1989 h169i to clarify string coercion (see string).18.3. String Construction and ManipulationMost of the interesting operations on strings may be performed with thegeneric sequence functions described in chapter 14. The following functionsperform additional operations that are speci�c to strings.Note that this remark, predating the design of the Common Lisp ObjectSystem, uses the term \generic" in a generic sense and not necessarily in thetechnical sense used by CLOS (see chapter 2). [Function]make-string size &key :initial-element........................................................................................................................................................................................................

This returns a string (in fact a simple string) of length size, each of whosecharacters has been initialized to the :initial-element argument. If an:initial-elementargument is not speci�ed, then the string will be initializedin an implementation-dependent way.Implementation note: It may be convenient to initialize the string to null char-acters, or to spaces, or to garbage (\whatever was there").A string is really just a one-dimensional array of \string characters" (thatis, those characters that are members of type string-char). More complexcharacter arrays may be constructed using the function make-array.



500 COMMON LISPX3J13 voted in March 1989 h11i to eliminate the type string-char and toadd a keyword argument :element-type to make-string. The new functiondescription is as follows. [Function]make-string size &key :initial-element :element-typeThis returns a simple string of length size, each of whose characters hasbeen initialized to the :initial-element argument. If an :initial-element argument is not speci�ed, then the string will be initialized in animplementation-dependent way.The :element-type argument names the type of the elements of the string;a string is constructed of the most specialized type that can accommodateelements of the given type. If :element-type is omitted, the type characteris the default.X3J13 voted in January 1989 h7i to clarify that the size argument must bea non-negative integer less than the value of array-dimension-limit.[Function]string-trim character-bag string [Function]string-left-trim character-bag string [Function]string-right-trim character-bag stringstring-trim returns a substring of string, with all characters in character-bag stripped o� the beginning and end. The function string-left-trim issimilar but strips characters o� only the beginning; string-right-trim stripso� only the end. The argument character-bag may be any sequence containingcharacters. For example:(string-trim '(#--\Space #--\Tab #--\Newline) " garbanzo beans") ) "garbanzo beans"(string-trim " (*)" " ( *three (silly) words* ) ")) "three (silly) words"(string-left-trim " (*)" " ( *three (silly) words* ) ")) "three (silly) words* ) "(string-right-trim " (*)" " ( *three (silly) words* ) ")) " ( *three (silly) words"If no characters need to be trimmed from the string, then either the argu-ment string itself or a copy of it may be returned, at the discretion of theimplementation.X3J13 voted in June 1989 h169i to clarify string coercion (see string).



STRINGS 501[Function]string-upcase string &key :start :end [Function]string-downcase string &key :start :end [Function]string-capitalize string &key :start :endstring-upcase returns a string just like string with all lowercase charactersreplaced by the corresponding uppercase characters. More precisely, eachcharacter of the result string is produced by applying the function char-upcase to the corresponding character of string.string-downcase is similar, except that uppercase characters are convertedto lowercase characters (using char-downcase).The keyword arguments :start and :end delimit the portion of the stringto be a�ected. The result is always of the same length as string, however.The argument is not destroyed. However, if no characters in the argumentrequire conversion, the result may be either the argument or a copy of it, atthe implementation's discretion. For example:(string-upcase "Dr. Livingstone, I presume?")) "DR. LIVINGSTONE, I PRESUME?"(string-downcase "Dr. Livingstone, I presume?")) "dr. livingstone, i presume?"(string-upcase "Dr. Livingstone, I presume?" :start 6 :end 10)) "Dr. LiVINGstone, I presume?"string-capitalize produces a copy of string such that, for every wordin the copy, the �rst character of the word, if case-modi�able, is uppercaseand any other case-modi�able characters in the word are lowercase. For thepurposes of string-capitalize, a word is de�ned to be a consecutive sub-sequence consisting of alphanumeric characters or digits, delimited at eachend either by a non-alphanumeric character or by an end of the string. Forexample:(string-capitalize " hello ") ) " Hello "(string-capitalize"occlUDeD cASEmenTs FOreSTAll iNADVertent DEFenestraTION")) "Occluded Casements Forestall Inadvertent Defenestration"(string-capitalize 'kludgy-hash-search) ) "Kludgy-Hash-Search"(string-capitalize "DON'T!") ) "Don'T!" ;not "Don't!"(string-capitalize "pipe 13a, foo16c") ) "Pipe 13a, Foo16c"X3J13 voted in June 1989 h169i to clarify string coercion (see string).Compatibility note: Some very approximate Interlisp equivalents to string-



502 COMMON LISPupcase, string-downcase, and string-capitalize are u-case, l-casewith secondargument nil, and l-case with second argument t. [Function]nstring-upcase string &key :start :end [Function]nstring-downcase string &key :start :end [Function]nstring-capitalize string &key :start :endThese three functions are just like string-upcase, string-downcase, andstring-capitalize but destructively modify the argument string by alteringcase-modi�able characters as necessary.The keyword arguments :start and :end delimit the portion of the stringto be a�ected. The argument string is returned as the result. [Function]string xMost of the string functions e�ectively apply string to such of their argu-ments as are supposed to be strings. If x is a string, it is returned. If x is asymbol, its print name is returned.If x is a string character (a character of type string-char), then a string........................................................................................................................................................................................................

containing that one character is returned.X3J13 voted in March 1989 h11i to eliminate the type string-char andto rede�ne the type string to be the union of one or more specialized vec-tor types, the types of whose elements are subtypes of the type character.Presumably converting a character to a string always works according to thisvote.In any other situation, an error is signaled.To convert a sequence of characters to a string, use coerce. (Note that(coerce x 'string) will not succeed if x is a symbol. Conversely, stringwill not convert a list or other sequence to be a string.)To get the string representation of a number or any other Lisp object, useprin1-to-string, princ-to-string, or format.X3J13 voted in June 1989 h169i to specify that the following functionsperform coercion on their string arguments identical to that performed by thefunction string.stringUU string-equal string-trimstring< string-lessp string-left-trimstring> string-greaterp string-right-trimstring<UU string-not-greaterp string-upcasestring>UU string-not-lessp string-downcasestring/UU string-not-equal string-capitalize



STRINGS 503Note that nstring-upcase, nstring-downcase, and nstring-capitalizeare absent from this list; because they modify destructively, the argumentmust be a string.As part of the same vote X3J13 speci�ed that string may perform addi-tional implementation-dependent coercions but the returned value must beof type string. Only when no coercion is de�ned, whether standard orimplementation-dependent, is string required to signal an error, in whichcase the error condition must be of type type-error.



19StructuresCommon Lisp provides a facility for creating named record structures withnamed components. In e�ect, the user can de�ne a new data type; every datastructure of that type has components with speci�ed names. Constructor,access, and assignment constructs are automatically de�ned when the datatype is de�ned.This chapter is divided into two parts. The �rst part discusses the basicsof the structure facility, which is very simple and allows the user to takeadvantage of the type-checking, modularity, and convenience of user-de�nedrecord data types. The second part, beginning with section 19.5, discusses anumber of specialized features of the facility that have advanced applications.These features are completely optional, and you needn't even know they existin order to take advantage of the basics.19.1. Introduction to StructuresThe structure facility is embodied in the defstruct macro, which allows theuser to create and use aggregate data types with named elements. These arelike \structures" in PL/I, or \records" in Pascal.As an example, assume you are writing a Lisp program that deals with spaceships in a two-dimensional plane. In your program, you need to represent aspace ship by a Lisp object of some kind. The interesting things about aspace ship, as far as your program is concerned, are its position (representedas x and y coordinates), velocity (represented as components along the x andy axes), and mass.A ship might therefore be represented as a record structure with �ve compo-nents: x-position, y-position, x-velocity, y-velocity, and mass. This structurecould in turn be implemented as a Lisp object in a number of ways. It could bea list of �ve elements; the x-position could be the car, the y-position the cadr,504



STRUCTURES 505and so on. Equally well it could be a vector of �ve elements: the x-positioncould be element 0, the y-position element 1, and so on. The problem witheither of these representations is that the components occupy places in theobject that are quite arbitrary and hard to remember. Someone looking at(cadddr ship1) or (aref ship1 3) in a piece of code might �nd it di�cultto determine that this is accessing the y-velocity component of ship1. More-over, if the representation of a ship should have to be changed, it would bevery di�cult to �nd all the places in the code to be changed to match (notall occurrences of cadddr are intended to extract the y-velocity from a ship).Ideally components of record structures should have names. One wouldlike to write something like (ship-y-velocity ship1) instead of (cadddrship1). One would also like a more mnemonic way to create a ship than this:(list 0 0 0 0 0)Indeed, one would like ship to be a new data type, just like other Lisp datatypes, that one could test with typep, for example. The defstruct facilityprovides all of this.defstruct itself is a macro that de�nes a structure. For the space shipexample, one might de�ne the structure by saying:(defstruct shipx-positiony-positionx-velocityy-velocitymass)This declares that every ship is an object with �ve named components. Theevaluation of this form does several things:. It de�nes ship-x-position to be a function of one argument, a ship, thatreturns the x-position of the ship; ship-y-position and the other compo-nents are given similar function de�nitions. These functions are called theaccess functions, as they are used to access elements of the structure.. The symbol ship becomes the name of a data type of which instances ofships are elements. This name becomes acceptable to typep, for example;(typep x 'ship) is true if x is a ship and false if x is any object other thana ship.. A function named ship-p of one argument is de�ned; it is a predicate thatis true if its argument is a ship and is false otherwise.



506 COMMON LISP. A function called make-ship is de�ned that, when invoked, will create adata structure with �ve components, suitable for use with the access func-tions. Thus executing(setq ship2 (make-ship))sets ship2 to a newly created ship object. One can specify the initialvalues of any desired component in the call to make-ship by using keywordarguments in this way:(setq ship2 (make-ship :mass *default-ship-mass*:x-position 0:y-position 0))This constructs a new ship and initializes three of its components. Thisfunction is called the constructor function because it constructs a new struc-ture.. The #--S syntax can be used to read instances of ship structures, and aprinter function is provided for printing out ship structures. For example,the value of the variable ship2 shown above might be printed as#--S(ship x-position 0 y-position 0 x-velocity nily-velocity nil mass 170000.0). A function called copy-ship of one argument is de�ned that, when given aship object, will create a new ship object that is a copy of the given one.This function is called the copier function.. One may use setf to alter the components of a ship:(setf (ship-x-position ship2) 100)This alters the x-position of ship2 to be 100. This works because defstructbehaves as if it generates an appropriate defsetf form for each accessfunction.This simple example illustrates the power of defstruct to provide abstractrecord structures in a convenient manner. defstruct has many other featuresas well for specialized purposes.19.2. How to Use DefstructAll structures are de�ned through the defstruct construct. A call todefstruct de�nes a new data type whose instances have named slots.



STRUCTURES 507[Macro]defstruct name-and-options [doc-string] fslot-descriptiong+X3J13 voted in June 1988 h58i to allow a defstruct de�nition to have noslot-description at all; in other words, the occurrence of fslot-descriptiong+in the preceding header line would be replaced by fslot-descriptiong� .Such structure de�nitions are particularly useful if the :include optionis used, perhaps with other options; for example, one can have two struc-tures that are exactly alike except that they print di�erently (having di�erent:print-function options).Implementors are encouraged to permit this simple extension as soon asconvenient. Users, however, may wish to maximize portability of their codeby avoiding the use of this extension unless and until it is adopted as part ofthe ANSI standard.This de�nes a record-structure data type. A general call to defstructlooks like the following example.(defstruct (name option-1 option-2 ... option-m)doc-stringslot-description-1slot-description-2...slot-description-n)The name must be a symbol; it becomes the name of a new data type consist-ing of all instances of the structure. The function typep will accept and usethis name as appropriate. The name is returned as the value of the defstructform.Usually no options are needed at all. If no options are speci�ed, then onemay write simply name instead of (name) after the word defstruct. Thesyntax of options and the options provided are discussed in section 19.5.If the optional documentation string doc-string is present, then it is at-tached to the name as a documentation string of type structure; seedocumentation.Each slot-description-j is of the form(slot-name default-initslot-option-name-1 slot-option-value-1slot-option-name-2 slot-option-value-2...slot-option-name-kj slot-option-value-kj)



508 COMMON LISPEach slot-name must be a symbol; an access function is de�ned for each slot.If no options and no default-init are speci�ed, then one may write simplyslot-name instead of (slot-name) as the slot description.The default-init is a form that is evaluated each time a structure is to be........................................................................................................................................................................................................

constructed; the value is used as the initial value of the slot.X3J13 voted in October 1988 h54i to clarify that a default-init form is eval-uated only if the corresponding argument is not supplied to the constructorfunction. The preceding sentence should therefore read as follows:The default-init is a form that is evaluated each time its value is to be usedas the initial value of the slot.If no default-init is speci�ed, then the initial contents of the slot are unde-�ned and implementation-dependent. The available slot-options are describedin section 19.4.Compatibility note: Slot-options are not currently provided in Lisp Machine Lisp,but this is an upward-compatible extension.X3J13 voted in January 1989 h57i to specify that it is an error for twoslots to have the same name; more precisely, no two slots may have names forwhose print names stringUU would be true. Under this interpretation(defstruct lotsa-slots slot slot)obviously is incorrect but the following one is also in error, even assuming thatthe symbols coin:slot and blot:slot really are distinct (non-eql) symbols:(defstruct no-dice coin:slot blot:slot)To illustrate another case, the �rst defstruct form below is correct, but thesecond one is in error.(defstruct one-slot slot)(defstruct (two-slots (:include one-slot)) slot)Rationale: Print names are the criterion for slot-names being the same, rather thanthe symbols themselves, because defstruct constructs names of accessor functionsfrom the print names and interns the resulting new names in the current package.X3J13 recommended that expanding a defstruct form violating this re-striction should signal an error and noted, with an eye to the Common LispObject System h12i, that the restriction applies only to the operation of the



STRUCTURES 509defstruct macro as such and not to the structure-class or structures de-�ned with defclass.

X3J13 voted in March 1989 h50i to clarify that, while de�ning forms nor-mally appear at top level, it is meaningful to place them in non-top-levelcontexts; defstruct must treat slot default-init forms and any initialization



510 COMMON LISPforms within the speci�cation of a by-position constructor function as occur-ring within the enclosing lexical environment, not within the global environ-ment.defstruct not only de�nes an access function for each slot, but also ar-ranges for setf to work properly on such access functions, de�nes a predicatenamed name-p, de�nes a constructor function named make-name, and de�nesa copier function named copy-name. All names of automatically created func-tions are interned in whatever package is current at the time the defstructform is processed (see *package*). Also, all such functions may be declaredinline at the discretion of the implementation to improve e�ciency; if youdo not want some function declared inline, follow the defstruct form witha notinline declaration to override any automatic inline declaration.X3J13 voted in January 1989 h56i to specify that the results of rede�ning adefstruct structure (that is, evaluating more than one defstruct structurefor the same name) are unde�ned.The problem is that if instances have been created under the old de�nitionand then remain accessible after the new de�nition has been evaluated, theaccessors and other functions for the new de�nition may be incompatible withthe old instances. Conversely, functions associated with the old de�nition mayhave been declared inline and compiled into code that remains accessibleafter the new de�nition has been evaluated; such code may be incompatiblewith the new instances.In practice this restriction a�ects the development and debugging processrather than production runs of fully developed code. The defstruct feature isintended to provide \the most e�cient" structure class. CLOS classes de�nedby defclass allow much more exible structures to be de�ned and rede�ned.Programming environments are allowed and encouraged to permitdefstruct rede�nition, perhaps with warning messages about possible inter-actions with other parts of the programming environment or memory state.It is beyond the scope of the Common Lisp language standard to de�ne thoseinteractions except to note that they are not portable.19.3. Using the Automatically De�ned Constructor Func-tionAfter you have de�ned a new structure with defstruct, you can createinstances of this structure by using the constructor function. By default,defstruct de�nes this function automatically. For a structure named foo,the constructor function is normally named make-foo; you can specify a dif-ferent name by giving it as the argument to the :constructor option, or



STRUCTURES 511specify that you don't want a normal constructor function at all by using nilas the argument (in which case one or more \by-position" constructors shouldbe requested; see section 19.6).A call to a constructor function, in general, has the form(name-of-constructor-functionslot-keyword-1 form-1slot-keyword-2 form-2...)All arguments are keyword arguments. Each slot-keyword should be a key-word whose name matches the name of a slot of the structure (defstructdetermines the possible keywords simply by interning each slot-name in thekeyword package). All the keywords and forms are evaluated. In short, itis just as if the constructor function took all its arguments as &key parame-ters. For example, the ship structure shown in section 19.1 has a constructorfunction that takes arguments roughly as if its de�nition were(defun make-ship (&key x-position y-positionx-velocity y-velocity mass)...)If slot-keyword-j names a slot, then that element of the created structurewill be initialized to the value of form-j. If no pair slot-keyword-j and form-jis present for a given slot, then the slot will be initialized by evaluating thedefault-init form speci�ed for that slot in the call to defstruct. (In otherwords, the initialization speci�ed in the defstruct defers to any speci�ed ina call to the constructor function.) If the default initialization form is used,it is evaluated at construction time, but in the lexical environment of thedefstruct form in which it appeared. If the defstruct itself also did notspecify any initialization, the element's initial value is unde�ned. You shouldalways specify the initialization, either in the defstruct or in the call to theconstructor function, if you care about the initial value of the slot.Each initialization form speci�ed for a defstruct component, when usedby the constructor function for an otherwise unspeci�ed component, is re-evaluated on every call to the constructor function. It is as if the initializationforms were used as init forms for the keyword parameters of the constructorfunction. For example, if the form (gensym) were used as an initializationform, either in the constructor-function call or as the default initializationform in the defstruct form, then every call to the constructor function wouldcall gensym once to generate a new symbol.



512 COMMON LISPX3J13 voted in October 1988 h54i to clarify that the default value in adefstruct slot is not evaluated unless it is needed in the creation of a particularstructure instance. If it is never needed, there can be no type-mismatch error,even if the type of the slot is speci�ed, and no warning should be issued.For example, in the following sequence only the last form is in error.(defstruct person (name .007 :type string))(make-person :name "James")(make-person) ;Error to give name the value .00719.4. Defstruct Slot-OptionsEach slot-description in a defstruct form may specify one or more slot-options. A slot-option consists of a pair of a keyword and a value (which isnot a form to be evaluated, but the value itself). For example:(defstruct ship(x-position 0.0 :type short-float)(y-position 0.0 :type short-float)(x-velocity 0.0 :type short-float)(y-velocity 0.0 :type short-float)(mass *default-ship-mass* :type short-float :read-only t))This speci�es that each slot will always contain a short-format oating-pointnumber, and that the last slot may not be altered once a ship is constructed.The available slot-options are as follows.:typeThe option :type type speci�es that the contents of the slot will always beof the speci�ed data type. This is entirely analogous to the declaration of avariable or function; indeed, it e�ectively declares the result type of the accessfunction. An implementation may or may not choose to check the type of thenew object when initializing or assigning to a slot. Note that the argumentform type is not evaluated; it must be a valid type speci�er.:read-onlyThe option :read-only x, where x is not nil, speci�es that this slot may notbe altered; it will always contain the value speci�ed at construction time. setf



STRUCTURES 513will not accept the access function for this slot. If x is nil, this slot-optionhas no e�ect. Note that the argument form x is not evaluated.Note that it is impossible to specify a slot-option unless a default value isspeci�ed �rst.19.5. Defstruct OptionsThe preceding description of defstruct is all that the average user will need(or want) to know in order to use structures. The remainder of this chapterdiscusses more complex features of the defstruct facility.This section explains each of the options that can be given to defstruct.A defstruct option may be either a keyword or a list of a keyword andarguments for that keyword. (Note that the syntax for defstruct optionsdi�ers from the pair syntax used for slot-options. No part of any of theseoptions is evaluated.):conc-nameThis provides for automatic pre�xing of names of access functions. It is con-ventional to begin the names of all the access functions of a structure with aspeci�c pre�x, the name of the structure followed by a hyphen. This is thedefault behavior.The argument to the :conc-name option speci�es an alternative pre�x tobe used. (If a hyphen is to be used as a separator, it must be speci�ed as partof the pre�x.) If nil is speci�ed as an argument, then no pre�x is used; thenthe names of the access functions are the same as the slot-names, and it is upto the user to name the slots reasonably.Note that no matter what is speci�ed for :conc-name, with a constructorfunction one uses slot keywords that match the slot-names, with no pre�xattached. On the other hand, one uses the access-function name when usingsetf. Here is an example:(defstruct door knob-color width material)(setq my-door(make-door :knob-color 'red :width 5.0))(door-width my-door) ) 5.0(setf (door-width my-door) 43.7)(door-width my-door) ) 43.7(door-knob-color my-door) ) red



514 COMMON LISP:constructorThis option takes one argument, a symbol, which speci�es the name of theconstructor function. If the argument is not provided or if the option itselfis not provided, the name of the constructor is produced by concatenatingthe string "MAKE-" and the name of the structure, putting the name in what-ever package is current at the time the defstruct form is processed (see*package*). If the argument is provided and is nil, no constructor functionis de�ned.This option actually has a more general syntax that is explained in sec-tion 19.6.:copierThis option takes one argument, a symbol, which speci�es the name of thecopier function. If the argument is not provided or if the option itself isnot provided, the name of the copier is produced by concatenating the string"COPY-" and the name of the structure, putting the name in whatever packageis current at the time the defstruct form is processed (see *package*). Ifthe argument is provided and is nil, no copier function is de�ned.The automatically de�ned copier function simply makes a new structureand transfers all components verbatim from the argument into the newlycreated structure. No attempt is made to make copies of the components.Corresponding components of the old and new structures will therefore beeql.:predicateThis option takes one argument, which speci�es the name of the type predi-cate. If the argument is not provided or if the option itself is not provided,the name of the predicate is made by concatenating the name of the structureto the string "-P", putting the name in whatever package is current at thetime the defstruct form is processed (see *package*). If the argument isprovided and is nil, no predicate is de�ned. A predicate can be de�ned onlyif the structure is \named"; if the :type option is speci�ed and the :namedoption is not speci�ed, then the :predicate option must either be unspeci�edor have the value nil.:includeThis option is used for building a new structure de�nition as an extensionof an old structure de�nition. As an example, suppose you have a structurecalled person that looks like this:



STRUCTURES 515(defstruct person name age sex)Now suppose you want to make a new structure to represent an astronaut.Since astronauts are people too, you would like them also to have the at-tributes of name, age, and sex, and you would like Lisp functions that operateon person structures to operate just as well on astronaut structures. Youcan do this by de�ning astronaut with the :include option, as follows:(defstruct (astronaut (:include person)(:conc-name astro-))helmet-size(favorite-beverage 'tang))The :include option causes the structure being de�ned to have the sameslots as the included structure. This is done in such a way that the accessfunctions for the included structure will also work on the structure beingde�ned. In this example, an astronaut will therefore have �ve slots: thethree de�ned in person and the two de�ned in astronaut itself. The accessfunctions de�ned by the person structure can be applied to instances of theastronaut structure, and they will work correctly. Moreover, astronaut willhave its own access functions for components de�ned by the person structure.The following examples illustrate how you can use astronaut structures:(setq x (make-astronaut :name 'buzz:age 45:sex t:helmet-size 17.5))(person-name x) ) buzz(astro-name x) ) buzz(astro-favorite-beverage x) ) tangThe di�erence between the access functions person-name and astro-nameis that person-name may be correctly applied to any person, including anastronaut, while astro-namemay be correctly applied only to an astronaut.(An implementation may or may not check for incorrect use of access func-tions.)At most one :include option may be speci�ed in a single defstruct form.The argument to the :include option is required and must be the name



516 COMMON LISPof some previously de�ned structure. If the structure being de�ned has no:type option, then the included structure must also have had no :type optionspeci�ed for it. If the structure being de�ned has a :type option, then theincluded structure must have been declared with a :type option specifyingthe same representation type.If no :type option is involved, then the structure name of the includingstructure de�nition becomes the name of a data type, of course, and thereforea valid type speci�er recognizable by typep; moreover, it becomes a subtypeof the included structure. In the above example, astronaut is a subtype ofperson; hence(typep (make-astronaut) 'person)is true, indicating that all operations on persons will also work on astronauts.The following is an advanced feature of the :include option. Sometimes,when one structure includes another, the default values or slot-options forthe slots that came from the included structure are not what you want. Thenew structure can specify default values or slot-options for the included slotsdi�erent from those the included structure speci�es, by giving the :includeoption as(:include name slot-description-1 slot-description-2 ...)Each slot-description-jmust have a slot-name or slot-keyword that is the sameas that of some slot in the included structure. If slot-description-j has nodefault-init, then in the new structure the slot will have no initial value.Otherwise its initial value form will be replaced by the default-init in slot-description-j. A normally writable slot may be made read-only. If a slot isread-only in the included structure, then it must also be so in the includingstructure. If a type is speci�ed for a slot, it must be the same as, or a subtypeof, the type speci�ed in the included structure. If it is a strict subtype, theimplementation may or may not choose to error-check assignments.For example, if we had wanted to de�ne astronaut so that the default agefor an astronaut is 45, then we could have said:(defstruct (astronaut (:include person (age 45)))helmet-size(favorite-beverage 'tang))X3J13 voted in June 1988 h41i to require any structure type created bydefstruct (or defclass) to be disjoint from any of the types cons, symbol,



STRUCTURES 517array, number, character, hash-table, readtable, package, pathname,stream, and random-state. A consequence of this requirement is that itis an error to specify any of these types, or any of their subtypes, to thedefstruct :include option. (The �rst edition said nothing explicitly aboutthis. Inasmuch as using such a type with the :include option was not de-�ned to work, one might argue that such use was an error in Common Lispas de�ned by the �rst edition.):print-functionThis option may be used only if the :type option is not speci�ed. The ar-gument to the :print-function option should be a function of three argu-ments, in a form acceptable to the function special form, to be used to printstructures of this type. When a structure of this type is to be printed, thefunction is called on three arguments: the structure to be printed, a stream toprint to, and an integer indicating the current depth (to be compared against*print-level*). The printing function should observe the values of suchprinter-control variables as *print-escape* and *print-pretty*.If the :print-function option is not speci�ed and the :type option alsonot speci�ed, then a default printing function is provided for the structurethat will print out all its slots using #--S syntax (see section 22.1.4).X3J13 voted in January 1989 h143i to specify that user-de�ned printingfunctions for the defstruct :print-function option may print objects tothe supplied stream using write, print1, princ, format, or print-objectand expect circularities to be detected and printed using #--n#-- syntax (when*print-circle* is non-nil, of course). See *print-circle*.X3J13 voted in January 1989 h55i to clarify that if the :print-functionoption is not speci�ed but the :include option is speci�ed, then the printfunction is inherited from the included structure type. Thus, for example,an astronaut will be printed by the same printing function that is used forperson.X3J13 in the same vote extended the print-function option as follows:If the print-function option is speci�ed but with no argument, then thestandard default printing function (that uses #--S syntax) will be used. Thisprovides a means of overriding the inheritance rule. For example, if personand astronaut had been de�ned as



518 COMMON LISP(defstruct (person(:print-function ;Special print function(lambda (p s k)(format s "<~A, age ~D>"(person-name p)(person-age p)))))name age sex)(defstruct (astronaut(:include person)(:conc-name astro-)(:print-function)) ;Use default print functionhelmet-size(favorite-beverage 'tang))then an ordinary person would be printed as \<Joe Schmoe, age 27>" butan astronaut would be printed as, for example,#--S(ASTRONAUT NAME BUZZ AGE 45 SEX THELMET-SIZE 17.5 FAVORITE-BEVERAGE TANG)using the default #--S syntax (yuk).These changes make the behavior of defstruct with respect to the:include option a bit more like the behavior of classes in CLOS.:typeThe :type option explicitly speci�es the representation to be used for thestructure. It takes one argument, which must be one of the types enumeratedbelow.Specifying this option has the e�ect of forcing a speci�c representation andof forcing the components to be stored in the order speci�ed in the defstructform in corresponding successive elements of the speci�ed representation. Italso prevents the structure name from becoming a valid type speci�er recog-nizable by typep (see section 19.7).Normally this option is not speci�ed, in which case the structure is repre-sented in an implementation-dependent manner.vectorThis produces the same result as specifying (vector t). The structure isrepresented as a general vector, storing components as vector elements. The



STRUCTURES 519�rst component is vector element 1 if the structure is :named, and element0 otherwise.(vector element-type)The structure is represented as a (possibly specialized) vector, storing com-ponents as vector elements. Every component must be of a type that canbe stored in a vector of the type speci�ed. The �rst component is vectorelement 1 if the structure is :named, and element 0 otherwise. The struc-ture may be :named only if the type symbol is a subtype of the speci�edelement-type.listThe structure is represented as a list. The �rst component is the cadr if thestructure is :named, and the car if it is :unnamed.:namedThe :named option speci�es that the structure is \named"; this option takesno argument. If no :type option is speci�ed, then the structure is alwaysnamed; so this option is useful only in conjunction with the :type option.See section 19.7 for a further description of this option.:initial-offsetThis allows you to tell defstruct to skip over a certain number of slots beforeit starts allocating the slots described in the body. This option requires anargument, a non-negative integer, which is the number of slots you wantdefstruct to skip. The :initial-offset option may be used only if the:type option is also speci�ed. See section 19.7.3 for a further description ofthis option.19.6. By-Position Constructor FunctionsIf the :constructor option is given as (:constructor name arglist), theninstead of making a keyword-driven constructor function, defstruct de�nesa \positional" constructor function, taking arguments whose meaning is de-termined by the argument's position rather than by a keyword. The arglist isused to describe what the arguments to the constructor will be. In the sim-plest case something like (:constructor make-foo (a b c)) de�nes make-foo to be a three-argument constructor function whose arguments are usedto initialize the slots named a, b, and c.



520 COMMON LISPIn addition, the keywords &optional, &rest, and &aux are recognized inthe argument list. They work in the way you might expect, but there are afew �ne points worthy of explanation. Consider this example:(:constructor create-foo(a &optional b (c 'sea) &rest d &aux e (f 'eff)))This de�nes create-foo to be a constructor of one or more arguments. The�rst argument is used to initialize the a slot. The second argument is usedto initialize the b slot. If there isn't any second argument, then the defaultvalue given in the body of the defstruct (if given) is used instead. The thirdargument is used to initialize the c slot. If there isn't any third argument, thenthe symbol sea is used instead. Any arguments following the third argumentare collected into a list and used to initialize the d slot. If there are three orfewer arguments, then nil is placed in the d slot. The e slot is not initialized;its initial value is unde�ned. Finally, the f slot is initialized to contain thesymbol eff.The actions taken in the b and e cases were carefully chosen to allow theuser to specify all possible behaviors. Note that the &aux \variables" can beused to completely override the default initializations given in the body.With this de�nition, one can write(create-foo 1 2)instead of(make-foo :a 1 :b 2)and of course create-foo provides defaulting di�erent from that of make-foo.It is permissible to use the :constructor option more than once, so thatyou can de�ne several di�erent constructor functions, each taking di�erentparameters.Because a constructor of this type operates By Order of Arguments, it issometimes known as a BOA constructor.X3J13 voted in January 1989 h53i to allow &key and &allow-other-keysin the parameter list of a \positional" constructor. The initialization of slotscorresponding to keyword parameters is performed in the same manner as for&optional parameters. A variant of the example shown above illustrates this:(:constructor create-foo(a &optional b (c 'sea)&key p (q 'cue) ((:why y)) ((:you u) 'ewe)&aux e (f 'eff)))



STRUCTURES 521The treatment of slots a, b, c, e, and f is the same as in the original example.In addition, if there is a :p keyword argument, it is used to initialize the pslot; if there isn't any :p keyword argument, then the default value given inthe body of the defstruct (if given) is used instead. Similarly, if there is a:q keyword argument, it is used to initialize the q slot; if there isn't any :qkeyword argument, then the symbol cue is used instead.In order thoroughly to og this presumably already dead horse, we furtherobserve that if there is a :why keyword argument, it is used to initialize the yslot; otherwise the default value for slot y is used instead. Similarly, if thereis a :you keyword argument, it is used to initialize the u slot; otherwise thesymbol ewe is used instead.If memory serves me correctly, defstruct was included in the original de-sign for Common Lisp some time before keyword arguments were approved.The failure of positional constructors to accept keyword arguments may wellhave been an oversight on my part; there is no logical reason to exclude them.I am grateful to X3J13 for rectifying this.A remaining di�culty is that the possibility of keyword arguments rendersthe term \positional constructor" a misnomer. Worse yet, it ruins the term\BOA constructor." I suggest that they continue to be called BOA construc-tors, as I refuse to abandon a good pun. (I regret appearing to have morecompassion for puns than for horses.)As part of the same vote X3J13 also changed defstruct to allow BOAconstructors to have parameters (including supplied-p parameters) that donot correspond to any slot. Such parameters may be used in subsequentinitialization forms in the parameter list. Consider this example:(defstruct (ice-cream-factory(:constructor fabricate-factory(&key (capacity 5)location(local-flavors(case location((hawaii) '(pineapple macadamia guava))((massachusetts) '(lobster baked-bean))((california) '(ginger lotus avocadobean-sprout garlic))((texas) '(jalapeno barbecue))))



522 COMMON LISP (flavors (subseq (append local-flavors'(vanillachocolatestrawberrypistachiomaple-walnutpeppermint))0 capacity)))))(capacity 3)(flavors '(vanilla chocolate strawberry mango)))The structure type ice-cream-factory has two constructors. The stan-dard constructor, make-ice-cream-factory, takes two keyword argumentsnamed :capacity and :flavors. For this constructor, the default for thecapacity slot is 3 and the default list of flavors is America's favorite three-some and a dark horse (not a dead one). The BOA constructor fabricate-factory accepts four di�erent keyword arguments. The :capacity argumentdefaults to 5, and the :flavors argument defaults in a complicated mannerbased on the other three. The :local-flavors argument may be speci�eddirectly, or may be allowed to default based on the :location of the factory.Here are examples of various factories:(setq houston (fabricate-factory :capacity 4 :location 'texas))(setq cambridge (fabricate-factory :location 'massachusetts))(setq seattle (fabricate-factory :local-flavors '(salmon)))(setq wheaton (fabricate-factory :capacity 4 :location 'illinois))(setq pittsburgh (fabricate-factory :capacity 4))(setq cleveland (make-factory :capacity 4))(ice-cream-factory-flavors houston)) (jalapeno barbecue vanilla chocolate)



STRUCTURES 523(ice-cream-factory-flavors cambridge)) (lobster baked-bean vanilla chocolate strawberry)(ice-cream-factory-flavors seattle)) (salmon vanilla chocolate strawberry pistachio)(ice-cream-factory-flavors wheaton)) (vanilla chocolate strawberry pistachio)(ice-cream-factory-flavors pittsburgh)) (vanilla chocolate strawberry pistachio)(ice-cream-factory-flavors cleveland)) (vanilla chocolate strawberry mango)19.7. Structures of Explicitly Speci�ed RepresentationalTypeSometimes it is important to have explicit control over the representation ofa structure. The :type option allows one to specify that a structure mustbe implemented in a particular way, using a list or a speci�c kind of vector,and to specify the exact allocation of structure slots to components of therepresentation. A structure may also be \unnamed" or \named," accordingto whether the structure name is stored in (and thus recoverable from) thestructure.19.7.1. Unnamed StructuresSometimes a particular data representation is imposed by external require-ments, and yet it is desirable to document the data format as a defstruct-style structure. For example, consider expressions built up from numbers,symbols, and binary operations such as + and *. An operation might be rep-resented as it is in Lisp, as a list of the operator and the two operands. Thisfact can be expressed succinctly with defstruct in this manner:(defstruct (binop (:type list))(operator '? :type symbol)operand-1operand-2)



524 COMMON LISPThis will de�ne a constructor function make-binop and three selector func-tions, namely binop-operator, binop-operand-1, and binop-operand-2.(It will not, however, de�ne a predicate binop-p, for reasons explained be-low.)The e�ect of make-binop is simply to construct a list of length 3:(make-binop :operator '+ :operand-1 'x :operand-2 5)) (+ x 5)(make-binop :operand-2 4 :operator '*)) (* nil 4)It is just like the function list except that it takes keyword arguments andperforms slot defaulting appropriate to the binop conceptual data type. Sim-ilarly, the selector functions binop-operator, binop-operand-1, and binop-operand-2 are essentially equivalent to car, cadr, and caddr, respectively.(They might not be completely equivalent because, for example, an imple-mentation would be justi�ed in adding error-checking code to ensure that theargument to each selector function is a length-3 list.)We speak of binop as being a \conceptual" data type because binop isnot made a part of the Common Lisp type system. The predicate typepwill not recognize binop as a type speci�er, and type-of will return listwhen given a binop structure. Indeed, there is no way to distinguish a datastructure constructed by make-binop from any other list that happens to havethe correct structure.There is not even any way to recover the structure name binop from astructure created by make-binop. This can be done, however, if the structureis \named."19.7.2. Named StructuresA \named" structure has the property that, given an instance of the structure,the structure name (that names the type) can be reliably recovered. Forstructures de�ned with no :type option, the structure name actually becomespart of the Common Lisp data-type system. The function type-of, whenapplied to such a structure, will return the structure name as the type of theobject; the predicate typep will recognize the structure name as a valid typespeci�er.For structures de�ned with a :type option, type-of will return a typespeci�er such as list or (vector t), depending on the type speci�ed to the



STRUCTURES 525:type option. The structure name does not become a valid type speci�er.However, if the :named option is also speci�ed, then the �rst component ofthe structure (as created by a defstruct constructor function) will alwayscontain the structure name. This allows the structure name to be recoveredfrom an instance of the structure and allows a reasonable predicate for theconceptual type to be de�ned: the automatically de�ned name-p predicatefor the structure operates by �rst checking that its argument is of the propertype (list, (vector t), or whatever) and then checking whether the �rstcomponent contains the appropriate type name.Consider the binop example shown above, modi�ed only to include the:named option:(defstruct (binop (:type list) :named)(operator '? :type symbol)operand-1operand-2)As before, this will de�ne a constructor function make-binop and three selec-tor functions binop-operator, binop-operand-1, and binop-operand-2. Itwill also de�ne a predicate binop-p.The e�ect of make-binop is now to construct a list of length 4:(make-binop :operator '+ :operand-1 'x :operand-2 5)) (binop + x 5)(make-binop :operand-2 4 :operator '*)) (binop * nil 4)The structure has the same layout as before except that the structure namebinop is included as the �rst list element. The selector functions binop-operator, binop-operand-1, and binop-operand-2 are essentially equiva-lent to cadr, caddr, and cadddr, respectively. The predicate binop-p ismore or less equivalent to the following de�nition.(defun binop-p (x)(and (consp x) (eq (car x) 'binop)))The name binop is still not a valid type speci�er recognizable to typep, butat least there is a way of distinguishing binop structures from other similarlyde�ned structures.



526 COMMON LISP19.7.3. Other Aspects of Explicitly Speci�ed StructuresThe :initial-offset option allows one to specify that slots be allocatedbeginning at a representational element other than the �rst. For example, theform(defstruct (binop (:type list) (:initial-offset 2))(operator '? :type symbol)operand-1operand-2)would result in the following behavior for make-binop:(make-binop :operator '+ :operand-1 'x :operand-2 5)) (nil nil + x 5)(make-binop :operand-2 4 :operator '*)) (nil nil * nil 4)The selectors binop-operator, binop-operand-1, and binop-operand-2would be essentially equivalent to caddr, cadddr, and car of cddddr, re-spectively. Similarly, the form(defstruct (binop (:type list) :named (:initial-offset 2))(operator '? :type symbol)operand-1operand-2)would result in the following behavior for make-binop:(make-binop :operator '+ :operand-1 'x :operand-2 5)) (nil nil binop + x 5)(make-binop :operand-2 4 :operator '*)) (nil nil binop * nil 4)If the :include is used with the :type option, then the e�ect is �rst toskip over as many representation elements as needed to represent the in-cluded structure, then to skip over any additional elements speci�ed by the:initial-offset option, and then to begin allocation of elements from thatpoint. For example:(defstruct (binop (:type list) :named (:initial-offset 2))(operator '? :type symbol)



STRUCTURES 527operand-1operand-2)(defstruct (annotated-binop (:type list)(:initial-offset 3)(:include binop))commutative associative identity)(make-annotated-binop :operator '*:operand-1 'x:operand-2 5:commutative t:associative t:identity 1)) (nil nil binop * x 5 nil nil nil t t 1)The �rst two nil elements stem from the :initial-offset of 2 in the de�ni-tion of binop. The next four elements contain the structure name and threeslots for binop. The next three nil elements stem from the :initial-offsetof 3 in the de�nition of annotated-binop. The last three list elements containthe additional slots for an annotated-binop.



20The EvaluatorThe mechanism that executes Lisp programs is called the evaluator. Moreprecisely, the evaluator accepts a form and performs the computation speci�edby the form. This mechanism is made available to the user through thefunction eval.The evaluator is typically implemented as an interpreter that traverses thegiven form recursively, performing each step of the computation as it goes.An interpretive implementation is not required, however. A permissible alter-native approach is for the evaluator �rst to completely compile the form intomachine-executable code and then invoke the resulting code. This techniquevirtually eliminates incompatibilities between interpreted and compiled codebut also renders the evalhook mechanism relatively useless. Various mixedstrategies are also possible. All of these approaches should produce the sameresults when executing a correct program but may produce di�erent resultsfor incorrect programs. For example, the approaches may di�er as to whenmacro calls are expanded; macro de�nitions should not depend on the timeat which they are expanded. Implementors should document the evaluationstrategy for each implementation.20.1. Run-Time Evaluation of FormsThe function eval is the main user interface to the evaluator. Hooks are pro-vided for user-supplied debugging routines to obtain control during the exe-cution of an interpretive evaluator. The functions evalhook and applyhookprovide alternative interfaces to the evaluator mechanism for use by thesedebugging routines.528



THE EVALUATOR 529[Function]eval formThe form is evaluated in the current dynamic environment and a null lexicalenvironment. Whatever results from the evaluation is returned from the callto eval.Note that when you write a call to eval two levels of evaluation occuron the argument form you write. First the argument form is evaluated, asfor arguments to any function, by the usual argument evaluation mechanism(which involves an implicit use of eval). Then the argument is passed to theeval function, where another evaluation occurs. For example:(eval (list 'cdr (car '((quote (a . b)) c)))) ) bThe argument form (list 'cdr (car '((quote (a . b)) c))) is evalu-ated in the usual way to produce the argument (cdr (quote (a . b)));this is then given to eval because eval is being called explicitly, and evalevaluates its argument (cdr (quote (a . b))) to produce b.If all that is required for some application is to obtain the current dynamicvalue of a given symbol, the function symbol-value may be more e�cientthan eval.X3J13 voted in January 1989 h121i to restrict user side e�ects; see sec-tion 7.9. [Variable]*evalhook* [Variable]*applyhook*If the value of *evalhook* is not nil, then eval behaves in a special way. Thenon-nil value of *evalhook* should be a function that takes two arguments,a form and an environment; this is called the eval hook function. When aform is to be evaluated (any form at all, even a number or a symbol), whetherimplicitly or via an explicit call to eval, no attempt is made to evaluate theform. Instead, the hook function is invoked and is passed the form to beevaluated as its �rst argument. The hook function is then responsible forevaluating the form; whatever is returned by the hook function is assumed tobe the result of evaluating the form.The variable *applyhook* is similar to *evalhook* but is used when afunction is about to be applied to arguments. If the value of *applyhook* isnot nil, then eval behaves in a special way.The non-nil value of *applyhook* should be a function that takes three........................................................................................................................................................................................................

arguments: a function, a list of arguments, and an environment; this is calledthe apply hook function.



530 COMMON LISPX3J13 voted in January 1989 h5i to revise the de�nition of *applyhook*.Its value should be a function of two arguments, a function and a list ofarguments; no environment information is passed to an apply hook function.This was simply a aw in the �rst edition. Sorry about that.When a function is about to be applied to a list of arguments, no attemptis made to apply the function. Instead, the hook function is invoked and ispassed the function and the list of arguments as its �rst and second arguments.The hook function is then responsible for evaluating the form; whatever is re-turned by the hook function is assumed to be the result of evaluating theform. The apply hook function is used only for application of ordinary func-tions within eval. It is not used for applications via apply or funcall, forapplications by such functions as map or reduce, or for invocation of macro-expansion functions by either eval or macroexpand.X3J13 voted in June 1988 h90i to specify that the value of *macroexpand-hook* is �rst coerced to a function before being called as the expansion inter-face hook. This vote made no mention of *evalhook* or *applyhook*, butthis may have been an oversight.A proposal was submitted to X3J13 in September 1989 to specify that thevalue of *evalhook* or *applyhook* is �rst coerced to a function before beingcalled. If this proposal is accepted, the value of either variable may be nil,any other symbol, a lambda-expression, or any object of type function.The last argument passed to either kind of hook function contains informa-tion about the lexical environment in an implementation-dependent format.These arguments are suitable for the functions evalhook, applyhook, andmacroexpand.When either kind of hook function is invoked, both of the variables*evalhook* and *applyhook* are rebound to the value nil around the in-vocation of the hook function. This is so that the hook function will not beinvoked recursively on evaluations and applications that occur in the courseof executing the code of the hook function. The functions evalhook andapplyhook are useful for performing recursive evaluations and applicationswithin the hook function.The hook feature is provided as an aid to debugging. The step facility isimplemented using this hook.If a non-local exit causes a throw back to the top level of Lisp, perhapsbecause an error could not be corrected, then *evalhook* and *applyhook*are automatically reset to nil as a safety feature.



THE EVALUATOR 531[Function]evalhook form evalhookfn applyhookfn &optional env [Function]applyhook function args evalhookfn applyhookfn &optionalenvThe functions evalhook and applyhook are provided to make it easier toexploit the hook feature.In the case of evalhook, the form is evaluated. In the case of applyhook,the function is applied to the list of arguments args. In either case, for theduration of the operation the variable *evalhook* is bound to evalhookfn,and *applyhook* is bound to applyhookfn. Furthermore, the env argumentis used as the lexical environment for the operation; env defaults to the nullenvironment. The check for a hook function is bypassed for the evaluation ofthe form itself (for evalhook) or for the application of the function to the argsitself (for applyhook), but not for subsidiary evaluations and applications suchas evaluations of subforms. It is this one-shot bypass that makes evalhookand applyhook so useful.X3J13 voted in January 1989 h5i to eliminate the optional env parameter toapplyhook, because it is not (and cannot) be useful. Any function that can beapplied carries its own environment and does not need another environmentto be speci�ed separately. This was a aw in the �rst edition.Here is an example of a very simple tracing routine that uses just theevalhook feature.(defvar *hooklevel* 0)(defun hook (x)(let ((*evalhook* 'eval-hook-function))(eval x)))(defun eval-hook-function (form &rest env)(let ((*hooklevel* (+ *hooklevel* 1)))(format *trace-output* "~%~V@TForm: ~S"(* *hooklevel* 2) form)(let ((values (multiple-value-list(evalhook form#--'eval-hook-functionnilenv))))(format *trace-output* "~%~V@TValue:~{ ~S~}"(* *hooklevel* 2) values)(values-list values))))



532 COMMON LISPUsing these routines, one might see the following interaction:(hook '(cons (floor *print-base* 2) 'b))Form: (CONS (FLOOR *PRINT-BASE* 2) (QUOTE B))Form: (FLOOR *PRINT-BASE* 3)Form: *PRINT-BASE*Value: 10Form: 3Value: 3Value: 3 1Form: (QUOTE B)Value: BValue: (3 . B)(3 . B) [Function]constantp objectIf the predicate constantp is true of an object, then that object, when con-sidered as a form to be evaluated, always evaluates to the same thing; it is aconstant. This includes self-evaluating objects such as numbers, characters,strings, bit-vectors, and keywords, as well as all constant symbols declared bydefconstant, such as nil, t, and pi. In addition, a list whose car is quote,such as (quote foo), is considered to be a constant.If constantp is false of an object, then that object, considered as a form,might or might not always evaluate to the same thing.20.2. The Top-Level LoopNormally one interacts with Lisp through a \top-level read-eval-print loop,"so called because it is the highest level of control and consists of an endlessloop that reads an expression, evaluates it, and prints the results. One hasan e�ect on the state of the Lisp system only by invoking actions that haveside e�ects.The precise nature of the top-level loop for Common Lisp is purposely notrigorously speci�ed here so that implementors can experiment to improve theuser interface. For example, an implementor may choose to require line-at-a-time input, or may provide a fancy editor or complex graphics-display inter-face. An implementor may choose to provide explicit prompts for input, ormay choose (as MacLisp does) not to clutter up the transcript with prompts.



THE EVALUATOR 533The top-level loop is required to trap all throws and recover gracefully. It isalso required to print all values resulting from evaluation of a form, perhapson separate lines. If a form returns zero values, as little as possible should beprinted.The following variables are maintained by the top-level loop as a limitedsafety net, in case the user forgets to save an interesting input expression oroutput value. (Note that the names of some of these variables violate theconvention that names of global variables begin and end with an asterisk.)These are intended primarily for user interaction, which is why they haveshort names. Use of these variables should be avoided in programs.[Variable]+ [Variable]++ [Variable]+++While a form is being evaluated by the top-level loop, the variable + is boundto the previous form read by the loop. The variable ++ holds the previousvalue of + (that is, the form evaluated two interactions ago), and +++ holdsthe previous value of ++. [Variable]-While a form is being evaluated by the top-level loop, the variable - is boundto the form itself; that is, it is the value about to be given to + once thisinteraction is done.Notice of correction. In the �rst edition, the name of the variable - wasinadvertently omitted. [Variable]* [Variable]** [Variable]***While a form is being evaluated by the top-level loop, the variable * is boundto the result printed at the end of the last time through the loop; that is,it is the value produced by evaluating the form in +. If several values wereproduced, * contains the �rst value only; * contains nil if zero values wereproduced. The variable ** holds the previous value of * (that is, the resultprinted two interactions ago), and *** holds the previous value of **.If the evaluation of + is aborted for some reason, then the values associatedwith *, **, and *** are not updated; they are updated only if the printing ofvalues is at least begun (though not necessarily completed).



534 COMMON LISP [Variable]/ [Variable]// [Variable]///While a form is being evaluated by the top-level loop, the variable / is boundto a list of the results printed at the end of the last time through the loop;that is, it is a list of all values produced by evaluating the form in +. Thevalue of * should always be the same as the car of the value of /. The variable// holds the previous value of / (that is, the results printed two interactionsago), and /// holds the previous value of //. Therefore the value of ** shouldalways be the same as the car of //, and similarly for *** and ///.If the evaluation of + is aborted for some reason, then the values associatedwith /, //, and /// are not updated; they are updated only if the printing ofvalues is at least begun (though not necessarily completed).As an example of the processing of these variables, consider the followingpossible transcript, where > is a prompt by the top-level loop for user input:>(cons - -) ;Interaction 1((CONS - -) CONS - -) ;Cute, huh?>(values) ;Interaction 2;Nothing to print>(cons 'a 'b) ;Interaction 3(A . B) ;There is a single value>(hairy-loop) Ĝ ;Interaction 4#--#--#-- QUIT to top level. ;(User aborts the computation.)>(floor 13 4) ;Interaction 53 ;There are two values1At this point we have:+++ ) (cons 'a 'b) *** ) NIL /// ) ()++ ) (hairy-loop) ** ) (A . B) // ) ((A . B))+ ) (floor 13 4) * ) 3 / ) (3 1)



21StreamsStreams are objects that serve as sources or sinks of data. Character streamsproduce or absorb characters; binary streams produce or absorb integers. Thenormal action of a Common Lisp system is to read characters from a characterinput stream, parse the characters as representations of Common Lisp dataobjects, evaluate each object (as a form) as it is read, and print representationsof the results of evaluation to an output character stream.Typically streams are connected to �les or to an interactive terminal.Streams, being Lisp objects, serve as the ambassadors of external devicesby which input/output is accomplished.A stream, whether a character stream or a binary stream, may be input-only, output-only, or bidirectional. What operations may be performed on astream depends on which of the six types of stream it is.21.1. Standard StreamsThere are several variables whose values are streams used by many functions inthe Lisp system. These variables and their uses are listed here. By convention,variables that are expected to hold a stream capable of input have namesending with -input, and variables that are expected to hold a stream capableof output have names ending with -output. Variables expected to hold abidirectional stream have names ending with -io. [Variable]*standard-input*In the normal Lisp top-level loop, input is read from *standard-input* (thatis, whatever stream is the value of the global variable *standard-input*).Many input functions, including read and read-char, take a stream argumentthat defaults to *standard-input*. 535



536 COMMON LISP [Variable]*standard-output*In the normal Lisp top-level loop, output is sent to *standard-output* (thatis, whatever stream is the value of the global variable *standard-output*).Many output functions, including print and write-char, take a stream ar-gument that defaults to *standard-output*. [Variable]*error-output*The value of *error-output* is a stream to which error messages shouldbe sent. Normally this is the same as *standard-output*, but *standard-output* might be bound to a �le and *error-output* left going to theterminal or to a separate �le of error messages. [Variable]*query-io*The value of *query-io* is a stream to be used when asking questions of theuser. The question should be output to this stream, and the answer read fromit. When the normal input to a program may be coming from a �le, questionssuch as \Do you really want to delete all of the �les in your directory?" shouldnevertheless be sent directly to the user; and the answer should come fromthe user, not from the data �le. For such purposes *query-io* should beused instead of *standard-input* and *standard-output*. *query-io* isused by such functions as yes-or-no-p. [Variable]*debug-io*The value of *debug-io* is a stream to be used for interactive debuggingpurposes. This is often the same as the value of *query-io*, but need notbe. [Variable]*terminal-io*The value of *terminal-io* is ordinarily the stream that connects to theuser's console. Typically, writing to this stream would cause the output toappear on a display screen, for example, and reading from the stream wouldaccept input from a keyboard.It is intended that standard input functions such as read and read-char,when used with this stream, would cause \echoing" of the input into theoutput side of the stream. (The means by which this is accomplished are ofcourse highly implementation-dependent.)



STREAMS 537[Variable]*trace-output*The value of *trace-output* is the stream on which the trace functionprints its output.The variables *standard-input*, *standard-output*, *error-output*,*trace-output*, *query-io*, and *debug-io* are initially bound to syn-onym streams that pass all operations on to the stream that is the valueof *terminal-io*. (See make-synonym-stream.) Thus any operations per-formed on those streams will go to the terminal.X3J13 voted in January 1989 h165i to replace the requirements of the pre-ceding paragraph with the following new requirements:The seven standard stream variables, *standard-input*, *standard-output*, *query-io*, *debug-io*, *terminal-io*, *error-output*, and*trace-output*, are initially bound to open streams. (These will be calledthe standard initial streams.)The streams that are the initial values of *standard-input*, *query-io*,*debug-io*, and *terminal-io* must support input.The streams that are the initial values of *standard-output*, *error-output*, *trace-output*, *query-io*, *debug-io*, and *terminal-io*must support output.None of the standard initial streams (including the one to which *terminal-io* is initially bound) may be a synonym, either directly or indirectly, for anyof the standard stream variables except *terminal-io*. For example, the ini-tial value of *trace-output* may be a synonym stream for *terminal-io*but not a synonym stream for *standard-output* or *query-io*. (Theseare examples of direct synonyms.) As another example, *query-io* maybe a two-way stream or echo stream whose input component is a synonymfor *terminal-io*, but its input component may not be a synonym for*standard-input* or *debug-io*. (These are examples of indirect syn-onyms.)Any or all of the standard initial streams may be direct or indirect synonymsfor one or more common implementation-dependent streams. For example,the standard initial streams might all be synonym streams (or two-way orecho streams whose components are synonym streams) to a pair of hiddenterminal input and output streams maintained by the implementation.Part of the intent of these rules is to ensure that it is always safe to bindany standard stream variable to the value of any other standard stream vari-able (that is, unworkable circularities are avoided) without unduly restrictingimplementation exibility.



538 COMMON LISPNo user program should ever change the value of *terminal-io*. A pro-gram that wants (for example) to divert output to a �le should do so bybinding the value of *standard-output*; that way error messages sent to*error-output* can still get to the user by going through *terminal-io*,which is usually what is desired.21.2. Creating New StreamsPerhaps the most important constructs for creating new streams are those thatopen �les; see with-open-file and open. The following functions constructstreams without reference to a �le system. [Function]make-synonym-stream symbolmake-synonym-stream creates and returns a synonym stream. Any opera-tions on the new stream will be performed on the stream that is then thevalue of the dynamic variable named by the symbol. If the value of the vari-able should change or be bound, then the synonym stream will operate on thenew stream.X3J13 voted in January 1989 h167i to specify that the result of make-synonym-stream is always a stream of type synonym-stream. Note that thetype of a synonym stream is always synonym-stream, regardless of the typeof the stream for which it is a synonym. [Function]make-broadcast-stream &rest streamsThis returns a stream that works only in the output direction. Any outputsent to this stream will be sent to all of the streams given. The set of operationsthat may be performed on the new stream is the intersection of those for thegiven streams. The results returned by a stream operation are the valuesresulting from performing the operation on the last stream in streams; theresults of performing the operation on all preceding streams are discarded. Ifno streams are given as arguments, then the result is a \bit sink"; all outputto the resulting stream is discarded.X3J13 voted in January 1989 h167i to specify that the result of make-broadcast-stream is always a stream of type broadcast-stream.[Function]make-concatenated-stream &rest streamsThis returns a stream that works only in the input direction. Input is takenfrom the �rst of the streams until it reaches end-of-�le; then that stream is



STREAMS 539discarded, and input is taken from the next of the streams, and so on. If noarguments are given, the result is a stream with no content; any input attemptwill result in end-of-�le.X3J13 voted in January 1989 h167i to specify that the result of make-concatenated-stream is always a stream of type concatenated-stream.[Function]make-two-way-stream input-stream output-streamThis returns a bidirectional stream that gets its input from input-stream andsends its output to output-stream.X3J13 voted in January 1989 h167i to specify that the result of make-two-way-stream is always a stream of type two-way-stream. [Function]make-echo-stream input-stream output-streamThis returns a bidirectional stream that gets its input from input-stream andsends its output to output-stream. In addition, all input taken from input-stream is echoed to output-stream.X3J13 voted in January 1989 h167i to specify that the result of make-echo-stream is always a stream of type echo-stream.X3J13 voted in January 1989 h138i to clarify the interaction of read-char,unread-char, and peek-char with echo streams. (See the descriptions ofthose functions for details.)X3J13 explicitly noted that the bidirectional streams that are the initialvalues of *query-io*, *debug-io*, and *terminal-io*, even though theymay have some echoing behavior, conceptually are not necessarily the prod-ucts of calls to make-echo-stream and therefore are not subject to the newrules about echoing on echo streams. Instead, these initial interactive streamsmay have implementation-dependent echoing behavior. [Function]make-string-input-stream string &optional start endThis returns an input stream. The input stream will supply, in order, thecharacters in the substring of string delimited by start and end; after the lastcharacter has been supplied, the stream will then be at end-of-�le.X3J13 voted in January 1989 h167i to specify that the result of make-string-input-stream is always a stream of type string-stream.[Function]make-string-output-stream........................................................................................................................................................................................................

This returns an output stream that will accumulate all output given it for thebene�t of the function get-output-stream-string.



540 COMMON LISPX3J13 voted in June 1989 h122i to let make-string-output-stream takean :element-type argument. [Function]make-string-output-stream &key :element-typeThis returns an output stream that will accumulate all output given it for thebene�t of the function get-output-stream-string.The :element-type argument speci�es what characters must be acceptedby the created stream. If the :element-type argument is omitted, the createdstream must accept all characters.X3J13 voted in January 1989 h167i to specify that the result of make-string-output-stream is always a stream of type string-stream.[Function]get-output-stream-string string-output-streamGiven a stream produced by make-string-output-stream, this returns astring containing all the characters output to the stream so far. The streamis then reset; thus each call to get-output-stream-string gets only thecharacters since the last such call (or the creation of the stream, if no suchprevious call has been made). [Macro]with-open-stream (var stream) fdeclarationg� f formg�The form stream is evaluated and must produce a stream. The variable varis bound with the stream as its value, and then the forms of the body areexecuted as an implicit progn; the results of evaluating the last form arereturned as the value of the with-open-stream form. The stream is auto-matically closed on exit from the with-open-stream form, no matter whetherthe exit is normal or abnormal; see close. The stream should be regarded ashaving dynamic extent.X3J13 voted in January 1989 h167i to specify that the stream created bywith-open-stream is always of type file-stream. [Macro]with-input-from-string (var string fkeyword valueg� )fdeclarationg� f formg�The body is executed as an implicit progn with the variable var bound to acharacter input stream that supplies successive characters from the value ofthe form string. with-input-from-string returns the results from the lastform of the body.



STREAMS 541The input stream is automatically closed on exit from the with-input-from-string form, no matter whether the exit is normal or abnormal. Thestream should be regarded as having dynamic extent.X3J13 voted in January 1989 h167i to specify that the stream created bywith-input-from-string is always of type string-stream.The following keyword options may be used::indexThe form after the :index keyword should be a place acceptable to setf. Ifthe with-input-from-string form is exited normally, then the place willhave stored into it the index into the string indicating the �rst characternot read (the length of the string if all characters were used). The place isnot updated as reading progresses, but only at the end of the operation.:startThe :start keyword takes an argument indicating, in the manner usual forsequence functions, the beginning of a substring of string to be used.:endThe :end keyword takes an argument indicating, in the manner usual forsequence functions, the end of a substring of string to be used.Here is an example of the use of with-input-from-string:(with-input-from-string (s "Animal Crackers" :index j :start 6)(read s)) ) crackersAs a side e�ect, the variable j is set to 15.The :start and :index keywords may both specify the same variable,which is a pointer within the string to be advanced, perhaps repeatedly bysome containing loop.X3J13 voted in January 1989 h121i to restrict user side e�ects; see section7.9.........................................................................................................................................................................................................

[Macro]with-output-to-string (var [string] ) fdeclarationg� f formg�The body is executed as an implicit progn with the variable var bound to acharacter output stream. All output to that stream is saved in a string. Thismay be done in one of two ways.If no string argument is provided, then the value of with-output-from-string is a string containing all the collected output.



........................................................................................................................................................................................................

542 COMMON LISPIf string is speci�ed, it must be a string with a �ll pointer; the outputis incrementally appended to the string, as if using vector-push-extend ifthe string is adjustable, and otherwise as if using vector-push. In this casewith-output-to-string returns the results from the last form of the body.In either case, the output stream is automatically closed on exit from thewith-output-from-string form, no matter whether the exit is normal orabnormal. The stream should be regarded as having dynamic extent.X3J13 voted in June 1989 h122i to let with-output-to-string take an:element-type argument. [Macro]with-output-to-string (var [string [:element-type type] ] )fdeclarationg� f formg�One may specify nil instead of a string as the string and use the :element-type argument to specify what characters must be accepted by the createdstream. If no string argument is provided, or if it is nil and no :element-type is speci�ed, the created stream must accept all characters.X3J13 voted in October 1988 h185i to specify that if string is speci�ed, itmust be a string with a �ll pointer; the output is incrementally appended tothe string (as if by use of vector-push-extend).In this way output cannot be accidentally lost. This change makes with-output-to-string behave in the same way that format does when given astring as its �rst argument.X3J13 voted in January 1989 h167i to specify that the stream created bywith-output-to-string is always of type string-stream.X3J13 voted in January 1989 h121i to restrict user side e�ects; see section7.9.21.3. Operations on StreamsThis section contains discussion of only those operations that are common toall streams. Input and output is rather complicated and is discussed separatelyin chapter 22. The interface between streams and the �le system is discussedin chapter 23. [Function]streamp objectstreamp is true if its argument is a stream, and otherwise is false.(streamp x) � (typep x 'stream)



STREAMS 543X3J13 voted in January 1989 h15i to specify that streamp is una�ected bywhether its argument, if a stream, is open or closed. In either case it returnstrue. [Function]open-stream-p streamX3J13 voted in January 1989 h167i to add the predicate open-stream-p. It istrue if its argument (which must be a stream) is open, and otherwise is false.A stream is always created open; it remains open until closed with theclose function. The macros with-open-stream, with-input-from-string,with-output-to-string, and with-open-file automatically close the cre-ated stream as control leaves their bodies, in e�ect imposing dynamic extenton the openness of the stream. [Function]input-stream-p streamThis predicate is true if its argument (which must be a stream) can handleinput operations, and otherwise is false. [Function]output-stream-p streamThis predicate is true if its argument (which must be a stream) can handleoutput operations, and otherwise is false. [Function]stream-element-type streamA type speci�er is returned to indicate what objects may be read from orwritten to the argument stream, which must be a stream. Streams createdby open will have an element type restricted to a subset of character orinteger, but in principle a stream may conduct transactions using any Lispobjects. [Function]close stream &key :abortThe argument must be a stream. The stream is closed. No further in-put/output operations may be performed on it. However, certain inquiryoperations may still be performed, and it is permissible to close an alreadyclosed stream.X3J13 voted in January 1989 h15i and revised the vote in March 1989 tospecify that if close is called on an open stream, the stream is closed andt is returned; but if close is called on a closed stream, it succeeds without



544 COMMON LISPerror and returns an unspeci�ed value. (The rationale for not specifying thevalue returned for a closed stream is that in some implementations closingcertain streams does not really have an e�ect on them|for example, closingthe *terminal-io* stream might not \really" close it|and it is not desirableto force such implementations to keep otherwise unnecessary state. Portableprograms will of course not rely on such behavior.)X3J13 also voted in January 1989 to specify exactly which inquiry functionsmay be applied to closed streams:streamp pathname-host namestringpathname pathname-device file-namestringtruename pathname-directory directory-namestringmerge-pathnames pathname-name host-namestringopen pathname-type enough-namestringprobe-file pathname-version directorySee the individual descriptions of these functions for more information on howthey operate on closed streams.X3J13 voted in January 1989 h14i to clarify the e�ect of closing variouskinds of streams. First some terminology:. A composite stream is one that was returned by a call to make-synonym-stream, make-broadcast-stream, make-concatenated-stream, make-two-way-stream, or make-echo-stream.. The constituents of a composite stream are the streams that were givenas arguments to the function that constructed it or, in the case of make-synonym-stream, the stream that is the symbol-value of the symbol thatwas given as an argument. (The constituent of a synonym stream maytherefore vary over time.). A constructed stream is either a composite stream or one returned by acall to make-string-input-stream, make-string-output-stream, with-input-from-string, or with-output-to-string.The e�ect of applying close to a constructed stream is to close that streamonly. No input/output operations are permitted on the constructed streamonce it has been closed (though certain inquiry functions are still permitted,as described above).Closing a composite stream has no e�ect on its constituents; any con-stituents that are open remain open.If a stream created by make-string-output-stream is closed, the result ofthen applying get-output-stream-string to the stream is unspeci�ed.



STREAMS 545If the :abort parameter is not nil (it defaults to nil), it indicates anabnormal termination of the use of the stream. An attempt is made to cleanup any side e�ects of having created the stream in the �rst place. For example,if the stream performs output to a �le that was newly created when the streamwas created, then if possible the �le is deleted and any previously existing �leis not superseded.X3J13 voted in January 1989 h167i to add the following accessor functionsfor obtaining information about streams. [Function]broadcast-stream-streams broadcast-streamThe argument must be of type broadcast-stream. A list of the constituentoutput streams (whether open or not) is returned. [Function]concatenated-stream-streams concatenated-streamThe argument must be of type concatenated-stream. A list of constituentstreams (whether open or not) is returned. This list represents the orderedset of input streams from which the concatenated stream may yet read; thestream from which it is currently reading is �rst in the list. The list may beempty if no more streams remain to be read. [Function]echo-stream-input-stream echo-stream [Function]echo-stream-output-stream echo-streamThe argument must be of type echo-stream. The function echo-stream-input-stream returns the constituent input stream; echo-stream-output-stream returns the constituent output stream. [Function]synonym-stream-symbol synonym-streamThe argument must be of type synonym-stream. This function returns thesymbol for whose value the synonym-stream is a synonym. [Function]two-way-stream-input-stream two-way-stream [Function]two-way-stream-output-stream two-way-streamThe argument must be of type two-way-stream. The function two-way-stream-input-stream returns the constituent input stream; two-way-stream-output-stream returns the constituent output stream.



546 COMMON LISP [Function]interactive-stream-p streamX3J13 voted in June 1989 h168i to add the predicate interactive-stream-p, which returns t if the stream is interactive and otherwise returns nil. Atype-error error is signalled if the argument is not of type stream.The precise meaning of interactive-stream-p is implementation-dependent and may depend on the underlying operating system. The intentis to distinguish between interactive and batch (background, command-�le)operations. Some characteristics that might distinguish a stream as interac-tive:. The stream is connected to a person (or the equivalent) in such a way thatthe program can prompt for information and expect to receive input thatmight depend on the prompt.. The program is expected to prompt for input and to support \normal inputediting protocol" for that operating environment.. A call to read-char might hang waiting for the user to type somethingrather than quickly returning a character or an end-of-�le indication.The value of *terminal-io* might or might not be interactive. [Function]stream-external-format streamX3J13 voted in June 1989 h122i to add the function stream-external-format, which returns a speci�er for the implementation-recognized schemeused for representing characters in the argument stream. See the :external-format argument to open.



22Input/OutputCommon Lisp provides a rich set of facilities for performing input/output.All input/output operations are performed on streams of various kinds. Thischapter is devoted to stream data transfer operations. Streams are discussedin chapter 21, and ways of manipulating �les through streams are discussedin chapter 23.While there is provision for reading and writing binary data, most of theI/O operations in Common Lisp read or write characters. There are simpleprimitives for reading and writing single characters or lines of data. Theformat function can perform complex formatting of output data, directed bya control string in manner similar to a Fortran FORMAT statement or a PL/IPUT EDIT statement. The most useful I/O operations, however, read andwrite printed representations of arbitrary Lisp objects.22.1. Printed Representation of Lisp ObjectsLisp objects in general are not text strings but complex data structures. Theyhave very di�erent properties from text strings as a consequence of their inter-nal representation. However, to make it possible to get at and talk about Lispobjects, Lisp provides a representation of most objects in the form of printedtext; this is called the printed representation, which is used for input/outputpurposes and in the examples throughout this book. Functions such as printtake a Lisp object and send the characters of its printed representation toa stream. The collection of routines that does this is known as the (Lisp)printer. The read function takes characters from a stream, interprets themas a printed representation of a Lisp object, builds that object, and returnsit; the collection of routines that does this is called the (Lisp) reader.Ideally, one could print a Lisp object and then read the printed represen-tation back in, and so obtain the same identical object. In practice this is547



548 COMMON LISPdi�cult and for some purposes not even desirable. Instead, reading a printedrepresentation produces an object that is (with obscure technical exceptions)equal to the originally printed object.Most Lisp objects have more than one possible printed representation. Forexample, the integer twenty-seven can be written in any of these ways:27 27. #--o33 #--x1B #--b11011 #--.(* 3 3 3) 81/3A list of two symbols A and B can be printed in many ways:(A B) (a b) ( a b ) (\A |B|)(|\A|B)The last example, which is spread over three lines, may be ugly, but it islegitimate. In general, wherever whitespace is permissible in a printed repre-sentation, any number of spaces and newlines may appear.When print produces a printed representation, it must choose arbitrarilyfrom among many possible printed representations. It attempts to choose onethat is readable. There are a number of global variables that can be used tocontrol the actions of print, and a number of di�erent printing functions.This section describes in detail what is the standard printed representationfor any Lisp object and also describes how read operates.22.1.1. What the Read Function AcceptsThe purpose of the Lisp reader is to accept characters, interpret them asthe printed representation of a Lisp object, and construct and return suchan object. The reader cannot accept everything that the printer produces;for example, the printed representations of compiled code objects cannot beread in. However, the reader has many features that are not used by theoutput of the printer at all, such as comments, alternative representations,and convenient abbreviations for frequently used but unwieldy constructs.The reader is also parameterized in such a way that it can be used as a lexicalanalyzer for a more general user-written parser.The reader is organized as a recursive-descent parser. Broadly speaking, thereader operates by reading a character from the input stream and treating it inone of three ways. Whitespace characters serve as separators but are otherwiseignored. Constituent and escape characters are accumulated to make a token,which is then interpreted as a number or symbol. Macro characters trigger



INPUT/OUTPUT 549the invocation of functions (possibly user-supplied) that can perform arbitraryparsing actions, including recursive invocation of the reader.More precisely, when the reader is invoked, it reads a single character fromthe input stream and dispatches according to the syntactic type of that char-acter. Every character that can appear in the input stream must be of exactlyone of the following kinds: illegal, whitespace, constituent, single escape, mul-tiple escape, or macro. Macro characters are further divided into the typesterminating and non-terminating (of tokens). (Note that macro charactershave nothing whatever to do with macros in their operation. There is asuper�cial similarity in that macros allow the user to extend the syntax ofCommon Lisp at the level of forms, while macro characters allow the userto extend the syntax at the level of characters.) Constituents additionallyhave one or more attributes, the most important of which is alphabetic; theseattributes are discussed further in section 22.1.2.The parsing of Common Lisp expressions is discussed in terms of thesesyntactic character types because the types of individual characters are not�xed but may be altered by the user (see set-syntax-from-char and set-macro-character). The characters of the standard character set initiallyhave the syntactic types shown in table 22-1. Note that the brackets, braces,question mark, and exclamation point (that is, [, ], {, }, ?, and !) arenormally de�ned to be constituents, but they are not used for any purposein standard Common Lisp syntax and do not occur in the names of built-inCommon Lisp functions or variables. These characters are explicitly reservedto the user. The primary intent is that they be used as macro characters; buta user might choose, for example, to make ! be a single escape character (asit is in Portable Standard Lisp).The algorithm performed by the Common Lisp reader is roughly as follows:1. If at end of �le, perform end-of-�le processing (as speci�ed by the caller ofthe read function). Otherwise, read one character from the input stream,call it x, and dispatch according to the syntactic type of x to one of steps 2to 7.2. If x is an illegal character, signal an error.3. If x is a whitespace character, then discard it and go back to step 1.4. If x is a macro character (at this point the distinction between terminatingand non-terminating macro characters does not matter), then execute thefunction associated with that character. The function may return zerovalues or one value (see values).



550 COMMON LISPTable 22-1: Standard Character Syntax Typeshtabi whitespace hpagei whitespace hnewlinei whitespacehspacei whitespace @ constituent ` terminating macro! constituent * A constituent a constituent" terminating macro B constituent b constituent#-- non-terminating macro C constituent c constituent$ constituent D constituent d constituent% constituent E constituent e constituent& constituent F constituent f constituent' terminating macro G constituent g constituent( terminating macro H constituent h constituent) terminating macro I constituent i constituent* constituent J constituent j constituent+ constituent K constituent k constituent, terminating macro L constituent l constituent- constituent M constituent m constituent. constituent N constituent n constituent/ constituent O constituent o constituent0 constituent P constituent p constituent1 constituent Q constituent q constituent2 constituent R constituent r constituent3 constituent S constituent s constituent4 constituent T constituent t constituent5 constituent U constituent u constituent6 constituent V constituent v constituent7 constituent W constituent w constituent8 constituent X constituent x constituent9 constituent Y constituent y constituent: constituent Z constituent z constituent; terminating macro [ constituent * { constituent *< constituent \ single escape | multiple escapeUU constituent ] constituent * } constituent *> constituent ^ constituent ~ constituent? constituent * _ constituent hrubouti constituenthbackspacei constituent hreturni whitespace hlinefeedi whitespaceThe characters marked with an asterisk are initially constituents but are reservedto the user for use as macro characters or for any other desired purpose.



INPUT/OUTPUT 551The macro-character function may of course read characters from the inputstream; if it does, it will see those characters following the macro character.The function may even invoke the reader recursively. This is how the macrocharacter ( constructs a list: by invoking the reader recursively to readthe elements of the list.If one value is returned, then return that value as the result of the readoperation; the algorithm is done. If zero values are returned, then go backto step 1.5. If x is a single escape character (normally \), then read the next characterand call it y (but if at end of �le, signal an error instead). Ignore theusual syntax of y and pretend it is a constituent whose only attribute isalphabetic.(If y is a lowercase character, leave it alone; do not replace it with the........................................................................................................................................................................................................

corresponding uppercase character.)For the purposes of readtable-case, y is not replaceable.Use y to begin a token, and go to step 8.6. If x is amultiple escape character (normally |), then begin a token (initiallycontaining no characters) and go to step 9.7. If x is a constituent character, then it begins an extended token. After theentire token is read in, it will be interpreted either as representing a Lispobject such as a symbol or number (in which case that object is returnedas the result of the read operation), or as being of illegal syntax (in whichcase an error is signaled).If x is a lowercase character, replace it with the corresponding uppercase........................................................................................................................................................................................................

character.X3J13 voted in June 1989 h150i to introduce readtable-case. Conse-quently, the preceding sentence should be ignored. The case of x shouldnot be altered; instead, x should be regarded as replaceable.Use x to begin a token, and go on to step 8.8. (At this point a token is being accumulated, and an even number of mul-tiple escape characters have been encountered.) If at end of �le, go tostep 10. Otherwise, read a character (call it y), and perform one of thefollowing actions according to its syntactic type:. If y is a constituent or non-terminating macro, then do the following.



552 COMMON LISPIf y is a lowercase character, replace it with the corresponding uppercase........................................................................................................................................................................................................

character.X3J13 voted in June 1989 h150i to introduce readtable-case. Conse-quently, the preceding sentence should be ignored. The case of y shouldnot be altered; instead, y should be regarded as replaceable.Append y to the token being built, and repeat step 8.. If y is a single escape character, then read the next character and call itz (but if at end of �le, signal an error instead). Ignore the usual syntaxof z and pretend it is a constituent whose only attribute is alphabetic.(If z is a lowercase character, leave it alone; do not replace it with the........................................................................................................................................................................................................

corresponding uppercase character.)For the purposes of readtable-case, z is not replaceable.Append z to the token being built, and repeat step 8.. If y is a multiple escape character, then go to step 9.. If y is an illegal character, signal an error.. If y is a terminating macro character, it terminates the token. First\unread" the character y (see unread-char), then go to step 10.. If y is a whitespace character, it terminates the token. First \unread" yif appropriate (see read-preserving-whitespace), then go to step 10.9. (At this point a token is being accumulated, and an odd number ofmultipleescape characters have been encountered.) If at end of �le, signal an error.Otherwise, read a character (call it y), and perform one of the followingactions according to its syntactic type:. If y is a constituent, macro, or whitespace character, then ignore theusual syntax of that character and pretend it is a constituent whoseonly attribute is alphabetic.(If y is a lowercase character, leave it alone; do not replace it with the........................................................................................................................................................................................................

corresponding uppercase character.)For the purposes of readtable-case, y is not replaceable.Append y to the token being built, and repeat step 9.. If y is a single escape character, then read the next character and call itz (but if at end of �le, signal an error instead). Ignore the usual syntaxof z and pretend it is a constituent whose only attribute is alphabetic.



........................................................................................................................................................................................................

INPUT/OUTPUT 553(If z is a lowercase character, leave it alone; do not replace it with the........................................................................................................................................................................................................

corresponding uppercase character.)For the purposes of readtable-case, z is not replaceable.Append z to the token being built, and repeat step 9.. If y is a multiple escape character, then go to step 8.. If y is an illegal character, signal an error.10. An entire token has been accumulated.X3J13 voted in June 1989 h150i to introduce readtable-case. If theaccumulated token is to be interpreted as a symbol, any case conversionof replaceable characters should be performed at this point according tothe value of the readtable-case slot of the current readtable (the valueof *readtable*).Interpret the token as representing a Lisp object and return that objectas the result of the read operation, or signal an error if the token is not oflegal syntax.X3J13 voted in March 1989 h11i to specify that implementation-de�nedattributes may be removed from the characters of a symbol token whenconstructing the print name. It is implementation-dependent which at-tributes are removed.As a rule, a single escape character never stands for itself but always servesto cause the following character to be treated as a simple alphabetic character.A single escape character can be included in a token only if preceded byanother single escape character.A multiple escape character also never stands for itself. The charactersbetween a pair of multiple escape characters are all treated as simple alpha-betic characters, except that single escape and multiple escape characters mustnevertheless be preceded by a single escape character to be included.Compatibility note: In MacLisp, the | character is implemented as a macrocharacter that reads characters up to the next unescaped | and then makes a token;no characters are ever read beyond the second | of a matching pair. In CommonLisp, the second | does not terminate the token being read but merely reverts to theordinary (rather than multiple-escape) mode of token accumulation. This results insome di�erences in the way certain character sequences are interpreted. For example,the sequence |foo||bar|would be read in MacLisp as two distinct tokens, |foo| and|bar|, whereas in Common Lisp it would be treated as a single token equivalent to|foobar|. The sequence |foo|bar|baz|would be read in MacLisp as three distinct



554 COMMON LISPtokens, |foo|, bar, and |baz|, whereas in Common Lisp it would be treated as asingle token equivalent to |fooBARbaz|; note that the middle three lowercase lettersare converted to uppercase letters as they do not fall within a matching pair ofvertical bars.One reason for the di�erent treatment of | in Common Lisp lies in the syntaxfor package-quali�ed symbol names. A sequence such as |foo:bar| ought to beinterpreted as a symbol whose name is foo:bar; the colon should be treated asa simple alphabetic character because it lies within a pair of vertical bars. Thesymbol |bar| within the package |foo| can be notated not as |foo:bar| but as|foo|:|bar|; the colon can serve as a package marker because it falls outside thevertical bars, and yet the notation is treated as a single token thanks to the newrules adopted in Common Lisp.In MacLisp, the parentheses are treated as additional character types. In CommonLisp they are simply macro characters, as described in section 22.1.3.What MacLisp calls \single character objects" (tokens of type single) are notprovided for explicitly in Common Lisp. They can be viewed as simply a kind ofmacro character. That is, the e�ect of(setsyntax '$ 'single nil)(setsyntax '% 'single nil)in MacLisp can be achieved in Common Lisp by(defun single-macro-character (stream char)(declare (ignore stream))(intern (string char)))(set-macro-character '$ #--'single-macro-character)(set-macro-character '% #--'single-macro-character)22.1.2. Parsing of Numbers and SymbolsWhen an extended token is read, it is interpreted as a number or symbol.In general, the token is interpreted as a number if it satis�es the syntax fornumbers speci�ed in table 22-2; this is discussed in more detail below.The characters of the extended token may serve various syntactic functionsas shown in table 22-3, but it must be remembered that any character includedin a token under the control of an escape character is treated as alphabeticrather than according to the attributes shown in the table. One consequence ofthis rule is that a whitespace, macro, or escape character will always be treatedas alphabetic within an extended token because such a character cannot beincluded in an extended token except under the control of an escape character.To allow for extensions to the syntax of numbers, a syntax for potentialnumbers is de�ned in Common Lisp that is more general than the actual



INPUT/OUTPUT 555Table 22-2: Actual Syntax of Numbersnumber ::= integer j ratio j oating-point-numberinteger ::= [sign] fdigitg+ [decimal-point ]ratio ::= [sign] fdigitg+ / fdigitg+oating-point-number ::= [sign] fdigitg� decimal-point fdigitg+ [exponent ]j [sign] fdigitg+ [decimal-point fdigitg� ] exponentsign ::= + j -decimal-point ::= .digit ::= 0 j 1 j 2 j 3 j 4 j 5 j 6 j 7 j 8 j 9exponent ::= exponent-marker [sign] fdigitg+exponent-marker ::= e j s j f j d j l j E j S j F j D j Lsyntax for numbers. Any token that is not a potential number and does notconsist entirely of dots will always be taken to be a symbol, now and in thefuture; programs may rely on this fact. Any token that is a potential numberbut does not �t the actual number syntax de�ned below is a reserved tokenand has an implementation-dependent interpretation; an implementationmaysignal an error, quietly treat the token as a symbol, or take some other action.Programmers should avoid the use of such reserved tokens. (A symbol whosename looks like a reserved token can always be written using one or moreescape characters.)Just as bignum is the standard term used by Lisp implementors for verylarge integers, and onum (rhymes with \low hum") refers to a oating-pointnumber, the term potnum has been used widely as an abbreviation for \po-tential number." \Potnum" rhymes with \hot rum."A token is a potential number if it satis�es the following requirements:. It consists entirely of digits, signs (+ or -), ratio markers (/), decimal points(.), extension characters (^ or _), and number markers. (A number markeris a letter. Whether a letter may be treated as a number marker depends oncontext, but no letter that is adjacent to another letter may ever be treatedas a number marker. Floating-point exponent markers are instances ofnumber markers.). It contains at least one digit. (Letters may be considered to be digits,depending on the value of *read-base*, but only in tokens containing nodecimal points.)



556 COMMON LISP. It begins with a digit, sign, decimal point, or extension character.. It does not end with a sign.As examples, the following tokens are potential numbers, but they are notactually numbers as de�ned below, and so are reserved tokens. (They doindicate some interesting possibilities for future extensions.)1b5000 777777q 1.7J -3/4+6.7J 12/25/8327^19 3^4/5 6//7 3.1.2.6 ^-43^3.141_592_653_589_793_238_4 -3.7+2.6i-6.17j+19.6kThe following tokens are not potential numbers but are always treated assymbols:/ /5 + 1+ 1-foo+ ab.cd _ ^ ^/-The following tokens are potential numbers if the value of *read-base* is 16(an abnormal situation), but they are always treated as symbols if the valueof *read-base* is 10 (the usual value):bad-face 25-dec-83 a/b fad_cafe f^It is possible for there to be an ambiguity as to whether a letter should betreated as a digit or as a number marker. In such a case, the letter is alwaystreated as a digit rather than as a number marker.Note that the printed representation for a potential number may not containany escape characters. An escape character robs the following character of allsyntactic qualities, forcing it to be strictly alphabetic and therefore unsuitablefor use in a potential number. For example, all of the following representationsare interpreted as symbols, not numbers:\256 25\64 1.0\E6 |100| 3\.14159 |3/4| 3\/4 5||In each case, removing the escape character(s) would allow the token to betreated as a number.If a potential number can in fact be interpreted as a number according tothe BNF syntax in table 22-2, then a number object of the appropriate type isconstructed and returned. It should be noted that in a given implementationit may be that not all tokens conforming to the actual syntax for numbers canactually be converted into number objects. For example, specifying too largeor too small an exponent for a oating-point number may make the number



INPUT/OUTPUT 557Table 22-3: Standard Constituent Character Attributes! alphabetic hpagei illegal hbackspacei illegal" alphabetic * hreturni illegal * htabi illegal *#-- alphabetic * hspacei illegal * hnewlinei illegal *$ alphabetic hrubouti illegal hlinefeedi illegal *% alphabetic . alphabetic, dot, decimal point& alphabetic + alphabetic, plus sign' alphabetic * - alphabetic, minus sign( alphabetic * * alphabetic) alphabetic * / alphabetic, ratio marker, alphabetic * @ alphabetic0 alphadigit A, a alphadigit1 alphadigit B, b alphadigit2 alphadigit C, c alphadigit3 alphadigit D, d alphadigit, double-oat exponent marker4 alphadigit E, e alphadigit, oat exponent marker5 alphadigit F, f alphadigit, single-oat exponent marker6 alphadigit G, g alphadigit7 alphadigit H, h alphadigit8 alphadigit I, i alphadigit9 alphadigit J, j alphadigit: package marker K, k alphadigit; alphabetic * L, l alphadigit, long-oat exponent marker< alphabetic M, m alphadigitUU alphabetic N, n alphadigit> alphabetic O, o alphadigit? alphabetic P, p alphadigit[ alphabetic Q, q alphadigit\ alphabetic * R, r alphadigit] alphabetic S, s alphadigit, short-oat exponent marker^ alphabetic T, t alphadigit_ alphabetic U, u alphadigit` alphabetic * V, v alphadigit{ alphabetic W, w alphadigit| alphabetic * X, x alphadigit} alphabetic Y, y alphadigit~ alphabetic Z, z alphadigitThese interpretations apply only to characters whose syntactic type is constituent. Entriesmarked with an asterisk are normally shadowed because the characters are of syntactic typewhitespace, macro, single escape, or multiple escape. An alphadigit character is interpretedas a digit if it is a valid digit in the radix speci�ed by *read-base*; otherwise it isalphabetic. Characters with an illegal attribute can never appear in a token except underthe control of an escape character.



558 COMMON LISPimpossible to represent in the implementation. Similarly, a ratio with denom-inator zero (such as -35/000) cannot be represented in any implementation.In any such circumstance where a token with the syntax of a number cannotbe converted to an internal number object, an error is signaled. (On the otherhand, an error must not be signaled for specifying too many signi�cant dig-its for a oating-point number; an appropriately truncated or rounded valueshould be produced.)There is an omission in the syntax of numbers as described in table 22-2, inthat the syntax does not account for the possible use of letters as digits. Theradix used for reading integers and ratios is normally decimal. However, thisradix is actually determined by the value of the variable *read-base*, whoseinitial value is 10. *read-base* may take on any integral value between 2and 36; let this value be n. Then a token x is interpreted as an integer orratio in base n if it could be properly so interpreted in the syntax #--nRx (seesection 22.1.4). So, for example, if the value of *read-base* is 16, then theprinted representation(a small face in a bad place)would be interpreted as if the following representation had been read with*read-base* set to 10:(10 small 64206 in 10 2989 place)because four of the seven tokens in the list can be interpreted as hexadecimalnumbers. This facility is intended to be used in reading �les of data that forsome reason contain numbers not in decimal radix; it may also be used forreading programs written in Lisp dialects (such as MacLisp) whose defaultnumber radix is not decimal. Non-decimal constants in Common Lisp pro-grams or portable Common Lisp data �les should be written using #--O, #--X, #--B,or #--nR syntax.When *read-base* has a value greater than 10, an ambiguity is introducedinto the actual syntax for numbers because a letter can serve as either a digit oran exponent marker; a simple example is 1E0 when the value of *read-base*is 16. The ambiguity is resolved in accordance with the general principle thatinterpretation as a digit is preferred to interpretation as a number marker.The consequence in this case is that if a token can be interpreted as either aninteger or a oating-point number, then it is taken to be an integer.If a token consists solely of dots (with no escape characters), then an error issignaled, except in one circumstance: if the token is a single dot and occurs ina situation appropriate to \dotted list" syntax, then it is accepted as a part of



INPUT/OUTPUT 559such syntax. Signaling an error catches not only misplaced dots in dotted listsyntax but also lists that were truncated by *print-length* cuto�, becausesuch lists end with a three-dot sequence (...). Examples:(a . b) ;A dotted pair of a and b(a.b) ;A list of one element, the symbol named a.b(a. b) ;A list of two elements a. and b(a .b) ;A list of two elements a and .b(a \. b) ;A list of three elements a, ., and b(a |.| b) ;A list of three elements a, ., and b(a \... b) ;A list of three elements a, ..., and b(a |...| b) ;A list of three elements a, ..., and b(a b . c) ;A dotted list of a and b with c at the end.iot ;The symbol whose name is .iot(. b) ;Illegal; an error is signaled(a .) ;Illegal; an error is signaled(a .. b) ;Illegal; an error is signaled(a . . b) ;Illegal; an error is signaled(a b c ...) ;Illegal; an error is signaledIn all other cases, the token is construed to be the name of a symbol. Ifthere are any package markers (colons) in the token, they divide the tokeninto pieces used to control the lookup and creation of the symbol.If there is a single package marker, and it occurs at the beginning of the........................................................................................................................................................................................................

token, then the token is interpreted as a keyword, that is, a symbol in thekeyword package. The part of the token after the package marker must nothave the syntax of a number.If there is a single package marker not at the beginning or end of the token,then it divides the token into two parts. The �rst part speci�es a package;the second part is the name of an external symbol available in that package.Neither of the two parts may have the syntax of a number.If there are two adjacent package markers not at the beginning or end ofthe token, then they divide the token into two parts. The �rst part speci�esa package; the second part is the name of a symbol within that package(possibly an internal symbol). Neither of the two parts may have the syntaxof a number.X3J13 voted in March 1988 h16i to clarify that, in the situations describedin the preceding three paragraphs, the restriction on the syntax of the partsshould be strengthened: none of the parts may have the syntax of even apotential number. Tokens such as :3600, :1/2, and editor:3.14159 werealready ruled out; this clari�cation further declares that such tokens as :2 3̂,



560 COMMON LISPcompiler:1.7J, and Christmas:12/25/83 are also in error and thereforeshould not be used in portable programs. Implementations may di�er in theirtreatment of such package-marked potential numbers.If a symbol token contains no package markers, then the entire token is thename of the symbol. The symbol is looked up in the default package, whichis the value of the variable *package*.All other patterns of package markers, including the cases where there aremore than two package markers or where a package marker appears at theend of the token, at present do not mean anything in Common Lisp (see chap-ter 11). It is therefore currently an error to use such patterns in a CommonLisp program. The valid patterns for tokens may be summarized as follows:nnnnn a numberxxxxx a symbol in the current package:xxxxx a symbol in the keyword packageppppp:xxxxx an external symbol in the ppppp packageppppp::xxxxx a (possibly internal) symbol in the ppppp packagewhere nnnnn has the syntax of a number, and xxxxx and ppppp do not havethe syntax of a number.In accordance with the X3J13 decision noted above h16i, xxxxx and pppppmay not have the syntax of even a potential number. [Variable]*read-base*The value of *read-base* controls the interpretation of tokens by read asbeing integers or ratios. Its value is the radix in which integers and ratiosare to be read; the value may be any integer from 2 to 36 (inclusive) andis normally 10 (decimal radix). Its value a�ects only the reading of integersand ratios. In particular, oating-point numbers are always read in decimalradix. The value of *read-base* does not a�ect the radix for rational numberswhose radix is explicitly indicated by #--O, #--X, #--B, or #--nR syntax or by a trailingdecimal point.Care should be taken when setting *read-base* to a value larger than10, because tokens that would normally be interpreted as symbols may beinterpreted as numbers instead. For example, with *read-base* set to 16(hexadecimal radix), variables with names such as a, b, f, bad, and face willbe treated by the reader as numbers (with decimal values 10, 11, 15, 2989,and 64206, respectively). The ability to alter the input radix is providedin Common Lisp primarily for the purpose of reading data �les in specialformats, rather than for the purpose of altering the default radix in which



INPUT/OUTPUT 561to read programs. The user is strongly encouraged to use #--O, #--X, #--B, or #--nRsyntax when notating non-decimal constants in programs.Compatibility note: This variable corresponds to the variable called ibase inMacLisp and to the function called radix in Interlisp. [Variable]*read-suppress*When the value of *read-suppress* is nil, the Lisp reader operates normally.When it is not nil, then most of the interesting operations of the reader aresuppressed; input characters are parsed, but much of what is read is notinterpreted.The primary purpose of *read-suppress* is to support the operation of theread-time conditional constructs #--+ and #--- (see section 22.1.4). It is importantfor these constructs to be able to skip over the printed representation of a Lispexpression despite the possibility that the syntax of the skipped expressionmay not be entirely legal for the current implementation; this is because aprimary application of #--+ and #--- is to allow the same program to be sharedamong several Lisp implementations despite small incompatibilities of syntax.A non-nil value of *read-suppress* has the following speci�c e�ects onthe Common Lisp reader:. All extended tokens are completely uninterpreted. It matters not whetherthe token looks like a number, much less like a valid number; the patternof package markers also does not matter. An extended token is simplydiscarded and treated as if it were nil; that is, reading an extended tokenwhen *read-suppress* is non-nil simply returns nil. (One consequenceof this is that the error concerning improper dotted-list syntax will not besignaled.). Any standard #-- macro-character construction that requires, permits, ordisallows an in�x numerical argument, such as #--nR, will not enforce anyconstraint on the presence, absence, or value of such an argument.. The #--\ construction always produces the value nil. It will not signal anerror even if an unknown character name is seen.. Each of the #--B, #--O, #--X, and #--R constructions always scans over a followingtoken and produces the value nil. It will not signal an error even if thetoken does not have the syntax of a rational number.



562 COMMON LISP. The #--* construction always scans over a following token and produces thevalue nil. It will not signal an error even if the token does not consistsolely of the characters 0 and 1.. Each of the #--. and #--, constructions reads the following form (in suppressed........................................................................................................................................................................................................

mode, of course) but does not evaluate it. The form is discarded and nilis produced.X3J13 voted in January 1989 h162i to remove #--, from the language.. Each of the #--A, #--S, and #--: constructions reads the following form (in sup-pressed mode, of course) but does not interpret it in any way; it need noteven be a list in the case of #--S, or a symbol in the case of #--:. The form isdiscarded and nil is produced.. The #--UU construction is totally ignored. It does not read a following form.It produces no object, but is treated as whitespace.. The #--#-- construction always produces nil.Note that, no matter what the value of *read-suppress*, parentheses stillcontinue to delimit (and construct) lists; the #--( construction continues todelimit vectors; and comments, strings, and the quote and backquote con-structions continue to be interpreted properly. Furthermore, such situationsas '), #--<, #--), and #--hspacei continue to signal errors.In some cases, it may be appropriate for a user-written macro-characterde�nition to check the value of *read-suppress* and to avoid certain com-putations or side e�ects if its value is not nil. [Variable]*read-eval*X3J13 voted in June 1989 h40i to add a new reader control variable, *read-eval*, whose default value is t. If *read-eval* is false, the #--. reader macrosignals an error.Printing is also a�ected. If *read-eval* is false and *print-readably*is true, any print-object method that would otherwise output a #--. readermacro must either output something di�erent or signal an error of type print-not-readable.Binding *read-eval* to nil is useful when reading data that came from anuntrusted source, such as a network or a user-supplied data �le; it prevents the#--. reader macro from being exploited as a \Trojan horse" to cause arbitraryforms to be evaluated.



INPUT/OUTPUT 56322.1.3. Macro CharactersIf the reader encounters a macro character, then the function associated withthat macro character is invoked and may produce an object to be returned.This function may read following characters in the stream in whatever syntaxit likes (it may even call read recursively) and return the object representedby that syntax. Macro characters may or may not be recognized, of course,when read as part of other special syntaxes (such as for strings).The reader is therefore organized into two parts: the basic dispatch loop,which also distinguishes symbols and numbers, and the collection of macrocharacters. Any character can be reprogrammed as a macro character; this isa means by which the reader can be extended. The macro characters normallyde�ned are as follows:(The left-parenthesis character initiates reading of a pair or list. The func-tion read is called recursively to read successive objects until a right paren-thesis is found to be next in the input stream. A list of the objects read isreturned. Thus the input sequence(a b c)is read as a list of three objects (the symbols a, b, and c). The right parenthesisneed not immediately follow the printed representation of the last object;whitespace characters and comments may precede it. This can be useful forputting one object on each line and making it easy to add new objects:(defun traffic-light (color)(case color(green)(red (stop))(amber (accelerate)) ;Insert more colors after this line))It may be that no objects precede the right parenthesis, as in () or ( );this reads as a list of zero objects (the empty list).If a token that is just a dot, not preceded by an escape character, is readafter some object, then exactly one more object must follow the dot, possiblyfollowed by whitespace, followed by the right parenthesis:(a b c . d)



564 COMMON LISPThis means that the cdr of the last pair in the list is not nil, but rather theobject whose representation followed the dot. The above example might havebeen the result of evaluating(cons 'a (cons 'b (cons 'c 'd))) ) (a b c . d)Similarly, we have(cons 'znets 'wolq-zorbitan) ) (znets . wolq-zorbitan)It is permissible for the object following the dot to be a list:(a b c d . (e f . (g)))is the same as(a b c d e f g)but a list following a dot is a non-standard form that print will never produce.)The right-parenthesis character is part of various constructs (such as the syn-tax for lists) using the left-parenthesis character and is invalid except whenused in such a construct.



INPUT/OUTPUT 565'The single-quote (accent acute) character provides an abbreviation to make iteasier to put constants in programs. The form 'foo reads the same as (quotefoo): a list of the symbol quote and foo.;Semicolon is used to write comments. The semicolon and all characters upto and including the next newline are ignored. Thus a comment can be put atthe end of any line without a�ecting the reader. (A comment will terminatea token, but a newline would terminate the token anyway.)There is no functional di�erence between using one semicolon and usingmore than one, but the conventions shown here are in common use.;;;; COMMENT-EXAMPLE function.;;; This function is useless except to demonstrate comments.;;; (Actually, this example is much too cluttered with them.)(defun comment-example (x y) ;X is anything; Y is an a-list.(cond ((listp x) x) ;If X is a list, use that.;; X is now not a list. There are two other cases.((symbolp x);; Look up a symbol in the a-list.(cdr (assoc x y))) ;Remember, (cdr nil) is nil.;; Do this when all else fails:(t (cons x ;Add x to a default list.'((lisp t) ;LISP is okay.(fortran nil) ;FORTRAN is not.(pl/i -500) ;Note that you can put comments in(ada .001) ; "data" as well as in "programs".;; COBOL??(teco -1.0e9))))))In this example, comments may begin with one to four semicolons.. Single-semicolon comments are all aligned to the same column at the right;usually each comment concerns only the code it is next to. Occasionallya comment is long enough to occupy two or three lines; in this case, it isconventional to indent the continued lines of the comment one space (afterthe semicolon).



566 COMMON LISP. Double-semicolon comments are aligned to the level of indentation of thecode. A space conventionally follows the two semicolons. Such commentsusually describe the state of the program at that point or the code sectionthat follows the comment.. Triple-semicolon comments are aligned to the left margin. They usuallydocument whole programs or large code blocks.. Quadruple-semicolon comments usually indicate titles of whole programsor large code blocks.Compatibility note: These conventions arose among users of MacLisp and havebeen found to be very useful. The conventions are conveniently exploited by cer-tain software tools, such as the EMACS editor and the ATSIGN listing programdeveloped at MIT.The ATSIGN listing program, alas, is no longer in use, but EMACS is widelyavailable, especially the GNU EMACS implementation, which is available from theFree Software Foundation, 675 Massachusetts Avenue, Cambridge, Massachusetts02139. Remember, GNU's Not UNIX."The double quote character begins the printed representation of a string.Successive characters are read from the input stream and accumulated untilanother double quote is encountered. An exception to this occurs if a singleescape character is seen; the escape character is discarded, the next characteris accumulated, and accumulation continues. When a matching double quoteis seen, all the accumulated characters up to but not including the matchingdouble quote are made into a simple string and returned.T̀he backquote (accent grave) character makes it easier to write programs toconstruct complex data structures by using a template.Notice of correction. In the �rst edition, the backquote character h`i ap-pearing at the left margin above was inadvertently omitted.As an example, writing`(cond ((numberp ,x) ,@y) (t (print ,x) ,@y))is roughly equivalent to writing(list 'cond



INPUT/OUTPUT 567(cons (list 'numberp x) y)(list* 't (list 'print x) y))The general idea is that the backquote is followed by a template, a picture ofa data structure to be built. This template is copied, except that within thetemplate commas can appear. Where a comma occurs, the form following thecomma is to be evaluated to produce an object to be inserted at that point.Assume b has the value 3; then evaluating the form denoted by `(a b ,b ,(+b 1) b) produces the result (a b 3 4 b).If a comma is immediately followed by an at-sign (@), then the form fol-lowing the at-sign is evaluated to produce a list of objects. These objects arethen \spliced" into place in the template. For example, if x has the value (ab c), then`(x ,x ,@x foo ,(cadr x) bar ,(cdr x) baz ,@(cdr x))) (x (a b c) a b c foo b bar (b c) baz b c)The backquote syntax can be summarized formally as follows. For each ofseveral situations in which backquote can be used, a possible interpretationof that situation as an equivalent form is given. Note that the form is equiv-alent only in the sense that when it is evaluated it will calculate the correctresult. An implementation is quite free to interpret backquote in any waysuch that a backquoted form, when evaluated, will produce a result equal tothat produced by the interpretation shown here.. `basic is the same as 'basic, that is, (quote basic), for any form basic thatis not a list or a general vector.. `,form is the same as form, for any form, provided that the representationof form does not begin with \@" or \.". (A similar caveat holds for alloccurrences of a form after a comma.). `,@form is an error.. `(x1 x2 x3 ... xn . atom) may be interpreted to mean(append [x1] [x2] [x3] ... [xn] (quote atom))where the brackets are used to indicate a transformation of an xj as follows:{ [form] is interpreted as (list f̀orm), which contains a backquoted formthat must then be further interpreted.{ [,form] is interpreted as (list form).



568 COMMON LISP{ [,@form] is interpreted simply as form.. `(x1 x2 x3 ... xn) may be interpreted to mean the same as the back-quoted form `(x1 x2 x3 ... xn . nil), thereby reducing it to the previ-ous case.. `(x1 x2 x3 ... xn . ,form) may be interpreted to mean(append [x1] [x2] [x3] ... [xn] form)where the brackets indicate a transformation of an xj as described above.. `(x1 x2 x3 ... xn . ,@form) is an error.. `#--(x1 x2 x3 ... xn) may be interpreted to mean(apply #--'vector `(x1 x2 x3 ... xn))No other uses of comma are permitted; in particular, it may not appearwithin the #--A or #--S syntax.Anywhere \,@" may be used, the syntax \,." may be used instead toindicate that it is permissible to destroy the list produced by the form followingthe \,."; this may permit more e�cient code, using nconc instead of append,for example.If the backquote syntax is nested, the innermost backquoted form shouldbe expanded �rst. This means that if several commas occur in a row, theleftmost one belongs to the innermost backquote.Once again, it is emphasized that an implementation is free to interpreta backquoted form as any form that, when evaluated, will produce a resultthat is equal to the result implied by the above de�nition. In particular, noguarantees are made as to whether the constructed copy of the template willor will not share list structure with the template itself. As an example, theabove de�nition implies that`((,a b) ,c ,@d)will be interpreted as if it were(append (list (append (list a) (list 'b) 'nil)) (list c) d 'nil)but it could also be legitimately interpreted to mean any of the following.(append (list (append (list a) (list 'b))) (list c) d)(append (list (append (list a) '(b))) (list c) d)



INPUT/OUTPUT 569(append (list (cons a '(b))) (list c) d)(list* (cons a '(b)) c d)(list* (cons a (list 'b)) c d)(list* (cons a '(b)) c (copy-list d))

(There is no good reason why copy-list should be performed, but it is notprohibited.)



570 COMMON LISPSome users complain that backquote syntax is di�cult to read, especiallywhen it is nested. I agree that it can get complicated, but in some situations(such as writing macros that expand into de�nitions for other macros) suchcomplexity is to be expected, and the alternative is much worse.After I gained some experience in writing nested backquote forms, I foundthat I was not stopping to analyze the various patterns of nested backquotesand interleaved commas and quotes; instead, I was recognizing standard id-ioms wholesale, in the same manner that I recognize cadar as the primitivefor \extract the lambda-list from the form ((lambda ...) ...))" withoutstopping to analyze it into \car of cdr of car." For example, ,x withina doubly-nested backquote form means \the value of x available during thesecond evaluation will appear here once the form has been twice evaluated,"whereas ,',x means \the value of x available during the �rst evaluation willappear here once the form has been twice evaluated" and ,,x means \thevalue of the value of x will appear here."See appendix C for a systematic set of examples of the use of nested back-quotes.,The comma character is part of the backquote syntax and is invalid if usedother than inside the body of a backquote construction as described above.#--This is a dispatching macro character. It reads an optional digit string andthen one more character, and uses that character to select a function to runas a macro-character function.The #-- character also happens to be a non-terminatingmacro character. Thisis completely independent of the fact that it is a dispatching macro character;it is a coincidence that the only standard dispatching macro character inCommon Lisp is also the only standard non-terminating macro character.See the next section for prede�ned #-- macro-character constructions.22.1.4. Standard Dispatching Macro Character SyntaxThe standard syntax includes forms introduced by the #-- character. Thesetake the general form of a #--, a second character that identi�es the syntax,and following arguments in some form. If the second character is a letter,then case is not important; #--O and #--o are considered to be equivalent, forexample.



INPUT/OUTPUT 571Certain #-- forms allow an unsigned decimal number to appear between the#-- and the second character; some other forms even require it. Those formsthat do not explicitly permit such a number to appear forbid it.The currently de�ned #-- constructs are described below and summarized intable 22-4; more are likely to be added in the future. However, the constructs#--!, #--?, #--[, #--], #--{, and #--} are explicitly reserved for the user and will neverbe de�ned by the Common Lisp standard.#--\#--\x reads in as a character object that represents the character x. Also,#--\name reads in as the character object whose name is name. Note that thebackslash \ allows this construct to be parsed easily by EMACS-like editors.In the single-character case, the character x must be followed by a non-constituent character, lest a name appear to follow the #--\. A good modelof what happens is that after #--\ is read, the reader backs up over the \ andthen reads an extended token, treating the initial \ as an escape character(whether it really is or not in the current readtable).Uppercase and lowercase letters are distinguished after #--\; #--\A and #--\a de-note di�erent character objects. Any character works after #--\, even those thatare normally special to read, such as parentheses. Non-printing charactersmay be used after #--\, although for them names are generally preferred.#--\name reads in as a character object whose name is name (actually, whosename is (string-upcase name); therefore the syntax is case-insensitive).The name should have the syntax of a symbol. The following names arestandard across all implementations:newline The character that represents the division between linesspace The space or blank characterThe following names are semi-standard; if an implementation supports them,they should be used for the described characters and no others.rubout The rubout or delete character.page The form-feed or page-separator charactertab The tabulate characterbackspace The backspace characterreturn The carriage return characterlinefeed The line-feed characterIn some implementations, one or more of these characters might be a synonym



572 COMMON LISPTable 22-4: Standard # Macro Character Syntax#--! unde�ned * #--hbackspacei signals error#--" unde�ned #--htabi signals error#--#-- reference to #--UU label #--hnewlinei signals error#--$ unde�ned #--hlinefeedi signals error#--% unde�ned #--hpagei signals error#--& unde�ned #--hreturni signals error#--' function abbreviation #--hspacei signals error#--( simple vector #--+ read-time conditional#--) signals error #--- read-time conditional#--* bit-vector #--. read-time evaluation#--, load-time evaluation #--/ unde�ned#--0 used for in�x arguments #--A, #--a array#--1 used for in�x arguments #--B, #--b binary rational#--2 used for in�x arguments #--C, #--c complex number#--3 used for in�x arguments #--D, #--d unde�ned#--4 used for in�x arguments #--E, #--e unde�ned#--5 used for in�x arguments #--F, #--f unde�ned#--6 used for in�x arguments #--G, #--g unde�ned#--7 used for in�x arguments #--H, #--h unde�ned#--8 used for in�x arguments #--I, #--i unde�ned#--9 used for in�x arguments #--J, #--j unde�ned#--: uninterned symbol #--K, #--k unde�ned#--; unde�ned #--L, #--l unde�ned#--< signals error #--M, #--m unde�ned#--UU label following object #--N, #--n unde�ned#--> unde�ned #--O, #--o octal rational#--? unde�ned * #--P, #--p pathname#--@ unde�ned #--Q, #--q unde�ned#--[ unde�ned * #--R, #--r radix-n rational#--\ character object #--S, #--s structure#--] unde�ned * #--T, #--t unde�ned#--^ unde�ned #--U, #--u unde�ned#--_ unde�ned #--V, #--v unde�ned#--` unde�ned #--W, #--w unde�ned#--{ unde�ned * #--X, #--x hexadecimal rational#--| balanced comment #--Y, #--y unde�ned#--} unde�ned * #--Z, #--z unde�ned#--~ unde�ned #--hrubouti unde�nedThe combinations marked by an asterisk are explicitly reserved to the user and willnever be de�ned by Common Lisp.X3J13 voted in June 1989 h131i to specify #--P and #--p (unde�ned in the �rst edition).



INPUT/OUTPUT 573for a standard character; the #--\Linefeed character might be the same as#--\Newline, for example.When the Lisp printer types out the name of a special character, it uses thesame table as the #--\ reader; therefore any character name you see typed outis acceptable as input (in that implementation). Standard names are alwayspreferred over non-standard names for printing.The following convention is used in implementations that support non-zerobits attributes for character objects. If a name after #--\ is longer than onecharacter and has a hyphen in it, then it may be split into the two partspreceding and following the �rst hyphen; the �rst part (actually, string-upcase of the �rst part) may then be interpreted as the name or initial ofa bit, and the second part as the name of the character (which may in turncontain a hyphen and be subject to further splitting). For example:#--\Control-Space #--\Control-Meta-Tab#--\C-M-Return #--\H-S-M-C-RuboutIf the character name consists of a single character, then that character isused. Another \ may be necessary to quote the character.#--\Control-% #--\Control-Meta-\"#--\Control-\a #--\Meta->If an unsigned decimal integer appears between the #-- and \, it is interpreted........................................................................................................................................................................................................

as a font number, to become the font attribute of the character object (seechar-font).X3J13 voted in March 1989 h11i to replace the notion of bits and fontattributes with that of implementation-de�ned attributes. Presumably thiseliminates the portable use of this syntax for font information, although thevote did not address this question directly.#--'#--'foo is an abbreviation for (function foo). foo may be the printed represen-tation of any Lisp object. This abbreviation may be remembered by analogywith the ' macro character, since the function and quote special forms aresimilar in form.#--(A series of representations of objects enclosed by #--( and ) is read as a simplevector of those objects. This is analogous to the notation for lists.



574 COMMON LISPIf an unsigned decimal integer appears between the #-- and (, it speci�esexplicitly the length of the vector. In that case, it is an error if too manyobjects are speci�ed before the closing ), and if too few are speci�ed, the lastobject (it is an error if there are none in this case) is used to �ll all remainingelements of the vector. For example,#--(a b c c c c) #--6(a b c c c c) #--6(a b c) #--6(a b c c)all mean the same thing: a vector of length 6 with elements a, b, and fourinstances of c. The notation #--() denotes an empty vector, as does #--0() (whichis legitimate because it is not the case that too few elements are speci�ed).#--*A series of binary digits (0 and 1) preceded by #--* is read as a simple bit-vector containing those bits, the leftmost bit in the series being bit 0 of thebit-vector.If an unsigned decimal integer appears between the #-- and *, it speci�esexplicitly the length of the vector. In that case, it is an error if too many bitsare speci�ed, and if too few are speci�ed the last one (it is an error if thereare none in this case) is used to �ll all remaining elements of the bit-vector.For example,#--*101111 #--6*101111 #--6*101 #--6*1011all mean the same thing: a vector of length 6 with elements 1, 0, 1, 1, 1,and 1. The notation #--* denotes an empty bit-vector, as does #--0* (which islegitimate because it is not the case that too few elements are speci�ed).Compare this to #--B, used for expressing integers in binary notation.#--:#--:foo requires foo to have the syntax of an unquali�ed symbol name (noembedded colons). It denotes an uninterned symbol whose name is foo. Everytime this syntax is encountered, a di�erent uninterned symbol is created. Ifit is necessary to refer to the same uninterned symbol more than once in thesame expression, the #--UU syntax may be useful.#--.#--.foo is read as the object resulting from the evaluation of the Lisp objectrepresented by foo, which may be the printed representation of any Lisp object.



INPUT/OUTPUT 575The evaluation is done during the read process, when the #--. construct isencountered.X3J13 voted in June 1989 h40i to add a new reader control variable, *read-eval*. If it is true, the #--. reader macro behaves as described above; if it isfalse, the #--. reader macro signals an error.The #--. syntax therefore performs a read-time evaluation of foo. By contrast,#--, (see below) performs a load-time evaluation.Both #--. and #--, allow you to include, in an expression being read, an objectthat does not have a convenient printed representation; instead of writing arepresentation for the object, you write an expression that will compute theobject.#--,........................................................................................................................................................................................................

#--,foo is read as the object resulting from the evaluation of the Lisp objectrepresented by foo, which may be the printed representation of any Lisp object.The evaluation is done during the read process, unless the compiler is doingthe reading, in which case it is arranged that foo will be evaluated when the�le of compiled code is loaded. The #--, syntax therefore performs a load-timeevaluation of foo. By contrast, #--. (see above) performs a read-time evaluation.In a sense, #--, is like specifying (eval load) to eval-when, whereas #--. ismore like specifying (eval compile). It makes no di�erence when loadinginterpreted code; when code is to be compiled, however, #--. speci�es compile-time evaluation and #--, speci�es load-time evaluation.X3J13 voted in January 1989 h162i to remove #--, from the language. X3J13noted that the �rst edition failed to make it clear that #--, can be meaningfulonly within quoted forms. All sorts of anomalies can arise, including inconsis-tencies between the interpreter and compiler, if #--, is not properly restricted.See load-time-eval.#--B#--brational reads rational in binary (radix 2). For example, #--B1101 � 13, and#--b101/11 � 5/3.Compare this to #--*, used for expressing bit-vectors in binary notation.#--O#--orational reads rational in octal (radix 8). For example, #--o37/15 � 31/13,and #--o777 � 511.



576 COMMON LISP#--X#--xrational reads rational in hexadecimal (radix 16). The digits above 9 arethe letters A through F (the lowercase letters a through f are also acceptable).For example, #--xF00 � 3840.

#--nR#--radixrrational reads rational in radix radix. radix must consist of only digits,and it is read in decimal; its value must be between 2 and 36 (inclusive).



INPUT/OUTPUT 577For example, #--3r102 is another way of writing 11, and #--11R32 is anotherway of writing 35. For radices larger than 10, letters of the alphabet are usedin order for the digits after 9.#--nAThe syntax #--nAobject constructs an n-dimensional array, using object as thevalue of the :initial-contents argument to make-array.The value of n makes a di�erence: #--2A((0 1 5) (foo 2 (hot dog))), forexample, represents a 2-by-3 matrix:0 1 5foo 2 (hot dog)In contrast, #--1A((0 1 5) (foo 2 (hot dog))) represents a length-2 arraywhose elements are lists:(0 1 5) (foo 2 (hot dog))Furthermore, #--0A((01 5) (foo 2 (hot dog))) represents a zero-dimensional array whose soleelement is a list:((0 1 5) (foo 2 (hot dog)))Similarly, #--0Afoo (or, more readably, #--0A foo) represents a zero-dimensionalarray whose sole element is the symbol foo. The expression #--1Afoo wouldnot be legal because foo is not a sequence.#--SThe syntax #--s(name slot1 value1 slot2 value2 ...) denotes a structure.This is legal only if name is the name of a structure already de�ned bydefstruct and if the structure has a standard constructor macro, which itnormally will. Let cm stand for the name of this constructor macro; then thissyntax is equivalent to#--.(cm keyword1 'value1 keyword2 'value2 ...)where each keywordj is the result of computing(intern (string slotj) 'keyword)



578 COMMON LISP(This computation is made so that one need not write a colon in front of everyslot name.) The net e�ect is that the constructor macro is called with thespeci�ed slots having the speci�ed values (note that one does not write quotemarks in the #--S syntax). Whatever object the constructor macro returns isreturned by the #--S syntax.#--PX3J13 voted in June 1989 h131i to de�ne the reader syntax #--p"..." to beequivalent to #--.(parse-namestring "..."). Presumably this was meant tobe taken descriptively and not literally. I would think, for example, that thecommittee did not wish to quibble over the package in which the name parse-namestring was to be read. Similarly, I would presume that the #--p syntaxoperates normally rather than signaling an error when *read-eval* is false.I interpret the intent of the vote to be that #--p reads a following form, whichshould be a string, that is then converted to a pathname as if by applicationof the standard function parse-namestring.#--nUUThe syntax #--nUUobject reads as whatever Lisp object has object as its printedrepresentation. However, that object is labelled by n, a required unsigneddecimal integer, for possible reference by the syntax #--n#-- (below). The scopeof the label is the expression being read by the outermost call to read. Withinthis expression the same label may not appear twice.#--n#--The syntax #--n#--, where n is a required unsigned decimal integer, serves as areference to some object labelled by #--nUU; that is, #--n#-- represents a pointerto the same identical (eq) object labelled by #--nUU. This permits notationof structures with shared or circular substructure. For example, a structurecreated in the variable y by this code:(setq x (list 'p 'q))(setq y (list (list 'a 'b) x 'foo x))(rplacd (last y) (cdr y))could be represented in this way:((a b) . #--1UU(#--2UU(p q) foo #--2#-- . #--1#--))



INPUT/OUTPUT 579Without this notation, but with *print-length* set to 10, the structurewould print in this way:((a b) (p q) foo (p q) (p q) foo (p q) (p q) foo (p q) ...)A reference #--n#-- may occur only after a label #--nUU; forward references are notpermitted. In addition, the reference may not appear as the labelled objectitself (that is, one may not write #--nUU #--n#--), because the object labelled by#--nUU is not well de�ned in this case.#--+The #--+ syntax provides a read-time conditionalization facility; the syntax is#--+feature formIf feature is \true," then this syntax represents a Lisp object whose printedrepresentation is form. If feature is \false," then this syntax is e�ectivelywhitespace; it is as if it did not appear.The feature should be the printed representation of a symbol or list. Iffeature is a symbol, then it is true if and only if it is a member of the list thatis the value of the global variable *features*.Compatibility note: MacLisp uses the status special form for this purpose, andLisp Machine Lisp duplicates status essentially only for the sake of (status fea-tures). The use of a variable allows one to bind the features list, when compiling,for example.Otherwise, feature should be a Boolean expression composed of and, or,and not operators on (recursive) feature expressions.For example, suppose that in implementation A the features spice andperq are true, and in implementation B the feature lispm is true. Thenthe expressions on the left below are read the same as those on the right inimplementation A:(cons #--+spice "Spice" #--+lispm "Lispm" x) (cons "Spice" x)(setq a '(1 2 #--+perq 43 #--+(not perq) 27)) (setq a '(1 2 43))(let ((a 3) #--+(or spice lispm) (b 3)) (let ((a 3) (b 3))(foo a)) (foo a))(cons a #--+perq #---perq b c) (cons a c)In implementation B, however, they are read in this way:



580 COMMON LISP(cons #--+spice "Spice" #--+lispm "Lispm" x) (cons "Lispm" x)(setq a '(1 2 #--+perq 43 #--+(not perq) 27)) (setq a '(1 2 27))(let ((a 3) #--+(or spice lispm) (b 3)) (let ((a 3) (b 3))(foo a)) (foo a))(cons a #--+perq #---perq b c) (cons a c)



INPUT/OUTPUT 581The #--+ construction must be used judiciously if unreadable code is not toresult. The user should make a careful choice between read-time conditional-ization and run-time conditionalization.The #--+ syntax operates by �rst reading the feature speci�cation and then........................................................................................................................................................................................................

skipping over the form if the feature is \false." This skipping of a form isa bit tricky because of the possibility of user-de�ned macro characters andside e�ects caused by the #--. and #--, constructions. It is accomplished bybinding the variable *read-suppress* to a non-nil value and then callingthe read function. See the description of *read-suppress* for the details ofthis operation.X3J13 voted in January 1989 h162i to remove #--, from the language.X3J13 voted in March 1988 h163i to specify that the keyword package is thedefault package during the reading of a feature speci�cation. Thus #--+spicemeans the same thing as #--+:spice, and #--+(or spice lispm)means the samething as #--+(or :spice :lispm). Symbols in other packages may be used asfeature names, but one must use an explicit package pre�x to cite one after#--+.#---#---feature form is equivalent to #--+(not feature) form.#--|#--|...|#-- is treated as a comment by the reader, just as everything from asemicolon to the next newline is treated as a comment. Anything may appearin the comment, except that it must be balanced with respect to other occur-rences of #--| and |#--. Except for this nesting rule, the comment may containany characters whatsoever.The main purpose of this construct is to allow \commenting out" of blocksof code or data. The balancing rule allows such blocks to contain piecesalready so commented out. In this respect the #--|...|#-- syntax of CommonLisp di�ers from the /*...*/ comment syntax used by PL/I and C.#--<This is not legal reader syntax. It is conventionally used in the printed repre-sentation of objects that cannot be read back in. Attempting to read a #--< willcause an error. (More precisely, it is legal syntax, but the macro-characterfunction for #--< signals an error.)The usual convention for printing unreadable data objects is to print someidentifying information (the internal machine address of the object, if nothingelse) preceded by #--< and followed by >.



582 COMMON LISPX3J13 voted in June 1989 h40i to add print-unreadable-object, a macrothat prints an object using #--<...> syntax and also takes care of checking thevariable *print-readably*.#--hspacei, #--htabi, #--hnewlinei, #--hpagei, #--hreturniA #-- followed by a whitespace character is not legal reader syntax. This pre-vents abbreviated forms produced via *print-level* cuto� from reading inagain, as a safeguard against losing information. (More precisely, this is legalsyntax, but the macro-character function for it signals an error.)#--)This is not legal reader syntax. This prevents abbreviated forms producedvia *print-level* cuto� from reading in again, as a safeguard against losinginformation. (More precisely, this is legal syntax, but the macro-characterfunction for it signals an error.)22.1.5. The ReadtablePrevious sections describe the standard syntax accepted by the read function.This section discusses the advanced topic of altering the standard syntaxeither to provide extended syntax for Lisp objects or to aid the writing ofother parsers.There is a data structure called the readtable that is used to control thereader. It contains information about the syntax of each character equivalentto that in table 22-1. It is set up exactly as in table 22-1 to give the standardCommon Lisp meanings to all the characters, but the user can change themeanings of characters to alter and customize the syntax of characters. It isalso possible to have several readtables describing di�erent syntaxes and toswitch from one to another by binding the variable *readtable*.Even if an implementation supports characters with non-zero bits and font........................................................................................................................................................................................................

attributes, it need not (but may) allow for such characters to have syntaxdescriptions in the readtable. However, every character of type string-charmust be represented in the readtable.X3J13 voted in March 1989 h11i to remove the type string-char andto replace the bits and font attributes with the notion of implementation-de�ned attributes. If any implementation-de�ned attributes are supported,an implementation may (but need not) allow for such characters to have syn-tax descriptions in the readtable. Characters that do not have non-standardvalues for any implementation-de�ned attribute must be represented in thereadtable.



INPUT/OUTPUT 583[Variable]*readtable*The value of *readtable* is the current readtable. The initial value of thisis a readtable set up for standard Common Lisp syntax. You can bind thisvariable to temporarily change the readtable being used.To program the reader for a di�erent syntax, a set of functions are pro-vided for manipulating readtables. Normally, you should begin with a copyof the standard Common Lisp readtable and then customize the individualcharacters within that copy. [Function]copy-readtable &optional from-readtable to-readtableA copy is made of from-readtable, which defaults to the current readtable (thevalue of the global variable *readtable*). If from-readtable is nil, then acopy of a standard Common Lisp readtable is made. For example,(setq *readtable* (copy-readtable nil))will restore the input syntax to standard Common Lisp syntax, even if theoriginal readtable has been clobbered (assuming it is not so badly clobberedthat you cannot type in the above expression!). On the other hand,(setq *readtable* (copy-readtable))will merely replace the current readtable with a copy of itself.If to-readtable is unsupplied or nil, a fresh copy is made. Otherwise, to-readtable must be a readtable, which is destructively copied into. [Function]readtablep objectreadtablep is true if its argument is a readtable, and otherwise is false.(readtablep x) � (typep x 'readtable) [Function]set-syntax-from-char to-char from-char &optionalto-readtable from-readtableThis makes the syntax of to-char in to-readtable be the same as the syntax offrom-char in from-readtable. The to-readtable defaults to the current readtable(the value of the global variable *readtable*), and from-readtable defaultsto nil, meaning to use the syntaxes from the standard Lisp readtable.



584 COMMON LISPX3J13 voted in January 1989 h7i to clarify that the to-char and from-charmust each be a character.Only attributes as shown in table 22-1 are copied; moreover, if a macrocharacter is copied, the macro de�nition function is copied also. However,attributes as shown in table 22-3 are not copied; they are \hard-wired" intothe extended-token parser. For example, if the de�nition of S is copied to *,then * will become a constituent that is alphabetic but cannot be used as anexponent indicator for short-format oating-point number syntax.It works to copy a macro de�nition from a character such as " to anothercharacter; the standard de�nition for " looks for another character that is thesame as the character that invoked it. It doesn't work to copy the de�nition of( to {, for example; it can be done, but it lets one write lists in the form {a bc), not {a b c}, because the de�nition always looks for a closing parenthesis,not a closing brace. See the function read-delimited-list, which is usefulin this connection.X3J13 voted in January 1989 h156i to specify that the set-syntax-from-char function returns t. [Function]set-macro-character char function &optionalnon-terminating-p readtable [Function]get-macro-character char &optional readtableset-macro-character causes char to be a macro character that when seenby read causes function to be called. If non-terminating-p is not nil (itdefaults to nil), then it will be a non-terminating macro character: it maybe embedded within extended tokens. set-macro-character returns t.get-macro-character returns the function associated with char and, asa second value, returns the non-terminating-p ag; it returns nil if chardoes not have macro-character syntax. In each case, readtable defaults to thecurrent readtable.X3J13 voted in January 1989 h95i to specify that if nil is explicitlypassed as the second argument to get-macro-character, then the standardreadtable is used. This is consistent with the behavior of copy-readtable.The function is called with two arguments, stream and char. The streamis the input stream, and char is the macro character itself. In the simplestcase, function may return a Lisp object. This object is taken to be that whoseprinted representation was the macro character and any following charactersread by the function. As an example, a plausible de�nition of the standardsingle quote character is:(defun single-quote-reader (stream char)



INPUT/OUTPUT 585(declare (ignore char))(list 'quote (read stream t nil t)))(set-macro-character #--\' #--'single-quote-reader)

(Note that t is speci�ed for the recursive-p argument to read; see sec-tion 22.2.1.) The function reads an object following the single-quote andreturns a list of the symbol quote and that object. The char argument isignored.



586 COMMON LISPThe function may choose instead to return zero values (for example, by using(values) as the return expression). In this case, the macro character andwhatever it may have read contribute nothing to the object being read. As anexample, here is a plausible de�nition for the standard semicolon (comment)character:(defun semicolon-reader (stream char)(declare (ignore char));; First swallow the rest of the current input line.;; End-of-file is acceptable for terminating the comment.(do () ((charUU (read-char stream nil #--\Newline t) #--\Newline)));; Return zero values.(values))(set-macro-character #--\; #--'semicolon-reader)(Note that t is speci�ed for the recursive-p argument to read-char; see sec-tion 22.2.1.)The function should not have any side e�ects other than on the stream. Be-cause of backtracking and restarting of the read operation, front ends (suchas editors and rubout handlers) to the reader may cause function to be calledrepeatedly during the reading of a single expression in which the macro char-acter only appears once.Compatibility note: The ability to return either zero or one value is the closestCommon Lisp macro characters come to the splicing macro characters of MacLispor the splice macro characters of Interlisp. The Common Lisp de�nition does notallow the splicing of arbitrarily many values, but it does allow a macro-characterfunction to decide after it is invoked whether or not to yield a value, an option notpossible in MacLisp or Interlisp.MacLisp has nothing equivalent to non-terminating macro characters. The In-terlisp equivalents of terminating and non-terminating macro characters are macrocharacters with the ALWAYS or FIRST option, respectively. Common Lisp has nothingequivalent to the Interlisp ALONE macro-character option.Here is an example of a more elaborate set of read-macro characters that Iused in the implementation of the original simulator for Connection MachineLisp [44, 57], a parallel dialect of Common Lisp. This simulator was usedto gain experience with the language before freezing its design for full-scaleimplementation on a Connection Machine computer system. This exampleillustrates the typical manner in which a language designer can embed a new



INPUT/OUTPUT 587language within the syntactic and semantic framework of Lisp, saving thee�ort of designing an implementation from scratch.Connection Machine Lisp introduces a new data type called a xapping,which is simply an unordered set of ordered pairs of Lisp objects. The �rstelement of each pair is called the index and the second element the value. Wesay that the xapping maps each index to its corresponding value. No twopairs of the same xapping may have the same (that is, eql) index. Xappingsmay be �nite or in�nite sets of pairs; only certain kinds of in�nite xappingsare required, and special representations are used for them.A �nite xapping is notated by writing the pairs between braces, separatedby whitespace. A pair is notated by writing the index and the value, separatedby a right arrow (or an exclamation point if the host Common Lisp has noright-arrow character).Remark: The original language design used the right arrow; the exclamation pointwas chosen to replace it on ASCII-only terminals because it is one of the six char-acters [ ] f g ! ? reserved by Common Lisp to the user.While preparing the TEX manuscript for this book I made a mistake in font se-lection and discovered that by an absolutely incredible coincidence the right arrowhas the same numerical code (octal 41) within TEX fonts as the ASCII exclama-tion point. The result was that although the manuscript called for right arrows,exclamation points came out in the printed copy. Imagine my astonishment!Here is an example of a xapping that maps three symbols to strings:fmoe)"Oh, a wise guy, eh?" larry)"Hey, what's the idea?"curly)"Nyuk, nyuk, nyuk!"gFor convenience there are certain abbreviated notations. If the index andvalue for a pair are the same object x, then instead of having to write \x) x"(or, worse yet, \#--43UUx)#--43#--") we may write simply x for the pair. If all pairsof a xapping are of this form, we call the xapping a xet. For example, thenotationfbaseball chess cricket curling bocce 43-man-squamishgis entirely equivalent in meaning tofbaseball)baseball curling)curling cricket)cricketchess)chess bocce)bocce 43-man-squamish)43-man-squamishgnamely a xet of symbols naming six sports.



588 COMMON LISPAnother useful abbreviation covers the situation where the n pairs of a �nitexapping are integers, collectively covering a range from zero to n � 1. Thiskind of xapping is called a xector and may be notated by writing the valuesbetween brackets in ascending order of their indices. Thus[tinker evers chance]is merely an abbreviation forftinker)0 evers)1 chance)2gThere are two kinds of in�nite xapping: constant and universal. A constantxapping f)zg maps every object to the same value z. The universal xappingf)g maps every object to itself and is therefore the xet of all Lisp objects,sometimes called simply the universe. Both kinds of in�nite xet may bemodi�ed by explicitly writing exceptions. One kind of exception is simplya pair, which speci�es the value for a particular index; the other kind ofexception is simply k) indicating that the xapping does not have a pair withindex k after all. Thus the notationfsky)blue grass)green idea) glass) )redgindicates a xapping that maps sky to blue, grass to green, and every otherobject except idea and glass to red. Note well that the presence or absenceof whitespace on either side of an arrow is crucial to the correct interpretationof the notation.Here is the representation of a xapping as a structure:(defstruct(xapping (:print-function print-xapping)(:constructor xap(domain range &optional(default ':unknown defaultp)(infinite (and defaultp :constant))(exceptions '()))))domainrangedefault(infinite nil :type (member nil :constant :universal)exceptions)The explicit pairs are represented as two parallel lists, one of indexes (domain)and one of values (range). The default slot is the default value, relevant only



INPUT/OUTPUT 589if the infinite slot is :constant. The exceptions slot is a list of indicesfor which there are no values. (See the end of section 22.3.3 for the de�nitionof print-xapping.)Here, then, is the code for reading xectors in bracket notation:(defun open-bracket-macro-char (stream macro-char)(declare (ignore macro-char))(let ((range (read-delimited-list #--\] stream t)))(xap (iota-list (length range)) range)))(set-macro-character #--\[ #--'open-bracket-macro-char)(set-macro-character #--\] (get-macro-character #--\) ))(defun iota-list (n) ;Return list of integers from 0 to n � 1(do ((j (- n 1) (- j 1))(z '() (cons j z)))((< j 0) z)))The code for reading xappings in the more general brace notation, with allthe possibilities for xets (or individual xet pairs), in�nite xappings, and ex-ceptions, is a bit more complicated; it is shown in table 22-5. That code isused in conjunction with the initializations(set-macro-character #--\{ #--'open-brace-macro-char)(set-macro-character #--\} (get-macro-character #--\) )) [Function]make-dispatch-macro-character char&optional non-terminating-p readtableThis causes the character char to be a dispatching macro character in readtable(which defaults to the current readtable). If non-terminating-p is not nil (itdefaults to nil), then it will be a non-terminating macro character: it maybe embedded within extended tokens. make-dispatch-macro-character re-turns t.Initially every character in the dispatch table has a character-macro func-tion that signals an error. Use set-dispatch-macro-character to de�neentries in the dispatch table.X3J13 voted in January 1989 h7i to clarify that char must be a character.



590 COMMON LISPTable 22-5: Macro Character De�nition for Xapping Syntax(defun open-brace-macro-char (s macro-char)(declare (ignore macro-char))(do ((ch (peek-char t s t nil t) (peek-char t s t nil t))(domain '()) (range '()) (exceptions '()))((charUU ch #--\})(read-char s t nil t)(construct-xapping (reverse domain) (reverse range)))(cond ((charUU ch #--\))(read-char s t nil t)(let ((nextch (peek-char nil s t nil t)))(cond ((charUU nextch #--\})(read-char s t nil t)(return (xap (reverse domain)(reverse range)nil :universal exceptions)))(t (let ((item (read s t nil t)))(cond ((charUU (peek-char t s t nil t) #--\})(read-char s t nil t)(return (xap (reverse domain)(reverse range)item :constantexceptions)))(t (reader-error s"Default ) item must be last"))))))))(t (let ((item (read-preserving-whitespace s t nil t))(nextch (peek-char nil s t nil t)))(cond ((charUU nextch #--\))(read-char s t nil t)(cond ((member (peek-char nil s t nil t)'(#--\Space #--\Tab #--\Newline))(push item exceptions))(t (push item domain)(push (read s t nil t) range))))((charUU nch #--\})(read-char s t nil t)(push item domain)(push item range)(return (xap (reverse domain) (reverse range))))(t (push item domain)(push item range))))))))



INPUT/OUTPUT 591[Function]set-dispatch-macro-character disp-char sub-char function&optional readtable [Function]get-dispatch-macro-character disp-char sub-char&optional readtableset-dispatch-macro-character causes function to be called when the disp-char followed by sub-char is read. The readtable defaults to the currentreadtable. The arguments and return values for function are the same as fornormal macro characters except that function gets sub-char, not disp-char,as its second argument and also receives a third argument that is the non-negative integer whose decimal representation appeared between disp-charand sub-char, or nil if no decimal integer appeared there.The sub-char may not be one of the ten decimal digits; they are alwaysreserved for specifying an in�x integer argument. Moreover, if sub-char isa lowercase character (see lower-case-p), its uppercase equivalent is usedinstead. (This is how the rule is enforced that the case of a dispatch sub-character doesn't matter.)set-dispatch-macro-character returns t.get-dispatch-macro-character returns the macro-character function forsub-char under disp-char, or nil if there is no function associated with sub-char.If the sub-char is one of the ten decimal digits 0 1 2 3 4 5 6 7 8 9, get-dispatch-macro-character always returns nil. If sub-char is a lowercasecharacter, its uppercase equivalent is used instead.X3J13 voted in January 1989 h95i to specify that if nil is explicitlypassed as the second argument to get-dispatch-macro-character, then thestandard readtable is used. This is consistent with the behavior of copy-readtable.For either function, an error is signaled if the speci�ed disp-char is not infact a dispatch character in the speci�ed readtable. It is necessary to usemake-dispatch-macro-character to set up the dispatch character beforespecifying its sub-characters.As an example, suppose one would like #--$foo to be read as if it were(dollars foo). One might say:(defun |#--$-reader| (stream subchar arg)(declare (ignore subchar arg))(list 'dollars (read stream t nil t)))(set-dispatch-macro-character #--\#-- #--\$ #--'|#--$-reader|)



592 COMMON LISPCompatibility note: This macro-character mechanism is di�erent from those inMacLisp, Interlisp, and Lisp Machine Lisp. Recently Lisp systems have implementedvery general readers, even readers so programmable that they can parse arbitrarycompiled BNF grammars. Unfortunately, these readers can be complicated to use.This design is an attempt to make the reader as simple as possible to understand,use, and implement. Splicing macros have been eliminated; a recent informal pollindicates that no one uses them to produce other than zero or one value. The abilityto access parts of the object preceding the macro character has been eliminated. TheMacLisp single-character-object feature has been eliminated because it is seldomused and trivially obtainable by de�ning a macro.The user is encouraged to turn o� most macro characters, turn others into single-character-object macros, and then use read purely as a lexical analyzer on top ofwhich to build a parser. It is unnecessary, however, to cater to more complex lexicalanalysis or parsing than that needed for Common Lisp. [Function]readtable-case readtableX3J13 voted in June 1989 h150i to introduce the function readtable-caseto control the reader's interpretation of case. It provides access to a slot ina readtable, and may be used with setf to alter the state of that slot. Thepossible values for the slot are :upcase, :downcase, :preserve, and :invert;the readtable-case for the standard readtable is :upcase. Note that copy-readtable is required to copy the readtable-case slot along with all otherreadtable information.Once the reader has accumulated a token as described in section 22.1.1,if the token is a symbol, \replaceable" characters (unescaped uppercase orlowercase constituent characters) may be modi�ed under the control of thereadtable-case of the current readtable:. For :upcase, replaceable characters are converted to uppercase. (This wasthe behavior speci�ed by the �rst edition.). For :downcase, replaceable characters are converted to lowercase.. For :preserve, the cases of all characters remain unchanged.. For :invert, if all of the replaceable letters in the extended token are ofthe same case, they are all converted to the opposite case; otherwise thecases of all characters in that token remain unchanged.As an illustration, consider the following code.



INPUT/OUTPUT 593(let ((*readtable* (copy-readtable nil)))(format t "READTABLE-CASE Input Symbol-name~~%-----------------------------------~~%")(dolist (readtable-case '(:upcase :downcase :preserve :invert))(setf (readtable-case *readtable*) readtable-case)(dolist (input '("ZEBRA" "Zebra" "zebra"))(format t ":~A~16T~A~24T~A~%"(string-upcase readtable-case)input(symbol-name (read-from-string input)))))))The output from this test code should beREADTABLE-CASE Input Symbol-name-----------------------------------:UPCASE ZEBRA ZEBRA:UPCASE Zebra ZEBRA:UPCASE zebra ZEBRA:DOWNCASE ZEBRA zebra:DOWNCASE Zebra zebra:DOWNCASE zebra zebra:PRESERVE ZEBRA ZEBRA:PRESERVE Zebra Zebra:PRESERVE zebra zebra:INVERT ZEBRA zebra:INVERT Zebra Zebra:INVERT zebra ZEBRAThe readtable-case of the current readtable also a�ects the printing ofsymbols (see *print-case* and *print-escape*).22.1.6. What the Print Function ProducesThe Common Lisp printer is controlled by a number of special variables.These are referred to in the following discussion and are fully documented atthe end of this section.How an expression is printed depends on its data type, as described in thefollowing paragraphs.



594 COMMON LISPIntegersIf appropriate, a radix speci�er may be printed; see the variable *print-radix*. If an integer is negative, a minus sign is printed and then the absolutevalue of the integer is printed. Integers are printed in the radix speci�ed bythe variable *print-base* in the usual positional notation, most signi�cantdigit �rst. The number zero is represented by the single digit 0 and neverhas a sign. A decimal point may then be printed, depending on the value of*print-radix*.RatiosIf appropriate, a radix speci�er may be printed; see the variable *print-radix*. If the ratio is negative, a minus sign is printed. Then the absolutevalue of the numerator is printed, as for an integer; then a /; then the denomi-nator. The numerator and denominator are both printed in the radix speci�edby the variable *print-base*; they are obtained as if by the numerator anddenominator functions, and so ratios are always printed in reduced form (low-est terms).Floating-point numbersIf the sign of the number (as determined by the function float-sign) isnegative, then a minus sign is printed. Then the magnitude is printed in oneof two ways. If the magnitude of the oating-point number is either zero orbetween 10�3 (inclusive) and 107 (exclusive), it may be printed as the integerpart of the number, then a decimal point, followed by the fractional part of thenumber; there is always at least one digit on each side of the decimal point. Ifthe format of the number does not match that speci�ed by the variable *read-default-float-format*, then the exponent marker for that format and thedigit 0 are also printed. For example, the base of the natural logarithms as ashort-format oating-point number might be printed as 2.71828S0.For non-zero magnitudes outside of the range 10�3 to 107, a oating-pointnumber will be printed in \computerized scienti�c notation." The represen-tation of the number is scaled to be between 1 (inclusive) and 10 (exclusive)and then printed, with one digit before the decimal point and at least onedigit after the decimal point. Next the exponent marker for the format isprinted, except that if the format of the number matches that speci�ed bythe variable *read-default-float-format*, then the exponent marker E isused. Finally, the power of 10 by which the fraction must be multiplied toequal the original number is printed as a decimal integer. For example, Avo-gadro's number as a short-format oating-point number might be printed as



INPUT/OUTPUT 5956.02S23.Complex numbersA complex number is printed as #--C, an open parenthesis, the printed repre-sentation of its real part, a space, the printed representation of its imaginarypart, and �nally a close parenthesis.Characters........................................................................................................................................................................................................

When *print-escape* is nil, a character prints as itself; it is sent directly tothe output stream. When *print-escape* is not nil, then #--\ syntax is used.For example, the printed representation of the character #--\A with control andmeta bits on would be #--\CONTROL-META-A, and that of #--\a with control andmeta bits on would be #--\CONTROL-META-\a.X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of otherprinter control variables. For characters, the simplest approach is always touse #--\ syntax when *print-readably* is not nil, regardless of the value of*print-escape*.Symbols........................................................................................................................................................................................................

When *print-escape* is nil, only the characters of the print name of thesymbol are output (but the case in which to print any uppercase charactersin the print name is controlled by the variable *print-case*).X3J13 voted in June 1989 h150i to specify that the new readtable-caseslot of the current readtable also controls the case in which letters (whetheruppercase or lowercase) in the print name of a symbol are output, no matterwhat the value of *print-escape*.The remaining paragraphs describing the printing of symbols cover the sit-........................................................................................................................................................................................................

uation when *print-escape* is not nil.X3J13 voted in June 1989 h40i to specify that if *print-readably* isnot nil then every object must be printed in a readable form, regardless ofother printer control variables. For symbols, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-escape* were notnil, regardless of the actual value of *print-escape*.Backslashes \ and vertical bars | are included as required. In particular,backslash or vertical-bar syntax is used when the name of the symbol wouldbe otherwise treated by the reader as a potential number (see section 22.1.2).In making this decision, it is assumed that the value of *print-base* beingused for printing would be used as the value of *read-base* used for reading;the value of *read-base* at the time of printing is irrelevant. For example, if



596 COMMON LISPthe value of *print-base* were 16 when printing the symbol face, it wouldhave to be printed as \FACE or \Face or |FACE|, because the token face wouldbe read as a hexadecimal number (decimal value 64206) if *read-base* were16.The case in which to print any uppercase characters in the print name is........................................................................................................................................................................................................

controlled by the variable *print-case*.X3J13 voted in June 1989 h141i to clarify the interaction of *print-case*with *print-escape*; see *print-case*.As a special case [no pun intended], nil may sometimes be printed as ()instead, when *print-escape* and *print-pretty* are both not nil.Package pre�xes may be printed (using colon syntax) if necessary. The rulesfor package quali�ers are as follows. When the symbol is printed, if it is inthe keyword package, then it is printed with a preceding colon; otherwise, ifit is accessible in the current package, it is printed without any quali�cation;otherwise, it is printed with quali�cation. See chapter 11.A symbol that is uninterned (has no home package) is printed preceded by........................................................................................................................................................................................................

#--: if the variables *print-gensym* and *print-escape* are both non-nil;if either is nil, then the symbol is printed without a pre�x, as if it were inthe current package.X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of otherprinter control variables. For uninterned symbols, the simplest approach is toprint them, when *print-readably* is not nil, as if *print-escape* and*print-gensym* were not nil, regardless of their actual values.Implementation note: Because the #--: syntax does not intern the following sym-bol, it is necessary to use circular-list syntax if *print-circle* is not nil and thesame uninterned symbol appears several times in an expression to be printed. Forexample, the result of(let ((x (make-symbol "FOO"))) (list x x))would be printed as(#--:foo #--:foo)if *print-circle* were nil, but as(#--1UU#--:foo #--1#--)if *print-circle* were not nil.
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INPUT/OUTPUT 597The case in which symbols are to be printed is controlled by the variable........................................................................................................................................................................................................

*print-case*.It is also controlled by *print-escape* and the readtable-case slot ofthe current readtable (the value of *readtable*).Strings........................................................................................................................................................................................................

The characters of the string are output in order. If *print-escape* is notnil, a double quote is output before and after, and all double quotes andsingle escape characters are preceded by backslash. The printing of stringsis not a�ected by *print-array*. If the string has a �ll pointer, then onlythose characters below the �ll pointer are printed.X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of otherprinter control variables. For strings, the simplest approach is to print them,when *print-readably* is not nil, as if *print-escape* were not nil,regardless of the actual value of *print-escape*.ConsesWherever possible, list notation is preferred over dot notation. Therefore thefollowing algorithm is used:1. Print an open parenthesis, (.2. Print the car of the cons.3. If the cdr is a cons, make it the current cons, print a space, and go to step2.4. If the cdr is not null, print a space, a dot, a space, and the cdr.5. Print a close parenthesis, ).This form of printing is clearer than showing each individual cons cell.Although the two expressions below are equivalent, and the reader will accepteither one and produce the same data structure, the printer will always printsuch a data structure in the second form.(a . (b . ((c . (d . nil)) . (e . nil))))(a b (c d) e)The printing of conses is a�ected by the variables *print-level* and........................................................................................................................................................................................................

*print-length*.



598 COMMON LISPX3J13 voted in June 1989 h40i to specify that if *print-readably* isnot nil then every object must be printed in a readable form, regardless ofother printer control variables. For conses, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-level* and *print-length* were nil, regardless of their actual values.Bit-vectors........................................................................................................................................................................................................

A bit-vector is printed as #--* followed by the bits of the bit-vector in order.If *print-array* is nil, however, then the bit-vector is printed in a format(using #--<) that is concise but not readable. If the bit-vector has a �ll pointer,then only those bits below the �ll pointer are printed.X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of otherprinter control variables. For bit-vectors, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-array* were notnil, regardless of the actual value of *print-array*.VectorsAny vector other than a string or bit-vector is printed using general-vectorsyntax; this means that information about specialized vector representationswill be lost. The printed representation of a zero-length vector is #--(). Theprinted representation of a non-zero-length vector begins with #--(. Followingthat, the �rst element of the vector is printed. If there are any other ele-ments, they are printed in turn, with a space printed before each additionalelement. A close parenthesis after the last element terminates the printedrepresentation of the vector.The printing of vectors is a�ected by the variables *print-level* and........................................................................................................................................................................................................

*print-length*. If the vector has a �ll pointer, then only those elementsbelow the �ll pointer are printed.If *print-array* is nil, however, then the vector is not printed as de-scribed above, but in a format (using #--<) that is concise but not readable.X3J13 voted in June 1989 h40i to specify that if *print-readably* isnot nil then every object must be printed in a readable form, regardless ofother printer control variables. For vectors, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-level* and *print-length*were nil and *print-array*were not nil, regardless of their actualvalues.ArraysNormally any array other than a vector is printed using #--nA format. Let n be



INPUT/OUTPUT 599the rank of the array. Then #-- is printed, then n as a decimal integer, then A,then n open parentheses. Next the elements are scanned in row-major order.Imagine the array indices being enumerated in odometer fashion, recallingthat the dimensions are numbered from 0 to n � 1. Every time the index fordimension j is incremented, the following actions are taken:1. If j < n � 1, then print a close parenthesis.2. If incrementing the index for dimension j caused it to equal dimension j,reset that index to zero and increment dimension j �1 (thereby performingthese three steps recursively), unless j = 0, in which case simply terminatethe entire algorithm. If incrementing the index for dimension j did notcause it to equal dimension j, then print a space.3. If j < n � 1, then print an open parenthesis.This causes the contents to be printed in a format suitable for use as the:initial-contents argument to make-array.The lists e�ectively printed by this procedure are subject to truncation by........................................................................................................................................................................................................

*print-level* and *print-length*.If the array is of a specialized type, containing bits or string-characters,then the innermost lists generated by the algorithm given above may insteadbe printed using bit-vector or string syntax, provided that these innermostlists would not be subject to truncation by *print-length*. For example, a3-by-2-by-4 array of string-characters that would ordinarily be printed as#--3A(((#--\s #--\t #--\o #--\p) (#--\s #--\p #--\o #--\t))((#--\p #--\o #--\s #--\t) (#--\p #--\o #--\t #--\s))((#--\t #--\o #--\p #--\s) (#--\o #--\p #--\t #--\s)))may instead be printed more concisely as#--3A(("stop" "spot") ("post" "pots") ("tops" "opts"))If *print-array* is nil, then the array is printed in a format (using #--<)........................................................................................................................................................................................................

that is concise but not readable.X3J13 voted in June 1989 h40i to specify that if *print-readably* isnot nil then every object must be printed in a readable form, regardless ofother printer control variables. For arrays, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-level* and *print-length*were nil and *print-array*were not nil, regardless of their actualvalues.



600 COMMON LISPRandom-statesCommon Lisp does not specify a speci�c syntax for printing objects of typerandom-state. However, every implementation must arrange to print arandom-state object in such a way that, within the same implementationof Common Lisp, the function read can construct from the printed represen-tation a copy of the random-state object as if the copy had been made bymake-random-state.Pathnames........................................................................................................................................................................................................

Common Lisp does not specify a speci�c syntax for printing objects of typepathname. However, every implementation must arrange to print a pathnamein such a way that, within the same implementation of Common Lisp, thefunction read can construct from the printed representation an equivalentinstance of the pathname object.X3J13 voted in June 1989 h131i to specify that if *print-escape* istrue, a pathname should be printed by write as #--P"..." where "..." isthe namestring representation of the pathname. If *print-escape* is false,write prints a pathname by printing its namestring (presumably withoutescape characters or surrounding double quotes).X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of otherprinter control variables. For pathnames, the simplest approach is to printthem, when *print-readably* is not nil, as if *print-escape* were nil,regardless of its actual value.Structures de�ned by defstruct are printed under the control of the user-speci�ed :print-function option to defstruct. If the user does not providea printing function explicitly, then a default printing function is supplied thatprints the structure using #--S syntax (see section 22.1.4).Any other types are printed in an implementation-dependent manner. It is........................................................................................................................................................................................................

recommended that printed representations of all such objects begin with thecharacters #--< and end with > so that the reader will catch such objects andnot permit them to be read under normal circumstances. It is speci�cally andpurposely not required that a Common Lisp implementation be able to printan object of type hash-table, readtable, package, stream, or function ina way that can be read back in successfully by read; the use of #--< syntax isespecially recommended for the printing of such objects.X3J13 voted in June 1989 h40i to specify that if *print-readably* is notnil then every object must be printed in a readable form, regardless of thevalues of other printer control variables; if this is not possible, then an error of



INPUT/OUTPUT 601type print-not-readable must be signaled to avoid printing an unreadablesyntax such as #--<...>.X3J13 voted in June 1989 h40i to add print-unreadable-object, a macrothat prints an object using #--<...> syntax and also takes care of checking thevariable *print-readably*.When debugging or when frequently dealing with large or deep objects attop level, the user may wish to restrict the printer from printing large amountsof information. The variables *print-level* and *print-length* allow theuser to control how deep the printer will print and how many elements at agiven level the printer will print. Thus the user can see enough of the objectto identify it without having to wade through the entire expression.[Variable]*print-readably*The default value of *print-readably* is nil. If *print-readably* is true,then printing any object must either produce a printed representation thatthe reader will accept or signal an error. If printing is successful, the readerwill, on reading the printed representation, produce an object that is \similaras a constant" (see section 25.1.4) to the object that was printed.If *print-readably* is true and printing a readable printed representationis not possible, the printer signals an error of type print-not-readable ratherthan using an unreadable syntax such as #--<. The printed representationproduced when *print-readably* is true might or might not be the same asthe printed representation produced when *print-readably* is false.If *print-readably* is true and another printer control variable (suchas *print-length*, *print-level*, *print-escape*, *print-gensym*,*print-array*, or an implementation-de�ned printer control variable) wouldcause the preceding requirements to be violated, that other printer controlvariable is ignored.The printing of interned symbols is not a�ected by *print-readably*.Note that the \similar as a constant" rule for readable printing impliesthat #--A or #--( syntax cannot be used for arrays of element-type other than t.An implementation will have to use another syntax or signal a print-not-readable error. A print-not-readable error will not be signaled for stringsor bit-vectors.All methods for print-object must obey *print-readably*. This ruleapplies to both user-de�ned methods and implementation-de�ned methods.The reader control variable *read-eval* also a�ects printing. If *read-eval* is false and *print-readably* is true, any print-object method



602 COMMON LISPthat would otherwise output a #--. reader macro must either output somethingdi�erent or signal an error of type print-not-readable.Readable printing of structures and objects of type standard-object iscontrolled by their print-object methods, not by their make-load-formmethods. \Similarity as a constant" for these objects is application-dependentand hence is de�ned to be whatever these methods do.*print-readably* allows errors involving data with no readable printedrepresentation to be detected when writing the �le rather than later on whenthe �le is read.*print-readably* is more rigorous than *print-escape*; output printedwith escapes must be merely generally recognizable by humans, with a goodchance of being recognizable by computers, whereas output printed readablymust be reliably recognizable by computers. [Variable]*print-escape*When this ag is nil, then escape characters are not output when an ex-pression is printed. In particular, a symbol is printed by simply printing thecharacters of its print name. The function princ e�ectively binds *print-escape* to nil.When this ag is not nil, then an attempt is made to print an expressionin such a way that it can be read again to produce an equal structure. Thefunction prin1 e�ectively binds *print-escape* to t. The initial value ofthis variable is t.Compatibility note: *print-escape* controls what was called slashi�cation inMacLisp. [Variable]*print-pretty*When this ag is nil, then only a small amount of whitespace is output whenprinting an expression.When this ag is not nil, then the printer will endeavor to insert extrawhitespace where appropriate to make the expression more readable. A fewother simple changes may be made, such as printing 'foo instead of (quotefoo).The initial value of *print-pretty* is implementation-dependent.X3J13 voted in January 1989 h139i to adopt a facility for user-controlledpretty printing in Common Lisp (see chapter 27).



INPUT/OUTPUT 603[Variable]*print-circle*When this ag is nil (the default), then the printing process proceeds byrecursive descent; an attempt to print a circular structure may lead to loopingbehavior and failure to terminate.When this ag is not nil, then the printer will endeavor to detect cycles........................................................................................................................................................................................................

in the structure to be printed, and to use #--nUU and #--n#-- syntax to indicate thecircularities.X3J13 voted in June 1989 h142i to specify that if *print-circle* is true,the printer is required to detect not only cycles but shared substructure,indicating both through the use of #--nUU and #--n#-- syntax. As an example,under the speci�cation of the �rst edition(print '(#--1UU(a #--1#--) #--1#--))might legitimately print (#--1UU(A #--1#--) #--1#--) or (#--1UU(A #--1#--) #--2UU(A #--2#--));the vote speci�es that the �rst form is required.X3J13 voted in January 1989 h143i to specify that user-de�ned printingfunctions for the defstruct :print-function option, as well as user-de�nedmethods for the CLOS generic function print-object, may print objects tothe supplied stream using write, print1, princ, format, or print-objectand expect circularities to be detected and printed using #--n#-- syntax (when*print-circle* is non-nil, of course).It seems to me that the same ought to apply to abbreviation as controlledby *print-level* and *print-length*, but that was not addressed by thisvote. [Variable]*print-base*The value of *print-base* determines in what radix the printer will printrationals. This may be any integer from 2 to 36, inclusive; the default valueis 10 (decimal radix). For radices above 10, letters of the alphabet are usedto represent digits above 9.Compatibility note: MacLisp calls this variable base, and its default value is 8,not 10.In both MacLisp and Common Lisp, oating-point numbers are always printedin decimal, no matter what the value of *print-base*.



604 COMMON LISP [Variable]*print-radix*If the variable *print-radix* is non-nil, the printer will print a radix speci-�er to indicate the radix in which it is printing a rational number. To preventconfusion of the letter O with the digit 0, and of the letter B with the digit8, the radix speci�er is always printed using lowercase letters. For example,if the current base is twenty-four (decimal), the decimal integer twenty-threewould print as #--24rN. If *print-base* is 2, 8, or 16, then the radix speci�erused is #--b, #--o, or #--x. For integers, base ten is indicated by a trailing decimalpoint instead of a leading radix speci�er; for ratios, however, #--10r is used.The default value of *print-radix* is nil. [Variable]*print-case*The read function normally converts lowercase characters appearing in sym-bols to corresponding uppercase characters, so that internally print namesnormally contain only uppercase characters. However, users may prefer tosee output using lowercase letters or letters of mixed case. This variablecontrols the case (upper, lower, or mixed) in which to print any uppercasecharacters in the names of symbols when vertical-bar syntax is not used. Thevalue of *print-case* should be one of the keywords :upcase, :downcase,or :capitalize; the initial value is :upcase.Lowercase characters in the internal print name are always printed in low-ercase, and are preceded by a single escape character or enclosed by multipleescape characters. Uppercase characters in the internal print name are printedin uppercase, in lowercase, or in mixed case so as to capitalize words, accord-ing to the value of *print-case*. The convention for what constitutes a\word" is the same as for the function string-capitalize.X3J13 voted in June 1989 h141i to clarify the interaction of *print-case*with *print-escape*. When *print-escape* is nil, *print-case* deter-mines the case in which to print all uppercase characters in the print nameof the symbol. When *print-escape* is not nil, the implementation hassome freedom as to which characters will be printed so as to appear in an\escape context" (after an escape character, typically \, or between multipleescape characters, typically |); *print-case* determines the case in whichto print all uppercase characters that will not appear in an escape context.For example, when the value of *print-case* is :upcase, an implementationmight choose to print the symbol whose print name is "(S)HE" as \(S\)HEor as |(S)HE|, among other possibilities. When the value of *print-case*is :downcase, the corresponding output should be \(s\)he or |(S)HE|, re-spectively.



INPUT/OUTPUT 605Consider the following test code. (For the sake of this example assume thatreadtable-case is :upcase in the current readtable; this is discussed furtherbelow.)(let ((tabwidth 11))(dolist (sym '(|x| |FoObAr| |fOo|))(let ((tabstop -1))(format t "~&")(dolist (escape '(t nil))(dolist (case '(:upcase :downcase :capitalize))(format t "~VT" (* (incf tabstop) tabwidth))(write sym :escape escape :case case)))))(format t " %"))An implementation that leans heavily on multiple-escape characters (verticalbars) might produce the following output:|x| |x| |x| x x x|FoObAr| |FoObAr| |FoObAr| FoObAr foobar Foobar|fOo| |fOo| |fOo| fOo foo fooAn implementation that leans heavily on single-escape characters (back-slashes) might produce the following output:\x \x \x x x xF\oO\bA\r f\oo\ba\r F\oo\ba\r FoObAr foobar Foobar\fO\o \fo\o \fo\o fOo foo fooThese examples are not exhaustive; output using both kinds of escape char-acters (for example, |FoO|\bA\r) is permissible (though ugly).X3J13 voted in June 1989 h150i to add a new readtable-case slot toreadtables to control automatic case conversion during the reading of symbols.The value of readtable-case in the current readtable also a�ects the printingof unescaped letters (letters appearing in an escape context are always printedin their own case).. If readtable-case is :upcase, unescaped uppercase letters are printed inthe case speci�ed by *print-case* and unescaped lowercase letters areprinted in their own case. (If *print-escape* is non-nil, all lowercaseletters will necessarily be escaped.). If readtable-case is :downcase, unescaped lowercase letters are printedin the case speci�ed by *print-case* and unescaped uppercase letters are



606 COMMON LISPprinted in their own case. (If *print-escape* is non-nil, all uppercaseletters will necessarily be escaped.). If readtable-case is :preserve, all unescaped letters are printed in theirown case, regardless of the value of *print-case*. There is no need toescape any letters, even if *print-escape* is non-nil, though the X3J13vote did not prohibit escaping letters in this situation.. If readtable-case is :invert, and if all unescaped letters are of the samecase, then the case of all the unescaped letters is inverted; but if the un-escaped letters are not all of the same case then each is printed in its owncase. (Thus :invert does not always invert the case; the inversion is con-ditional.) There is no need to escape any letters, even if *print-escape*is non-nil, though the X3J13 vote did not prohibit escaping letters in thissituation.Consider the following code.;;; Generate a table illustrating READTABLE-CASE and *PRINT-CASE*.(let ((*readtable* (copy-readtable nil))(*print-case* *print-case*))(format t "READTABLE-CASE *PRINT-CASE* Symbol-name Output~~%--------------------------------------------------~~%")(dolist (readtable-case '(:upcase :downcase :preserve :invert))(setf (readtable-case *readtable*) readtable-case)(dolist (print-case '(:upcase :downcase :capitalize))(dolist (sym '(|ZEBRA| |Zebra| |zebra|))(setq *print-case* print-case)(format t ":~A~15T:~A~29T~A~42T~A~%"(string-upcase readtable-case)(string-upcase print-case)(symbol-name sym)(prin1-to-string sym)))))))Note that the call to prin1-to-string (the last argument in the call toformat that is within the nested loops) e�ectively uses a non-nil value for*print-escape*.Assuming an implementation that uses vertical bars around a symbol nameif any characters need escaping, the output from this test code should be



INPUT/OUTPUT 607READTABLE-CASE *PRINT-CASE* Symbol-name Output--------------------------------------------------:UPCASE :UPCASE ZEBRA ZEBRA:UPCASE :UPCASE Zebra |Zebra|:UPCASE :UPCASE zebra |zebra|:UPCASE :DOWNCASE ZEBRA zebra:UPCASE :DOWNCASE Zebra |Zebra|:UPCASE :DOWNCASE zebra |zebra|:UPCASE :CAPITALIZE ZEBRA Zebra:UPCASE :CAPITALIZE Zebra |Zebra|:UPCASE :CAPITALIZE zebra |zebra|:DOWNCASE :UPCASE ZEBRA |ZEBRA|:DOWNCASE :UPCASE Zebra |Zebra|:DOWNCASE :UPCASE zebra ZEBRA:DOWNCASE :DOWNCASE ZEBRA |ZEBRA|:DOWNCASE :DOWNCASE Zebra |Zebra|:DOWNCASE :DOWNCASE zebra zebra:DOWNCASE :CAPITALIZE ZEBRA |ZEBRA|:DOWNCASE :CAPITALIZE Zebra |Zebra|:DOWNCASE :CAPITALIZE zebra Zebra:PRESERVE :UPCASE ZEBRA ZEBRA:PRESERVE :UPCASE Zebra Zebra:PRESERVE :UPCASE zebra zebra:PRESERVE :DOWNCASE ZEBRA ZEBRA:PRESERVE :DOWNCASE Zebra Zebra:PRESERVE :DOWNCASE zebra zebra:PRESERVE :CAPITALIZE ZEBRA ZEBRA:PRESERVE :CAPITALIZE Zebra Zebra:PRESERVE :CAPITALIZE zebra zebra:INVERT :UPCASE ZEBRA zebra:INVERT :UPCASE Zebra Zebra:INVERT :UPCASE zebra ZEBRA:INVERT :DOWNCASE ZEBRA zebra:INVERT :DOWNCASE Zebra Zebra:INVERT :DOWNCASE zebra ZEBRA:INVERT :CAPITALIZE ZEBRA zebra:INVERT :CAPITALIZE Zebra Zebra:INVERT :CAPITALIZE zebra ZEBRAThis illustrates all combinations for readtable-case and *print-case*.



608 COMMON LISPTable 22-6: Examples of Print Level and Print Length Abbreviationv n Output0 1 #--1 1 (if ...)1 2 (if #-- ...)1 3 (if #-- #-- ...)1 4 (if #-- #-- #--)2 1 (if ...)2 2 (if (member x ...) ...)2 3 (if (member x y) (+ #-- 3) ...)3 2 (if (member x ...) ...)3 3 (if (member x y) (+ (car x) 3) ...)3 4 (if (member x y) (+ (car x) 3) '(foo . #--(a b c d ...)))3 5 (if (member x y) (+ (car x) 3) '(foo . #--(a b c d "Baz")))[Variable]*print-gensym*The *print-gensym* variable controls whether the pre�x #--: is printed beforesymbols that have no home package. The pre�x is printed if the variable isnot nil. The initial value of *print-gensym* is t. [Variable]*print-level* [Variable]*print-length*The *print-level* variable controls how many levels deep a nested dataobject will print. If *print-level* is nil (the initial value), then no control isexercised. Otherwise, the value should be an integer, indicating the maximumlevel to be printed. An object to be printed is at level 0; its components (asof a list or vector) are at level 1; and so on. If an object to be recursivelyprinted has components and is at a level equal to or greater than the value of*print-level*, then the object is printed as simply #--.The *print-length* variable controls how many elements at a given levelare printed. A value of nil (the initial value) indicates that there be nolimit to the number of components printed. Otherwise, the value of *print-length* should be an integer. Should the number of elements of a data objectexceed the value *print-length*, the printer will print three dots, ..., inplace of those elements beyond the number speci�ed by *print-length*. (Inthe case of a dotted list, if the list contains exactly as many elements as the



INPUT/OUTPUT 609value of *print-length*, and in addition has the non-null atom terminatingit, that terminating atom is printed rather than the three dots.)*print-level* and *print-length* a�ect the printing not only of listsbut also of vectors, arrays, and any other object printed with a list-like syntax.They do not a�ect the printing of symbols, strings, and bit-vectors.The Lisp reader will normally signal an error when reading an expressionthat has been abbreviated because of level or length limits. This signal is givenbecause the #-- dispatch character normally signals an error when followed bywhitespace or ), and because ... is de�ned to be an illegal token, as are alltokens consisting entirely of periods (other than the single dot used in dotnotation).As an example, table 22-6 shows the ways the object(if (member x y) (+ (car x) 3) '(foo . #--(a b c d "Baz")))would be printed for various values of *print-level* (in the column labeledv) and *print-length* (in the column labeled n). [Variable]*print-array*If *print-array* is nil, then the contents of arrays other than strings arenever printed. Instead, arrays are printed in a concise form (using #--<) thatgives enough information for the user to be able to identify the array but doesnot include the entire array contents. If *print-array* is not nil, non-stringarrays are printed using #--(, #--*, or #--nA syntax.Notice of correction. In the �rst edition, the preceding paragraph mentionedthe nonexistent variable print-array instead of *print-array*.The initial value of *print-array* is implementation-dependent. [Macro]with-standard-io-syntax fdeclarationg� f formg�X3J13 voted in June 1989 h40i to add the macro with-standard-io-syntax.Within the dynamic extent of the body, all reader/printer control variables,including any implementation-de�ned ones not speci�ed by Common Lisp,are bound to values that produce standard read/print behavior. Table 22-7shows the values to which standard Common Lisp variables are bound.The values returned by with-standard-io-syntax are the values of thelast body form, or nil if there are no body forms.The intent is that a pair of executions, as shown in the following exam-ple, should provide reasonable reliable communication of data from one Lispprocess to another:



610 COMMON LISPTable 22-7: Standard Bindings for I/O Control VariablesVariable Value*package* the common-lisp-user package*print-array* t*print-base* 10*print-case* :upcase*print-circle* nil*print-escape* t*print-gensym* t*print-length* nil*print-level* nil*print-lines* nil **print-miser-width* nil **print-pprint-dispatch* nil **print-pretty* nil*print-radix* nil*print-readably* t*print-right-margin* nil **read-base* 10*read-default-float-format* single-float*read-eval* t*read-suppress* nil*readtable* the standard readtable* X3J13 voted in June 1989 h139i to introduce the printer control vari-ables *print-right-margin*, *print-miser-width*, *print-lines*, and *print-pprint-dispatch* (see section 27.2) but did not specify the values to which with-standard-io-syntax should bind them. I recommend that all four should be boundto nil.;;; Write DATA to a file.(with-open-file (file pathname :direction :output)(with-standard-io-syntax(print data file)));;; ... Later, in another Lisp:(with-open-file (file pathname :direction :input)(with-standard-io-syntax(setq data (read file))))Using with-standard-io-syntax to bind all the variables, instead of us-



INPUT/OUTPUT 611ing let and explicit bindings, ensures that nothing is overlooked and avoidsproblems with implementation-de�ned reader/printer control variables. If theuser wishes to use a non-standard value for some variable, such as *package*or *read-eval*, it can be bound by let inside the body of with-standard-io-syntax. For example:;;; Write DATA to a file. Forbid use of #--. syntax.(with-open-file (file pathname :direction :output)(let ((*read-eval* nil))(with-standard-io-syntax(print data file))));;; Read DATA from a file. Forbid use of #--. syntax.(with-open-file (file pathname :direction :input)(let ((*read-eval* nil))(with-standard-io-syntax(setq data (read file)))))Similarly, a user who dislikes the arbitrary choice of values for *print-circle* and *print-pretty* can bind these variables to other values insidethe body.The X3J13 vote left it unclear whether with-standard-io-syntax permitsdeclarations to appear before the body of the macro call. I believe that wasthe intent, and this is reected in the syntax shown above; but this is onlymy interpretation.22.2. Input FunctionsThe input functions are divided into two groups: those that operate on streamsof characters and those that operate on streams of binary data.22.2.1. Input from Character StreamsMany character input functions take optional arguments called input-stream,eof-error-p, and eof-value. The input-stream argument is the stream fromwhich to obtain input; if unsupplied or nil it defaults to the value of thespecial variable *standard-input*. One may also specify t as a stream,meaning the value of the special variable *terminal-io*.The eof-error-p argument controls what happens if input is from a �le (orany other input source that has a de�nite end) and the end of the �le is



612 COMMON LISPreached. If eof-error-p is true (the default), an error will be signaled at endof �le. If it is false, then no error is signaled, and instead the function returnseof-value.X3J13 voted in January 1989 h7i to clarify that an eof-value argument maybe any Lisp datum whatsoever.Functions such as read that read the representation of an object ratherthan a single character will always signal an error, regardless of eof-error-p,if the �le ends in the middle of an object representation. For example, if a�le does not contain enough right parentheses to balance the left parenthesesin it, read will complain. If a �le ends in a symbol or a number immediatelyfollowed by end-of-�le, read will read the symbol or number successfully andwhen called again will see the end-of-�le and only then act according to eof-error-p. Similarly, the function read-line will successfully read the last lineof a �le even if that line is terminated by end-of-�le rather than the newlinecharacter. If a �le contains ignorable text at the end, such as blank lines andcomments, read will not consider it to end in the middle of an object. Thusan eof-error-p argument controls what happens when the �le ends betweenobjects.Many input functions also take an argument called recursive-p. If speci�edand not nil, this argument speci�es that this call is not a \top-level" call toread but an imbedded call, typically from the function for a macro character.It is important to distinguish such recursive calls for three reasons.First, a top-level call establishes the context within which the #--nUU and #--n#--syntax is scoped. Consider, for example, the expression(cons '#--3UU(p q r) '(x y . #--3#--))If the single-quote macro character were de�ned in this way:(set-macro-character #--\'#--'(lambda (stream char)(declare (ignore char))(list 'quote (read stream))))then the expression could not be read properly, because there would be noway to know when read is called recursively by the �rst occurrence of ' thatthe label #--3UU would be referred to later in the containing expression. Therewould be no way to know because read could not determine that it was calledby a macro-character function rather than from \top level." The correct wayto de�ne the single quote macro character uses the recursive-p argument:(set-macro-character #--\'



INPUT/OUTPUT 613#--'(lambda (stream char)(declare (ignore char))(list 'quote (read stream t nil t))))Second, a recursive call does not alter whether the reading process is topreserve whitespace or not (as determined by whether the top-level call was toread or read-preserving-whitespace). Suppose again that the single quotehad the �rst, incorrect, macro-character de�nition shown above. Then a callto read-preserving-whitespace that read the expression 'foo would fail topreserve the space character following the symbol foo because the single-quotemacro-character function calls read, not read-preserving-whitespace, toread the following expression (in this case foo). The correct de�nition, whichpasses the value t for the recursive-p argument to read, allows the top-levelcall to determine whether whitespace is preserved.Third, when end-of-�le is encountered and the eof-error-p argument is notnil, the kind of error that is signaled may depend on the value of recursive-p.If recursive-p is not nil, then the end-of-�le is deemed to have occurred withinthe middle of a printed representation; if recursive-p is nil, then the end-of-�le may be deemed to have occurred between objects rather than within themiddle of one. [Function]read &optional input-stream eof-error-p eof-valuerecursive-pread reads in the printed representation of a Lisp object from input-stream,builds a corresponding Lisp object, and returns the object.Note that when the variable *read-suppress* is not nil, then read readsin a printed representation as best it can, but most of the work of interpretingthe representation is avoided (the intent being that the result is to be discardedanyway). For example, all extended tokens produce the result nil regardlessof their syntax. [Variable]*read-default-float-format*The value of this variable must be a type speci�er symbol for a speci�c oating-point format; these include short-float, single-float, double-float, andlong-float and may include implementation-speci�c types as well. The de-fault value is single-float.*read-default-float-format* indicates the oating-point format to beused for reading oating-point numbers that have no exponent marker or havee or E for an exponent marker. (Other exponent markers explicitly prescribe



614 COMMON LISPthe oating-point format to be used.) The printer also uses this variable toguide the choice of exponent markers when printing oating-point numbers.[Function]read-preserving-whitespace &optional in-streameof-error-p eof-value recursive-pCertain printed representations given to read, notably those of symbols andnumbers, require a delimiting character after them. (Lists do not, because theclose parenthesis marks the end of the list.) Normally read will throw awaythe delimiting character if it is a whitespace character; but read will preservethe character (using unread-char) if it is syntactically meaningful, becauseit may be the start of the next expression.X3J13 voted in January 1989 h138i to clarify the interaction of unread-char with echo streams. These changes indirectly a�ect the echoing behaviorof read-preserving-whitespace.The function read-preserving-whitespace is provided for some special-ized situations where it is desirable to determine precisely what characterterminated the extended token.As an example, consider this macro-character de�nition:(defun slash-reader (stream char)(declare (ignore char))(do ((path (list (read-preserving-whitespace stream))(cons (progn (read-char stream nil nil t)(read-preserving-whitespacestream))path)))((not (charUU (peek-char nil stream nil nil t) #--\/))(cons 'path (nreverse path)))))(set-macro-character #--\/ #--'slash-reader)(This is actually a rather dangerous de�nition to make because expressionssuch as (/ x 3) will no longer be read properly. The ability to reprogramthe reader syntax is very powerful and must be used with caution. Thisrede�nition of / is shown here purely for the sake of example.)Consider now calling read on this expression:(zyedh /usr/games/zork /usr/games/boggle)The / macro reads objects separated by more / characters; thus/usr/games/zork is intended to be read as (path usr games zork). Theentire example expression should therefore be read as



INPUT/OUTPUT 615(zyedh (path usr games zork) (path usr games boggle))However, if read had been used instead of read-preserving-whitespace,then after the reading of the symbol zork, the following space would be dis-carded; the next call to peek-char would see the following /, and the loopwould continue, producing this interpretation:(zyedh (path usr games zork usr games boggle))On the other hand, there are times when whitespace should be discarded. If acommand interpreter takes single-character commands, but occasionally readsa Lisp object, then if the whitespace after a symbol is not discarded it mightbe interpreted as a command some time later after the symbol had been read.Note that read-preserving-whitespace behaves exactly like read whenthe recursive-p argument is not nil. The distinction is established only bycalls with recursive-p equal to nil or omitted. [Function]read-delimited-list char &optional input-streamrecursive-pThis reads objects from stream until the next character after an object's repre-sentation (ignoring whitespace characters and comments) is char. (The charshould not have whitespace syntax in the current readtable.) A list of theobjects read is returned.To be more precise, read-delimited-list looks ahead at each step for thenext non-whitespace character and peeks at it as if with peek-char. If it ischar, then the character is consumed and the list of objects is returned. Ifit is a constituent or escape character, then read is used to read an object,which is added to the end of the list. If it is a macro character, the associatedmacro function is called; if the function returns a value, that value is addedto the list. The peek-ahead process is then repeated.X3J13 voted in January 1989 h138i to clarify the interaction of peek-charwith echo streams. These changes indirectly a�ect the echoing behavior ofthe function read-delimited-list.This function is particularly useful for de�ning new macro characters. Usu-ally it is desirable for the terminating character char to be a terminatingmacro character so that it may be used to delimit tokens; however, read-delimited-list makes no attempt to alter the syntax speci�ed for char bythe current readtable. The user must make any necessary changes to thereadtable syntax explicitly. The following example illustrates this.Suppose you wanted #--{a b c ... z} to be read as a list of all pairs of theelements a, b, c, ..., z; for example:



616 COMMON LISP#--{p q z a} reads as ((p q) (p z) (p a) (q z) (q a) (z a))

This can be done by specifying a macro-character de�nition for #--{ that doestwo things: read in all the items up to the }, and construct the pairs. read-delimited-list performs the �rst task.Note that mapcon allows the mapped function to examine the items of thelist after the current one, and that mapcon uses nconc, which is all rightbecause mapcar will produce fresh lists.



INPUT/OUTPUT 617(defun |#--{-reader| (stream char arg)(declare (ignore char arg))(mapcon #--'(lambda (x)(mapcar #--'(lambda (y) (list (car x) y)) (cdr x)))(read-delimited-list #--\} stream t)))(set-dispatch-macro-character #--\#-- #--\{ #--'|#--{-reader|)(set-macro-character #--\} (get-macro-character #--\) nil))(Note that t is speci�ed for the recursive-p argument.)It is necessary here to give a de�nition to the character } as well to preventit from being a constituent. If the line(set-macro-character #--\} (get-macro-character #--\) nil))shown above were not included, then the } in#--{p q z a}would be considered a constituent character, part of the symbol named a}.One could correct for this by putting a space before the }, but it is bettersimply to use the call to set-macro-character.Giving } the same de�nition as the standard de�nition of the character ) hasthe twin bene�t of making it terminate tokens for use with read-delimited-list and also making it illegal for use in any other context (that is, attemptingto read a stray } will signal an error).Note that read-delimited-list does not take an eof-error-p (or eof-value)argument. The reason is that it is always an error to hit end-of-�le during theoperation of read-delimited-list. [Function]read-line &optional input-stream eof-error-p eof-valuerecursive-pread-line reads in a line of text terminated by a newline. It returns the lineas a character string (without the newline character). This function is usuallyused to get a line of input from the user. A second returned value is a ag thatis false if the line was terminated normally, or true if end-of-�le terminated the(non-empty) line. If end-of-�le is encountered immediately (that is, appearsto terminate an empty line), then end-of-�le processing is controlled in theusual way by the eof-error-p, eof-value, and recursive-p arguments.The corresponding output function is write-line.



618 COMMON LISP [Function]read-char &optional input-stream eof-error-p eof-valuerecursive-pread-char inputs one character from input-stream and returns it as a char-acter object.The corresponding output function is write-char.X3J13 voted in January 1989 h138i to clarify the interaction of read-charwith echo streams (as created by make-echo-stream). A character is echoedfrom the input stream to the associated output stream the �rst time it isseen. If a character is read again because of an intervening unread-charoperation, the character is not echoed again when read for the second time orany subsequent time. [Function]unread-char character &optional input-streamunread-char puts the character onto the front of input-stream. The charactermust be the same character that was most recently read from the input-stream.The input-stream \backs up" over this character; when a character is next readfrom input-stream, it will be the speci�ed character followed by the previouscontents of input-stream. unread-char returns nil.One may apply unread-char only to the character most recently read frominput-stream. Moreover, one may not invoke unread-char twice consecutivelywithout an intervening read-char operation. The result is that one may backup only by one character, and one may not insert any characters into the inputstream that were not already there.X3J13 voted in January 1989 h181i to clarify that one also may not invokeunread-char after invoking peek-char without an intervening read-charoperation. This is consistent with the notion that peek-char behaves muchlike read-char followed by unread-char.Rationale: This is not intended to be a general mechanism, but rather an e�cientmechanism for allowing the Lisp reader and other parsers to perform one-characterlookahead in the input stream. This protocol admits a wide variety of e�cientimplementations, such as simply decrementing a bu�er pointer. To have to specifythe character in the call to unread-char is admittedly redundant, since at any giventime there is only one character that may be legally speci�ed. The redundancy isintentional, again to give the implementation latitude.X3J13 voted in January 1989 h138i to clarify the interaction of unread-charwith echo streams (as created by make-echo-stream). When a character is\unread" from an echo stream, no attempt is made to \unecho" the character.



INPUT/OUTPUT 619However, a character placed back into an echo stream by unread-char willnot be re-echoed when it is subsequently re-read by read-char.



620 COMMON LISP [Function]peek-char &optional peek-type input-stream eof-error-peof-value recursive-pWhat peek-char does depends on the peek-type, which defaults to nil. Witha peek-type of nil, peek-char returns the next character to be read frominput-stream, without actually removing it from the input stream. The nexttime input is done from input-stream, the character will still be there. It is asif one had called read-char and then unread-char in succession.If peek-type is t, then peek-char skips over whitespace characters (but notcomments) and then performs the peeking operation on the next character.This is useful for �nding the (possible) beginning of the next printed repre-sentation of a Lisp object. The last character examined (the one that startsan object) is not removed from the input stream.If peek-type is a character object, then peek-char skips over input charactersuntil a character that is charUU to that object is found; that character is leftin the input stream.X3J13 voted in January 1989 h138i to clarify the interaction of peek-charwith echo streams (as created by make-echo-stream). When a character froman echo stream is only peeked at, it is not echoed at that time. The characterremains in the input stream and may be echoed when read by read-char ata later time. Note, however, that if the peek-type is not nil, then charactersskipped over (and therefore consumed) by peek-char are treated as if theyhad been read by read-char, and will be echoed if read-char would haveechoed them. [Function]listen &optional input-streamThe predicate listen is true if there is a character immediately available frominput-stream, and is false if not. This is particularly useful when the streamobtains characters from an interactive device such as a keyboard. A call toread-char would simply wait until a character was available, but listencan sense whether or not input is available and allow the program to decidewhether or not to attempt input. On a non-interactive stream, the generalrule is that listen is true except when at end-of-�le. [Function]read-char-no-hang &optional input-stream eof-error-peof-value recursive-pThis function is exactly like read-char, except that if it would be necessaryto wait in order to get a character (as from a keyboard), nil is immediately



INPUT/OUTPUT 621returned without waiting. This allows one to e�ciently check for input avail-ability and get the input if it is available. This is di�erent from the listenoperation in two ways. First, read-char-no-hang potentially reads a char-acter, whereas listen never inputs a character. Second, listen does notdistinguish between end-of-�le and no input being available, whereas read-char-no-hang does make that distinction, returning eof-value at end-of-�le(or signaling an error if no eof-error-p is true) but always returning nil if noinput is available. [Function]clear-input &optional input-streamThis clears any bu�ered input associated with input-stream. It is primarilyuseful for clearing type-ahead from keyboards when some kind of asynchronouserror has occurred. If this operation doesn't make sense for the stream in-volved, then clear-input does nothing. clear-input returns nil.[Function]read-from-string string &optional eof-error-p eof-value&key :start :end :preserve-whitespaceThe characters of string are given successively to the Lisp reader, and theLisp object built by the reader is returned. Macro characters and so on willall take e�ect.The arguments :start and :end delimit a substring of string beginning atthe character indexed by :start and up to but not including the characterindexed by :end. By default :start is 0 (the beginning of the string) and:end is (length string). This is the same as for other string functions.The ag :preserve-whitespace, if provided and not nil, indicatesthat the operation should preserve whitespace as for read-preserving-whitespace. It defaults to nil.As with other reading functions, the arguments eof-error-p and eof-valuecontrol the action if the end of the (sub)string is reached before the operationis completed; reaching the end of the string is treated as any other end-of-�leevent.read-from-string returns two values: the �rst is the object read, and thesecond is the index of the �rst character in the string not read. If the entirestring was read, the second result will be either the length of the string or onegreater than the length of the string. The parameter :preserve-whitespacemay a�ect this second value.(read-from-string "(a b c)") ) (a b c) and 7



622 COMMON LISP [Function]parse-integer string &key :start :end :radix:junk-allowedThis function examines the substring of string delimited by :start and :end(which default to the beginning and end of the string). It skips over whitespacecharacters and then attempts to parse an integer. The :radix parameterdefaults to 10 and must be an integer between 2 and 36.If :junk-allowed is not nil, then the �rst value returned is the value ofthe number parsed as an integer or nil if no syntactically correct integer wasseen.If :junk-allowed is nil (the default), then the entire substring is scanned.The returned value is the value of the number parsed as an integer. An erroris signaled if the substring does not consist entirely of the representation ofan integer, possibly surrounded on either side by whitespace characters.In either case, the second value is the index into the string of the delimiterthat terminated the parse, or it is the index beyond the substring if the parseterminated at the end of the substring (as will always be the case if :junk-allowed is false).Note that parse-integer does not recognize the syntactic radix-speci�erpre�xes #--O, #--B, #--X, and #--nR, nor does it recognize a trailing decimal point. Itpermits only an optional sign (+ or -) followed by a non-empty sequence ofdigits in the speci�ed radix.22.2.2. Input from Binary StreamsCommon Lisp currently speci�es only a very simple facility for binary input:the reading of a single byte as an integer. [Function]read-byte binary-input-stream &optional eof-error-peof-valueread-byte reads one byte from the binary-input-stream and returns it in theform of an integer.22.3. Output FunctionsThe output functions are divided into two groups: those that operate onstreams of characters and those that operate on streams of binary data. Thefunction format operates on streams of characters but is described in a sec-tion separate from the other character-output functions because of its greatcomplexity.



INPUT/OUTPUT 62322.3.1. Output to Character StreamsThese functions all take an optional argument called output-stream, which iswhere to send the output. If unsupplied or nil, output-stream defaults to thevalue of the variable *standard-output*. If it is t, the value of the variable*terminal-io* is used. [Function]write object &key :stream :escape :radix :base :circle........................................................................................................................................................................................................

:pretty :level :length :case :gensym :arrayThe printed representation of object is written to the output stream speci�edby :stream, which defaults to the value of *standard-output*.The other keyword arguments specify values used to control the gen-eration of the printed representation. Each defaults to the value ofthe corresponding global variable: see *print-escape*, *print-radix*,*print-base*, *print-circle*, *print-pretty*, *print-level*, *print-length*, *print-case*, *print-array*, and *print-gensym*. (This is themeans by which these variables a�ect printing operations: supplying defaultvalues for the write function.) Note that the printing of symbols is alsoa�ected by the value of the variable *package*. write returns object.X3J13 voted in June 1989 h40i to add the keyword argument :readablyto the function write, and voted in June 1989 h139i to add the keywordarguments :right-margin, :miser-width, :lines, and :pprint-dispatch.The revised description is as follows. [Function]write object &key :stream :escape :radix :base :circle:pretty :level :length :case :gensym :array :readably:right-margin :miser-width :lines :pprint-dispatchThe printed representation of object is written to the output stream speci�edby :stream, which defaults to the value of *standard-output*.The other keyword arguments specify values used to control the gen-eration of the printed representation. Each defaults to the valueof the corresponding global variable: see *print-escape*, *print-radix*, *print-base*, *print-circle*, *print-pretty*, *print-level*,*print-length*, and *print-case*, in addition to *print-array*,*print-gensym*, *print-readably*, *print-right-margin*, *print-miser-width*, *print-lines*, and *print-pprint-dispatch*. (This isthe means by which these variables a�ect printing operations: supplying de-fault values for the write function.) Note that the printing of symbols is alsoa�ected by the value of the variable *package*. write returns object.



624 COMMON LISP [Function]prin1 object &optional output-stream [Function]print object &optional output-stream [Function]pprint object &optional output-stream [Function]princ object &optional output-streamprin1 outputs the printed representation of object to output-stream. Escapecharacters are used as appropriate. Roughly speaking, the output from prin1is suitable for input to the function read. prin1 returns the object as itsvalue.(prin1 object output-stream)� (write object :stream output-stream :escape t)print is just like prin1 except that the printed representation of object ispreceded by a newline (see terpri) and followed by a space. print returnsobject.pprint is just like print except that the trailing space is omitted and theobject is printed with the *print-pretty* ag non-nil to produce \pretty"output. pprint returns no values (that is, what the expression (values)returns: zero values).X3J13 voted in January 1989 h139i to adopt a facility for user-controlledpretty printing (see chapter 27).princ is just like prin1 except that the output has no escape characters.A symbol is printed as simply the characters of its print name; a string isprinted without surrounding double quotes; and there may be di�erences forother data types as well. The general rule is that output from princ isintended to look good to people, while output from prin1 is intended to beacceptable to the function read.X3J13 voted in June 1987 h140i to clarify that princ prints a character inexactly the same manner as write-char: the character is simply sent to theoutput stream. This was implied by the speci�cation in section 22.1.6 in the�rst edition, but is worth pointing out explicitly here.princ returns the object as its value.(princ object output-stream)� (write object :stream output-stream :escape nil)Compatibility note: In MacLisp, the functions prin1, print, and princ returnt, not the argument object.
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INPUT/OUTPUT 625[Function]write-to-string object &key :escape :radix :base........................................................................................................................................................................................................

:circle :pretty :level :length :case :gensym:array [Function]prin1-to-string object [Function]princ-to-string objectThe object is e�ectively printed as if by write, prin1, or princ, respectively,and the characters that would be output are made into a string, which isreturned.Compatibility note: The Interlisp function mkstring corresponds to the CommonLisp function princ-to-string. [Function]write-to-string object &key :escape :radix :base:circle :pretty :level :length :case :gensym:array :readably :right-margin :miser-width:lines :pprint-dispatchX3J13 voted in June 1989 (h40i and h139i) to add keyword arguments towrite; presumably they should also be added to write-to-string.[Function]write-char character &optional output-streamwrite-char outputs the character to output-stream, and returns character.[Function]write-string string &optional output-stream &key :start:end [Function]write-line string &optional output-stream &key :start:endwrite-string writes the characters of the speci�ed substring of string to theoutput-stream. The :start and :end parameters delimit a substring of stringin the usual manner (see chapter 14). write-line does the same thing butthen outputs a newline afterwards. (See read-line.) In either case, thestring is returned (not the substring delimited by :start and :end). In someimplementations these may be much more e�cient than an explicit loop usingwrite-char.



626 COMMON LISP [Function]terpri &optional output-stream [Function]fresh-line &optional output-streamThe function terpri outputs a newline to output-stream. It is identical ine�ect to (write-char #--\Newline output-stream); however, terpri alwaysreturns nil.fresh-line is similar to terpri but outputs a newline only if the streamis not already at the start of a line. (If for some reason this cannot be deter-mined, then a newline is output anyway.) This guarantees that the streamwill be on a \fresh line" while consuming as little vertical distance as possible.fresh-line is a predicate that is true if it output a newline, and otherwisefalse. [Function]finish-output &optional output-stream [Function]force-output &optional output-stream [Function]clear-output &optional output-streamSome streams may be implemented in an asynchronous or bu�ered man-ner. The function finish-output attempts to ensure that all output sent tooutput-stream has reached its destination, and only then returns nil. force-output initiates the emptying of any internal bu�ers but returns nil withoutwaiting for completion or acknowledgment.The function clear-output, on the other hand, attempts to abort anyoutstanding output operation in progress in order to allow as little outputas possible to continue to the destination. This is useful, for example, toabort a lengthy output to the terminal when an asynchronous error occurs.clear-output returns nil.The precise actions of all three of these operations are implementation-dependent. [Macro]print-unreadable-object (object stream[[ :type type j :identity id ]] )fdeclarationg� f formg�X3J13 voted in June 1989 h40i to add print-unreadable-object, whichwill output a printed representation of object on stream, beginning with #--<and ending with >. Everything output to the stream during execution of thebody forms is enclosed in the angle brackets. If type is true, the body output ispreceded by a brief description of the object's type and a space character. If idis true, the body output is followed by a space character and a representationof the object's identity, typically a storage address.



INPUT/OUTPUT 627If *print-readably* is true, print-unreadable-object signals an errorof type print-not-readable without printing anything.The object, stream, type, and id arguments are all evaluated normally. Thetype and id default to false. It is valid to provide no body forms. If type and idare both true and there are no body forms, only one space character separatesthe printed type and the printed identity.The value returned by print-unreadable-object is nil.(defmethod print-object ((obj airplane) stream)(print-unreadable-object (obj stream :type t :identity t)(princ (tail-number obj) stream)))(print my-airplane) prints#--<Airplane NW0773 777500123135> ;In implementation Aor perhaps#--<FAA:AIRPLANE NW0773 17> ;In implementation BThe big advantage of print-unreadable-object is that it allows a user towrite print-object methods that adhere to implementation-speci�c stylewithout requiring the user to write implementation-dependent code.The X3J13 vote left it unclear whether print-unreadable-object permitsdeclarations to appear before the body of the macro call. I believe that wasthe intent, and this is reected in the syntax shown above; but this is onlymy interpretation.22.3.2. Output to Binary StreamsCommon Lisp currently speci�es only a very simple facility for binary output:the writing of a single byte as an integer. [Function]write-byte integer binary-output-streamwrite-byte writes one byte, the value of integer. It is an error if integer isnot of the type speci�ed as the :element-type argument to open when thestream was created. The value integer is returned.22.3.3. Formatted Output to Character StreamsThe function format is very useful for producing nicely formatted text, pro-ducing good-looking messages, and so on. format can generate a string oroutput to a stream.



628 COMMON LISPFormatted output is performed not only by the format function itself butby certain other functions that accept a control string \the way format does."For example, error-signaling functions such as cerror accept format controlstrings. [Function]format destination control-string &rest argumentsformat is used to produce formatted output. format outputs the charactersof control-string, except that a tilde (~) introduces a directive. The characterafter the tilde, possibly preceded by pre�x parameters and modi�ers, speci�eswhat kind of formatting is desired. Most directives use one or more elementsof arguments to create their output; the typical directive puts the next elementof arguments into the output, formatted in some special way. It is an error ifno argument remains for a directive requiring an argument, but it is not anerror if one or more arguments remain unprocessed by a directive.The output is sent to destination. If destination is nil, a string is createdthat contains the output; this string is returned as the value of the call toformat.X3J13 voted in January 1989 h167i to specify that when the �rst argumentto format is nil, format creates a stream of type string-stream in much thesame manner as with-output-to-string. (This stream may be visible to theuser if, for example, the ~S directive is used to print a defstruct structurethat has a user-supplied print function.)In all other cases format returns nil, performing output to destination as aside e�ect. If destination is a stream, the output is sent to it. If destination ist, the output is sent to the stream that is the value of the variable *standard-output*. If destination is a string with a �ll pointer, then in e�ect the outputcharacters are added to the end of the string (as if by use of vector-push-extend).The format function includes some extremely complicated and specializedfeatures. It is not necessary to understand all or even most of its features touse format e�ectively. The beginner should skip over anything in the followingdocumentation that is not immediately useful or clear. The more sophisticatedfeatures (such as conditionals and iteration) are there for the convenience ofprograms with especially complicated formatting requirements.A format directive consists of a tilde (~), optional pre�x parameters sep-arated by commas, optional colon (:) and at-sign (@) modi�ers, and a singlecharacter indicating what kind of directive this is. The alphabetic case of thedirective character is ignored. The pre�x parameters are generally integers,notated as optionally signed decimal numbers.



INPUT/OUTPUT 629X3J13 voted in June 1987 h80i to specify that if both colon and at-signmodi�ers are present, they may appear in either order; thus ~:@R and ~@:Rmean the same thing. However, it is traditional to put the colon �rst, and allthe examples in this book put colons before at-signs.Examples of control strings:"~S" ;An ~S directive with no parameters or modi�ers"~3,-4:@s" ;An ~S directive with two parameters, 3 and �4,; and both the colon and at-sign ags"~,+4S" ;First pre�x parameter is omitted and takes; on its default value; the second parameter is 4Sometimes a pre�x parameter is used to specify a character, for instance thepadding character in a right- or left-justifying operation. In this case a singlequote (') followed by the desired character may be used as a pre�x parameter,to mean the character object that is the character following the single quote.For example, you can use ~5,'0d to print an integer in decimal radix in �vecolumns with leading zeros, or ~5,'*d to get leading asterisks.In place of a pre�x parameter to a directive, you can put the letter V(or v), which takes an argument from arguments for use as a parameter tothe directive. Normally this should be an integer or character object, asappropriate. This feature allows variable-width �elds and the like. If theargument used by a V parameter is nil, the e�ect is as if the parameter hadbeen omitted. You may also use the character #-- in place of a parameter; itrepresents the number of arguments remaining to be processed.It is an error to give a format directive more parameters than it is describedhere as accepting. It is also an error to give colon or at-sign modi�ers to adirective in a combination not speci�cally described here as being meaningful.



630 COMMON LISPX3J13 voted in January 1989 h85i to clarify the interaction between formatand the various printer control variables (those named *print-xxx*). This isimportant because many format operations are de�ned, directly or indirectly,in terms of prin1 or princ, which are a�ected by the printer control variables.The general rule is that format does not bind any of the standard printercontrol variables except as speci�ed in the individual descriptions of directives.An implementation may not bind any standard printer control variable notspeci�ed in the description of a format directive, nor may an implementationfail to bind any standard printer control variables that is speci�ed to be boundby such a description. (See these descriptions for speci�c changes voted byX3J13.)One consequence of this change is that the user is guaranteed to be ableto use the format ~A and ~S directives to do pretty printing, under controlof the *print-pretty* variable. Implementations have di�ered on this pointin their interpretations of the �rst edition. The new ~W directive may bemore appropriate than either ~A and ~S for some purposes, whether for prettyprinting or ordinary printing. See section 27.4 for a discussion of ~W and othernew format directives related to pretty printing.Here are some relatively simple examples to give you the general avor ofhow format is used.(format nil "foo") ) "foo"(setq x 5)(format nil "The answer is ~D." x) ) "The answer is 5."(format nil "The answer is ~3D." x) ) "The answer is 5."(format nil "The answer is ~3,'0D." x) ) "The answer is 005."(format nil "The answer is ~:D." (expt 47 x))) "The answer is 229,345,007."(setq y "elephant")(format nil "Look at the ~A!" y) ) "Look at the elephant!"(format nil "Type ~:C to ~A."(set-char-bit #--\D :control t)"delete all your files")



INPUT/OUTPUT 631) "Type Control-D to delete all your files."



632 COMMON LISP(setq n 3)(format nil "~D item~:P found." n) ) "3 items found."(format nil "~R dog~:[s are~; is~] here." n (UU n 1))) "three dogs are here."(format nil "~R dog~:*~[s are~; is~:;s are~] here." n)) "three dogs are here."(format nil "Here ~[are~;is~:;are~] ~:*~R pupp~:@P." n)) "Here are three puppies."In the descriptions of the directives that follow, the term arg in generalrefers to the next item of the set of arguments to be processed. The word orphrase at the beginning of each description is a mnemonic (not necessarily anaccurate one) for the directive.~AAscii. An arg, any Lisp object, is printed without escape characters (as byprinc). In particular, if arg is a string, its characters will be output verbatim.If arg is nil, it will be printed as nil; the colon modi�er (~:A) will cause anarg of nil to be printed as (), but if arg is a composite structure, such as alist or vector, any contained occurrences of nil will still be printed as nil.~mincolA inserts spaces on the right, if necessary, to make the width at leastmincol columns. The @ modi�er causes the spaces to be inserted on the leftrather than the right.~mincol,colinc,minpad,padcharA is the full form of ~A, which allows elab-orate control of the padding. The string is padded on the right (or on theleft if the @ modi�er is used) with at least minpad copies of padchar; paddingcharacters are then inserted colinc characters at a time until the total widthis at least mincol. The defaults are 0 for mincol and minpad, 1 for colinc, andthe space character for padchar.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil during the processing of the ~A directive.~SS-expression. This is just like ~A, but arg is printed with escape characters(as by prin1 rather than princ). The output is therefore suitable for inputto read. ~S accepts all the arguments and modi�ers that ~A does.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to t during the processing of the ~S directive.



INPUT/OUTPUT 633~DDecimal. An arg, which should be an integer, is printed in decimal radix. ~Dwill never put a decimal point after the number.~mincolD uses a column width of mincol; spaces are inserted on the left ifthe number requires fewer than mincol columns for its digits and sign. If thenumber doesn't �t in mincol columns, additional columns are used as needed.~mincol,padcharD uses padchar as the pad character instead of space.If arg is not an integer, it is printed in ~A format and decimal base.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil, *print-radix* to nil, and *print-base* to 10 duringprocessing of ~D.The @ modi�er causes the number's sign to be printed always; the defaultis to print it only if the number is negative. The : modi�er causes commasto be printed between groups of three digits; the third pre�x parameter maybe used to change the character used as the comma. Thus the most generalform of ~D is ~mincol,padchar,commacharD.X3J13 voted in March 1988 h82i to add a fourth parameter, the commain-terval. This must be an integer; if it is not provided, it defaults to 3. Thisparameter controls the number of digits in each group separated by the com-machar.By extension, each of the ~B, ~O, and ~X directives accepts a commaintervalas a fourth parameter, and the ~R directive accepts a commainterval as its�fth parameter. Examples:(format nil "~,,' ,4B" #--xFACE) ) "1111 1010 1100 1110"(format nil "~,,' ,4B" #--x1CE) ) "1 1100 1110"(format nil "~19,,' ,4B" #--xFACE) ) "1111 1010 1100 1110"(format nil "~19,,' ,4B" #--x1CE) ) "0000 0001 1100 1110"This is one of those little improvements that probably don't matter much butaren't hard to implement either. It was pretty silly having the number 3 wiredinto the de�nition of comma separation when it is just as easy to make it aparameter.~BBinary. This is just like ~D but prints in binary radix (radix 2) instead ofdecimal. The full form is therefore ~mincol,padchar,commacharB.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil, *print-radix* to nil, and *print-base* to 2 during pro-cessing of ~B.



634 COMMON LISP~OOctal. This is just like~D but prints in octal radix (radix 8) instead of decimal.The full form is therefore ~mincol,padchar,commacharO.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil, *print-radix* to nil, and *print-base* to 8 during pro-cessing of ~O.~XHexadecimal. This is just like ~D but prints in hexadecimal radix (radix 16)instead of decimal. The full form is therefore ~mincol,padchar,commacharX.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil, *print-radix* to nil, and *print-base* to 16 duringprocessing of ~X.Compatibility note: In MacLisp and Lisp Machine Lisp the ~X directive outputsa space, and ~nX outputs n spaces, in a manner analogous to Fortran X format. InCommon Lisp the directive ~@T is used for that purpose.~RRadix. ~nR prints arg in radix n. The modi�er ags and any remainingparameters are used as for the ~D directive. Indeed, ~D is the same as ~10R.The full form here is therefore ~radix,mincol,padchar,commacharR.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil, *print-radix* to nil, and *print-base* to the value ofthe �rst parameter during the processing of the ~R directive with a parameter.If no parameters are given to ~R, then an entirely di�erent interpretation isgiven.Notice of correction. In the �rst edition, this sentence referred to \argu-ments" given to ~R. The correct term is \parameters."The argument should be an integer; suppose it is 4. Then ~R prints arg as acardinal English number: four; ~:R prints arg as an ordinal English number:fourth; ~@R prints arg as a Roman numeral: IV; and ~:@R prints arg as anold Roman numeral: IIII.X3J13 voted in January 1989 h85i to specify that format binds *print-base* to 10 during the processing of the ~R directive with no parameter.The �rst edition did not specify how ~R and its variants should handlearguments that are very large or not positive. Actual practice varies, andX3J13 has not yet addressed the topic. Here is a sampling of current practice.



INPUT/OUTPUT 635For ~@R and ~:@R, nearly all implementations produce Roman numeralsonly for integers in the range 1 to 3999, inclusive. Some implementationswill produce old-style Roman numerals for integers in the range 1 to 4999,inclusive. All other integers are printed in decimal notation, as if ~D had beenused.For zero, most implementations print zero for ~R and zeroth for ~:R.For ~R with a negative argument, most implementations simply print theword minus followed by its absolute value as a cardinal in English.For ~:R with a negative argument, some implementations also print theword minus followed by its absolute value as an ordinal in English; otherimplementations print the absolute value followed by the word previous.Thus the argument -4 might produce minus fourth or fourth previous.Each has its charm, but one is not always a suitable substitute for the other;users should be careful.There is standard English nomenclature for fairly large integers (upto 1060, at least), based on appending the su�x -illion to Latinnames of integers. Thus we have the names trillion, quadrillion,sextillion, septillion, and so on. For extremely large integers, onemay express powers of ten in English. One implementation gives1606938044258990275541962092341162602522202993782792835301376(which is 2200, the result of (ash 1 200)) in this manner:one times ten to the sixtieth power six hundred six times ten to thefifty-seventh power nine hundred thirty-eight septdecillion forty-foursexdecillion two hundred fifty-eight quindecillion nine hundred ninetyquattuordecillion two hundred seventy-five tredecillion five hundredforty-one duodecillion nine hundred sixty-two undecillion ninety-twodecillion three hundred forty-one nonillion one hundred sixty-twooctillion six hundred two septillion five hundred twenty-two sextilliontwo hundred two quintillion nine hundred ninety-three quadrillion sevenhundred eighty-two trillion seven hundred ninety-two billion eighthundred thirty-five million three hundred one thousand three hundredseventy-sixAnother implementation prints it this way (note the use of plus):one times ten to the sixtieth power plus six hundred six times ten tothe fifty-seventh power plus ... plus two hundred seventy-five timesten to the forty-second power plus five hundred forty-one duodecillionnine hundred sixty-two undecillion ... three hundred seventy-six(I have elided some of the text here to save space.)



636 COMMON LISPUnfortunately, the meaning of this nomenclature di�ers between AmericanEnglish (in which k-illion means 103(k+1), so one trillion is 1012) and BritishEnglish (in which k-illion means 106k, so one trillion is 1018). To avoid bothconfusion and prolixity, I recommend using decimal notation for all numbersabove 999,999,999; this is similar to the escape hatch used for Roman numer-als.~PPlural. If arg is not eql to the integer 1, a lowercase s is printed; if arg iseql to 1, nothing is printed. (Notice that if arg is a oating-point 1.0, thes is printed.) ~:P does the same thing, after doing a ~:* to back up oneargument; that is, it prints a lowercase s if the last argument was not 1. Thisis useful after printing a number using ~D. ~@P prints y if the argument is 1,or ies if it is not. ~:@P does the same thing, but backs up �rst.(format nil "~D tr~:@P/~D win~:P" 7 1) ) "7 tries/1 win"(format nil "~D tr~:@P/~D win~:P" 1 0) ) "1 try/0 wins"(format nil "~D tr~:@P/~D win~:P" 1 3) ) "1 try/3 wins"~CCharacter. The next arg should be a character; it is printed according to themodi�er ags.~C prints the character in an implementation-dependent abbreviated for-........................................................................................................................................................................................................

mat. This format should be culturally compatible with the host environment.X3J13 voted in June 1987 h84i to specify that ~C performs exactly thesame action as write-char if the character to be printed has zero for itsbits attributes. X3J13 voted in March 1989 h11i to eliminate the bits andfont attributes, replacing them with the notion of implementation-de�nedattributes. The net e�ect is that characters whose implementation-de�nedattributes all have the \standard" values should be printed by ~C in the sameway that write-char would print them.~:C spells out the names of the control bits and represents non-printingcharacters by their names: Control-Meta-F, Control-Return, Space. Thisis a \pretty" format for printing characters.~:@C prints what ~:C would, and then if the character requires unusual shiftkeys on the keyboard to type it, this fact is mentioned: Control-@ (Top-F).This is the format for telling the user about a key he or she is expected totype, in prompts, for instance. The precise output may depend not only onthe implementation but on the particular I/O devices in use.~@C prints the character so that the Lisp reader can read it, using #--\ syntax.



INPUT/OUTPUT 637X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to t during the processing of the ~@C directive. Other variants of the~C directive do not bind any printer control variables.Rationale: In some implementations the ~S directive would do what ~C does, but~C is compatible with Lisp dialects such as MacLisp that do not have a characterdata type.~FFixed-format oating-point. The next arg is printed as a oating-point num-ber.The full form is ~w,d,k,overowchar,padcharF. The parameter w is thewidth of the �eld to be printed; d is the number of digits to print after thedecimal point; k is a scale factor that defaults to zero.Exactly w characters will be output. First, leading copies of the characterpadchar (which defaults to a space) are printed, if necessary, to pad the �eldon the left. If the arg is negative, then a minus sign is printed; if the argis not negative, then a plus sign is printed if and only if the @ modi�er wasspeci�ed. Then a sequence of digits, containing a single embedded decimalpoint, is printed; this represents the magnitude of the value of arg times 10k,rounded to d fractional digits. (When rounding up and rounding down wouldproduce printed values equidistant from the scaled value of arg, then theimplementation is free to use either one. For example, printing the argument6.375 using the format ~4,2F may correctly produce either 6.37 or 6.38.)Leading zeros are not permitted, except that a single zero digit is outputbefore the decimal point if the printed value is less than 1, and this singlezero digit is not output after all if w = d + 1.If it is impossible to print the value in the required format in a �eld ofwidth w, then one of two actions is taken. If the parameter overowchar isspeci�ed, then w copies of that parameter are printed instead of the scaledvalue of arg. If the overowchar parameter is omitted, then the scaled valueis printed using more than w characters, as many more as may be needed.If the w parameter is omitted, then the �eld is of variable width. In e�ect, avalue is chosen for w in such a way that no leading pad characters need to beprinted and exactly d characters will follow the decimal point. For example,the directive ~,2F will print exactly two digits after the decimal point and asmany as necessary before the decimal point.If the parameter d is omitted, then there is no constraint on the number ofdigits to appear after the decimal point. A value is chosen for d in such a way



638 COMMON LISPthat as many digits as possible may be printed subject to the width constraintimposed by the parameter w and the constraint that no trailing zero digitsmay appear in the fraction, except that if the fraction to be printed is zero,then a single zero digit should appear after the decimal point if permitted bythe width constraint.If both w and d are omitted, then the e�ect is to print the value usingordinary free-format output; prin1 uses this format for any number whosemagnitude is either zero or between 10�3 (inclusive) and 107 (exclusive).If w is omitted, then if the magnitude of arg is so large (or, if d is alsoomitted, so small) that more than 100 digits would have to be printed, then animplementation is free, at its discretion, to print the number using exponentialnotation instead, as if by the directive ~E (with all parameters to ~E defaulted,not taking their values from the ~F directive).If arg is a rational number, then it is coerced to be a single-float andthen printed. (Alternatively, an implementation is permitted to process arational number by any other method that has essentially the same behaviorbut avoids such hazards as loss of precision or overow because of the coercion.However, note that if w and d are unspeci�ed and the number has no exactdecimal representation, for example 1/3, some precision cuto� must be chosenby the implementation: only a �nite number of digits may be printed.)If arg is a complex number or some non-numeric object, then it is printedusing the format directive ~wD, thereby printing it in decimal radix and aminimum �eld width of w. (If it is desired to print each of the real part andimaginary part of a complex number using a ~F directive, then this must bedone explicitly with two ~F directives and code to extract the two parts of thecomplex number.)X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil during the processing of the ~F directive.(defun foo (x)(format nil "~6,2F|~6,2,1,'*F|~6,2,,'?F|~6F|~,2F|~F"x x x x x x))(foo 3.14159) ) " 3.14| 31.42| 3.14|3.1416|3.14|3.14159"(foo -3.14159) ) " -3.14|-31.42| -3.14|-3.142|-3.14|-3.14159"(foo 100.0) ) "100.00|******|100.00| 100.0|100.00|100.0"(foo 1234.0) ) "1234.00|******|??????|1234.0|1234.00|1234.0"(foo 0.006) ) " 0.01| 0.06| 0.01| 0.006|0.01|0.006"Compatibility note: The ~F directive is similar to the Fw.d edit descriptor inFortran.



INPUT/OUTPUT 639The presence or absence of the @ modi�er corresponds to the e�ect of the FortranSS or SP edit descriptor; nothing in Common Lisp corresponds to the Fortran S editdescriptor.The scale factor speci�ed by the parameter k corresponds to the scale factor kspeci�ed by the Fortran kP edit descriptor.In Fortran, the leading zero that precedes the decimal point when the printedvalue is less than 1 is optional; in Common Lisp, the implementation is required toprint that zero digit.In Common Lisp, the w and d parameters are optional; in Fortran, they arerequired.In Common Lisp, the pad character and overow character are user-speci�able;in Fortran, they are always space and asterisk, respectively.A Fortran implementation is prohibited from printing a representation of negativezero; Common Lisp permits the printing of such a representation when appropriate.In MacLisp and Lisp Machine Lisp, the ~F format directive takes a single param-eter: the number of digits to use in the printed representation. This incompatibilitybetween Common Lisp and MacLisp was introduced for the sake of cultural com-patibility with Fortran.~EExponential oating-point. The next arg is printed in exponential notation.The full form is ~w,d,e,k,overowchar,padchar,exponentcharE. The pa-rameter w is the width of the �eld to be printed; d is the number of digits toprint after the decimal point; e is the number of digits to use when printingthe exponent; k is a scale factor that defaults to 1 (not zero).Exactly w characters will be output. First, leading copies of the characterpadchar (which defaults to a space) are printed, if necessary, to pad the �eldon the left. If the arg is negative, then a minus sign is printed; if the arg is notnegative, then a plus sign is printed if and only if the @ modi�er was speci�ed.Then a sequence of digits, containing a single embedded decimal point, isprinted. The form of this sequence of digits depends on the scale factor k. If kis zero, then d digits are printed after the decimal point, and a single zero digitappears before the decimal point if the total �eld width will permit it. If k ispositive, then it must be strictly less than d+2; k signi�cant digits are printedbefore the decimal point, and d � k + 1 digits are printed after the decimalpoint. If k is negative, then it must be strictly greater than �d ; a single zerodigit appears before the decimal point if the total �eld width will permit it,and after the decimal point are printed �rst �k zeros and then d+k signi�cantdigits. The printed fraction must be properly rounded. (When rounding upand rounding down would produce printed values equidistant from the scaledvalue of arg, then the implementation is free to use either one. For example,



640 COMMON LISPprinting 637.5 using the format~8,2Emay correctly produce either 6.37E+02or 6.38E+02.)Following the digit sequence, the exponent is printed. First the characterparameter exponentchar is printed; if this parameter is omitted, then theexponent marker that prin1 would use is printed, as determined from thetype of the oating-point number and the current value of *read-default-float-format*. Next, either a plus sign or a minus sign is printed, followedby e digits representing the power of 10 by which the printed fraction mustbe multiplied to properly represent the rounded value of arg.If it is impossible to print the value in the required format in a �eld ofwidth w, possibly because k is too large or too small or because the exponentcannot be printed in e character positions, then one of two actions is taken.If the parameter overowchar is speci�ed, then w copies of that parameterare printed instead of the scaled value of arg. If the overowchar parameteris omitted, then the scaled value is printed using more than w characters, asmany more as may be needed; if the problem is that d is too small for thespeci�ed k or that e is too small, then a larger value is used for d or e as maybe needed.If the w parameter is omitted, then the �eld is of variable width. In e�ecta value is chosen for w in such a way that no leading pad characters need tobe printed.If the parameter d is omitted, then there is no constraint on the number ofdigits to appear. A value is chosen for d in such a way that as many digitsas possible may be printed subject to the width constraint imposed by theparameter w, the constraint of the scale factor k, and the constraint that notrailing zero digits may appear in the fraction, except that if the fraction tobe printed is zero, then a single zero digit should appear after the decimalpoint if the width constraint allows it.If the parameter e is omitted, then the exponent is printed using the smallestnumber of digits necessary to represent its value.If all of w, d, and e are omitted, then the e�ect is to print the value usingordinary free-format exponential-notation output; prin1 uses this format forany non-zero number whose magnitude is less than 10�3 or greater than orequal to 107.X3J13 voted in January 1989 h83i to amend the previous paragraph asfollows:If all of w, d, and e are omitted, then the e�ect is to print the value usingordinary free-format exponential-notation output; prin1 uses a similar formatfor any non-zero number whose magnitude is less than 10�3 or greater thanor equal to 107. The only di�erence is that the ~E directive always prints a



INPUT/OUTPUT 641plus or minus sign before the exponent, while prin1 omits the plus sign if theexponent is non-negative.(The amendment reconciles this paragraph with the speci�cation severalparagraphs above that ~E always prints a plus or minus sign before the expo-nent.)If arg is a rational number, then it is coerced to be a single-float andthen printed. (Alternatively, an implementation is permitted to process arational number by any other method that has essentially the same behaviorbut avoids such hazards as loss of precision or overow because of the coercion.However, note that if w and d are unspeci�ed and the number has no exactdecimal representation, for example 1/3, some precision cuto� must be chosenby the implementation: only a �nite number of digits may be printed.)If arg is a complex number or some non-numeric object, then it is printedusing the format directive ~wD, thereby printing it in decimal radix and aminimum �eld width of w. (If it is desired to print each of the real part andimaginary part of a complex number using a ~E directive, then this must bedone explicitly with two ~E directives and code to extract the two parts of thecomplex number.)X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil during the processing of the ~E directive.(defun foo (x)(format nil"~9,2,1,,'*E|~10,3,2,2,'?,,'$E|~9,3,2,-2,'%@E|~9,2E"x x x x))(foo 3.14159) ) " 3.14E+0| 31.42$-01|+.003E+03| 3.14E+0"(foo -3.14159) ) " -3.14E+0|-31.42$-01|-.003E+03| -3.14E+0"(foo 1100.0) ) " 1.10E+3| 11.00$+02|+.001E+06| 1.10E+3"(foo 1100.0L0) ) " 1.10L+3| 11.00$+02|+.001L+06| 1.10L+3"(foo 1.1E13) ) "*********| 11.00$+12|+.001E+16| 1.10E+13"(foo 1.1L120) ) "*********|??????????|%%%%%%%%%|1.10L+120"(foo 1.1L1200) ) "*********|??????????|%%%%%%%%%|1.10L+1200"Here is an example of the e�ects of varying the scale factor:(dotimes (k 13)(format t " %Scale factor 2D: | 13,6,2,VE|"(- k 5) 3.14159)) ;Prints 13 linesScale factor -5: | 0.000003E+06|Scale factor -4: | 0.000031E+05|



642 COMMON LISPScale factor -3: | 0.000314E+04|Scale factor -2: | 0.003142E+03|Scale factor -1: | 0.031416E+02|Scale factor 0: | 0.314159E+01|Scale factor 1: | 3.141590E+00|Scale factor 2: | 31.41590E-01|Scale factor 3: | 314.1590E-02|Scale factor 4: | 3141.590E-03|Scale factor 5: | 31415.90E-04|Scale factor 6: | 314159.0E-05|Scale factor 7: | 3141590.E-06|Compatibility note: The ~E directive is similar to the Ew.d and Ew.dEe editdescriptors in Fortran.The presence or absence of the @ modi�er corresponds to the e�ect of the FortranSS or SP edit descriptor; nothing in Common Lisp corresponds to the Fortran S editdescriptor.The scale factor speci�ed by the parameter k corresponds to the scale factor kspeci�ed by the Fortran kP edit descriptor; note, however, that the default valuefor k is 1 in Common Lisp, as opposed to the default value of zero in Fortran. (Onthe other hand, note that a scale factor of 1 is used for Fortran list-directed output,which is roughly equivalent to using ~E with the w, d, e, and overowchar parametersomitted.)In Common Lisp, the w and d parameters are optional; in Fortran, they arerequired.In Fortran, omitting e causes the exponent to be printed using either two or threedigits; if three digits are required, then the exponent marker is omitted. In CommonLisp, omitting e causes the exponent to be printed using as few digits as possible;the exponent marker is never omitted.In Common Lisp, the pad character and overow character are user-speci�able;in Fortran they are always space and asterisk, respectively.A Fortran implementation is prohibited from printing a representation of negativezero; Common Lisp permits the printing of such a representation when appropriate.In MacLisp and Lisp Machine Lisp, the ~E format directive takes a single param-eter: the number of digits to use in the printed representation. This incompatibilitybetween Common Lisp and MacLisp was introduced for the sake of cultural com-patibility with Fortran.



INPUT/OUTPUT 643~GGeneral oating-point. The next arg is printed as a oating-point number ineither �xed-format or exponential notation as appropriate.The full form is ~w,d,e,k,overowchar,padchar,exponentcharG. The for-mat in which to print arg depends on the magnitude (absolute value) of thearg. Let n be an integer such that 10n�1 � arg < 10n. (If arg is zero, let n be0.) Let ee equal e + 2, or 4 if e is omitted. Let ww equal w � ee, or nil if wis omitted. If d is omitted, �rst let q be the number of digits needed to printarg with no loss of information and without leading or trailing zeros; then letd equal (max q (min n 7)). Let dd equal d � n.If 0 � dd � d , then arg is printed as if by the format directives~ww,dd,,overowchar,padcharF~ee@TNote that the scale factor k is not passed to the ~F directive. For all othervalues of dd, arg is printed as if by the format directive~w,d,e,k,overowchar,padchar,exponentcharEIn either case, an @ modi�er is speci�ed to the ~F or ~E directive if and onlyif one was speci�ed to the ~G directive.X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil during the processing of the ~G directive.Examples:........................................................................................................................................................................................................

(defun foo (x)(format nil"~9,2,1,,'*G|~9,3,2,3,'?,,'$G|~9,3,2,0,'%G|~9,2G"x x x))(foo 0.0314159) ) " 3.14E-2|314.2$-04|0.314E-01| 3.14E-2"(foo 0.314159) ) " 0.31 |0.314 |0.314 | 0.31 "(foo 3.14159) ) " 3.1 | 3.14 | 3.14 | 3.1 "(foo 31.4159) ) " 31. | 31.4 | 31.4 | 31. "(foo 314.159) ) " 3.14E+2| 314. | 314. | 3.14E+2"(foo 3141.59) ) " 3.14E+3|314.2$+01|0.314E+04| 3.14E+3"(foo 3141.59L0) ) " 3.14L+3|314.2$+01|0.314L+04| 3.14L+3"(foo 3.14E12) ) "*********|314.0$+10|0.314E+13| 3.14E+12"(foo 3.14L120) ) "*********|?????????|%%%%%%%%%|3.14L+120"(foo 3.14L1200) ) "*********|?????????|%%%%%%%%%|3.14L+1200"



644 COMMON LISPNotice of correction. In the �rst edition, the example for the value 3.14E12contained two typographical errors:(foo 3.14E12) ) "*********|314.2$+10|0.314E+13| 3.14L+12"" "should be 0 should be EThese have been corrected above.Compatibility note: The ~G directive is similar to the Gw.d edit descriptor inFortran.The Common Lisp rules for deciding between the use of ~F and ~E are compatiblewith the rules used by Fortran but have been extended to cover the cases where wor d is omitted or where e is speci�ed.In MacLisp and Lisp Machine Lisp, the ~G format directive is equivalent tothe Common Lisp ~@* directive. This incompatibility between Common Lisp andMacLisp was introduced for the sake of cultural compatibility with Fortran.~$Dollars oating-point. The next arg is printed as a oating-point number in�xed-format notation. This format is particularly convenient for printing avalue as dollars and cents.The full form is ~d,n,w,padchar$. The parameter d is the number of digitsto print after the decimal point (default value 2); n is the minimum numberof digits to print before the decimal point (default value 1); w is the minimumtotal width of the �eld to be printed (default value 0).First padding and the sign are output. If the arg is negative, then a minussign is printed; if the arg is not negative, then a plus sign is printed if andonly if the @ modi�er was speci�ed. If the : modi�er is used, the sign appearsbefore any padding, and otherwise after the padding. If w is speci�ed and thenumber of other characters to be output is less than w, then copies of padchar(which defaults to a space) are output to make the total �eld width equalw. Then n digits are printed for the integer part of arg, with leading zeros ifnecessary; then a decimal point; then d digits of fraction, properly rounded.If the magnitude of arg is so large that more than m digits would have to beprinted, where m is the larger of w and 100, then an implementation is free, atits discretion, to print the number using exponential notation instead, as if bythe directive ~w,q,,,,padcharE, where w and padchar are present or omittedaccording to whether they were present or omitted in the ~$ directive, and



INPUT/OUTPUT 645where q = d + n � 1, where d and n are the (possibly default) values given tothe ~$ directive.If arg is a rational number, then it is coerced to be a single-float and thenprinted. (Alternatively, an implementation is permitted to process a rationalnumber by any other method that has essentially the same behavior but avoidssuch hazards as loss of precision or overow because of the coercion.)If arg is a complex number or some non-numeric object, then it is printedusing the format directive ~wD, thereby printing it in decimal radix and aminimum �eld width of w. (If it is desired to print each of the real part andimaginary part of a complex number using a ~$ directive, then this must bedone explicitly with two ~$ directives and code to extract the two parts of thecomplex number.)X3J13 voted in January 1989 h85i to specify that format binds *print-escape* to nil during the processing of the ~$ directive.~%This outputs a #--\Newline character, thereby terminating the current outputline and beginning a new one (see terpri).~n% outputs n newlines.No arg is used. Simply putting a newline in the control string would work,but ~% is often used because it makes the control string look nicer in themiddle of a Lisp program.~&Unless it can be determined that the output stream is already at the beginningof a line, this outputs a newline (see fresh-line).~n& calls fresh-line and then outputs n � 1 newlines. ~0& does nothing.~|This outputs a page separator character, if possible. ~n| does this n times. |is vertical bar, not capital I.~~Tilde. This outputs a tilde. ~n~ outputs n tildes.~hnewlineiTilde immediately followed by a newline ignores the newline and any followingnon-newline whitespace characters. With a :, the newline is ignored, but anyfollowing whitespace is left in place. With an @, the newline is left in place,



646 COMMON LISPbut any following whitespace is ignored. This directive is typically used whena format control string is too long to �t nicely into one line of the program:(defun type-clash-error (fn nargs argnum right-type wrong-type)(format *error-output*"~&Function ~S requires its ~:[~:R~;~*~] ~argument to be of type ~S,~%but it was called ~with an argument of type ~S.~%"fn (eql nargs 1) argnum right-type wrong-type))(type-clash-error 'aref nil 2 'integer 'vector) prints:Function AREF requires its second argument to be of type INTEGER,but it was called with an argument of type VECTOR.(type-clash-error 'car 1 1 'list 'short-float) prints:Function CAR requires its argument to be of type LIST,but it was called with an argument of type SHORT-FLOAT.Note that in this example newlines appear in the output only as speci�ed bythe ~& and ~% directives; the actual newline characters in the control stringare suppressed because each is preceded by a tilde.~TTabulate. This spaces over to a given column. ~colnum,colincT will outputsu�cient spaces to move the cursor to column colnum. If the cursor is alreadyat or beyond column colnum, it will output spaces to move it to columncolnum+k*colinc for the smallest positive integer k possible, unless colinc iszero, in which case no spaces are output if the cursor is already at or beyondcolumn colnum. colnum and colinc default to 1.Ideally, the current column position is determined by examination of thedestination, whether a stream or string. (Although no user-level operation fordetermining the column position of a stream is de�ned by Common Lisp, sucha facility may exist at the implementation level.) If for some reason the currentabsolute column position cannot be determined by direct inquiry, formatmay be able to deduce the current column position by noting that certaindirectives (such as ~%, or ~&, or ~A with the argument being a string containinga newline) cause the column position to be reset to zero, and counting thenumber of characters emitted since that point. If that fails, format mayattempt a similar deduction on the riskier assumption that the destinationwas at column zero when format was invoked. If even this heuristic fails or is



INPUT/OUTPUT 647implementationally inconvenient, at worst the ~T operation will simply outputtwo spaces. (All this implies that code that uses format is more likely to beportable if all format control strings that use the ~T directive either beginwith ~% or ~& to force a newline or are designed to be used only when thedestination is known from other considerations to be at column zero.)~@T performs relative tabulation. ~colrel,colinc@T outputs colrel spaces andthen outputs the smallest non-negative number of additional spaces necessaryto move the cursor to a column that is a multiple of colinc. For example,the directive ~3,8@T outputs three spaces and then moves the cursor to a\standard multiple-of-eight tab stop" if not at one already. If the currentoutput column cannot be determined, however, then colinc is ignored, andexactly colrel spaces are output.X3J13 voted in June 1989 h139i to de�ne ~:T and ~:@T to perform tabula-tion relative to a point de�ned by the pretty printing process (see section 27.4).~*The next arg is ignored. ~n* ignores the next n arguments.~:* \ignores backwards"; that is, it backs up in the list of arguments sothat the argument last processed will be processed again. ~n:* backs up narguments.When within a ~{ construct (see below), the ignoring (in either direction)is relative to the list of arguments being processed by the iteration.~n@* is an \absolute goto" rather than a \relative goto": it goes to the ntharg, where 0 means the �rst one; n defaults to 0, so ~@* goes back to the �rstarg. Directives after a ~n@* will take arguments in sequence beginning withthe one gone to. When within a ~{ construct, the \goto" is relative to the listof arguments being processed by the iteration.~?Indirection. The next arg must be a string, and the one after it a list; bothare consumed by the ~? directive. The string is processed as a format controlstring, with the elements of the list as the arguments. Once the recursive pro-cessing of the control string has been �nished, then processing of the controlstring containing the ~? directive is resumed. Example:(format nil "~? ~D" "<~A ~D>" '("Foo" 5) 7) ) "<Foo 5> 7"(format nil "~? ~D" "<~A ~D>" '("Foo" 5 14) 7) ) "<Foo 5> 7"Note that in the second example three arguments are supplied to the con-trol string "<~A ~D>", but only two are processed and the third is therefore



648 COMMON LISPignored.With the @ modi�er, only one arg is directly consumed. The arg must bea string; it is processed as part of the control string as if it had appearedin place of the ~@? construct, and any directives in the recursively processedcontrol string may consume arguments of the control string containing the~@? directive. Example:(format nil "~@? ~D" "<~A ~D>" "Foo" 5 7) ) "<Foo 5> 7"(format nil "~@? ~D" "<~A ~D>" "Foo" 5 14 7) ) "<Foo 5> 14"Here is a rather sophisticated example. The format function itself, asimplemented at one time in Lisp Machine Lisp, used a routine internal to theformat package called format-error to signal error messages; format-errorin turn used error, which used format recursively. Now format-error tooka string and arguments, just like format, but also printed the control stringto format (which at this point was available in the global variable *ctl-string*) and a little arrow showing where in the processing of the controlstring the error occurred. The variable *ctl-index* pointed one characterafter the place of the error.(defun format-error (string &rest args) ;Example(error nil "~?~%~V@T+~%~3@T\"~A\"~%"string args (+ *ctl-index* 3) *ctl-string*))(The character set used in the Lisp Machine Lisp implementation contains adown-arrow character +, which is not a standard Common Lisp character.)This �rst processed the given string and arguments using ~?, then output anewline, tabbed a variable amount for printing the down-arrow, and printedthe control string between double quotes (note the use of \" to include doublequotes within the control string). The e�ect was something like this:(format t "The item is a ~[Foo~;Bar~;Loser~]." 'quux)>>ERROR: The argument to the FORMAT "~[" commandmust be a number.+"The item is a ~[Foo~;Bar~;Loser~]."Implementation note: Implementors may wish to report errors occurring withinformat control strings in the manner outlined here. It looks pretty ashy when doneproperly.



INPUT/OUTPUT 649X3J13 voted in June 1989 h139i to introduce certain format directives tosupport the user interface to the pretty printer described in detail in chap-ter 27.~_Conditional newline. Without any modi�ers, the directive ~_ is equivalent to(pprint-newline :linear). The directive ~@_ is equivalent to (pprint-newline :miser). The directive ~:_ is equivalent to (pprint-newline:fill). The directive ~:@_ is equivalent to (pprint-newline :mandatory).~WWrite. An arg, any Lisp object, is printed obeying every printer controlvariable (as by write). See section 27.4 for details.~IIndent. The directive ~nI is equivalent to (pprint-indent :block n). Thedirective ~:nI is equivalent to (pprint-indent :current n). In both cases,n defaults to zero, if it is omitted.The format directives after this point are much more complicated than theforegoing; they constitute control structures that can perform case conversion,conditional selection, iteration, justi�cation, and non-local exits. Used withrestraint, they can perform powerful tasks. Used with abandon, they canproduce completely unreadable and unmaintainable code.The case-conversion, conditional, iteration, and justi�cation constructs cancontain other formatting constructs by bracketing them. These constructsmust nest properly with respect to each other. For example, it is not legitimateto put the start of a case-conversion construct in each arm of a conditionaland the end of the case-conversion construct outside the conditional:(format nil "~:[abc~:@(def~;ghi~:@(jkl~]mno~)" x) ;Illegal!One might expect this to produce either "abcDEFMNO" or "ghiJKLMNO", de-pending on whether x is false or true; but in fact the construction is illegalbecause the ~[...~;...~] and ~(...~) constructs are not properly nested.The processing indirection caused by the ~? directive is also a kind of nestingfor the purposes of this rule of proper nesting. It is not permitted to start abracketing construct within a string processed under control of a ~? directiveand end the construct at some point after the ~? construct in the stringcontaining that construct, or vice versa. For example, this situation is illegal:



650 COMMON LISP(format nil "~?ghi~)" "abc~@(def") ;Illegal!One might expect it to produce "abcDEFGHI", but in fact the construction isillegal because the ~? and ~(...~) constructs are not properly nested.~(str~)Case conversion. The contained control string str is processed, and what itproduces is subject to case conversion: ~( converts every uppercase characterto the corresponding lowercase character; ~:( capitalizes all words, as if bystring-capitalize; ~@( capitalizes just the �rst word and forces the restto lowercase; ~:@( converts every lowercase character to the correspondinguppercase character. In this example, ~@( is used to cause the �rst wordproduced by ~@R to be capitalized:(format nil "~@R ~(~@R~)" 14 14) ) "XIV xiv"(defun f (n) (format nil "~@(~R~) error~:P detected." n))(f 0) ) "Zero errors detected."(f 1) ) "One error detected."(f 23) ) "Twenty-three errors detected."~[str0~;str1~;...~;strn~]Conditional expression. This is a set of control strings, called clauses, one ofwhich is chosen and used. The clauses are separated by ~; and the constructis terminated by ~]. For example,"~[Siamese~;Manx~;Persian~] Cat"The argth clause is selected, where the �rst clause is number 0. If a pre�xparameter is given (as ~n[), then the parameter is used instead of an argu-ment. (This is useful only if the parameter is speci�ed by #--, to dispatch on thenumber of arguments remaining to be processed.) If arg is out of range, thenno clause is selected (and no error is signaled). After the selected alternativehas been processed, the control string continues after the ~].~[str0~;str1~;...~;strn~:;default~] has a default case. If the last ~; usedto separate clauses is ~:; instead, then the last clause is an \else" clause thatis performed if no other clause is selected. For example:"~[Siamese~;Manx~;Persian~:;Alley~] Cat"~:[false~;true~] selects the false control string if arg is nil, and selects thetrue control string otherwise.



INPUT/OUTPUT 651~@[true~] tests the argument. If it is not nil, then the argument is notused up by the ~@[ command but remains as the next one to be processed,and the one clause true is processed. If the arg is nil, then the argument isused up, and the clause is not processed. The clause therefore should normallyuse exactly one argument, and may expect it to be non-nil. For example:(setq *print-level* nil *print-length* 5)(format nil "~@[ print level UU ~D~]~@[ print length UU ~D~]"*print-level* *print-length*)) " print length UU 5"The combination of ~[ and #-- is useful, for example, for dealing with Englishconventions for printing lists:(setq foo "Items:~#--[ none~; ~S~; ~S and ~S~~:;~@{~#--[~; and~] ~S~̂ ,~}~].")(format nil foo)) "Items: none."(format nil foo 'foo)) "Items: FOO."(format nil foo 'foo 'bar)) "Items: FOO and BAR."(format nil foo 'foo 'bar 'baz)) "Items: FOO, BAR, and BAZ."(format nil foo 'foo 'bar 'baz 'quux)) "Items: FOO, BAR, BAZ, and QUUX."~;This separates clauses in ~[ and ~< constructions. It is an error elsewhere.~]This terminates a ~[. It is an error elsewhere.~{str~}Iteration. This is an iteration construct. The argument should be a list, whichis used as a set of arguments as if for a recursive call to format. The string stris used repeatedly as the control string. Each iteration can absorb as manyelements of the list as it likes as arguments; if str uses up two arguments byitself, then two elements of the list will get used up each time around the loop.If before any iteration step the list is empty, then the iteration is terminated.



652 COMMON LISPAlso, if a pre�x parameter n is given, then there will be at most n repetitionsof processing of str. Finally, the ~̂ directive can be used to terminate theiteration prematurely.Here are some simple examples:(format nil"The winners are:~{ ~S~}."'(fred harry jill))) "The winners are: FRED HARRY JILL."(format nil "Pairs:~{ <~S,~S>~}." '(a 1 b 2 c 3))) "Pairs: <A,1> <B,2> <C,3>."~:{str~} is similar, but the argument should be a list of sublists. At eachrepetition step, one sublist is used as the set of arguments for processing str;on the next repetition, a new sublist is used, whether or not all of the lastsublist had been processed. Example:(format nil "Pairs:~:{ <~S,~S>~}."'((a 1) (b 2) (c 3)))) "Pairs: <A,1> <B,2> <C,3>."~@{str~} is similar to ~{str~}, but instead of using one argument that isa list, all the remaining arguments are used as the list of arguments for theiteration. Example:(format nil "Pairs:~@{ <~S,~S>~}."'a 1 'b 2 'c 3)) "Pairs: <A,1> <B,2> <C,3>."If the iteration is terminated before all the remaining arguments are consumed,then any arguments not processed by the iteration remain to be processed byany directives following the iteration construct.~:@{str~} combines the features of ~:{str~} and ~@{str~}. All the remain-ing arguments are used, and each one must be a list. On each iteration, thenext argument is used as a list of arguments to str. Example:(format nil "Pairs:~:@{ <~S,~S>~}."'(a 1) '(b 2) '(c 3))) "Pairs: <A,1> <B,2> <C,3>."



INPUT/OUTPUT 653Terminating the repetition construct with ~:} instead of ~} forces str to beprocessed at least once, even if the initial list of arguments is null (however,it will not override an explicit pre�x parameter of zero).If str is empty, then an argument is used as str. It must be a string and pre-cede any arguments processed by the iteration. As an example, the followingare equivalent:(apply #--'format stream string arguments)(format stream "~1{~:}" string arguments)This will use string as a formatting string. The ~1{ says it will be processedat most once, and the ~:} says it will be processed at least once. Therefore itis processed exactly once, using arguments as the arguments. This case maybe handled more clearly by the ~? directive, but this general feature of ~{ ismore powerful than ~?.~}This terminates a ~{. It is an error elsewhere.~mincol,colinc,minpad,padchar<str~>Justi�cation. This justi�es the text produced by processing str within a �eldat least mincol columns wide. str may be divided up into segments with ~;,in which case the spacing is evenly divided between the text segments.With no modi�ers, the leftmost text segment is left-justi�ed in the �eld, andthe rightmost text segment right-justi�ed; if there is only one text element,as a special case, it is right-justi�ed. The : modi�er causes spacing to beintroduced before the �rst text segment; the @ modi�er causes spacing to beadded after the last. The minpad parameter (default 0) is the minimumnum-ber of padding characters to be output between each segment. The paddingcharacter is speci�ed by padchar, which defaults to the space character. If thetotal width needed to satisfy these constraints is greater than mincol, then thewidth used is mincol+k*colinc for the smallest possible non-negative integervalue k; colinc defaults to 1, and mincol defaults to 0.(format nil "~10<foo~;bar~>") ) "foo bar"(format nil "~10:<foo~;bar~>") ) " foo bar"(format nil "~10:@<foo~;bar~>") ) " foo bar "(format nil "~10<foobar~>") ) " foobar"(format nil "~10:<foobar~>") ) " foobar"



654 COMMON LISP(format nil "~10@<foobar~>") ) "foobar "(format nil "~10:@<foobar~>") ) " foobar "Note that str may include format directives. All the clauses in str areprocessed in order; it is the resulting pieces of text that are justi�ed.The ~̂ directive may be used to terminate processing of the clauses pre-maturely, in which case only the completely processed clauses are justi�ed.If the �rst clause of a ~< is terminated with ~:; instead of ~;, then it is usedin a special way. All of the clauses are processed (subject to ~̂ , of course),but the �rst one is not used in performing the spacing and padding. Whenthe padded result has been determined, then if it will �t on the current line ofoutput, it is output, and the text for the �rst clause is discarded. If, however,the padded text will not �t on the current line, then the text segment for the�rst clause is output before the padded text. The �rst clause ought to containa newline (such as a ~% directive). The �rst clause is always processed, andso any arguments it refers to will be used; the decision is whether to use theresulting segment of text, not whether to process the �rst clause. If the ~:;has a pre�x parameter n, then the padded text must �t on the current linewith n character positions to spare to avoid outputting the �rst clause's text.For example, the control string"~%;; ~{~<~%;; ~1:; ~S~>~̂ ,~}.~%"can be used to print a list of items separated by commas without breakingitems over line boundaries, beginning each line with ;; . The pre�x parameter1 in ~1:; accounts for the width of the comma that will follow the justi�editem if it is not the last element in the list, or the period if it is. If ~:;has a second pre�x parameter, then it is used as the width of the line, thusoverriding the natural line width of the output stream. To make the precedingexample use a line width of 50, one would write"~%;; ~{~<~%;; ~1,50:; ~S~>~̂ ,~}.~%"If the second argument is not speci�ed, then format uses the line width ofthe output stream. If this cannot be determined (for example, when producinga string result), then format uses 72 as the line length.~>Terminates a ~<. It is an error elsewhere.X3J13 voted in June 1989 h139i to introduce certain format directives tosupport the user interface to the pretty printer. If ~:> is used to terminate



INPUT/OUTPUT 655a ~<... directive, the directive is equivalent to a call on pprint-logical-block. See section 27.4 for details.~̂Up and out. This is an escape construct. If there are no more argumentsremaining to be processed, then the immediately enclosing ~{ or ~< constructis terminated. If there is no such enclosing construct, then the entire format-ting operation is terminated. In the ~< case, the formatting is performed, butno more segments are processed before doing the justi�cation. The ~̂ shouldappear only at the beginning of a ~< clause, because it aborts the entire clauseit appears in (as well as all following clauses). ~̂ may appear anywhere in a~{ construct.(setq donestr "Done.~̂ ~D warning~:P.~̂ ~D error~:P.")(format nil donestr) ) "Done."(format nil donestr 3) ) "Done. 3 warnings."(format nil donestr 1 5) ) "Done. 1 warning. 5 errors."If a pre�x parameter is given, then termination occurs if the parameter iszero. (Hence ~̂ is equivalent to ~#-- .̂) If two parameters are given, terminationoccurs if they are equal. If three parameters are given, termination occurs ifthe �rst is less than or equal to the second and the second is less than orequal to the third. Of course, this is useless if all the pre�x parameters areconstants; at least one of them should be a #-- or a V parameter.If ~̂ is used within a ~:{ construct, then it merely terminates the currentiteration step (because in the standard case it tests for remaining argumentsof the current step only); the next iteration step commences immediately. Toterminate the entire iteration process, use ~: .̂X3J13 voted in March 1988 h81i to clarify the behavior of ~:^ as follows.It may be used only if the command it would terminate is ~:{ or ~:@{. Theentire iteration process is terminated if and only if the sublist that is supplyingthe arguments for the current iteration step is the last sublist (in the case ofterminating a ~:{ command) or the last argument to that call to format (inthe case of terminating a ~:@{ command). Note furthermore that while ~̂ isequivalent to ~#--^ in all circumstances, ~:^ is not equivalent to ~:#--^ becausethe latter terminates the entire iteration if and only if no arguments remainfor the current iteration step (as opposed to no arguments remaining for theentire iteration process).Here are some examples of the di�erences in the behaviors of ~̂ , ~: ,̂ and~:#-- .̂



656 COMMON LISP(format nil"~:{/~S~̂ ...~}"'((hot dog) (hamburger) (ice cream) (french fries)))) "/HOT .../HAMBURGER/ICE .../FRENCH ..."For each sublist, \ ..." appears after the �rst word unless there are no ad-ditional words.(format nil"~:{/~S~:^ ...~}"'((hot dog) (hamburger) (ice cream) (french fries)))) "/HOT .../HAMBURGER .../ICE .../FRENCH"For each sublist, \ ..." always appears after the �rst word, unless it is thelast sublist, in which case the entire iteration is terminated.(format nil"~:{/~S~:#--^ ...~}"'((hot dog) (hamburger) (ice cream) (french fries)))) "/HOT .../HAMBURGER"For each sublist, \ ..." appears after the �rst word, but if the sublist hasonly one word then the entire iteration is terminated.If ~̂ appears within a control string being processed under the control ofa ~? directive, but not within any ~{ or ~< construct within that string, thenthe string being processed will be terminated, thereby ending processing ofthe ~? directive. Processing then continues within the string containing the~? directive at the point following that directive.If ~̂ appears within a ~[ or ~( construct, then all the commands up tothe ~̂ are properly selected or case-converted, the ~[ or ~( processing isterminated, and the outward search continues for a ~{ or ~< construct to beterminated. For example:(setq tellstr "~@(~@[~R~]~̂ ~A.~)")(format nil tellstr 23) ) "Twenty-three."(format nil tellstr nil "losers") ) "Losers."(format nil tellstr 23 "losers") ) "Twenty-three losers."Here are some examples of the use of ~̂ within a ~< construct.(format nil "~15<~S~;~̂ ~S~;~̂ ~S~>" 'foo)



INPUT/OUTPUT 657) " FOO"(format nil "~15<~S~;~̂ ~S~;~̂ ~S~>" 'foo 'bar)) "FOO BAR"(format nil "~15<~S~;~̂ ~S~;~̂ ~S~>" 'foo 'bar 'baz)) "FOO BAR BAZ"Compatibility note: The ~Q directive and user-de�ned directives of Zetalisp have........................................................................................................................................................................................................

been omitted here, as well as control lists (as opposed to strings), which are rumoredto be changing in meaning.
X3J13 voted in June 1989 h139i to introduce user-de�ned directives in theform of the ~/.../ directive. See section 27.4 for details.The hairiest format control string I have ever seen in shown in table 22-8.It started innocently enough as part of the simulator for Connection MachineLisp [44, 57]; the xapping data type, de�ned by defstruct, needed a :print-function option so that xappings would print properly. As this data typebecame more complicated, step by step, so did the format control string.See the description of set-macro-character for a discussion of xappingsand the defstruct de�nition. Assume that the predicate xectorp is true ofa xapping if it is a xector, and that the predicate finite-part-is-xetp istrue if every value in the range is the same as its corresponding index.Here is a blow-by-blow description of the parts of this format string:



658 COMMON LISPTable 22-8: Print Function for the Xapping Data Type(defun print-xapping (xapping stream depth)(declare (ignore depth))(format stream;; Are you ready for this one?"~:[{~;[~]~:{~S~:[)~S~;~*~]~:^ ~}~:[~; ~]~~{~S)~^ ~}~:[~; ~]~[~*~;)~S~;)~*~]~:[}~;]~]";; Is that clear?(xectorp xapping)(do ((vp (xectorp xapping))(sp (finite-part-is-xetp xapping))(d (xapping-domain xapping) (cdr d))(r (xapping-range xapping) (cdr r))(z '() (cons (list (if vp (car r) (car d))(or vp sp)(car r))z)))((null d) (reverse z)))(and (xapping-domain xapping)(or (xapping-exceptions xapping)(xapping-infinite xapping)))(xapping-exceptions xapping)(and (xapping-exceptions xapping)(xapping-infinite xapping))(ecase (xapping-infinite xapping)((nil) 0)(:constant 1)(:universal 2))(xapping-default xapping)(xectorp xapping)))See section 22.1.5 for the defstruct de�nition of the xapping data type, whoseaccessor functions are used in this code.~:[{~;[~] Print \[" for a xector, and \{" otherwise.~:{~S~:[)~S~;~*~]~:^ ~} Given a list of lists, print the pairs. Each sublisthas three elements: the index (or the value ifwe're printing a xector); a ag that is true foreither a xector or xet (in which case no arrowis printed); and the value. Note the use of ~:{to iterate, and the use of ~:^ to avoid printinga separating space after the �nal pair (or at all,if there are no pairs).~:[~; ~] If there were pairs and there are exceptions oran in�nite part, print a separating space.~hnewlinei Do nothing. This merely allows the format con-trol string to be broken across two lines.~{~S)~̂ ~} Given a list of exception indices, print them.Note the use of ~{ to iterate, and the use of~̂ to avoid printing a separating space afterthe �nal exception (or at all, if there are noexceptions).~:[~; ~] If there were exceptions and there is an in�nitepart, print a separating space.~[~*~;)~S~;)~*~] Use ~[ to choose one of three cases for printingthe in�nite part.~:[}~;]~] Print \]" for a xector, and \}" otherwise.



INPUT/OUTPUT 659
22.4. Querying the UserThe following functions provide a convenient and consistent interface for ask-ing questions of the user. Questions are printed and the answers are read usingthe stream *query-io*, which normally is synonymous with *terminal-io*but can be rebound to another stream for special applications. [Function]y-or-n-p &optional format-string &rest argumentsThis predicate is for asking the user a question whose answer is either \yes"or \no." It types out a message (if supplied), reads an answer in someimplementation-dependent manner (intended to be short and simple, likereading a single character such as Y or N), and is true if the answer was\yes" or false if the answer was \no."If the format-string argument is supplied and not nil, then a fresh-lineoperation is performed; then a message is printed as if the format-string andarguments were given to format. Otherwise it is assumed that any messagehas already been printed by other means. If you want a question mark atthe end of the message, you must put it there yourself; y-or-n-p will notadd it. However, the message should not contain an explanatory note suchas (Y or N), because the nature of the interface provided for y-or-n-p bya given implementation might not involve typing a character on a keyboard;y-or-n-p will provide such a note if appropriate.All input and output are performed using the stream in the global variable*query-io*.Here are some examples of the use of y-or-n-p:



660 COMMON LISP(y-or-n-p "Produce listing file?")(y-or-n-p "Cannot connect to network host ~S. Retry?" host)y-or-n-p should only be used for questions that the user knows are comingor in situations where the user is known to be waiting for a response of somekind. If the user is unlikely to anticipate the question, or if the consequencesof the answer might be grave and irreparable, then y-or-n-p should not beused because the user might type ahead and thereby accidentally answer thequestion. For such questions as \Shall I delete all of your �les?" it is betterto use yes-or-no-p. [Function]yes-or-no-p &optional format-string &rest argumentsThis predicate, like y-or-n-p, is for asking the user a question whose answeris either \yes" or \no." It types out a message (if supplied), attracts the user'sattention (for example, by ringing the terminal's bell), and reads a reply insome implementation-dependent manner. It is intended that the reply requirethe user to take more action than just a single keystroke, such as typing thefull word yes or no followed by a newline.If the format-string argument is supplied and not nil, then a fresh-lineoperation is performed; then a message is printed as if the format-string andarguments were given to format. Otherwise it is assumed that any messagehas already been printed by other means. If you want a question mark atthe end of the message, you must put it there yourself; yes-or-no-p will notadd it. However, the message should not contain an explanatory note such as(Yes or No) because the nature of the interface provided for yes-or-no-pby a given implementation might not involve typing the reply on a keyboard;yes-or-no-p will provide such a note if appropriate.All input and output are performed using the stream in the global variable*query-io*.To allow the user to answer a yes-or-no question with a single character,use y-or-n-p. yes-or-no-p should be used for unanticipated or momentousquestions; this is why it attracts attention and why it requires a multiple-action sequence to answer it.



23File System InterfaceA frequent use of streams is to communicate with a �le system to which groupsof data (�les) can be written and from which �les can be retrieved.Common Lisp de�nes a standard interface for dealing with such a �le sys-tem. This interface is designed to be simple and general enough to accommo-date the facilities provided by \typical" operating system environments withinwhich Common Lisp is likely to be implemented. The goal is to make Com-mon Lisp programs that perform only simple operations on �les reasonablyportable.To this end, Common Lisp assumes that �les are named, that given a nameone can construct a stream connected to a �le of that name, and that thenames can be �t into a certain canonical, implementation-independent formcalled a pathname.Facilities are provided for manipulating pathnames, for creating streamsconnected to �les, and for manipulating the �le system through pathnamesand streams.23.1. File NamesCommon Lisp programs need to use names to designate �les. The maindi�culty in dealing with names of �les is that di�erent �le systems havedi�erent naming formats for �les. For example, here is a table of several�le systems (actually, operating systems that provide �le systems) and whatequivalent �le names might look like for each one: 661



662 COMMON LISPSystem File NameTOPS-20 <LISPIO>FORMAT.FASL.13TOPS-10 FORMAT.FAS[1,4]ITS LISPIO;FORMAT FASLMULTICS >udd>LispIO>format.faslTENEX <LISPIO>FORMAT.FASL;13VAX/VMS [LISPIO]FORMAT.FAS;13UNIX /usr/lispio/format.faslIt would be impossible for each program that deals with �le names to knowabout each di�erent �le name format that exists; a new Common Lisp imple-mentationmight use a format di�erent from any of its predecessors. Therefore,Common Lisp provides two ways to represent �le names: namestrings, whichare strings in the implementation-dependent form customary for the �le sys-tem, and pathnames, which are special abstract data objects that represent�le names in an implementation-independent way. Functions are provided toconvert between these two representations, and all manipulations of �les canbe expressed in machine-independent terms by using pathnames.In order to allow Common Lisp programs to operate in a network environ-ment that may have more than one kind of �le system, the pathname facilityallows a �le name to specify which �le system is to be used. In this con-text, each �le system is called a host, in keeping with the usual networkingterminology.Di�erent hosts may use di�erent notations for �le names. Common Lispallows customary notation to be used for each host, but also supports a systemof logical pathnames that provides a standard framework for naming �les ina portable manner (see section 23.1.5).23.1.1. PathnamesAll �le systems dealt with by Common Lisp are forced into a common frame-work, in which �les are named by a Lisp data object of type pathname.A pathname always has six components, described below. These compo-nents are the common interface that allows programs to work the same waywith di�erent �le systems; the mapping of the pathname components into theconcepts peculiar to each �le system is taken care of by the Common Lispimplementation.hostThe name of the �le system on which the �le resides.



FILE SYSTEM INTERFACE 663deviceCorresponds to the \device" or \�le structure" concept in many host �lesystems: the name of a (logical or physical) device containing �les.directoryCorresponds to the \directory" concept in many host �le systems: the name ofa group of related �les (typically those belonging to a single user or project).nameThe name of a group of �les that can be thought of as the \same" �le.typeCorresponds to the \�letype" or \extension" concept in many host �le sys-tems; identi�es the type of �le. Files with the same names but di�erent typesare usually related in some speci�c way, for instance, one being a source �le,another the compiled form of that source, and a third the listing of errormessages from the compiler.versionCorresponds to the \version number" concept in many host �le systems. Typ-ically this is a number that is incremented every time the �le is modi�ed.Note that a pathname is not necessarily the name of a speci�c �le. Rather,it is a speci�cation (possibly only a partial speci�cation) of how to access a �le.A pathname need not correspond to any �le that actually exists, and morethan one pathname can refer to the same �le. For example, the pathnamewith a version of \newest" may refer to the same �le as a pathname with thesame components except a certain number as the version. Indeed, a pathnamewith version \newest" may refer to di�erent �les as time passes, because themeaning of such a pathname depends on the state of the �le system. In �lesystems with such facilities as \links," multiple �le names, logical devices,and so on, two pathnames that look quite di�erent may turn out to addressthe same �le. To access a �le given a pathname, one must do a �le systemoperation such as open.Two important operations involving pathnames are parsing and merging.Parsing is the conversion of a namestring (which might be something sup-plied interactively by the user when asked to supply the name of a �le) into apathname object. This operation is implementation-dependent, because theformat of namestrings is implementation-dependent. Merging takes a path-



664 COMMON LISPname with missing components and supplies values for those components froma source of defaults.Not all of the components of a pathname need to be speci�ed. If a com-ponent of a pathname is missing, its value is nil. Before the �le systeminterface can do anything interesting with a �le, such as opening the �le, allthe missing components of a pathname must be �lled in (typically from a setof defaults). Pathnames with missing components may be used internally forvarious purposes; in particular, parsing a namestring that does not specifycertain components will result in a pathname with missing components.X3J13 voted in January 1989 h136i to permit any component of a pathnameto have the value :unspecific, meaning that the component simply does notexist, for �le systems in which such a value makes sense. (For example, aUNIX �le system usually does not support version numbers, so the versioncomponent of a pathname for a UNIX host might be :unspecific. Similarly,the �le type is usually regarded in a UNIX �le system as the part of a nameafter a period, but some �le names contain no periods and therefore have no�le types.)When a pathname is converted to a namestring, the values nil and:unspecific have the same e�ect: they are treated as if the componentwere empty (that is, they each cause the component not to appear in thenamestring). When merging, however, only a nil value for a component willbe replaced with the default for that component; the value :unspecific willbe left alone as if the �eld were �lled.The results are unde�ned if :unspecific is supplied to a �le system in acomponent for which :unspecific does not make sense for that �le system.Programming hint: portable programs should be prepared to handle thevalue :unspecific in the device, directory, type, or version �eld in some im-plementations. Portable programs should not explicitly place :unspecific inany �eld because it might not be permitted in some situations, but portableprograms may sometimes do so implicitly (by copying such a value from an-other pathname, for example).A component of a pathname can also be the keyword :wild. This is only........................................................................................................................................................................................................

useful when the pathname is being used with a directory-manipulating op-eration, where it means that the pathname component matches anything.The printed representation of a pathname typically designates :wild by anasterisk; however, this is host-dependent.See section 23.1.4 for a discussion of new wildcard pathname facilities.What values are allowed for components of a pathname depends, in general,on the pathname's host. However, in order for pathnames to be usable in asystem-independent way, certain global conventions are adhered to. These



FILE SYSTEM INTERFACE 665conventions are stronger for the type and version than for the other compo-nents, since the type and version are explicitly manipulated by many pro-grams, while the other components are usually treated as something suppliedby the user that just needs to be remembered and copied from place to place.The type is always a string or nil or :wild. It is expected that mostprograms that deal with �les will supply a default type for each �le.The version is either a positive integer or a special symbol. The meaningsof nil and :wild have been explained above. The keyword :newest refers tothe largest version number that already exists in the �le system when read-ing a �le, or to a version number greater than any already existing in the�le system when writing a new �le. Some Common Lisp implementors maychoose to de�ne other special version symbols. Some semi-standard names,suggested but not required to be supported by every Common Lisp imple-mentation, are :oldest, to refer to the smallest version number that existsin the �le system; :previous, to refer to the version previous to the newestversion; and :installed, to refer to a version that is o�cially installed forusers (as opposed to a working or development version). Some Common Lispimplementors may also choose to attach a meaning to non-positive versionnumbers (a typical convention is that 0 is synonymous with :newest and -1with :previous), but such interpretations are implementation-dependent.The host may be a string, indicating a �le system, or a list of strings, ofwhich the �rst names the �le system and the rest may be used for such apurpose as inter-network routing.The device, directory, and name can each be a string (with host-dependent........................................................................................................................................................................................................

rules on allowed characters and length) or possibly some other Common Lispdata structure (in which case such a component is said to be structured andhas an implementation-dependent format). Structured components may beused to handle such �le system features as hierarchical directories. CommonLisp programs do not need to know about structured components unless theydo host-dependent operations. Specifying a string as a pathname componentfor a host that requires a structured component will cause conversion of thestring to the appropriate form.X3J13 voted in June 1989 h133i to de�ne a speci�c format for structureddirectories (see section 23.1.3).X3J13 voted in June 1989 h129i to approve the following clari�cations andspeci�cations of precisely what are valid values for the various components ofa pathname.Pathname component value strings never contain the punctuation charac-ters that are used to separate �elds in a namestring (for example, slashes andperiods as used in UNIX �le systems). Punctuation characters appear only in



666 COMMON LISPnamestrings. Characters used as punctuation can appear in pathname com-ponent values with a non-punctuation meaning if the �le system allows it (forexample, UNIX �le systems allow a �le name to begin with a period).When examining pathname components, conforming programs must be pre-pared to encounter any of the following siutations:. Any component can be nil, which means the component has not beenspeci�ed.. Any component can be :unspecific, which means the component has nomeaning in this particular pathname.. The device, directory, name, and type can be strings.. The host can be any object, at the discretion of the implementation.. The directory can be a list of strings and symbols as described in sec-tion 23.1.3.. The version can be any symbol or any integer. The symbol :newest refersto the largest version number that already exists in the �le system whenreading, overwriting, appending, superseding, or directory-listing an exist-ing �le; it refers to the smallest version number greater than any existingversion number when creating a new �le. Other symbols and integers haveimplementation-de�ned meaning. It is suggested, but not required, thatimplementations use positive integers starting at 1 as version numbers,recognize the symbol :oldest to designate the smallest existing versionnumber, and use keyword symbols for other special versions.When examining wildcard components of a wildcard pathname, conformingprograms must be prepared to encounter any of the following additional valuesin any component or any element of a list that is the directory component:. The symbol :wild, which matches anything.. A string containing implementation-dependent special wildcard characters.. Any object, representing an implementation-dependent wildcard pattern.When constructing a pathname from components, conforming programsmust follow these rules:. Any component may be nil. Specifying nil for the host may, in someimplementations, result in using a default host rather than an actual nilvalue.



FILE SYSTEM INTERFACE 667. The host, device, directory, name, and type may be strings. There areimplementation-dependent limits on the number and type of characters inthese strings. A plausible assumption is that letters (of a single case) anddigits are acceptable to most �le systems.. The directory may be a list of strings and symbols as described in sec-tion 23.1.3. There are implementation-dependent limits on the length andcontents of the list.. The version may be :newest.. Any component may be taken from the corresponding component of an-other pathname. When the two pathnames are for di�erent �le systems (inimplementations that support multiple �le systems), an appropriate trans-lation occurs. If no meaningful translation is possible, an error is signaled.The de�nitions of \appropriate" and \meaningful" are implementation-dependent.. When constructing a wildcard pathname, the name, type, or version maybe :wild, which matches anything.. An implementation might support other values for some components, but aportable program should not use those values. A conforming program canuse implementation-dependent values but this can make it non-portable;for example, it might work only with UNIX �le systems.



668 COMMON LISPThe best way to compare two pathnames for equality is with equal, noteql. (On pathnames, eql is simply the same as eq.) Two pathname objectsare equal if and only if all the corresponding components (host, device, andso on) are equivalent. (Whether or not uppercase and lowercase letters areconsidered equivalent in strings appearing in components depends on the �lename conventions of the �le system.) Pathnames that are equal should befunctionally equivalent.Some host �le systems have features that do not �t into this pathname........................................................................................................................................................................................................

model. For instance, directories might be accessible as �les; there might becomplicated structure in the directories or names; or there might be a way tospecify a directory relative to a \current" directory, such as the < syntax inMULTICS or the special \.." �le name of UNIX. Such features are not allowedfor by the standard Common Lisp �le system interface. An implementation isfree to accommodate such features in its pathname representation and providea parser that can process such speci�cations in namestrings; such featuresare then likely to work within that single implementation. However, notethat once a program depends explicitly on any such features, it will not beportable.X3J13 voted in June 1989 h133i to de�ne a speci�c format for structureddirectories (see section 23.1.3), so some of the speci�c examples in the previousparagraph no longer apply, but the principle is still correct.23.1.2. Case ConventionsIssues of alphabetic case in pathnames are a major source of problems. Insome �le systems, the customary case is lowercase, in some uppercase, in somemixed. Some �le systems are case-sensitive (that is, they treat FOO and fooas di�erent �le names) and others are not.There are two kinds of pathname case portability problems: moving pro-grams from one Common Lisp to another, and moving pathname componentvalues from one �le system to another. The solution to the �rst problem is therequirement that all Common Lisp implementations that support a particu-lar �le system must use compatible representations for pathname componentvalues. The solution to the second problem is the use of a common represen-tation for the least-common-denominator pathname component values thatexist on all interesting �le systems.Requiring a common representation directly conicts with the desire amongprogrammers that use only one �le system to work with the local conventionsand to ignore issues of porting to other �le systems. The common represen-tation cannot be the same as local (varying) conventions.



FILE SYSTEM INTERFACE 669X3J13 voted in June 1989 h128i to add a keyword argument :case toeach of the functions make-pathname, pathname-host, pathname-device,pathname-directory, pathname-name, and pathname-type. The possiblevalues for the argument are :common and :local. The default is :local.The value :local means that strings given to make-pathname or returnedby any of the pathname component accessors follow the local �le system'sconventions for alphabetic case. Strings given to make-pathname will be usedexactly as written if the �le system supports both cases. If the �le systemsupports only one case, the strings will be translated to that case.The value :common means that strings given to make-pathname or returnedby any of the pathname component accessors follow this common convention:. All uppercase means that a �le system's customary case will be used.. All lowercase means that the opposite of the customary case will be used.. Mixed case represents itself.Uppercase is used as the common case for no better reason than consistencywith Lisp symbols. The second and third points allow translation from localrepresentation to common and back to be information-preserving. (Note thattranslation from common to local representation and back may or may not beinformation-preserving, depending on the nature of the local representation.)Namestrings always use :local �le system case conventions.Finally, merge-pathnames and translate-pathname map customary casein the input pathnames into customary case in the output pathname.Examples of possible use of this convention:. TOPS-20 is case-sensitive and prefers uppercase, translating lowercase touppercase unless escaped with ^V; for a TOPS-20{based �le system, a Com-mon Lisp implementation should use identical representations for commonand local.. UNIX is case-sensitive and prefers lowercase; for a UNIX-based �le system, aCommon Lisp implementation should translate between common and localrepresentations by inverting the case of non-mixed-case strings.. VAX/VMS is uppercase-only (that is, the �le system translates all �le namearguments to uppercase); for a VAX/VMS-based �le system, a CommonLisp implementation should translate common representation to local byconverting to uppercase and should translate local representation to com-mon with no change.



670 COMMON LISP. The Macintosh operating system is case-insensitive and prefers lowercase,but remembers the cases of letters actually used to name a �le; for aMacintosh-based �le system, a Common Lisp implementation should trans-late between common and local representations by inverting the case ofnon-mixed-case strings and should ignore case when determining whethertwo pathnames are equal.



FILE SYSTEM INTERFACE 671Here are some examples of this behavior. Assume that the host T runsTOPS-20, U runs UNIX, V runs VAX/VMS, and M runs the Macintosh oper-ating system.;;; Returns two values: the PATHNAME-NAME from a namestring;;; in :COMMON and :LOCAL representations (in that order).(defun pathname-example (name)(let ((path (parse-namestring name))))(values (pathname-name path :case :common)(pathname-name path :case :local))));Common Local(pathname-example "T:<ME>FOO.LISP") ) "FOO" and "FOO"(pathname-example "T:<ME>foo.LISP") ) "FOO" and "FOO"(pathname-example "T:<ME> V̂f^Vo^Vo.LISP") ) "foo" and "foo"(pathname-example "T:<ME>TeX.LISP") ) "TEX" and "TEX"(pathname-example "T:<ME>T V̂eX.LISP") ) "TeX" and "TeX"(pathname-example "U:/me/FOO.lisp") ) "foo" and "FOO"(pathname-example "U:/me/foo.lisp") ) "FOO" and "foo"(pathname-example "U:/me/TeX.lisp") ) "TeX" and "TeX"(pathname-example "V:[me]FOO.LISP") ) "FOO" and "FOO"(pathname-example "V:[me]foo.LISP") ) "FOO" and "FOO"(pathname-example "V:[me]TeX.LISP") ) "TEX" and "TEX"(pathname-example "M:FOO.LISP") ) "foo" and "FOO"(pathname-example "M:foo.LISP") ) "FOO" and "foo"(pathname-example "M:TeX.LISP") ) "TeX" and "TeX"The following example illustrates the creation of new pathnames. The nameis converted from common representation to local because namestrings alwaysuse local conventions.(defun make-pathname-example (h n)(namestring (make-pathname :host h :name n :case :common))(make-pathname-example "T" "FOO") ) "T:FOO"(make-pathname-example "T" "foo") ) "T: V̂f^Vo^Vo"(make-pathname-example "T" "TeX") ) "T:T V̂eX"(make-pathname-example "U" "FOO") ) "U:foo"(make-pathname-example "U" "foo") ) "U:FOO"(make-pathname-example "U" "TeX") ) "U:TeX"(make-pathname-example "V" "FOO") ) "V:FOO"



672 COMMON LISP(make-pathname-example "V" "foo") ) "V:FOO"(make-pathname-example "V" "TeX") ) "V:TeX"(make-pathname-example "M" "FOO") ) "M:foo"(make-pathname-example "M" "foo") ) "M:FOO"(make-pathname-example "M" "TeX") ) "M:TeX"A big advantage of this set of conventions is that one can, for example, callmake-pathname with :type "LISP" and :case :common, and the result willappear in a namestring as .LISP or .lisp, whichever is appropriate.23.1.3. Structured DirectoriesX3J13 voted in June 1989 h133i to de�ne a speci�c pathname componentformat for structured directories.The value of a pathname's directory component may be a list. The car ofthe list should be a keyword, either :absolute or :relative. Each remainingelement of the list should be a string or a symbol (see below). Each stringnames a single level of directory structure and should consist of only thedirectory name without any punctuation characters.A list whose car is the symbol :absolute represents a directory path start-ing from the root directory. For example, the list (:absolute) represents theroot directory itself; the list (:absolute "foo" "bar" "baz") represents thedirectory that in a UNIX �le system would be called /foo/bar/baz.A list whose car is the symbol :relative represents a directory path start-ing from a default directory. The list (:relative) has the same meaningas nil and hence normally is not used. The list (:relative "foo" "bar")represents the directory named bar in the directory named foo in the defaultdirectory.In place of a string, at any point in the list, a symbol may occur to indicatea special �le notation. The following symbols have standard meanings.:wild Wildcard match of one level of directory structure:wild-inferiors Wildcard match of any number of directory levels:up Go upward in directory structure (semantic):back Go upward in directory structure (syntactic)(See section 23.1.4 for a discussion of wildcard pathnames.)Implementations are permitted to add additional objects of any non-stringtype if necessary to represent features of their �le systems that cannot be



FILE SYSTEM INTERFACE 673represented with the standard strings and symbols. Supplying any non-string,including any of the symbols listed below, to a �le system for which it doesnot make sense signals an error of type file-error. For example, mostimplementations of the UNIX �le system do not support :wild-inferiors.Any directory list in which :absolute or :wild-inferiors is immediatelyfollowed by :up or :back is illegal and when processed causes an error to besignaled.The keyword :back has a \syntactic" meaning that depends only on thepathname and not on the contents of the �le system. The keyword :up hasa \semantic" meaning that depends on the contents of the �le system; toresolve a pathname containing :up to a pathname whose directory componentcontains only :absolute and strings requires a search of the �le system. Notethat use of :up instead of :back can result in designating a di�erent actualdirectory only in �le systems that support multiple names for directories,perhaps via symbolic links. For example, suppose that there is a directorylink such that(:absolute "X" "Y") is linked to (:absolute "A" "B")and there also exist directories(:absolute "A" "Q") and (:absolute "X" "Q")Then(:absolute "X" "Y" :up "Q") designates (:absolute "A" "Q")but(:absolute "X" "Y" :back "Q") designates (:absolute "X" "Q")If a string is used as the value of the :directory argument to make-pathname, it should be the name of a top-level directory and should notcontain any punctuation characters. Specifying a string s is equivalent tospecifying the list (:absolute s). Specifying the symbol :wild is equiv-alent to specifying the list (:absolute :wild-inferiors) (or (:absolute:wild) in a �le system that does not support :wild-inferiors).The function pathname-directory always returns nil, :unspecific, or alist|never a string, never :wild. If a list is returned, it is not guaranteed tobe freshly consed; the consequences of modifying this list are unde�ned.In non-hierarchical �le systems, the only valid list values for the direc-tory component of a pathname are (:absolute s) (where s is a string) and



674 COMMON LISP(:absolute :wild). The keywords :relative, :wild-inferiors, :up, and:back are not used in non-hierarchical �le systems.Pathname merging treats a relative directory specially. Let pathname anddefaults be the �rst two arguments to merge-pathnames. If (pathname-directory pathname) is a list whose car is :relative, and (pathname-directory defaults) is a list, then the merged directory is the value of(append (pathname-directory defaults)(cdr ;Remove :relative from the front(pathname-directory pathname)))except that if the resulting list contains a string or :wild immediately followedby :back, both of them are removed. This removal of redundant occurrencesof :back is repeated as many times as possible. If (pathname-directorydefaults) is not a list or (pathname-directory pathname) is not a list whosecar is :relative, the merged directory is the value of(or (pathname-directory pathname)(pathname-directory defaults))A relative directory in the pathname argument to a function such as openis merged with the value of *default-pathname-defaults* before the �lesystem is accessed.Here are some examples of the use of structured directories. Suppose thathost L supports a Symbolics Lisp Machine �le system, host U supports a UNIX�le system, and host V supports a VAX/VMS �le system.(pathname-directory (parse-namestring "V:[FOO.BAR]BAZ.LSP"))) (:ABSOLUTE "FOO" "BAR")(pathname-directory (parse-namestring "U:/foo/bar/baz.lisp"))) (:ABSOLUTE "foo" "bar")(pathname-directory (parse-namestring "U:../baz.lisp"))) (:RELATIVE :UP)(pathname-directory (parse-namestring "U:/foo/bar/../mum/baz"))) (:ABSOLUTE "foo" "bar" :UP "mum")(pathname-directory (parse-namestring "U:bar/../../ztesch/zip"))) (:RELATIVE "bar" :UP :UP "ztesch")(pathname-directory (parse-namestring "L:>foo>**>bar>baz.lisp"))) (:ABSOLUTE "FOO" :WILD-INFERIORS "BAR")



FILE SYSTEM INTERFACE 675(pathname-directory (parse-namestring "L:>foo>*>bar>baz.lisp"))) (:ABSOLUTE "FOO" :WILD "BAR")23.1.4. Extended WildcardsSome �le systems provide more complex conventions for wildcards than sim-ple component-wise wildcards representable by :wild. For example, thenamestring "F*O" might mean a normal three-character name; a three-character name with the middle character wild; a name with at least two char-acters, beginning with F and ending with O; or perhaps a wild match spanningmultiple directories. Similarly, the namestring ">foo>**>bar>" might implythat the middle directory is named "**"; the middle directory is :wild; thereare zero or more middle directories that are :wild; or perhaps that the middledirectory name matches any two-letter name. Some �le systems support evenmore complex wildcards, such as regular expressions.X3J13 voted in June 1989 h137i to provide some facilities for dealing withmore general wildcard pathnames in a fairly portable manner. [Function]wild-pathname-p pathname &optional �eld-keyTests a pathname for the presence of wildcard components. If the �rst argu-ment is not a pathname, string, or �le stream, an error of type type-erroris signaled.If no �eld-key is provided, or the �eld-key is nil, the result is true if andonly if pathname has any wildcard components.If a non-null �eld-key is provided, it must be one of :host, :device,:directory, :name, :type, or :version. In this case, the result is true ifand only if the indicated component of pathname is a wildcard.Note that X3J13 voted in June 1989 h129i to specify that an implementa-tion need not support wildcards in all �elds; the only requirement is that thename, type, or version may be :wild. However, portable programs shouldbe prepared to encounter either :wild or implementation-dependent wild-cards in any pathname component. The function wild-pathname-p providesa portable way for testing the presence of wildcards. [Function]pathname-match-p pathname wildnameThis predicate is true if and only if the pathname matches the wildname. Thematching rules are implementation-de�ned but should be consistent with the



676 COMMON LISPbehavior of the directory function. Missing components of wildname defaultto :wild.If either argument is not a pathname, string, or �le stream, an error of typetype-error is signaled. It is valid for pathname to be a wild pathname; awildcard �eld in pathname will match only a wildcard �eld in wildname; thatis, pathname-match-p is not commutative. It is valid for wildname to be anon-wild pathname; I believe that in this case pathname-match-p will havethe same behavior as equal, though the X3J13 speci�cation did not say so.[Function]translate-pathname source from-wildname to-wildname&keyTranslates the pathname source, which must match from-wildname, into acorresponding pathname (call it result), which is constructed so as to matchto-wildname, and returns result.The pathname result is a copy of to-wildname with each missing or wild-card �eld replaced by a portion of source; for this purpose a wildcard �eld is apathname component with a value of :wild, a :wild element of a list-valueddirectory component, or an implementation-de�ned portion of a component,such as the * in the complex wildcard string "foo*bar" that some imple-mentations support. An implementation that adds other wildcard features,such as regular expressions, must de�ne how translate-pathname extendsto those features. A missing �eld is a pathname component that is nil.The portion of source that is copied into result is implementation-de�ned.Typically it is determined by the user interface conventions of the �le sys-tems involved. Usually it is the portion of source that matches a wildcard�eld of from-wildname that is in the same position as the missing or wild-card �eld of to-wildname. If there is no wildcard �eld in from-wildname atthat position, then usually it is the entire corresponding pathname compo-nent of source or, in the case of a list-valued directory component, the entirecorresponding list element. For example, if the name components of source,from-wildname, and to-wildname are "gazonk", "gaz*", and "h*" respec-tively, then in most �le systems the wildcard �elds of the name component offrom-wildname and to-wildname are each "*", the matching portion of sourceis "onk", and the name component of result is "honk"; however, the exact be-havior of translate-pathname is not dictated by the Common Lisp languageand may vary according to the user interface conventions of the �le systemsinvolved.During the copying of a portion of source into result, additionalimplementation-de�ned translations of alphabetic case or �le naming con-



FILE SYSTEM INTERFACE 677ventions may occur, especially when from-wildname and to-wildname are fordi�erent hosts.If any of the �rst three arguments is not a pathname, string, or �le stream,an error of type type-error is signaled. It is valid for source to be a wildpathname; in general this will produce a wild result pathname. It is validfor from-wildname or to-wildname or both to be non-wild. An error is sig-naled if the source pathname does not match the from-wildname, that is, if(pathname-match-p source from-wildname) would not be true.There are no speci�ed keyword arguments for translate-pathname, butimplementations are permitted to extend it by adding keyword arguments.There is one speci�ed return value from translate-pathname; implementa-tions are permitted to extend it by returning additional values.Here is an implementation suggestion. One �le system performs this op-eration by examining corresponding pieces of the three pathnames in turn,where a piece is a pathname component or a list element of a structured com-ponent such as a hierarchical directory. Hierarchical directory elements infrom-wildname and to-wildname are matched by whether they are wildcards,not by depth in the directory hierarchy. If the piece in to-wildname is presentand not wild, it is copied into the result. If the piece in to-wildname is :wildor nil, the corresponding piece in source is copied into the result. Otherwise,the piece in to-wildname might be a complex wildcard such as "foo*bar";the portion of the piece in source that matches the wildcard portion of thecorresponding piece in from-wildname (or the entire source piece, if the from-wildname piece is not wild and therefore equals the source piece) replaces thewildcard portion of the piece in to-wildname and the value produced is usedin the result.X3J13 voted in June 1989 h128i to require translate-pathname to mapcustomary case in argument pathnames to the customary case in returnedpathnames (see section 23.1.2).Here are some examples of the use of the new wildcard pathname facilities.These examples are not portable. They are written to run with particular �lesystems and particular wildcard conventions and are intended to be illustra-tive, not prescriptive. Other implementations may behave di�erently.(wild-pathname-p (make-pathname :name :wild)) ) t(wild-pathname-p (make-pathname :name :wild) :name) ) t(wild-pathname-p (make-pathname :name :wild) :type) ) nil(wild-pathname-p (pathname "S:>foo>**>")) ) t ;Maybe(wild-pathname-p (make-pathname :name "F*O")) ) t ;ProbablyOne cannot rely on rename-file to handle wild pathnames in a predictable



678 COMMON LISPmanner. However, one can use translate-pathname explicitly to control theprocess.(defun rename-files (from to)"Rename all files that match the first argument bytranslating their names to the form of the secondargument. Both arguments may be wild pathnames."(dolist (file (directory from));; DIRECTORY produces only pathnames that match from-wildname.(rename-file file (translate-pathname file from to))))Assuming one particular set of popular wildcard conventions, this functionmight exhibit the following behavior. Not all �le systems will run this exampleexactly as written.(rename-files "/usr/me/*.lisp" "/dev/her/*.l")renames /usr/me/init.lispto /dev/her/init.l(rename-files "/usr/me/pcl*/*" "/sys/pcl/*/")renames /usr/me/pcl-5-may/low.lispto /sys/pcl/pcl-5-may/low.lisp(in some �le systems the result might be /sys/pcl/5-may/low.lisp)(rename-files "/usr/me/pcl*/*" "/sys/library/*/")renames /usr/me/pcl-5-may/low.lispto /sys/library/pcl-5-may/low.lisp(in some �le systems the result might be /sys/library/5-may/low.lisp)(rename-files "/usr/me/foo.bar" "/usr/me2/")renames /usr/me/foo.barto /usr/me2/foo.bar(rename-files "/usr/joe/*-recipes.text""/usr/jim/personal/cookbook/joe's-*-rec.text")renames /usr/joe/lamb-recipes.textto /usr/jim/personal/cookbook/joe's-lamb-rec.textrenames /usr/joe/veg-recipes.textto /usr/jim/personal/cookbook/joe's-veg-rec.textrenames /usr/joe/cajun-recipes.textto /usr/jim/personal/cookbook/joe's-cajun-rec.text



FILE SYSTEM INTERFACE 679renames /usr/joe/szechuan-recipes.textto /usr/jim/personal/cookbook/joe's-szechuan-rec.textThe following examples use UNIX syntax and the wildcard conventions ofone particular version of UNIX.(namestring(translate-pathname "/usr/dmr/hacks/frob.l""/usr/d*/hacks/*.l""/usr/d*/backup/hacks/backup-*.*"))) "/usr/dmr/backup/hacks/backup-frob.l"(namestring(translate-pathname "/usr/dmr/hacks/frob.l""/usr/d*/hacks/fr*.l""/usr/d*/backup/hacks/backup-*.*"))) "/usr/dmr/backup/hacks/backup-ob.l"The following examples are similar to the preceding examples but use twodi�erent hosts; host U supports a UNIX �le system and host V supports aVAX/VMS �le system. Note the translation of �le type (from l to LSP) andthe change of alphabetic case conventions.(namestring(translate-pathname "U:/usr/dmr/hacks/frob.l""U:/usr/d*/hacks/*.l""V:SYS$DISK:[D*.BACKUP.HACKS]BACKUP-*.*"))) "V:SYS$DISK:[DMR.BACKUP.HACKS]BACKUP-FROB.LSP"(namestring(translate-pathname "U:/usr/dmr/hacks/frob.l""U:/usr/d*/hacks/fr*.l""V:SYS$DISK:[D*.BACKUP.HACKS]BACKUP-*.*"))) "V:SYS$DISK:[DMR.BACKUP.HACKS]BACKUP-OB.LSP"The next example is a version of the function translate-logical-pathname(simpli�ed a bit) for a logical host named FOO. The points of interest arethe use of pathname-match-p as a :test argument for assoc and the use oftranslate-pathname as a substrate for translate-logical-pathname.(define-condition logical-translation-error (file-error))



680 COMMON LISP(defun my-translate-logical-pathname (pathname &key rules)(let ((rule (assoc pathname rules :test #--'pathname-match-p)))(unless rule(error 'logical-translation-error :pathname pathname))(translate-pathname pathname (first rule) (second rule))))(my-translate-logical-pathname"FOO:CODE;BASIC.LISP":rules '(("FOO:DOCUMENTATION;" "U:/doc/foo/")("FOO:CODE;" "U:/lib/foo/")("FOO:PATCHES;*;" "U:/lib/foo/patch/*/")))) #--P"U:/lib/foo/basic.l"



FILE SYSTEM INTERFACE 68123.1.5. Logical PathnamesPathname values are not portable, but sometimes they must be mentioned ina program (for example, the names of �les containing the program and thedata used by the program).X3J13 voted in June 1989 h130i to provide some facilities for portable path-name values. The idea is to provide a portable framework for pathname values;these logical pathnames are then mapped to physical (that is, actual) path-names by a set of implementation-dependent or site-dependent rules. Thelogical pathname facility therefore separates the concerns of program writingand user software architecture from the details of how a software system isembedded in a particular �le system or operating environment.Pathname values are not portable because not all Common Lisp implemen-tations use the same operating system and �le name syntax varies widelyamong operating systems. In addition, corresponding �les at two di�erentsites may have di�erent names even when the operating system is the same;for example, they may be on di�erent directories or di�erent devices. TheCommon Lisp logical pathname system de�nes a particular pathname struc-ture and namestring syntax that must be supported by all implementations.[Class]logical-pathnameThis is a subclass of pathname.23.1.5.1. Syntax of Logical Pathname NamestringsThe syntax of a logical pathname namestring is as follows:logical-namestring ::= [host :] [;] fdirectory ;g� [name] [. type [. version] ]Note that a logical namestring has no device portion.host ::= worddirectory ::= word j wildcard-word j wildcard-inferiorsname ::= word j wildcard-wordtype ::= word j wildcard-wordversion ::= word j wildcard-wordword ::= fletter j digit j -g+wildcard-word ::= [word ] * fword *g� [word ]wildcard-inferiors ::= **



682 COMMON LISPA word consists of one or more uppercase letters, digits, and hyphens.A wildcard word consists of one or more asterisks, uppercase letters, digits,and hyphens, including at least one asterisk, with no two asterisks adjacent.Each asterisk matches a sequence of zero or more characters. The wildcardword * parses as :wild; all others parse as strings.Lowercase letters may also appear in a word or wildcard word occurring ina namestring. Such letters are converted to uppercase when the namestringis converted to a pathname. The consequences of using other characters areunspeci�ed.The host is a word that has been de�ned as a logical pathname host byusing setf with the function logical-pathname-translations.There is no device, so the device component of a logical pathname isalways :unspecific. No other component of a logical pathname can be:unspecific.Each directory is a word, a wildcard word, or ** (which is parsed as :wild-inferiors). If a semicolon precedes the directories, the directory componentis relative; otherwise it is absolute.The name is a word or a wildcard word.The type is a word or a wildcard word.The version is a positive decimal integer or the word NEWEST (which isparsed as :newest) or * (which is parsed as :wild). The letters in NEWESTcan be in either alphabetic case.The consequences of using any value not speci�ed here as a logical pathnamecomponent are unspeci�ed. The null string "" is not a valid value for anycomponent of a logical pathname, since the null string is not a word or awildcard word.23.1.5.2. Parsing of Logical Pathname NamestringsLogical pathname namestrings are recognized by the functions logical-pathname and translate-logical-pathname. The host portion of the logicalpathname namestring and its following colon must appear in the namestringarguments to these functions.The function parse-namestring recognizes a logical pathname namestringwhen the host argument is logical or the defaults argument is a logical path-name. In this case the host portion of the logical pathname namestring andits following colon are optional. If the host portion of the namestring and thehost argument are both present and do not match, an error is signaled. Thehost argument is logical if it is supplied and came from pathname-host of a



FILE SYSTEM INTERFACE 683logical pathname. Whether a host argument is logical if it is a string equalto a logical pathname host name is implementation-de�ned.The function merge-pathnames recognizes a logical pathname namestringwhen the defaults argument is a logical pathname. In this case the host portionof the logical pathname namestring and its following colon are optional.Whether the other functions that coerce strings to pathnames recognizelogical pathname namestrings is implementation-de�ned. These functions in-clude parse-namestring in circumstances other than those described above,merge-pathnames in circumstances other than those described above, the:defaults argument to make-pathname, and the following functions:compile-file file-write-date pathname-namecompile-file-pathname host-namestring pathname-typedelete-file load pathname-versiondirectory namestring probe-filedirectory-namestring open rename-filedribble pathname translate-pathnameed pathname-device truenameenough-namestring pathname-directory wild-pathname-pfile-author pathname-host with-open-filefile-namestring pathname-match-pNote that many of these functions must accept logical pathnames even thoughthey do not accept logical pathname namestrings.23.1.5.3. Using Logical PathnamesSome real �le systems do not have versions. Logical pathname translation tosuch a �le system ignores the version. This implies that a portable programcannot rely on being able to store in a �le system more than one version of a�le named by a logical pathname.The type of a logical pathname for a Common Lisp source �le is LISP. Thisshould be translated into whatever implementation-de�ned type is appropriatein a physical pathname.The logical pathname host name SYS is reserved for the implementation.The existence and meaning of logical pathnames for logical host SYS isimplementation-de�ned.File manipulation functions must operate with logical pathnames accordingto the following requirements:. The following accept logical pathnames and translate them into physicalpathnames as if by calling the function translate-logical-pathname:



684 COMMON LISPcompile-file ed probe-filecompile-file-pathname file-author rename-filedelete-file file-write-date truenamedirectory load with-open-filedribble open. Applying the function pathname to a stream created by the function openor the macro with-open-file using a logical pathname produces a logicalpathname.. The functions truename, probe-file, and directory never return logicalpathnames.. Calling rename-file with a logical pathname as the second argument re-turns a logical pathname as the �rst value.. make-pathname returns a logical pathname if and only if the host is logical.If the :host argument to make-pathname is supplied, the host is logical ifit came from the pathname-host of a logical pathname. Whether a :hostargument is logical if it is a string equal to a logical pathname host nameis implementation-de�ned. [Function]logical-pathname pathnameConverts the argument to a logical pathname and returns it. The argumentcan be a logical pathname, a logical pathname namestring containing a hostcomponent, or a stream for which the pathname function returns a logicalpathname. For any other argument, logical-pathname signals an error oftype type-error. [Function]translate-logical-pathname pathname &keyTranslates a logical pathname to the corresponding physical pathname. Thepathname argument is �rst coerced to a pathname. If it is not a pathname,string, or �le stream, an error of type type-error is signaled.If the coerced argument is a physical pathname, it is returned.If the coerced argument is a logical pathname, the �rst matching translation(according to pathname-match-p) of the logical pathname host is applied, asif by calling translate-pathname. If the result is a logical pathname, thisprocess is repeated. When the result is �nally a physical pathname, it isreturned.



FILE SYSTEM INTERFACE 685If no translation matches a logical pathname, an error of type file-erroris signaled.translate-logical-pathname may perform additional translations, typi-cally to provide translation of �le types to local naming conventions, to ac-commodate physical �le systems with names of limited length, or to dealwith special character requirements such as translating hyphens to under-scores or uppercase letters to lowercase. Any such additional translations areimplementation-de�ned. Some implementations do no additional translations.There are no speci�ed keyword arguments for translate-logical-pathname but implementations are permitted to extend it by adding keywordarguments. There is one speci�ed return value from translate-logical-pathname; implementations are permitted to extend it by returning additionalvalues. [Function]logical-pathname-translations hostIf the speci�ed host is not the host component of a logical pathname andis not a string that has been de�ned as a logical pathname host name bysetf of logical-pathname-translations, this function signals an error oftype type-error; otherwise, it returns the list of translations for the speci-�ed host. Each translation is a list of at least two elements, from-wildnameand to-wildname. Any additional elements are implementation-de�ned. Afrom-wildname is a logical pathname whose host is the speci�ed host. A to-wildname is any pathname. Translations are searched in the order listed, somore speci�c from-wildnames must precede more general ones.(setf (logical-pathname-translations host) translations) sets thelist of translations for the logical pathname host to translations. If host isa string that has not previously been used as logical pathname host, a newlogical pathname host is de�ned; otherwise an existing host's translations arereplaced. Logical pathname host names are compared with string-equal.When setting the translations list, each from-wildname can be a logicalpathname whose host is host or a logical pathname namestring s parseable by(parse-namestring s host-object), where host-object is an appropriate ob-ject for representing the speci�ed host to parse-namestring. (This circuitousspeci�cation dodges the fact that parse-namestring does not necessarily ac-cept as its second argument any old string that names a logical host.) Eachto-wildname can be anything coercible to a pathname by application of thefunction pathname. If to-wildname coerces to a logical pathname, translate-logical-pathname will retranslate the result, repeatedly if necessary.



686 COMMON LISPImplementations may de�ne additional functions that operate on logicalpathname hosts (for example, to specify additional translation rules or op-tions). [Function]load-logical-pathname-translations hostIf a logical pathname host named host (a string) is already de�ned, this func-tion returns nil. Otherwise, it searches for a logical pathname host de�nitionin an implementation-de�ned manner. If none is found, it signals an error. Ifa de�nition is found, it installs the de�nition and returns t.The search used by load-logical-pathname-translations should bedocumented, as logical pathname de�nitions will be created by users aswell as by Lisp implementors. A typical search technique is to look in animplementation-de�ned directory for a �le whose name is derived from thehost name in an implementation-de�ned fashion. [Function]compile-file-pathname pathname &key :output-fileReturns the pathname that compile-file would write into, if given thesame arguments. If the pathname argument is a logical pathname and the:output-file argument is unspeci�ed, the result is a logical pathname. Ifan implementation supports additional keyword arguments to compile-file,compile-file-pathnamemust accept the same arguments.23.1.5.4. Examples of the Use of Logical PathnamesHere is a very simple example of setting up a logical pathname host namedFOO. Suppose that no translations are necessary to get around �le systemrestrictions, so all that is necessary is to specify the root of the physicaldirectory tree that contains the logical �le system. The namestring syntax inthe to-wildname is implementation-speci�c.(setf (logical-pathname-translations "foo")'(("**;*.*.*" "MY-LISPM:>library>foo>**>")))The following is a sample use of that logical pathname. All return values areof course implementation-speci�c; all of the examples in this section are ofcourse meant to be illustrative and not prescriptive.(translate-logical-pathname "foo:bar;baz;mum.quux.3")) #--P"MY-LISPM:>library>foo>bar>baz>mum.quux.3"



FILE SYSTEM INTERFACE 687Next we have a more complex example, dividing the �les among two �leservers (U, supporting a UNIX �le system, and V, supporting a VAX/VMS�le system) and several di�erent directories. This UNIX �le system doesn'tsupport :wild-inferiors in the directory, so each directory level must betranslated individually. No �le name or type translations are required ex-cept for .MAIL to .MBX. The namestring syntax used for the to-wildnames isimplementation-speci�c.(setf (logical-pathname-translations "prog")'(("RELEASED;*.*.*" "U:/sys/bin/my-prog/")("RELEASED;*;*.*.*" "U:/sys/bin/my-prog/*/")("EXPERIMENTAL;*.*.*""U:/usr/Joe/development/prog/")("EXPERIMENTAL;DOCUMENTATION;*.*.*""V:SYS$DISK:[JOE.DOC]")("EXPERIMENTAL;*;*.*.*""U:/usr/Joe/development/prog/*/")("MAIL;**;*.MAIL" "V:SYS$DISK:[JOE.MAIL.PROG...]*.MBX")))Here are sample uses of logical host PROG. All return values are of courseimplementation-speci�c.(translate-logical-pathname "prog:mail;save;ideas.mail.3")) #--P"V:SYS$DISK:[JOE.MAIL.PROG.SAVE]IDEAS.MBX.3"(translate-logical-pathname "prog:experimental;spreadsheet.c")) #--P"U:/usr/Joe/development/prog/spreadsheet.c"Suppose now that we have a program that uses three �les logically namedMAIN.LISP, AUXILIARY.LISP, and DOCUMENTATION.LISP.The following trans-lations might be provided by a software supplier as examples.For a UNIX �le system with long �le names:(setf (logical-pathname-translations "prog")'(("CODE;*.*.*" "/lib/prog/")))(translate-logical-pathname "prog:code;documentation.lisp")) #--P"/lib/prog/documentation.lisp"For a UNIX �le system with 14-character �le names, using .lisp as the type:



688 COMMON LISP(setf (logical-pathname-translations "prog")'(("CODE;DOCUMENTATION.*.*" "/lib/prog/docum.*")("CODE;*.*.*" "/lib/prog/")))(translate-logical-pathname "prog:code;documentation.lisp")) #--P"/lib/prog/docum.lisp"For a UNIX �le system with 14-character �le names, using .l as the type (thesecond translation shortens the compiled �le type to .b):(setf (logical-pathname-translations "prog")`(("**;*.LISP.*" ,(logical-pathname "PROG:**;*.L.*"))(,(compile-file-pathname(logical-pathname "PROG:**;*.LISP.*")),(logical-pathname "PROG:**;*.B.*"))("CODE;DOCUMENTATION.*.*" "/lib/prog/documentatio.*")("CODE;*.*.*" "/lib/prog/")))(translate-logical-pathname "prog:code;documentation.lisp")) #--P"/lib/prog/documentatio.l"23.1.5.5. Discussion of Logical PathnamesLarge programs can be moved between sites without changing any pathnames,provided all pathnames used are logical. A portable system construction toolcan be created that operates on programs de�ned as sets of �les named bylogical pathnames.Logical pathname syntax was chosen to be easily translated into the for-mats of most popular �le systems, while still being powerful enough for storinglarge programs. Although they have hierarchical directories, extended wild-card matching, versions, and no limit on the length of names, logical path-names can be mapped onto a less capable real �le system by translating eachdirectory that is used into a at directory name, processing wildcards in theLisp implementation rather than in the �le system, treating all versions as:newest, and using translations to shorten long names.Logical pathname words are restricted to non-case-sensitive letters, dig-its, and hyphens to avoid creating problems with real �le systems that sup-port limited character sets for �le naming. (If logical pathnames were case-sensitive, it would be very di�cult to map them into a �le system that is notsensitive to case in its �le names.)



FILE SYSTEM INTERFACE 689It is not a goal of logical pathnames to be able to represent all possible �lenames. Their goal is rather to represent just enough �le names to be usefulfor storing software. Real pathnames, in contrast, need to provide a uniforminterface to all possible �le names, including names and naming conventionsthat are not under the control of Common Lisp.The choice of logical pathname syntax, using colon, semicolon, and period,was guided by the goals of being visually distinct from real �le systems andminimizing the use of special characters.The logical-pathname function is separate from the pathname function sothat the syntax of logical pathname namestrings does not constrain the syn-tax of physical pathname namestrings in any way. Logical pathname syntaxmust be de�ned by Common Lisp so that logical pathnames can be conve-niently exchanged between implementations, but physical pathname syntaxis dictated by the operating environments.The compile-file-pathname function and the speci�cation of LISP as thetype of a logical pathname for a Common Lisp source �le together provideenough information about compilation to make possible a portable systemconstruction tool. Suppose that it is desirable to call compile-file onlyif the source �le is newer than the compiled �le. For this to succeed, itmust be possible to know the name of the compiled �le without actuallycalling compile-file. In some implementations the compiler produces oneof several �le types, depending on a variety of implementation-dependentcircumstances, so it is not su�cient simply to prescribe a standard logical�le type for compiled �les; compile-file-pathname provides access to thedefaulting that is performed by compile-file \in a manner appropriate tothe implementation's �le system conventions."The use of the logical pathname host name SYS for the implementation iscurrent practice. Standardizing on this name helps users choose logical path-name host names that avoid conicting with implementation-de�ned names.Loading of logical pathname translations from a site-dependent �le allowssoftware to be distributed using logical pathnames. The assumed model ofsoftware distribution is a division of labor between the supplier of the softwareand the user installing it. The supplier chooses logical pathnames to nameall the �les used or created by the software, and supplies examples of logicalpathname translations for a few popular �le systems. Each example uses anassumed directory and/or device name, assumes local �le naming conventions,and provides translations that will translate all the logical pathnames usedor generated by the particular software into valid physical pathnames. Fora powerful �le system these translations can be quite simple. For a morerestricted �le system, it may be necessary to list an explicit translation for



690 COMMON LISPevery logical pathname used (for example, when dealing with restrictions onthe maximum length of a �le name).The user installing the software decides on which device and directory tostore the �les and edits the example logical pathname translations accord-ingly. If necessary, the user also adjusts the translations for local �le namingconventions and any other special aspects of the user's local �le system pol-icy and local Common Lisp implementation. For example, the �les mightbe divided among several �le server hosts to share the load. The process ofde�ning site-customized logical pathname translations is quite easy for a userof a popular �le system for which the software supplier has provided an ex-ample. A user of a more unusual �le system might have to take more time;the supplier can help by providing a list of all the logical pathnames used orgenerated by the software.Once the user has created and executed a suitable setf form for setting thelogical-pathname-translations of the relevant logical host, the softwarecan be loaded and run. It may be necessary to use the translations again,or on another workstation at the same site, so it is best to save the setfform in the standard place where it can be found later by load-logical-pathname-translations. Often a software supplier will include a programfor restoring software from the distribution medium to the �le system and aprogram for loading the software from the �le system into a Common Lisp;these programs will start by calling load-logical-pathname-translationsto make sure that the logical pathname host is de�ned.Note that the setf of logical-pathname-translations form isn't part ofthe program; it is separate and is written by the user, not by the softwaresupplier. That separation and a uniform convention for doing the separationare the key aspects of logical pathnames. For small programs involving onlya handful of �les, it doesn't matter much. The real bene�ts come with largeprograms with hundreds or thousands of �les and more complicated situationssuch as program-generated �le names or porting a program developed on asystem with long �le names onto a system with a very restrictive limit on thelength of �le names.23.1.6. Pathname FunctionsThese functions are what programs use to parse and default �le names thathave been typed in or otherwise supplied by the user.Any argument called pathname in this book may actually be a pathname,........................................................................................................................................................................................................

a string or symbol, or a stream. Any argument called defaults may likewisebe a pathname, a string or symbol, or a stream.



FILE SYSTEM INTERFACE 691X3J13 voted in March 1988 h134i to change the language so that a symbolis never allowed as a pathname argument. More speci�cally, the followingfunctions are changed to disallow a symbol as a pathname argument:pathname pathname-device namestringtruename pathname-directory file-namestringparse-namestring pathname-name directory-namestringmerge-pathnames pathname-type host-namestringpathname-host pathname-version enough-namestring(The function require was also changed by this vote but was deleted fromthe language by a vote in January 1989 h154i.) Furthermore, the vote reaf-�rmed that the following functions do not accept symbols as �le, �lename, orpathname arguments:open rename-file file-write-datewith-open-file delete-file file-authorload probe-file directorycompile-fileIn older implementations of Lisp that did not have strings, for exampleMacLisp, symbols were the only means for specifying pathnames. This wasconvenient only because the �le systems of the time allowed only uppercaseletters in �le names. Typing (load 'foo) caused the function load to re-ceive the symbol FOO (with uppercase letters because of the way symbols areparsed) and therefore to load the �le named FOO. Now that many �le systems,most notably UNIX, support case-sensitive �le names, the use of symbols isless convenient and more error-prone.X3J13 voted in March 1988 h132i to specify that a stream may be used as apathname, file, or filename argument only if it was created by use of openor with-open-file, or if it is a synonym stream whose symbol is bound to astream that may be used as a pathname.If such a stream is used as a pathname, it is as if the pathname functionwere applied to the stream and the resulting pathname used in place of thestream. This represents the name used to open the �le. This may be, but isnot required to be, the actual name of the �le.It is an error to attempt to obtain a pathname from a stream created byany of the following:



692 COMMON LISPmake-two-way-stream make-string-input-streammake-echo-stream make-string-output-streammake-broadcast-stream with-input-from-stringmake-concatenated-stream with-output-to-stringIn the examples, it is assumed that the host named CMUC runs the TOPS-20operating system, and therefore uses TOPS-20 �le system syntax; further-more, an explicit host name is indicated by following the host name with adouble colon. Remember, however, that namestring syntax is implementation-dependent, and this syntax is used here purely for the sake of examples.[Function]pathname pathnameThe pathname function converts its argument to be a pathname. The argu-ment may be a pathname, a string or symbol, or a stream; the result is alwaysa pathname.X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i.X3J13 voted in January 1989 h15i to specify that pathname is una�ectedby whether its argument, if a stream, is open or closed. X3J13 further com-mented that because some implementations cannot provide the \true name"of a �le until the �le is closed, in such an implementation pathname might, inprinciple, return a di�erent (perhaps more speci�c) �le name after the streamis closed. However, such behavior is prohibited; pathname must return thesame pathname after a stream is closed as it would have while the stream wasopen. See truename. [Function]truename pathnameThe truename function endeavors to discover the \true name" of the �le as-sociated with the pathname within the �le system. If the pathname is an openstream already associated with a �le in the �le system, that �le is used. The\true name" is returned as a pathname. An error is signaled if an appropriate�le cannot be located within the �le system for the given pathname.The truename function may be used to account for any �le name transla-tions performed by the �le system, for example.For example, suppose that DOC: is a TOPS-20 logical device name that istranslated by the TOPS-20 �le system to be PS:<DOCUMENTATION>.(setq file (open "CMUC::DOC:DUMPER.HLP"))(namestring (pathname file)) ) "CMUC::DOC:DUMPER.HLP"



FILE SYSTEM INTERFACE 693(namestring (truename file))) "CMUC::PS:<DOCUMENTATION>DUMPER.HLP.13"X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i.X3J13 voted in January 1989 h15i to specify that truenamemay be appliedto a stream whether the stream is open or closed. X3J13 further commentedthat because some implementations cannot provide the \true name" of a �leuntil the �le is closed, in principle it would be possible in such an implemen-tation for truename to return a di�erent �le name after the stream is closed.Such behavior is permitted; in this respect truename di�ers from pathname.X3J13 voted in June 1989 h137i to clarify that truename accepts only non-wild pathnames; an error is signaled if wild-pathname-p would be true of thepathname argument.X3J13 voted in June 1989 h130i to require truename to accept logical path-names (see section 23.1.5). However, truename never returns a logical path-name. [Function]parse-namestring thing &optional host defaults &key:start :end :junk-allowedThis turns thing into a pathname. The thing is usually a string (that is, a........................................................................................................................................................................................................

namestring), but it may be a symbol (in which case the print name is used)or a pathname or stream (in which case no parsing is needed, but an errorcheck may be made for matching hosts).X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i. The thingargument may not be a symbol.X3J13 voted in June 1989 h130i to require parse-namestring to acceptlogical pathname namestrings (see section 23.1.5).This function does not, in general, do defaulting of pathname components,even though it has an argument named defaults; it only does parsing. The hostand defaults arguments are present because in some implementations it may bethat a namestring can only be parsed with reference to a particular �le namesyntax of several available in the implementation. If host is non-nil, it must bea host name that could appear in the host component of a pathname, or nil;if host is nil then the host name is extracted from the default pathname indefaults and used to determine the syntax convention. The defaults argumentdefaults to the value of *default-pathname-defaults*.



694 COMMON LISPFor a string (or symbol) argument, parse-namestring parses a �le namewithin it in the range delimited by the :start and :end arguments (which areinteger indices into string, defaulting to the beginning and end of the string).See chapter 14 for a discussion of :start and :end arguments.If :junk-allowed is not nil, then the �rst value returned is the pathnameparsed, or nil if no syntactically correct pathname was seen.If :junk-allowed is nil (the default), then the entire substring is scanned.The returned value is the pathname parsed. An error is signaled if the sub-string does not consist entirely of the representation of a pathname, possiblysurrounded on either side by whitespace characters if that is appropriate tothe cultural conventions of the implementation.In either case, the second value is the index into the string of the delimiterthat terminated the parse, or the index beyond the substring if the parseterminated at the end of the substring (as will always be the case if :junk-allowed is false).If thing is not a string or symbol, then start (which defaults to zero in anycase) is always returned as the second value.Parsing an empty string always succeeds, producing a pathname with allcomponents (except the host) equal to nil.Note that if host is speci�ed and not nil, and thing contains a manifesthost name, an error is signaled if the hosts do not match.If thing contains an explicit host name and no explicit device name, thenit might be appropriate, depending on the implementation environment, forparse-namestring to supply the standard default device for that host as thedevice component of the resulting pathname.



FILE SYSTEM INTERFACE 695[Function]merge-pathnames pathname &optional defaultsdefault-versionThis is the function that most programs should call to process a �le name........................................................................................................................................................................................................

supplied by the user. It �lls in unspeci�ed components of pathname from thedefaults, and returns a new pathname. The pathname and defaults argumentsmay each be a pathname, stream, string, or symbol. The result is always apathname.X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i.X3J13 voted in June 1989 h130i to require merge-namestrings to recognizea logical pathname namestring as its �rst argument if its second argument isa logical pathname (see section 23.1.5).X3J13 voted in January 1989 h15i to specify that merge-pathname is unaf-fected by whether the �rst argument, if a stream, is open or closed. If the �rstargument is a stream, merge-pathname behaves as if the function pathnamewere applied to the stream and the resulting pathname used instead.X3J13 voted in June 1989 h128i to require merge-pathnames to map cus-tomary case in argument pathnames to the customary case in returned path-names (see section 23.1.2).defaults defaults to the value of *default-pathname-defaults*.default-version defaults to :newest.Here is an example of the use of merge-pathnames:(merge-pathnames "CMUC::FORMAT""CMUC::PS:<LISPIO>.FASL")) a pathname object that re-expressed as a namestring would be"CMUC::PS:<LISPIO>FORMAT.FASL.0"Defaulting of pathname components is done by �lling in components takenfrom another pathname. This is especially useful for cases such as a programthat has an input �le and an output �le, and asks the user for the name ofboth, letting the unsupplied components of one name default from the other.Unspeci�ed components of the output pathname will come from the inputpathname, except that the type should default not to the type of the inputbut to the appropriate default type for output from this program.The pathname merging operation takes as input a given pathname, a de-faults pathname, and a default version, and returns a new pathname. Basi-cally, the missing components in the given pathname are �lled in from thedefaults pathname, except that if no version is speci�ed the default versionis used. The default version is usually :newest; if no version is speci�ed the



696 COMMON LISPnewest version in existence should be used. The default version can be nil,to preserve the information that it was missing in the input pathname.If the given pathname explicitly speci�es a host and does not supply adevice, then if the host component of the defaults matches the host componentof the given pathname, then the device is taken from the defaults; otherwisethe device will be the default �le device for that host. Next, if the givenpathname does not specify a host, device, directory, name, or type, each suchcomponent is copied from the defaults. The merging rules for the version aremore complicated and depend on whether the pathname speci�es a name.If the pathname doesn't specify a name, then the version, if not provided,will come from the defaults, just like the other components. However, if thepathname does specify a name, then the version is not a�ected by the defaults.The reason is that the version \belongs to" some other �le name and is unlikelyto have anything to do with the new one. Finally, if this process leaves theversion missing, the default version is used.The net e�ect is that if the user supplies just a name, then the host, device,directory, and type will come from the defaults, but the version will come fromthe default version argument to the merging operation. If the user suppliesnothing, or just a directory, the name, type, and version will come over fromthe defaults together. If the host's �le name syntax provides a way to inputa version without a name or type, the user can let the name and type defaultbut supply a version di�erent from the one in the defaults.X3J13 voted in June 1989 h135i to agree to disagree: merge-pathnamemight or might not perform plausibility checking on its arguments to ensurethat the resulting pathname can be converted a valid namestring. User be-ware: this could cause portability problems.For example, suppose that host LOSER constrains �le types to be threecharacters or fewer but host CMUC does not. Then "LOSER::FORMAT" is a validnamestring and "CMUC::PS:<LISPIO>.FASL" is a valid namestring, but(merge-pathnames "LOSER::FORMAT" "CMUC::PS:<LISPIO>.FASL")might signal an error in some implementations because the hypothetical resultwould be a pathname equivalent to the namestring "LOSER::FORMAT.FASL"which is illegal because the �le type FASL has more than three characters. Inother implementations merge-pathname might return a pathname but thatpathname might cause namestring to signal an error. [Variable]*default-pathname-defaults*This is the default pathname-defaults pathname; if any pathname primitive



FILE SYSTEM INTERFACE 697that needs a set of defaults is not given one, it uses this one. As a generalrule, however, each program should have its own pathname defaults ratherthan using this one. [Function]make-pathname &key :host :device :directory :name........................................................................................................................................................................................................

:type :version :defaultsGiven some components, make-pathname constructs and returns a pathname.After the components speci�ed explicitly by the :host, :device, :directory,:name, :type, and :version arguments are �lled in, the merging rules used bymerge-pathnames are used to �ll in any missing components from the defaultsspeci�ed by the :defaults argument. The default value of the :defaultsargument is a pathname whose host component is the same as the host com-ponent of the value of *default-pathname-defaults*, and whose other com-ponents are all nil.Whenever a pathname is constructed, whether by make-pathname or someother function, the components may be canonicalized if appropriate. Forexample, if a �le system is insensitive to case, then alphabetic characters maybe forced to be all uppercase or all lowercase by the implementation.The following example assumes the use of UNIX syntax and conventions.(make-pathname :host "technodrome":directory '(:absolute "usr" "krang"):name "shredder")) #--P"technodrome:/usr/krang/shredder"X3J13 voted in June 1989 h128i to add a new keyword argument :case tomake-pathname. The new argument description is therefore as follows:[Function]make-pathname &key :host :device :directory :name:type :version :defaults :caseSee section 23.1.2 for a description of the :case argument.X3J13 voted in June 1989 h135i to agree to disagree: make-pathnamemightor might not check on its arguments to ensure that the resulting pathnamecan be converted to a valid namestring. If make-pathname does not check itsarguments and signal an error in problematical cases, namestring yet mightor might not signal an error when given the resulting pathname. User beware:this could cause portability problems.



698 COMMON LISP [Function]pathnamep objectThis predicate is true if object is a pathname, and otherwise is false.(pathnamep x) � (typep x 'pathname) [Function]pathname-host pathname........................................................................................................................................................................................................

[Function]pathname-device pathname [Function]pathname-directory pathname [Function]pathname-name pathname [Function]pathname-type pathname [Function]pathname-version pathnameThese return the components of the argument pathname, which may be apathname, string or symbol, or stream. The returned values can be strings,special symbols, or some other object in the case of structured components.The type will always be a string or a symbol. The version will always be anumber or a symbol.X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i.X3J13 voted in January 1989 h15i to specify that these operations are un-a�ected by whether the �rst argument, if a stream, is open or closed. If the�rst argument is a stream, each operation behaves as if the function pathnamewere applied to the stream and the resulting pathname used instead.X3J13 voted in June 1989 h128i to add a keyword argument :case toall of the pathname accessor functions except pathname-version. The newargument descriptions are therefore as follows: [Function]pathname-host pathname &key :case [Function]pathname-device pathname &key :case [Function]pathname-directory pathname &key :case [Function]pathname-name pathname &key :case [Function]pathname-type pathname &key :case [Function]pathname-version pathnameSee section 23.1.2 for a description of the :case argument.X3J13 voted in June 1989 h133i to specify that pathname-directory al-ways returns nil, :unspecific, or a list|never a string, never :wild (seesection 23.1.3). If a list is returned, it is not guaranteed to be freshly consed;the consequences of modifying this list are unde�ned.



FILE SYSTEM INTERFACE 699[Function]namestring pathname [Function]file-namestring pathname [Function]directory-namestring pathname [Function]host-namestring pathname [Function]enough-namestring pathname &optional defaultsThe pathname argument may be a pathname, a string or symbol, or a streamthat is or was open to a �le. The name represented by pathname is returnedas a namelist in canonical form.If pathname is a stream, the name returned represents the name used toopen the �le, which may not be the actual name of the �le (see truename).X3J13 voted in March 1988 not to permit symbols as pathnames h134i andto specify exactly which streams may be used as pathnames h132i.X3J13 voted in January 1989 h15i to specify that these operations are un-a�ected by whether the �rst argument, if a stream, is open or closed. If the�rst argument is a stream, each operation behaves as if the function pathnamewere applied to the stream and the resulting pathname used instead.namestring returns the full form of the pathname as a string. file-namestring returns a string representing just the name, type, and versioncomponents of the pathname; the result of directory-namestring representsjust the directory-name portion; and host-namestring returns a string forjust the host-name portion. Note that a valid namestring cannot necessarilybe constructed simply by concatenating some of the three shorter strings insome order.enough-namestring takes another argument, defaults. It returns an ab-breviated namestring that is just su�cient to identify the �le named by path-name when considered relative to the defaults (which defaults to the value of*default-pathname-defaults*). That is, it is required that(merge-pathnames (enough-namestring pathname defaults) defaults) �(merge-pathnames (parse-namestring pathname nil defaults) defaults)in all cases; and the result of enough-namestring is, roughly speaking, theshortest reasonable string that will still satisfy this criterion.X3J13 voted in June 1989 h135i to agree to disagree: make-pathname andmerge-pathnames might or might not be able to produce pathnames thatcannot be converted to valid namestrings. User beware: this could causeportability problems. [Function]user-homedir-pathname &optional hostReturns a pathname for the user's \home directory" on host. The host argu-



700 COMMON LISPment defaults in some appropriate implementation-dependent manner. Theconcept of \home directory" is itself somewhat implementation-dependent,but from the point of view of Common Lisp it is the directory where the userkeeps personal �les such as initialization �les and mail. If it is impossibleto determine this information, then nil is returned instead of a pathname;however, user-homedir-pathname never returns nil if the host argument isnot speci�ed. This function returns a pathname without any name, type, orversion component (those components are all nil).23.2. Opening and Closing FilesWhen a �le is opened, a stream object is constructed to serve as the �lesystem's ambassador to the Lisp environment; operations on the stream arereected by operations on the �le in the �le system. The act of closing the�le (actually, the stream) ends the association; the transaction with the �lesystem is terminated, and input/output may no longer be performed on thestream. The stream function close may be used to close a �le; the functionsdescribed below may be used to open them. The basic operation is open, butwith-open-file is usually more convenient for most applications.[Function]open �lename &key :direction :element-type :if-exists:if-does-not-exist :external-formatX3J13 voted in June 1989 h122i to add to the function open a new keywordargument :external-format. This argument did not appear in the precedingargument description in the �rst edition.This returns a stream that is connected to the �le speci�ed by �lename.The �lename is the name of the �le to be opened; it may be a string, apathname, or a stream. (If the �lename is a stream, then it is not closed �rstor otherwise a�ected; it is used merely to provide a �le name for the openingof a new stream.)X3J13 voted in January 1989 h167i to specify that the result of open, if itis a stream, is always a stream of type file-stream.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.X3J13 voted in January 1989 h15i to specify that open is una�ected bywhether the �rst argument, if a stream, is open or closed. If the �rst argumentis a stream, open behaves as if the function pathname were applied to thestream and the resulting pathname used instead.



FILE SYSTEM INTERFACE 701X3J13 voted in June 1989 h137i to clarify that open accepts only non-wildpathnames; an error is signaled if wild-pathname-pwould be true of �lename.X3J13 voted in June 1989 h130i to require open to accept logical pathnames(see section 23.1.5).The keyword arguments specify what kind of stream to produce and howto handle errors::directionThis argument speci�es whether the stream should handle input, output, orboth.:inputThe result will be an input stream. This is the default.:outputThe result will be an output stream.:ioThe result will be a bidirectional stream.:probeThe result will be a no-directional stream (in e�ect, the stream is createdand then closed). This is useful for determining whether a �le exists withoutactually setting up a complete stream.:element-typeThis argument speci�es the type of the unit of transaction for the stream.Anything that can be recognized as being a �nite subtype of character orinteger is acceptable. In particular, the following types are recognized:string-char........................................................................................................................................................................................................

The unit of transaction is a string-character. The functions read-charand/or write-char may be used on the stream. This is the default.characterThe unit of transaction is any character, not just a string-character. Thefunctions read-char and/or write-char may be used on the stream.X3J13 voted in June 1989 h122i to eliminate the type string-char, addthe type base-character, and rede�ne open to use the type character asthe default :element-type.



702 COMMON LISPThe preceding two possibilities should therefore be replaced by the follow-ing.characterThe unit of transaction is any character, not just a string-character. Thefunctions read-char and write-char (depending on the value of the:direction argument) may be used on the stream. This is the default.base-characterThe unit of transaction is a base character. The functions read-char andwrite-char (depending on the value of the :direction argument) may beused on the stream.(unsigned-byte n)The unit of transaction is an unsigned byte (a non-negative integer) ofsize n. The functions read-byte and/or write-byte may be used on thestream.unsigned-byteThe unit of transaction is an unsigned byte (a non-negative integer); thesize of the byte is determined by the �le system. The functions read-byteand/or write-byte may be used on the stream.(signed-byte n)The unit of transaction is a signed byte of size n. The functions read-byteand/or write-byte may be used on the stream.signed-byteThe unit of transaction is a signed byte; the size of the byte is determinedby the �le system. The functions read-byte and/or write-byte may beused on the stream.bitThe unit of transaction is a bit (values 0 and 1). The functions read-byteand/or write-byte may be used on the stream.(mod n)The unit of transaction is a non-negative integer less than n. The functionsread-byte and/or write-byte may be used on the stream.



FILE SYSTEM INTERFACE 703:defaultThe unit of transaction is to be determined by the �le system, based on the�le it �nds. The type can be determined by using the function stream-element-type.:if-existsThis argument speci�es the action to be taken if the :direction is :outputor :io and a �le of the speci�ed name already exists. If the direction is :inputor :probe, this argument is ignored.:errorSignals an error. This is the default when the version component of the�lename is not :newest.:new-versionCreates a new �le with the same �le name but with a larger version number.This is the default when the version component of the �lename is :newest.:renameRenames the existing �le to some other name and then creates a new �lewith the speci�ed name.:rename-and-deleteRenames the existing �le to some other name and then deletes it (but doesnot expunge it, on those systems that distinguish deletion from expunging).Then create a new �le with the speci�ed name.:overwriteUses the existing �le. Output operations on the stream will destructivelymodify the �le. If the :direction is :io, the �le is opened in a bidirectionalmode that allows both reading and writing. The �le pointer is initiallypositioned at the beginning of the �le; however, the �le is not truncatedback to length zero when it is opened. This mode is most useful when thefile-position function can be used on the stream.:appendUses the existing �le. Output operations on the stream will destructivelymodify the �le. The �le pointer is initially positioned at the end of the �le.If the :direction is :io, the �le is opened in a bidirectional mode thatallows both reading and writing.



704 COMMON LISP:supersedeSupersedes the existing �le. If possible, the implementation should arrangenot to destroy the old �le until the new stream is closed, against the pos-sibility that the stream will be closed in \abort" mode (see close). Thisdi�ers from :new-version in that :supersede creates a new �le with thesame name as the old one, rather than a �le name with a higher versionnumber.nilDoes not create a �le or even a stream, but instead simply returns nil toindicate failure.If the :direction is :output or :io and the value of :if-exists is :new-version, then the version of the (newly created) �le that is opened will bea version greater than that of any other �le in the �le system whose otherpathname components are the same as those of �lename.If the :direction is :input or :probe or the value of :if-exists is not:new-version, and the version component of the �lename is :newest, thenthe �le opened is that �le already existing in the �le system that has a versiongreater than that of any other �le in the �le system whose other pathnamecomponents are the same as those of �lename.Some �le systems permit yet other actions to be taken when a �le alreadyexists; therefore, some implementations provide implementation-speci�c :if-exist options.Implementation note: The various �le systems in existence today have widelydi�ering capabilities. A given implementation may not be able to support all of theseoptions in exactly the manner stated. An implementation is required to recognizeall of these option keywords and to try to do something \reasonable" in the contextof the host operating system. Implementors are encouraged to approximate thesemantics speci�ed here as closely as possible.As an example, suppose that a �le system does not support distinct �le versionsand does not distinguish the notions of deletion and expunging (in some �le systems�le deletion is reversible until an expunge operation is performed). Then :new-version might be treated the same as :rename or :supersede, and :rename-and-delete might be treated the same as :supersede.If it is utterly impossible for an implementation to handle some option in a mannerclose to what is speci�ed here, it may simply signal an error. The opening of �les isan area where complete portability is too much to hope for; the intent here is simplyto make things as portable as possible by providing speci�c names for a range ofcommonly supportable options.



FILE SYSTEM INTERFACE 705:if-does-not-existThis argument speci�es the action to be taken if a �le of the speci�ed namedoes not already exist.:errorSignals an error. This is the default if the :direction is :input, or if the:if-exists argument is :overwrite or :append.:createCreates an empty �le with the speci�ed name and then proceeds as if it hadalready existed (but do not perform any processing directed by the :if-exists argument). This is the default if the :direction is :output or :io,and the :if-exists argument is anything but :overwrite or :append.nilDoes not create a �le or even a stream, but instead simply returns nil toindicate failure. This is the default if the :direction is :probe.



706 COMMON LISPX3J13 voted in June 1989 h122i to add to the function open a new keywordargument :external-format.:external-formatThis argument speci�es an implementation-recognized scheme for representingcharacters in �les. The default value is :default and is implementation-de�ned but must support the base characters. An error is signaled if theimplementation does recognize the speci�ed format.This argument may be speci�ed if the :direction argument is :input,:output, or :io. It is an error to write a character to the resulting stream thatcannot be represented by the speci�ed �le format. (However, the #--\Newlinecharacter cannot produce such an error; implementations must provide ap-propriate line division behavior for all character streams.)See stream-external-format.When the caller is �nished with the stream, it should close the �le by usingthe close function. The with-open-file form does this automatically, andso is preferred for most purposes. open should be used only when the controlstructure of the program necessitates opening and closing of a �le in some waymore complex than provided by with-open-file. It is suggested that anyprogram that uses open directly should use the special form unwind-protectto close the �le if an abnormal exit occurs. [Macro]with-open-file (stream �lename foptionsg� )fdeclarationg� f formg�with-open-file evaluates the forms of the body (an implicit progn) withthe variable stream bound to a stream that reads or writes the �le named bythe value of �lename. The options are evaluated and are used as keywordarguments to the function open.When control leaves the body, either normally or abnormally (such as by useof throw), the �le is automatically closed. If a new output �le is being written,and control leaves abnormally, the �le is aborted and the �le system is left,so far as possible, as if the �le had never been opened. Because with-open-file always closes the �le, even when an error exit is taken, it is preferredover open for most applications.�lename is the name of the �le to be opened; it may be a string, a pathname,or a stream.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.



FILE SYSTEM INTERFACE 707X3J13 voted in June 1989 h137i to clarify that with-open-file acceptsonly non-wild pathnames; an error is signaled if wild-pathname-p would betrue of the �lename argument.X3J13 voted in June 1989 h130i to require with-open-file to accept logicalpathnames (see section 23.1.5).For example:(with-open-file (ifile name:direction :input)(with-open-file (ofile (merge-pathname-defaults ifilenil"out"):direction :output:if-exists :supersede)(transduce-file ifile ofile)))X3J13 voted in June 1989 h184i to specify that the variable stream is notalways bound to a stream; rather it is bound to whatever would be returned bya call to open. For example, if the options include :if-does-not-exist nil,stream will be bound to nil if the �le does not exist. In this case the value ofstream should be tested within the body of the with-open-file form beforeit is used as a stream. For example:(with-open-file (ifile name:direction :input:if-does-not-exist nil);; Process the file only if it actually exists.(when (streamp name)(compile-cobol-program ifile)))Implementation note: While with-open-file tries to automatically close thestream on exit from the construct, for robustness it is helpful if the garbage collectorcan detect discarded streams and automatically close them.23.3. Renaming, Deleting, and Other File OperationsThese functions provide a standard interface to operations provided in someform by most �le systems. It may be that some implementations of CommonLisp cannot support them all completely.



708 COMMON LISP [Function]rename-file �le new-nameThe speci�ed �le is renamed to new-name (which must be a �le name). The�lemaybe a string, a pathname, or a stream. If it is an open stream associatedwith a �le, then the stream itself and the �le associated with it are a�ected(if the �le system permits).X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.rename-file returns three values if successful. The �rst value is thenew-name with any missing components �lled in by performing a merge-pathnames operation using �le as the defaults. The second value is thetruename of the �le before it was renamed. The third value is the truenameof the �le after it was renamed.If the renaming operation is not successful, an error is signaled.It is an error to specify a �le name containing a :wild component, for........................................................................................................................................................................................................

�le to contain a nil component where the �le system does not permit a nilcomponent, or for the result of defaulting missing components of new-namefrom �le to contain a nil component where the �le system does not permit anil component.X3J13 voted in June 1989 h137i to specify that supplying a wild pathnameas the �le argument to rename-file has implementation-dependent conse-quences; rename-file might signal an error, for example, or might renameall �les that match the wild pathname.X3J13 voted in June 1989 h130i to require rename-file to accept logicalpathnames (see section 23.1.5).Compatibility note: This corresponds to the function called renamef in MacLispand Lisp Machine Lisp. The name renamef is not used in Common Lisp becausethe convention that a trailing f means \�le" conicts with the use of a trailing f forforms related to setf. [Function]delete-file �leThe speci�ed �le is deleted. The �lemay be a string, a pathname, or a stream.If it is an open stream associated with a �le, then the stream itself and the�le associated with it are a�ected (if the �le system permits), in which casethe stream may or may not be closed immediately, and the deletion may beimmediate or delayed until the stream is explicitly closed, depending on therequirements of the �le system.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.



FILE SYSTEM INTERFACE 709delete-file returns a non-nil value if successful. It is left to the discretionof the implementation whether an attempt to delete a non-existent �le isconsidered to be successful. If the deleting operation is not successful, anerror is signaled.It is an error to specify a �le name that contains a :wild component or one........................................................................................................................................................................................................

that contains a nil component where the �le system does not permit a nilcomponent.X3J13 voted in June 1989 h137i to clarify that supplying a wild pathnameas the �le argument to delete-file has implementation-dependent conse-quences; delete-file might signal an error, for example, or might delete all�les that match the wild pathname.X3J13 voted in June 1989 h130i to require delete-file to accept logicalpathnames (see section 23.1.5).Compatibility note: This corresponds to the function called deletef in MacLispand Lisp Machine Lisp. [Function]probe-file �leThis predicate is false if there is no �le named �le, and otherwise returns apathname that is the true name of the �le (which may be di�erent from �lebecause of �le links, version numbers, or other artifacts of the �le system).Note that if the �le is an open stream associated with a �le, then probe-filecannot return nil but will produce the true name of the associated �le. Seetruename and the :probe value for the :direction argument to open.Compatibility note: This corresponds to the function called probef in MacLispand Lisp Machine Lisp.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.X3J13 voted in June 1989 h137i to clarify that probe-file accepts onlynon-wild pathnames; an error is signaled if wild-pathname-p would be trueof the �le argument.X3J13 voted in June 1989 h130i to require probe-file to accept logicalpathnames (see section 23.1.5). However, probe-file never returns a logicalpathname.X3J13 voted in January 1989 h15i to specify that probe-file is una�ectedby whether the �rst argument, if a stream, is open or closed. If the �rst



710 COMMON LISPargument is a stream, probe-file behaves as if the function pathname wereapplied to the stream and the resulting pathname used instead. However,X3J13 further commented that the treatment of open streams may di�er con-siderably from one implementation to another; for example, in some operatingsystems open �les are written under a temporary or invisible name and laterrenamed when closed. In general, programmers writing code intended to beportable should be very careful when using probe-file. [Function]file-write-date �le�le can be a �le name or a stream that is open to a �le. This returns the timeat which the �le was created or last written as an integer in universal timeformat (see section 25.4.1), or nil if this cannot be determined.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.X3J13 voted in June 1989 h137i to clarify that file-write-date acceptsonly non-wild pathnames; an error is signaled if wild-pathname-p would betrue of the �le argument.X3J13 voted in June 1989 h130i to require file-write-date to acceptlogical pathnames (see section 23.1.5). [Function]file-author �le�le can be a �le name or a stream that is open to a �le. This returns thename of the author of the �le as a string, or nil if this cannot be determined.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.X3J13 voted in June 1989 h137i to clarify that file-author accepts onlynon-wild pathnames; an error is signaled if wild-pathname-p would be trueof the �le argument.X3J13 voted in June 1989 h130i to require file-author to accept logicalpathnames (see section 23.1.5). [Function]file-position �le-stream &optional positionfile-position returns or sets the current position within a random-access�le.(file-position �le-stream) returns a non-negative integer indicating thecurrent position within the �le-stream, or nil if this cannot be determined.The �le position at the start of a �le will be zero. The value returned by



FILE SYSTEM INTERFACE 711file-position increases monotonically as input or output operations areperformed. For a character �le, performing a single read-char or write-char operation may cause the �le position to be increased by more than 1because of character-set translations (such as translating between the Com-mon Lisp #--\Newline character and an external ASCII carriage-return/line-feed sequence) and other aspects of the implementation. For a binary �le,every read-byte or write-byte operation increases the �le position by 1.(file-position �le-stream position) sets the position within �le-streamto be position. The position may be an integer, or :start for the beginningof the stream, or :end for the end of the stream. If the integer is too largeor otherwise inappropriate, an error is signaled (the file-length functionreturns the length beyond which file-positionmay not access). An integerreturned by file-position of one argument should, in general, be acceptableas a second argument for use with the same �le. With two arguments, file-position returns t if the repositioning was performed successfully, or nil ifit was not (for example, because the �le was not random-access).Implementation note: Implementations that have character �les represented asa sequence of records of bounded size might choose to encode the �le position as,for example, record-number*256+character-within-record. This is a valid encodingbecause it increases monotonically as each character is read or written, though notnecessarily by 1 at each step. An integer might then be considered \inappropriate"as a second argument to file-position if, when decoded into record number andcharacter number, it turned out that the speci�ed record was too short for thespeci�ed character number.Compatibility note: This corresponds to the function called filepos in MacLispand Lisp Machine Lisp. [Function]file-length �le-stream�le-stream must be a stream that is open to a �le. The length of the �le isreturned as a non-negative integer, or nil if the length cannot be determined.For a binary �le, the length is speci�cally measured in units of the :element-type speci�ed when the �le was opened (see open).Compatibility note: This corresponds to the function called lengthf in MacLispand Lisp Machine Lisp.



712 COMMON LISP [Function]file-string-length �le-stream objectX3J13 voted in June 1989 h122i to add the function file-string-length.The object must be a string or a character. The function file-string-length returns a non-negative integer that is the di�erence between whatthe file-position of the �le-stream would be after and before writing theobject to the �le-stream, or nil if this di�erence cannot be determined. Thevalue returned may depend on the current state of the �le-stream; that is,calling file-string-length on the same arguments twice may in certaincircumstances produce two di�erent integers.23.4. Loading FilesTo load a �le is to read through the �le, evaluating each form in it. Pro-grams are typically stored in �les containing calls to constructs such as defun,defmacro, and defvar, which de�ne the functions and variables of the pro-gram.Loading a compiled (\fasload") �le is similar, except that the �le does notcontain text but rather pre-digested expressions created by the compiler thatcan be loaded more quickly. [Function]load �lename &key :verbose :print :if-does-not-existThis function loads the �le named by �lename into the Lisp environment.It is assumed that a text (character �le) can be automatically distinguishedfrom an object (binary) �le by some appropriate implementation-dependentmeans, possibly by the �le type. The defaults for �lename are taken from thevariable *default-pathname-defaults*. If the �lename (after the mergingin of the defaults) does not explicitly specify a type, and both text and objecttypes of the �le are available in the �le system, load should try to select themore appropriate �le by some implementation-dependent means.If the �rst argument is a stream rather than a pathname, then load deter-mines what kind of stream it is and loads directly from the stream.The :verbose argument (which defaults to the value of *load-verbose*),if true, permits load to print a message in the form of a comment (that is,with a leading semicolon) to *standard-output* indicating what �le is beingloaded and other useful information.The :print argument (default nil), if true, causes the value of each ex-........................................................................................................................................................................................................

pression loaded to be printed to *standard-output*. If a binary �le is being



FILE SYSTEM INTERFACE 713loaded, then what is printed may not reect precisely the contents of thesource �le, but nevertheless some information will be printed.X3J13 voted in March 1989 h26i to add the variable *load-print*; itsvalue is used as the default for the :print argument to load.The function load rebinds *package* to its current value. If some formin the �le changes the value of *package* during loading, the old value willbe restored when the loading is completed. (This was speci�ed in the �rstedition under the description of *package*; for convenience I now mention ithere as well.)X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.X3J13 voted in June 1989 h137i to clarify that supplying a wild pathname asthe �lename argument to load has implementation-dependent consequences;load might signal an error, for example, or might load all �les that match thepathname.X3J13 voted in June 1989 h130i to require load to accept logical pathnames(see section 23.1.5).If a �le is successfully loaded, load always returns a non-nil value. If :if-does-not-exist is speci�ed and is nil, load just returns nil rather thansignaling an error if the �le does not exist.X3J13 voted in March 1989 h104i to require that load bind *readtable*to its current value at the time load is called; the dynamic extent of the bind-ing should encompass all of the �le-loading activity. This allows a portableprogram to include forms such as(in-package "FOO")(eval-when (:execute :load-toplevel :compile-toplevel)(setq *readtable* foo:my-readtable))without performing a net global side e�ect on the loading environment. Suchstatements allow the remainder of such a �le to be read either as interpretedcode or by compile-file in a syntax determined by an alternative readtable.X3J13 voted in June 1989 h112i to require that load bind two new variables*load-pathname* and *load-truename*; the dynamic extent of the bindingsshould encompass all of the �le-loading activity. [Variable]*load-verbose*This variable provides the default for the :verbose argument to load. Itsinitial value is implementation-dependent.



714 COMMON LISP [Variable]*load-print*X3J13 voted in March 1989 h26i to add *load-print*. This variable providesthe default for the :print argument to load. Its initial value is nil.[Variable]*load-pathname*X3J13 voted in June 1989 h112i to introduce *load-pathname*; it is initiallynil but load binds it to a pathname that represents the �le name given asthe �rst argument to load merged with the defaults (see merge-pathname).[Variable]*load-truename*X3J13 voted in June 1989 h112i to introduce *load-truename*; it is ini-tially nil but load binds it to the \true name" of the �le being loaded. Seetruename.X3J13 voted in March 1989 h110i to introduce a facility based on the Ob-ject System whereby a user can specify how compile-file and load mustcooperate to reconstruct compile-time constant objects at load time. Theprotocol is simply this: compile-file calls the generic function make-load-form on any object that is referenced as a constant or as a self-evaluatingform, if the object's metaclass is standard-class, structure-class, anyuser-de�ned metaclass (not a subclass of built-in-class), or any of a pos-sibly empty implementation-de�ned list of other metaclasses; compile-filewill call make-load-form only once for any given object (as determined by eq)within a single �le. The user-programmability stems from the possibility ofuser-de�ned methods for make-load-form. The helper function make-load-form-saving-slots makes it easy to write commonly used versions of suchmethods. [Generic function]make-load-form objectThe argument is an object that is referenced as a constant or as a self-evaluating form in a �le being compiled by compile-file. The objectiveis to enable load to construct an equivalent object.The �rst value, called the creation form, is a form that, when evaluated atload time, should return an object that is equivalent to the argument. Theexact meaning of \equivalent" depends on the type of object and is up to theprogrammer who de�nes a method for make-load-form. This allows the userto program the notion of \similar as a constant" (see section 25.1).



FILE SYSTEM INTERFACE 715The second value, called the initialization form, is a form that, when eval-uated at load time, should perform further initialization of the object. Thevalue returned by the initialization form is ignored. If the make-load-formmethod returns only one value, the initialization form is nil, which has noe�ect. If the object used as the argument to make-load-form appears as aconstant in the initialization form, at load time it will be replaced by theequivalent object constructed by the creation form; this is how the furtherinitialization gains access to the object.Two values are returned so that circular structures may be handled. Theorder of evaluation rules discussed below for creation and initialization formseliminates the possibility of partially initialized objects in the absence of cir-cular structures and reduces the possibility to a minimum in the presence ofcircular structures. This allows nodes in non-circular structures to be builtout of fully initialized subparts.Both the creation form and the initialization form can contain referencesto objects of user-de�ned types (de�ned precisely below). However, theremust not be any circular dependencies in creation forms. An example of acircular dependency: the creation form for the object X contains a referenceto the object Y , and the creation form for the object Y contains a referenceto the object X . A simpler example: the creation form for the object Xcontains a reference to X itself. Initialization forms are not subject to anyrestriction against circular dependencies, which is the entire reason for havinginitialization forms. See the example of circular data structures below.The creation form for an object is always evaluated before the initializationform for that object. When either the creation form or the initialization formrefers to other objects of user-de�ned types that have not been referencedearlier in the compile-file, the compiler collects all of the creation and ini-tialization forms. Each initialization form is evaluated as soon as possibleafter its creation form, as determined by data ow. If the initialization formfor an object does not refer to any other objects of user-de�ned types thathave not been referenced earlier in the compile-file, the initialization formis evaluated immediately after the creation form. If a creation or initializationform F references other objects of user-de�ned types that have not been refer-enced earlier in the compile-file, the creation forms for those other objectsare evaluated before F and the initialization forms for those other objects arealso evaluated before F whenever they do not depend on the object createdor initialized by F. Where the above rules do not uniquely determine an orderof evaluation, it is unspeci�ed which of the possible orders of evaluation ischosen.While these creation and initialization forms are being evaluated, the ob-



716 COMMON LISPjects are possibly in an uninitialized state, analogous to the state of an objectbetween the time it has been created by allocate-instance and it has beenprocessed fully by initialize-instance. Programmers writing methods formake-load-form must take care in manipulating objects not to depend onslots that have not yet been initialized.It is unspeci�ed whether load calls eval on the forms or does some otheroperation that has an equivalent e�ect. For example, the forms might betranslated into di�erent but equivalent forms and then evaluated; they mightbe compiled and the resulting functions called by load (after they themselveshave been loaded); or they might be interpreted by a special-purpose inter-preter di�erent from eval. All that is required is that the e�ect be equivalentto evaluating the forms.It is valid for user programs to call make-load-form in circumstances otherthan compilation, providing the argument's metaclass is not built-in-classor a subclass of built-in-class.Applying make-load-form to an object whose metaclass is standard-classor structure-class for which no user-de�ned method is applicable signalsan error. It is valid to implement this either by de�ning default methods forthe classes standard-object and structure-object that signal an error orby having no applicable method for those classes.See load-time-eval.In the following example, an equivalent instance of my-class is recon-structed by using the values of two of its slots. The value of the third slot isderived from those two values.(defclass my-class () ((a :initarg :a :reader my-a)(b :initarg :b :reader my-b)(c :accessor my-c)))(defmethod shared-initialize ((self my-class) slots &rest inits)(declare (ignore slots inits))(unless (slot-boundp self 'c)(setf (my-c self)(some-computation (my-a self) (my-b self)))))(defmethod make-load-form ((self my-class))`(make-instance ',(class-name (class-of self)):a ',(my-a self) :b ',(my-b self)))This code will fail if either of the �rst two slots of some instance of my-class contains the instance itself. Another way to write the last form in the



FILE SYSTEM INTERFACE 717preceding example is(defmethod make-load-form ((self my-class))(make-load-form-saving-slots self '(a b)))This has the advantages of conciseness and handling circularities correctly.In the next example, instances of class my-frob are \interned" in some way.An equivalent instance is reconstructed by using the value of the name slotas a key for searching for existing objects. In this case the programmer haschosen to create a new object if no existing object is found; an alternativepossibility would be to signal an error in that case.(defclass my-frob ()((name :initarg :name :reader my-name)))(defmethod make-load-form ((self my-frob))`(find-my-frob ',(my-name self) :if-does-not-exist :create))In the following example, the data structure to be dumped is circular, be-cause each node of a tree has a list of its children and each child has a referenceback to its parent.(defclass tree-with-parent () ((parent :accessor tree-parent)(children :initarg :children)))(defmethod make-load-form ((x tree-with-parent))(values`(make-instance ',(class-of x):children ',(slot-value x 'children))`(setf (tree-parent ',x) ',(slot-value x 'parent))))Suppose make-load-form is called on one object in such a structure. Thecreation form creates an equivalent object and �lls in the children slot, whichforces creation of equivalent objects for all of its children, grandchildren, etc.At this point none of the parent slots have been �lled in. The initializationform �lls in the parent slot, which forces creation of an equivalent object forthe parent if it was not already created. Thus the entire tree is recreated atload time. At compile time, make-load-form is called once for each object inthe tree. All the creation forms are evaluated, in unspeci�ed order, and thenall the initialization forms are evaluated, also in unspeci�ed order.In this �nal example, the data structure to be dumped has no special proper-ties and an equivalent structure can be reconstructed simply by reconstructingthe slots' contents.



718 COMMON LISP(defstruct my-struct a b c)(defmethod make-load-form ((s my-struct))(make-load-form-saving-slots s))This is easy to code using make-load-form-saving-slots. [Function]make-load-form-saving-slots object &optional slotsThis returns two values suitable for return from a make-load-form method.The �rst argument is the object. The optional second argument is a list ofthe names of slots to preserve; it defaults to all of the local slots.make-load-form-saving-slots returns forms that construct an equivalentobject using make-instance and setf of slot-value for slots with values,or slot-makunbound for slots without values, or other functions of equivalente�ect.Because make-load-form-saving-slots returns two values, it can dealwith circular structures; it works for any object of metaclass standard-classor structure-class. Whether the result is useful depends on whether the ob-ject's type and slot contents fully capture an application's idea of the object'sstate.23.5. Accessing DirectoriesThe following function is a very simple portable primitive for examining adirectory. Most �le systems can support much more powerful directory-searching primitives, but no two are alike. It is expected that most implemen-tations of Common Lisp will extend the directory function or provide morepowerful primitives. [Function]directory pathname &keyA list of pathnames is returned, one for each �le in the �le system that matchesthe given pathname. (The pathname argument may be a pathname, a string,or a stream associated with a �le.) For a �le that matches, the truenameappears in the result list. If no �le matches the pathname, it is not an error;directory simply returns nil, the list of no results. Keywords such as :wildand :newest may be used in pathname to indicate the search space.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames. See section 23.1.6.



FILE SYSTEM INTERFACE 719X3J13 voted in January 1989 h15i to specify that directory is una�ectedby whether the �rst argument, if a stream, is open or closed. If the �rstargument is a stream, directory behaves as if the function pathname wereapplied to the stream and the resulting pathname used instead. However,X3J13 commented that the treatment of open streams may di�er considerablyfrom one implementation to another; for example, in some operating systemsopen �les are written under a temporary or invisible name and later renamedwhen closed. In general, programmers writing code intended to be portableshould be careful when using directory.X3J13 voted in June 1989 h130i to require directory to accept logicalpathnames (see section 23.1.5). However, the result returned by directorynever contains a logical pathname.Implementation note: It is anticipated that an implementation may need toprovide additional parameters to control the directory search. Therefore directoryis speci�ed to take additional keyword arguments so that implementations mayexperiment with extensions, even though no particular keywords are speci�ed here.As a simple example of such an extension, for a �le system that supports thenotion of cross-directory �le links, a keyword argument :links might, if non-nil,specify that such links be included in the result list.



24ErrorsErrors may be signaled for a variety of reasons. Many built-in CommonLisp functions may signal an error when given incorrect arguments. Otherfunctions, described in this chapter, may be called by user programs for thepurpose of signaling an error.When an error is signaled, it is handled in an implementation-dependentway. It is expected that each implementation of Common Lisp will providean interactive debugger that prints the error message along with suitablecontextual information such as which function detected the error. The usermay interact with the debugger to examine or modify the state of the programin various ways, including abandoning the current computation (\aborting totop level") and continuing from the error. What \continuing" means dependson how the error is signaled; the details of this are speci�ed below for eacherror-signaling function.An implementation may also choose to provide means (such as the errset........................................................................................................................................................................................................

special form in MacLisp) for a program to trap all errors and prevent thedebugger from stepping in for certain errors.Rationale: Error handling of adequate exibility and power for all systems writtenin Common Lisp appears to require a complex error classi�cation system. Experiencewith several error-handling systems in such dialects as MacLisp and Lisp MachineLisp indicates that further experimentation is needed in this area; it is too earlyto de�ne a standard error-handling mechanism. Therefore Common Lisp providesstandard ways to signal errors, but no standard ways to handle errors. Of course acomplete Lisp system requires error-handling mechanisms, but many useful portableprograms do not require them. It is expected that a future revision of Common Lispwill address the problem of portable error-handling mechanisms.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This was the result of the research and experimentation720



ERRORS 721alluded to in the preceding paragraph. Conditions subsume and generalizethe notion of errors. The condition system also provides means for handlingconditions (of which errors are a special case) and for restarting a computationafter a condition has been signaled. See chapter 29.Compatibility note: What is here called \continuing," Lisp Machine Lisp calls\proceeding" from an error.In the new terminology introduced in chapter 29, what Lisp Machine Lisp called\proceeding" would be called \restarting," and \continuing" refers to the particularrestart named continue.24.1. General Error-Signaling FunctionsThe functions in this section provide various mechanisms for signaling warn-ings, breaks, continuable errors, and fatal errors.In each case, the caller speci�es an error message (a string) that may beprocessed (and perhaps displayed to the user) by the error-handling mecha-nism. All messages are constructed by applying the function format to thequantities nil, format-string, and all the args to produce a string.An error message string should not contain a newline character at eitherthe beginning or end, and should not contain any sort of herald indicatingthat it is an error. The system will take care of these according to whateverits preferred style may be.Conventionally, error messages are complete English sentences ending witha period. Newlines in the middle of long messages are acceptable. Thereshould be no indentation after a newline in the middle of an error message.The error message need not mention the name of the function that signals theerror; it is assumed that the debugger will make this information available.Implementation note: If the debugger in a particular implementation displayserror messages indented from the prevailing left margin (for example, indented byseven spaces because they are pre�xed by the seven-character herald \Error: "),then the debugger should take care of inserting the appropriate indentation into amulti-line error message. Similarly, a debugger that pre�xes error messages withsemicolons so that they appear to be comments should take care of inserting asemicolon at the beginning of each line in a multi-line error message. These rulesare suggested because, even within a single implementation, there may be more thanone program that presents error messages to the user, and they may use di�erentstyles of presentation. The caller of error cannot anticipate all such possible styles,and so it is incumbent upon the presenter of the message to make any necessaryadjustments.



722 COMMON LISPCommon Lisp does not specify the manner in which error messages andother messages are displayed. For the purposes of exposition, a fairly simplestyle of textual presentation will be used in the examples in this chapter. Thecharacter > is used to represent the command prompt symbol for a debugger.[Function]error format-string &rest argsThis function signals a fatal error. It is impossible to continue from this kind........................................................................................................................................................................................................

of error; thus error will never return to its caller.The debugger printout in the following example is typical of what an imple-mentation might print when error is called. Suppose that the (misspelled)symbol emergnecy-shutdown has no property named command (all too likely,as it is probably a typographical error for emergency-shutdown).(defun command-dispatch (cmd)(let ((fn (get cmd 'command)))(if (not (null fn))(funcall fn))(error "The command ~S is unrecognized." cmd))))(command-dispatch 'emergnecy-shutdown)Error: The command EMERGNECY-SHUTDOWN is unrecognized.Error signaled by function COMMAND-DISPATCH.> X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of error to specifyits interaction with the condition system. See section 29.4.1.Compatibility note: Lisp Machine Lisp calls this function ferror. MacLisp hasa function named error that takes di�erent arguments and can signal either a fatalor a continuable error. [Function]cerror continue-format-string error-format-string&rest argscerror is used to signal continuable errors. Like error, it signals an error and........................................................................................................................................................................................................

enters the debugger. However, cerror allows the program to be continuedfrom the debugger after resolving the error.If the program is continued after encountering the error, cerror returnsnil. The code that follows the call to cerror will then be executed. This



........................................................................................................................................................................................................

ERRORS 723code should correct the problem, perhaps by accepting a new value from theuser if a variable was invalid.If the code that corrects the problem interacts with the program's use andmight possibly be misled, it should make sure the error has really been cor-rected before continuing. One way to do this is to put the call to cerror andthe correction code in a loop, checking each time to see if the error has beencorrected before terminating the loop.The continue-format-string argument, like the error-format-string argu-ment, is given as a control string to format along with the args to construct amessage string. The error message string is used in the same way that erroruses it. The continue message string should describe the e�ect of continuing.The intent is that this message can be displayed as an aid to the user in de-ciding whether and how to continue. For example, it might be used by aninteractive debugger as part of the documentation of its \continue" command.The content of the continue message should adhere to the rules of style forerror messages. It should not include any statement of how the \continue"command is given, since this may be di�erent for each debugger. (It is up tothe debugger to supply this information according to its own particular styleof presentation and user interaction.)X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of cerror to specifyits interaction with the condition system. See section 29.4.1.Here is an example where the caller of cerror, if continued, �xes the prob-lem without any further user interaction:(let ((nvals (list-length vals)))(unless (UU nvals 3)(cond ((< nvals 3)(cerror "Assume missing values are zero.""Too few values in ~S;~%~three are required, ~but ~R ~:[were~;was~] supplied."nvals (UU nvals 1))(setq vals (append vals (subseq '(0 0 0) nvals))))(t (cerror "Ignore all values after the first three.""Too many values in ~S;~%~three are required, ~but ~R were supplied."nvals)(setq vals (subseq vals 0 3))))))



724 COMMON LISPIf vals were the list (-47), the interaction might look like this:Error: Too few values in (-47);three are required, but one was supplied.Error signaled by function EXAMPLE.If continued: Assume missing values are zero.>In this example, a loop is used to ensure that a test is satis�ed. (This examplecould be written more succinctly using assert or check-type, which indeedsupply such loops.)(do ()((known-wordp word) word)(cerror "You will be prompted for a replacement word.""~S is an unknown word (possibly misspelled)."word)(format *query-io* "~&New word: ")(setq word (read *query-io*)))In complex cases where the error-format-string uses some of the args andthe continue-format-string uses others, it may be necessary to use the formatdirectives ~* and ~@* to skip over unwanted arguments in one or both of theformat control strings.Compatibility note: The Lisp Machine Lisp function fsignal is similar to this,but returns :no-action rather than nil, and fails to distinguish between the errormessage and the continue message. [Function]warn format-string &rest argswarn prints an error message but normally doesn't go into the debugger.........................................................................................................................................................................................................

(However, this may be controlled by the variable *break-on-warnings*.)X3J13 voted in March 1989 h10i to remove *break-on-warnings* from thelanguage. See *break-on-signals*.warn returns nil.........................................................................................................................................................................................................

This function would be just the same as format with the output di-rected to the stream in error-output, except that warn may perform variousimplementation-dependent formatting and other actions. For example, an im-plementation of warn should take care of advancing to a fresh line before and



ERRORS 725after the error message and perhaps supplying the name of the function thatcalled warn.Compatibility note: The Lisp Machine Lisp function compiler:warn is an ap-proximate equivalent to this.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of warn to specify itsinteraction with the condition system. See section 29.4.9. [Variable]*break-on-warnings*........................................................................................................................................................................................................

If *break-on-warnings* is not nil, then the function warn behaves likebreak. It prints its message and then goes to the debugger or break loop.Continuing causes warn to return nil. This ag is intended primarily for usewhen the user is debugging programs that issue warnings; in \production"use, the value of *break-on-warnings* should be nil.X3J13 voted in March 1989 h10i to remove *break-on-warnings* from thelanguage. See *break-on-signals*. [Function]break &optional format-string &rest argsbreak prints the message and goes directly into the debugger, without allowing........................................................................................................................................................................................................

any possibility of interception by programmed error-handling facilities. (Rightnow, there aren't any error-handling facilities de�ned in Common Lisp, butthere might be in particular implementations, and there will be some de�nedby Common Lisp in the future.) When continued, break returns nil. It ispermissible to call break with no arguments; a suitable default message willbe provided.break is presumed to be used as a way of inserting temporary debugging\breakpoints" in a program, not as a way of signaling errors; it is expected thatcontinuing from a break will not trigger any unusual recovery action. For thisreason, break does not take the additional format control string argumentthat cerror takes. This and the lack of any possibility of interception byprogrammed error handling are the only program-visible di�erences betweenbreak and cerror. The interactive debugger may choose to display themdi�erently; for instance, a cerror message might be pre�xed with the herald\Error: " and a break message with \Break: ". This depends on the user-interface style of the particular implementation. A particular implementation
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726 COMMON LISPmay choose, according to its own style and needs, when break is called to gointo a debugger di�erent from the one used for handling errors. For example,it might go into an ordinary read-eval-print loop identical to the top-level oneexcept for the provision of a \continue" command that causes break to returnnil.Compatibility note: In MacLisp, break is a special form (FEXPR) that takestwo optional arguments. The �rst is a symbol (it would be a string if MacLisphad strings), which is not evaluated. The second is evaluated to produce a truthvalue specifying whether break should break (true) or return immediately (false). InCommon Lisp one makes a call to break conditional by putting it inside a conditionalform such as when or unless.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of break to specifyits interaction with the condition system. See section 29.4.11.24.2. Specialized Error-Signaling Forms and MacrosThese facilities are designed to make it convenient for the user to insert errorchecks into code. [Macro]check-type place typespec [string]check-type signals an error if the contents of place are not of the desired........................................................................................................................................................................................................

type. Upon continuing from this error, the user will be asked for a new value;check-type will store the new value in place and start over, checking the typeof the new value and signaling another error if it is still not of the desired type.Subforms of placemay be evaluated multiple times because of the implicit loopgenerated. check-type returns nil.The place must be a generalized variable reference acceptable to setf. Thetypespec must be a type speci�er; it is not evaluated. The string should bean English description of the type, starting with an inde�nite article (\a" or\an"); it is evaluated. If string is not supplied, it is computed automaticallyfrom typespec. (The optional string argument is allowed because some ap-plications of check-type may require a more speci�c description of what iswanted than can be generated automatically from the type speci�er.)The error message will mention place, its contents, and the desired type.The precise format and content of the error message is implementation-dependent. The example shown below is representative of current practice.



ERRORS 727Implementation note: An implementation may choose to generate a somewhatdi�erently worded error message if it recognizes that place is of a particular form,such as one of the arguments to the function that called check-type.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of check-type tospecify its interaction with the condition system. See section 29.4.2.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2).Examples:(setq aardvarks '(sam harry fred))(check-type aardvarks (vector integer))Error: The value of AARDVARKS, (SAM HARRY FRED),is not a vector of integers.(setq naards 'foo)(check-type naards (integer 0 *) "a positive integer")Error: The value of NAARDS, FOO, is not a positive integer.Compatibility note: In Lisp Machine Lisp the equivalent facility is called check-arg-type. [Macro]assert test-form [( fplaceg� ) [string fargg� ] ]assert signals an error if the value of test-form is nil. Continuing from this........................................................................................................................................................................................................

error will allow the user to alter the values of some variables, and assert willthen start over, evaluating test-form again. assert returns nil.test-form is any form. Each place (there may be any number of them, ornone) must be a generalized-variable reference acceptable to setf. Theseshould be variables on which test-form depends, whose values may sensiblybe changed by the user in attempting to correct the error. Subforms of eachplace are only evaluated if an error is signaled, and may be re-evaluated if theerror is re-signaled (after continuing without actually �xing the problem).The string is an error message string, and the args are additional arguments;they are evaluated only if an error is signaled, and re-evaluated if the error issignaled again. The function format is applied in the usual way to string andargs to produce the actual error message. If string is omitted (and thereforealso the args), a default error message is used.



728 COMMON LISPImplementation note: The debugger need not include the test-form in the errormessage, and the places should not be included in the message, but they should bemade available for the user's perusal. If the user gives the \continue" command,he should be presented with the opportunity to alter the values of any or all of thereferences. The details of this depend on the implementation's style of user interface,of course.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of assert to specifyits interaction with the condition system. See section 29.4.2.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2).X3J13 voted in June 1989 h159i to extend the speci�cation of assert to al-low a place whose setfmethod has more than one store variable (see define-setf-method).Examples:(assert (valve-closed-p v1))(assert (valve-closed-p v1) ()"Live steam is escaping!")(assert (valve-closed-p v1)((valve-manual-control v1))"Live steam is escaping!");; Note here that the user is invited to change BASE,;; but not the bounds MINBASE and MAXBASE.(assert (<UU minbase base maxbase)(base)"Base ~D is not in the range ~D, ~D"base minbase maxbase);; Note here that it is probably not desirable to include the;; entire contents of the two matrices in the error message.;; It is reasonable to assume that the debugger will give;; the user access to the values of the places A and B.



ERRORS 729(assert (UU (array-dimension a 1)(array-dimension b 0))(a b)"Cannot multiply a ~D-by-~D matrix ~and a ~D-by-~D matrix."(array-dimension a 0)(array-dimension a 1)(array-dimension b 0)(array-dimension b 1))24.3. Special Forms for Exhaustive Case AnalysisThe syntax for etypecase and ctypecase is the same as for typecase, exceptthat no otherwise clause is permitted. Similarly, the syntax for ecase andccase is the same as for case except for the otherwise clause.etypecase and ecase are similar to typecase and case, respectively, butsignal a non-continuable error rather than returning nil if no clause is se-lected.ctypecase and ccase are also similar to typecase and case, but signal acontinuable error if no clause is selected. [Macro]etypecase keyform f(type f formg� )g�This control construct is similar to typecase, but no explicit otherwise or t........................................................................................................................................................................................................

clause is permitted. If no clause is satis�ed, etypecase signals an error witha message constructed from the clauses. It is not permissible to continue fromthis error. To supply an application-speci�c error message, the user should usetypecase with an otherwise clause containing a call to error. The name ofthis function stands for \exhaustive type case" or \error-checking type case."For example:(setq x 1/3)(etypecase x(integer x)(symbol (symbol-value x)))Error: The value of X, 1/3, is neitheran integer nor a symbol.>



730 COMMON LISPX3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of etypecase tospecify its interaction with the condition system. See section 29.4.3. [Macro]ctypecase keyplace f(type f formg� )g�This control construct is similar to typecase, but no explicit otherwise or........................................................................................................................................................................................................

t clause is permitted. The keyplace must be a generalized variable referenceacceptable to setf. If no clause is satis�ed, ctypecase signals an error witha message constructed from the clauses. Continuing from this error causesctypecase to accept a new value from the user, store it into keyplace, andstart over, making the type tests again. Subforms of keyplacemaybe evaluatedmultiple times. The name of this function stands for \continuable exhaustivetype case."X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of ctypecase tospecify its interaction with the condition system. See section 29.4.3.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2). [Macro]ecase keyform f( f( fkeyg� ) j keyg f formg� )g�This control construct is similar to case, but no explicit otherwise or t........................................................................................................................................................................................................

clause is permitted. If no clause is satis�ed, ecase signals an error witha message constructed from the clauses. It is not permissible to continuefrom this error. To supply an error message, the user should use case withan otherwise clause containing a call to error. The name of this functionstands for \exhaustive case" or \error-checking case." For example:(setq x 1/3)(ecase x(alpha (foo))(omega (bar))((zeta phi) (baz)))Error: The value of X, 1/3, is notALPHA, OMEGA, ZETA, or PHI.X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of ecase to specifyits interaction with the condition system. See section 29.4.3.
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ERRORS 731[Macro]ccase keyplace f( f( fkeyg� ) j keyg f formg� )g�This control construct is similar to case, but no explicit otherwise or t........................................................................................................................................................................................................

clause is permitted. The keyplace must be a generalized variable referenceacceptable to setf. If no clause is satis�ed, ccase signals an error witha message constructed from the clauses. Continuing from this error causesccase to accept a new value from the user, store it into keyplace, and startover, making the clause tests again. Subforms of keyplace may be evaluatedmultiple times. The name of this function stands for \continuable exhaustivecase."X3J13 voted in June 1988 h30i to adopt a proposal for a Common LispCondition System. This proposal modi�es the de�nition of ccase to specifyits interaction with the condition system. See section 29.4.3.X3J13 voted in March 1988 h146i to clarify order of evaluation (see sec-tion 7.2).Rationale: The special forms etypecase, ctypecase, ecase, and ccase are in-cluded in Common Lisp, even though a user could write them himself using theother standard facilities provided, because it is likely that many users will wantthese. Common Lisp therefore provides a standard consistent set rather than allow-ing a variety of incompatible dialects to develop.In addition, experience has shown that some Lisp programmers are too lazy toput an appropriate otherwise clause into every case statement to check for casesthey didn't anticipate, even if they would agree that it will probably hurt themlater. If an otherwise clause can be included very easily by adding one characterto the name of the construct, it is perhaps more likely that programmers will takethe trouble to do it.The e versions do nothing more than supply automatically generated otherwiseclauses, but correct implementation of the c versions requires some care. It istherefore especially important that the c versions be provided by the system sousers don't have to puzzle them out on their own. Individual implementationsmay be able to do a better job of supporting these special forms, using their ownidiosyncratic facilities, than can be done using the error-signaling facilities de�nedby Common Lisp.



25Miscellaneous FeaturesIn this chapter are described various things that don't seem to �t neatly any-where else in this book: the compiler, the documentation function, debuggingaids, environment inquiries (including facilities for calculating and measuringtime), and the identity function.25.1. The CompilerThe compiler is a program that may make code run faster by translating........................................................................................................................................................................................................

programs into an implementation-dependent form that can be executed moree�ciently by the computer. Most of the time you can write programs with-out worrying about the compiler; compiling a �le of code should produce anequivalent but more e�cient program. When doing more esoteric things, youmay need to think carefully about what happens at \compile time" and whathappens at \load time." Then the di�erence between the syntaxes #--. and#--, becomes important, and the eval-when construct becomes particularlyuseful.X3J13 voted in January 1989 h162i to remove #--, from the language.Most declarations are not used by the Common Lisp interpreter; they maybe used to give advice to the compiler. The compiler may attempt to checkyour advice and warn you if it is inconsistent.Unlike most other Lisp dialects, Common Lisp recognizes special decla-rations in interpreted code as well as compiled code. This potential source ofincompatibility between interpreted and compiled code is thereby eliminatedin Common Lisp.The internal workings of a compiler will of course be highly implementation-dependent. The following functions provide a standard interface to the com-piler, however.732
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MISCELLANEOUS FEATURES 733[Function]compile name &optional de�nitionIf de�nition is supplied, it should be a lambda-expression, the interpreted........................................................................................................................................................................................................

function to be compiled. If it is not supplied, then name should be a sym-bol with a de�nition that is a lambda-expression; that de�nition is compiledand the resulting compiled code is put back into the symbol as its functionde�nition.X3J13 voted in October 1988 h18i to restate the preceding paragraph moreprecisely and to extend the capabilities of compile. If the optional de�nitionargument is supplied, it may be either a lambda-expression (which is coercedto a function) or a function to be compiled; if no de�nition is supplied, thesymbol-function of the symbol is extracted and compiled. It is permissiblefor the symbol to have a macro de�nition rather than a function de�nition;both macros and functions may be compiled.It is an error if the function to be compiled was de�ned interpretively in anon-null lexical environment. (An implementation is free to extend the be-havior of compile to compile such functions properly, but portable programsmay not depend on this capability.) The consequences of calling compile ona function that is already compiled are unspeci�ed.The de�nition is compiled and a compiled-function object produced. If........................................................................................................................................................................................................

name is a non-nil symbol, then the compiled-function object is installed asthe global function de�nition of the symbol and the symbol is returned. Ifname is nil, then the compiled-function object itself is returned. For example:(defun foo ...) ) foo ;A function de�nition(compile 'foo) ) foo ;Compile it;Now foo runs faster (maybe)(compile nil'(lambda (a b c) (- (* b b) (* 4 a c))))) a compiled function of three arguments that computes b2 � 4acX3J13 voted in June 1989 h24i to specify that compile returns two ad-ditional values indicating whether the compiler issued any diagnostics (seesection 25.1.1).X3J13 voted in March 1989 h89i to extend compile to accept as a name anyfunction-name (a symbol or a list whose car is setf|see section 7.1). Onemay write (compile '(setf cadr)) to compile the setf expansion functionfor cadr.
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734 COMMON LISP [Function]compile-file input-pathname &key :output-file........................................................................................................................................................................................................

The input-pathname must be a valid �le speci�er, such as a pathname. Thedefaults for input-�lename are taken from the variable *default-pathname-defaults*. The �le should be a Lisp source �le; its contents are compiledand written as a binary object �le.X3J13 voted in March 1989 h26i to add two new keyword arguments:verbose and :print to compile-file by analogy with load. The newfunction de�nition is as follows. [Function]compile-file input-pathname &key :output-file :verbose:printThe :verbose argument (which defaults to the value of *compile-verbose*),if true, permits compile-file to print a message in the form of a comment to*standard-output* indicating what �le is being compiled and other usefulinformation.The :print argument (which defaults to the value of *compile-print*), iftrue, causes information about top-level forms in the �le being compiled to beprinted to *standard-output*. Exactly what is printed is implementation-dependent; nevertheless something will be printed.X3J13 voted in March 1988 h132i to specify exactly which streams may beused as pathnames (see section 23.1.6).X3J13 voted in June 1989 h137i to clarify that supplying a wild path-name as the input-pathname argument to compile-file has implementation-dependent consequences; compile-file might signal an error, for example,or might compile all �les that match the wild pathname.X3J13 voted in June 1989 h130i to require compile-file to accept logicalpathnames (see section 23.1.5).The :output-file argument may be used to specify an output pathname;it defaults in a manner appropriate to the implementation's �le system con-ventions.X3J13 voted in June 1989 h24i to specify that compile-file returns threevalues: the truename of the output �le (or nil if the �le could not be created)and two values indicating whether the compiler issued any diagnostics (seesection 25.1.1).X3J13 voted in October 1988 h21i to specify that compile-file, like load,rebinds *package* to its current value. If some form in the �le changesthe value of *package*, the old value will be restored when compilation iscompleted.



MISCELLANEOUS FEATURES 735X3J13 voted in June 1989 h22i to specify restrictions on conforming pro-grams to ensure consistent handling of symbols and packages.In order to guarantee that compiled �les can be loaded correctly, the usermust ensure that the packages referenced in the �le are de�ned consistentlyat compile and load time. Conforming Common Lisp programs must satisfythe following requirements.. The value of *package* when a top-level form in the �le is processed bycompile-filemust be the same as the value of *package* when the codecorresponding to that top-level form in the compiled �le is executed by theloader. In particular, any top-level form in a �le that alters the value of*package* must change it to a package of the same name at both compileand load time; moreover, if the �rst non-atomic top-level form in the �le isnot a call to in-package, then the value of *package* at the time load iscalled must be a package with the same name as the package that was thevalue of *package* at the time compile-file was called.. For every symbol appearing lexically within a top-level form that was acces-sible in the package that was the value of *package* during processing ofthat top-level form at compile time, but whose home package was anotherpackage, at load time there must be a symbol with the same name thatis accessible in both the load-time *package* and in the package with thesame name as the compile-time home package.. For every symbol in the compiled �le that was an external symbol in itshome package at compile time, there must be a symbol with the same namethat is an external symbol in the package with the same name at load time.If any of these conditions do not hold, the package in which load looks forthe a�ected symbols is unspeci�ed. Implementations are permitted to signalan error or otherwise de�ne this behavior.These requirements are merely an explicit statement of the status quo,namely that users cannot depend on any particular behavior if the packageenvironment at load time is inconsistent with what existed at compile time.X3J13 voted in March 1989 h104i to specify that compile-file must bind*readtable* to its current value at the time compile-file is called; thedynamic extent of the binding should encompass all of the �le-loading activity.This allows a portable program to include forms such as



736 COMMON LISP(in-package "FOO")(eval-when (:execute :load-toplevel :compile-toplevel)(setq *readtable* foo:my-readtable))without performing a net global side e�ect on the loading environment. Suchstatements allow the remainder of such a �le to be read either as interpretedcode or by compile-file in a syntax determined by an alternative readtable.X3J13 voted in June 1989 h112i to require that compile-file bind twonew variables *compile-file-pathname* and *compile-file-truename*;the dynamic extent of the bindings should encompass all of the �le-compilingactivity. [Variable]*compile-verbose*X3J13 voted in March 1989 h26i to add *compile-verbose*. This variableprovides the default for the :verbose argument to compile-file. Its initialvalue is implementation-dependent.A proposal was submitted to X3J13 in October 1989 to rename this*compile-file-verbose* for consistency. [Variable]*compile-print*X3J13 voted in March 1989 h26i to add *compile-print*. This variableprovides the default for the :print argument to compile-file. Its initialvalue is implementation-dependent.A proposal was submitted to X3J13 in October 1989 to rename this*compile-file-print* for consistency. [Variable]*compile-file-pathname*X3J13 voted in June 1989 h112i to introduce *compile-file-pathname*; it isinitially nil but compile-file binds it to a pathname that represents the �lename given as the �rst argument to compile-file merged with the defaults(see merge-pathname). [Variable]*compile-file-truename*X3J13 voted in June 1989 h112i to introduce *compile-file-truename*; it isinitially nil but compile-file binds it to the \true name" of the pathnameof the �le being compiled. See truename.



MISCELLANEOUS FEATURES 737[Special form]load-time-value form [read-only-p]X3J13 voted in March 1989 h111i to add a mechanism for delaying evaluationof a form until it can be done in the run-time environment.If a load-time-value expression is seen by compile-file, the compilerperforms its normal semantic processing (such as macro expansion and trans-lation into machine code) on the form, but arranges for the execution of theform to occur at load time in a null lexical environment, with the result of thisevaluation then being treated as an immediate quantity (that is, as if origi-nally quoted) at run time. It is guaranteed that the evaluation of the formwill take place only once when the �le is loaded, but the order of evaluationwith respect to the execution of top-level forms in the �le is unspeci�ed.If a load-time-value expression appears within a function compiled withcompile, the form is evaluated at compile time in a null lexical environment.The result of this compile-time evaluation is treated as an immediate quantityin the compiled code.In interpreted code, form is evaluated (by eval) in a null lexical environ-ment and one value is returned. Implementations that implicitly compile (orpartially compile) expressions passed to eval may evaluate the form onlyonce, at the time this compilation is performed. This is intentionally simi-lar to the freedom that implementations are given for the time of expandingmacros in interpreted code.If the same (as determined by eq) list (load-time-value form) is evalu-ated or compiled more than once, it is unspeci�ed whether the form is evalu-ated only once or is evaluated more than once. This can happen both whenan expression being evaluated or compiled shares substructure and when thesame expression is passed to eval or to compile multiple times. Since aload-time-value expression may be referenced in more than one place andmay be evaluated multiple times by the interpreter, it is unspeci�ed whethereach execution returns a \fresh" object or returns the same object as someother execution. Users must use caution when destructively modifying theresulting object.If two lists (load-time-value form) are equal but not eq, their valuesalways come from distinct evaluations of form. Coalescing of these forms isnot permitted.The optional read-only-p argument designates whether the result may beconsidered a read-only constant. If nil (the default), the result must be con-sidered ordinary, modi�able data. If t, the result is a read-only quantity thatmay, as appropriate, be copied into read-only space and may, as appropriate,be shared with other programs. The read-only-p argument is not evaluated



738 COMMON LISPand only the literal symbols t and nil are permitted.This new feature addresses the same set of needs as the now-defunct #--,reader syntax but in a cleaner and more general manner. Note that #--, syntaxwas reliably useful only inside quoted structure (though this was not explicitlymentioned in the �rst edition), whereas a load-time-value formmust appearoutside quoted structure in a for-evaluation position.See make-load-form. [Function]disassemble name-or-compiled-functionThe argument should be a function object, a lambda-expression, or a symbolwith a function de�nition. If the relevant function is not a compiled function,it is �rst compiled. In any case, the compiled code is then \reverse-assembled"and printed out in a symbolic format. This is primarily useful for debuggingthe compiler, but also often of use to the novice who wishes to understandthe workings of compiled code.Implementation note: Implementors are encouraged to make the output readable,preferably with helpful comments.X3J13 voted in March 1988 h65i to clarify that when disassemble com-piles a function, it never installs the resulting compiled-function object in thesymbol-function of a symbol.X3J13 voted in March 1989 h89i to extend disassemble to accept as a nameany function-name (a symbol or a list whose car is setf|see section 7.1).Thus one may write (disassemble '(setf cadr)) to disassemble the setfexpansion function for cadr. [Function]function-lambda-expression fnX3J13 voted in January 1989 h88i to add a new function to allow the sourcecode for a de�ned function to be recovered. (The committee noted that the�rst edition provided no portable way to recover a lambda-expression once ithad been compiled or evaluated to produce a function.)This function takes one argument, which must be a function, and returnsthree values.The �rst value is the de�ning lambda-expression for the function, or nilif that information is not available. The lambda-expression may have beenpreprocessed in some ways but should nevertheless be of a form suitable as anargument to the function compile or for use in the function special form.



MISCELLANEOUS FEATURES 739The second value is nil if the function was de�nitely produced by closinga lambda-expression in the null lexical environment; it is some non-nil valueif the function might have been closed in some non-null lexical environment.The third value is the \name" of the function; this is nil if the name is notavailable or if the function had no name. The name is intended for debuggingpurposes only and may be any Lisp object (not necessarily one that would bevalid for use as a name in a defun or function special form, for example).Implementation note: An implementation is always free to return the valuesnil, t, nil from this function but is encouraged to make more useful informationavailable as appropriate. For example, it may not be desirable for �les of compiledcode to retain the source lambda-expressions for use after the �le is loaded, but itis probably desirable for functions produced by \in-core" calls to eval, compile, ordefun to retain the de�ning lambda-expression for debugging purposes. The func-tion function-lambda-expressionmakes this information, if retained, accessible ina standard and portable manner. [Macro]with-compilation-unit ( foption-name option-valueg� ) f formg�X3J13 voted in March 1989 h183i to add with-compilation-unit, whichexecutes the body forms as an implicit progn. Within the dynamic context ofthis form, warnings deferred by the compiler until \the end of compilation"will be deferred until the end of the outermost call to with-compilation-unit. The results are the same as those of the last of the forms (or nil ifthere is no form).Each option-name is an unevaluated keyword; each option-value is evalu-ated. The set of keywords permitted may be extended by the implementation,but the only standard option keyword is :override; the default value for thisoption is nil. If with-compilation-unit forms are nested dynamically, onlythe outermost such call has any e�ect unless the :override value of an innercall is true.The function compile-file should provide the e�ect of(with-compilation-unit (:override nil) ...)around its code.Any implementation-dependent extensions to this behavior may be pro-vided only as the result of an explicit programmer request by use of animplementation-dependent keyword. It is forbidden for an implementationto attach additional meaning to a conforming use of this macro.



740 COMMON LISPNote that not all compiler warnings are deferred. In some implementations,it may be that none are deferred. This macro only creates an interface to thecapability where it exists, it does not require the creation of the capability.An implementation that does not defer any compiler warnings may correctlyimplement this macro as an expansion into a simple progn.25.1.1. Compiler DiagnosticsX3J13 voted in June 1987 h27i to specify that compile and compile-filemay output warning messages; any such messages should go to the streamthat is the value of *error-output*.X3J13 voted in June 1989 h24i to specify the use of conditions to signalvarious erroneous situations during compilation. First, note that error andwarning conditions may be signaled either by the compiler itself or by codebeing processed by the compiler (for example, arbitrary errors may occur dur-ing compile-time macro expansion or processing of eval-when forms). Con-sidering only those conditions signaled by the compiler (as opposed to duringcompilation):. Conditions of type error may be signaled by the compiler in situationswhere the compilation cannot proceed without intervention. Examples ofsuch situations may include errors when opening a �le or syntax errors.. Conditions of type warning may be signaled by the compiler in situationswhere the standard explicitly states that a warning must, should, or may besignaled. They may also be signaled when the compiler can determine thata situation would result at runtime that would have unde�ned consequencesor would cause an error to be signaled. Examples of such situations mayinclude violations of type declarations, altering or rebinding a constantde�ned with defconstant, calls to built-in Lisp functions with too few ortoo many arguments or with malformed keyword argument lists, referringto a variable declared ignore, or unrecognized declaration speci�ers.. The compiler is permitted to signal diagnostics about matters of program-ming style as conditions of type style-warning, a subtype of warning.Although a style-warning condition may be signaled in these situations,no implementation is required to do so. However, if an implementation doeschoose to signal a condition, that condition will be of type style-warningand will be signaled by a call to the function warn. Examples of such situa-tions may include rede�nition of a function with an incompatible argumentlist, calls to functions (other than built-in functions) with too few or too



MISCELLANEOUS FEATURES 741many arguments or with malformed keyword argument lists, unreferencedlocal variables not declared ignore, or standard declaration speci�ers thatare ignored by the particular compiler in question.Both compile and compile-file are permitted (but not required) to estab-lish a handler for conditions of type error. Such a handler might, for example,issue a warning and restart compilation from some implementation-dependentpoint in order to let the compilation proceed without manual intervention.The functions compile and compile-file each return three values. Seethe de�nitions of these functions for descriptions of the �rst value. The sec-ond value is nil if no compiler diagnostics were issued, and true otherwise.The third value is nil if no compiler diagnostics other than style warningswere issued; a non-nil value indicates that there were \serious" compiler di-agnostics issued or that other conditions of type error or warning (but notstyle-warning) were signaled during compilation.25.1.2. Compiled FunctionsX3J13 voted in June 1989 h23i to impose certain requirements on the functionsproduced by the compilation process.If a function is of type compiled-function, then all macro calls appear-ing lexically within the function have already been expanded and will not beexpanded again when the function is called. The process of compilation e�ec-tively turns every macrolet or symbol-macrolet construct into a progn (ora locally) with all instances of the local macros in the body fully expanded.If a function is of type compiled-function, then all load-time-valueforms appearing lexically within the function have already been pre-evaluatedand will not be evaluated again when the function is called.Implementations are free to classify every function as a compiled-functionprovided that all functions satisfy the preceding requirements. Conversely, itis permissible for a function that is not a compiled-function to satisfy thepreceding requirements.If one or more functions are de�ned in a �le that is compiled with compile-file and the compiled �le is subsequently loaded by the function load, theresulting loaded function de�nitions must be of type compiled-function.The function compilemust produce an object of type compiled-functionas the value that is either returned or stored into the symbol-function of asymbol argument.Note that none of these restrictions addresses questions of the compilationtechnology or target instruction set. For example, a compiled function does



742 COMMON LISPnot necessarily consist of native machine instructions. These requirementsmerely specify the behavior of the type system with respect to certain actionstaken by compile, compile-file, and load.25.1.3. Compilation EnvironmentX3J13 voted in June 1989 h19i to specify what information must be availableat compile time for correct compilation and what need not be available untilrun time.The following informationmust be present in the compile-time environmentfor a program to be compiled correctly. This information need not also bepresent in the run-time environment.. In conforming code, macros referenced in the code being compiledmust havebeen previously de�ned in the compile-time environment. The compilermust treat as a function call any form that is a list whose car is a symbolthat does not name a macro or special form. (This implies that setfmethods must also be available at compile time.). In conforming code, proclamations for special variables must be made inthe compile-time environment before any bindings of those variables areprocessed by the compiler. The compiler must treat any binding of anundeclared variable as a lexical binding.The compiler may incorporate the following kinds of information into thecode it produces, if the information is present in the compile-time environmentand is referenced within the code being compiled; however, the compiler isnot required to do so. When compile-time and run-time de�nitions di�er,it is unspeci�ed which will prevail within the compiled code (unless someother behavior is explicitly speci�ed below). It is also permissible for animplementation to signal an error at run time on detecting such a discrepancy.In all cases, the absence of the information at compile time is not an error,but its presence may enable the compiler to generate more e�cient code.. The compiler may assume that functions that are de�ned and declaredinline in the compile-time environment will retain the same de�nitions atrun time.. The compiler may assume that, within a named function, a recursive callto a function of the same name refers to the same function, unless thatfunction has been declared notinline. (This permits tail-recursive calls ofa function to itself to be compiled as jumps, for example, thereby turningcertain recursive schemas into e�cient loops.)



MISCELLANEOUS FEATURES 743. In the absence of notinline declarations to the contrary, compile-filemay assume that a call within the �le being compiled to a named functionthat is de�ned in that �le refers to that function. (This rule permits blockcompilation of �les.) The behavior of the program is unspeci�ed if functionsare rede�ned individually at run time.. The compiler may assume that the signature (or \interface contract") of allbuilt-in Common Lisp functions will not change. In addition, the compilermay treat all built-in CommonLisp functions as if they had been proclaimedinline.. The compiler may assume that the signature (or \interface contract") offunctions with ftype information available will not change.. The compiler may \wire in" (that is, open-code or inline) the values of sym-bolic constants that have been de�ned with defconstant in the compile-time environment.. The compiler may assume that any type de�nition made with defstructor deftype in the compile-time environment will retain the same de�nitionin the run-time environment. It may also assume that a class de�ned bydefclass in the compile-time environment will be de�ned in the run-timeenvironment in such a way as to have the same superclasses and metaclass.This implies that subtype/supertype relationships of type speci�ers will notchange between compile time and run time. (Note that it is not an errorfor an unknown type to appear in a declaration at compile time, althoughit is reasonable for the compiler to emit a warning in such a case.). The compiler may assume that if type declarations are present in thecompile-time environment, the corresponding variables and functionspresent in the run-time environment will actually be of those types. If thisassumption is violated, the run-time behavior of the program is unde�ned.The compiler must not make any additional assumptions about consistencybetween the compile-time and run-time environments. In particular, the com-piler may not assume that functions that are de�ned in the compile-time en-vironment will retain either the same de�nition or the same signature at runtime, except as described above. Similarly, the compiler may not signal anerror if it sees a call to a function that is not de�ned at compile time, sincethat function may be provided at run time.X3J13 voted in January 1989 h20i to specify the compile-time side e�ectsof processing various macro forms.



744 COMMON LISPCalls to de�ning macros such as defmacro or defvar appearing within a�le being processed by compile-file normally have compile-time side ef-fects that a�ect how subsequent forms in the same �le are compiled. Aconvenient model for explaining how these side e�ects happen is that eachde�ning macro expands into one or more eval-when forms and that compile-time side e�ects are caused by calls occurring in the body of an (eval-when(:compile-toplevel) ...) form.The a�ected de�ning macros and their speci�c side e�ects are as follows.In each case, it is identi�ed what a user must do to ensure that a programis conforming, and what a compiler must do in order to correctly process aconforming program.deftypeThe user must ensure that the body of a deftype form is evaluable at compiletime if the type is referenced in subsequent type declarations. The compilermust ensure that a type speci�er de�ned by deftype is recognized in subse-quent type declarations. If the expansion of a type speci�er is not de�ned fullyat compile time (perhaps because it expands into an unknown type speci�eror a satisfies of a named function that isn't de�ned in the compile-timeenvironment), an implementation may ignore any references to this type indeclarations and may signal a warning.defmacro and define-modify-macroThe compiler must store macro de�nitions at compile time, so that occur-rences of the macro later on in the �le can be expanded correctly. The usermust ensure that the body of the macro is evaluable at compile time if it isreferenced within the �le being compiled.defunNo required compile-time side e�ects are associated with defun forms. Inparticular, defun does not make the function de�nition available at compiletime. An implementationmay choose to store information about the functionfor the purposes of compile-time error checking (such as checking the numberof arguments on calls) or to permit later inline expansion of the function.defvar and defparameterThe compiler must recognize that the variables named by these forms havebeen proclaimed special. However, it must not evaluate the initial-valueform or set the variable at compile time.



MISCELLANEOUS FEATURES 745defconstantThe compiler must recognize that the symbol names a constant. An imple-mentation may choose to evaluate the value-form at compile time, load time,or both. Therefore the user must ensure that the value-form is evaluable atcompile time (regardless of whether or not references to the constant appearin the �le) and that it always evaluates to the same value. (There has beenconsiderable variance among implementations on this point. The e�ect of thisspeci�cation is to legitimize all of the implementation variants by requiringcare of the user.)defsetf and define-setf-methodThe compiler must make setf methods available so that they may be used toexpand calls to setf later on in the �le. Users must ensure that the body ofa call to define-setf-method or the complex form of defsetf is evaluableat compile time if the corresponding place is referred to in a subsequent setfin the same �le. The compiler must make these setf methods available tocompile-time calls to get-setf-method when its environment argument is avalue received as the &environment parameter of a macro.defstructThe compiler must make the structure type name recognized as a valid typename in subsequent declarations (as described above for deftype) and makethe structure slot accessors known to setf. In addition, the compiler mustsave enough information so that further defstruct de�nitions can include(with the :include option) a structure type de�ned earlier in the �le beingcompiled. The functions that defstruct generates are not de�ned in thecompile-time environment, although the compiler may save enough informa-tion about the functions to allow inline expansion of subsequent calls tothese functions. The #--S reader syntax may or may not be available for thatstructure type at compile time.define-conditionThe rules are essentially the same as those for defstruct. The compiler mustmake the condition type recognizable as a valid type name, and it must bepossible to reference the condition type as the parent-type of another conditiontype in a subsequent define-condition form in the �le being compiled.defpackageAll of the actions normally performed by the defpackage macro at load time



746 COMMON LISPmust also be performed at compile time.Compile-time side e�ects may cause information about a de�nition to bestored in a di�erent manner from information about de�nitions processed ei-ther interpretively or by loading a compiled �le. In particular, the informationstored by a de�ning macro at compile time may or may not be available tothe interpreter (either during or after compilation) or during subsequent callsto compile or compile-file. For example, the following code is not portablebecause it assumes that the compiler stores the macro de�nition of foo whereit is available to the interpreter.(defmacro foo (x) `(car ,x))(eval-when (:execute :compile-toplevel :load-toplevel)(print (foo '(a b c)))) ;WrongThe goal may be accomplished portably by including the macro de�nitionwithin the eval-when form:(eval-when (eval compile load)(defmacro foo (x) `(car ,x))(print (foo '(a b c)))) ;RightdeclaimX3J13 voted in June 1989 h144i to add a new macro declaim for makingproclamations recognizable at compile time. The declaration speci�ers inthe declaim form are e�ectively proclaimed at compile time so as to a�ectcompilation of subsequent forms. (Note that compiler processing of a callto proclaim does not have any compile-time side e�ects, for proclaim is afunction.)in-packageX3J13 voted in March 1989 h103i to specify that all of the actions normallyperformed by the in-package macro at load time must also be performed atcompile time.X3J13 voted in June 1989 h13i to specify the compile-time side e�ects of pro-cessing various CLOS-related macro forms. Top-level calls to the CLOS de�n-ing macros have the following compile-time side e�ects; any other compile-time behavior is explicitly left unspeci�ed.



MISCELLANEOUS FEATURES 747defclassThe class namemay appear in subsequent type declarations and can be used asa specializer in subsequent defmethod forms. Thus the compile-time behaviorof defclass is similar to that of deftype or defstruct.defgenericThe generic function can be referenced in subsequent defmethod forms, butthe compiler does not arrange for the generic function to be callable at compiletime.defmethodThe compiler does not arrange for the method to be callable at compile time.If there is a generic function with the same name de�ned at compile time,compiling a defmethod form does not add the method to that generic function;the method is added to the generic function only when the defmethod formis actually executed.The error-signaling behavior described in the speci�cation of defmethod inchapter 28 (if the function isn't a generic function or if the lambda-list is notcongruent) occurs only when the de�ning form is executed, not at compiletime.The forms in eql parameter specializers are evaluated when the defmethodform is executed. The compiler is permitted to build in knowledge about whatthe form in an eql specializer will evaluate to in cases where the ultimateresult can be syntactically inferred without actually evaluating it.define-method-combinationThe method combination can be used in subsequent defgeneric forms.The body of a define-method-combination form is evaluated no earlierthan when the de�ning macro is executed and possibly as late as genericfunction invocation time. The compiler may attempt to evaluate these formsat compile time but must not depend on being able to do so.25.1.4. Similarity of ConstantsX3J13 voted in March 1989 h34i to specify what objects can be in compiledconstants and what relationship there must be between a constant passed tothe compiler and the one that is established by compiling it and then loadingits �le.



748 COMMON LISPThe key is a de�nition of an equivalence relationship called \similarity asconstants" between Lisp objects. Code passed through the �le compiler andthen loaded must behave as though quoted constants in it are similar in thissense to quoted constants in the corresponding source code. An object maybe used as a quoted constant processed by compile-file if and only if thecompiler can guarantee that the resulting constant established by loading thecompiled �le is \similar as a constant" to the original. Speci�c requirementsare spelled out below.Some types of objects, such as streams, are not supported in constantsprocessed by the �le compiler. Such objects may not portably appear as con-stants in code processed with compile-file. Conforming implementationsare required to handle such objects either by having the compiler or loaderreconstruct an equivalent copy of the object in some implementation-speci�cmanner or by having the compiler signal an error.Of the types supported in constants, some are treated as aggregate objects.For these types, being similar as constants is de�ned recursively. We say thatan object of such a type has certain \basic attributes"; to be similar as aconstant to another object, the values of the corresponding attributes of thetwo objects must also be similar as constants.A de�nition of this recursive form has problems with any circular or in-�nitely recursive object such as a list that is an element of itself. We usethe idea of depth-limited comparison and say that two objects are similar asconstants if they are similar at all �nite levels. This idea is implicit in thede�nitions below, and it applies in all the places where attributes of two ob-jects are required to be similar as constants. The question of handling circularconstants is the subject of a separate vote by X3J13 (see below).The following terms are used throughout this section. The term constantrefers to a quoted or self-evaluating constant, not a named constant de�ned bydefconstant. The term source code is used to refer to the objects constructedwhen compile-file calls read (or the equivalent) and to additional objectsconstructed by macro expansion during �le compilation. The term compiledcode is used to refer to objects constructed by load.Two objects are similar as a constant if and only if they are both of one ofthe types listed below and satisfy the additional requirements listed for thattype.numberTwo numbers are similar as constants if they are of the same type and repre-sent the same mathematical value.



MISCELLANEOUS FEATURES 749characterTwo characters are similar as constants if they both represent the same char-acter. (The intent is that this be compatible with how eql is de�ned oncharacters.)symbolX3J13 voted in June 1989 h22i to de�ne similarity as a constant for internedsymbols. A symbol S appearing in the source code is similar as a constant toa symbol S 0 in the compiled code if their print names are similar as constantsand either of the following conditions holds:. S is accessible in *package* at compile time and S 0 is accessible in*package* at load time.. S 0 is accessible in the package that is similar as a constant to the homepackage of symbol S.The \similar as constants" relationship for interned symbols has nothing todo with *readtable* or how the function read would parse the characters inthe print name of the symbol.An uninterned symbol in the source code is similar as a constant to anuninterned symbol in the compiled code if their print names are similar asconstants.packageA package in the source code is similar as a constant to a package in thecompiled code if their names are similar as constants. Note that the loader�nds the corresponding package object as if by calling find-package withthe package name as an argument. An error is signaled if no package of thatname exists at load time.random-stateWe say that two random-state objects are functionally equivalent if applyingrandom to them repeatedly always produces the same pseudo-random numbersin the same order.Two random-states are similar as constants if and only if copies of themmade via make-random-state are functionally equivalent. (Note that a con-stant random-state object cannot be used as the state argument to the func-tion random because random performs a side e�ect on that argument.)



750 COMMON LISPconsTwo conses are similar as constants if the values of their respective car andcdr attributes are similar as constants.arrayTwo arrays are similar as constants if the corresponding values of each ofthe following attributes are similar as constants: for vectors (one-dimensionalarrays), the length and element-type and the result of elt for all validindices; for all other arrays, the array-rank, the result of array-dimensionfor all valid axis numbers, the array-element-type, and the result of areffor all valid indices. (The point of distinguishing vectors is to take any �llpointers into account.)If the array in the source code is a simple-array, then the correspondingarray in the compiled code must also be a simple-array, but if the arrayin the source code is displaced, has a �ll pointer, or is adjustable, the corre-sponding array in the compiled code is permitted to lack any or all of thesequalities.hash-tableTwo hash tables are similar as constants if they meet three requirements.First, they must have the same test (for example, both are eql hash tablesor both are equal hash tables). Second, there must be a unique bijective cor-respondence between the keys of the two tables, such that the correspondingkeys are similar as constants. Third, for all keys, the values associated withtwo corresponding keys must be similar as constants.If there is more than one possible one-to-one correspondence between thekeys of the two tables, it is unspeci�ed whether the two tables are similar asconstants. A conforming program cannot use such a table as a constant.pathnameTwo pathnames are similar as constants if all corresponding pathname com-ponents are similar as constants.stream, readtable, and methodObjects of these types are not supported in compiled constants.functionX3J13 voted in June 1989 h35i to specify that objects of type function arenot supported in compiled constants.



MISCELLANEOUS FEATURES 751structure and standard-objectX3J13 voted in March 1989 h110i to introduce a facility based on the CommonLisp Object System whereby a user can specify how compile-file and loadmust cooperate to reconstruct compile-time constant objects at load time (seemake-load-form).X3J13 voted in March 1989 h33i to specify the circumstances under whichconstants may be coalesced in compiled code.Suppose A and B are two objects used as quoted constants in the sourcecode, and that A0 and B 0 are the corresponding objects in the compiled code.If A0 and B 0 are eql but A and B were not eql, then we say that A and Bhave been coalesced by the compiler.An implementation is permitted to coalesce constants appearing in code tobe compiled if and only if they are similar as constants, except that objects oftype symbol, package, structure, or standard-object obey their own rulesand may not be coalesced by a separate mechanism.Rationale: Objects of type symbol and package cannot be coalesced because thefact that they are named, interned objects means they are already as coalesced as itis useful for them to be. Uninterned symbols could perhaps be coalesced, but thatwas thought to be more dangerous than useful. Structures and objects could becoalesced if a \similar as a constant" predicate were de�ned for them; it would be ageneric function. However, at present there is no such predicate. Currently make-load-form provides a protocol by which compile-file and load work together toconstruct an object in the compiled code that is equivalent to the object in thesource code; a di�erent mechanism would have to be added to permit coalescing.Note that coalescing is possible only because it is forbidden to destructivelymodify constants h36i (see quote).X3J13 voted in March 1989 h32i to specify that objects containing circularor in�nitely recursive references may legitimately appear as constants to becompiled. The compiler is required to preserve eql-ness of substructureswithin a �le compiled by compile-file.25.2. Documentation........................................................................................................................................................................................................

A simple facility is provided for attaching strings to symbols for the purposeof on-line documentation. Rather than using the property list of the symbol,a separate function documentation is provided so that implementations canoptimize the storage of documentation strings.



........................................................................................................................................................................................................

752 COMMON LISP [Function]documentation symbol doc-typeThis function returns the documentation string of type doc-type for the symbol,or nil if none exists. Both arguments must be symbols. Some kinds of docu-mentation are provided automatically by certain Common Lisp constructs ifthe user writes an optional documentation string within them:Construct Documentation Typedefvar variabledefparameter variabledefconstant variabledefun functiondefmacro functiondefstruct structuredeftype typedefsetf setf........................................................................................................................................................................................................

In addition, names of special forms may also have function documentation.(Macros and special forms are not really functions, of course, but it is conve-nient to group them with functions for documentation purposes.)setf may be used with documentation to update documentation informa-tion.X3J13 voted in June 1988 h12i to make documentation a CLOS genericfunction (see chapter 28).X3J13 voted in March 1989 h89i to extend documentation to acceptany function-name (a symbol or a list whose car is setf|see section 7.1).Thus one may write (documentation '(setf cadr) 'function) to deter-mine whether there is any documentation for a setf expansion function forcadr.25.3. Debugging ToolsThe utilities described in this section are su�ciently complex and su�cientlydependent on the host environment that their complete de�nition is beyondthe scope of this book. However, they are also su�ciently useful to warrantmention here. It is expected that every implementation will provide someversion of these utilities, however clever or however simple.



........................................................................................................................................................................................................

MISCELLANEOUS FEATURES 753[Macro]trace f function-nameg� [Macro]untrace f function-nameg�Invoking trace with one or more function-names (symbols) causes the func-........................................................................................................................................................................................................

tions named to be traced. Henceforth, whenever such a function is invoked,information about the call, the arguments passed, and the eventually returnedvalues, if any, will be printed to the stream that is the value of *trace-output*. For example:(trace fft gcd string-upcase)If a function call is open-coded (possibly as a result of an inline declaration),then such a call may not produce trace output.Invoking untrace with one or more function names will cause those func-tions not to be traced any more.Tracing an already traced function, or untracing a function not currentlybeing traced, should produce no harmful e�ects but may produce a warningmessage.Calling trace with no argument forms will return a list of functions cur-rently being traced.Calling untrace with no argument forms will cause all currently tracedfunctions to be no longer traced.X3J13 voted in March 1989 h89i to extend trace and untrace to accept anyfunction-name (a symbol or a list whose car is setf|see section 7.1). Thusone may write (trace (setf cadr)) to trace the setf expansion functionfor cadr.X3J13 voted in January 1989 h156i to specify that the values returnedby trace and untrace when given argument forms are implementation-dependent.trace and untrace may also accept additional implementation-dependentargument formats. The format of the trace output is implementation-dependent. [Macro]step formThis evaluates form and returns what form returns. However, the user isallowed to interactively \single-step" through the evaluation of form, at leastthrough those evaluation steps that are performed interpretively. The natureof the interaction is implementation-dependent. However, implementationsare encouraged to respond to the typing of the character ? by providing help,including a list of commands.



754 COMMON LISPX3J13 voted in January 1989 h166i to clarify that step evaluates its argu-ment form in the current lexical environment (not simply a null environment),and that calls to stepmay be compiled, in which case an implementationmaystep through only those parts of the evaluation that are interpreted. (In otherwords, the form itself is unlikely to be stepped, but if executing it happens toinvoke interpreted code, then that code may be stepped.) [Macro]time formThis evaluates form and returns what form returns. However, as a side e�ect,various timing data and other information are printed to the stream that is thevalue of *trace-output*. The nature and format of the printed informationis implementation-dependent. However, implementations are encouraged toprovide such information as elapsed real time, machine run time, storagemanagement statistics, and so on.Compatibility note: This facility is inspired by the Interlisp facility of the samename. Note that the MacLisp/Lisp Machine Lisp function time does something elseentirely, namely return a quantity indicating relative elapsed real time.X3J13 voted in January 1989 h166i to clarify that time evaluates its argu-ment form in the current lexical environment (not simply a null environment),and that calls to time may be compiled. [Function]describe object........................................................................................................................................................................................................

describe prints, to the stream in the variable *standard-output*, informa-tion about the object. Sometimes it will describe something that it �nds insidesomething else; such recursive descriptions are indented appropriately. For in-stance, describe of a symbol will exhibit the symbol's value, its de�nition,and each of its properties. describe of a oating-point number will exhibitits internal representation in a way that is useful for tracking down round-o�errors and the like. The nature and format of the output is implementation-dependent.describe returns no values (that is, it returns what the expression(values) returns: zero values).X3J13 voted in March 1989 h63i to let describe take an optional secondargument:



MISCELLANEOUS FEATURES 755[Function]describe object &optional streamThe output is sent to the speci�ed stream, which defaults to the valueof *standard-output*; the stream may also be nil (meaning *standard-output*) or t (meaning *terminal-io*).The behavior of describe depends on the generic function describe-object (see below).X3J13 voted in January 1989 h62i to specify that describe is forbiddento prompt for or require user input when given exactly one argument; italso voted to permit implementations to extend describe to accept keywordarguments that may cause it to prompt for or to require user input.[Generic function]describe-object object stream [Primary method ]describe-object (object standard-object) streamX3J13 voted in March 1989 h63i to add the generic function describe-object, which writes a description of an object to a stream. The functiondescribe-object is called by the describe function; it should not be calledby the user.Each implementationmust provide a method on the class standard-objectand methods on enough other classes to ensure that there is always an ap-plicable method. Implementations are free to add methods for other classes.Users can write methods for describe-object for their own classes if theydo not wish to inherit an implementation-supplied method.The �rst argument may be any Lisp object. The second argument is astream; it cannot be t or nil. The values returned by describe-object areunspeci�ed.Methods on describe-objectmay recursively call describe. Indentation,depth limits, and circularity detection are all taken care of automatically,provided that each method handles exactly one level of structure and callsdescribe recursively if there are more structural levels. If this rule is notobeyed, the results are unde�ned.In some implementations the stream argument passed to a describe-object method is not the original stream but is an intermediate stream thatimplements parts of describe. Methods should therefore not depend on theidentity of this stream.Rationale: This proposal was closely modeled on the CLOS description of print-object, which was well thought out and provides a great deal of functionality and



756 COMMON LISPimplementation freedom. Implementation techniques for print-object are applica-ble to describe-object.The reason for making the return values for describe-object unspeci�ed is toavoid forcing users to write (values) explicitly in all their methods; describe shouldtake care of that. [Function]inspect objectinspect is an interactive version of describe. The nature of the interactionis implementation-dependent, but the purpose of inspect is to make it easyto wander through a data structure, examining and modifying parts of it.Implementations are encouraged to respond to the typing of the character ?by providing help, including a list of commands.X3J13 voted in January 1989 h156i to specify that the values returned byinspect are implementation-dependent. [Function]room &optional xroom prints, to the stream in the variable *standard-output*, informationabout the state of internal storage and its management. This might includedescriptions of the amount of memory in use and the degree of memory com-paction, possibly broken down by internal data type if that is appropriate. Thenature and format of the printed information is implementation-dependent.The intent is to provide information that may help a user to tune a programto a particular implementation.(room nil) prints out a minimal amount of information. (room t) printsout a maximal amount of information. Simply (room) prints out an interme-diate amount of information that is likely to be useful.X3J13 voted in January 1989 h157i to specify that the argument x may alsobe the keyword :default, which has the same e�ect as passing no argumentat all. [Function]ed &optional xIf the implementation provides a resident editor, this function should invokeit.(ed) or (ed nil) simply enters the editor, leaving you in the same stateas the last time you were in the editor.(ed pathname) edits the contents of the �le speci�ed by pathname. Thepathname may be an actual pathname or a string.



MISCELLANEOUS FEATURES 757X3J13 voted in June 1989 h130i to require ed to accept logical pathnames(see section 23.1.5).(ed symbol) tries to let you edit the text for the function named sym-bol. The means by which the function text is obtained is implementation-dependent; it might involve searching the �le system, or pretty printing resi-dent interpreted code, for example.X3J13 voted in March 1989 h89i to extend compile to accept as a nameany function-name (a symbol or a list whose car is setf|see section 7.1).Thus one may write (ed '(setf cadr)) to edit the setf expansion functionfor cadr. [Function]dribble &optional pathname(dribble pathname) may rebind *standard-input* and *standard-output*, and may take other appropriate action, so as to send a record of theinput/output interaction to a �le named by pathname. The primary purposeof this is to create a readable record of an interactive session.(dribble) terminates the recording of input and output and closes thedribble �le.X3J13 voted in June 1989 h130i to require dribble to accept logical path-names (see section 23.1.5).X3J13 voted in March 1988 h68i to clarify that dribble is intended pri-marily for interactive debugging and that its e�ect cannot be relied upon foruse in portable programs.Di�erent implementations of Common Lisp have used radically di�erenttechniques for implementing dribble. All are reasonable interpretations ofthe original speci�cation, and all behave in approximately the same way ifdribble is called only from the interactive top level. However, they may havequite di�erent behaviors if dribble is called from within compound forms.Consider two models of the operation of dribble. In the \redirecting"model, a call to dribble with a pathname argument alters certain globalvariables such as *standard-output*, perhaps by constructing a broadcaststream directed to both the original value of *standard-output* and to thedribble �le; other streams may be a�ected as well. A call to dribble with noarguments undoes these side e�ects.In the \recursive" model, by contrast, a call to dribble with a pathnameargument creates a new interactive command loop and calls it recursively.This new command loop is just like an ordinary read-eval-print loop exceptthat it also echoes the interaction to the dribble �le. A call to dribble with



758 COMMON LISPno arguments does a throw that exits the recursive command loop and returnsto the original caller of dribble with an argument.The two models may be distinguished by this test case:(progn (dribble "basketball")(print "Larry")(dribble)(princ "Bird"))If this form is input to the Lisp top level, in either model a newline (providedby the function print) and the words Larry Bird will be printed to thestandard output. The redirecting dribble model will additionally print all butthe word Bird to a �le named basketball.By contrast, the recursive dribble model will enter a recursive commandloop and not print anything until (dribble) is executed from within the newinteractive command loop. At that time the �le named basketball will beclosed, and then execution of the progn form will be resumed. A newline and\Larry " (note the trailing space) will be printed to the standard output,and then the call (dribble)may complain that there is no active dribble �le.Once this error is resolved, the word Bird may be printed to the standardoutput.Here is a slightly di�erent test case:(dribble "baby-food")(progn (print "Mashed banana")(dribble)(princ "and cream of rice"))If this form is input to the Lisp top level, in the redirecting model a newlineand the words Mashed banana and cream of rice will be printed to thestandard output and all but the words and cream of rice will be sent to a�le named baby-food.The recursive model will direct exactly the same output to the �le namedbaby-food but will never print the words and cream of rice to the standardoutput because the call (dribble) does not return normally; it throws.The redirecting model may be intuitively more appealing to some. Therecursive model, however, may be more robust; it carefully limits the extentof the dribble operation and disables dribbling if a throw of any kind occurs.The vote by X3J13 was an explicit decision not to decide which model to use.Users are advised to call dribble only interactively, at top level.



MISCELLANEOUS FEATURES 759[Function]apropos string &optional package [Function]apropos-list string &optional package(apropos string) tries to �nd all available symbols whose print names containstring as a substring. (A symbol may be supplied for the string, in which casethe print name of the symbol is used.) Whenever apropos �nds a symbol,it prints out the symbol's name; in addition, information about the functionde�nition and dynamic value of the symbol, if any, is printed. If packageis speci�ed and not nil, then only symbols available in that package areexamined; otherwise \all" packages are searched, as if by do-all-symbols.Because a symbol may be available by way of more than one inheritance path,apropos may print information about the same symbol more than once. Theinformation is printed to the stream that is the value of *standard-output*.apropos returns no values (that is, it returns what the expression (values)returns: zero values).apropos-list performs the same search that apropos does but prints noth-ing. It returns a list of the symbols whose print names contain string as asubstring.25.4. Environment InquiriesEnvironment inquiry functions provide information about the environment inwhich a Common Lisp program is being executed. They are described herein two categories: �rst, those dealing with determination and measurement oftime, and second, all the others, most of which deal with identi�cation of thecomputer hardware and software.25.4.1. Time FunctionsTime is represented in three di�erent ways in Common Lisp: Decoded Time,Universal Time, and Internal Time. The �rst two representations are usedprimarily to represent calendar time and are precise only to one second. Inter-nal Time is used primarily to represent measurements of computer time (suchas run time) and is precise to some implementation-dependent fraction of asecond, as speci�ed by internal-time-units-per-second. Decoded Timeformat is used only for absolute time indications. Universal Time and InternalTime formats are used for both absolute and relative times.Decoded Time format represents calendar time as a number of components:. Second: an integer between 0 and 59, inclusive.



760 COMMON LISP. Minute: an integer between 0 and 59, inclusive.. Hour: an integer between 0 and 23, inclusive.. Date: an integer between 1 and 31, inclusive (the upper limit actuallydepends on the month and year, of course).. Month: an integer between 1 and 12, inclusive; 1 means January, 12 meansDecember.. Year: an integer indicating the year A.D. However, if this integer is between0 and 99, the \obvious" year is used; more precisely, that year is assumedthat is equal to the integer modulo 100 and within �fty years of the currentyear (inclusive backwards and exclusive forwards). Thus, in the year 1978,year 28 is 1928 but year 27 is 2027. (Functions that return time in thisformat always return a full year number.)Compatibility note: This is incompatible with the Lisp Machine Lisp de�nitionin two ways. First, in Lisp Machine Lisp a year between 0 and 99 always has 1900added to it. Second, in Lisp Machine Lisp time functions return the abbreviated yearnumber between 0 and 99 rather than the full year number. The incompatibilityis prompted by the imminent arrival of the twenty-�rst century. Note that (modyear 100) always reliably converts a year number to the abbreviated form, whilethe inverse conversion can be very di�cult.. Day-of-week: an integer between 0 and 6, inclusive; 0 means Monday, 1means Tuesday, and so on; 6 means Sunday.. Daylight-saving-time-p: a ag that, if not nil, indicates that daylight savingtime is in e�ect.. Time-zone: an integer speci�ed as the number of hours west of GMT(Greenwich Mean Time). For example, in Massachusetts the time zoneis 5, and in California it is 8. Any adjustment for daylight saving time isseparate from this.X3J13 voted in March 1989 h178i to specify that the time zone part ofDecoded Time need not be an integer, but may be any rational number (eitheran integer or a ratio) in the range -24 to 24 (inclusive on both ends) that isan integral multiple of 1/3600.Rationale: For all possible time designations to be accommodated, it is necessaryto allow the time zone to be non-integral, for some places in the world have timestandards o�set from Greenwich Mean Time by a non-integral number of hours.



MISCELLANEOUS FEATURES 761There appears to be no user demand for oating-point time zones. Since suchzones would introduce inexact arithmetic, X3J13 did not consider adding them atthis time.This speci�cation does require time zones to be represented as integral multiplesof 1 second (rather than 1 hour). This prevents problems that could otherwise occurin converting Decoded Time to Universal Time.Universal Time represents time as a single non-negative integer. For relativetime purposes, this is a number of seconds. For absolute time, this is thenumber of seconds since midnight, January 1, 1900 GMT. Thus the time1 is 00:00:01 (that is, 12:00:01 A.M.) on January 1, 1900 GMT. Similarly,the time 2398291201 corresponds to time 00:00:01 on January 1, 1976 GMT.Recall that the year 1900 was not a leap year; for the purposes of CommonLisp, a year is a leap year if and only if its number is divisible by 4, except thatyears divisible by 100 are not leap years, except that years divisible by 400 areleap years. Therefore the year 2000 will be a leap year. (Note that the \leapseconds" that are sporadically inserted by the world's o�cial timekeepers asan additional correction are ignored; Common Lisp assumes that every dayis exactly 86400 seconds long.) Universal Time format is used as a standardtime representation within the ARPANET; see reference [22]. Because theCommon Lisp Universal Time representation uses only non-negative integers,times before the base time of midnight, January 1, 1900 GMT cannot beprocessed by Common Lisp.Internal Time also represents time as a single integer, but in terms of animplementation-dependent unit. Relative time is measured as a number ofthese units. Absolute time is relative to an arbitrary time base, typically thetime at which the system began running. [Function]get-decoded-timeThe current time is returned in Decoded Time format. Nine values are re-turned: second, minute, hour, date, month, year, day-of-week, daylight-saving-time-p, and time-zone.Compatibility note: In Lisp Machine Lisp time-zone is not currently returned.Consider, however, the use of Common Lisp in some mobile vehicle. It is entirelyplausible that the time zone might change from time to time.



762 COMMON LISP [Function]get-universal-timeThe current time of day is returned as a single integer in Universal Timeformat. [Function]decode-universal-time universal-time &optional time-zoneThe time speci�ed by universal-time in Universal Time format is converted toDecoded Time format. Nine values are returned: second, minute, hour, date,month, year, day-of-week, daylight-saving-time-p, and time-zone.Compatibility note: In Lisp Machine Lisp time-zone is not currently returned.Consider, however, the use of Common Lisp in some mobile vehicle. It is entirelyplausible that the time zone might change from time to time.The time-zone argument defaults to the current time zone.X3J13 voted in January 1989 h47i to specify that decode-universal-time,like encode-universal-time, ignores daylight saving time information if atime-zone is explicitly speci�ed; in this case the returned daylight-saving-time-p value will necessarily be nil even if daylight saving time happens to be ine�ect in that time zone at the speci�ed time. [Function]encode-universal-time second minute hour date monthyear &optional time-zoneThe time speci�ed by the given components of Decoded Time format is en-coded into Universal Time format and returned. If you do not specify time-zone, it defaults to the current time zone adjusted for daylight saving time.If you provide time-zone explicitly, no adjustment for daylight saving time isperformed. [Constant ]internal-time-units-per-secondThis value is an integer, the implementation-dependent number of internaltime units in a second. (The internal time unit must be chosen so that onesecond is an integral multiple of it.)Rationale: The reason for allowing the internal time units to be implementation-dependent is so that get-internal-run-time and get-internal-real-time canexecute with minimum overhead. The idea is that it should be very likely that a�xnum will su�ce as the returned value from these functions. This probability can



MISCELLANEOUS FEATURES 763be tuned to the implementation by trading o� the speed of the machine against theword size. Any particular unit will be inappropriate for some implementations: amicrosecond is too long for a very fast machine, while a much smaller unit wouldforce many implementations to return bignums for most calls to get-internal-time,rendering that function less useful for accurate timing measurements. [Function]get-internal-run-timeThe current run time is returned as a single integer in Internal Time format.The precise meaning of this quantity is implementation-dependent; it maymeasure real time, run time, CPU cycles, or some other quantity. The intentis that the di�erence between the values of two calls to this function be theamount of time between the two calls during which computational e�ort wasexpended on behalf of the executing program. [Function]get-internal-real-timeThe current time is returned as a single integer in Internal Time format. Thistime is relative to an arbitrary time base, but the di�erence between the valuesof two calls to this function will be the amount of elapsed real time betweenthe two calls, measured in the units de�ned by internal-time-units-per-second. [Function]sleep seconds(sleep n) causes execution to cease and become dormant for approximatelyn seconds of real time, whereupon execution is resumed. The argument maybe any non-negative non-complex number. sleep returns nil.25.4.2. Other Environment InquiriesFor any of the following functions, if no appropriate and relevant result canbe produced, nil is returned instead of a string.Rationale: These inquiry facilities are functions rather than variables against thepossibility that a Common Lisp process might migrate from machine to machine.This need not happen in a distributed environment; consider, for example, dumpinga core image �le containing a compiler and then shipping it to another site.



764 COMMON LISP [Function]lisp-implementation-typeA string is returned that identi�es the generic name of the particular CommonLisp implementation. Examples: "Spice LISP", "Zetalisp". [Function]lisp-implementation-versionA string is returned that identi�es the version of the particular Common Lispimplementation; this information should be of use to maintainers of the imple-mentation. Examples: "1192", "53.7 with complex numbers", "1746.9A,NEWIO 53, ETHER 5.3". [Function]machine-typeA string is returned that identi�es the generic name of the computer hardwareon which Common Lisp is running. Examples: "IMLAC", "DEC PDP-10", "DECVAX-11/780". [Function]machine-versionA string is returned that identi�es the version of the computer hardware onwhich Common Lisp is running. Example: "KL10, microcode 9".[Function]machine-instanceA string is returned that identi�es the particular instance of the computerhardware on which Common Lisp is running; this might be a local nickname,for example, or a serial number. Examples: "MIT-MC", "CMU GP-VAX".[Function]software-typeA string is returned that identi�es the generic name of any relevant supportingsoftware. Examples: "Spice", "TOPS-20", "ITS". [Function]software-versionA string is returned that identi�es the version of any relevant supporting soft-ware; this information should be of use to maintainers of the implementation.



MISCELLANEOUS FEATURES 765[Function]short-site-name [Function]long-site-nameA string is returned that identi�es the physical location of the computer hard-ware. Examples of short names: "MIT AI Lab", "CMU-CSD". Examples of longnames:"MIT Artificial Intelligence Laboratory""Massachusetts Institute of TechnologyArtificial Intelligence Laboratory""Carnegie-Mellon University Computer Science Department"See also user-homedir-pathname. [Variable]*features*The value of the variable *features* should be a list of symbols thatname \features" provided by the implementation. Most such names will beimplementation-speci�c; typically a name for the implementation will be in-cluded.One standard feature name is ieee-floating-point, which should be........................................................................................................................................................................................................

present if and only if full IEEE proposed oating-point arithmetic [23] issupported.The value of this variable is used by the #--+ and #--- reader syntax.X3J13 voted in March 1988 h163i to specify that feature names used with #--+and #--- are read in the keyword package unless an explicit pre�x designatingsome other package appears. The standard feature name ieee-floating-point is therefore actually the keyword :ieee-floating-point, though oneneed not write the colon when using it with #--+ or #---; thus #--+ieee-floating-point and #--+:ieee-floating-point mean the same thing.25.5. Identity FunctionThis function is occasionally useful as an argument to other functions thatrequire functions as arguments. (Got that?) [Function]identity objectThe object is returned as the value of identity.The identity function is the default value for the :key argument to manysequence functions (see chapter 14).



766 COMMON LISPTable 12-1 illustrates the behavior in the complex plane of the identityfunction regarded as a function of a complex numerical argument.Many other constructs in Common Lisp have the behavior of identitywhen given a single argument. For example, one might well use values inplace of identity. However, writing values of a single argument convention-ally indicates that the argument form might deliver multiple values and thatthe intent is to pass on only the �rst of those values.Compatibility note: In Maclisp, prognwas a function of any number of argumentsthat returned its last argument, so progn could be used as an identity function. InCommon Lisp, progn is a special form and therefore cannot be used for that purpose.



26LoopBY JON L WHITEpreface: X3J13 voted in January 1989 h115i to adopt an extended def-inition of the loop macro as a part of the forthcoming draft Common Lispstandard.This chapter presents the bulk of the Common Lisp Loop Facility proposal,written by Jon L White. I have edited it only very lightly to conform tothe overall style of this book and have inserted a small number of bracketedremarks, identi�ed by the initials GLS. (See the Acknowledgments to thissecond edition for acknowledgments to others who contributed to the LoopFacility proposal.) |Guy L. Steele Jr.26.1. IntroductionA loop is a series of expressions that are executed one or more times, a processknown as iteration. The Loop Facility de�nes a variety of useful methods,indicated by loop keywords, to iterate and to accumulate values in a loop.Loop keywords are not true Common Lisp keywords; they are symbolsthat are recognized by the Loop Facility and that provide such capabilitiesas controlling the direction of iteration, accumulating values inside the bodyof a loop, and evaluating expressions that precede or follow the loop body. Ifyou do not use any loop keywords, the Loop Facility simply executes the loopbody repeatedly.26.2. How the Loop Facility WorksThe driving element of the Loop Facility is the loop macro. When Lispencounters a loop macro call form, it invokes the Loop Facility and passes toit the loop clauses as a list of unevaluated forms, as with any macro. The loop767



768 COMMON LISPclauses contain Common Lisp forms and loop keywords. The loop keywordsare recognized by their symbol name, regardless of the packages that containthem. The loop macro translates the given form into Common Lisp code andreturns the expanded form.The expanded loop form is one or more lambda-expressions for the localbinding of loop variables and a block and a tagbody that express a loopingcontrol structure. The variables established in the loop construct are boundas if by using let or lambda. Implementations can interleave the setting ofinitial values with the bindings. However, the assignment of the initial valuesis always calculated in the order speci�ed by the user. A variable is thussometimes bound to a harmless value of the correct data type, and then laterin the prologue it is set to the true initial value by using setq.The expanded form consists of three basic parts in the tagbody:. The loop prologue contains forms that are executed before iteration begins,such as initial settings of loop variables and possibly an initial terminationtest.. The loop body contains those forms that are executed during iteration,including application-speci�c calculations, termination tests, and variablestepping. Stepping is the process of assigning a variable the next item in aseries of items.. The loop epilogue contains forms that are executed after iteration termi-nates, such as code to return values from the loop.Expansion of the loop macro produces an implicit block (named nil).Thus, the Common Lisp macro return and the special form return-fromcan be used to return values from a loop or to exit a loop.Within the executable parts of loop clauses and around the entire loop form,you can still bind variables by using the Common Lisp special form let.26.3. Parsing Loop ClausesThe syntactic parts of a loop construct are called clauses; the scope of eachclause is determined by the top-level parsing of that clause's keyword. Thefollowing example shows a loop construct with six clauses:



LOOP 769(loop for i from 1 to (compute-top-value) ;First clausewhile (not (unacceptable i)) ;Second clausecollect (square i) ;Third clausedo (format t "Working on ~D now" i) ;Fourth clausewhen (evenp i) ;Fifth clausedo (format t "~D is a non-odd number" i)finally (format t "About to exit!")) ;Sixth clauseEach loop keyword introduces either a compound loop clause or a simpleloop clause that can consist of a loop keyword followed by a single Lisp form.The number of forms in a clause is determined by the loop keyword thatbegins the clause and by the auxiliary keywords in the clause. The keywordsdo, initially, and finally are the only loop keywords that can take anynumber of Lisp forms and group them as if in a single progn form.Loop clauses can contain auxiliary keywords, which are sometimes calledprepositions. For example, the �rst clause in the preceding code includes theprepositions from and to, which mark the value from which stepping beginsand the value at which stepping ends.26.3.1. Order of ExecutionWith the exceptions listed below, clauses are executed in the loop body inthe order in which they appear in the source. Execution is repeated untila clause terminates the loop or until a Common Lisp return, go, or throwform is encountered. The following actions are exceptions to the linear orderof execution:. All variables are initialized �rst, regardless of where the establishing clausesappear in the source. The order of initialization follows the order of theseclauses.. The code for any initially clauses is collected into one progn in the orderin which the clauses appear in the source. The collected code is executedonce in the loop prologue after any implicit variable initializations.. The code for any finally clauses is collected into one progn in the orderin which the clauses appear in the source. The collected code is executedonce in the loop epilogue before any implicit values from the accumulationclauses are returned. Explicit returns anywhere in the source, however, willexit the loop without executing the epilogue code.



770 COMMON LISP. A with clause introduces a variable binding and an optional initial value.The initial values are calculated in the order in which the with clausesoccur.. Iteration control clauses implicitly perform the following actions:{ initializing variables{ stepping variables, generally between each execution of the loop body{ performing termination tests, generally just before the execution of theloop body26.3.2. Kinds of Loop ClausesLoop clauses fall into one of the following categories:. variable initialization and stepping{ The for and as constructs provide iteration control clauses that establisha variable to be initialized. You can combine for and as clauses with theloop keyword and to get parallel initialization and stepping.{ The with construct is similar to a single let clause. You can combinewith clauses using and to get parallel initialization.{ The repeat construct causes iteration to terminate after a speci�ed num-ber of times. It uses an internal variable to keep track of the number ofiterations.You can specify data types for loop variables (see section 26.12.1). It isan error to bind the same variable twice in any variable-binding clause ofa single loop expression. Such variables include local variables, iterationcontrol variables, and variables found by destructuring.. value accumulation{ The collect construct takes one form in its clause and adds the valueof that form to the end of a list of values. By default, the list of values isreturned when the loop �nishes.{ The append construct takes one form in its clause and appends the valueof that form to the end of a list of values. By default, the list of values isreturned when the loop �nishes.



LOOP 771{ The nconc construct is similar to append, but its list values are concate-nated as if by the Common Lisp function nconc. By default, the list ofvalues is returned when the loop �nishes.{ The sum construct takes one form in its clause that must evaluate toa number and adds that number into a running total. By default, thecumulative sum is returned when the loop �nishes.{ The count construct takes one form in its clause and counts the numberof times that the form evaluates to a non-nil value. By default, thecount is returned when the loop �nishes.{ The minimize construct takes one form in its clause and determinesthe minimum value obtained by evaluating that form. By default, theminimum value is returned when the loop �nishes.{ The maximize construct takes one form in its clause and determinesthe maximum value obtained by evaluating that form. By default, themaximum value is returned when the loop �nishes.. termination conditions{ The loop-finish Lisp macro terminates iteration and returns any accu-mulated result. If speci�ed, any finally clauses are evaluated.{ The for and as constructs provide a termination test that is determinedby the iteration control clause.{ The repeat construct causes termination after a speci�ed number ofiterations.{ The while construct takes one form, a condition, and terminates theiteration if the condition evaluates to nil. A while clause is equivalentto the expression (if (not condition) (loop-finish)).{ The until construct is the inverse of while; it terminates the iterationif the condition evaluates to any non-nil value. An until clause isequivalent to the expression (if condition (loop-finish)).{ The always construct takes one form and terminates the loop if the formever evaluates to nil; in this case, it returns nil. Otherwise, it providesa default return value of t.



772 COMMON LISP{ The never construct takes one form and terminates the loop if the formever evaluates to non-nil; in this case, it returns nil. Otherwise, itprovides a default return value of t.{ The thereis construct takes one form and terminates the loop if theform ever evaluates to non-nil; in this case, it returns that value.. unconditional execution{ The do construct simply evaluates all forms in its clause.{ The return construct takes one form and returns its value. It is equiva-lent to the clause do (return value).. conditional execution{ The if construct takes one form as a predicate and a clause that isexecuted when the predicate is true. The clause can be a value accumu-lation, unconditional, or another conditional clause; it can also be anycombination of such clauses connected by the loop keyword and.{ The when construct is a synonym for if.{ The unless construct is similar to when except that it complements thepredicate; it executes the following clause if the predicate is false.{ The else construct provides an optional component of if, when, andunless clauses that is executed when the predicate is false. The compo-nent is one of the clauses described under if.{ The end construct provides an optional component to mark the end of aconditional clause.. miscellaneous operations{ The named construct assigns a name to a loop construct.{ The initially construct causes its forms to be evaluated in the loopprologue, which precedes all loop code except for initial settings speci�edby the constructs with, for, or as.{ The finally construct causes its forms to be evaluated in the loop epi-logue after normal iteration terminates. An unconditional clause can alsofollow the loop keyword finally.



LOOP 77326.3.3. Loop SyntaxThe following syntax description provides an overview of the syntax for loopclauses. Detailed syntax descriptions of individual clauses appear in sec-tions 26.6 through 26.12. A loop consists of the following types of clauses:initial-�nal ::= initially j �nallyvariables ::= with j initial-�nal j for-as j repeatmain ::= unconditional j accumulation j conditional j termination j initial-�nalloop ::= (loop [named name] fvariablesg� fmaing� )Note that a loop must have at least one clause; however, for backwardcompatibility, the following format is also supported:(loop ftag j exprg� )where expr is any Common Lisp expression that can be evaluated, and tagis any symbol not identi�able as a loop keyword. Such a format is roughlyequivalent to the following one:(loop do ftag j exprg� )A loop prologue consists of any automatic variable initializations prescribedby the variable clauses, along with any initially clauses in the order theyappear in the source.A loop epilogue consists of �nally clauses, if any, along with any implicitreturn value from an accumulation clause or an end-test clause.26.4. User ExtensibilityThere is currently no speci�ed portable method for users to add extensions tothe Loop Facility. The names defloop and define-loop-method have beensuggested as candidates for such a method.26.5. Loop ConstructsThe remaining sections of this chapter describe the constructs that the LoopFacility provides. The descriptions are organized according to the function-ality of the constructs. Each section begins with a general discussion of aparticular operation; it then presents the constructs that perform the opera-tion.



774 COMMON LISP. Section 26.6, \Iteration Control," describes iteration control clauses thatallow directed loop iteration.. Section 26.7, \End-Test Control," describes clauses that stop iteration byproviding a conditional expression that can be tested after each executionof the loop body.. Section 26.8, \Value Accumulation," describes constructs that accumulatevalues during iteration and return them from a loop. This section alsodiscusses ways in which accumulation clauses can be combined within theLoop Facility.. Section 26.9, \Variable Initializations," describes the with construct, whichprovides local variables for use within the loop body, and other constructsthat provide local variables.. Section 26.10, \Conditional Execution," describes how to execute loopclauses conditionally.. Section 26.11, \Unconditional Execution," describes the do and returnconstructs. It also describes constructs that are used in the loop prologueand loop epilogue.. Section 26.12, \Miscellaneous Features," discusses loop data types and de-structuring. It also presents constructs for naming a loop and for specifyinginitial and �nal actions.26.6. Iteration ControlIteration control clauses allow you to direct loop iteration. The loop keywordsas, for, and repeat designate iteration control clauses.Iteration control clauses di�er with respect to the speci�cation of termina-tion conditions and the initialization and stepping of loop variables. Iterationclauses by themselves do not cause the Loop Facility to return values, butthey can be used in conjunction with value-accumulation clauses to returnvalues (see section 26.8).All variables are initialized in the loop prologue. The scope of the vari-able binding is lexical unless it is proclaimed special; thus, the variable canbe accessed only by expressions that lie textually within the loop. Steppingassignments are made in the loop body before any other expressions are eval-uated in the body.



LOOP 775The variable argument in iteration control clauses can be a destructuringlist. A destructuring list is a tree whose non-null atoms are symbols that canbe assigned a value (see section 26.12.2).The iteration control clauses for, as, and repeat must precede any otherloop clauses except initially, with, and named, since they establish variablebindings. When iteration control clauses are used in a loop, termination testsin the loop body are evaluated before any other loop body code is executed.If you use multiple iteration clauses to control iteration, variable initializa-tion and stepping occur sequentially by default. You can use the and constructto connect two or more iteration clauses when sequential binding and steppingare not necessary. The iteration behavior of clauses joined by and is analogousto the behavior of the Common Lisp macro do relative to do*.[X3J13 voted in March 1989 h114i to correct a minor inconsistency in theoriginal syntactic speci�cation for loop. Only for and as clauses (not repeatclauses) may be joined by the and construct. The precise syntax is as follows.for-as ::= ffor j asg for-as-subclause fand for-as-subclauseg�for-as-subclause ::= for-as-arithmetic j for-as-in-listj for-as-on-list j for-as-equals-thenj for-as-across j for-as-hash j for-as-packagefor-as-arithmetic ::= var [type-spec] [ ffrom j downfrom j upfromg expr1 ][ fto j downto j upto j below j aboveg expr2 ][by expr3 ]for-as-in-list ::= var [type-spec] in expr1 [by step-fun]for-as-on-list ::= var [type-spec] on expr1 [by step-fun]for-as-equals-then ::= var [type-spec] UU expr1 [then step-fun]for-as-across ::= var [type-spec] across vectorfor-as-hash ::= var [type-spec] being feach j thegfhash-key j hash-keys j hash-value j hash-valuesgfin j ofg hash-table[using ( fhash-value j hash-keyg other-var)]for-as-package ::= var [type-spec] being feach j thegfor-as-package-keywordfin j ofg packagefor-as-package-keyword ::= symbol j present-symbol j external-symbolj symbols j present-symbols j external-symbolsThis correction made for and as clauses syntactically similar to with clauses.I have changed all examples in this chapter to reect the corrected syntax.|GLS]



776 COMMON LISPIn the following example, the variable x is stepped before y is stepped; thus,the value of y reects the updated value of x:(loop for x from 1 to 9for y UU nil then xcollect (list x y))) ((1 NIL) (2 2) (3 3) (4 4) (5 5) (6 6) (7 7) (8 8) (9 9))In the following example, x and y are stepped in parallel:(loop for x from 1 to 9and y UU nil then xcollect (list x y))) ((1 NIL) (2 1) (3 2) (4 3) (5 4) (6 5) (7 6) (8 7) (9 8))The for and as clauses iterate by using one or more local loop variables thatare initialized to some value and that can be modi�ed or stepped after eachiteration. For these clauses, iteration terminates when a local variable reachessome speci�ed value or when some other loop clause terminates iteration. Ateach iteration, variables can be stepped by an increment or a decrement orcan be assigned a new value by the evaluation of an expression. Destructuringcan be used to assign initial values to variables during iteration.The for and as keywords are synonyms and may be used interchange-ably. There are seven syntactic representations for these constructs. In eachsyntactic description, the data type of var can be speci�ed by the optionaltype-spec argument. If var is a destructuring list, the data type speci�ed bythe type-spec argument must appropriately match the elements of the list (seesections 26.12.1 and 26.12.2). [Loop clause]for var [type-spec] [ ffrom j downfrom j upfromg expr1][ fto j downto j upto j below j aboveg expr2][by expr3] [Loop clause]as var [type-spec] [ ffrom j downfrom j upfromg expr1][ fto j downto j upto j below j aboveg expr2][by expr3][This is the �rst of seven for/as syntaxes.|GLS]The for or as construct iterates from the value speci�ed by expr1 to thevalue speci�ed by expr2 in increments or decrements denoted by expr3. Eachexpression is evaluated only once and must evaluate to a number.



LOOP 777The variable var is bound to the value of expr1 in the �rst iteration and isstepped by the value of expr3 in each succeeding iteration, or by 1 if expr3 isnot provided.The following loop keywords serve as valid prepositions within this syntax.fromThe loop keyword from marks the value from which stepping begins, as spec-i�ed by expr1. Stepping is incremental by default. For decremental stepping,use above or downto with expr2. For incremental stepping, the default fromvalue is 0.downfrom, upfromThe loop keyword downfrom indicates that the variable var is decreased indecrements speci�ed by expr3; the loop keyword upfrom indicates that var isincreased in increments speci�ed by expr3.toThe loop keyword to marks the end value for stepping speci�ed in expr2.Stepping is incremental by default. For decremental stepping, use downto,downfrom, or above with expr2.downto, uptoThe loop keyword downto allows iteration to proceed from a larger numberto a smaller number by the decrement expr3. The loop keyword upto allowsiteration to proceed from a smaller number to a larger number by the incre-ment expr3. Since there is no default for expr1 in decremental stepping, youmust supply a value with downto.below, aboveThe loop keywords below and above are analogous to upto and downto, re-spectively. These keywords stop iteration just before the value of the variablevar reaches the value speci�ed by expr2 ; the end value of expr2 is not in-cluded. Since there is no default for expr1 in decremental stepping, you mustsupply a value with above.byThe loop keyword by marks the increment or decrement speci�ed by expr3.The value of expr3 can be any positive number. The default value is 1.At least one of these prepositions must be used with this syntax.



778 COMMON LISPIn an iteration control clause, the for or as construct causes terminationwhen the speci�ed limit is reached. That is, iteration continues until the valuevar is stepped to the exclusive or inclusive limit speci�ed by expr2 . The rangeis exclusive if expr3 increases or decreases var to the value of expr2 withoutreaching that value; the loop keywords below and above provide exclusivelimits. An inclusive limit allows var to attain the value of expr2; to, downto,and upto provide inclusive limits.A common convention is to use for to introduce new iterations and as tointroduce iterations that depend on a previous iteration speci�cation. [How-ever, loop does not enforce this convention, and some of the examples belowviolate it. De gustibus non disputandum est.|GLS]Examples:;;; Print some numbers.(loop as i from 1 to 5do (print i)) ;Prints 5 lines12345 ) NIL;;; Print every third number.(loop for i from 10 downto 1 by 3do (print i)) ;Prints 4 lines10741 ) NIL;;; Step incrementally from the default starting value.(loop as i below 5do (print i)) ;Prints 5 lines



LOOP 77901234 ) NIL [Loop clause]for var [type-spec] in expr1 [by step-fun] [Loop clause]as var [type-spec] in expr1 [by step-fun][This is the second of seven for/as syntaxes.|GLS]This construct iterates over the contents of a list. It checks for the end ofthe list as if using the Common Lisp function endp. The variable var is boundto the successive elements of the list expr1 before each iteration. At the endof each iteration, the function step-fun is called on the list and is expected toproduce a successor list; the default value for step-fun is the cdr function.The for or as construct causes termination when the end of the list isreached. The loop keywords in and by serve as valid prepositions in thissyntax.Examples:;;; Print every item in a list.(loop for item in '(1 2 3 4 5) do (print item)) ;Prints 5 lines12345 ) NIL;;; Print every other item in a list.(loop for item in '(1 2 3 4 5) by #--'cddrdo (print item)) ;Prints 3 lines135 ) NIL



780 COMMON LISP;;; Destructure items of a list, and sum the x values;;; using fixnum arithmetic.(loop for (item . x) (t . fixnum)in '((A . 1) (B . 2) (C . 3))unless (eq item 'B) sum x)) 4 [Loop clause]for var [type-spec] on expr1 [by step-fun] [Loop clause]as var [type-spec] on expr1 [by step-fun][This is the third of seven for/as syntaxes.|GLS]This construct iterates over the contents of a list. It checks for the endof the list as if using the Common Lisp function endp. The variable var isbound to the successive tails of the list expr1. At the end of each iteration, thefunction step-fun is called on the list and is expected to produce a successorlist; the default value for step-fun is the cdr function.The loop keywords on and by serve as valid prepositions in this syntax. Thefor or as construct causes termination when the end of the list is reached.Examples:;;; Collect successive tails of a list.(loop for sublist on '(a b c d)collect sublist)) ((A B C D) (B C D) (C D) (D));;; Print a list by using destructuring with the loop keyword ON.(loop for (item) on '(1 2 3)do (print item)) ;Prints 3 lines123 ) NIL;;; Print items in a list without using destructuring.(loop for item in '(1 2 3)do (print item)) ;Prints 3 lines123 ) NIL



LOOP 781[Loop clause]for var [type-spec] UU expr1 [then expr2] [Loop clause]as var [type-spec] UU expr1 [then expr2][This is the fourth of seven for/as syntaxes.|GLS]This construct initializes the variable var by setting it to the result of eval-uating expr1 on the �rst iteration, then setting it to the result of evaluatingexpr2 on the second and subsequent iterations. If expr2 is omitted, the con-struct uses expr1 on the second and subsequent iterations. When expr2 isomitted, the expanded code shows the following optimization:;;; Sample original code:(loop for x UU expr1 then expr2 do (print x));;; The usual expansion:(tagbody(setq x expr1)tag (print x)(setq x expr2)(go tag));;; The optimized expansion:(tagbodytag (setq x expr1)(print x)(go tag))The loop keywords UU and then serve as valid prepositions in this syntax.This construct does not provide any termination conditions.Example:;;; Collect some numbers.(loop for item UU 1 then (+ item 10)repeat 5collect item)) (1 11 21 31 41) [Loop clause]for var [type-spec] across vector [Loop clause]as var [type-spec] across vector[This is the �fth of seven for/as syntaxes.|GLS]This construct binds the variable var to the value of each element in thearray vector.



782 COMMON LISPThe loop keyword across marks the array vector; across is used as apreposition in this syntax. Iteration stops when there are no more elementsin the speci�ed array that can be referenced.Some implementations might use a [user-supplied|GLS] the special formin the vector form to produce more e�cient code.Example:(loop for char across (the simple-string (find-message port))do (write-char char stream)) [Loop clause]for var [type-spec] being feach j thegfhash-key j hash-keys j hash-value j hash-valuesgfin j ofg hash-table [using ( fhash-value j hash-keyg other-var)][Loop clause]as var [type-spec] being feach j thegfhash-key j hash-keys j hash-value j hash-valuesgfin j ofg hash-table [using ( fhash-value j hash-keyg other-var)][This is the sixth of seven for/as syntaxes.|GLS]This construct iterates over the elements, keys, and values of a hash table.The variable var takes on the value of each hash key or hash value in thespeci�ed hash table.The following loop keywords serve as valid prepositions within this syntax.beingThe keyword being marks the loop method to be used, either hash-key orhash-value.each, theFor purposes of readability, the loop keyword each should follow the loopkeyword being when hash-key or hash-value is used. The loop keywordthe is used with hash-keys and hash-values.hash-key, hash-keysThese loop keywords access each key entry of the hash table. If the namehash-value is speci�ed in a using construct with one of these loop methods,the iteration can optionally access the keyed value. The order in which thekeys are accessed is unde�ned; empty slots in the hash table are ignored.hash-value, hash-valuesThese loop keywords access each value entry of a hash table. If the name



LOOP 783hash-key is speci�ed in a using construct with one of these loop methods,the iteration can optionally access the key that corresponds to the value. Theorder in which the keys are accessed is unde�ned; empty slots in the hashtable are ignored.usingThe loop keyword using marks the optional key or the keyed value to beaccessed. It allows you to access the hash key if iterating over the hashvalues, and the hash value if iterating over the hash keys.in, ofThese loop prepositions mark the hash table hash-table.Iteration stops when there are no more hash keys or hash values to bereferenced in the speci�ed hash table. [Loop clause]for var [type-spec] being feach j thegfsymbol j present-symbol j external-symbol jsymbols j present-symbols j external-symbolsgfin j ofg package [Loop clause]as var [type-spec] being feach j thegfsymbol j present-symbol j external-symbol jsymbols j present-symbols j external-symbolsgfin j ofg package[This is the last of seven for/as syntaxes.|GLS]This construct iterates over the symbols in a package. The variable vartakes on the value of each symbol in the speci�ed package.The following loop keywords serve as valid prepositions within this syntax.beingThe keyword being marks the loop method to be used: symbol, present-symbol, or external-symbol.each, theFor purposes of readability, the loop keyword each should follow the loopkeyword being when symbol, present-symbol, or external-symbol isused. The loop keyword the is used with symbols, present-symbols, andexternal-symbols.



784 COMMON LISPpresent-symbol, present-symbolsThese loop methods iterate over the symbols that are present but not externalin a package. The package to be iterated over is speci�ed in the same way thatpackage arguments to the Common Lisp function find-package are speci�ed.If you do not specify the package for the iteration, the current package is used.If you specify a package that does not exist, an error is signaled.symbol, symbolsThese loop methods iterate over symbols that are accessible from a givenpackage. The package to be iterated over is speci�ed in the same way thatpackage arguments to the Common Lisp function find-package are speci�ed.If you do not specify the package for the iteration, the current package is used.If you specify a package that does not exist, an error is signaled.external-symbol, external-symbolsThese loop methods iterate over the external symbols of a package. The pack-age to be iterated over is speci�ed in the same way that package arguments tothe Common Lisp function find-package are speci�ed. If you do not specifythe package for the iteration, the current package is used. If you specify apackage that does not exist, an error is signaled.in, ofThese loop prepositions mark the package package.Iteration stops when there are no more symbols to be referenced in thespeci�ed package.Example:(loop for x being each present-symbol of "COMMON-LISP-USER"do (print x)) ;Prints 7 lines in this exampleCOMMON-LISP-USER::INCOMMON-LISP-USER::XCOMMON-LISP-USER::ALWAYSCOMMON-LISP-USER::FOOCOMMON-LISP-USER::YCOMMON-LISP-USER::FORCOMMON-LISP-USER::LUCID) NIL



LOOP 785[Loop clause]repeat exprThe repeat construct causes iteration to terminate after a speci�ed numberof times. The loop body is executed n times, where n is the value of theexpression expr. The expr argument is evaluated one time in the loop prologue.If the expression evaluates to zero or to a negative number, the loop body isnot evaluated.The clause repeat n is roughly equivalent to a clause such asfor internal-variable downfrom (- n 1) to 0but, in some implementations, the repeat construct might be more e�cient.Examples:(loop repeat 3 ;Prints 3 linesdo (format t "What I say three times is true~%"))What I say three times is trueWhat I say three times is trueWhat I say three times is true) NIL(loop repeat -15 ;Prints nothingdo (format t "What you see is what you expect~%"))) NIL26.7. End-Test ControlThe loop keywords always, never, thereis, until, and while designateconstructs that use a single test condition to determine when loop iterationshould terminate.The constructs always, never, and thereis provide speci�c values to bereturned when a loop terminates. Using always, never, or thereis withvalue-returning accumulation clauses can produce unpredictable results. Inall other respects these constructs behave like the while and until constructs.The macro loop-finish can be used at any time to cause normal termina-tion. In normal termination, finally clauses are executed and default returnvalues are returned.End-test control constructs can be used anywhere within the loop body.The termination conditions are tested in the order in which they appear.



786 COMMON LISP [Loop clause]while expr [Loop clause]until exprThe while construct allows iteration to continue until the speci�ed expressionexpr evaluates to nil. The expression is re-evaluated at the location of thewhile clause.The until construct is equivalent to while (not expr). If the value of thespeci�ed expression is non-nil, iteration terminates.You can use while and until at any point in a loop. If a while or untilclause causes termination, any clauses that precede it in the source are stillevaluated.Examples:;;; A classic "while-loop".(loop while (hungry-p) do (eat));;; UNTIL NOT is equivalent to WHILE.(loop until (not (hungry-p)) do (eat));;; Collect the length and the items of STACK.(let ((stack '(a b c d e f)))(loop while stackfor item UU (length stack) then (pop stack)collect item))) (6 A B C D E F);;; Use WHILE to terminate a loop that otherwise wouldn't;;; terminate. Note that WHILE occurs after the WHEN.(loop for i fixnum from 3when (oddp i) collect iwhile (< i 5))) (3 5) [Loop clause]always expr [Loop clause]never expr [Loop clause]thereis exprThe always construct takes one form and terminates the loop if the form everevaluates to nil; in this case, it returns nil. Otherwise, it provides a defaultreturn value of t.



LOOP 787The never construct takes one form and terminates the loop if the formever evaluates to non-nil; in this case, it returns nil. Otherwise, it providesa default return value of t.The thereis construct takes one form and terminates the loop if the formever evaluates to non-nil; in this case, it returns that value.If the while or until construct causes termination, control is passed tothe loop epilogue, where any finally clauses will be executed. Since always,never, and thereis use the Common Lisp macro return to terminate itera-tion, any finally clause that is speci�ed is not evaluated.Examples:;;; Make sure I is always less than 11 (two ways).;;; The FOR construct terminates these loops.(loop for i from 0 to 10always (< i 11))) T(loop for i from 0 to 10never (> i 11))) T;;; If I exceeds 10, return I; otherwise, return NIL.;;; The THEREIS construct terminates this loop.(loop for i from 0thereis (when (> i 10) i) )) 11;;; The FINALLY clause is not evaluated in these examples.(loop for i from 0 to 10always (< i 9)finally (print "you won't see this"))) NIL(loop never tfinally (print "you won't see this"))) NIL(loop thereis "Here is my value"finally (print "you won't see this"))) "Here is my value"



788 COMMON LISP;;; The FOR construct terminates this loop,;;; so the FINALLY clause is evaluated.(loop for i from 1 to 10thereis (> i 11)finally (print i)) ;Prints 1 line11 ) NIL(defstruct mountain height difficulty (why "because it is there"))(setq everest (make-mountain :height '(2.86e-13 parsecs)))(setq chocorua (make-mountain :height '(1059180001 microns)))(defstruct desert area (humidity 0))(setq sahara (make-desert :area '(212480000 square furlongs)));First there is a mountain, then there is no mountain, then there is : : :(loop for x in (list everest sahara chocorua) ; |GLSthereis (and (mountain-p x) (mountain-height x)))) (2.86E-13 PARSECS);;; If you could use this code to find a counterexample to;;; Fermat's last theorem, it would still not return the value;;; of the counterexample because all of the THEREIS clauses;;; in this example return only T. Of course, this code has;;; never been observed to terminate.(loop for z upfrom 2thereis(loop for n upfrom 3 below (log z 2)thereis(loop for x below zthereis(loop for y below zthereis (UU (+ (expt x n)(expt y n))(expt z n)))))) [Macro]loop-finishThe macro loop-finish terminates iteration normally and returns any accu-mulated result. If speci�ed, a finally clause is evaluated.



LOOP 789In most cases it is not necessary to use loop-finish because other loopcontrol clauses terminate the loop. Use loop-finish to provide a normal exitfrom a nested condition inside a loop.You can use loop-finish inside nested Lisp code to provide a normal exitfrom a loop. Since loop-finish transfers control to the loop epilogue, usingloop-finish within a finally expression can cause in�nite looping.Implementations are allowed to provide this construct as a local macro byusing macrolet.Examples:;;; Print a date in February, but exclude leap day.;;; LOOP-FINISH exits from the nested condition.(loop for date in date-listdo (case date(29 (when (eq month 'february)(loop-finish))(format t "~:@(~A~) ~A" month date))));;; Terminate the loop, but return the accumulated count.(loop for i in '(1 2 3 stop-here 4 5 6)when (symbolp i) do (loop-finish)count i)) 3;;; This loop works just as well as the previous example.(loop for i in '(1 2 3 stop-here 4 5 6)until (symbolp i)count i)) 326.8. Value AccumulationAccumulating values during iteration and returning them from a loop is oftenuseful. Some of these accumulations occur so frequently that special loopclauses have been developed to handle them.The loop keywords append, appending, collect, collecting, nconc, andnconcing designate clauses that accumulate values in lists and return them.The loop keywords count, counting, maximize, maximizing, minimize,minimizing, sum, and summing designate clauses that accumulate and returnnumerical values. [There is no semantic di�erence between the \ing" keywords



790 COMMON LISPand their non-\ing" counterparts. They are provided purely for the sake ofstylistic diversity among users. I happen to prefer the non-\ing" forms|whenI use loop at all.|GLS]The loop preposition into can be used to name the variable used to holdpartial accumulations. The variable is bound as if by the loop construct with(see section 26.9). If into is used, the construct does not provide a defaultreturn value; however, the variable is available for use in any finally clause.You can combine value-returning accumulation clauses in a loop if all theclauses accumulate the same type of data object. By default, the Loop Facilityreturns only one value; thus, the data objects collected by multiple accumula-tion clauses as return values must have compatible types. For example, sinceboth the collect and append constructs accumulate objects into a list thatis returned from a loop, you can combine them safely.;;; Collect every name and the kids in one list by using;;; COLLECT and APPEND.(loop for name in '(fred sue alice joe june)for kids in '((bob ken) () () (kris sunshine) ())collect nameappend kids)) (FRED BOB KEN SUE ALICE JOE KRIS SUNSHINE JUNE)[In the preceding example, note that the items accumulated by the collectand append clauses are interleaved in the result list, according to the order inwhich the clauses were executed.|GLS]Multiple clauses that do not accumulate the same type of data object cancoexist in a loop only if each clause accumulates its values into a di�erentuser-speci�ed variable. Any number of values can be returned from a loop ifyou use the Common Lisp function values, as the next example shows:;;; Count and collect names and ages.(loop for name in '(fred sue alice joe june)as age in '(22 26 19 20 10)append (list name age) into name-and-age-listcount name into name-countsum age into total-agefinally(return (values (round total-age name-count)name-and-age-list)))) 19 and (FRED 22 SUE 26 ALICE 19 JOE 20 JUNE 10)



LOOP 791[Loop clause]collect expr [into var] [Loop clause]collecting expr [into var]During each iteration, these constructs collect the value of the speci�ed ex-pression into a list. When iteration terminates, the list is returned.The argument var is set to the list of collected values; if var is speci�ed,the loop does not return the �nal list automatically. If var is not speci�ed,it is equivalent to specifying an internal name for var and returning its valuein a finally clause. The var argument is bound as if by the construct with.You cannot specify a data type for var ; it must be of type list.Examples:;;; Collect all the symbols in a list.(loop for i in '(bird 3 4 turtle (1 . 4) horse cat)when (symbolp i) collect i)) (BIRD TURTLE HORSE CAT);;; Collect and return odd numbers.(loop for i from 1 to 10if (oddp i) collect i)) (1 3 5 7 9);;; Collect items into local variable, but don't return them.(loop for i in '(a b c d) by #--'cddrcollect i into my-listfinally (print my-list)) ;Prints 1 line(A C)) NIL [Loop clause]append expr [into var] [Loop clause]appending expr [into var] [Loop clause]nconc expr [into var] [Loop clause]nconcing expr [into var]These constructs are similar to collect except that the values of the speci�edexpression must be lists.The append keyword causes its list values to be concatenated into a singlelist, as if they were arguments to the Common Lisp function append.The nconc keyword causes its list values to be concatenated into a singlelist, as if they were arguments to the Common Lisp function nconc. Notethat the nconc keyword destructively modi�es its argument lists.



792 COMMON LISPThe argument var is set to the list of concatenated values; if you specifyvar, the loop does not return the �nal list automatically. The var argumentis bound as if by the construct with. You cannot specify a data type for var ;it must be of type list.Examples:;;; Use APPEND to concatenate some sublists.(loop for x in '((a) (b) ((c)))append x)) (A B (C));;; NCONC some sublists together. Note that only lists;;; made by the call to LIST are modified.(loop for i upfrom 0as x in '(a b (c))nconc (if (evenp i) (list x) '()))) (A (C)) [Loop clause]count expr [into var] [type-spec] [Loop clause]counting expr [into var] [type-spec]The count construct counts the number of times that the speci�ed expressionhas a non-nil value.The argument var accumulates the number of occurrences; if var is speci-�ed, the loop does not return the �nal count automatically. The var argumentis bound as if by the construct with.If into var is used, the optional type-spec argument speci�es a data typefor var . If there is no into variable, the optional type-spec argument appliesto the internal variable that is keeping the count. In either case it is an errorto specify a non-numeric data type. The default type is implementation-dependent, but it must be a subtype of (or integer float).Example:(loop for i in '(a b nil c nil d e)count i)) 5 [Loop clause]sum expr [into var] [type-spec] [Loop clause]summing expr [into var] [type-spec]The sum construct forms a cumulative sum of the values of the speci�ed ex-pression at each iteration.



LOOP 793The argument var is used to accumulate the sum; if var is speci�ed, theloop does not return the �nal sum automatically. The var argument is boundas if by the construct with.If into var is used, the optional type-spec argument speci�es a data type forvar . If there is no into variable, the optional type-spec argument applies to theinternal variable that is keeping the sum. In either case it is an error to specifya non-numeric data type. The default type is implementation-dependent, butit must be a subtype of number.Examples:;;; Sum the elements of a list.(loop for i fixnum in '(1 2 3 4 5)sum i)) 15;;; Sum a function of elements of a list.(setq series'(1.2 4.3 5.7))) (1.2 4.3 5.7)(loop for v in seriessum (* 2.0 v))) 22.4 [Loop clause]maximize expr [into var] [type-spec] [Loop clause]maximizing expr [into var] [type-spec] [Loop clause]minimize expr [into var] [type-spec] [Loop clause]minimizing expr [into var] [type-spec]The maximize construct compares the value of the speci�ed expression ob-tained during the �rst iteration with values obtained in successive iterations.The maximum value encountered is determined and returned. If the loopnever executes the body, the returned value is not meaningful.The minimize construct is similar to maximize; it determines and returnsthe minimum value.The argument var accumulates the maximum or minimum value; if var isspeci�ed, the loop does not return the maximum or minimum automatically.The var argument is bound as if by the construct with.



794 COMMON LISPIf into var is used, the optional type-spec argument speci�es a data typefor var . If there is no into variable, the optional type-spec argument appliesto the internal variable that is keeping the intermediate result. In eithercase it is an error to specify a non-numeric data type. The default type isimplementation-dependent, but it must be a subtype of (or integer float).Examples:
(loop for i in '(2 1 5 3 4)maximize i)) 5



LOOP 795(loop for i in '(2 1 5 3 4)minimize i)) 1;;; In this example, FIXNUM applies to the internal;;; variable that holds the maximum value.(setq series '(1.2 4.3 5.7))) (1.2 4.3 5.7)(loop for v in seriesmaximize (round v) fixnum)) 6;;; In this example, FIXNUM applies to the variable RESULT.(loop for v float in seriesminimize (round v) into result fixnumfinally (return result))) 126.9. Variable InitializationsA local loop variable is one that exists only when the Loop Facility is invoked.At that time, the variables are declared and are initialized to some value.These local variables exist until loop iteration terminates, at which point theycease to exist. Implicitly variables are also established by iteration controlclauses and the into preposition of accumulation clauses.The loop keyword with designates a loop clause that allows you to declareand initialize variables that are local to a loop. The variables are initializedone time only; they can be initialized sequentially or in parallel.By default, the with construct initializes variables sequentially; that is, onevariable is assigned a value before the next expression is evaluated. However,by using the loop keyword and to join several with clauses, you can forceinitializations to occur in parallel; that is, all of the speci�ed expressions areevaluated, and the results are bound to the respective variables simultane-ously.Use sequential binding for making the initialization of some variables de-pend on the values of previously bound variables. For example, suppose youwant to bind the variables a, b, and c in sequence:



796 COMMON LISP(loop with a UU 1with b UU (+ a 2)with c UU (+ b 3)with d UU (+ c 4)return (list a b c d))) (1 3 6 10)The execution of the preceding loop is equivalent to the execution of thefollowing code:(let* ((a 1)(b (+ a 2))(c (+ b 3))(d (+ c 4)))(block nil(tagbodynext-loop (return (list a b c d))(go next-loop)end-loop)))If you are not depending on the value of previously bound variables for theinitialization of other local variables, you can use parallel bindings as follows:(loop with a UU 1and b UU 2and c UU 3and d UU 4return (list a b c d))) (1 2 3 4)The execution of the preceding loop is equivalent to the execution of thefollowing code:(let ((a 1)(b 2)(c 3)(d 4))(block nil(tagbodynext-loop (return (list a b c))(go next-loop)end-loop)))



LOOP 797[Loop clause]with var [type-spec] [UU expr] fand var [type-spec] [UU expr] g�The with construct initializes variables that are local to a loop. The variablesare initialized one time only.If the optional type-spec argument is speci�ed for any variable var , butthere is no related expression expr to be evaluated, var is initialized to anappropriate default value for its data type. For example, for the data typest, number, and float, the default values are nil, 0, and 0.0, respectively. Itis an error to specify a type-spec argument for var if the related expressionreturns a value that is not of the speci�ed type. The optional and clause forcesparallel rather than sequential initializations.Examples:;;; These bindings occur in sequence.(loop with a UU 1with b UU (+ a 2)with c UU (+ b 3)with d UU (+ c 4)return (list a b c d))) (1 3 6 10);;; These bindings occur in parallel.(setq a 5 b 10 c 1729)(loop with a UU 1and b UU (+ a 2)and c UU (+ b 3)and d UU (+ c 4)return (list a b c d))) (1 7 13 1733);;; This example shows a shorthand way to declare;;; local variables that are of different types.(loop with (a b c) (float integer float)return (format nil "~A ~A ~A" a b c))) "0.0 0 0.0";;; This example shows a shorthand way to declare;;; local variables that are of the same type.(loop with (a b c) floatreturn (format nil "~A ~A ~A" a b c))) "0.0 0.0 0.0"



798 COMMON LISP26.10. Conditional ExecutionThe loop keywords if, when, and unless designate constructs that are usefulwhen you want some loop clauses to operate under a speci�ed condition.If the speci�ed condition is true, the succeeding loop clause is executed.If the speci�ed condition is not true, the succeeding clause is skipped, andprogram control moves to the clause that follows the loop keyword else. Ifthe speci�ed condition is not true and no else clause is speci�ed, the entireconditional construct is skipped. Several clauses can be connected into onecompound clause with the loop keyword and. The end of the conditionalclause can be marked with the keyword end. [Loop clause]if expr clause fand clauseg�[else clause fand clauseg� ] [end] [Loop clause]when expr clause fand clauseg�[else clause fand clauseg� ] [end] [Loop clause]unless expr clause fand clauseg�[else clause fand clauseg� ] [end]The constructs when and if allow conditional execution of loop clauses. Theseconstructs are synonyms and can be used interchangeably. [Compare this tothe macro when, which does not allow an \else" part.|GLS]If the value of the test expression expr is non-nil, the expression clause1is evaluated. If the test expression evaluates to nil and an else constructis speci�ed, the statements that follow the else are evaluated; otherwise,control passes to the next clause.The unless construct is equivalent to when (not expr) and if (not expr). Ifthe value of the test expression expr is nil, the expression clause1 is evaluated.If the test expression evaluates to non-nil and an else construct is speci�ed,the statements that follow the else are evaluated; otherwise, control passesto the next clause. [Compare this to the macro unless, which does not allowan \else" part|or do I mean a \then" part?! Ugh. To prevent confusion, Istrongly recommend as a matter of style that else not be used with unlessloop clauses.|GLS]The clause arguments must be either accumulation, unconditional, or con-ditional clauses (see section 26.3.2). Clauses that follow the test expressioncan be grouped by using the loop keyword and to produce a compound clause.The loop keyword it can be used to refer to the result of the test expressionin a clause. If multiple clauses are connected with and, the it construct mustbe used in the �rst clause in the block. Since it is a loop keyword, it maynot be used as a local variable within a loop.



LOOP 799If when or if clauses are nested, each else is paired with the closest pre-ceding when or if construct that has no associated else.The optional loop keyword end marks the end of the clause. If this keywordis not speci�ed, the next loop keyword marks the end. You can use end todistinguish the scoping of compound clauses.;;; Group conditional clauses into a block.(loop for i in numbers-listwhen (oddp i)do (print i)and collect i into odd-numbersand do (terpri)else ;I is evencollect i into even-numbersfinally(return (values odd-numbers even-numbers)));;; Collect numbers larger than 3.(loop for i in '(1 2 3 4 5 6)when (and (> i 3) i)collect it) ;it refers to (and (> i 3) i)) (4 5 6);;; Find a number in a list.(loop for i in '(1 2 3 4 5 6)when (and (> i 3) i)return it)) 4;;; The preceding example is similar to the following one.(loop for i in '(1 2 3 4 5 6)thereis (and (> i 3) i))) 4;;; An example of using UNLESS with ELSE (yuk). |GLS(loop for turtle in teenage-mutant-ninja-turtles do(loop for x in '(joker brainiac shredder krazy-kat)unless (evil x)do (eat (make-pizza :anchovies t))else unless (and (eq x 'shredder) (attacking-p x))do (cut turtle slack);When the evil Shredder attacks,else (fight turtle x)));those turtle boys don't cut no slack



800 COMMON LISP;;; Nest conditional clauses.(loop for i in listwhen (numberp i)when (bignump i)collect i into big-numberselse ;Not (bignump i)collect i into other-numberselse ;Not (numberp i)when (symbolp i)collect i into symbol-listelse ;Not (symbolp i)(error "found a funny value in list ~S, value ~S~%""list i));;; Without the END marker, the last AND would apply to the;;; inner IF rather than the outer one.(loop for x from 0 to 3do (print x)if (zerop (mod x 2))do (princ " a")and if (zerop (floor x 2))do (princ " b")endand do (princ " c"))26.11. Unconditional ExecutionThe loop construct do (or doing) takes one or more expressions and simplyevaluates them in order.The loop construct return takes one expression and returns its value. It isequivalent to the clause do (return value). [Loop clause]do fexprg� [Loop clause]doing fexprg�The do construct simply evaluates the speci�ed expressions wherever theyoccur in the expanded form of loop.The expr argument can be any non-atomic Common Lisp form. Each expris evaluated in every iteration.



LOOP 801The constructs do, initially, and finally are the only loop keywordsthat take an arbitrary number of forms and group them as if using an implicitprogn. Because every loop clause must begin with a loop keyword, you woulduse the keyword do when no control action other than execution is required.Examples:;;; Print some numbers.(loop for i from 1 to 5do (print i)) ;Prints 5 lines12345 ) NIL;;; Print numbers and their squares.;;; The DO construct applies to multiple forms.(loop for i from 1 to 4do (print i)(print (* i i))) ;Prints 8 lines112439416 ) NIL [Loop clause]return exprThe return construct terminates a loop and returns the value of the speci�edexpression as the value of the loop. This construct is similar to the CommonLisp special form return-from and the Common Lisp macro return.The Loop Facility supports the return construct for backward compatibil-ity with older loop implementations. The return construct returns immedi-ately and does not execute any finally clause that is given.Examples:



802 COMMON LISP;;; Signal an exceptional condition.(loop for item in '(1 2 3 a 4 5)when (not (numberp item))return (cerror "enter new value""non-numeric value: ~s"item)) ;Signals an error>>Error: non-numeric value: A;;; The previous example is equivalent to the following one.(loop for item in '(1 2 3 a 4 5)when (not (numberp item))do (return(cerror "enter new value""non-numeric value: ~s"item))) ;Signals an error>>Error: non-numeric value: A26.12. Miscellaneous FeaturesThe Loop Facility provides the named construct to name a loop so that theCommon Lisp special form return-from can be used.The loop keywords initially and finally designate loop constructs thatcause expressions to be evaluated before and after the loop body, respectively.The code for any initially clauses is collected into one progn in the orderin which the clauses appeared in the loop. The collected code is executed oncein the loop prologue after any implicit variable initializations.The code for any finally clauses is collected into one progn in the orderin which the clauses appeared in the loop. The collected code is executedonce in the loop epilogue before any implicit values are returned from theaccumulation clauses. Explicit returns in the loop body, however, will exitthe loop without executing the epilogue code.26.12.1. Data TypesMany loop constructs take a type-spec argument that allows you to specifycertain data types for loop variables. While it is not necessary to specify adata type for any variable, by doing so you ensure that the variable has acorrectly typed initial value. The type declaration is made available to thecompiler for more e�cient loop expansion. In some implementations, �xnum



LOOP 803and oat declarations are especially useful; the compiler notices them andemits more e�cient code.The type-spec argument has the following syntax:type-spec ::= of-type d-type-specd-type-spec ::= type-speci�er j (d-type-spec . d-type-spec)A type-speci�er in this syntax can be any Common Lisp type speci�er. The d-type-spec argument is used for destructuring, as described in section 26.12.2. Ifthe d-type-spec argument consists solely of the types fixnum, float, t, or nil,the of-type keyword is optional. The of-type construct is optional in thesecases to provide backward compatibility; thus the following two expressionsare the same:;;; This expression uses the old syntax for type specifiers.(loop for i fixnum upfrom 3 ...);;; This expression uses the new syntax for type specifiers.(loop for i of-type fixnum upfrom 3 ...)26.12.2. DestructuringDestructuring allows you to bind a set of variables to a corresponding setof values anywhere that you can normally bind a value to a single variable.During loop expansion, each variable in the variable list is matched with thevalues in the values list. If there are more variables in the variable list thanthere are values in the values list, the remaining variables are given a valueof nil. If there are more values than variables listed, the extra values arediscarded.Suppose you want to assign values from a list to the variables a, b, and c.You could use one for clause to bind the variable numlist to the car of thespeci�ed expression, and then you could use another for clause to bind thevariables a, b, and c sequentially.;;; Collect values by using FOR constructs.(loop for numlist in '((1 2 4.0) (5 6 8.3) (8 9 10.4))for a integer UU (first numlist)and for b integer UU (second numlist)and for c float UU (third numlist)collect (list c b a))) ((4.0 2 1) (8.3 6 5) (10.4 9 8))



804 COMMON LISPDestructuring makes this process easier by allowing the variables to be boundin parallel in each loop iteration. You can declare data types by using a listof type-spec arguments. If all the types are the same, you can use a shorthanddestructuring syntax, as the second example following illustrates.;;; Destructuring simplifies the process.(loop for (a b c) (integer integer float) in'((1 2 4.0) (5 6 8.3) (8 9 10.4))collect (list c b a)))) ((4.0 2 1) (8.3 6 5) (10.4 9 8));;; If all the types are the same, this way is even simpler.(loop for (a b c) float in'((1.0 2.0 4.0) (5.0 6.0 8.3) (8.0 9.0 10.4))collect (list c b a))) ((4.0 2.0 1.0) (8.3 6.0 5.0) (10.4 9.0 8.0))If you use destructuring to declare or initialize a number of groups of vari-ables into types, you can use the loop keyword and to simplify the processfurther.;;; Initialize and declare variables in parallel;;; by using the AND construct.(loop with (a b) float UU '(1.0 2.0)and (c d) integer UU '(3 4)and (e f)return (list a b c d e f))) (1.0 2.0 3 4 NIL NIL)A data type speci�er for a destructuring pattern is a tree of type speci�erswith the same shape as the tree of variables, with the following exceptions:. When aligning the trees, an atom in the type speci�er tree that matches acons in the variable tree declares the same type for each variable.. A cons in the type speci�er tree that matches an atom in the variable treeis a non-atomic type specifer.;;; Declare X and Y to be of type VECTOR and FIXNUM, respectively.(loop for (x y) of-type (vector fixnum) in my-list do ...)If nil is used in a destructuring list, no variable is provided for its place.



LOOP 805(loop for (a nil b) UU '(1 2 3)do (return (list a b)))) (1 3)Note that nonstandard lists can specify destructuring.(loop for (x . y) UU '(1 . 2)do (return y))) 2(loop for ((a . b) (c . d))of-type ((float . float) (integer . integer))in '(((1.2 . 2.4) (3 . 4)) ((3.4 . 4.6) (5 . 6)))collect (list a b c d))) ((1.2 2.4 3 4) (3.4 4.6 5 6))[It is worth noting that the destructuring facility of loop predates, anddi�ers in some details from, that of destructuring-bind, an extension thathas been provided by many implementors of Common Lisp.|GLS][Loop clause]initially fexprg� [Loop clause]finally [do j doing] fexprg� [Loop clause]finally return exprThe initially construct causes the speci�ed expression to be evaluated inthe loop prologue, which precedes all loop code except for initial settingsspeci�ed by constructs with, for, or as. The finally construct causes thespeci�ed expression to be evaluated in the loop epilogue after normal iterationterminates.The expr argument can be any non-atomic Common Lisp form.Clauses such as return, always, never, and thereis can bypass thefinally clause.The Common Lisp macro return (or the return loop construct) can beused after finally to return values from a loop. The evaluation of the returnform inside the finally clause takes precedence over returning the accumu-lation from clauses speci�ed by such keywords as collect, nconc, append,sum, count, maximize, and minimize; the accumulation values for these pre-empted clauses are not returned by the loop if return is used.The constructs do, initially, and finally are the only loop keywordsthat take an arbitrary number of (non-atomic) forms and group them as if byusing an implicit progn.



806 COMMON LISPExamples:;;; This example parses a simple printed string representation;;; from BUFFER (which is itself a string) and returns the;;; index of the closing double-quote character.(loop initially (unless (charUU (char buffer 0) #--\")(loop-finish))for i fixnum from 1 below (string-length buffer)when (charUU (char buffer i) #--\")return i);;; The FINALLY clause prints the last value of I.;;; The collected value is returned.(loop for i from 1 to 10when (> i 5)collect ifinally (print i)) ;Prints 1 line11 ) (6 7 8 9 10);;; Return both the count of collected numbers;;; as well as the numbers themselves.(loop for i from 1 to 10when (> i 5)collect i into number-listand count i into number-countfinally (return (values number-count number-list)))) 5 and (6 7 8 9 10) [Loop clause]named nameThe named construct allows you to assign a name to a loop construct so thatyou can use the Common Lisp special form return-from to exit the namedloop.Only one name may be assigned per loop; the speci�ed name becomes thename of the implicit block for the loop.If used, the named construct must be the �rst clause in the loop expression,coming right after the word loop.



LOOP 807Example:;;; Just name and return.(loop named maxfor i from 1 to 10do (print i)do (return-from max 'done)) ;Prints 1 line1 ) DONE



27Pretty PrintingBY RICHARD C. WATERSpreface: X3J13 voted in January 1989 h139i to adopt a facility for user-controlled pretty printing as a part of the forthcoming draft Common Lispstandard. This facility is the culmination of thirteen years of design, testing,revision, and use of this approach.This chapter presents the bulk of the Common Lisp pretty printing speci-�cation, written by Richard C. Waters. I have edited it only very lightly toconform to the overall style of this book. |Guy L. Steele Jr.27.1. IntroductionPretty printing has traditionally been a black box process, displaying programcode using a set of �xed layout rules. Its utility can be greatly enhanced byopening it up to user control. The facilities described in this chapter providegeneral and powerful means for specifying pretty-printing behavior.By providing direct access to the mechanisms within the pretty printer thatmake dynamic decisions about layout, the macros and functions pprint-logical-block, pprint-newline, and pprint-indent make it possible tospecify pretty printing layout rules as a part of any function that producesoutput. They also make it very easy for the function to support detection ofcircularity and sharing and abbreviation based on length and nesting depth.Using the function set-pprint-dispatch, one can associate a user-de�nedpretty printing function with any type of object. A small set of new formatdirectives allows concise implementation of user-de�ned pretty-printing func-tions. Together, these facilities enable users to rede�ne the way code is dis-played and allow the full power of pretty printing to be applied to complexcombinations of data structures.808



PRETTY PRINTING 809Implementation note: This chapter describes the interface of the XP prettyprinter. XP is described fully in [54], which also explains how to obtain a portableimplementation. XP uses a highly e�cient linear-time algorithm. When properlyintegrated into a Common Lisp, this algorithm supports pretty printing that is onlyfractionally slower than ordinary printing.27.2. Pretty Printing Control VariablesThe function write accepts keyword arguments named :pprint-dispatch,:miser-width, :right-margin, and :lines, corresponding to these vari-ables. [Variable]*print-pprint-dispatch*When *print-pretty* is not nil, printing is controlled by the `pprint dis-patch table' stored in the variable *print-pprint-dispatch*. The initialvalue of *print-pprint-dispatch* is implementation-dependent and causestraditional pretty printing of Lisp code. The last section of this chapter ex-plains how the contents of this table can be changed. [Variable]*print-right-margin*A primary goal of pretty printing is to keep the output between a pair ofmargins. The left margin is set at the column where the output begins. Ifthis cannot be determined, the left margin is set to zero.When *print-right-margin* is not nil, it speci�es the right margin touse when making layout decisions. When *print-right-margin* is nil (theinitial value), the right margin is set at the maximum line length that canbe displayed by the output stream without wraparound or truncation. If thiscannot be determined, the right margin is set to an implementation-dependentvalue.To allow for the possibility of variable-width fonts, *print-right-margin*is in units of ems|the width of an \m" in the font being used to displaycharacters on the relevant output stream at the moment when the variablesare consulted. [Variable]*print-miser-width*If *print-miser-width* is not nil, the pretty printer switches to a compactstyle of output (called miser style) whenever the width available for printing a



810 COMMON LISPsubstructure is less than or equal to *print-miser-width* ems. The initialvalue of *print-miser-width* is implementation-dependent. [Variable]*print-lines*When given a value other than its initial value of nil, *print-lines* limitsthe number of output lines produced when something is pretty printed. If anattempt is made to go beyond *print-lines* lines, \ .." (a space and twoperiods) is printed at the end of the last line followed by all of the su�xes(closing delimiters) that are pending to be printed.(let ((*print-right-margin* 25) (*print-lines* 3))(pprint '(progn (setq a 1 b 2 c 3 d 4))))(PROGN (SETQ A 1B 2C 3 ..))(The symbol \.." is printed out to ensure that a reader error will occur ifthe output is later read. A symbol di�erent from \..." is used to indicatethat a di�erent kind of abbreviation has occurred.)27.3. Dynamic Control of the Arrangement of OutputThe following functions and macros support precise control of what should bedone when a piece of output is too large to �t in the space available. Threeconcepts underlie the way these operations work: logical blocks, conditionalnewlines, and sections. Before proceeding further, it is important to de�nethese terms.The �rst line of �gure 27-1 shows a schematic piece of output. The charac-ters in the output are represented by hyphens. The positions of conditionalnewlines are indicated by digits. The beginnings and ends of logical blocksare indicated in the �gure by \<" and \>" respectively.The output as a whole is a logical block and the outermost section. Thissection is indicated by the 0's on the second line of �gure 27-1. Logical blocksnested within the output are speci�ed by the macro pprint-logical-block.Conditional newline positions are speci�ed by calls on pprint-newline. Eachconditional newline de�nes two sections (one before it and one after it) andis associated with a third (the section immediately containing it).The section after a conditional newline consists of all the output up to, butnot including, (a) the next conditional newline immediately contained in the



PRETTY PRINTING 811Figure 27-1: Example of Logical Blocks, Conditional Newlines, and Sections<-1---<--<--2---3->--4-->->00000000000000000000000000011 11111111111111111111111122 222333 333344444444444444 44444same logical block; or if (a) is not applicable, (b) the next newline that is at alesser level of nesting in logical blocks; or if (b) is not applicable, (c) the endof the output.The section before a conditional newline consists of all the output backto, but not including, (a) the previous conditional newline that is immedi-ately contained in the same logical block; or if (a) is not applicable, (b) thebeginning of the immediately containing logical block. The last four lines in�gure 27-1 indicate the sections before and after the four conditional newlines.The section immediately containing a conditional newline is the shortestsection that contains the conditional newline in question. In �gure 27-1, the�rst conditional newline is immediately contained in the section marked with0's, the second and third conditional newlines are immediately contained inthe section before the fourth conditional newline, and the fourth conditionalnewline is immediately contained in the section after the �rst conditionalnewline.Whenever possible, the pretty printer displays the entire contents of a sec-tion on a single line. However, if the section is too long to �t in the spaceavailable, line breaks are inserted at conditional newline positions within thesection. [Function]pprint-newline kind &optional streamThe stream (which defaults to *standard-output*) follows the standard con-ventions for stream arguments to printing functions (that is, nil stands for*standard-output* and t stands for *terminal-io*). The kind argumentspeci�es the style of conditional newline. It must be one of :linear, :fill,:miser, or :mandatory. An error is signaled if any other value is supplied.If stream is a pretty printing stream created by pprint-logical-block, aline break is inserted in the output when the appropriate condition below is



812 COMMON LISPsatis�ed. Otherwise, pprint-newline has no e�ect. The value nil is alwaysreturned.If kind is :linear, it speci�es a `linear-style' conditional newline. A linebreak is inserted if and only if the immediately containing section cannot beprinted on one line. The e�ect of this is that line breaks are either insertedat every linear-style conditional newline in a logical block or at none of them.If kind is :miser, it speci�es a `miser-style' conditional newline. A linebreak is inserted if and only if the immediately containing section cannot beprinted on one line and miser style is in e�ect in the immediately containinglogical block. The e�ect of this is that miser-style conditional newlines actlike linear-style conditional newlines, but only when miser style is in e�ect.Miser style is in e�ect for a logical block if and only if the starting positionof the logical block is less than or equal to *print-miser-width* from theright margin.If kind is :fill, it speci�es a `�ll-style' conditional newline. A line breakis inserted if and only if either (a) the following section cannot be printedon the end of the current line, (b) the preceding section was not printed ona single line, or (c) the immediately containing section cannot be printedon one line and miser style is in e�ect in the immediately containing logicalblock. If a logical block is broken up into a number of subsections by �ll-styleconditional newlines, the basic e�ect is that the logical block is printed withas many subsections as possible on each line. However, if miser style is ine�ect, �ll-style conditional newlines act like linear-style conditional newlines.If kind is :mandatory, it speci�es a `mandatory-style' conditional newline.A line break is always inserted. This implies that none of the containingsections can be printed on a single line and will therefore trigger the insertionof line breaks at linear-style conditional newlines in these sections.When a line break is inserted by any type of conditional newline, any blanksthat immediately precede the conditional newline are omitted from the outputand indentation is introduced at the beginning of the next line. By default,the indentation causes the following line to begin in the same horizontal po-sition as the �rst character in the immediately containing logical block. (Theindentation can be changed via pprint-indent.)There are a variety of ways unconditional newlines can be introduced intothe output (for example, via terpri or by printing a string containing anewline character). As with mandatory conditional newlines, this preventsany of the containing sections from being printed on one line. In general, whenan unconditional newline is encountered, it is printed out without suppressionof the preceding blanks and without any indentation following it. However, ifa per-line pre�x has been speci�ed (see pprint-logical-block), that pre�x



PRETTY PRINTING 813will always be printed no matter how a newline originates. [Macro]pprint-logical-block (stream-symbol list[[ f:prefix j :per-line-prefixgp j :suffix s ]] )f formg�This macro causes printing to be grouped into a logical block. It returns nil.The stream-symbol must be a symbol. If it is nil, it is treated the same asif it were *standard-output*. If it is t, it is treated the same as if it were*terminal-io*. The run-time value of stream-symbol must be a stream (ornil standing for *standard-output* or t standing for *terminal-io*). Thelogical block is printed into this destination stream.The body (which consists of the forms) can contain any arbitrary Lispforms. Within the body, stream-symbol (or *standard-output* if stream-symbol is nil, or *terminal-io* if stream-symbol is t) is bound to a \prettyprinting" stream that supports decisions about the arrangement of outputand then forwards the output to the destination stream. All the standardprinting functions (for example, write, princ, terpri) can be used to sendoutput to the pretty printing stream created by pprint-logical-block. Alland only the output sent to this pretty printing stream is treated as being inthe logical block.pprint-logical-block and the pretty printing stream it creates have dy-namic extent. It is unde�ned what happens if output is attempted outsideof this extent to the pretty printing stream created. It is unspeci�ed whathappens if, within this extent, any output is sent directly to the underlyingdestination stream (by calling write-char, for example).The :suffix, :prefix, and :per-line-prefix arguments must all be ex-pressions that (at run time) evaluate to strings. The :suffix argument s(which defaults to the null string) speci�es a su�x that is printed just after thelogical block. The :prefix and :per-line-prefix arguments are mutuallyexclusive. If neither :prefix nor :per-line-prefix is speci�ed, a :prefixof the null string is assumed. The :prefix argument speci�es a pre�x p thatis printed before the beginning of the logical block. The :per-line-prefixspeci�es a pre�x p that is printed before the block and at the beginning ofeach subsequent line in the block. An error is signaled if :prefix and :per-line-prefix are both used or if a :suffix, :prefix, or :pre-line-prefixargument does not evaluate to a string.The list is interpreted as being a list that the body is responsible for printing.(See pprint-exit-if-list-exhausted and pprint-pop.) If list does not (atrun time) evaluate to a list, it is printed using write. (This makes it easier to



814 COMMON LISPwrite printing functions that are robust in the face of malformed arguments.)If *print-circle* (and possibly also *print-shared*) is not nil and list isa circular (or shared) reference to a cons, then an appropriate \#--n#--" markeris printed. (This makes it easy to write printing functions that provide fullsupport for circularity and sharing abbreviation.) If *print-level* is not niland the logical block is at a dynamic nesting depth of greater than *print-level* in logical blocks, \#--" is printed. (This makes it easy to write printingfunctions that provide full support for depth abbreviation.)If any of the three preceding conditions occurs, the indicated output isprinted on stream-symbol and the body is skipped along with the printing ofthe pre�x and su�x. (If the body is not responsible for printing a list, then the�rst two tests above can be turned o� by supplying nil for the list argument.)In addition to the list argument of pprint-logical-block, the argumentsof the standard printing functions such as write, print, pprint, print1, andpprint, as well as the arguments of the standard format directives such as~A, ~S, (and ~W) are all checked (when necessary) for circularity and shar-ing. However, such checking is not applied to the arguments of the functionswrite-line, write-string, and write-char or to the literal text output byformat. A consequence of this is that you must use one of the latter functionsif you want to print some literal text in the output that is not supposed to bechecked for circularity or sharing. (See the examples below.)Implementation note: Detection of circularity and sharing is supported by thepretty printer by in essence performing the requested output twice. On the �rstpass, circularities and sharing are detected and the actual outputting of charactersis suppressed. On the second pass, the appropriate \#--nUU" and \#--n#--" markers areinserted and characters are output.A consequence of this two-pass approach to the detection of circularity and sharingis that the body of a pprint-logical-block must not perform any side-e�ects onthe surrounding environment. This includes not modifying any variables that arebound outside of its scope. Obeying this restriction is facilitated by using pprint-pop, instead of an ordinary pop when traversing a list being printed by the body ofa pprint-logical-block.) [Macro]pprint-exit-if-list-exhaustedpprint-exit-if-list-exhausted tests whether or not the list argument ofpprint-logical-block has been exhausted (see pprint-pop). If this list hasbeen reduced to nil, pprint-exit-if-list-exhausted terminates the exe-cution of the immediately containing pprint-logical-block except for theprinting of the su�x. Otherwise pprint-exit-if-list-exhausted returns



PRETTY PRINTING 815nil. An error message is issued if pprint-exit-if-list-exhausted is usedanywhere other than syntactically nested within a call on pprint-logical-block. It is unde�ned what happens if pprint-pop is executed outside of thedynamic extent of this pprint-logical-block. [Macro]pprint-poppprint-pop pops elements one at a time o� the list argument of pprint-logical-block, taking care to obey *print-length*, *print-circle*, and*print-shared*. An error message is issued if it is used anywhere other thansyntactically nested within a call on pprint-logical-block. It is unde�nedwhat happens if pprint-pop is executed outside of the dynamic extent of thiscall on pprint-logical-block.Each time pprint-pop is called, it pops the next value o� the list argu-ment of pprint-logical-block and returns it. However, before doing this,it performs three tests. If the remaining list is not a list (neither a cons nornil), \. " is printed followed by the remaining list. (This makes it easierto write printing functions that are robust in the face of malformed argu-ments.) If *print-length* is nil and pprint-pop has already been called*print-length* times within the immediately containing logical block, \..."is printed. (This makes it easy to write printing functions that properly handle*print-length*.) If *print-circle* (and possibly also *print-shared*)is not nil, and the remaining list is a circular (or shared) reference, then \. "is printed followed by an appropriate \#--n#--" marker. (This catches instancesof cdr circularity and sharing in lists.)If any of the three preceding conditions occurs, the indicated output isprinted on the pretty printing stream created by the immediately contain-ing pprint-logical-block and the execution of the immediately containingpprint-logical-block is terminated except for the printing of the su�x.If pprint-logical-block is given a list argument of nil|because it is notprocessing a list|pprint-pop can still be used to obtain support for *print-length* (see the example function pprint-vector below). In this situation,the �rst and third tests above are disabled and pprint-pop always returnsnil. [Function]pprint-indent relative-to n &optional streampprint-indent speci�es the indentation to use in a logical block. Stream(which defaults to *standard-output*) follows the standard conventions for



816 COMMON LISPstream arguments to printing functions. The argument n speci�es the inden-tation in ems. If relative-to is :block, the indentation is set to the horizon-tal position of the �rst character in the block plus n ems. If relative-to is:current, the indentation is set to the current output position plus n ems.The argument n can be negative; however, the total indentation cannot bemoved left of the beginning of the line or left of the end of the rightmostper-line pre�x. Changes in indentation caused by pprint-indent do not takee�ect until after the next line break. In addition, in miser mode all callson pprint-indent are ignored, forcing the lines corresponding to the logicalblock to line up under the �rst character in the block.An error is signaled if a value other than :block or :current is supplied forrelative-to. If stream is a pretty printing stream created by pprint-logical-block, pprint-indent sets the indentation in the innermost dynamically en-closing logical block. Otherwise, pprint-indent has no e�ect. The value nilis always returned. [Function]pprint-tab kind colnum colinc &optional streampprint-tab speci�es tabbing as performed by the standard format directive~T. Stream (which defaults to *standard-output*) follows the standard con-ventions for stream arguments to printing functions. The arguments colnumand colinc correspond to the two parameters to ~T and are in terms of ems.The kind argument speci�es the style of tabbing. It must be one of :line (tabas by ~T) :section (tab as by ~T, but measuring horizontal positions rela-tive to the start of the dynamically enclosing section), :line-relative (tabas by ~@T), or :section-relative (tab as by ~@T, but measuring horizontalpositions relative to the start of the dynamically enclosing section). An erroris signaled if any other value is supplied for kind. If stream is a pretty printingstream created by pprint-logical-block, tabbing is performed. Otherwise,pprint-tab has no e�ect. The value nil is always returned. [Function]pprint-fill stream list &optional colon? atsign? [Function]pprint-linear stream list &optional colon? atsign? [Function]pprint-tabular stream list &optional colon? atsign?tabsizeThese three functions specify particular ways of pretty printing lists. Streamfollows the standard conventions for stream arguments to printing functions.Each function prints parentheses around the output if and only if colon? (de-fault t) is not nil. Each function ignores its atsign? argument and returns



PRETTY PRINTING 817nil. (These two arguments are included in this way so that these functionscan be used via ~/.../ and as set-pprint-dispatch functions as well asdirectly.) Each function handles abbreviation and the detection of circular-ity and sharing correctly and uses write to print list when given a non-listargument.The function pprint-linear prints a list either all on one line or with eachelement on a separate line. The function pprint-fill prints a list with asmany elements as possible on each line. The function pprint-tabular is thesame as pprint-fill except that it prints the elements so that they line upin columns. This function takes an additional argument tabsize (default 16)that speci�es the column spacing in ems.As an example of the interaction of logical blocks, conditional newlines, andindentation, consider the function pprint-defun below. This function prettyprints a list whose car is defun in the standard way assuming that the lengthof the list is exactly 4.;;; Pretty printer function for DEFUN forms.(defun pprint-defun (list)(pprint-logical-block (nil list :prefix "(" :suffix ")")(write (first list))(write-char #--\space)(pprint-newline :miser)(pprint-indent :current 0)(write (second list))(write-char #--\space)(pprint-newline :fill)(write (third list))(pprint-indent :block 1)(write-char #--\space)(pprint-newline :linear)(write (fourth list))))Suppose that one evaluates the following:(pprint-defun '(defun prod (x y) (* x y)))If the line width available is greater than or equal to 26, all of the outputappears on one line. If the width is reduced to 25, a line break is insertedat the linear-style conditional newline before (* X Y), producing the output



818 COMMON LISPshown below. The (pprint-indent :block 1) causes (* X Y) to be printedat a relative indentation of 1 in the logical block.(DEFUN PROD (X Y)(* X Y))If the width is 15, a line break is also inserted at the �ll-style conditionalnewline before the argument list. The argument list lines up under the func-tion name because of the call on (pprint-indent :current 0) before theprinting of the function name.(DEFUN PROD(X Y)(* X Y))If *print-miser-width*were greater than or equal to 14, the output wouldhave been entirely in miser mode. All indentation changes are ignored in misermode and line breaks are inserted at miser-style conditional newlines. Theresult would have been as follows:(DEFUNPROD(X Y)(* X Y))As an example of the use of a per-line pre�x, consider that evaluating theexpression(pprint-logical-block (nil nil :per-line-prefix ";;; ")(pprint-defun '(defun prod (x y) (* x y))))produces the output;;; (DEFUN PROD;;; (X Y);;; (* X Y))with a line width of 20 and nil as the value of the printer control variable*print-miser-width*.(If *print-miser-width* were not nil the output;;; (DEFUN;;; PROD;;; (X Y);;; (* X Y))



PRETTY PRINTING 819might appear instead.)

As a more complex (and realistic) example, consider the function pprint-let below. This speci�es how to pretty print a let in the standard style. Itis more complex than pprint-defun because it has to deal with nested struc-ture. Also, unlike pprint-defun, it contains complete code to print readablyany possible list that begins with the symbol let. The outermost pprint-logical-block handles the printing of the input list as a whole and speci-�es that parentheses should be printed in the output. The second pprint-logical-block handles the list of binding pairs. Each pair in the list is itselfprinted by the innermost pprint-logical-block. (A loop is used instead ofmerely decomposing the pair into two elements so that readable output willbe produced no matter whether the list corresponding to the pair has oneelement, two elements, or (being malformed) has more than two elements.)A space and a �ll-style conditional newline are placed after each pair exceptthe last. The loop at the end of the topmost pprint-logical-block printsout the forms in the body of the let separated by spaces and linear-styleconditional newlines.



820 COMMON LISP;;; Pretty printer function for LET forms,;;; carefully coded to handle malformed binding pairs.(defun pprint-let (list)(pprint-logical-block (nil list :prefix "(" :suffix ")")(write (pprint-pop))(pprint-exit-if-list-exhausted)(write-char #--\space)(pprint-logical-block(nil (pprint-pop) :prefix "(" :suffix ")")(pprint-exit-if-list-exhausted)(loop (pprint-logical-block(nil (pprint-pop) :prefix "(" :suffix ")")(pprint-exit-if-list-exhausted)(loop (write (pprint-pop))(pprint-exit-if-list-exhausted)(write-char #--\space)(pprint-newline :linear)))(pprint-exit-if-list-exhausted)(write-char #--\space)(pprint-newline :fill)))(pprint-indent :block 1)(loop (pprint-exit-if-list-exhausted)(write-char #--\space)(pprint-newline :linear)(write (pprint-pop)))))Suppose that the following is evaluated with *print-level* having thevalue 4 and *print-circle* having the value t.(pprint-let '#--1UU(let (x (*print-length* (f (g 3)))(z . 2) (k (car y)))(setq x (sqrt z)) #--1#--))If the line length is greater than or equal to 77, the output produced appearson one line. However, if the line length is 76, line breaks are inserted at thelinear-style conditional newlines separating the forms in the body and theoutput below is produced. Note that the degenerate binding pair X is printedreadably even though it fails to be a list; a depth abbreviation marker isprinted in place of (G 3); the binding pair (Z . 2) is printed readably eventhough it is not a proper list; and appropriate circularity markers are printed.



PRETTY PRINTING 821#--1UU(LET (X (*PRINT-LENGTH* (F #--)) (Z . 2) (K (CAR Y)))(SETQ X (SQRT Z))#--1#--)If the line length is reduced to 35, a line break is inserted at one of the�ll-style conditional newlines separating the binding pairs.#--1UU(LET (X (*PRINT-PRETTY* (F #--))(Z . 2) (K (CAR Y)))(SETQ X (SQRT Z))#--1#--)Suppose that the line length is further reduced to 22 and *print-length*is set to 3. In this situation, line breaks are inserted after both the �rst andsecond binding pairs. In addition, the second binding pair is itself brokenacross two lines. Clause (b) of the description of �ll-style conditional newlinesprevents the binding pair (Z . 2) from being printed at the end of the thirdline. Note that the length abbreviation hides the circularity from view andtherefore the printing of circularity markers disappears.(LET (X(*PRINT-LENGTH*(F #--))(Z . 2) ...)(SETQ X (SQRT Z))...)The function pprint-tabular could be de�ned as follows:(defun pprint-tabular (s list &optional (c? t) a? (size 16))(declare (ignore a?))(pprint-logical-block(s list :prefix (if c? "(" "") :suffix (if c? ")" ""))(pprint-exit-if-list-exhausted)(loop (write (pprint-pop) :stream s)(pprint-exit-if-list-exhausted)(write-char #--\space s)(pprint-tab :section-relative 0 size s)(pprint-newline :fill s))))Evaluating the followingwith a line length of 25 produces the output shown.



822 COMMON LISP(princ "Roads ")(pprint-tabular nil '(elm main maple center) nil nil 8)Roads ELM MAINMAPLE CENTERThe function below prints a vector using #--(...) notation.(defun pprint-vector (v)(pprint-logical-block (nil nil :prefix "#--(" :suffix ")")(let ((end (length v)) (i 0))(when (plusp end)(loop (pprint-pop)(write (aref v i))(if (UU (incf i) end) (return nil))(write-char #--\space)(pprint-newline :fill))))))Evaluating the followingwith a line length of 15 produces the output shown.(pprint-vector '#--(12 34 567 8 9012 34 567 89 0 1 23))#--(12 34 567 89012 34 56789 0 1 23)27.4. Format Directive InterfaceThe primary interface to operations for dynamically determining the arrange-ment of output is provided through the functions above. However, an addi-tional interface is provided via a set of format directives because, as shownby the examples in this section and the next, format strings are typically amuch more compact way to specify pretty printing. In addition, without suchan interface, one would have to abandon the use of format when interactingwith the pretty printer.~WWrite. An arg, any Lisp object, is printed obeying every printer control vari-able (as by write). In addition,~W interacts correctly with depth abbreviationby not resetting the depth counter to zero. ~W does not accept parameters. If



PRETTY PRINTING 823given the colon modi�er, ~W binds *print-pretty* to t. If given the atsignmodi�er, ~W binds *print-level* and *print-length* to nil.~W provides automatic support for circularity detection. If *print-circle*(and possibly also *print-shared*) is not nil and ~W is applied to an argu-ment that is a circular (or shared) reference, an appropriate \#--n#--" marker isinserted in the output instead of printing the argument.~_Conditional newline. Without any modi�ers, ~_ is equivalent to (pprint-newline :linear). The directive ~@_ is equivalent to (pprint-newline:miser). The directive ~:_ is equivalent to (pprint-newline :fill). Thedirective ~:@_ is equivalent to (pprint-newline :mandatory).~<str~:>Logical block. If ~:> is used to terminate a ~<... directive, the directiveis equivalent to a call on pprint-logical-block. The format argumentcorresponding to the ~<...~:> directive is treated in the same way as the listargument to pprint-logical-block, thereby providing automatic supportfor non-list arguments and the detection of circularity, sharing, and depthabbreviation. The portion of the format control string nested within the~<...~:> speci�es the :prefix (or :per-line-prefix), :suffix, and bodyof the pprint-logical-block.The format string portion enclosed by ~<...~:> can be divided into seg-ments ~<pre�x~;body~;su�x~:> by ~; directives. If the �rst section is ter-minated by ~@;, it speci�es a per-line pre�x rather than a simple pre�x. Thepre�x and su�x cannot contain format directives. An error is signaled if ei-ther the pre�x or su�x fails to be a constant string or if the enclosed portionis divided into more than three segments.If the enclosed portion is divided into only two segments, the su�x defaultsto the null string. If the enclosed portion consists of only a single segment,both the pre�x and the su�x default to the null string. If the colon modi�eris used (that is, ~:<...~:>), the pre�x and su�x default to "(" and ")",respectively, instead of the null string.The body segment can be any arbitrary format control string. This formatcontrol string is applied to the elements of the list corresponding to the~<...~:> directive as a whole. Elements are extracted from this list usingpprint-pop, thereby providing automatic support for malformed lists and thedetection of circularity, sharing, and length abbreviation. Within the bodysegment, ~̂ acts like pprint-exit-if-list-exhausted.



824 COMMON LISP~<...~:> supports a feature not supported by pprint-logical-block.If ~:@> is used to terminate the directive (that is, ~<...~:@>), then a �ll-style conditional newline is automatically inserted after each group of blanksimmediately contained in the body (except for blanks after a ~<newline>directive). This makes it easy to achieve the equivalent of paragraph �lling.If the atsign modi�er is used with ~<...~:>, the entire remaining argu-ment list is passed to the directive as its argument. All of the remainingarguments are always consumed by ~@<...~:>, even if they are not all usedby the format string nested in the directive. Other than the di�erence in itsargument, ~@<...~:> is exactly the same as ~<...~:>, except that circularity(and sharing) detection is not applied if the ~@<...~:> is at top level in aformat string. This ensures that circularity detection is applied only to datalists and not to format argument lists.To a considerable extent, the basic form of the directive ~<...~> is incom-patible with the dynamic control of the arrangement of output by ~W, ~_,~<...~:>, ~I, and ~:T. As a result, an error is signaled if any of these direc-tives is nested within ~<...~>. Beyond this, an error is also signaled if the~<...~:;...~> form of ~<...~> is used in the same format string with ~W,~_, ~<...~:>, ~I, or ~:T.~IIndent. ~nI is equivalent to (pprint-indent :block n). ~:nI is equivalentto (pprint-indent :current n). In both cases, n defaults to zero if it isomitted.~:TTabulate. If the colon modi�er is used with the ~T directive, the tabbingcomputation is done relative to the column where the section immediatelycontaining the directive begins, rather than with respect to column zero.~n,m:T is equivalent to (pprint-tab :section n m). ~n,m:@T is equiva-lent to (pprint-tab :section-relative n m). The numerical parametersare both interpreted as being in units of ems and both default to 1.~/name/Call function. User-de�ned functions can be called from within a formatstring by using the directive ~/name/. The colon modi�er, the atsign modi�er,and arbitrarily many parameters can be speci�ed with the ~/name/ directive.The name can be any string that does not contain \/". All of the charactersin name are treated as if they were upper case. If name contains a \:" or\::", then everything up to but not including the �rst \:" or \::" is taken



PRETTY PRINTING 825to be a string that names a package. Everything after the �rst \:" or \::" (ifany) is taken to be a string that names a symbol. The function correspondingto a ~/name/ directive is obtained by looking up the symbol that has theindicated name in the indicated package. If name does not contain a \:" or\::", then the whole name string is looked up in the user package.When a ~/name/ directive is encountered, the indicated function is calledwith four or more arguments. The �rst four arguments are the output stream,the format argument corresponding to the directive, the value t if the colonmodi�er was used (nil otherwise), and the value t if the atsign modi�er wasused (nil otherwise). The remaining arguments consist of any parametersspeci�ed with the directive. The function should print the argument appro-priately. Any values returned by the function are ignored.The three functions pprint-linear, pprint-fill, and pprint-tabularare designed so that they can be called by~/.../ (that is, ~/pprint-linear/,~/pprint-fill/, and ~/pprint-tabular/. In particular they take colon andatsign arguments.As examples of the convenience of specifying pretty printing with formatstrings, consider the functions pprint-defun and pprint-let used as ex-amples in the last section. They can be more compactly de�ned as follows.The function pprint-vector cannot be de�ned using format, because thedata structure it traverses is not a list. The function pprint-tabular is in-convenient to de�ne using format, because of the need to pass its tabsizeargument through to a ~:T directive nested within an iteration over a list.(defun pprint-defun (list)(format t "~:<~W ~@_~:I~W ~:_~W~1I ~_~W~:>" list))(defun pprint-let (list)(format t "~:<~W~̂ ~:<~@f~:<~@f~W~̂ ~_~g~:>~̂ ~:_~g~:>~1I~~@f~̂ ~_~W~g~:>"list))27.5. Compiling Format Control StringsThe control strings used by format are essentially programs that performprinting. The macro formatter provides the e�ciency of using a compiledfunction for printing without losing the visual compactness of format strings.



826 COMMON LISP [Macro]formatter control-stringThe control-string must be a literal string. An error is signaled if control-string is not a valid format control string. The macro formatter expands intoan expression of the form (function (lambda (stream &rest args) ...))that does the printing speci�ed by control-string. The lambda created acceptsan output stream as its �rst argument and zero or more data values as itsremaining arguments. The value returned by the lambda is the tail (if any)of the data values that are not printed out by control-string. (For example, ifthe control-string is "~A~A", the cddr (if any) of the data values is returned.)The form (formatter "~%~2@f~S, ~g") is equivalent to the following:#--'(lambda (stream &rest args)(terpri stream)(dotimes (n 2)(if (null args) (return nil))(prin1 (pop args) stream)(write-string ", " stream))args)In support of the above mechanism, format is extended so that it acceptsfunctions as its second argument as well as strings. When a function is pro-vided, it must be a function of the form created by formatter. The functionis called with the appropriate output stream as its �rst argument and thedata arguments to format as its remaining arguments. The function shouldperform whatever output is necessary and return the unused tail of the argu-ments (if any). The directives ~? and ~f~g with no body are also extendedso that they accept functions as well as control strings. Every other stan-dard function that takes a format string as an argument (for example, errorand warn) is also extended so that it can accept functions of the form aboveinstead.27.6. Pretty Printing Dispatch TablesWhen *print-pretty* is not nil, the pprint dispatch table in the variable*print-pprint-dispatch* controls how objects are printed. The informa-tion in this table takes precedence over all other mechanisms for specifyinghow to print objects. In particular, it overrides user-de�ned print-objectmethods and print functions for structures. However, if there is no speci�-cation for how to pretty print a particular kind of object, it is then printedusing the standard mechanisms as if *print-pretty* were nil.



PRETTY PRINTING 827A pprint dispatch table is a mapping from keys to pairs of values. The keysare type speci�ers. The values are functions and numerical priorities. Basicinsertion and retrieval is done based on the keys with the equality of keysbeing tested by equal. The function to use when pretty printing an object ischosen by �nding the highest priority function in *print-pprint-dispatch*that is associated with a type speci�er that matches the object. [Function]copy-pprint-dispatch &optional tableA copy is made of table, which defaults to the current pprint dispatch table.If table is nil, a copy is returned of the initial value of *print-pprint-dispatch*. [Function]pprint-dispatch object &optional tableThis retrieves the highest priority function from a pprint table that is asso-ciated with a type speci�er in the table that matches object. The function ischosen by �nding all the type speci�ers in table that match the object andselecting the highest priority function associated with any of these type spec-i�ers. If there is more than one highest priority function, an arbitrary choiceis made. If no type speci�ers match the object, a function is returned thatprints object with *print-pretty* bound to nil.As a second return value, pprint-dispatch returns a ag that is t if amatching type speci�er was found in table and nil if not.Table (which defaults to *print-pprint-dispatch*) must be a pprint dis-patch table. Table can be nil, in which case retrieval is done in the initialvalue of *print-pprint-dispatch*.When *print-pretty* is t, (write object :stream s) is equivalent to(funcall (pprint-dispatch object) s object). [Function]set-pprint-dispatch type function &optional priority tableThis puts an entry into a pprint dispatch table and returns nil. The typemust be a valid type speci�er and is the key of the entry. The �rst actionof set-pprint-dispatch is to remove any pre-existing entry associated withtype. This guarantees that there will never be two entries associated with thesame type speci�er in a given pprint dispatch table. Equality of type speci�ersis tested by equal.Two values are associated with each type speci�er in a pprint dispatchtable: a function and a priority. The function must accept two arguments:



828 COMMON LISPthe stream to send output to and the object to be printed. The functionshould pretty print the object on the stream. The function can assume thatobject satis�es type. The function should obey *print-readably*. Anyvalues returned by the function are ignored.The priority (which defaults to 0) must be a non-complex number. Thisnumber is used as a priority to resolve conicts when an object matches morethan one entry. An error is signaled if priority fails to be a non-complexnumber.The table (which defaults to the value of *print-pprint-dispatch*) mustbe a pprint dispatch table. The speci�ed entry is placed in this table.It is permissible for function to be nil. In this situation, there will be notype entry in table after set-pprint-dispatch is evaluated.To facilitate the use of pprint dispatch tables for controlling the prettyprinting of Lisp code, the type-speci�er argument of the function set-pprint-dispatch is allowed to contain the form (cons car-type cdr-type). This formindicates that the corresponding object must be a cons whose car satis�es thetype speci�er car-type and whose cdr satis�es the type speci�er cdr-type. Thecdr-type can be omitted, in which case it defaults to t.The initial value of *print-pprint-dispatch* is implementation-dependent. However, the initial entries all use a special class of prioritiesthat are less than every priority that can be speci�ed using set-pprint-dispatch. This guarantees that pretty printing functions speci�ed by userswill override everything in the initial value of *print-pprint-dispatch*.Consider the following examples. The �rst form restores *print-pprint-dispatch* to its initial value. The next two forms then specify a special wayof pretty printing ratios. Note that the more speci�c type speci�er has to beassociated with a higher priority.(setq *print-pprint-dispatch*(copy-pprint-dispatch nil))(defun div-print (s r colon? atsign?)(declare (ignore colon? atsign?))(format s "(/ ~D ~D)" (numerator (abs r)) (denominator r)))(set-pprint-dispatch 'ratio (formatter "#--.~/div-print/"))



PRETTY PRINTING 829(set-pprint-dispatch '(and ratio (satisfies minusp))(formatter "#--.(- ~/div-print/)")5)(pprint '(1/3 -2/3)) prints: (#--.(/ 1 3) #--.(- (/ 2 3)))The following two forms illustrate the speci�cation of pretty printing func-tions for particular types of Lisp code. The �rst form illustrates how to specifythe traditional method for printing quoted objects using \'" syntax. Note thecare taken to ensure that data lists that happen to begin with quote will beprinted readably. The second form speci�es that lists beginning with thesymbol my-let should print the same way that lists beginning with let printwhen the initial pprint dispatch table is in e�ect.(set-pprint-dispatch '(cons (member quote))#--'(lambda (s list)(if (and (consp (cdr list)) (null (cddr list)))(funcall (formatter "'~W") s (cadr list))(pprint-fill s list)))))(set-pprint-dispatch '(cons (member my-let))(pprint-dispatch '(let) nil))The next example speci�es a default method for printing lists that do notcorrespond to function calls. Note that, as shown in the de�nition of pprint-tabular above, pprint-linear, pprint-fill, and pprint-tabular are de-�ned with optional colon and atsign arguments so that they can be used aspprint dispatch functions as well as ~/.../ functions.(set-pprint-dispatch'(cons (not (and symbol (satisfies fboundp))))#--'pprint-fill-5)With a line length of 9, (pprint '(0 b c d e f g h i j k)) prints:(0 b c de f g hi j k)This �nal example shows how to de�ne a pretty printing function for a userde�ned data structure.



830 COMMON LISP(defstruct family mom kids)(set-pprint-dispatch 'family#--'(lambda (s f)(format s "~@<#--<~;~W and ~2I~_~/pprint-fill/~;>~:>"(family-mom f) (family-kids f))))The pretty printing function for the structure family speci�es how to adjustthe layout of the output so that it can �t aesthetically into a variety of linewidths. In addition, it obeys the printer control variables *print-level*,*print-length*, *print-lines*, *print-circle*, *print-shared*, and*print-escape*, and can tolerate several di�erent kinds of malformity in thedata structure. The output below shows what is printed out with a rightmargin of 25, *print-pretty* t, *print-escape* nil, and a malformedkids list.(write (list 'principal-family(make-family :mom "Lucy":kids '("Mark" "Bob" . "Dan"))):right-margin 25 :pretty T :escape nil :miser-width nil)(PRINCIPAL-FAMILY#--<Lucy andMark Bob . Dan>)Note that a pretty printing function for a structure is di�erent from thestructure's print function. While print functions are permanently associatedwith a structure, pretty printing functions are stored in pprint dispatch tablesand can be rapidly changed to reect di�erent printing needs. If there is nopretty printing function for a structure in the current print dispatch table,the print function (if any) is used instead.



28Common Lisp Object SystemBY DANIEL G. BOBROW, LINDA G. DEMICHIEL, RICHARD P. GABRIEL,SONYA E. KEENE, GREGOR KICZALES, AND DAVID A. MOONpreface: X3J13 voted in June 1988 h12i to adopt the �rst two chapters(of three) of the Common Lisp Object System speci�cation as a part of theforthcoming draft Common Lisp standard.This chapter presents the bulk of the �rst two chapters of the CommonLisp Object System speci�cation; it is substantially identical to these twospeci�cation chapters as previously published elsewhere [5, 6, 7]. I have editedthe material only very lightly to conform to the overall style of this book andto save a substantial number of pages by using a typographically condensedpresentation. I have inserted a small number of bracketed remarks, identi�edby the initials GLS. The chapter divisions of the original speci�cation havebecome section divisions in this chapter; references to the three chapters of theoriginal speci�cation now refer to the three \parts" of the speci�cation. (Seethe Acknowledgments to this second edition for acknowledgments to otherswho contributed to the Common Lisp Object System speci�cation.) Thisis not the last word on CLOS; X3J13 may well re�ne this material further.Keene has written a good tutorial introduction to CLOS [26].|Guy L. Steele Jr.28.1. Programmer Interface ConceptsThe Common Lisp Object System (CLOS) is an object-oriented extension toCommon Lisp. It is based on generic functions, multiple inheritance, declar-ative method combination, and a meta-object protocol.The �rst two parts of this speci�cation describe the standard ProgrammerInterface for the Common Lisp Object System. The �rst part, ProgrammerInterface Concepts, contains a description of the concepts of the CommonLispObject System, and the second part, Functions in the Programmer Interface,contains a description of the functions and macros in the CommonLisp Object831



832 COMMON LISPSystem Programmer Interface. The third part, The Common Lisp ObjectSystem Meta-Object Protocol, explains how the Common Lisp Object Systemcan be customized. [The third part has not yet been approved by X3J13 forinclusion in the forthcoming Common Lisp standard and is not included inthis book.|GLS]The fundamental objects of the Common Lisp Object System are classes,instances, generic functions, and methods.A class object determines the structure and behavior of a set of otherobjects, which are called its instances. Every Common Lisp object is aninstance of a class. The class of an object determines the set of operationsthat can be performed on the object.A generic function is a function whose behavior depends on the classes oridentities of the arguments supplied to it. A generic function object containsa set of methods, a lambda-list, a method combination type, and other in-formation. The methods de�ne the class-speci�c behavior and operations ofthe generic function; a method is said to specialize a generic function. Wheninvoked, a generic function executes a subset of its methods based on theclasses of its arguments.A generic function can be used in the same ways as an ordinary function inCommon Lisp; in particular, a generic function can be used as an argumentto funcall and apply and can be given a global or a local name.A method is an object that contains a method function, a sequence ofparameter specializers that specify when the given method is applicable, anda sequence of quali�ers that is used by the method combination facility todistinguish among methods. Each required formal parameter of each methodhas an associated parameter specializer, and the method will be invoked onlyon arguments that satisfy its parameter specializers.The method combination facility controls the selection of methods, the or-der in which they are run, and the values that are returned by the generic func-tion. The Common Lisp Object System o�ers a default method combinationtype and provides a facility for declaring new types of method combination.28.1.1. Error TerminologyThe terminology used in this chapter to describe erroneous situations dif-fers from the terminology used in the �rst edition. The new terminologyinvolves situations; a situation is the evaluation of an expression in some spe-ci�c context. For example, a situation might be the invocation of a functionon arguments that fail to satisfy some speci�ed constraints.



COMMON LISP OBJECT SYSTEM 833In the speci�cation of the Common Lisp Object System, the behavior ofprograms in all situations is described, and the options available to the im-plementor are de�ned. No implementation is allowed to extend the syntaxor semantics of the Object System except as explicitly de�ned in the ObjectSystem speci�cation. In particular, no implementation is allowed to extendthe syntax of the Object System in such a way that ambiguity between thespeci�ed syntax of the Object System and those extensions is possible.\When situation S occurs, an error is signaled."This terminology has the following meaning:. If this situation occurs, an error will be signaled in the interpreter and incode compiled under all compiler safety optimization levels.. Valid programs may rely on the fact that an error will be signaled in theinterpreter and in code compiled under all compiler safety optimizationlevels.. Every implementation is required to detect such an error in the interpreterand in code compiled under all compiler safety optimization levels.\When situation S occurs, an error should be signaled."This terminology has the following meaning:. If this situation occurs, an error will be signaled at least in the interpreterand in code compiled under the safest compiler safety optimization level.. Valid programs may not rely on the fact that an error will be signaled.. Every implementation is required to detect such an error at least in the in-terpreter and in code compiled under the safest compiler safety optimizationlevel.. When an error is not signaled, the results are unde�ned (see below).\When situation S occurs, the results are unde�ned."This terminology has the following meaning:. If this situation occurs, the results are unpredictable. The results may rangefrom harmless to fatal.. Implementations are allowed to detect this situation and signal an error,but no implementation is required to detect the situation.



834 COMMON LISP. No valid program may depend on the e�ects of this situation, and all validprograms are required to treat the e�ects of this situation as unpredictable.\When situation S occurs, the results are unspeci�ed."This terminology has the following meaning:. The e�ects of this situation are not speci�ed in the Object System, but thee�ects are harmless.. Implementations are allowed to specify the e�ects of this situation.. No portable program can depend on the e�ects of this situation, and allportable programs are required to treat the situation as unpredictable butharmless.\The Common Lisp Object System may be extended to cover situation S."The meaning of this terminology is that an implementation is free to treatsituation S in one of three ways:. When situation S occurs, an error is signaled at least in the interpreter andin code compiled under the safest compiler safety optimization level.. When situation S occurs, the results are unde�ned.. When situation S occurs, the results are de�ned and speci�ed.In addition, this terminology has the following meaning:. No portable program can depend on the e�ects of this situation, and allportable programs are required to treat the situation as unde�ned.\Implementations are free to extend the syntax S."This terminology has the following meaning:. Implementations are allowed to de�ne unambiguous extensions to syntax S.. No portable program can depend on this extension, and all portable pro-grams are required to treat the syntax as meaningless.The Common Lisp Object System speci�cation may disallow certain exten-sions while allowing others.



COMMON LISP OBJECT SYSTEM 83528.1.2. ClassesA class is an object that determines the structure and behavior of a set ofother objects, which are called its instances.A class can inherit structure and behavior from other classes. A class whosede�nition refers to other classes for the purpose of inheriting from them is saidto be a subclass of each of those classes. The classes that are designated forpurposes of inheritance are said to be superclasses of the inheriting class.A class can have a name. The function class-name takes a class objectand returns its name. The name of an anonymous class is nil. A symbolcan name a class. The function find-class takes a symbol and returns theclass that the symbol names. A class has a proper name if the name is asymbol and if the name of the class names that class. That is, a class C hasthe proper name S if S = (class-name C) and C = (find-class S). Noticethat it is possible for (find-class S1) = (find-class S2) and S1 6= S2. IfC = (find-class S), we say that C is the class named S.A class C1 is a direct superclass of a class C2 if C2 explicitly designatesC1 as a superclass in its de�nition. In this case, C2 is a direct subclass ofC1. A class Cn is a superclass of a class C1 if there exists a series of classesC2; : : : ; Cn�1 such that Ci+1 is a direct superclass of Ci for 1 � i < n. In thiscase, C1 is a subclass of Cn. A class is considered neither a superclass nor asubclass of itself. That is, if C1 is a superclass of C2, then C1 6= C2. The setof classes consisting of some given class C along with all of its superclasses iscalled \C and its superclasses."Each class has a class precedence list, which is a total ordering on the set ofthe given class and its superclasses. The total ordering is expressed as a listordered from most speci�c to least speci�c. The class precedence list is usedin several ways. In general, more speci�c classes can shadow, or override,features that would otherwise be inherited from less speci�c classes. Themethod selection and combination process uses the class precedence list toorder methods from most speci�c to least speci�c.When a class is de�ned, the order in which its direct superclasses are men-tioned in the de�ning form is important. Each class has a local precedenceorder , which is a list consisting of the class followed by its direct superclassesin the order mentioned in the de�ning form.A class precedence list is always consistent with the local precedence order ofeach class in the list. The classes in each local precedence order appear withinthe class precedence list in the same order. If the local precedence orders areinconsistent with each other, no class precedence list can be constructed, andan error is signaled. The class precedence list and its computation is discussed



836 COMMON LISPin section 28.1.5.Classes are organized into a directed acyclic graph. There are two distin-guished classes, named t and standard-object. The class named t has nosuperclasses. It is a superclass of every class except itself. The class namedstandard-object is an instance of the class standard-class and is a super-class of every class that is an instance of standard-class except itself.There is a mapping from the Common Lisp Object System class space intothe Common Lisp type space. Many of the standard Common Lisp types havea corresponding class that has the same name as the type. Some CommonLisp types do not have a corresponding class. The integration of the type andclass systems is discussed in section 28.1.4.Classes are represented by objects that are themselves instances of classes.The class of the class of an object is termed themetaclass of that object. Whenno misinterpretation is possible, the term metaclass will be used to refer to aclass that has instances that are themselves classes. The metaclass determinesthe form of inheritance used by the classes that are its instances and therepresentation of the instances of those classes. The Common Lisp ObjectSystem provides a default metaclass, standard-class, that is appropriate formost programs. The meta-object protocol provides mechanisms for de�ningand using new metaclasses.Except where otherwise speci�ed, all classes mentioned in this chapter areinstances of the class standard-class, all generic functions are instances ofthe class standard-generic-function, and all methods are instances of theclass standard-method.28.1.2.1. De�ning ClassesThe macro defclass is used to de�ne a new named class. The de�nition ofa class includes the following:. The name of the new class. For newly de�ned classes this is a proper name.. The list of the direct superclasses of the new class.. A set of slot speci�ers. Each slot speci�er includes the name of the slot andzero or more slot options. A slot option pertains only to a single slot. If aclass de�nition contains two slot speci�ers with the same name, an error issignaled.. A set of class options. Each class option pertains to the class as a whole.



COMMON LISP OBJECT SYSTEM 837The slot options and class options of the defclass form provide mechanismsfor the following:. Supplying a default initial value form for a given slot.. Requesting that methods for generic functions be automatically generatedfor reading or writing slots.. Controlling whether a given slot is shared by instances of the class orwhether each instance of the class has its own slot.. Supplying a set of initialization arguments and initialization argument de-faults to be used in instance creation.. Indicating that the metaclass is to be other than the default.. Indicating the expected type for the value stored in the slot.. Indicating the documentation string for the slot.28.1.2.2. Creating Instances of ClassesThe generic function make-instance creates and returns a new instance ofa class. The Object System provides several mechanisms for specifying howa new instance is to be initialized. For example, it is possible to specify theinitial values for slots in newly created instances either by giving argumentsto make-instance or by providing default initial values.Further initialization activities can be performed by methods written forgeneric functions that are part of the initialization protocol. The completeinitialization protocol is described in section 28.1.9.28.1.2.3. SlotsAn object that has standard-class as its metaclass has zero or more namedslots. The slots of an object are determined by the class of the object. Eachslot can hold one value. The name of a slot is a symbol that is syntacticallyvalid for use as a variable name.When a slot does not have a value, the slot is said to be unbound. Whenan unbound slot is read, the generic function slot-unbound is invoked. Thesystem-supplied primary method for slot-unbound signals an error.The default initial value form for a slot is de�ned by the :initform slotoption. When the :initform form is used to supply a value, it is evaluated



838 COMMON LISPin the lexical environment in which the defclass form was evaluated. The:initform along with the lexical environment in which the defclass formwas evaluated is called a captured :initform. See section 28.1.9.A local slot is de�ned to be a slot that is visible to exactly one instance,namely the one in which the slot is allocated. A shared slot is de�ned tobe a slot that is visible to more than one instance of a given class and itssubclasses.A class is said to de�ne a slot with a given name when the defclass formfor that class contains a slot speci�er with that name. De�ning a local slotdoes not immediately create a slot; it causes a slot to be created each time aninstance of the class is created. De�ning a shared slot immediately creates aslot.The :allocation slot option to defclass controls the kind of slot that isde�ned. If the value of the :allocation slot option is :instance, a local slotis created. If the value of :allocation is :class, a shared slot is created.A slot is said to be accessible in an instance of a class if the slot is de�nedby the class of the instance or is inherited from a superclass of that class.



COMMON LISP OBJECT SYSTEM 839At most one slot of a given name can be accessible in an instance. A sharedslot de�ned by a class is accessible in all instances of that class. A detailedexplanation of the inheritance of slots is given in section 28.1.3.2.28.1.2.4. Accessing SlotsSlots can be accessed in two ways: by use of the primitive function slot-valueand by use of generic functions generated by the defclass form.The function slot-value can be used with any slot name speci�ed in thedefclass form to access a speci�c slot accessible in an instance of the givenclass.The macro defclass provides syntax for generating methods to read andwrite slots. If a reader is requested, a method is automatically generated forreading the value of the slot, but no method for storing a value into it isgenerated. If a writer is requested, a method is automatically generated forstoring a value into the slot, but no method for reading its value is generated.If an accessor is requested, a method for reading the value of the slot and amethod for storing a value into the slot are automatically generated. Readerand writer methods are implemented using slot-value.When a reader or writer is speci�ed for a slot, the name of the genericfunction to which the generated method belongs is directly speci�ed. If thename speci�ed for the writer option is the symbol name, the name of thegeneric function for writing the slot is the symbol name, and the genericfunction takes two arguments: the new value and the instance, in that order.If the name speci�ed for the accessor option is the symbol name, the name ofthe generic function for reading the slot is the symbol name, and the name ofthe generic function for writing the slot is the list (setf name).A generic function created or modi�ed by supplying reader, writer, or ac-cessor slot options can be treated exactly as an ordinary generic function.Note that slot-value can be used to read or write the value of a slotwhether or not reader or writer methods exist for that slot. When slot-value is used, no reader or writer methods are invoked.The macro with-slots can be used to establish a lexical environment inwhich speci�ed slots are lexically available as if they were variables. Themacro with-slots invokes the function slot-value to access the speci�edslots.The macro with-accessors can be used to establish a lexical environmentin which speci�ed slots are lexically available through their accessors as if theywere variables. The macro with-accessors invokes the appropriate accessors



840 COMMON LISPto access the speci�ed slots. Any accessors speci�ed by with-accessorsmustalready have been de�ned before they are used.



COMMON LISP OBJECT SYSTEM 84128.1.3. InheritanceA class can inherit methods, slots, and some defclass options from its su-perclasses. The following sections describe the inheritance of methods, theinheritance of slots and slot options, and the inheritance of class options.28.1.3.1. Inheritance of MethodsA subclass inherits methods in the sense that any method applicable to allinstances of a class is also applicable to all instances of any subclass of thatclass.The inheritance of methods acts the same way regardless of whether themethod was created by using one of the method-de�ning forms or by using oneof the defclass options that causes methods to be generated automatically.The inheritance of methods is described in detail in section 28.1.7.28.1.3.2. Inheritance of Slots and Slot OptionsThe set of names of all slots accessible in an instance of a class C is the unionof the sets of names of slots de�ned by C and its superclasses. The structureof an instance is the set of names of local slots in that instance.In the simplest case, only one class among C and its superclasses de�nes aslot with a given slot name. If a slot is de�ned by a superclass of C, the slotis said to be inherited. The characteristics of the slot are determined by theslot speci�er of the de�ning class. Consider the de�ning class for a slot S. Ifthe value of the :allocation slot option is :instance, then S is a local slotand each instance of C has its own slot named S that stores its own value. Ifthe value of the :allocation slot option is :class, then S is a shared slot,the class that de�ned S stores the value, and all instances of C can access thatsingle slot. If the :allocation slot option is omitted, :instance is used.In general, more than one class among C and its superclasses can de�nea slot with a given name. In such cases, only one slot with the given nameis accessible in an instance of C, and the characteristics of that slot are acombination of the several slot speci�ers, computed as follows:. All the slot speci�ers for a given slot name are ordered from most speci�cto least speci�c, according to the order in C 's class precedence list of theclasses that de�ne them. All references to the speci�city of slot speci�ersimmediately following refer to this ordering.



842 COMMON LISP. The allocation of a slot is controlled by the most speci�c slot speci�er. Ifthe most speci�c slot speci�er does not contain an :allocation slot option,:instance is used. Less speci�c slot speci�ers do not a�ect the allocation.. The default initial value form for a slot is the value of the :initform slotoption in the most speci�c slot speci�er that contains one. If no slot speci�ercontains an :initform slot option, the slot has no default initial value form.. The contents of a slot will always be of type (and T1 : : : Tn) whereT1; : : : ; Tn are the values of the :type slot options contained in all of theslot speci�ers. If no slot speci�er contains the :type slot option, the con-tents of the slot will always be of type t. The result of attempting to storein a slot a value that does not satisfy the type of the slot is unde�ned.. The set of initialization arguments that initialize a given slot is the unionof the initialization arguments declared in the :initarg slot options in allthe slot speci�ers.. The documentation string for a slot is the value of the :documentation slotoption in the most speci�c slot speci�er that contains one. If no slot speci-�er contains a :documentation slot option, the slot has no documentationstring.A consequence of the allocation rule is that a shared slot can be shad-owed. For example, if a class C1 de�nes a slot named S whose value for the:allocation slot option is :class, that slot is accessible in instances of C1and all of its subclasses. However, if C2 is a subclass of C1 and also de�nesa slot named S, C1's slot is not shared by instances of C2 and its subclasses.When a class C1 de�nes a shared slot, any subclass C2 of C1 will share thissingle slot unless the defclass form for C2 speci�es a slot of the same nameor there is a superclass of C2 that precedes C1 in the class precedence list ofC2 that de�nes a slot of the same name.A consequence of the type rule is that the value of a slot satis�es the typeconstraint of each slot speci�er that contributes to that slot. Because theresult of attempting to store in a slot a value that does not satisfy the typeconstraint for the slot is unde�ned, the value in a slot might fail to satisfy itstype constraint.The :reader, :writer, and :accessor slot options create methods ratherthan de�ne the characteristics of a slot. Reader and writer methods are in-herited in the sense described in section 28.1.3.1.Methods that access slots use only the name of the slot and the type of theslot's value. Suppose a superclass provides a method that expects to access a



COMMON LISP OBJECT SYSTEM 843shared slot of a given name, and a subclass de�nes a local slot with the samename. If the method provided by the superclass is used on an instance of thesubclass, the method accesses the local slot.28.1.3.3. Inheritance of Class OptionsThe :default-initargs class option is inherited. The set of defaulted initial-ization arguments for a class is the union of the sets of initialization argumentsspeci�ed in the :default-initargs class options of the class and its super-classes. When more than one default initial value form is supplied for a giveninitialization argument, the default initial value form that is used is the onesupplied by the class that is most speci�c according to the class precedencelist.If a given :default-initargs class option speci�es an initialization argu-ment of the same name more than once, an error is signaled.28.1.3.4. Examples(defclass C1 ()((S1 :initform 5.4 :type number)(S2 :allocation :class)))(defclass C2 (C1)((S1 :initform 5 :type integer)(S2 :allocation :instance)(S3 :accessor C2-S3)))Instances of the class C1 have a local slot named S1, whose default initialvalue is 5.4 and whose value should always be a number. The class C1 alsohas a shared slot named S2.There is a local slot named S1 in instances of C2. The default initial valueof S1 is 5. The value of S1 will be of type (and integer number). Thereare also local slots named S2 and S3 in instances of C2. The class C2 has amethod for C2-S3 for reading the value of slot S3; there is also a method for(setf C2-S3) that writes the value of S3.28.1.4. Integrating Types and ClassesThe Common Lisp Object System maps the space of classes into the CommonLisp type space. Every class that has a proper name has a corresponding typewith the same name.



844 COMMON LISPThe proper name of every class is a valid type speci�er. In addition, everyclass object is a valid type speci�er. Thus the expression (typep object class)evaluates to true if the class of object is class itself or a subclass of class.The evaluation of the expression (subtypep class1 class2) returns the valuest and t if class1 is a subclass of class2 or if they are the same class; otherwiseit returns the values nil and t. If I is an instance of some class C namedS and C is an instance of standard-class, the evaluation of the expression(type-of I ) will return S if S is the proper name of C ; if S is not the propername of C, the expression (type-of I ) will return C.Because the names of classes and class objects are type speci�ers, they maybe used in the special form the and in type declarations.Many but not all of the prede�ned Common Lisp type speci�ers have acorresponding class with the same proper name as the type. These type spec-i�ers are listed in table 28-1. For example, the type array has a correspondingclass named array. No type speci�er that is a list, such as (vector double-float 100), has a corresponding class. The form deftype does not createany classes.Each class that corresponds to a prede�ned CommonLisp type speci�er canbe implemented in one of three ways, at the discretion of each implementation.It can be a standard class (of the kind de�ned by defclass), a structure class(de�ned by defstruct), or a built-in class (implemented in a special, non-extensible way).A built-in class is one whose instances have restricted capabilities or specialrepresentations. Attempting to use defclass to de�ne subclasses of a built-in class signals an error. Calling make-instance to create an instance of abuilt-in class signals an error. Calling slot-value on an instance of a built-inclass signals an error. Rede�ning a built-in class or using change-class tochange the class of an instance to or from a built-in class signals an error.However, built-in classes can be used as parameter specializers in methods.It is possible to determine whether a class is a built-in class by checkingthe metaclass. A standard class is an instance of standard-class, a built-inclass is an instance of built-in-class, and a structure class is an instanceof structure-class.Each structure type created by defstruct without using the :type optionhas a corresponding class. This class is an instance of structure-class.The :include option of defstruct creates a direct subclass of the class thatcorresponds to the included structure.The purpose of specifying that many of the standard Common Lisp typespeci�ers have a corresponding class is to enable users to write methods thatdiscriminate on these types. Method selection requires that a class precedence



COMMON LISP OBJECT SYSTEM 845list can be determined for each class.The hierarchical relationships among the Common Lisp type speci�ers aremirrored by relationships among the classes corresponding to those types. Theexisting type hierarchy is used for determining the class precedence list foreach class that corresponds to a prede�ned Common Lisp type. In some cases,the �rst edition did not specify a local precedence order for two supertypesof a given type speci�er. For example, null is a subtype of both symbol andlist, but the �rst edition did not specify whether symbol is more speci�c orless speci�c than list. The CLOS speci�cation de�nes those relationshipsfor all such classes.Table 28-1 lists the set of classes required by the Object System that cor-respond to prede�ned Common Lisp type speci�ers. The superclasses of eachsuch class are presented in order from most speci�c to most general, therebyde�ning the class precedence list for the class. The local precedence order foreach class that corresponds to a Common Lisp type speci�er can be derivedfrom this table.Individual implementations may be extended to de�ne other type speci�ersto have a corresponding class. Individual implementations can be extendedto add other subclass relationships and to add other elements to the classprecedence lists in the above table as long as they do not violate the type re-lationships and disjointness requirements speci�ed in section 2.15. A standardclass de�ned with no direct superclasses is guaranteed to be disjoint from allof the classes in the table, except for the class named t.[At this point the original CLOS report speci�ed that certain Common Lisptypes were to appear in table 28-1 if and only if X3J13 voted to make themdisjoint from cons, symbol, array, number, and character. X3J13 voted todo so in June 1988 h41i. I have added these types and their class precedencelists to the table; the new types are indicated by asterisks.|GLS]28.1.5. Determining the Class Precedence ListThe defclass form for a class provides a total ordering on that class and itsdirect superclasses. This ordering is called the local precedence order. It is anordered list of the class and its direct superclasses. The class precedence listfor a class C is a total ordering on C and its superclasses that is consistentwith the local precedence orders for C and its superclasses.A class precedes its direct superclasses, and a direct superclass precedes allother direct superclasses speci�ed to its right in the superclasses list of thedefclass form. For every class C, de�neRC = f(C ;C1); (C1;C2); : : : ; (Cn�1;Cn)g



846 COMMON LISPTable 28-1: Class Precedence Lists for Prede�ned TypesPrede�ned Common Lisp Type Class Precedence List for Corresponding Classarray (array t)bit-vector (bit-vector vector array sequence t)character (character t)complex (complex number t)cons (cons list sequence t)float (float number t)function * (function t)hash-table * (hash-table t)integer (integer rational number t)list (list sequence t)null (null symbol list sequence t)number (number t)package * (package t)pathname * (pathname t)random-state * (random-state t)ratio (ratio rational number t)rational (rational number t)readtable * (readtable t)sequence (sequence t)stream * (stream t)string (string vector array sequence t)symbol (symbol t)t (t)vector (vector array sequence t)[An asterisk indicates a type added to this table as a consequence of a portion of theCLOS speci�cation that was conditional on X3J13 voting to make that type disjointfrom certain other built-in types h41i.|GLS]where C1; : : : ;Cn are the direct superclasses of C in the order in which theyare mentioned in the defclass form. These ordered pairs generate the totalordering on the class C and its direct superclasses.Let SC be the set of C and its superclasses. Let R beR = [c 2 SCRcThe set Rmay or may not generate a partial ordering, depending on whetherthe Rc, c 2 SC, are consistent; it is assumed that they are consistent and that



COMMON LISP OBJECT SYSTEM 847R generates a partial ordering. When the Rc are not consistent, it is said thatR is inconsistent.

To compute the class precedence list for C, topologically sort the elements ofSC with respect to the partial ordering generated by R. When the topologicalsort must select a class from a set of two or more classes, none of whichare preceded by other classes with respect to R, the class selected is chosendeterministically, as described below. If R is inconsistent, an error is signaled.



848 COMMON LISP28.1.5.1. Topological SortingTopological sorting proceeds by �nding a class C in SC such that no otherclass precedes that element according to the elements in R. The class C isplaced �rst in the result. Remove C from SC, and remove all pairs of theform (C ;D), D 2 SC, from R. Repeat the process, adding classes with nopredecessors to the end of the result. Stop when no element can be foundthat has no predecessor.If SC is not empty and the process has stopped, the set R is inconsistent. Ifevery class in the �nite set of classes is preceded by another, then R containsa loop. That is, there is a chain of classes C1; : : : ; Cn such that Ci precedesCi+1, 1 � i < n, and Cn precedes C1.Sometimes there are several classes from SC with no predecessors. In thiscase select the one that has a direct subclass rightmost in the class precedencelist computed so far. If there is no such candidate class, R does not generatea partial ordering|the Rc, c 2 SC, are inconsistent.In more precise terms, let fN1; : : : ;Nmg, m � 2, be the classes from SCwith no predecessors. Let (C1 : : :Cn), n � 1, be the class precedence listconstructed so far. C1 is the most speci�c class, and Cn is the least speci�c.Let 1 � j � n be the largest number such that there exists an i where1 � i � m and Ni is a direct superclass of Cj; Ni is placed next.The e�ect of this rule for selecting from a set of classes with no predecessorsis that classes in a simple superclass chain are adjacent in the class precedencelist and that classes in each relatively separated subgraph are adjacent in theclass precedence list. For example, let T1 and T2 be subgraphs whose onlyelement in common is the class J. Suppose that no superclass of J appears ineither T1 or T2. Let C1 be the bottom of T1; and let C2 be the bottom of T2.Suppose C is a class whose direct superclasses are C1 and C2 in that order;then the class precedence list for C will start with C and will be followed byall classes in T1 except J. All the classes of T2 will be next. The class J andits superclasses will appear last.28.1.5.2. ExamplesThis example determines a class precedence list for the class pie. The follow-ing classes are de�ned:(defclass pie (apple cinnamon) ())(defclass apple (fruit) ())(defclass cinnamon (spice) ())



COMMON LISP OBJECT SYSTEM 849(defclass fruit (food) ())(defclass spice (food) ())(defclass food () ())The setS = fpie; apple; cinnamon;fruit; spice;food; standard-object; tg. Theset R = f(pie; apple); (apple; cinnamon); (cinnamon; standard-object);(apple; fruit); (fruit; standard-object); (cinnamon;spice); (spice;standard-object); (fruit; food); (food; standard-object); (spice; food);(standard-object; t)g.[The original CLOS speci�cation [5, 6] contained a minor error in thisexample: the pairs (cinnamon; standard-object),(fruit; standard-object), and (spice; standard-object) wereinadvertently omitted from R in the preceding paragraph. It is important tounderstand that defclass implicitly appends the class standard-object tothe list of superclasses when the metaclass is standard-class (the normalsituation), in order to insure that standard-object will be a superclass ofevery instance of standard-class except standard-object itself (seesection 28.1.2). Rc is then generated from this augmented list ofsuperclasses; this is where the extra pairs come from. I have corrected theexample by adding these pairs as appropriate throughout the example. The�nal result, the class precedence list for pie, is unchanged.|GLS]The class pie is not preceded by anything, so it comes �rst; the result sofar is (pie). Remove pie from S and pairs mentioning pie from R to getS = fapple; cinnamon; fruit;spice;food;standard-object; tg andR = f(apple; cinnamon); (cinnamon;standard-object); (apple;fruit);(fruit; standard-object); (cinnamon;spice); (spice;standard-object);(fruit; food); (food;standard-object); (spice; food); (standard-object;t)g.The class apple is not preceded by anything, so it is next; the result is(pie apple). Removing apple and the relevant pairs results inS = fcinnamon; fruit; spice;food; standard-object; tg andR = f(cinnamon; standard-object); (fruit; standard-object); (cinnamon;spice); (spice; standard-object); (fruit; food); (food; standard-object);(spice; food); (standard-object; t)g.The classes cinnamon and fruit are not preceded by anything, so the onewith a direct subclass rightmost in the class precedence list computed so fargoes next. The class apple is a direct subclass of fruit, and the class pie isa direct subclass of cinnamon. Because apple appears to the right of pie inthe precedence list, fruit goes next, and the result so far is (pie apple



850 COMMON LISPfruit). S = fcinnamon; spice;food;standard-object; tg;R = f(cinnamon; standard-object); (cinnamon;spice); (spice;standard-object); (food; standard-object); (spice; food); (standard-object; t)g.The class cinnamon is next, giving the result so far as (pie apple fruitcinnamon). At this point S = fspice; food; standard-object; tg;R = f(spice; standard-object); (food; standard-object); (spice; food);(standard-object; t)g.The classes spice, food, standard-object, and t are then added in thatorder, and the �nal class precedence list for pie is(pie apple fruit cinnamon spice food standard-object t)It is possible to write a set of class de�nitions that cannot be ordered. Forexample:(defclass new-class (fruit apple) ())(defclass apple (fruit) ())The class fruit must precede apple because the local ordering of super-classes must be preserved. The class apple must precede fruit because aclass always precedes its own superclasses. When this situation occurs, anerror is signaled when the system tries to compute the class precedence list.The following might appear to be a conicting set of de�nitions:(defclass pie (apple cinnamon) ())(defclass pastry (cinnamon apple) ())(defclass apple () ())(defclass cinnamon () ())The class precedence list for pie is(pie apple cinnamon standard-object t)The class precedence list for pastry is(pastry cinnamon apple standard-object t)It is not a problem for apple to precede cinnamon in the ordering of thesuperclasses of pie but not in the ordering for pastry. However, it is notpossible to build a new class that has both pie and pastry as superclasses.



COMMON LISP OBJECT SYSTEM 85128.1.6. Generic Functions and MethodsA generic function is a function whose behavior depends on the classes oridentities of the arguments supplied to it. The methods de�ne the class-speci�c behavior and operations of the generic function. The following sectionsdescribe generic functions and methods.28.1.6.1. Introduction to Generic FunctionsA generic function object contains a set of methods, a lambda-list, a methodcombination type, and other information.Like an ordinary Lisp function, a generic function takes arguments, per-forms a series of operations, and perhaps returns useful values. An ordinaryfunction has a single body of code that is always executed when the functionis called. A generic function has a set of bodies of code of which a subset isselected for execution. The selected bodies of code and the manner of theircombination are determined by the classes or identities of one or more of thearguments to the generic function and by its method combination type.Ordinary functions and generic functions are called with identical function-call syntax.Generic functions are true functions that can be passed as arguments, re-turned as values, used as the �rst argument to funcall and apply, and oth-erwise used in all the ways an ordinary function may be used.A name can be given to an ordinary function in one of two ways: a globalname can be given to a function using the defun construct; a local name canbe given using the flet or labels special forms. A generic function can begiven a global name using the defmethod or defgeneric construct. A genericfunction can be given a local name using the generic-flet, generic-labels,or with-added-methods special forms. The name of a generic function, likethe name of an ordinary function, can be either a symbol or a two-elementlist whose �rst element is setf and whose second element is a symbol. Thisis true for both local and global names.The generic-flet special form creates new local generic functions usingthe set of methods speci�ed by the method de�nitions in the generic-fletform. The scoping of generic function names within a generic-flet form isthe same as for flet.The generic-labels special form creates a set of new mutually recursivelocal generic functions using the set of methods speci�ed by the method de�-nitions in the generic-labels form. The scoping of generic function nameswithin a generic-labels form is the same as for labels.



852 COMMON LISPThe with-added-methods special form creates new local generic functionsby adding the set of methods speci�ed by the method de�nitions with a givenname in the with-added-methods form to copies of the methods of the lexi-cally visible generic function of the same name. If there is a lexically visibleordinary function of the same name as one of the speci�ed generic functions,that function becomes the method function of the default method for the newgeneric function of that name.The generic-functionmacro creates an anonymous generic function withthe set of methods speci�ed by the method de�nitions that appear in thegeneric-function form.When a defgeneric form is evaluated, one of three actions is taken:. If a generic function of the given name already exists, the existing genericfunction object is modi�ed. Methods speci�ed by the current defgenericform are added, and any methods in the existing generic function that werede�ned by a previous defgeneric form are removed. Methods added bythe current defgeneric form might replace methods de�ned by defmethodor defclass. No other methods in the generic function are a�ected orreplaced.. If the given name names a non-generic function, a macro, or a special form,an error is signaled.. Otherwise a generic function is created with the methods speci�ed by themethod de�nitions in the defgeneric form.Some forms specify the options of a generic function, such as the type ofmethod combination it uses or its argument precedence order. They will bereferred to as \forms that specify generic function options." These formsare defgeneric, generic-function, generic-flet, generic-labels, andwith-added-methods.Some forms de�ne methods for a generic function. They will be referredto as \method-de�ning forms." These forms are defgeneric, defmethod,generic-function, generic-flet, generic-labels, with-added-methods,and defclass. Note that all the method-de�ning forms except defclass anddefmethod are also forms that specify generic function options.28.1.6.2. Introduction to MethodsA method object contains a method function, a sequence of parameter spe-cializers that specify when the given method is applicable, a lambda-list, and



COMMON LISP OBJECT SYSTEM 853a sequence of quali�ers that are used by the method combination facility todistinguish among methods.A method object is not a function and cannot be invoked as a function.Various mechanisms in the Object System take a method object and invokeits method function, as is the case when a generic function is invoked. Whenthis occurs it is said that the method is invoked or called.A method-de�ning form contains the code that is to be run when the argu-ments to the generic function cause the method that it de�nes to be invoked.When a method-de�ning form is evaluated, a method object is created andone of four actions is taken:. If a generic function of the given name already exists and if a method objectalready exists that agrees with the new one on parameter specializers andquali�ers, the new method object replaces the old one. For a de�nition ofone method agreeing with another on parameter specializers and quali�ers,see section 28.1.6.3.. If a generic function of the given name already exists and if there is nomethod object that agrees with the new one on parameter specializers andquali�ers, the existing generic function object is modi�ed to contain thenew method object.. If the given name names a non-generic function, a macro, or a special form,an error is signaled.. Otherwise a generic function is created with the methods speci�ed by themethod-de�ning form.If the lambda-list of a new method is not congruent with the lambda-list of the generic function, an error is signaled. If a method-de�ning formthat cannot specify generic function options creates a new generic function,a lambda-list for that generic function is derived from the lambda-lists of themethods in the method-de�ning form in such a way as to be congruent withthem. For a discussion of congruence, see section 28.1.6.4.Each method has a specialized lambda-list, which determines when thatmethod can be applied. A specialized lambda-list is like an ordinary lambda-list except that a specialized parameter may occur instead of the name ofa required parameter. A specialized parameter is a list (variable-nameparameter-specializer-name), where parameter-specializer-name is either aname that names a class or a list (eql form). A parameter specializer namedenotes a parameter specializer as follows:. A name that names a class denotes that class.



854 COMMON LISP. The list (eql form) denotes the type speci�er (eql object), where objectis the result of evaluating form. The form form is evaluated in the lexicalenvironment in which the method-de�ning form is evaluated. Note thatform is evaluated only once, at the time the method is de�ned, not eachtime the generic function is called.Parameter specializer names are used in macros intended as the user-levelinterface (defmethod), while parameter specializers are used in the functionalinterface.[It is very important to understand clearly the distinction made in thepreceding paragraph. A parameter specializer name has the form of a typespeci�er but is semantically quite di�erent from a type speci�er: a parameterspecializer name of the form (eql form) is not a type speci�er, for it containsa form to be evaluated. Type speci�ers never contain forms to be evaluated.All parameter specializers (as opposed to parameter specializer names) arevalid type speci�ers, but not all type speci�ers are valid parameter specializers.Macros such as defmethod take parameter specializer names and treat them asspeci�cations for constructing certain type speci�ers (parameter specializers)that may then be used with such functions as find-method.|GLS]Only required parameters may be specialized, and there must be a parame-ter specializer for each required parameter. For notational simplicity, if somerequired parameter in a specialized lambda-list in a method-de�ning form issimply a variable name, its parameter specializer defaults to the class namedt. Given a generic function and a set of arguments, an applicable method isa method for that generic function whose parameter specializers are satis�edby their corresponding arguments. The following de�nition speci�es whatit means for a method to be applicable and for an argument to satisfy aparameter specializer.Let hA1; : : : ;Ani be the required arguments to a generic function in order.Let hP1; : : : ;Pni be the parameter specializers corresponding to the requiredparameters of the method M in order. The methodM is applicable when eachAi satis�es Pi. If Pi is a class, and if Ai is an instance of a class C, then it issaid that Ai satis�es Pi when C = Pi or when C is a subclass of Pi. If Pi is ofthe form (eql object), then it is said that Ai satis�es Pi when the functioneql applied to Ai and object is true.Because a parameter specializer is a type speci�er, the function typep canbe used during method selection to determine whether an argument satis�esa parameter specializer. In general a parameter specializer cannot be a typespeci�er list, such as (vector single-float). The only parameter special-



COMMON LISP OBJECT SYSTEM 855izer that can be a list is (eql object). This requires that Common Lisp de�nethe type speci�er eql as if the following were evaluated:(deftype eql (object) `(member ,object))[See section 4.3.|GLS]A method all of whose parameter specializers are the class named t iscalled a default method; it is always applicable but may be shadowed by amore speci�c method.Methods can have quali�ers, which give the method combination procedurea way to distinguish among methods. A method that has one or more qual-i�ers is called a quali�ed method. A method with no quali�ers is called anunquali�ed method. A quali�er is any object other than a list, that is, anynon-nil atom. The quali�ers de�ned by standard method combination andby the built-in method combination types are symbols.In this speci�cation, the terms primary method and auxiliary method areused to partition methods within a method combination type according totheir intended use. In standard method combination, primary methods areunquali�ed methods, and auxiliary methods are methods with a single quali-�er that is one of :around, :before, or :after. When a method combinationtype is de�ned using the short form of define-method-combination, primarymethods are methods quali�ed with the name of the type of method combi-nation, and auxiliary methods have the quali�er :around. Thus the termsprimary method and auxiliary method have only a relative de�nition within agiven method combination type.28.1.6.3. Agreement on Parameter Specializers and Qual-i�ersTwo methods are said to agree with each other on parameter specializers andquali�ers if the following conditions hold:. Both methods have the same number of required parameters. Suppose theparameter specializers of the two methods are P1;1 : : :P1;n and P2;1 : : :P2;n.. For each 1 � i � n, P1;i agrees with P2;i. The parameter specializer P1;iagrees with P2;i if P1;i and P2;i are the same class or if P1;i = (eql object1),P2;i = (eql object2), and (eql object1 object2). Otherwise P1;i and P2;ido not agree.. The lists of quali�ers of both methods contain the same non-nil atoms inthe same order. That is, the lists are equal.



856 COMMON LISP28.1.6.4. Congruent Lambda-Lists for All Methods of aGeneric FunctionThese rules de�ne the congruence of a set of lambda-lists, including thelambda-list of each method for a given generic function and the lambda-listspeci�ed for the generic function itself, if given.. Each lambda-list must have the same number of required parameters.. Each lambda-list must have the same number of optional parameters. Eachmethod can supply its own default for an optional parameter.. If any lambda-list mentions &rest or &key, each lambda-list must mentionone or both of them.. If the generic function lambda-list mentions &key, each method must acceptall of the keyword names mentioned after &key, either by accepting themexplicitly, by specifying &allow-other-keys, or by specifying &rest butnot &key. Each method can accept additional keyword arguments of itsown. The checking of the validity of keyword names is done in the genericfunction, not in each method. A method is invoked as if the keywordargument pair whose keyword is :allow-other-keys and whose value is twere supplied, though no such argument pair will be passed.. The use of &allow-other-keys need not be consistent across lambda-lists.If &allow-other-keys is mentioned in the lambda-list of any applicablemethod or of the generic function, any keyword arguments may be men-tioned in the call to the generic function.. The use of &aux need not be consistent across methods.If a method-de�ning form that cannot specify generic function options cre-ates a generic function, and if the lambda-list for the method mentions key-word arguments, the lambda-list of the generic function will mention &key(but no keyword arguments).28.1.6.5. Keyword Arguments in Generic Functions andMethodsWhen a generic function or any of its methods mentions &key in a lambda-list,the speci�c set of keyword arguments accepted by the generic function variesaccording to the applicable methods. The set of keyword arguments accepted



COMMON LISP OBJECT SYSTEM 857by the generic function for a particular call is the union of the keyword argu-ments accepted by all applicable methods and the keyword arguments men-tioned after &key in the generic function de�nition, if any. A method thathas &rest but not &key does not a�ect the set of acceptable keyword argu-ments. If the lambda-list of any applicable method or of the generic functionde�nition contains &allow-other-keys, all keyword arguments are acceptedby the generic function.

The lambda-list congruence rules require that each method accept all of thekeyword arguments mentioned after &key in the generic function de�nition, byaccepting them explicitly, by specifying &allow-other-keys, or by specifying&rest but not &key. Each method can accept additional keyword argumentsof its own, in addition to the keyword arguments mentioned in the genericfunction de�nition.



858 COMMON LISPIf a generic function is passed a keyword argument that no applicablemethod accepts, an error is signaled.For example, suppose there are two methods de�ned for width as follows:(defmethod width ((c character-class) &key font) ...)(defmethod width ((p picture-class) &key pixel-size) ...)Assume that there are no other methods and no generic function de�nition forwidth. The evaluation of the following form will signal an error because thekeyword argument :pixel-size is not accepted by the applicable method.(width (make-instance 'character-class :char #--\Q):font 'baskerville :pixel-size 10)The evaluation of the following form will signal an error.(width (make-instance 'picture-class :glyph (glyph #--\Q)):font 'baskerville :pixel-size 10)The evaluation of the following form will not signal an error if the classnamed character-picture-class is a subclass of both picture-class andcharacter-class.(width (make-instance 'character-picture-class :char #--\Q):font 'baskerville :pixel-size 10)28.1.7. Method Selection and CombinationWhen a generic function is called with particular arguments, it must deter-mine the code to execute. This code is called the e�ective method for thosearguments. The e�ective method is a combination of the applicable methodsin the generic function. A combination of methods is a Lisp expression thatcontains calls to some or all of the methods. If a generic function is called andno methods apply, the generic function no-applicable-method is invoked.When the e�ective method has been determined, it is invoked with thesame arguments that were passed to the generic function. Whatever values itreturns are returned as the values of the generic function.28.1.7.1. Determining the E�ective MethodThe e�ective method for a set of arguments is determined by the followingthree-step procedure:



COMMON LISP OBJECT SYSTEM 8591. Select the applicable methods.2. Sort the applicable methods by precedence order, putting the most speci�cmethod �rst.3. Apply method combination to the sorted list of applicable methods, pro-ducing the e�ective method.Selecting the Applicable Methods. This step is described in sec-tion 28.1.6.2.Sorting the Applicable Methods by Precedence Order. To comparethe precedence of two methods, their parameter specializers are examined inorder. The default examination order is from left to right, but an alterna-tive order may be speci�ed by the :argument-precedence-order option todefgeneric or to any of the other forms that specify generic function options.The corresponding parameter specializers from each method are compared.When a pair of parameter specializers are equal, the next pair are comparedfor equality. If all corresponding parameter specializers are equal, the twomethods must have di�erent quali�ers; in this case, either method can beselected to precede the other.If some corresponding parameter specializers are not equal, the �rst pair ofparameter specializers that are not equal determines the precedence. If bothparameter specializers are classes, the more speci�c of the two methods is themethod whose parameter specializer appears earlier in the class precedencelist of the corresponding argument. Because of the way in which the set ofapplicable methods is chosen, the parameter specializers are guaranteed to bepresent in the class precedence list of the class of the argument.If just one parameter specializer is (eql object), the method with that pa-rameter specializer precedes the other method. If both parameter specializersare eql forms, the specializers must be the same (otherwise the two methodswould not both have been applicable to this argument).The resulting list of applicable methods has the most speci�c method �rstand the least speci�c method last.Applying Method Combination to the Sorted List of ApplicableMethods. In the simple case|if standard method combination is used andall applicable methods are primary methods|the e�ective method is the mostspeci�c method. That method can call the next most speci�c method by usingthe function call-next-method. The method that call-next-method willcall is referred to as the next method. The predicate next-method-p testswhether a next method exists. If call-next-method is called and there is nonext most speci�c method, the generic function no-next-method is invoked.



860 COMMON LISPIn general, the e�ective method is some combination of the applicable meth-ods. It is de�ned by a Lisp form that contains calls to some or all of the appli-cable methods, returns the value or values that will be returned as the valueor values of the generic function, and optionally makes some of the methodsaccessible by means of call-next-method. This Lisp form is the body of thee�ective method; it is augmented with an appropriate lambda-list to make ita function.The role of each method in the e�ective method is determined by its methodquali�ers and the speci�city of the method. A quali�er serves to mark amethod, and the meaning of a quali�er is determined by the way that thesemarks are used by this step of the procedure. If an applicable method hasan unrecognized quali�er, this step signals an error and does not include thatmethod in the e�ective method.When standard method combination is used together with quali�ed meth-ods, the e�ective method is produced as described in section 28.1.7.2.Another type of method combination can be speci�ed by using the :method-combination option of defgeneric or of any of the other forms that specifygeneric function options. In this way this step of the procedure can be cus-tomized.New types of method combination can be de�ned by using the define-method-combination macro.The meta-object level also o�ers a mechanism for de�ning new types ofmethod combination. The generic function compute-effective-method re-ceives as arguments the generic function, the method combination object,and the sorted list of applicable methods. It returns the Lisp form that de-�nes the e�ective method. A method for compute-effective-method can bede�ned directly by using defmethod or indirectly by using define-method-combination. A method combination object is an object that encapsulates themethod combination type and options speci�ed by the :method-combinationoption to forms that specify generic function options.Implementation note: In the simplest implementation, the generic function wouldcompute the e�ective method each time it was called. In practice, this will be tooine�cient for some implementations. Instead, these implementations might employa variety of optimizations of the three-step procedure. Some illustrative examplesof such optimizations are the following:. Use a hash table keyed by the class of the arguments to store the e�ective method.. Compile the e�ective method and save the resulting compiled function in a table.



COMMON LISP OBJECT SYSTEM 861. Recognize the Lisp form as an instance of a pattern of control structure andsubstitute a closure that implements that structure.. Examine the parameter specializers of all methods for the generic function andenumerate all possible e�ective methods. Combine the e�ective methods, togetherwith code to select from among them, into a single function and compile thatfunction. Call that function whenever the generic function is called.28.1.7.2. Standard Method CombinationStandard method combination is supported by the class standard-generic-function. It is used if no other type of method combination is speci�ed or ifthe built-in method combination type standard is speci�ed.Primary methods de�ne the main action of the e�ective method, whileauxiliary methods modify that action in one of three ways. A primary methodhas no method quali�ers.An auxiliary method is a method whose method quali�er is :before,:after, or :around. Standard method combination allows no more than onequali�er per method; if a method de�nition speci�es more than one quali�erper method, an error is signaled.. A :before method has the keyword :before as its only quali�er. A:beforemethod speci�es code that is to be run before any primarymethod.. An :aftermethod has the keyword :after as its only quali�er. An :aftermethod speci�es code that is to be run after primary methods.. An :around method has the keyword :around as its only quali�er. An:aroundmethod speci�es code that is to be run instead of other applicablemethods but that is able to cause some of them to be run.The semantics of standard method combination are as follows:. If there are any :around methods, the most speci�c :around method iscalled. It supplies the value or values of the generic function.. Inside the body of an :around method, call-next-method can be used tocall the next method. When the next method returns, the :around methodcan execute more code, perhaps based on the returned value or values. Thegeneric function no-next-method is invoked if call-next-method is usedand there is no applicable method to call. The function next-method-pmay be used to determine whether a next method exists.



862 COMMON LISP. If an :around method invokes call-next-method, the next most speci�c:around method is called, if one is applicable. If there are no :aroundmethods or if call-next-method is called by the least speci�c :aroundmethod, the other methods are called as follows:{ All the :before methods are called, in most-speci�c-�rst order. Theirvalues are ignored. An error is signaled if call-next-method is used ina :before method.{ The most speci�c primary method is called. Inside the body of a pri-mary method, call-next-method may be used to call the next mostspeci�c primary method. When that method returns, the previous pri-mary method can execute more code, perhaps based on the returnedvalue or values. The generic function no-next-method is invoked if call-next-method is used and there are no more applicable primary methods.The function next-method-p may be used to determine whether a nextmethod exists. If call-next-method is not used, only the most speci�cprimary method is called.{ All the :after methods are called in most-speci�c-last order. Theirvalues are ignored. An error is signaled if call-next-method is used inan :after method.. If no :around methods were invoked, the most speci�c primary methodsupplies the value or values returned by the generic function. The value orvalues returned by the invocation of call-next-method in the least speci�c:around method are those returned by the most speci�c primary method.In standard method combination, if there is an applicable method but noapplicable primary method, an error is signaled.The :before methods are run in most-speci�c-�rst order and the :aftermethods are run in least-speci�c-�rst order. The design rationale for thisdi�erence can be illustrated with an example. Suppose class C1 modi�esthe behavior of its superclass, C2, by adding :before and :after methods.Whether the behavior of the class C2 is de�ned directly by methods on C2 or isinherited from its superclasses does not a�ect the relative order of invocationof methods on instances of the class C1. Class C1's :before method runsbefore all of class C2's methods. Class C1's :after method runs after all ofclass C2's methods.By contrast, all :around methods run before any other methods run. Thusa less speci�c :around method runs before a more speci�c primary method.



COMMON LISP OBJECT SYSTEM 863If only primarymethods are used and if call-next-method is not used, onlythe most speci�c method is invoked; that is, more speci�c methods shadowmore general ones.28.1.7.3. Declarative Method CombinationThe macro define-method-combination de�nes new forms of method com-bination. It provides a mechanism for customizing the production of thee�ective method. The default procedure for producing an e�ective methodis described in section 28.1.7.1. There are two forms of define-method-combination. The short form is a simple facility; the long form is morepowerful and more verbose. The long form resembles defmacro in that thebody is an expression that computes a Lisp form; it provides mechanisms forimplementing arbitrary control structures within method combination and forarbitrary processing of method quali�ers. The syntax and use of both formsof define-method-combination are explained in section 28.2.28.1.7.4. Built-in Method Combination TypesThe Common Lisp Object System provides a set of built-in method combina-tion types. To specify that a generic function is to use one of these methodcombination types, the name of the method combination type is given asthe argument to the :method-combination option to defgeneric or to the:method-combination option to any of the other forms that specify genericfunction options.The names of the built-in method combination types are +, and, append,list, max, min, nconc, or, progn, and standard.The semantics of the standard built-in method combination type weredescribed in section 28.1.7.2. The other built-in method combination typesare called simple built-in method combination types.The simple built-in method combination types act as though they werede�ned by the short form of define-method-combination. They recognizetwo roles for methods:. An :around method has the keyword symbol :around as its sole quali�er.The meaning of :around methods is the same as in standard method com-bination. Use of the functions call-next-method and next-method-p issupported in :around methods.



864 COMMON LISP. A primary method has the name of the method combination type as its solequali�er. For example, the built-in method combination type and recognizesmethods whose sole quali�er is and; these are primary methods. Use ofthe functions call-next-method and next-method-p is not supported inprimary methods.The semantics of the simple built-in method combination types are as follows:. If there are any :around methods, the most speci�c :around method iscalled. It supplies the value or values of the generic function.. Inside the body of an :aroundmethod, the function call-next-method canbe used to call the next method. The generic function no-next-method isinvoked if call-next-method is used and there is no applicable method tocall. The function next-method-p may be used to determine whether anext method exists. When the next method returns, the :around methodcan execute more code, perhaps based on the returned value or values.. If an :around method invokes call-next-method, the next most speci�c:around method is called, if one is applicable. If there are no :aroundmethods or if call-next-method is called by the least speci�c :aroundmethod, a Lisp form derived from the name of the built-in method combi-nation type and from the list of applicable primary methods is evaluated toproduce the value of the generic function. Suppose the name of the methodcombination type is operator and the call to the generic function is of theform(generic-function a1 ... an)Let M1; : : : ;Mk be the applicable primary methods in order; then the de-rived Lisp form is(operator hM1 a1 : : :ani ... hMk a1 : : :ani)If the expression hMi a1 : : :ani is evaluated, the method Mi will be appliedto the arguments a1 : : :an. For example, if operator is or, the expressionhMi a1 : : :ani is evaluated only if hMj a1 : : :ani, 1 � j < i , returned nil.The default order for the primary methods is :most-specific-first.However, the order can be reversed by supplying :most-specific-lastas the second argument to the :method-combination option.The simple built-in method combination types require exactly one quali�erper method. An error is signaled if there are applicable methods with noquali�ers or with quali�ers that are not supported by the method combination



COMMON LISP OBJECT SYSTEM 865type. An error is signaled if there are applicable :around methods and noapplicable primary methods.
28.1.8. Meta-objectsThe implementation of the Object System manipulates classes, methods, andgeneric functions. The meta-object protocol speci�es a set of generic functionsde�ned by methods on classes; the behavior of those generic functions de�nesthe behavior of the Object System. The instances of the classes on whichthose methods are de�ned are called meta-objects. Programming at the meta-object protocol level involves de�ning new classes of meta-objects along withmethods specialized on these classes.



866 COMMON LISP28.1.8.1. MetaclassesThe metaclass of an object is the class of its class. The metaclass determinesthe representation of instances of its instances and the forms of inheritanceused by its instances for slot descriptions and method inheritance. The meta-class mechanism can be used to provide particular forms of optimization or totailor the Common Lisp Object System for particular uses. The protocol forde�ning metaclasses is discussed in the third part of the CLOS speci�cation,The Common Lisp Object System Meta-Object Protocol. [The third part hasnot yet been approved by X3J13 for inclusion in the forthcoming CommonLisp standard and is not included in this book.|GLS]28.1.8.2. Standard MetaclassesThe Common Lisp Object System provides a number of prede�ned meta-classes. These include the classes standard-class, built-in-class, andstructure-class:. The class standard-class is the default class of classes de�ned bydefclass.. The class built-in-class is the class whose instances are classes that havespecial implementations with restricted capabilities. Any class that corre-sponds to a standard Common Lisp type might be an instance of built-in-class. The prede�ned Common Lisp type speci�ers that are requiredto have corresponding classes are listed in table 28-1. It is implementation-dependent whether each of these classes is implemented as a built-in class.. All classes de�ned by means of defstruct are instances of structure-class.28.1.8.3. Standard Meta-objectsThe Object System supplies a standard set of meta-objects, called standardmeta-objects. These include the class standard-object and instances ofthe classes standard-method, standard-generic-function, and method-combination.. The class standard-method is the default class of methods that are de�nedby the forms defmethod, defgeneric, generic-function, generic-flet,generic-labels, and with-added-methods.



COMMON LISP OBJECT SYSTEM 867. The class standard-generic-function is the default class of generic func-tions de�ned by the forms defmethod, defgeneric, generic-function,generic-flet, generic-labels, with-added-methods, and defclass.. The class named standard-object is an instance of the class standard-class and is a superclass of every class that is an instance of standard-class except itself.. Every method combination object is an instance of a subclass of the classmethod-combination.28.1.9. Object Creation and InitializationThe generic function make-instance creates and returns a new instance of aclass. The �rst argument is a class or the name of a class, and the remainingarguments form an initialization argument list.The initialization of a new instance consists of several distinct steps, includ-ing the following: combining the explicitly supplied initialization argumentswith default values for the unsupplied initialization arguments, checking thevalidity of the initialization arguments, allocating storage for the instance,�lling slots with values, and executing user-supplied methods that performadditional initialization. Each step of make-instance is implemented by ageneric function to provide a mechanism for customizing that step. In ad-dition, make-instance is itself a generic function and thus also can be cus-tomized.The Object System speci�es system-supplied primarymethods for each stepand thus speci�es a well-de�ned standard behavior for the entire initializationprocess. The standard behavior provides four simple mechanisms for control-ling initialization:. Declaring a symbol to be an initialization argument for a slot. An initializa-tion argument is declared by using the :initarg slot option to defclass.This provides a mechanism for supplying a value for a slot in a call tomake-instance.. Supplying a default value form for an initialization argument. Defaultvalue forms for initialization arguments are de�ned by using the :default-initargs class option to defclass. If an initialization argument is notexplicitly provided as an argument to make-instance, the default valueform is evaluated in the lexical environment of the defclass form thatde�ned it, and the resulting value is used as the value of the initializationargument.



868 COMMON LISP. Supplying a default initial value form for a slot. A default initial value formfor a slot is de�ned by using the :initform slot option to defclass. If noinitialization argument associated with that slot is given as an argument tomake-instance or is defaulted by :default-initargs, this default initialvalue form is evaluated in the lexical environment of the defclass formthat de�ned it, and the resulting value is stored in the slot. The :initformform for a local slot may be used when creating an instance, when updatingan instance to conform to a rede�ned class, or when updating an instanceto conform to the de�nition of a di�erent class. The :initform form for ashared slot may be used when de�ning or re-de�ning the class.. De�ning methods for initialize-instance and shared-initialize.The slot-�lling behavior described above is implemented by a system-supplied primarymethod for initialize-instancewhich invokes shared-initialize. The generic function shared-initialize implements theparts of initialization shared by these four situations: when making aninstance, when re-initializing an instance, when updating an instance toconform to a rede�ned class, and when updating an instance to conform tothe de�nition of a di�erent class. The system-supplied primary method forshared-initialize directly implements the slot-�lling behavior describedabove, and initialize-instance simply invokes shared-initialize.28.1.9.1. Initialization ArgumentsAn initialization argument controls object creation and initialization. It isoften convenient to use keyword symbols to name initialization arguments,but the name of an initialization argument can be any symbol, including nil.An initialization argument can be used in two ways: to �ll a slot with a valueor to provide an argument for an initialization method. A single initializationargument can be used for both purposes.An initialization argument list is a list of alternating initialization argumentnames and values. Its structure is identical to a property list and also to theportion of an argument list processed for &key parameters. As in those lists,if an initialization argument name appears more than once in an initializationargument list, the leftmost occurrence supplies the value and the remainingoccurrences are ignored. The arguments to make-instance (after the �rstargument) form an initialization argument list. Error checking of initializationargument names is disabled if the keyword argument pair whose keyword is:allow-other-keys and whose value is non-nil appears in the initializationargument list.



COMMON LISP OBJECT SYSTEM 869An initialization argument can be associated with a slot. If the initializationargument has a value in the initialization argument list, the value is storedinto the slot of the newly created object, overriding any :initform formassociated with the slot. A single initialization argument can initialize morethan one slot. An initialization argument that initializes a shared slot storesits value into the shared slot, replacing any previous value.An initialization argument can be associated with a method. Whenan object is created and a particular initialization argument is sup-plied, the generic functions initialize-instance, shared-initialize, andallocate-instance are called with that initialization argument's name andvalue as a keyword argument pair. If a value for the initialization argumentis not supplied in the initialization argument list, the method's lambda-listsupplies a default value.Initialization arguments are used in four situations: when making an in-stance, when re-initializing an instance, when updating an instance to con-form to a rede�ned class, and when updating an instance to conform to thede�nition of a di�erent class.Because initialization arguments are used to control the creation and ini-tialization of an instance of some particular class, we say that an initializationargument is \an initialization argument for" that class.28.1.9.2. Declaring the Validity of Initialization Argu-mentsInitialization arguments are checked for validity in each of the four situa-tions that use them. An initialization argument may be valid in one situa-tion and not another. For example, the system-supplied primary method formake-instance de�ned for the class standard-class checks the validity ofits initialization arguments and signals an error if an initialization argumentis supplied that is not declared valid in that situation.There are two means of declaring initialization arguments valid.. Initialization arguments that �ll slots are declared valid by the :initargslot option to defclass. The :initarg slot option is inherited from su-perclasses. Thus the set of valid initialization arguments that �ll slots fora class is the union of the initialization arguments that �ll slots declaredvalid by that class and its superclasses. Initialization arguments that �llslots are valid in all four contexts.. Initialization arguments that supply arguments to methods are declaredvalid by de�ning those methods. The keyword name of each keyword pa-



870 COMMON LISPrameter speci�ed in the method's lambda-list becomes an initialization ar-gument for all classes for which the method is applicable. Thus methodinheritance controls the set of valid initialization arguments that supplyarguments to methods. The generic functions for which method de�nitionsserve to declare initialization arguments valid are as follows:{ Making an instance of a class: allocate-instance, initialize-instance, and shared-initialize. Initialization arguments declaredvalid by these methods are valid when making an instance of a class.{ Re-initializing an instance: the functions reinitialize-instance andshared-initialize. Initialization arguments declared valid by thesemethods are valid when re-initializing an instance.{ Updating an instance to conform to a rede�ned class: update-instance-for-redefined-class and shared-initialize. Initialization argu-ments declared valid by these methods are valid when updating an in-stance to conform to a rede�ned class.{ Updating an instance to conform to the de�nition of a di�erent class:update-instance-for-different-class and shared-initialize. Ini-tialization arguments declared valid by these methods are valid whenupdating an instance to conform to the de�nition of a di�erent class.The set of valid initialization arguments for a class is the set of valid initial-ization arguments that either �ll slots or supply arguments to methods, alongwith the prede�ned initialization argument :allow-other-keys. The defaultvalue for :allow-other-keys is nil. The meaning of :allow-other-keys isthe same here as when it is passed to an ordinary function.28.1.9.3. Defaulting of Initialization ArgumentsA default value form can be supplied for an initialization argument by usingthe :default-initargs class option. If an initialization argument is declaredvalid by some particular class, its default value form might be speci�ed by adi�erent class. In this case :default-initargs is used to supply a defaultvalue for an inherited initialization argument.The :default-initargs option is used only to provide default values forinitialization arguments; it does not declare a symbol as a valid initializationargument name. Furthermore, the :default-initargs option is used only toprovide default values for initialization arguments when making an instance.



COMMON LISP OBJECT SYSTEM 871The argument to the :default-initargs class option is a list of alternatinginitialization argument names and forms. Each form is the default valueform for the corresponding initialization argument. The default value formof an initialization argument is used and evaluated only if that initializationargument does not appear in the arguments to make-instance and is notdefaulted by a more speci�c class. The default value form is evaluated in thelexical environment of the defclass form that supplied it; the result is usedas the initialization argument's value.The initialization arguments supplied to make-instance are combined withdefaulted initialization arguments to produce a defaulted initialization ar-gument list. A defaulted initialization argument list is a list of alternatinginitialization argument names and values in which unsupplied initializationarguments are defaulted and in which the explicitly supplied initialization ar-guments appear earlier in the list than the defaulted initialization arguments.Defaulted initialization arguments are ordered according to the order in theclass precedence list of the classes that supplied the default values.There is a distinction between the purposes of the :default-initargsand the :initform options with respect to the initialization of slots. The:default-initargs class option provides a mechanism for the user to givea default value form for an initialization argument without knowing whetherthe initialization argument initializes a slot or is passed to a method. If thatinitialization argument is not explicitly supplied in a call to make-instance,the default value form is used, just as if it had been supplied in the call. Incontrast, the :initform slot option provides a mechanism for the user to givea default initial value form for a slot. An :initform form is used to initializea slot only if no initialization argument associated with that slot is given asan argument to make-instance or is defaulted by :default-initargs.The order of evaluation of default value forms for initialization argumentsand the order of evaluation of :initform forms are unde�ned. If the or-der of evaluation matters, use initialize-instance or shared-initializemethods.28.1.9.4. Rules for Initialization ArgumentsThe :initarg slot option may be speci�ed more than once for a given slot.The following rules specify when initialization arguments may be multiplyde�ned:. A given initialization argument can be used to initialize more than oneslot if the same initialization argument name appears in more than one:initarg slot option.



872 COMMON LISP. A given initialization argument name can appear in the lambda-list of morethan one initialization method.. A given initialization argument name can appear both in an :initarg slotoption and in the lambda-list of an initialization method.If two or more initialization arguments that initialize the same slot aregiven in the arguments to make-instance, the leftmost of these initializationarguments in the initialization argument list supplies the value, even if theinitialization arguments have di�erent names.If two or more di�erent initialization arguments that initialize the same slothave default values and none is given explicitly in the arguments to make-instance, the initialization argument that appears in a :default-initargsclass option in the most speci�c of the classes supplies the value. If a single:default-initargs class option speci�es two or more initialization argu-ments that initialize the same slot and none is given explicitly in the argu-ments to make-instance, the leftmost argument in the :default-initargsclass option supplies the value, and the values of the remaining default valueforms are ignored.Initialization arguments given explicitly in the arguments to make-instance appear to the left of defaulted initialization arguments. Supposethat the classes C1 and C2 supply the values of defaulted initialization argu-ments for di�erent slots, and suppose that C1 is more speci�c than C2; thenthe defaulted initialization argument whose value is supplied by C1 is to theleft of the defaulted initialization argument whose value is supplied by C2 inthe defaulted initialization argument list. If a single :default-initargs classoption supplies the values of initialization arguments for two di�erent slots,the initialization argument whose value is speci�ed farther to the left in thedefault-initargs class option appears farther to the left in the defaultedinitialization argument list.If a slot has both an :initform form and an :initarg slot option, andthe initialization argument is defaulted using :default-initargs or is sup-plied to make-instance, the captured :initform form is neither used norevaluated.The following is an example of the preceding rules:(defclass q () ((x :initarg a)))(defclass r (q) ((x :initarg b))(:default-initargs a 1 b 2))



COMMON LISP OBJECT SYSTEM 873Defaulted Initialization ContentsForm Argument List of Slot(make-instance 'r) (a 1 b 2) 1(make-instance 'r 'a 3) (a 3 b 2) 3(make-instance 'r 'b 4) (b 4 a 1) 4(make-instance 'r 'a 1 'a 2) (a 1 a 2 b 2) 128.1.9.5. Shared-InitializeThe generic function shared-initialize is used to �ll the slots of an in-stance using initialization arguments and :initform forms when an instanceis created, when an instance is re-initialized, when an instance is updated toconform to a rede�ned class, and when an instance is updated to conform toa di�erent class. It uses standard method combination. It takes the followingarguments: the instance to be initialized, a speci�cation of a set of names ofslots accessible in that instance, and any number of initialization arguments.The arguments after the �rst two must form an initialization argument list.The second argument to shared-initializemay be one of the following:. It can be a list of slot names, which speci�es the set of those slot names.. It can be nil, which speci�es the empty set of slot names.. It can be the symbol t, which speci�es the set of all of the slots.There is a system-supplied primary method for shared-initializewhose�rst parameter specializer is the class standard-object. This method be-haves as follows on each slot, whether shared or local:. If an initialization argument in the initialization argument list speci�es avalue for that slot, that value is stored into the slot, even if a value hasalready been stored in the slot before the method is run. The a�ected slotsare independent of which slots are indicated by the second argument toshared-initialize.. Any slots indicated by the second argument that are still unbound at thispoint are initialized according to their :initform forms. For any suchslot that has an :initform form, that form is evaluated in the lexicalenvironment of its de�ning defclass form and the result is stored intothe slot. For example, if a :before method stores a value in the slot, the:initform form will not be used to supply a value for the slot. If the secondargument speci�es a name that does not correspond to any slots accessiblein the instance, the results are unspeci�ed.



874 COMMON LISP. The rules mentioned in section 28.1.9.4 are obeyed.The generic function shared-initialize is called by the system-supplied primary methods for the generic functions initialize-instance,reinitialize-instance, update-instance-for-different-class, andupdate-instance-for-redefined-class. Thus methods can be written forshared-initialize to specify actions that should be taken in all of thesecontexts.
28.1.9.6. Initialize-InstanceThe generic function initialize-instance is called by make-instance toinitialize a newly created instance. It uses standard method combination.Methods for initialize-instance can be de�ned in order to perform anyinitialization that cannot be achieved with the simple slot-�lling mechanisms.



COMMON LISP OBJECT SYSTEM 875During initialization, initialize-instance is invoked after the followingactions have been taken:. The defaulted initialization argument list has been computed by combin-ing the supplied initialization argument list with any default initializationarguments for the class.. The validity of the defaulted initialization argument list has been checked.If any of the initialization arguments has not been declared valid, an erroris signaled.. A new instance whose slots are unbound has been created.The generic function initialize-instance is called with the new instanceand the defaulted initialization arguments. There is a system-supplied pri-mary method for initialize-instance whose parameter specializer is theclass standard-object. This method calls the generic function shared-initialize to �ll in the slots according to the initialization arguments andthe :initform forms for the slots; the generic function shared-initializeis called with the following arguments: the instance, t, and the defaultedinitialization arguments.Note that initialize-instance provides the defaulted initialization argu-ment list in its call to shared-initialize, so the �rst step performed by thesystem-supplied primary method for shared-initialize takes into accountboth the initialization arguments provided in the call to make-instance andthe defaulted initialization argument list.Methods for initialize-instance can be de�ned to specify actions to betaken when an instance is initialized. If only :aftermethods for initialize-instance are de�ned, they will be run after the system-supplied primarymethod for initialization and therefore they will not interfere with the defaultbehavior of initialize-instance.The Object System provides two functions that are useful in the bodiesof initialize-instance methods. The function slot-boundp returns aboolean value that indicates whether a speci�ed slot has a value; this pro-vides a mechanism for writing :after methods for initialize-instancethat initialize slots only if they have not already been initialized. The func-tion slot-makunbound causes the slot to have no value.



876 COMMON LISP28.1.9.7. De�nitions of Make-Instance and Initialize-Instance

The generic function make-instance behaves as if it were de�ned as follows,except that certain optimizations are permitted:



COMMON LISP OBJECT SYSTEM 877(defmethod make-instance ((class standard-class) &rest initargs)(setq initargs (default-initargs class initargs))...(let ((instance (apply #--'allocate-instance class initargs)))(apply #--'initialize-instance instance initargs)instance))(defmethod make-instance ((class-name symbol) &rest initargs)(apply #--'make-instance (find-class class-name) initargs))The elided code in the de�nition of make-instance checks the sup-plied initialization arguments to determine whether an initialization ar-gument was supplied that neither �lled a slot nor supplied an argu-ment to an applicable method. This check could be implemented us-ing the generic functions class-prototype, compute-applicable-methods,function-keywords, and class-slot-initargs. See the third part of theCommon Lisp Object System speci�cation for a description of this initializa-tion argument check. [The third part has not yet been approved by X3J13for inclusion in the forthcoming Common Lisp standard and is not includedin this book.|GLS]The generic function initialize-instance behaves as if it were de�nedas follows, except that certain optimizations are permitted:(defmethod initialize-instance((instance standard-object) &rest initargs)(apply #--'shared-initialize instance t initargs)))These procedures can be customized at either the Programmer Interfacelevel, the meta-object level, or both.Customizing at the Programmer Interface level includes using the:initform, :initarg, and :default-initargs options to defclass,as well as de�ning methods for make-instance and initialize-instance. It is also possible to de�ne methods for shared-initialize,which would be invoked by the generic functions reinitialize-instance, update-instance-for-redefined-class, update-instance-for-different-class, and initialize-instance. The meta-object levelsupports additional customization by allowingmethods to be de�ned on make-instance, default-initargs, and allocate-instance. Parts 2 and 3 of theCommon Lisp Object System speci�cation document each of these genericfunctions and the system-supplied primary methods. [The third part has not



878 COMMON LISPyet been approved by X3J13 for inclusion in the forthcoming Common Lispstandard and is not included in this book.|GLS]Implementations are permitted to make certain optimizations toinitialize-instance and shared-initialize. The description of shared-initialize in section 28.2 mentions the possible optimizations.Because of optimization, the check for valid initialization arguments mightnot be implemented using the generic functions class-prototype, compute-applicable-methods, function-keywords, and class-slot-initargs. Inaddition, methods for the generic function default-initargs and the system-supplied primary methods for allocate-instance, initialize-instance,and shared-initializemight not be called on every call to make-instanceor might not receive exactly the arguments that would be expected.28.1.10. Rede�ning ClassesA class that is an instance of standard-class can be rede�ned if the new classwill also be an instance of standard-class. Rede�ning a class modi�es theexisting class object to reect the new class de�nition; it does not create a newclass object for the class. Any method object created by a :reader, :writer,or :accessor option speci�ed by the old defclass form is removed from thecorresponding generic function. Methods speci�ed by the new defclass formare added.When the class C is rede�ned, changes are propagated to its instances andto instances of any of its subclasses. Updating such an instance occurs at animplementation-dependent time, but no later than the next time a slot of thatinstance is read or written. Updating an instance does not change its identityas de�ned by the eq function. The updating process may change the slotsof that particular instance, but it does not create a new instance. Whetherupdating an instance consumes storage is implementation-dependent.Note that rede�ning a class may cause slots to be added or deleted. Ifa class is rede�ned in a way that changes the set of local slots accessiblein instances, the instances will be updated. It is implementation-dependentwhether instances are updated if a class is rede�ned in a way that does notchange the set of local slots accessible in instances.The value of a slot that is speci�ed as shared both in the old class and inthe new class is retained. If such a shared slot was unbound in the old class,it will be unbound in the new class. Slots that were local in the old class andthat are shared in the new class are initialized. Newly added shared slots areinitialized.



COMMON LISP OBJECT SYSTEM 879Each newly added shared slot is set to the result of evaluating the captured:initform form for the slot that was speci�ed in the defclass form for thenew class. If there is no :initform form, the slot is unbound.If a class is rede�ned in such a way that the set of local slots accessible in aninstance of the class is changed, a two-step process of updating the instancesof the class takes place. The process may be explicitly started by invokingthe generic function make-instances-obsolete. This two-step process canhappen in other circumstances in some implementations. For example, insome implementations this two-step process will be triggered if the order ofslots in storage is changed.The �rst step modi�es the structure of the instance by adding new localslots and discarding local slots that are not de�ned in the new version of theclass. The second step initializes the newly added local slots and performsany other user-de�ned actions. These steps are further speci�ed in the nexttwo sections.28.1.10.1. Modifying the Structure of InstancesThe �rst step modi�es the structure of instances of the rede�ned class to con-form to its new class de�nition. Local slots speci�ed by the new class de�ni-tion that are not speci�ed as either local or shared by the old class are added,and slots not speci�ed as either local or shared by the new class de�nitionthat are speci�ed as local by the old class are discarded. The names of theseadded and discarded slots are passed as arguments to update-instance-for-redefined-class as described in the next section.The values of local slots speci�ed by both the new and old classes areretained. If such a local slot was unbound, it remains unbound.The value of a slot that is speci�ed as shared in the old class and as localin the new class is retained. If such a shared slot was unbound, the local slotwill be unbound.28.1.10.2. Initializing Newly Added Local SlotsThe second step initializes the newly added local slots and performs anyother user-de�ned actions. This step is implemented by the generic functionupdate-instance-for-redefined-class, which is called after completion ofthe �rst step of modifying the structure of the instance.The generic function update-instance-for-redefined-class takes fourrequired arguments: the instance being updated after it has undergone the



880 COMMON LISP�rst step, a list of the names of local slots that were added, a list of thenames of local slots that were discarded, and a property list containing theslot names and values of slots that were discarded and had values. Includedamong the discarded slots are slots that were local in the old class and thatare shared in the new class.The generic function update-instance-for-redefined-class also takesany number of initialization arguments. When it is called by the system toupdate an instance whose class has been rede�ned, no initialization argumentsare provided.There is a system-supplied primarymethod for the generic function update-instance-for-redefined-classwhose parameter specializer for its instanceargument is the class standard-object. First this method checks the validityof initialization arguments and signals an error if an initialization argumentis supplied that is not declared valid (see section 28.1.9.2.) Then it callsthe generic function shared-initialize with the following arguments: theinstance, the list of names of the newly added slots, and the initializationarguments it received.28.1.10.3. Customizing Class Rede�nitionMethods for update-instance-for-redefined-class may be de�ned tospecify actions to be taken when an instance is updated. If only :aftermeth-ods for update-instance-for-redefined-classare de�ned, they will be runafter the system-supplied primary method for initialization and therefore willnot interfere with the default behavior of update-instance-for-redefined-class. Because no initialization arguments are passed to update-instance-for-redefined-class when it is called by the system, the :initform formsfor slots that are �lled by :before methods for update-instance-for-redefined-class will not be evaluated by shared-initialize.Methods for shared-initialize may be de�ned to customize class redef-inition (see section 28.1.9.5).28.1.10.4. ExtensionsThere are two allowed extensions to class rede�nition:. The Object System may be extended to permit the new class to be aninstance of a metaclass other than the metaclass of the old class.



COMMON LISP OBJECT SYSTEM 881. The Object System may be extended to support an updating process wheneither the old or the new class is an instance of a class other than standard-class that is not a built-in class.28.1.11. Changing the Class of an InstanceThe function change-class can be used to change the class of an instancefrom its current class, Cfrom, to a di�erent class, Cto; it changes the structureof the instance to conform to the de�nition of the class Cto.Note that changing the class of an instance may cause slots to be added ordeleted.When change-class is invoked on an instance, a two-step updating processtakes place. The �rst step modi�es the structure of the instance by addingnew local slots and discarding local slots that are not speci�ed in the newversion of the instance. The second step initializes the newly added localslots and performs any other user-de�ned actions. These steps are furtherdescribed in the following two sections.28.1.11.1. Modifying the Structure of an InstanceIn order to make an instance conform to the class Cto, local slots speci�ed bythe class Cto that are not speci�ed by the class Cfrom are added, and localslots not speci�ed by the class Cto that are speci�ed by the class Cfrom arediscarded.The values of local slots speci�ed by both the class Cto and the class Cfromare retained. If such a local slot was unbound, it remains unbound.The values of slots speci�ed as shared in the class Cfrom and as local in theclass Cto are retained.This �rst step of the update does not a�ect the values of any shared slots.28.1.11.2. Initializing Newly Added Local SlotsThe second step of the update initializes the newly added slots and per-forms any other user-de�ned actions. This step is implemented by thegeneric function update-instance-for-different-class. The generic func-tion update-instance-for-different-class is invoked by change-classafter the �rst step of the update has been completed.The generic function update-instance-for-different-class is invokedon two arguments computed by change-class. The �rst argument passed is



882 COMMON LISPa copy of the instance being updated and is an instance of the class Cfrom;this copy has dynamic extent within the generic function change-class. Thesecond argument is the instance as updated so far by change-class and isan instance of the class Cto.The generic function update-instance-for-different-class also takesany number of initialization arguments. When it is called by change-class,no initialization arguments are provided.There is a system-supplied primarymethod for the generic function update-instance-for-different-class that has two parameter specializers, each ofwhich is the class standard-object. First this method checks the validityof initialization arguments and signals an error if an initialization argumentis supplied that is not declared valid (see section 28.1.9.2). Then it callsthe generic function shared-initialize with the following arguments: theinstance, a list of names of the newly added slots, and the initialization argu-ments it received.28.1.11.3. Customizing the Change of Class of an InstanceMethods for update-instance-for-different-class may be de�ned tospecify actions to be taken when an instance is updated. If only :aftermethods for update-instance-for-different-class are de�ned, they willbe run after the system-supplied primary method for initialization and willnot interfere with the default behavior of update-instance-for-different-class. Because no initialization arguments are passed to update-instance-for-different-class when it is called by change-class, the :initformforms for slots that are �lled by :before methods for update-instance-for-different-class will not be evaluated by shared-initialize.Methods for shared-initialize may be de�ned to customize class redef-inition (see section 28.1.9.5).28.1.12. Reinitializing an InstanceThe generic function reinitialize-instance may be used to change thevalues of slots according to initialization arguments.The process of reinitialization changes the values of some slots and performsany user-de�ned actions.Reinitialization does not modify the structure of an instance to add or deleteslots, and it does not use any :initform forms to initialize slots.



COMMON LISP OBJECT SYSTEM 883The generic function reinitialize-instance may be called directly. Ittakes one required argument, the instance. It also takes any number of initial-ization arguments to be used by methods for reinitialize-instance or forshared-initialize. The arguments after the required instance must forman initialization argument list.

There is a system-supplied primary method for reinitialize-instancewhose parameter specializer is the class standard-object. First this methodchecks the validity of initialization arguments and signals an error if an initial-ization argument is supplied that is not declared valid (see section 28.1.9.2).Then it calls the generic function shared-initialize with the following ar-guments: the instance, nil, and the initialization arguments it received.



884 COMMON LISP28.1.12.1. Customizing ReinitializationMethods for the generic function reinitialize-instance may be de�nedto specify actions to be taken when an instance is updated. If only :aftermethods for reinitialize-instance are de�ned, they will be run after thesystem-supplied primary method for initialization and therefore will not in-terfere with the default behavior of reinitialize-instance.Methods for shared-initialize may be de�ned to customize class redef-inition (see section 28.1.9.5).28.2. Functions in the Programmer InterfaceThis section describes the functions, macros, special forms, and generic func-tions provided by the Common Lisp Object System Programmer Interface.The Programmer Interface comprises the functions and macros that are suf-�cient for writing most object-oriented programs.This section is reference material that requires an understanding of the basicconcepts of the Common Lisp Object System. The functions are arranged inalphabetical order for convenient reference.The description of each function, macro, special form, and generic functionincludes its purpose, its syntax, the semantics of its arguments and returnedvalues, and often an example and cross-references to related functions.The syntax description for a function, macro, or special form describes itsparameters. The description of a generic function includes descriptions ofthe methods that are de�ned on that generic function by the Common LispObject System. A method signature is used to describe the parameters andparameter specializers for each method.The following is an example of the format for the syntax description of ageneric function with the method signature for one primary method:[Generic function]f x y &optional z &key :k [Primary method ]f (x class) (y t) &optional z &key :kThis description indicates that the generic function f has two required param-eters, x and y. In addition, there is an optional parameter z and a keywordparameter :k.The method signature indicates that this method on the generic function fhas two required parameters, x, which must be an instance of the class class,and y, which can be any object. In addition, there is an optional parameter z



COMMON LISP OBJECT SYSTEM 885and a keyword parameter :k. The signature also indicates that this methodon f is a primary method and has no quali�ers.The syntax description for a generic function describes the lambda-list ofthe generic function itself, while the method signatures describe the lambda-lists of the de�ned methods.The generic functions described in this book are all standard generic func-tions. They all use standard method combination.Any implementation of the Common Lisp Object System is allowed to pro-vide additional methods on the generic functions described here.It is useful to categorize the functions and macros according to their rolein this standard:. Tools used for simple object-oriented programmingThese tools allow for de�ning new classes, methods, and generic functionsand for making instances. Some tools used within method bodies are alsolisted here. Some of the macros listed here have a corresponding functionthat performs the same task at a lower level of abstraction.call-next-method initialize-instancechange-class make-instancedefclass next-method-pdefgeneric slot-boundpdefmethod slot-valuegeneric-flet with-accessorsgeneric-function with-added-methodsgeneric-labels with-slots. Functions underlying the commonly used macrosadd-method reinitialize-instanceclass-name remove-methodcompute-applicable-methods shared-initializeensure-generic-function slot-exists-pfind-class slot-makunboundfind-method slot-missingfunction-keywords slot-unboundmake-instances-obsolete update-instance-for-different-classno-applicable-method update-instance-for-redefined-classno-next-method. Tools for declarative method combination



886 COMMON LISPcall-method method-combination-errordefine-method-combination method-qualifiersinvalid-method-error. General Common Lisp support toolsclass-of print-objectdocumentation symbol-macrolet[Note that describe appeared in this list in the original CLOS proposal [5,7], but X3J13 voted in March 1989 h63i not to make describe a genericfunction after all (see describe-object).|GLS][At this point the original CLOS report contained a description of the [[ ]]and # notation; that description is omitted here. I have adopted the notationfor use throughout this book. It is described in section 1.2.5.|GLS][Generic function]add-method generic-function method [Primary method ]add-method(generic-function standard-generic-function) (method method)The generic function add-method adds a method to a generic function. Itdestructively modi�es the generic function and returns the modi�ed genericfunction as its result.The generic-function argument is a generic function object.The method argument is a method object. The lambda-list of the methodfunction must be congruent with the lambda-list of the generic function, oran error is signaled.The modi�ed generic function is returned. The result of add-method is eqto the generic-function argument.If the given method agrees with an existing method of the generic functionon parameter specializers and quali�ers, the existing method is replaced. Seesection 28.1.6.3 for a de�nition of agreement in this context.If the method object is a method object of another generic function, anerror is signaled.See section 28.1.6.3 as well as defmethod, defgeneric, find-method, andremove-method. [Macro]call-method method next-method-listThe macro call-method is used in method combination. This macro hides theimplementation-dependent details of how methods are called. It can be used



COMMON LISP OBJECT SYSTEM 887only within an e�ective method form, for the name call-method is de�nedonly within the lexical scope of such a form.The macro call-method invokes the speci�ed method, supplying it with ar-guments and with de�nitions for call-next-method and for next-method-p.The arguments are the arguments that were supplied to the e�ective methodform containing the invocation of call-method. The de�nitions of call-next-method and next-method-p rely on the list of method objects given asthe second argument to call-method.The call-next-method function available to the method that is the �rstsubform will call the �rst method in the list that is the second subform. Thecall-next-method function available in that method, in turn, will call thesecond method in the list that is the second subform, and so on, until the listof next methods is exhausted.The method argument is a method object; the next-method-list argumentis a list of method objects.A list whose �rst element is the symbol make-method and whose secondelement is a Lisp form can be used instead of a method object as the �rstsubform of call-method or as an element of the second subform of call-method. Such a list speci�es a method object whose method function has abody that is the given form.The result of call-method is the value or values returned by the methodinvocation.See call-next-method, define-method-combination, and next-method-p. [Function]call-next-method &rest argsThe function call-next-method can be used within the body of a methodde�ned by a method-de�ning form to call the next method.The function call-next-method returns the value or values returned bythe method it calls. If there is no next method, the generic function no-next-method is called.The type of method combination used determines which methods can invokecall-next-method. The standard method combination type allows call-next-method to be used within primary methods and :around methods.The standard method combination type de�nes the next method accordingto the following rules:. If call-next-method is used in an :around method, the next method isthe next most speci�c :around method, if one is applicable.



888 COMMON LISP. If there are no :around methods at all or if call-next-method is called bythe least speci�c :around method, other methods are called as follows:{ All the :before methods are called, in most-speci�c-�rst order. Thefunction call-next-method cannot be used in :before methods.{ The most speci�c primary method is called. Inside the body of a primarymethod, call-next-methodmay be used to pass control to the next mostspeci�c primary method. The generic function no-next-method is calledif call-next-method is used and there are no more primary methods.{ All the :after methods are called in most-speci�c-last order. The func-tion call-next-method cannot be used in :after methods.For further discussion of the use of call-next-method, see sections 28.1.7.2and 28.1.7.4.When call-next-method is called with no arguments, it passes the cur-rent method's original arguments to the next method. Neither argumentdefaulting, nor using setq, nor rebinding variables with the same names asparameters of the method a�ects the values call-next-method passes to themethod it calls.When call-next-method is called with arguments, the next method iscalled with those arguments. When providing arguments to call-next-method, the following rule must be satis�ed or an error is signaled: Theordered set of methods applicable for a changed set of arguments for call-next-method must be the same as the ordered set of applicable methods forthe original arguments to the generic function. Optimizations of the errorchecking are possible, but they must not change the semantics of call-next-method.If call-next-method is called with arguments but omits optional argu-ments, the next method called defaults those arguments.The function call-next-method returns the value or values returned bythe method it calls.Further computation is possible after call-next-method returns.The de�nition of the function call-next-method has lexical scope (for it isde�ned only within the body of a method de�ned by a method-de�ning form)and inde�nite extent.For generic functions using a type of method combination de�ned by theshort form of define-method-combination, call-next-method can be usedin :around methods only.



COMMON LISP OBJECT SYSTEM 889The function next-method-p can be used to test whether or not there is anext method.If call-next-method is used in methods that do not support it, an erroris signaled.See sections 28.1.7, 28.1.7.2, and 28.1.7.4 as well as the functions define-method-combination, next-method-p, and no-next-method.[Generic function]change-class instance new-class [Primary method ]change-class (instance standard-object)(new-class standard-class) [Primary method ]change-class (instance t) (new-class symbol)The generic function change-class changes the class of an instance to a newclass. It destructively modi�es and returns the instance.If in the old class there is any slot of the same name as a local slot in thenew class, the value of that slot is retained. This means that if the slot hasa value, the value returned by slot-value after change-class is invoked iseql to the value returned by slot-value before change-class is invoked.Similarly, if the slot was unbound, it remains unbound. The other slots areinitialized as described in section 28.1.11.The instance argument is a Lisp object.The new-class argument is a class object or a symbol that names a class.If the second of the preceding methods is selected, that method invokeschange-class on instance and (find-class new-class).The modi�ed instance is returned. The result of change-class is eq to theinstance argument.Examples:(defclass position () ())(defclass x-y-position (position)((x :initform 0 :initarg :x)(y :initform 0 :initarg :y)))(defclass rho-theta-position (position)((rho :initform 0)(theta :initform 0)))



890 COMMON LISP(defmethod update-instance-for-different-class :before((old x-y-position)(new rho-theta-position)&key);; Copy the position information from old to new to make new;; be a rho-theta-position at the same position as old.(let ((x (slot-value old 'x))(y (slot-value old 'y)))(setf (slot-value new 'rho) (sqrt (+ (* x x) (* y y)))(slot-value new 'theta) (atan y x))));;; At this point an instance of the class x-y-position can be;;; changed to be an instance of the class rho-theta-position;;; using change-class:(setq p1 (make-instance 'x-y-position :x 2 :y 0))(change-class p1 'rho-theta-position);;; The result is that the instance bound to p1 is now;;; an instance of the class rho-theta-position.;;; The update-instance-for-different-class method;;; performed the initialization of the rho and theta;;; slots based on the values of the x and y slots,;;; which were maintained by the old instance.After completing all other actions, change-class invokes the genericfunction update-instance-for-different-class. The generic functionupdate-instance-for-different-class can be used to assign values toslots in the transformed instance.The generic function change-class has several semantic di�culties. First,it performs a destructive operation that can be invoked within a method onan instance that was used to select that method. When multiple methodsare involved because methods are being combined, the methods currentlyexecuting or about to be executed may no longer be applicable. Second, someimplementations might use compiler optimizations of slot access, and whenthe class of an instance is changed the assumptions the compiler made mightbe violated. This implies that a programmer must not use change-classinside a method if any methods for that generic function access any slots, orthe results are unde�ned.See section 28.1.11 as well as update-instance-for-different-class.



COMMON LISP OBJECT SYSTEM 891[Generic function]class-name class [Primary method ]class-name (class class)The generic function class-name takes a class object and returns its name.The class argument is a class object. The new-value argument is any object.The name of the given class is returned.The name of an anonymous class is nil.If S is a symbol such that S =(class-name C) and C = (find-class S),then S is the proper name of C (see section 28.1.2).See also section 28.1.2 and find-class. [Generic function](setf class-name) new-value class [Primary method ](setf class-name) new-value (class class)The generic function (setf class-name) takes a class object and sets itsname. The class argument is a class object. The new-value argument is anyobject. [Function]class-of objectThe function class-of returns the class of which the given object is an in-stance. The argument to class-of may be any Common Lisp object. Thefunction class-of returns the class of which the argument is an instance.[Function]compute-applicable-methods generic-functionfunction-argumentsGiven a generic function and a set of arguments, the function compute-applicable-methods returns the set of methods that are applicable for thosearguments.The methods are sorted according to precedence order. See section 28.1.7.The generic-function argument must be a generic function object. Thefunction-arguments argument is a list of the arguments to that generic func-tion. The result is a list of the applicable methods in order of precedence. Seesection 28.1.7. [Macro]defclass class-name ( fsuperclass-nameg� )( fslot-speci�erg� ) [[ #class-option ]]



892 COMMON LISPclass-name ::= symbolsuperclass-name ::= symbolslot-speci�er ::= slot-name j (slot-name [[#slot-option ]])slot-name ::= symbolslot-option ::= f:reader reader-function-nameg�j f:writer writer-function-nameg�j f:accessor reader-function-nameg�j f:allocation allocation-typegj f:initarg initarg-nameg�j f:initform formgj f:type type-speci�ergj f:documentation stringg



COMMON LISP OBJECT SYSTEM 893reader-function-name ::= symbolwriter-function-name ::= function-name/function-name ::= fsymbol j (setf symbol)ginitarg-name ::= symbolallocation-type ::= :instance j :classclass-option ::= (:default-initargs initarg-list)j (:documentation string)j (:metaclass class-name)initarg-list ::= finitarg-name default-initial-value-formg�The macro defclass de�nes a new named class. It returns the new classobject as its result.The syntax of defclass provides options for specifying initialization ar-guments for slots, for specifying default initialization values for slots, and forrequesting that methods on speci�ed generic functions be automatically gener-ated for reading and writing the values of slots. No reader or writer functionsare de�ned by default; their generation must be explicitly requested.De�ning a new class also causes a type of the same name to be de�ned.The predicate (typep object class-name) returns true if the class of the givenobject is class-name itself or a subclass of the class class-name. A class objectcan be used as a type speci�er. Thus (typep object class) returns true if theclass of the object is class itself or a subclass of class.The class-name argument is a non-nil symbol. It becomes the propername of the new class. If a class with the same proper name already existsand that class is an instance of standard-class, and if the defclass formfor the de�nition of the new class speci�es a class of class standard-class,the de�nition of the existing class is replaced.Each superclass-name argument is a non-nil symbol that speci�es a directsuperclass of the new class. The new class will inherit slots and methods fromeach of its direct superclasses, from their direct superclasses, and so on. Seesection 28.1.3 for a discussion of how slots and methods are inherited.Each slot-speci�er argument is the name of the slot or a list consisting ofthe slot name followed by zero or more slot options. The slot-name argumentis a symbol that is syntactically valid for use as a variable name. If there areany duplicate slot names, an error is signaled.The following slot options are available:. The :reader slot option speci�es that an unquali�ed method is to be de-�ned on the generic function named reader-function-name to read the valueof the given slot. The reader-function-name argument is a non-nil symbol.The :reader slot option may be speci�ed more than once for a given slot.



894 COMMON LISP. The :writer slot option speci�es that an unquali�ed method is to be de-�ned on the generic function named writer-function-name to write the valueof the slot. The writer-function-name argument is a function-name. The:writer slot option may be speci�ed more than once for a given slot.. The :accessor slot option speci�es that an unquali�ed method is to bede�ned on the generic function named reader-function-name to read thevalue of the given slot and that an unquali�ed method is to be de�ned onthe generic function named (setf reader-function-name) to be used withsetf to modify the value of the slot. The reader-function-name argumentis a non-nil symbol. The :accessor slot option may be speci�ed morethan once for a given slot.. The :allocation slot option is used to specify where storage is to be allo-cated for the given slot. Storage for a slot may be located in each instanceor in the class object itself, for example. The value of the allocation-typeargument can be either the keyword :instance or the keyword :class.The :allocation slot option may be speci�ed at most once for a givenslot. If the :allocation slot option is not speci�ed, the e�ect is the sameas specifying :allocation :instance.{ If allocation-type is :instance, a local slot of the given name is allocatedin each instance of the class.{ If allocation-type is :class, a shared slot of the given name is allocated.The value of the slot is shared by all instances of the class. If a class C1de�nes such a shared slot, any subclass C2 of C1 will share this singleslot unless the defclass form for C2 speci�es a slot of the same name orthere is a superclass of C2 that precedes C1 in the class precedence listof C2 and that de�nes a slot of the same name.. The :initform slot option is used to provide a default initial value form tobe used in the initialization of the slot. The :initform slot option may bespeci�ed at most once for a given slot. This form is evaluated every timeit is used to initialize the slot. The lexical environment in which this formis evaluated is the lexical environment in which the defclass form wasevaluated. Note that the lexical environment refers both to variables andto functions. For local slots, the dynamic environment is the dynamic envi-ronment in which make-instance was called; for shared slots, the dynamicenvironment is the dynamic environment in which the defclass form wasevaluated. See section 28.1.9.



COMMON LISP OBJECT SYSTEM 895No implementation is permitted to extend the syntax of defclass to allow(slot-name form) as an abbreviation for (slot-name :initform form).. The :initarg slot option declares an initializationargument named initarg-name and speci�es that this initialization argument initializes the givenslot. If the initialization argument has a value in the call to initialize-instance, the value will be stored into the given slot, and the slot's:initform slot option, if any, is not evaluated. If none of the initializa-tion arguments speci�ed for a given slot has a value, the slot is initializedaccording to the :initform slot option, if speci�ed. The :initarg slotoption can be speci�ed more than once for a given slot. The initarg-nameargument can be any symbol.. The :type slot option speci�es that the contents of the slot will alwaysbe of the speci�ed data type. It e�ectively declares the result type of thereader generic function when applied to an object of this class. The resultof attempting to store in a slot a value that does not satisfy the type of theslot is unde�ned. The :type slot option may be speci�ed at most once fora given slot. The :type slot option is further discussed in section 28.1.3.2.. The :documentation slot option provides a documentation string for theslot.Each class option is an option that refers to the class as a whole or to allclass slots. The following class options are available:. The :default-initargs class option is followed by a list of alternatinginitialization argument names and default initial value forms. If any of theseinitialization arguments does not appear in the initialization argument listsupplied to make-instance, the corresponding default initial value form isevaluated, and the initialization argument name and the form's value areadded to the end of the initialization argument list before the instance iscreated (see section 28.1.9). The default initial value form is evaluated eachtime it is used. The lexical environment in which this form is evaluated isthe lexical environment in which the defclass form was evaluated. Thedynamic environment is the dynamic environment in which make-instancewas called. If an initialization argument name appears more than once ina :default-initargs class option, an error is signaled. The :default-initargs class option may be speci�ed at most once.. The :documentation class option causes a documentation string to be at-tached to the class name. The documentation type for this string is type.The form (documentation class-name 'type)may be used to retrieve the



896 COMMON LISPdocumentation string. The :documentation class option may be speci�edat most once.. The :metaclass class option is used to specify that instances of the classbeing de�ned are to have a di�erent metaclass than the default providedby the system (the class standard-class). The class-name argument isthe name of the desired metaclass. The :metaclass class option may bespeci�ed at most once.The new class object is returned as the result.If a class with the same proper name already exists and that class is aninstance of standard-class, and if the defclass form for the de�nition ofthe new class speci�es a class of class standard-class, the existing class isrede�ned, and instances of it (and its subclasses) are updated to the newde�nition at the time that they are next accessed (see section 28.1.10).Note the following rules of defclass for standard classes:. It is not required that the superclasses of a class be de�ned before thedefclass form for that class is evaluated.. All the superclasses of a class must be de�ned before an instance of theclass can be made.. A class must be de�ned before it can be used as a parameter specializer ina defmethod form.The Object System may be extended to cover situations where these rulesare not obeyed.Some slot options are inherited by a class from its superclasses, and somecan be shadowed or altered by providing a local slot description. No classoptions except :default-initargs are inherited. For a detailed descriptionof how slots and slot options are inherited, see section 28.1.3.2.The options to defclass can be extended. An implementation must signalan error if it observes a class option or a slot option that is not implementedlocally.It is valid to specify more than one reader, writer, accessor, or initializationargument for a slot. No other slot option may appear more than once in asingle slot description, or an error is signaled.If no reader, writer, or accessor is speci�ed for a slot, the slot can be accessedonly by the function slot-value.See sections 28.1.2, 28.1.3, 28.1.10, 28.1.5, 28.1.9 as well as slot-value,make-instance, and initialize-instance.



COMMON LISP OBJECT SYSTEM 897[Macro]defgeneric function-name lambda-list[[ #option j fmethod-descriptiong� ]]function-name ::= fsymbol j (setf symbol)glambda-list ::= ( fvarg�[&optional fvar j (var)g� ][&rest var ][&key fkeyword-parameterg� [&allow-other-keys] ] )keyword-parameter ::= var j ( fvar j (keyword var)g )option ::= (:argument-precedence-order fparameter-nameg+ )j (declare fdeclarationg+ )j (:documentation string)j (:method-combination symbol fargg� )j (:generic-function-class class-name)j (:method-class class-name)method-description ::= (:method fmethod-quali�erg�specialized-lambda-list[[ fdeclarationg� j documentation ]]f formg� )method-quali�er ::= non-nil-atomspecialized-lambda-list ::=( fvar j (var parameter-specializer-name)g�[&optional fvar j (var [initform [supplied-p-parameter ] ] )g� ][&rest var ][&key fspecialized-keyword-parameterg� [&allow-other-keys] ][&aux fvar j (var [initform] )g� ] )specialized-keyword-parameter ::=var j ( fvar j (keyword var)g [initform [supplied-p-parameter ] ] )parameter-specializer-name ::= symbol j (eql eql-specializer-form)The macro defgeneric is used to de�ne a generic function or to specifyoptions and declarations that pertain to a generic function as a whole.If (fboundp function-name) is nil, a new generic function is created. If(fdefinition function-speci�er) is a generic function, that generic functionis modi�ed. If function-name/ names a non-generic function, a macro, or aspecial form, an error is signaled.[X3J13 voted in March 1989 h89i to use fdefinition in the previousparagraph, as shown, rather than symbol-function, as it appeared in the



898 COMMON LISPoriginal report on CLOS [5, 7]. The vote also changed all occurrences offunction-speci�er in the original report to function-name; this change is re-ected here.|GLS]
Each method-description de�nes a method on the generic function. Thelambda-list of each method must be congruent with the lambda-list speci�edby the lambda-list option. If this condition does not hold, an error is signaled.See section 28.1.6.4 for a de�nition of congruence in this context.
The macro defgeneric returns the generic function object as its result.
The function-name argument is a non-nil symbol or a list of the form (setfsymbol).



COMMON LISP OBJECT SYSTEM 899The lambda-list argument is an ordinary function lambda-list with the fol-lowing exceptions:. The use of &aux is not allowed.. Optional and keyword arguments may not have default initial value formsnor use supplied-p parameters. The generic function passes to the methodall the argument values passed to it, and only those; default values are notsupported. Note that optional and keyword arguments in method de�ni-tions, however, can have default initial value forms and can use supplied-pparameters.The following options are provided. A given option may occur only once,or an error is signaled.. The :argument-precedence-order option is used to specify the order inwhich the required arguments in a call to the generic function are testedfor speci�city when selecting a particular method. Each required argument,as speci�ed in the lambda-list argument, must be included exactly once asa parameter-name so that the full and unambiguous precedence order issupplied. If this condition is not met, an error is signaled.. The declare option is used to specify declarations that pertain to thegeneric function. The following standard Common Lisp declaration is al-lowed:{ An optimize declaration speci�es whether method selection should beoptimized for speed or space, but it has no e�ect on methods. To controlhow a method is optimized, an optimize declaration must be placeddirectly in the defmethod form or method description. The optimizationqualities speed and space are the only qualities this standard requires,but an implementation can extend the Common Lisp Object System torecognize other qualities. A simple implementation that has only onemethod selection technique and ignores the optimize declaration is valid.The special, ftype, function, inline, notinline, and declaration dec-larations are not permitted. Individual implementations can extend thedeclare option to support additional declarations. If an implementationnotices a declaration that it does not support and that has not been pro-claimed as a non-standard declaration name in a declaration proclama-tion, it should issue a warning.. The :documentation argument associates a documentation string with thegeneric function. The documentation type for this string is function.



900 COMMON LISPThe form (documentation function-name/ 'function) may be used toretrieve this string.. The :generic-function-class option may be used to specify that thegeneric function is to have a di�erent class than the default provided bythe system (the class standard-generic-function). The class-name ar-gument is the name of a class that can be the class of a generic function.If function-name speci�es an existing generic function that has a di�erentvalue for the :generic-function-class argument and the new genericfunction class is compatible with the old, change-class is called to changethe class of the generic function; otherwise an error is signaled.. The :method-class option is used to specify that all methods on thisgeneric function are to have a di�erent class from the default providedby the system (the class standard-method). The class-name argument isthe name of a class that is capable of being the class of a method.. The :method-combination option is followed by a symbol that names atype of method combination. The arguments (if any) that follow thatsymbol depend on the type of method combination. Note that the stan-dard method combination type does not support any arguments. However,all types of method combination de�ned by the short form of define-method-combination accept an optional argument named order , default-ing to :most-specific-first, where a value of :most-specific-lastreverses the order of the primary methods without a�ecting the order ofthe auxiliary methods.The method-description arguments de�ne methods that will be associatedwith the generic function. The method-quali�er and specialized-lambda-listarguments in a method description are the same as for defmethod.The form arguments specify the method body. The body of the method isenclosed in an implicit block. If function-name is a symbol, this block bearsthe same name as the generic function. If function-name is a list of the form(setf symbol), the name of the block is symbol.The generic function object is returned as the result.The e�ect of the defgeneric macro is as if the following three steps wereperformed: �rst, methods de�ned by previous defgeneric forms are removed;second, ensure-generic-function is called; and �nally, methods speci�ed bythe current defgeneric form are added to the generic function.If no method descriptions are speci�ed and a generic function of the samename does not already exist, a generic function with no methods is created.



COMMON LISP OBJECT SYSTEM 901The lambda-list argument of defgeneric speci�es the shape of lambda-lists for the methods on this generic function. All methods on the resultinggeneric function must have lambda-lists that are congruent with this shape. Ifa defgeneric form is evaluated and some methods for that generic functionhave lambda-lists that are not congruent with that given in the defgenericform, an error is signaled. For further details on method congruence, seesection 28.1.6.4.Implementations can extend defgeneric to include other options. It isrequired that an implementation signal an error if it observes an option thatis not implemented locally.See section 28.1.6.4 as well as defmethod, ensure-generic-function, andgeneric-function. [Macro]define-method-combination name [[ #short-form-option ]] [Macro]define-method-combination name lambda-list( fmethod-group-speci�erg� )[(:arguments . lambda-list)][(:generic-function generic-fn-symbol)][[ fdeclarationg� j doc-string ]]f formg�short-form-option ::= :documentation stringj :identity-with-one-argument booleanj :operator operatormethod-group-speci�er ::= (variable f fquali�er-patterng+ j predicateg[[ #long-form-option ]] )long-form-option ::= :description format-stringj :order orderj :required booleanThe macro define-method-combination is used to de�ne new types ofmethod combination.There are two forms of define-method-combination. The short form is asimple facility for the cases that are expected to be most commonly needed.The long form is more powerful but more verbose. It resembles defmacro inthat the body is an expression, usually using backquote, that computes a Lispform. Thus arbitrary control structures can be implemented. The long formalso allows arbitrary processing of method quali�ers.In both the short and long forms, name is a symbol. By convention, non-keyword, non-nil symbols are usually used.



902 COMMON LISPThe short-form syntax of define-method-combination is recognized whenthe second subform is a non-nil symbol or is not present. When the shortform is used, name is de�ned as a type of method combination that producesa Lisp form (operator method-call method-call : : : ). The operator is a symbolthat can be the name of a function, macro, or special form. The operator canbe speci�ed by a keyword option; it defaults to name.Keyword options for the short form are the following:. The :documentation option is used to document the method-combinationtype.. The :identity-with-one-argument option enables an optimization whenboolean is true (the default is false). If there is exactly one applicablemethod and it is a primary method, that method serves as the e�ectivemethod and operator is not called. This optimization avoids the need tocreate a new e�ective method and avoids the overhead of a function call.This option is designed to be used with operators such as progn, and, +,and max.. The :operator option speci�es the name of the operator. The operatorargument is a symbol that can be the name of a function, macro, or specialform. By convention, name and operator are often the same symbol. Thisis the default, but it is not required.None of the subforms is evaluated.These types of method combination require exactly one quali�er permethod. An error is signaled if there are applicable methods with no quali�ersor with quali�ers that are not supported by the method combination type.A method combination procedure de�ned in this way recognizes two rolesfor methods. A method whose one quali�er is the symbol naming this type ofmethod combination is de�ned to be a primary method. At least one primarymethod must be applicable or an error is signaled. A method with :around asits one quali�er is an auxiliary method that behaves the same as an :aroundmethod in standard method combination. The function call-next-methodcan be used only in :around methods; it cannot be used in primary methodsde�ned by the short form of the define-method-combination macro.A method combination procedure de�ned in this way accepts an optionalargument named order, which defaults to :most-specific-first. A valueof :most-specific-last reverses the order of the primary methods withouta�ecting the order of the auxiliary methods.The short form automatically includes error checking and support for:around methods.



COMMON LISP OBJECT SYSTEM 903For a discussion of built-in method combination types, see section 28.1.7.4.The long-form syntax of define-method-combination is recognized whenthe second subform is a list.The lambda-list argument is an ordinary lambda-list. It receives any ar-guments provided after the name of the method combination type in the:method-combination option to defgeneric.A list of method group speci�ers follows. Each speci�er selects a subsetof the applicable methods to play a particular role, either by matching theirquali�ers against some patterns or by testing their quali�ers with a predicate.These method group speci�ers de�ne all method quali�ers that can be usedwith this type of method combination. If an applicable method does not fallinto any method group, the system signals the error that the method is invalidfor the kind of method combination in use.Each method group speci�er names a variable. During the execution of theforms in the body of define-method-combination, this variable is bound toa list of the methods in the method group. The methods in this list occur inmost-speci�c-�rst order.A quali�er pattern is a list or the symbol *. A method matches a quali-�er pattern if the method's list of quali�ers is equal to the quali�er pattern(except that the symbol * in a quali�er pattern matches anything). Thus aquali�er pattern can be one of the following: the empty list (), which matchesunquali�ed methods; the symbol *, which matches all methods; a true list,which matches methods with the same number of quali�ers as the length ofthe list when each quali�er matches the corresponding list element; or a dot-ted list that ends in the symbol * (the * matches any number of additionalquali�ers).Each applicable method is tested against the quali�er patterns and predi-cates in left-to-right order. As soon as a quali�er pattern matches or a predi-cate returns true, the method becomes a member of the corresponding methodgroup and no further tests are made. Thus if a method could be a member ofmore than one method group, it joins only the �rst such group. If a methodgroup has more than one quali�er pattern, a method need only satisfy one ofthe quali�er patterns to be a member of the group.The name of a predicate function can appear instead of quali�er patternsin a method group speci�er. The predicate is called for each method that hasnot been assigned to an earlier method group; it is called with one argument,the method's quali�er list. The predicate should return true if the method isto be a member of the method group. A predicate can be distinguished froma quali�er pattern because it is a symbol other than nil or *.



904 COMMON LISPIf there is an applicable method whose quali�ers are not valid for the methodcombination type, the function invalid-method-error is called.Method group speci�ers can have keyword options following the quali�erpatterns or predicate. Keyword options can be distinguished from additionalquali�er patterns because they are neither lists nor the symbol *. The keywordoptions are:. The :description option is used to provide a description of the role ofmethods in the method group. Programming environment tools use (apply#--'format stream format-string (method-qualifiers method)) to printthis description, which is expected to be concise. This keyword option al-lows the description of a method quali�er to be de�ned in the same modulethat de�nes the meaning of the method quali�er. In most cases, format-string will not contain any format directives, but they are available forgenerality. If :description is not speci�ed, a default description is gener-ated based on the variable name and the quali�er patterns and on whetherthis method group includes the unquali�ed methods. The argument format-string is not evaluated.. The :order option speci�es the order of methods. The order argument is aform that evaluates to :most-specific-first or :most-specific-last.If it evaluates to any other value, an error is signaled. This keyword optionis a convenience and does not add any expressive power. If :order is notspeci�ed, it defaults to :most-specific-first.. The :required option speci�es whether at least one method in this methodgroup is required. If the boolean argument is non-nil and the methodgroup is empty (that is, no applicable methods match the quali�er patternsor satisfy the predicate), an error is signaled. This keyword option is aconvenience and does not add any expressive power. If :required is notspeci�ed, it defaults to nil. The boolean argument is not evaluated.The use of method group speci�ers provides a convenient syntax to selectmethods, to divide them among the possible roles, and to perform the nec-essary error checking. It is possible to perform further �ltering of methodsin the body forms by using normal list-processing operations and the func-tions method-qualifiers and invalid-method-error. It is permissible touse setq on the variables named in the method group speci�ers and to bindadditional variables. It is also possible to bypass the method group speci-�er mechanism and do everything in the body forms. This is accomplished bywriting a single method group with * as its only quali�er pattern; the variable



COMMON LISP OBJECT SYSTEM 905is then bound to a list of all of the applicable methods, in most-speci�c-�rstorder.The body forms compute and return the Lisp form that speci�es how themethods are combined, that is, the e�ective method. The e�ective methoduses the macro call-method. The de�nition of this macro has lexical scopeand is available only in an e�ective method form. Given a method object inone of the lists produced by the method group speci�ers and a list of nextmethods, the macro call-methodwill invoke the method so that call-next-method will have available the next methods.When an e�ective method has no e�ect other than to call a single method,some implementations employ an optimization that uses the single method di-rectly as the e�ective method, thus avoiding the need to create a new e�ectivemethod. This optimization is active when the e�ective method form consistsentirely of an invocation of the call-method macro whose �rst subform isa method object and whose second subform is nil. Each define-method-combination body is responsible for stripping o� redundant invocations ofprogn, and, multiple-value-prog1, and the like, if this optimization is de-sired.The list (:arguments . lambda-list) can appear before any declaration ordocumentation string. This form is useful when the method combination typeperforms some speci�c behavior as part of the combined method and that be-havior needs access to the arguments to the generic function. Each parametervariable de�ned by lambda-list is bound to a form that can be inserted into thee�ective method. When this form is evaluated during execution of the e�ec-tive method, its value is the corresponding argument to the generic function.If lambda-list is not congruent to the generic function's lambda-list, additionalignored parameters are automatically inserted until it is congruent. Thus it ispermissible for lambda-list to receive fewer arguments than the number thatthe generic function expects.Erroneous conditions detected by the body should be reported with method-combination-error or invalid-method-error; these functions add any nec-essary contextual information to the error message and will signal the appro-priate error.The body forms are evaluated inside the bindings created by the lambda-list and method group speci�ers. Declarations at the head of the body arepositioned directly inside bindings created by the lambda-list and outside thebindings of the method group variables. Thus method group variables cannotbe declared.Within the body forms, generic-function-symbol is bound to the genericfunction object.



906 COMMON LISPIf a doc-string argument is present, it provides the documentation for themethod combination type.
The functions method-combination-error and invalid-method-errorcan be called from the body forms or from functions called by the body forms.The actions of these two functions can depend on implementation-dependentdynamic variables automatically bound before the generic function compute-effective-method is called.
Note that two methods with identical specializers, but with di�erent qual-i�ers, are not ordered by the algorithm described in step 2 of the methodselection and combination process described in section 28.1.7. Normally thetwo methods play di�erent roles in the e�ective method because they havedi�erent quali�ers, and no matter how they are ordered in the result of step 2the e�ective method is the same. If the two methods play the same role andtheir order matters, an error is signaled. This happens as part of the quali�erpattern matching in define-method-combination.



COMMON LISP OBJECT SYSTEM 907The value returned by the define-method-combinationmacro is the newmethod combination object.Most examples of the long form of define-method-combination also il-lustrate the use of the related functions that are provided as part of thedeclarative method combination facility.;;; Examples of the short form of define-method-combination(define-method-combination and :identity-with-one-argument t)(defmethod func and ((x class1) y)...);;; The equivalent of this example in the long form is:(define-method-combination and(&optional (order ':most-specific-first))((around (:around))(primary (and) :order order :required t))(let ((form (if (rest primary)`(and ,@(mapcar #--'(lambda (method)`(call-method ,method ()))primary))`(call-method ,(first primary) ()))))(if around`(call-method ,(first around)(,@(rest around)(make-method ,form)))form)));;; Examples of the long form of define-method-combination;;; The default method-combination technique(define-method-combination standard ()((around (:around))(before (:before))(primary () :required t)(after (:after)))



908 COMMON LISP(flet ((call-methods (methods)(mapcar #--'(lambda (method)`(call-method ,method ()))methods)))(let ((form (if (or before after (rest primary))`(multiple-value-prog1(progn ,@(call-methods before)(call-method ,(first primary),(rest primary))),@(call-methods (reverse after)))`(call-method ,(first primary) ()))))(if around`(call-method ,(first around)(,@(rest around)(make-method ,form)))form))));;; A simple way to try several methods until one returns non-nil(define-method-combination or ()((methods (or)))`(or ,@(mapcar #--'(lambda (method)`(call-method ,method ()))methods)));;; A more complete version of the preceding(define-method-combination or(&optional (order ':most-specific-first))((around (:around))(primary (or)));; Process the order argument(case order(:most-specific-first)(:most-specific-last (setq primary (reverse primary)))(otherwise (method-combination-error"~S is an invalid order.~@:most-specific-first and :most-specific-last ~are the possible values."order)))



COMMON LISP OBJECT SYSTEM 909;; Must have a primary method(unless primary(method-combination-error "A primary method is required."));; Construct the form that calls the primary methods(let ((form (if (rest primary)`(or ,@(mapcar #--'(lambda (method)`(call-method ,method ()))primary))`(call-method ,(first primary) ()))));; Wrap the around methods around that form(if around`(call-method ,(first around)(,@(rest around)(make-method ,form)))form)));;; The same thing, using the :order and :required keyword options(define-method-combination or(&optional (order ':most-specific-first))((around (:around))(primary (or) :order order :required t))(let ((form (if (rest primary)`(or ,@(mapcar #--'(lambda (method)`(call-method ,method ()))primary))`(call-method ,(first primary) ()))))(if around`(call-method ,(first around)(,@(rest around)(make-method ,form)))form)));;; This short-form call is behaviorally identical to the preceding.(define-method-combination or :identity-with-one-argument t);;; Order methods by positive integer qualifiers; note that :around;;; methods are disallowed here in order to keep the example small.(define-method-combination example-method-combination ()((methods positive-integer-qualifier-p))



910 COMMON LISP`(progn ,@(mapcar #--'(lambda (method)`(call-method ,method ()))(stable-sort methods #--'<:key #--'(lambda (method)(first (method-qualifiersmethod)))))))(defun positive-integer-qualifier-p (method-qualifiers)(and (UU (length method-qualifiers) 1)(typep (first method-qualifiers) '(integer 0 *))));;; Example of the use of :arguments(define-method-combination progn-with-lock ()((methods ()))(:arguments object)`(unwind-protect(progn (lock (object-lock ,object)),@(mapcar #--'(lambda (method)`(call-method ,method ()))methods))(unlock (object-lock ,object))))The :method-combination option of defgeneric is used to specify thata generic function should use a particular method combination type. Theargument to the :method-combination option is the name of a method com-bination type.See sections 28.1.7 and 28.1.7.4 as well as call-method, method-qualifiers, method-combination-error, invalid-method-error, anddefgeneric. [Macro]defmethod function-name fmethod-quali�erg�specialized-lambda-list[[ fdeclarationg� j doc-string ]] f formg�function-name ::= fsymbol j (setf symbol)gmethod-quali�er ::= non-nil-atomparameter-specializer-name ::= symbol j (eql eql-specializer-form)The macro defmethod de�nes a method on a generic function.



COMMON LISP OBJECT SYSTEM 911If (fboundp function-name) is nil, a generic function is created with de-fault values for the argument precedence order (each argument is more speci�cthan the arguments to its right in the argument list), for the generic func-tion class (the class standard-generic-function), for the method class (theclass standard-method), and for the method combination type (the standardmethod combination type). The lambda-list of the generic function is con-gruent with the lambda-list of the method being de�ned; if the defmethodform mentions keyword arguments, the lambda-list of the generic functionwill mention &key (but no keyword arguments). If function-name names anon-generic function, a macro, or a special form, an error is signaled.If a generic function is currently named by function-name, where function-name is a symbol or a list of the form (setf symbol), the lambda-list of themethod must be congruent with the lambda-list of the generic function. Ifthis condition does not hold, an error is signaled. See section 28.1.6.4 for ade�nition of congruence in this context.The function-name argument is a non-nil symbol or a list of the form (setfsymbol). It names the generic function on which the method is de�ned.Each method-quali�er argument is an object that is used by method com-bination to identify the given method. A method quali�er is a non-nil atom.The method combination type may further restrict what a method quali�ermay be. The standard method combination type allows for unquali�ed meth-ods or methods whose sole quali�er is the keyword :before, the keyword:after, or the keyword :around.A specialized-lambda-list is like an ordinary function lambda-list except thatthe name of a required parameter can be replaced by a specialized parameter, alist of the form (variable-name parameter-specializer-name). Only requiredparameters may be specialized. A parameter specializer name is a symbol thatnames a class or (eql eql-specializer-form). The parameter specializer name(eql eql-specializer-form) indicates that the corresponding argument mustbe eql to the object that is the value of eql-specializer-form for the methodto be applicable. If no parameter specializer name is speci�ed for a givenrequired parameter, the parameter specializer defaults to the class named t.See section 28.1.6.2.The form arguments specify the method body. The body of the method isenclosed in an implicit block. If function-name is a symbol, this block bearsthe same name as the generic function. If function-name is a list of the form(setf symbol), the name of the block is symbol.The result of defmethod is the method object.The class of the method object that is created is that given by the methodclass option of the generic function on which the method is de�ned.



912 COMMON LISPIf the generic function already has a method that agrees with the methodbeing de�ned on parameter specializers and quali�ers, defmethod replaces theexisting method with the one now being de�ned. See section 28.1.6.3 for ade�nition of agreement in this context.The parameter specializers are derived from the parameter specializernames as described in section 28.1.6.2.The expansion of the defmethod macro refers to each specialized parame-ter (see the ignore declaration speci�er), including parameters that have anexplicit parameter specializer name of t. This means that a compiler warningdoes not occur if the body of the method does not refer to a specialized pa-rameter. Note that a parameter that specializes on t is not synonymous withan unspecialized parameter in this context.See sections 28.1.6.2, 28.1.6.4, and 28.1.6.3.[At this point the original CLOS report [5, 7] contained a speci�cation fordescribe as a generic function. This speci�cation is omitted here becauseX3J13 voted in March 1989 h63i not to make describe a generic functionafter all (see describe-object).|GLS] [Generic function]documentation x &optional doc-type [Primary method ]documentation (method standard-method) &optional doc-type[Primary method ]documentation (generic-function standard-generic-function)&optional doc-type [Primary method ]documentation (class standard-class) &optionaldoc-type [Primary method ]documentation (method-combination method-combination) &optionaldoc-type [Primary method ]documentation (slot-description standard-slot-description)&optional doc-type [Primary method ]documentation (symbol symbol) &optional doc-type [Primary method ]documentation (list list) &optional doc-typeThe ordinary function documentation (see section 25.2) is replaced by ageneric function. The generic function documentation returns the docu-mentation string associated with the given object if it is available; otherwisedocumentation returns nil.



COMMON LISP OBJECT SYSTEM 913The �rst argument of documentation is a symbol, a function-name list ofthe form (setf symbol), a method object, a class object, a generic functionobject, a method combination object, or a slot description object. Whether asecond argument should be supplied depends on the type of the �rst argument.. If the �rst argument is a method object, a class object, a generic func-tion object, a method combination object, or a slot description object, thesecond argument must not be supplied, or an error is signaled.. If the �rst argument is a symbol or a list of the form (setf symbol), thesecond argument must be supplied.{ The forms(documentation symbol 'function)and(documentation '(setf symbol) 'function)return the documentation string of the function, generic function, specialform, or macro named by the symbol or list.{ The form (documentation symbol 'variable) returns the documenta-tion string of the special variable or constant named by the symbol.{ The form (documentation symbol 'structure) returns the documen-tation string of the defstruct structure named by the symbol.{ The form (documentation symbol 'type) returns the documentationstring of the class object named by the symbol, if there is such a class.If there is no such class, it returns the documentation string of the typespeci�er named by the symbol.{ The form (documentation symbol 'setf) returns the documentationstring of the defsetf or define-setf-method de�nition associated withthe symbol.{ The form (documentation symbol 'method-combination) returns thedocumentation string of the method combination type named by thesymbol.An implementation may extend the set of symbols that are acceptable asthe second argument. If a symbol is not recognized as an acceptable argumentby the implementation, an error must be signaled.



914 COMMON LISPThe documentation string associated with the given object is returned un-less none is available, in which case documentation returns nil.[Generic function](setf documentation) new-value x &optionaldoc-type [Primary method ](setf documentation) new-value(method standard-method) &optional doc-type [Primary method ](setf documentation) new-value(generic-function standard-generic-function) &optional doc-type[Primary method ](setf documentation) new-value(class standard-class) &optional doc-type [Primary method ](setf documentation) new-value(method-combination method-combination) &optional doc-type[Primary method ](setf documentation) new-value(slot-description standard-slot-description) &optional doc-type[Primary method ](setf documentation) new-value(symbol symbol) &optional doc-type [Primary method ](setf documentation) new-value(list list) &optional doc-typeThe generic function (setf documentation) is used to update the documen-tation.The �rst argument of (setf documentation) is the new documentation.The second argument of documentation is a symbol, a function-name list ofthe form (setf symbol), a method object, a class object, a generic functionobject, a method combination object, or a slot description object. Whethera third argument should be supplied depends on the type of the second argu-ment. See documentation. [Function]ensure-generic-function function-name &key:lambda-list :argument-precedence-order :declare:documentation :generic-function-class :method-combination:method-class :environmentfunction-name ::= fsymbol j (setf symbol)gThe function ensure-generic-function is used to de�ne a globally namedgeneric function with no methods or to specify or modify options and decla-rations that pertain to a globally named generic function as a whole.



COMMON LISP OBJECT SYSTEM 915If (fboundp function-name) is nil, a new generic function is created. If(fdefinition function-name) is a non-generic function, a macro, or a spe-cial form, an error is signaled.[X3J13 voted in March 1989 h89i to use fdefinition in the previousparagraph, as shown, rather than symbol-function, as it appeared in theoriginal report on CLOS [5, 7]. The vote also changed all occurrences offunction-speci�er in the original report to function-name; this change is re-ected here.|GLS]If function-name speci�es a generic function that has a di�erent valuefor any of the following arguments, the generic function is modi�ed to havethe new value: :argument-precedence-order, :declare, :documentation,:method-combination.If function-name speci�es a generic function that has a di�erent value forthe :lambda-list argument, and the new value is congruent with the lambda-lists of all existing methods or there are no methods, the value is changed;otherwise an error is signaled.If function-name speci�es a generic function that has a di�erent value forthe :generic-function-class argument and if the new generic function classis compatible with the old, change-class is called to change the class of thegeneric function; otherwise an error is signaled.If function-name speci�es a generic function that has a di�erent :method-class value, the value is changed but any existing methods are not changed.The function-name argument is a symbol or a list of the form (setf sym-bol).The keyword arguments correspond to the option arguments of defgeneric,except that the :method-class and :generic-function-class argumentscan be class objects as well as names.The :environment argument is the same as the &environment argumentto macro expansion functions. It is typically used to distinguish betweencompile-time and run-time environments.The :method-combination argument is a method combination object.The generic function object is returned. See defgeneric. [Function]find-class symbol &optional errorp environmentThe function find-class returns the class object named by the given symbolin the given environment.The �rst argument to find-class is a symbol.



916 COMMON LISPIf there is no such class and the errorp argument is not supplied or is non-nil, find-class signals an error. If there is no such class and the errorpargument is nil, find-class returns nil. The default value of errorp is t.The optional environment argument is the same as the &environment argu-ment to macro expansion functions. It is typically used to distinguish betweencompile-time and run-time environments.The result of find-class is the class object named by the given symbol.The class associated with a particular symbol can be changed by using setfwith find-class. The results are unde�ned if the user attempts to change theclass associated with a symbol that is de�ned as a type speci�er in chapter 4.See section 28.1.4. [Generic function]find-method generic-function method-quali�ersspecializers &optional errorp [Primary method ]find-method(generic-function standard-generic-function) method-quali�ersspecializers &optional errorpThe generic function find-method takes a generic function and returns themethod object that agrees on method quali�ers and parameter specializerswith the method-quali�ers and specializers arguments of find-method. Seesection 28.1.6.3 for a de�nition of agreement in this context.The generic-function argument is a generic function.The method-quali�ers argument is a list of the method quali�ers for themethod. The order of the method quali�ers is signi�cant.The specializers argument is a list of the parameter specializers for themethod. It must correspond in length to the number of required argumentsof the generic function, or an error is signaled. This means that to obtainthe default method on a given generic function, a list whose elements are theclass named t must be given.If there is no such method and the errorp argument is not supplied or isnon-nil, find-method signals an error. If there is no such method and theerrorp argument is nil, find-method returns nil. The default value of errorpis t.The result of find-method is the method object with the given methodquali�ers and parameter specializers.See section 28.1.6.3.



COMMON LISP OBJECT SYSTEM 917[Generic function]function-keywords method [Primary method ]function-keywords (method standard-method)The generic function function-keywords is used to return the keyword pa-rameter speci�ers for a given method.The method argument is a method object.The generic function function-keywords returns two values: a list of theexplicitly named keywords and a boolean that states whether &allow-other-keys had been speci�ed in the method de�nition. [Special form]generic-flet ( f(function-name lambda-list[[ #option j fmethod-descriptiong� ]] )g� )f formg�The generic-flet special form is analogous to the flet special form. Itproduces new generic functions and establishes new lexical function de�nitionbindings. Each generic function is created with the set of methods speci�edby its method descriptions.The special form generic-flet is used to de�ne generic functions whosenames are meaningful only locally and to execute a series of forms with thesefunction de�nition bindings. Any number of such local generic functions maybe de�ned.The names of functions de�ned by generic-flet have lexical scope; theyretain their local de�nitions only within the body of the generic-flet. Anyreferences within the body of the generic-flet to functions whose namesare the same as those de�ned within the generic-flet are thus references tothe local functions instead of to any global functions of the same names. Thescope of these generic function de�nition bindings, however, includes only thebody of generic-flet, not the de�nitions themselves. Within the methodbodies, local function names that match those being de�ned refer to globalfunctions de�ned outside the generic-flet. It is thus not possible to de�nerecursive functions with generic-flet.The function-name, lambda-list , option, method-quali�er, and specialized-lambda-list arguments are the same as for defgeneric.A generic-flet local method de�nition is identical in form to the methodde�nition part of a defmethod.The body of each method is enclosed in an implicit block. If function-name is a symbol, this block bears the same name as the generic function. Iffunction-name is a list of the form (setf symbol), the name of the block issymbol.



918 COMMON LISPThe result returned by generic-flet is the value or values returned by thelast form executed. If no forms are speci�ed, generic-flet returns nil.See generic-labels, defmethod, defgeneric, and generic-function.[Macro]generic-function lambda-list [[ #option j fmethod-descriptiong� ]]option ::= (:argument-precedence-order fparameter-nameg+ )j (declare fdeclarationg+ )j (:documentation string)j (:method-combination symbol fargg� )j (:generic-function-class class-name)j (:method-class class-name)method-description ::= (:method fmethod-quali�erg�specialized-lambda-listfdeclaration j documentationg�f formg� )The generic-function macro creates an anonymous generic function. Thegeneric function is created with the set of methods speci�ed by its methoddescriptions.The option, method-quali�er, and specialized-lambda-list arguments are thesame as for defgeneric.The generic function object is returned as the result.If no method descriptions are speci�ed, an anonymous generic function withno methods is created.See defgeneric, generic-flet, generic-labels, and defmethod.[Special form]generic-labels ( f(function-name lambda-list[[ #option j fmethod-descriptiong� ]] )g� )f formg�The generic-labels special form is analogous to the labels special form. Itproduces new generic functions and establishes new lexical function de�nitionbindings. Each generic function is created with the set of methods speci�edby its method descriptions.The special form generic-labels is used to de�ne generic functions whosenames are meaningful only locally and to execute a series of forms with thesefunction de�nition bindings. Any number of such local generic functions maybe de�ned.



COMMON LISP OBJECT SYSTEM 919The names of functions de�ned by generic-labels have lexical scope; theyretain their local de�nitions only within the body of the generic-labelsconstruct. Any references within the body of the generic-labels constructto functions whose names are the same as those de�ned within the generic-labels form are thus references to the local functions instead of to any globalfunctions of the same names. The scope of these generic function de�nitionbindings includes the method bodies themselves as well as the body of thegeneric-labels construct.The function-name, lambda-list , option, method-quali�er, and specialized-lambda-list arguments are the same as for defgeneric.A generic-labels local method de�nition is identical in form to themethod de�nition part of a defmethod.The body of each method is enclosed in an implicit block. If function-name is a symbol, this block bears the same name as the generic function. Iffunction-name is a list of the form (setf symbol), the name of the block issymbol.The result returned by generic-labels is the value or values returned bythe last form executed. If no forms are speci�ed, generic-labels returnsnil.See generic-flet, defmethod, defgeneric, generic-function.[Generic function]initialize-instance instance &rest initargs [Primary method ]initialize-instance (instance standard-object)&rest initargsThe generic function initialize-instance is called by make-instanceto initialize a newly created instance. The generic function initialize-instance is called with the new instance and the defaulted initialization ar-guments.The system-supplied primary method on initialize-instance initializesthe slots of the instance with values according to the initialization argumentsand the :initform forms of the slots. It does this by calling the genericfunction shared-initialize with the following arguments: the instance, t(this indicates that all slots for which no initialization arguments are providedshould be initialized according to their :initform forms) and the defaultedinitialization arguments.The instance argument is the object to be initialized.The initargs argument consists of alternating initialization argument namesand values.The modi�ed instance is returned as the result.



920 COMMON LISPProgrammers can de�ne methods for initialize-instance to specify ac-tions to be taken when an instance is initialized. If only :after methodsare de�ned, they will be run after the system-supplied primary method forinitialization and therefore will not interfere with the default behavior ofinitialize-instance.See sections 28.1.9, 28.1.9.4, and 28.1.9.2 as well as shared-initialize,make-instance, slot-boundp, and slot-makunbound. [Function]invalid-method-error method format-string &rest argsThe function invalid-method-error is used to signal an error when thereis an applicable method whose quali�ers are not valid for the method combi-nation type. The error message is constructed by using a format string andany arguments to it. Because an implementation may need to add additionalcontextual information to the error message, invalid-method-error shouldbe called only within the dynamic extent of a method combination function.The function invalid-method-error is called automatically when amethod fails to satisfy every quali�er pattern and predicate in a define-method-combination form. A method combination function that imposesadditional restrictions should call invalid-method-error explicitly if it en-counters a method it cannot accept.The method argument is the invalid method object.The format-string argument is a control string that can be given to format,and args are any arguments required by that string.Whether invalid-method-error returns to its caller or exits via throw isimplementation-dependent.See define-method-combination. [Generic function]make-instance class &rest initargs [Primary method ]make-instance (class standard-class)&rest initargs [Primary method ]make-instance (class symbol) &rest initargsThe generic function make-instance creates a new instance of the given class.The generic function make-instance may be used as described in sec-tion 28.1.9.The class argument is a class object or a symbol that names a class. Theremaining arguments form a list of alternating initialization argument namesand values.



COMMON LISP OBJECT SYSTEM 921If the second of the preceding methods is selected, that method invokesmake-instance on the arguments (find-class class) and initargs.The initialization arguments are checked within make-instance (see sec-tion 28.1.9).The new instance is returned.The meta-object protocol can be used to de�ne new methods on make-instance to replace the object-creation protocol.See section 28.1.9 as well as defclass, initialize-instance, and class-of. [Generic function]make-instances-obsolete class [Primary method ]make-instances-obsolete (class standard-class) [Primary method ]make-instances-obsolete (class symbol)The generic function make-instances-obsolete is invoked automatically bythe system when defclass has been used to rede�ne an existing standardclass and the set of local slots accessible in an instance is changed or the orderof slots in storage is changed. It can also be explicitly invoked by the user.The function make-instances-obsolete has the e�ect of initiating theprocess of updating the instances of the class. During updating, the genericfunction update-instance-for-redefined-class will be invoked.The class argument is a class object symbol that names the class whoseinstances are to be made obsolete.If the second of the preceding methods is selected, that method invokesmake-instances-obsolete on (find-class class).The modi�ed class is returned. The result of make-instances-obsoleteis eq to the class argument supplied to the �rst of the preceding methods.See section 28.1.10 as well as update-instance-for-redefined-class.[Function]method-combination-error format-string &rest argsThe function method-combination-error is used to signal an error in methodcombination. The error message is constructed by using a format string andany arguments to it. Because an implementation may need to add additionalcontextual information to the error message, method-combination-errorshould be called only within the dynamic extent of a method combinationfunction.The format-string argument is a control string that can be given to format,and args are any arguments required by that string.



922 COMMON LISPWhether method-combination-error returns to its caller or exits viathrow is implementation-dependent.See define-method-combination. [Generic function]method-qualifiers method [Primary method ]method-qualifiers (method standard-method)The generic function method-qualifiers returns a list of the quali�ers of thegiven method.The method argument is a method object.A list of the quali�ers of the given method is returned.Example:(setq methods (remove-duplicates methods:from-end t:key #--'method-qualifiers:test #--'equal))See define-method-combination. [Function]next-method-pThe locally de�ned function next-method-p can be used within the body ofa method de�ned by a method-de�ning form to determine whether a nextmethod exists.The function next-method-p takes no arguments.The function next-method-p returns true or false.Like call-next-method, the function next-method-p has lexical scope (forit is de�ned only within the body of a method de�ned by a method-de�ningform) and inde�nite extent.See call-next-method. [Generic function]no-applicable-method generic-function&rest function-arguments [Primary method ]no-applicable-method (generic-function t)&rest function-argumentsThe generic function no-applicable-method is called when a generic functionof the class standard-generic-function is invoked and no method on thatgeneric function is applicable. The default method signals an error.



COMMON LISP OBJECT SYSTEM 923The generic function no-applicable-method is not intended to be calledby programmers. Programmers may write methods for it.The generic-function argument of no-applicable-method is the genericfunction object on which no applicable method was found.The function-arguments argument is a list of the arguments to that genericfunction. [Generic function]no-next-method generic-function method &rest args [Primary method ]no-next-method(generic-function standard-generic-function)(method standard-method) &rest argsThe generic function no-next-method is called by call-next-method whenthere is no next method. The system-supplied method on no-next-methodsignals an error.The generic function no-next-method is not intended to be called by pro-grammers. Programmers may write methods for it.The generic-function argument is the generic function object to which themethod that is the second argument belongs.The method argument is the method that contains the call to call-next-method for which there is no next method.The args argument is a list of the arguments to call-next-method.See call-next-method. [Generic function]print-object object stream [Primary method ]print-object (object standard-object) streamThe generic function print-object writes the printed representation of anobject to a stream. The function print-object is called by the print system;it should not be called by the user.



924 COMMON LISPEach implementationmust provide a method on the class standard-objectand methods on enough other classes so as to ensure that there is always anapplicable method. Implementations are free to add methods for other classes.Users can write methods for print-object for their own classes if they donot wish to inherit an implementation-supplied method.The �rst argument is any Lisp object. The second argument is a stream; itcannot be t or nil.The function print-object returns its �rst argument, the object.Methods on print-object must obey the print control special variablesnamed *print-xxx* for various xxx. The speci�c details are the following:. Each method must implement *print-escape*.. The *print-pretty* control variable can be ignored by most methodsother than the one for lists.. The *print-circle* control variable is handled by the printer and can beignored by methods.. The printer takes care of *print-level* automatically, provided that eachmethod handles exactly one level of structure and calls write (or an equiv-alent function) recursively if there are more structural levels. The printer'sdecision of whether an object has components (and therefore should notbe printed when the printing depth is not less than *print-level*) isimplementation-dependent. In some implementations its print-objectmethod is not called; in others the method is called, and the determinationthat the object has components is based on what it tries to write to thestream.. Methods that produce output of inde�nite length must obey *print-length*, but most methods other than the one for lists can ignore it.. The *print-base*, *print-radix*, *print-case*, *print-gensym*, and*print-array* control variables apply to speci�c types of objects and arehandled by the methods for those objects.. X3J13 voted in June 1989 h40i to add the following point. All methods forprint-objectmust obey *print-readably*, which takes precedence overall other printer control variables. This includes both user-de�ned methodsand implementation-de�ned methods.If these rules are not obeyed, the results are unde�ned.



COMMON LISP OBJECT SYSTEM 925In general, the printer and the print-object methods should not rebindthe print control variables as they operate recursively through the structure,but this is implementation-dependent.In some implementations the stream argument passed to a print-objectmethod is not the original stream but is an intermediate stream that im-plements part of the printer. Methods should therefore not depend on theidentity of this stream.All of the existing printing functions (write, prin1, print, princ, pprint,write-to-string, prin1-to-string, princ-to-string, the ~S and ~Aformat operations, and the ~B, ~D, ~E, ~F, ~G, ~$, ~O, ~R, and ~X formatoperations when they encounter a non-numeric value) are required to bechanged to go through the print-object generic function. Each implemen-tation is required to replace its former implementation of printing with one ormore print-objectmethods. Exactly which classes have methods for print-object is not speci�ed; it would be valid for an implementation to have onedefault method that is inherited by all system-de�ned classes.[Generic function]reinitialize-instance instance &rest initargs [Primary method ]reinitialize-instance (instance standard-object)&rest initargsThe generic function reinitialize-instance can be used to change the val-ues of local slots according to initialization arguments. This generic functionis called by the Meta-Object Protocol. It can also be called by users.The system-supplied primary method for reinitialize-instance checksthe validity of initialization arguments and signals an error if an initializa-tion argument is supplied that is not declared valid. The method then callsthe generic function shared-initialize with the following arguments: theinstance, nil (which means no slots should be initialized according to their:initform forms) and the initialization arguments it received.The instance argument is the object to be initialized.The initargs argument consists of alternating initialization argument namesand values.The modi�ed instance is returned as the result.Initialization arguments are declared valid by using the :initarg option todefclass, or by de�ning methods for reinitialize-instance or shared-initialize. The keyword name of each keyword parameter speci�er in thelambda-list of any method de�ned on reinitialize-instance or shared-initialize is declared a valid initialization argument name for all classes forwhich that method is applicable.



926 COMMON LISPSee sections 28.1.12, 28.1.9.4, 28.1.9.2 as well as initialize-instance,slot-boundp, update-instance-for-redefined-class, update-instance-for-different-class, slot-makunbound, and shared-initialize.[Generic function]remove-method generic-function method [Primary method ]remove-method(generic-function standard-generic-function) methodThe generic function remove-method removes a method from a generic func-tion. It destructively modi�es the speci�ed generic function and returns themodi�ed generic function as its result.The generic-function argument is a generic function object.The method argument is a method object. The function remove-methoddoes not signal an error if the method is not one of the methods on the genericfunction.The modi�ed generic function is returned. The result of remove-method iseq to the generic-function argument.See find-method. [Generic function]shared-initialize instance slot-names&rest initargs [Primary method ]shared-initialize (instance standard-object)slot-names &rest initargsThe generic function shared-initialize is used to �ll the slots of an in-stance using initialization arguments and :initform forms. It is calledwhen an instance is created, when an instance is re-initialized, when aninstance is updated to conform to a rede�ned class, and when an in-stance is updated to conform to a di�erent class. The generic functionshared-initialize is called by the system-supplied primary method forinitialize-instance, reinitialize-instance, update-instance-for-redefined-class, and update-instance-for-different-class.The generic function shared-initialize takes the following arguments:the instance to be initialized, a speci�cation of a set of names of slots ac-cessible in that instance, and any number of initialization arguments. Thearguments after the �rst two must form an initialization argument list. Thesystem-supplied primary method on shared-initialize initializes the slotswith values according to the initialization arguments and speci�ed :initformforms. The second argument indicates which slots should be initialized ac-cording to their :initform forms if no initialization arguments are providedfor those slots.



COMMON LISP OBJECT SYSTEM 927The system-supplied primary method behaves as follows, regardless ofwhether the slots are local or shared:. If an initialization argument in the initialization argument list speci�es avalue for that slot, that value is stored into the slot, even if a value hasalready been stored in the slot before the method is run.. Any slots indicated by the second argument that are still unbound at thispoint are initialized according to their :initform forms. For any suchslot that has an :initform form, that form is evaluated in the lexicalenvironment of its de�ning defclass form and the result is stored intothe slot. For example, if a :before method stores a value in the slot, the:initform form will not be used to supply a value for the slot.. The rules mentioned in section 28.1.9.4 are obeyed.The instance argument is the object to be initialized.The slot-names argument speci�es the slots that are to be initialized ac-cording to their :initform forms if no initialization arguments apply. It issupplied in one of three forms as follows:. It can be a list of slot names, which speci�es the set of those slot names.. It can be nil, which speci�es the empty set of slot names.. It can be the symbol t, which speci�es the set of all of the slots.The initargs argument consists of alternating initialization argument namesand values.The modi�ed instance is returned as the result.Initialization arguments are declared valid by using the :initarg optionto defclass, or by de�ning methods for shared-initialize. The keywordname of each keyword parameter speci�er in the lambda-list of any methodde�ned on shared-initialize is declared a valid initialization argumentname for all classes for which that method is applicable.Implementations are permitted to optimize :initform forms that neitherproduce nor depend on side e�ects by evaluating these forms and storing theminto slots before running any initialize-instancemethods, rather than byhandling them in the primary initialize-instance method. (This opti-mization might be implemented by having the allocate-instance methodcopy a prototype instance.)Implementations are permitted to optimize default initial value forms forinitialization arguments associated with slots by not actually creating thecomplete initialization argument list when the only method that would receive



928 COMMON LISPthe complete list is the method on standard-object. In this case, defaultinitial value forms can be treated like :initform forms. This optimizationhas no visible e�ects other than a performance improvement.See sections 28.1.9, 28.1.9.4, 28.1.9.2 as well as initialize-instance, reinitialize-instance, update-instance-for-redefined-class, update-instance-for-different-class, slot-boundp, and slot-makunbound. [Function]slot-boundp instance slot-nameThe function slot-boundp tests whether a speci�c slot in an instance isbound.The arguments are the instance and the name of the slot.The function slot-boundp returns true or false.This function allows for writing :aftermethods on initialize-instancein order to initialize only those slots that have not already been bound.If no slot of the given name exists in the instance, slot-missing is calledas follows:(slot-missing (class-of instance)instanceslot-name'slot-boundp)The function slot-boundp is implemented using slot-boundp-using-class. See slot-missing. [Function]slot-exists-p object slot-nameThe function slot-exists-p tests whether the speci�ed object has a slot ofthe given name.The object argument is any object. The slot-name argument is a symbol.The function slot-exists-p returns true or false.The function slot-exists-p is implemented using slot-exists-p-using-class. [Function]slot-makunbound instance slot-nameThe function slot-makunbound restores a slot in an instance to the unboundstate.



COMMON LISP OBJECT SYSTEM 929The arguments to slot-makunbound are the instance and the name of theslot.The instance is returned as the result.If no slot of the given name exists in the instance, slot-missing is calledas follows:(slot-missing (class-of instance)instanceslot-name'slot-makunbound)The function slot-makunbound is implemented using slot-makunbound-using-class. See slot-missing. [Generic function]slot-missing class object slot-name operation&optional new-value [Primary method ]slot-missing (class t) object slot-name operation&optional new-valueThe generic function slot-missing is invoked when an attempt is made toaccess a slot in an object whose metaclass is standard-class and the nameof the slot provided is not a name of a slot in that class. The default methodsignals an error.The generic function slot-missing is not intended to be called by pro-grammers. Programmers may write methods for it.The required arguments to slot-missing are the class of the object thatis being accessed, the object, the slot name, and a symbol that indicates theoperation that caused slot-missing to be invoked. The optional argumentto slot-missing is used when the operation is attempting to set the value ofthe slot.If a method written for slot-missing returns values, these values get re-turned as the values of the original function invocation.The generic function slot-missing may be called during evaluation ofslot-value, (setf slot-value), slot-boundp, and slot-makunbound. Foreach of these operations the corresponding symbol for the operation argumentis slot-value, setf, slot-boundp, and slot-makunbound, respectively.The set of arguments (including the class of the instance) facilitates de�ningmethods on the metaclass for slot-missing.



930 COMMON LISP [Generic function]slot-unbound class instance slot-name [Primary method ]slot-unbound (class t) instance slot-nameThe generic function slot-unbound is called when an unbound slot is read inan instance whose metaclass is standard-class. The default method signalsan error.The generic function slot-unbound is not intended to be called by program-mers. Programmers may write methods for it. The function slot-unboundis called only by the function slot-value-using-class and thus indirectlyby slot-value.The arguments to slot-unbound are the class of the instance whose slotwas accessed, the instance itself, and the name of the slot.If a method written for slot-unbound returns values, these values get re-turned as the values of the original function invocation.An unbound slot may occur if no :initform form was speci�ed for the slotand the slot value has not been set, or if slot-makunbound has been calledon the slot.See slot-makunbound. [Function]slot-value object slot-nameThe function slot-value returns the value contained in the slot slot-name ofthe given object. If there is no slot with that name, slot-missing is called.If the slot is unbound, slot-unbound is called.The macro setf can be used with slot-value to change the value of a slot.The arguments are the object and the name of the given slot.The result is the value contained in the given slot.If an attempt is made to read a slot and no slot of the given name exists inthe instance, slot-missing is called as follows:(slot-missing (class-of instance)instanceslot-name'slot-value)If an attempt is made to write a slot and no slot of the given name existsin the instance, slot-missing is called as follows:(slot-missing (class-of instance)instanceslot-name'setf



COMMON LISP OBJECT SYSTEM 931new-value)The function slot-value is implemented using slot-value-using-class.Implementations may optimize slot-value by compiling it in-line.See slot-missing and slot-unbound.[At this point the original CLOS report [5, 7] contained a speci�cation forsymbol-macrolet. This speci�cation is omitted here. Instead, a descriptionof symbol-macrolet appears with those of related constructs in chapter 7.|GLS] [Generic function]update-instance-for-different-classprevious current &rest initargs [Primary method ]update-instance-for-different-class(previous standard-object) (current standard-object)&rest initargsThe generic function update-instance-for-different-class is not in-tended to be called by programmers. Programmers may write methods for it.This function is called only by the function change-class.The system-supplied primarymethod on update-instance-for-different-class checks the validity ofinitialization arguments and signals an error if an initialization argument issupplied that is not declared valid. This method then initializes slots with val-ues according to the initialization arguments and initializes the newly addedslots with values according to their :initform forms. It does this by callingthe generic function shared-initialize with the following arguments: theinstance, a list of names of the newly added slots, and the initialization argu-ments it received. Newly added slots are those local slots for which no slot ofthe same name exists in the previous class.Methods for update-instance-for-different-class can be de�ned tospecify actions to be taken when an instance is updated. If only :aftermethods for update-instance-for-different-class are de�ned, they willbe run after the system-supplied primary method for initialization and there-fore will not interfere with the default behavior of update-instance-for-different-class.The arguments to update-instance-for-different-class are computedby change-class. When change-class is invoked on an instance, a copyof that instance is made; change-class then destructively alters the originalinstance. The �rst argument to update-instance-for-different-class,previous, is that copy; it holds the old slot values temporarily. This argument



932 COMMON LISPhas dynamic extent within change-class; if it is referenced in any way onceupdate-instance-for-different-class returns, the results are unde�ned.The second argument to update-instance-for-different-class, current,is the altered original instance.The intended use of previous is to extract old slot values by using slot-value or with-slots or by invoking a reader generic function, or to run othermethods that were applicable to instances of the original class.The initargs argument consists of alternating initialization argument namesand values.The value returned by update-instance-for-different-class is ignoredby change-class.See the example for the function change-class.Initialization arguments are declared valid by using the :initarg optionto defclass, or by de�ning methods for update-instance-for-different-class or shared-initialize. The keyword name of each keyword parameterspeci�er in the lambda-list of any method de�ned on update-instance-for-different-class or shared-initialize is declared a valid initialization ar-gument name for all classes for which that method is applicable.Methods on update-instance-for-different-class can be de�ned toinitialize slots di�erently from change-class. The default behavior ofchange-class is described in section 28.1.11.See sections 28.1.11, 28.1.9.4, and 28.1.9.2 as well as change-class andshared-initialize.



COMMON LISP OBJECT SYSTEM 933[Generic function]update-instance-for-redefined-classinstance added-slots discarded-slots property-list &rest initargs[Primary method ]update-instance-for-redefined-class(instance standard-object) added-slots discarded-slots property-list&rest initargsThe generic function update-instance-for-redefined-class is not in-tended to be called by programmers. Programmers may write methods forit. The generic function update-instance-for-redefined-class is calledby the mechanism activated by make-instances-obsolete.The system-supplied primarymethod on update-instance-for-different-class checks the validity ofinitialization arguments and signals an error if an initialization argument issupplied that is not declared valid. This method then initializes slots with val-ues according to the initialization arguments and initializes the newly addedslots with values according to their :initform forms. It does this by callingthe generic function shared-initialize with the following arguments: theinstance, a list of names of the newly added slots, and the initialization argu-ments it received. Newly added slots are those local slots for which no slot ofthe same name exists in the old version of the class.When make-instances-obsolete is invoked or when a class has been rede-�ned and an instance is being updated, a property list is created that capturesthe slot names and values of all the discarded slots with values in the originalinstance. The structure of the instance is transformed so that it conformsto the current class de�nition. The arguments to update-instance-for-redefined-class are this transformed instance, a list of the names of thenew slots added to the instance, a list of the names of the old slots discardedfrom the instance, and the property list containing the slot names and valuesfor slots that were discarded and had values. Included in this list of discardedslots are slots that were local in the old class and are shared in the new class.The initargs argument consists of alternating initialization argument namesand values.The value returned by update-instance-for-redefined-class is ig-nored.Initialization arguments are declared valid by using the :initarg optionto defclass or by de�ning methods for update-instance-for-redefined-class or shared-initialize. The keyword name of each keyword parameterspeci�er in the lambda-list of any method de�ned on update-instance-for-redefined-class or shared-initialize is declared a valid initialization ar-gument name for all classes for which that method is applicable.



934 COMMON LISPSee sections 28.1.10, 28.1.9.4, and 28.1.9.2 as well as shared-initializeand make-instances-obsolete.(defclass position () ())(defclass x-y-position (position)((x :initform 0 :accessor position-x)(y :initform 0 :accessor position-y)));;; It turns out polar coordinates are used more than Cartesian;;; coordinates, so the representation is altered and some new;;; accessor methods are added.(defmethod update-instance-for-redefined-class :before((pos x-y-position) added deleted plist &key);; Transform the x-y coordinates to polar coordinates;; and store into the new slots.(let ((x (getf plist 'x))(y (getf plist 'y)))(setf (position-rho pos) (sqrt (+ (* x x) (* y y)))(position-theta pos) (atan y x))))(defclass x-y-position (position)((rho :initform 0 :accessor position-rho)(theta :initform 0 :accessor position-theta)));;; All instances of the old x-y-position class will be updated;;; automatically.;;; The new representation has the look and feel of the old one.(defmethod position-x ((pos x-y-position))(with-slots (rho theta) pos (* rho (cos theta))))(defmethod (setf position-x) (new-x (pos x-y-position))(with-slots (rho theta) pos(let ((y (position-y pos)))(setq rho (sqrt (+ (* new-x new-x) (* y y)))theta (atan y new-x))new-x)))



COMMON LISP OBJECT SYSTEM 935(defmethod position-y ((pos x-y-position))(with-slots (rho theta) pos (* rho (sin theta))))(defmethod (setf position-y) (new-y (pos x-y-position))(with-slots (rho theta) pos(let ((x (position-x pos)))(setq rho (sqrt (+ (* x x) (* new-y new-y)))theta (atan new-y x))new-y))) [Macro]with-accessors ( fslot-entryg� ) instance-formfdeclarationg� f formg�The macro with-accessors creates a lexical environment in which speci�edslots are lexically available through their accessors as if they were variables.The macro with-accessors invokes the appropriate accessors to access thespeci�ed slots. Both setf and setq can be used to set the value of the slot.The result returned is that obtained by executing the forms speci�ed bythe body argument.Example:(with-accessors ((x position-x) (y position-y)) p1(setq x y))A with-accessors expression of the form(with-accessors (slot-entry1 ... slot-entryn) instancedeclaration1 ... declarationm)form1 ... formk)expands into the equivalent of(let ((in instance))(symbol-macrolet ((variable-name1 (accessor-name1 in))...(variable-namen (accessor-namen in)))declaration1 ... declarationm)form1 ... formk)[X3J13 voted in March 1989 h173i to modify the de�nition of symbol-macrolet substantially and also voted h172i to allow declarations before thebody of symbol-macrolet but with peculiar treatment of special and type



936 COMMON LISPdeclarations. The syntactic changes are reected in this de�nition of with-accessors.|GLS]See with-slots and symbol-macrolet. [Special form]with-added-methods (function-name lambda-list[[ #option j fmethod-descriptiong� ]] )f formg�The with-added-methods special form produces new generic functions andestablishes new lexical function de�nition bindings. Each generic functionis created by adding the set of methods speci�ed by its method de�nitionsto a copy of the lexically visible generic function of the same name and itsmethods. If such a generic function does not already exist, a new genericfunction is created; this generic function has lexical scope.The special form with-added-methods is used to de�ne functions whosenames are meaningful only locally and to execute a series of forms with thesefunction de�nition bindings.The names of functions de�ned by with-added-methods have lexical scope;they retain their local de�nitions only within the body of the with-added-methods construct. Any references within the body of the with-added-methods construct to functions whose names are the same as those de�nedwithin the with-added-methods form are thus references to the local func-tions instead of to any global functions of the same names. The scope of thesegeneric function de�nition bindings includes the method bodies themselves aswell as the body of the with-added-methods construct.The function-name, option, method-quali�er, and specialized-lambda-list ar-guments are the same as for defgeneric.The body of each method is enclosed in an implicit block. If function-name is a symbol, this block bears the same name as the generic function. Iffunction-name is a list of the form (setf symbol), the name of the block issymbol.The result returned by with-added-methods is the value or values of thelast form executed. If no forms are speci�ed, with-added-methods returnsnil.If a generic function with the given name already exists, the lambda-list speci�ed in the with-added-methods form must be congruent with thelambda-lists of all existing methods on that function as well as with thelambda-lists of all methods de�ned by the with-added-methods form; other-wise an error is signaled.



COMMON LISP OBJECT SYSTEM 937If function-name speci�es an existing generic function that has a dif-ferent value for any of the following option arguments, the copy of thatgeneric function is modi�ed to have the new value: :argument-precedence-order, declare, :documentation, :generic-function-class, :method-combination.If function-name speci�es an existing generic function that has a di�er-ent value for the :method-class option argument, that value is changed inthe copy of that generic function, but any methods copied from the existinggeneric function are not changed.If a function of the given name already exists, that function is copied intothe default method for a generic function of the given name. Note that thisbehavior di�ers from that of defgeneric.If a macro or special form of the given name already exists, an error issignaled.If there is no existing generic function, the option arguments have the samedefault values as the option arguments to defgeneric.See generic-labels, generic-flet, defmethod, defgeneric, andensure-generic-function. [Macro]with-slots ( fslot-entryg� ) instance-form fdeclarationg� f formg�slot-entry ::= slot-name j (variable-name slot-name)The macro with-slots creates a lexical context for referring to speci�ed slotsas though they were variables. Within such a context the value of the slot canbe speci�ed by using its slot name, as if it were a lexically bound variable.Both setf and setq can be used to set the value of the slot.The macro with-slots translates an appearance of the slot name as avariable into a call to slot-value.The result returned is that obtained by executing the forms speci�ed bythe body argument.Example:(with-slots (x y) position-1(sqrt (+ (* x x) (* y y))))(with-slots ((x1 x) (y1 y)) position-1(with-slots ((x2 x) (y2 y)) position-2(psetf x1 x2y1 y2))))



938 COMMON LISP(with-slots (x y) position(setq x (1+ x)y (1+ y)))A with-slots expression of the form:(with-slots (slot-entry1 ... slot-entryn) instancedeclaration1 ... declarationm)form1 ... formk)expands into the equivalent of(let ((in instance))(symbol-macrolet (Q1 ... Qn)declaration1 ... declarationm)form1 ... formk)where Qj is(slot-entry j (slot-value in 'slot-entryj))if slot-entryj is a symbol and is(variable-name j (slot-value in 'slot-name j))if slot-entryj is of the form (variable-name j slot-name j).[X3J13 voted in March 1989 h173i to modify the de�nition of symbol-macrolet substantially and also voted h172i to allow declarations before thebody of symbol-macrolet but with peculiar treatment of special and typedeclarations. The syntactic changes are reected in this de�nition of with-slots.|GLS]See with-accessors and symbol-macrolet.



29ConditionsBY KENT M. PITMANpreface: The language de�ned by the �rst edition contained an enormouslacuna: although facilities were speci�ed for signaling errors, no means wasde�ned for handling errors. This occurred not through neglect of the issue, butbecause this part of the Lisp language generally was in a state of ux. Therewere several proposals at the time. The committee, �nding that it could notagree on any one proposal, agreed to disagree and omit error handling fromCommon Lisp for the time being. This defect has now been addressed.X3J13 voted in June 1988 h30i to adopt the CommonLisp Condition Systemas a part of the forthcoming draft Common Lisp standard. X3J13 voted inMarch 1989 h186i to amend the speci�cation of conditions to integrate themwith the Common Lisp Object System (see chapter 28). X3J13 voted inJune 1989 h31i to amend the speci�cation of restarts in certain ways. Theseamendments have been incorporated here with little further comment.This chapter presents the bulk of the Common Lisp Condition System pro-posal, written by Kent M. Pitman and amended by X3J13. I have edited itonly very lightly to conform to the overall style of this book and have inserteda small number of bracketed remarks identi�ed by the initials GLS. Please seethe Acknowledgments to this second edition for the author's acknowledgmentsto others who contributed to the Condition System proposal.|Guy L. Steele Jr.29.1. IntroductionOften we �nd it useful to describe a function in terms of its behavior in\normal situations." For example, we may say informally that the function +returns the sum of its arguments or that the function read-char returns thenext available character on a given input stream. 939



940 COMMON LISPSometimes, however, an \exceptional situation" will arise that does not �tneatly into such descriptions. For example, + might receive an argument thatis not a number, or read-char might receive as a single argument a streamthat has no more available characters. This distinction between normal andexceptional situations is in some sense arbitrary but is often very useful inpractice.For example, suppose a function f were de�ned to allow only integer ar-guments but also guaranteed to detect and signal an error for non-integerarguments. Such a description is in fact internally inconsistent (that is, para-doxical) because the function's behavior is well-de�ned for non-integers. Yetwe would not want this annoying paradox to force description of f as a func-tion that accepts any kind of argument (just in case f is being called only asa quick way to signal an error, for example). Using the normal/exceptionaldistinction, we can say clearly that f accepts integers in the normal situationand signals an error in exceptional situations. Moreover, we can say that whenwe refer to the de�nition of a function informally, it is acceptable to speakonly of its normal behavior. For example, we can speak informally about f asa function that accepts only integers without feeling that we are committingsome awful fraud.Not all exceptional situations are errors. For example, a program that isdirecting the typing of a long line of text may come to an end-of-line. It ispossible that no real harm will result from failing to signal end-of-line to itscaller because the operating system will simply force a carriage return on theoutput device, which will continue typing on the next line. However, it maystill be interesting to establish a protocol whereby the printing program caninform its caller of end-of-line exceptions. The caller could then opt to dealwith these situations in interesting ways at certain times. For example, a callermight choose to terminate printing, obtaining an end-of-line truncation. Theimportant thing, however, is that the failure of the caller to provide adviceabout the situation need not prevent the printer program from operatingcorrectly.Mechanisms for dealing with exceptional situations vary widely. Whenan exceptional situation is encountered, a program may attempt to handleit by returning a distinguished value, returning an additional value, settinga variable, calling a function, performing a special transfer of control, orstopping the program altogether and entering the debugger.For the most part, the facilities described in this chapter do not introduceany fundamentally new way of dealing with exceptional situations. Rather,they encapsulate and formalize useful patterns of data and control ow thathave been seen to be useful in dealing with exceptional situations.



CONDITIONS 941A proper conceptual approach to errors should perhaps begin from �rstprinciples, with a discussion of conditions in general, and eventually work up tothe concept of an error as just one of the many kinds of conditions. However,given the primitive state of error-handling technology, a proper buildup maybe as inappropriate as requiring that a beggar learn to cook a gourmet mealbefore being allowed to eat. Thus, we deal �rst with the essentials|errorhandling|and then go back later to �ll in the missing details.29.2. Changes in TerminologyIn this section, we introduce changes to the terminology de�ned in sec-tion 1.2.4.A condition is an interesting situation in a program that has been detectedand announced. Later we allow this term also to refer to objects that programsuse to represent such situations.An error is a condition in which normal program execution may not continuewithout some form of intervention (either interactively by the user or undersome sort of program control, as described below).The process by which a condition is formally announced by a program iscalled signaling. The function signal is the primitive mechanism by whichsuch announcement is done. Other abstractions, such as error and cerror,are built using signal.The �rst edition is ambiguous about the reason why a particular programaction \is an error." There are two principal reasons why an action may bean error without being required to signal an error:. Detecting the error might be prohibitively expensive.For example, (+ nil 3) is an error. It is likely that the designers of Com-mon Lisp believed this would be an error in all implementations but felt itmight be excessively expensive to detect the problem in compiled code onstock hardware, so they did not require that it signal an error.. Some implementations might implement the behavior as an extension.For example, (loop for x from 1 to 3 do (print x)) is an error be-cause loop is not de�ned to take atoms in its body. In fact, however, someimplementations o�er an extension that makes this well-de�ned. In orderto leave room for such extensions, the �rst edition used the \is an error"terminology to keep implementors from being forced to signal an error inthe extended implementations.



942 COMMON LISP[This example was written well before the vote by X3J13 in January 1989to add exactly this extension to the forthcoming draft standard (see chap-ter 26).|GLS]In this chapter, we use the following terminology. [Compare this to theterminology presented in section 28.1.1.|GLS]. If the signaling of a condition or error is part of a function's contract in allsituations, we say that it \signals" or \must signal" that condition or error.. If the signaling of a condition or error is optional for some important rea-son (such as performance), we say that the program \might signal" thatcondition or error. In this case, we are de�ning the operation to be illegalin all implementations, but allowing some implementations to fail to detectthe error.. If an action is left unde�ned for the sake of implementation-dependent ex-tension, we say that it \is unde�ned" or \has unde�ned e�ect." This meansthat it is not possible to depend portably upon the e�ects of that action. Aprogram that has unde�ned e�ect may enter the debugger, transfer control,or modify data in unpredictable ways.. In the special case where only the return value of an operation is not wellde�ned but any side e�ect and transfer-of-control behavior is well de�ned,we say that it has \unde�ned value." In this case, the number and natureof the return values is not de�ned, but the function can reasonably beexpected to return. It is worth noting that under this description, there aresome (though not many) legitimate ways in which such return value(s) canbe used. For example, if the function foo has no side e�ects and unde�nedvalue, the expression (length (list (foo))) is completely well de�nedeven for portable code. However, the e�ect of (print (list (foo))) isnot well de�ned.29.3. Survey of ConceptsThis section discusses various aspects of the condition system by topic, illus-trating them with extensive examples. The next section contains de�nitionsof speci�c functions, macros, and other facilities.29.3.1. Signaling ErrorsConceptually, signaling an error in a program is an admission by that programthat it does not know how to continue and requires external intervention. Once



CONDITIONS 943an error is signaled, any decision about how to continue must come from the\outside."The simplest way to signal an error is to use the error function withformat-style arguments describing the error for the sake of the user interface.If error is called and there are no active handlers (described in sections 29.3.2and 29.3.3), the debugger will be entered and the error message will be typedout. For example:Lisp> (defun factorial (x)(cond ((or (not (typep x 'integer)) (minusp x))(error "~S is not a valid argument to FACTORIAL."x))((zerop x) 1)(t (* x (factorial (- x 1))))))) FACTORIALLisp> (factorial 20)) 2432902008176640000Lisp> (factorial -1)Error: -1 is not a valid argument to FACTORIAL.To continue, type :CONTINUE followed by an option number:1: Return to Lisp Toplevel.Debug>In general, a call to error cannot directly return. Unless special work hasbeen done to override this behavior, the debugger will be entered and therewill be no option to simply continue.The only exception may be that some implementations may provide debug-ger commands for interactively returning from individual stack frames; eventhen, however, such commands should never be used except by someone whohas read the erring code and understands the consequences of continuing fromthat point. In particular, the programmer should feel con�dent about writingcode like this:(defun wargames:no-win-scenario ()(when (true) (error "Pushing the button would be stupid."))(push-the-button))In this scenario, there should be no chance that the function error will returnand the button will be pushed.Remark: It should be noted that the notion of \no chance" that the button will be



944 COMMON LISPpushed is relative only to the language model; it assumes that the language is accu-rately implemented. In practice, compilers have bugs, computers have glitches, andusers have been known to interrupt at inopportune moments and use the debuggerto return from arbitrary stack frames. Such violations of the language model arebeyond the scope of the condition system but not necessarily beyond the scope of po-tential failures that the programmer should consider and defend against. The possi-bility of such unusual failures may of course also inuence the design of code meant tohandle less drastic situations, such as maintaining a database uncorrupted.|KMPand GLSIn some cases, the programmer may have a single, well-de�ned idea of areasonable recovery strategy for this particular error. In that case, he can usethe function cerror, which speci�es information about what would happen ifthe user did simply continue from the call to cerror. For example:Lisp> (defun factorial (x)(cond ((not (typep x 'integer))(error "~S is not a valid argument to FACTORIAL."x))((minusp x)(let ((x-magnitude (- x)))(cerror "Compute -(~D!) instead.""(-~D)! is not defined." x-magnitude)(- (factorial x-magnitude))))((zerop x) 1)(t (* x (factorial (- x 1))))))) FACTORIALLisp> (factorial -3)Error: (-3)! is not defined.To continue, type :CONTINUE followed by an option number:1: Compute -(3!) instead.2: Return to Lisp Toplevel.Debug> :continue 1) -629.3.2. Trapping ErrorsBy default, a call to error will force entry into the debugger. You can over-ride that behavior in a variety of ways. The simplest (and most blunt) toolfor inhibiting entry to the debugger on an error is to use ignore-errors.In the normal situation, forms in the body of ignore-errors are evaluated



CONDITIONS 945sequentially and the last value is returned. If a condition of type error is sig-naled, ignore-errors immediately returns two values, namely nil and thecondition that was signaled; the debugger is not entered and no error messageis printed. For example:Lisp> (setq filename "nosuchfile")) "nosuchfile"Lisp> (ignore-errors (open filename :direction :input))) NIL and #--<FILE-ERROR 3437523>The second return value is an object that represents the kind of error. Thisis explained in greater detail in section 29.3.4.In many cases, however, ignore-errors is not desirable because it dealswith too many kinds of errors. Contrary to the belief of some, a programthat does not enter the debugger is not necessarily better than one that does.Excessive use of ignore-errors may keep the program out of the debugger,but it may not increase the program's reliability, because the program maycontinue to run after encountering errors other than those you meant to workpast. In general, it is better to attempt to deal only with the particularkinds of errors that you believe could legitimately happen. That way, if anunexpected error comes along, you will still �nd out about it.ignore-errors is a useful special case built from a more general facility,handler-case, that allows the programmer to deal with particular kinds ofconditions (including non-error conditions) without a�ecting what happenswhen other kinds of conditions are signaled. For example, an e�ect equivalentto that of ignore-errors above is achieved in the following example:Lisp> (setq filename "nosuchfile")) "nosuchfile"Lisp> (handler-case (open filename :direction :input)(error (condition)(values nil condition)))) NIL and #--<FILE-ERROR 3437525>However, using handler-case, one can indicate a more speci�c condition typethan just \error." Condition types are explained in detail later, but the syntaxlooks roughly like the following:Lisp> (makunbound 'filename)) FILENAMELisp> (handler-case (open filename :direction :input)(file-error (condition)



946 COMMON LISP(values nil condition)))Error: The variable FILENAME is unbound.To continue, type :CONTINUE followed by an option number:1: Retry getting the value of FILENAME.2: Specify a value of FILENAME to use this time.3: Specify a value of FILENAME to store and use.4: Return to Lisp Toplevel.Debug>29.3.3. Handling ConditionsBlind transfer of control to a handler-case is only one possible kind of re-covery action that can be taken when a condition is signaled. The low-levelmechanism o�ers great exibility in how to continue once a condition has beensignaled.The basic idea behind condition handling is that a piece of code called thesignaler recognizes and announces the existence of an exceptional situationusing signal or some function built on signal (such as error).The process of signaling involves the search for and invocation of a handler,a piece of code that will attempt to deal appropriately with the situation.If a handler is found, it may either handle the situation, by performing somenon-local transfer of control, or decline to handle it, by failing to perform anon-local transfer of control. If it declines, other handlers are sought.Since the lexical environment of the signaler might not be available to han-dlers, a data structure called a condition is created to represent explicitly therelevant state of the situation. A condition either is created explicitly usingmake-condition and then passed to a function such as signal, or is createdimplicitly by a function such as signal when given appropriate non-conditionarguments.In order to handle the error, a handler is permitted to use any non-localtransfer of control such as go to a tag in a tagbody, return from a block,or throw to a catch. In addition, structured abstractions of these primitivesare provided for convenience in exception handling.A handler can be made dynamically accessible to a program by use ofhandler-bind. For example, to create a handler for a condition of typearithmetic-error, one might write:(handler-bind ((arithmetic-error handler))body)The handler is a function of one argument, the condition. If a condition ofthe designated type is signaled while the body is executing (and there are no



CONDITIONS 947intervening handlers), the handler would be invoked on the given condition,allowing it the option of transferring control. For example, one might writea macro that executes a body, returning either its value(s) or the two valuesnil and the condition:(defmacro without-arithmetic-errors (&body forms)(let ((tag (gensym)))`(block ,tag(handler-bind ((arithmetic-error#--'(lambda (c) ;Argument c is a condition(return-from ,tag (values nil c))))),@body))))The handler is executed in the dynamic context of the signaler, except thatthe set of available condition handlers will have been rebound to the value thatwas active at the time the condition handler was made active. If a handlerdeclines (that is, it does not transfer control), other handlers are sought. If nohandler is found and the condition was signaled by error or cerror (or somefunction such as assert that behaves like these functions), the debugger isentered, still in the dynamic context of the signaler.29.3.4. Object-Oriented Basis of Condition HandlingOf course, the ability of the handler to usefully handle an exceptional situationis related to the quality of the information it is provided. For example, if allerrors were signaled by(error "some format string")then the only piece of information that would be accessible to the handlerwould be an object of type simple-error that had a slot containing theformat string.If this were done, string-equalwould be the preferred way to tell one errorfrom another, and it would be very hard to allow exibility in the presentationof error messages because existing handlers would tend to be broken by eventiny variations in the wording of an error message. This phenomenon hasbeen the major failing of most error systems previously available in Lisp. Itis fundamentally important to decouple the error message string (the humaninterface) from the objects that formally represent the error state (the programinterface). We therefore have the notion of typed conditions, and of formal



948 COMMON LISPoperations on those conditions that make them inspectable in a structuredway.This object-oriented approach to condition handling has the following im-portant advantages over a text-based approach:. Conditions are classi�ed according to subtype relationships, making it easyto test for categories of conditions.. Conditions have named slot values through which parameters are conveyedfrom the program that signals the condition to the program that handlesit.. Inheritance of methods and slots reduces the amount of explicit speci�cationnecessary to achieve various interesting e�ects.Some condition types are de�ned by this document, but the set of conditiontypes is extensible using define-condition. Common Lisp condition typesare in fact CLOS classes, and condition objects are ordinary CLOS objects;define-condition merely provides an abstract interface that is a bit moreconvenient than defclass for de�ning conditions.Here, as an example, we de�ne a two-argument function called divide thatis patterned after the / function but does some stylized error checking:(defun divide (numerator denominator)(cond ((or (not (numberp numerator))(not (numberp denominator)))(error "(DIVIDE '~S '~S) - Bad arguments."numerator denominator))((zerop denominator)(error 'division-by-zero:operator 'divide:operands (list numerator denominator)))(t ...)))Note that in the �rst clause we have used error with a string argument andin the second clause we have named a particular condition type, division-by-zero. In the case of a string argument, the condition type that will besignaled is simple-error.The particular kind of error that is signaled may be important in cases wherehandlers are active. For example, simple-error inherits from type error,which in turn inherits from type condition. On the other hand, division-by-zero inherits from arithmetic-error, which inherits from error, whichinherits from condition. So if a handler existed for arithmetic-errorwhile



CONDITIONS 949a division-by-zero condition was signaled, that handler would be tried;however, if a simple-error condition were signaled in the same context, thehandler for type arithmetic-error would not be tried.29.3.5. RestartsIn older Lisp dialects (such as MacLisp), an attempt to signal an error of agiven type often carried with it an implicit promise to support the standardrecovery strategy for that type of error. If the signaler knew the type of errorbut for whatever reason was unable to deal with the standard recovery strategyfor that kind of error, it was necessary to signal an untyped error (for whichthere was no de�ned recovery strategy). This sometimes led to confusionwhen people signaled typed errors without realizing the full implications ofhaving done so, but more often than not it meant that users simply avoidedtyped errors altogether.The Common Lisp Condition System, which is modeled after the Zetalispcondition system, corrects this troublesome aspect of previous Lisp dialects bycreating a clear separation between the act of signaling an error of a particulartype and the act of saying that a particular way of recovery is appropriate.In the divide example above, simply signaling an error does not imply awillingness on the part of the signaler to cooperate in any corrective action.For example, the following sample interaction illustrates that the only recoveryaction o�ered for this error is \Return to Lisp Toplevel":Lisp> (+ (divide 3 0) 7)Error: Attempt to divide 3 by 0.To continue, type :CONTINUE followed by an option number:1: Return to Lisp Toplevel.Debug> :continue 1Returned to Lisp Toplevel.Lisp>When an error is detected and the function error is called, execution cannotcontinue normally because error will not directly return. Control can betransferred to other points in the program, however, by means of speciallyestablished \restarts."29.3.6. Anonymous RestartsThe simplest kind of restart involves structured transfer of control using amacro called restart-case. The restart-case form allows execution of a



950 COMMON LISPpiece of code in a context where zero or more restarts are active, and whereif one of those restarts is \invoked," control will be transferred to the corre-sponding clause in the restart-case form. For example, we could rewritethe previous divide example as follows.(defun divide (numerator denominator)(loop(restart-case(return(cond ((or (not (numberp numerator))(not (numberp denominator)))(error "(DIVIDE '~S '~S) - Bad arguments."numerator denominator))((zerop denominator)(error 'division-by-zero:operator 'divide:operands (list numerator denominator)))(t ...)))(nil (arg1 arg2):report "Provide new arguments for use by DIVIDE.":interactive(lambda ()(list (prompt-for 'number "Numerator: ")(prompt-for 'number "Denominator: ")))(setq numerator arg1 denominator arg2))(nil (result):report "Provide a value to return from DIVIDE.":interactive(lambda () (list (prompt-for 'number "Result: ")))(return result)))))Remark: The function prompt-for used in this chapter in a number of places isnot a part of Common Lisp. It is used in the examples in this chapter only to keepthe presentation simple. It is assumed to accept a type speci�er and optionally aformat string and associated arguments. It uses the format string and associatedarguments as part of an interactive prompt, and uses read to read a Lisp object;however, only an object of the type indicated by the type speci�er is accepted.The question of whether or not prompt-for (or something like it) would be auseful addition to Common Lisp is under consideration by X3J13, but as of January1989 no action has been taken. In spite of its use in a number of examples, nothing



CONDITIONS 951in the Common Lisp Condition System depends on this function.In the example, the nil at the head of each clause means that it is an\anonymous" restart. Anonymous restarts are typically invoked only fromwithin the debugger. As we shall see later, it is possible to have \namedrestarts" that may be invoked from code without the need for user interven-tion.If the arguments to anonymous restarts are not optional, then special infor-mation must be provided about what the debugger should use as arguments.Here the :interactive keyword is used to specify that information.The :report keyword introduces information to be used when presentingthe restart option to the user (by the debugger, for example).Here is a sample interaction that takes advantage of the restarts providedby the revised de�nition of divide:Lisp> (+ (divide 3 0) 7)Error: Attempt to divide 3 by 0.To continue, type :CONTINUE followed by an option number:1: Provide new arguments for use by the DIVIDE function.2: Provide a value to return from the DIVIDE function.3: Return to Lisp Toplevel.Debug> :continue 11Numerator: 4Denominator: 2) 929.3.7. Named RestartsIn addition to anonymous restarts, one can have named restarts, which canbe invoked by name from within code. As a trivial example, one could write(restart-case (invoke-restart 'foo 3)(foo (x) (+ x 1)))to add 3 to 1, returning 4. This trivial example is conceptually analogous towriting:(+ (catch 'something (throw 'something 3)) 1)For a more realistic example, the code for the function symbol-valuemightsignal an unbound variable error as follows:



952 COMMON LISP(restart-case (error "The variable ~S is unbound." variable)(continue ():report(lambda (s) ;Argument s is a stream(format s "Retry getting the value of ~S." variable))(symbol-value variable))(use-value (value):report(lambda (s) ;Argument s is a stream(format s "Specify a value of ~S to use this time."variable))value)(store-value (value):report(lambda (s) ;Argument s is a stream(format s "Specify a value of ~S to store and use."variable))(setf (symbol-value variable) value)value))If this were part of the implementation of symbol-value, then it would bepossible for users to write a variety of automatic handlers for unbound variableerrors. For example, to make unbound variables evaluate to themselves, onemight write(handler-bind ((unbound-variable#--'(lambda (c) ;Argument c is a condition(when (find-restart 'use-value)(invoke-restart 'use-value(cell-error-name c))))))body)29.3.8. Restart FunctionsFor commonly used restarts, it is conventional to de�ne a program interfacethat hides the use of invoke-restart. Such program interfaces to restartsare called restart functions.The normal convention is for the function to share the name of the restart.The pre-de�ned functions abort, continue, muffle-warning, store-value,and use-value are restart functions. With use-value the above example ofhandler-bind could have been written more concisely as



CONDITIONS 953(handler-bind ((unbound-variable#--'(lambda (c) ;Argument c is a condition(use-value (cell-error-name c)))))body)29.3.9. Comparison of Restarts and Catch/ThrowOne important feature that restart-case (or restart-bind) o�ers thatcatch does not is the ability to reason about the available points to whichcontrol might be transferred without actually attempting the transfer. Onecould, for example, write(ignore-errors (throw ...))which is a sort of poor man's variation of(when (find-restart 'something)(invoke-restart 'something))but there is no way to use ignore-errors and throw to simulate somethinglike(when (and (find-restart 'something)(find-restart 'something-else))(invoke-restart 'something))or even just(when (and (find-restart 'something)(yes-or-no-p "Do something? "))(invoke-restart 'something))because the degree of inspectability that comes with simply writing(ignore-errors (throw ...))is too primitive|getting the desired information also forces transfer of control,perhaps at a time when it is not desirable.Many programmers have previously evolved strategies like the following ona case-by-case basis:(defvar *foo-tag-is-available* nil)(defun fn-1 ()



954 COMMON LISP(catch 'foo(let ((*foo-tag-is-available* t))... (fn-2) ...)))(defun fn-2 ()...(if *foo-tag-is-available* (throw 'foo t))...)
The facility provided by restart-case and find-restart is intended to pro-vide a standardized protocol for this sort of information to be communicatedbetween programs that were developed independently so that individual vari-ations from program to program do not thwart the overall modularity anddebuggability of programs.Another di�erence between the restart facility and the catch/throw facilityis that a catch with any given tag completely shadows any outer pendingcatch that uses the same tag. Because of the presence of compute-restarts,however, it is possible to see shadowed restarts, which may be very useful insome situations (particularly in an interactive debugger).



CONDITIONS 95529.3.10. Generalized Restartsrestart-case is a mechanism that allows only imperative transfer of controlfor its associated restarts. restart-case is built on a lower-level mechanismcalled restart-bind, which does not force transfer of control.restart-bind is to restart-case as handler-bind is to handler-case.The syntax is(restart-bind ((name function . options)) . body)The body is executed in a dynamic context within which the function willbe called whenever (invoke-restart 'name) is executed. The options arekeyword-style and are used to pass information such as that provided withthe :report keyword in restart-case.A restart-case expands into a call to restart-bind where the functionsimply does an unconditional transfer of control to a particular body of code,passing along \argument" information in a structured way.It is also possible to write restarts that do not transfer control. Such restartsmay be useful in implementing various special commands for the debugger thatare of interest only in certain situations. For example, one might imagine asituation where �le space was exhausted and the following was done in anattempt to free space in directory dir:(restart-bind ((nil #--'(lambda () (expunge-directory dir)):report-function#--'(lambda (stream)(format stream "Expunge ~A."(directory-namestring dir)))))(cerror "Try this file operation again."'directory-full :directory dir))In this case, the debugger might be entered and the user could �rst performthe expunge (which would not transfer control from the debugger context)and then retry the �le operation:Lisp> (open "FOO" :direction :output)Error: The directory PS:<JDOE> is full.To continue, type :CONTINUE followed by an option number:1: Try this file operation again.2: Expunge PS:<JDOE>.3: Return to Lisp Toplevel.Debug> :continue 2



956 COMMON LISPExpunging PS:<JDOE> ... 3 records freed.Debug> :continue 1) #--<OUTPUT-STREAM "PS:<JDOE>FOO.LSP" 2323473>29.3.11. Interactive Condition HandlingWhen a program does not know how to continue, and no active handler isable to advise it, the \interactive condition handler," or \debugger," can beentered. This happens implicitly through the use of functions such as errorand cerror, or explicitly through the use of the function invoke-debugger.The interactive condition handler never returns directly; it returns onlythrough structured non-local transfer of control to specially de�ned restartpoints that can be set up either by the system or by user code. The mech-anisms that support the establishment of such structured restart points forportable code are outlined in sections 29.3.5 through 29.3.10.Actually, implementations may also provide extended debugging facilitiesthat allow return from arbitrary stack frames. Although such commandsare frequently useful in practice, their e�ects are implementation-dependentbecause they violate the Common Lisp program abstraction. The e�ect ofusing such commands is unde�ned with respect to Common Lisp.29.3.12. Serious ConditionsThe ignore-errors macro will trap conditions of type error. There are,however, conditions that are not of type error.Some conditions are not considered errors but are still very serious, sowe call them serious conditions and we use the type serious-condition torepresent them. Conditions such as those that might be signaled for \stackoverow" or \storage exhausted" are in this category.The type error is a subtype of serious-condition, and it would tech-nically be correct to use the term \serious condition" to refer to all seriousconditions whether errors or not. However, normally we use the term \seri-ous condition" to refer to things of type serious-condition but not of typeerror.The point of the distinction between errors and other serious conditions isthat some conditions are known to occur for reasons that are beyond the scopeof Common Lisp to specify clearly. For example, we know that a stack willgenerally be used to implement function calling, and we know that stacks tendto be of �nite size and are prone to overow. Since the available stack size



CONDITIONS 957may vary from implementation to implementation, from session to session, orfrom function call to function call, it would be confusing to have expressionssuch as (ignore-errors (+ a b)) return a number sometimes and nil othertimes if a and b were always bound to numbers and the stack just happenedto overow on a particular call. For this reason, only conditions of type errorand not all conditions of type serious-condition are trapped by ignore-errors. To trap other conditions, a lower-level facility must be used (such ashandler-bind or handler-case).By convention, the function error is preferred over signal to signal con-ditions of type serious-condition (including those of type error). It is theuse of the function error, and not the type of the condition being signaled,that actually causes the debugger to be entered.Compatibility note: The Common Lisp Condition System di�ers from that ofZetalisp in this respect. In Zetalisp the debugger is entered for an unhandled signalif the error function is used or if the condition is of type error.29.3.13. Non-Serious ConditionsSome conditions are neither errors nor serious conditions. They are signaledto give other programs a chance to intervene, but if no action is taken, com-putation simply continues normally.For example, an implementation might choose to signal a non-serious(and implementation-dependent) condition called end-of-line when outputreaches the last character position on a line of character output. In such animplementation, the signaling of this condition might allow a convenient wayfor other programs to intervene, producing output that is truncated at theend of a line.By convention, the function signal is used to signal conditions that are notserious. It would be possible to signal serious conditions using signal, andthe debugger would not be entered if the condition went unhandled. However,by convention, handlers will generally tend to assume that serious conditionsand errors were signaled by calling the error function (and will thereforeforce entry to the interactive condition handler) and that they should workto avoid this.29.3.14. Condition TypesSome types of conditions are prede�ned by the system. All types of conditionsare subtypes of condition. That is, (typep x 'condition) is true if and



958 COMMON LISPonly if the value of x is a condition.Implementations supporting multiple (or non-hierarchical) type inheritanceare expressly permitted to exploit multiple inheritance in the tree of conditiontypes as implementation-dependent extensions, as long as such extensions arecompatible with the speci�cations in this chapter. [X3J13 voted in March 1989h186i to integrate the Condition System and the Object System, so multipleinheritance is always available for condition types.|GLS]In order to avoid problems in portable code that runs both in systems withmultiple type inheritance and in systems without it, programmers are explic-itly warned that while all correct Common Lisp implementations will ensurethat (typep c 'condition) is true for all conditions c (and all subtype rela-tionships indicated in this chapter will also be true), it should not be assumedthat two condition types speci�ed to be subtypes of the same third type aredisjoint. (In some cases, disjoint subtypes are identi�ed explicitly, but suchdisjointness is not to be assumed by default.) For example, it follows fromthe subtype descriptions contained in this chapter that in all implementa-tions (typep c 'control-error) implies (typep c 'error), but note that(typep c 'control-error) does not imply (not (typep c 'cell-error)).29.3.15. Signaling ConditionsWhen a condition is signaled, the system tries to locate the most appropriatehandler for the condition and to invoke that handler.Handlers are established dynamically using handler-bind or abstractionsbuilt on handler-bind.If an appropriate handler is found, it is called. In some circumstances,the handler may decline simply by returning without performing a non-localtransfer of control. In such cases, the search for an appropriate handler ispicked up where it left o�, as if the called handler had never been present.If no handler is found, or if all handlers that were found decline, signalreturns nil.Although it follows from the description above, it is perhaps worth notingexplicitly that the lookup procedure described here will prefer a general butmore (dynamically) local handler over a speci�c but less (dynamically) localhandler. Experience with existing condition systems suggests that this is areasonable approach and works adequately in most situations. Some careshould be taken when binding handlers for very general kinds of conditions,such as is done in ignore-errors. Often, binding for a more speci�c conditiontype than error is more appropriate.



CONDITIONS 95929.3.16. Resignaling Conditions[The contents of this section are still a subject of some debate within X3J13.The reader may wish to take this section with a grain of salt.|GLS]Note that signaling a condition has no side e�ect on that condition, andthat there is no dynamic state contained in a condition object. As such, itmay at times be reasonable and appropriate to consider caching condition ob-jects for repeated use, re-signaling conditions from within handlers, or savingconditions away somewhere and re-signaling them later.For example, it may be desirable for the system to pre-allocate objects oftype storage-condition so that they can be signaled when needed withoutattempting to allocate more storage.29.3.17. Condition HandlersA handler is a function of one argument, the condition to be handled. Thehandler may inspect the object to be sure it is \interested" in handling thecondition.A handler is executed in the dynamic context of the signaler, except thatthe set of available condition handlers will have been rebound to the valuethat was active at the time the condition handler was made active. The intentof this is to prevent in�nite recursion because of errors in a condition handler.After inspecting the condition, the handler should take one of the followingactions:. It might decline to handle the condition (by simply returning). When thishappens, the returned values are ignored and the e�ect is the same as if thehandler had been invisible to the mechanism seeking to �nd a handler. Thenext handler in line will be tried, or if no such handler exists, the conditionwill go unhandled.. It might handle the condition (by performing some non-local transfer ofcontrol). This may be done either primitively using go, return, or throw,or more abstractly using a function such as abort or invoke-restart.. It might signal another condition.. It might invoke the interactive debugger.In fact, the latter two actions (signaling another condition or entering thedebugger) are really just ways of putting o� the decision to either handle ordecline, or trying to get someone else to make such a decision. Ultimately, alla handler can do is to handle or decline to handle.



960 COMMON LISP29.3.18. Printing ConditionsWhen *print-escape* is nil (for example, when the princ function or the~A directive is used with format), the report method for the condition willbe invoked. This will be done automatically by functions such as invoke-debugger, break, and warn, but there may still be situations in which it isdesirable to have a condition report under explicit user control. For example,(let ((form '(open "nosuchfile")))(handler-case (eval form)(serious-condition (c)(format t "~&Evaluation of ~S failed:~%~A" form c))))might print something likeEvaluation of (OPEN "nosuchfile") failed:The file "nosuchfile" was not found.Some suggestions about the form of text typed by report methods:. The message should generally be a complete sentence, beginning with acapital letter and ending with appropriate punctuation (usually a period).. The message should not include any introductory text such as \Error:" or\Warning:" and should not be followed by a trailing newline. Such textwill be added as may be appropriate to context by the routine invoking thereport method.. Except where unavoidable, the tab character (which is only semi-standardanyway) should not be used in error messages. Its e�ect may vary fromone implementation to another and may cause problems even within animplementation because it may do di�erent things depending on the columnat which the error report begins.. Single-line messages are preferred, but newlines in the middle of long mes-sages are acceptable.. If any program (for example, the debugger) displays messages indentedfrom the prevailing left margin (for example, indented seven spaces becausethey are pre�xed by the seven-character herald \Error: "), then that pro-gram will take care of inserting the appropriate indentation into the extralines of a multi-line error message. Similarly, a program that pre�xes errormessages with semicolons so that they appear to be comments should takecare of inserting a semicolon at the beginning of each line in a multi-line



CONDITIONS 961error message. (These rules are important because, even within a singleimplementation, there may be more than one program that presents errormessages to the user, and they may use di�erent styles of presentation.The caller of error cannot anticipate all such possible styles, and so it isincumbent upon the presenter of the message to make any necessary ad-justments.)[Note: These recommendations expand upon those in section 24.1.|GLS]When *print-escape* is not nil, the object should print in some useful(but usually fairly abbreviated) fashion according to the style of the imple-mentation. It is not expected that a condition will be printed in a formsuitable for read. Something like #--<ARITHMETIC-ERROR 1734> is �ne.X3J13 voted in March 1989 h186i to integrate the Condition System andthe Object System. In the original Condition System proposal, no functionwas provided for directly accessing or setting the printer for a condition type,or for invoking it; the techniques described above were the sole interface toreporting. The vote speci�ed that, in CLOS terms, condition reporting ismediated through the print-object method for the condition type (that is,class) in question, with *print-escape* bound to nil. Specifying (:reportfn) to define-condition when de�ning condition type C is equivalent to aseparate method de�nition:(defmethod print-object ((x C) stream)(if *print-escape*(call-next-method)(funcall #--'fn x stream)))Note that the method uses fn to print the condition only when *print-escape* has the value nil.29.4. Program Interface to the Condition SystemThis section describes functions, macros, variables, and condition types asso-ciated with the Common Lisp Condition System.29.4.1. Signaling ConditionsThe functions in this section provide various mechanisms for signaling warn-ings, breaks, continuable errors, and fatal errors.



962 COMMON LISP [Function]error datum &rest arguments[This supersedes the description of error given in section 24.1.|GLS]Invokes the signal facility on a condition. If the condition is not han-dled, (invoke-debugger condition) is executed. As a consequence of callinginvoke-debugger, error never directly returns to its caller; the only exitfrom this function can come by non-local transfer of control in a handler orby use of an interactive debugging command.If datum is a condition, then that condition is used directly. In this case,it is an error for the list of arguments to be non-empty; that is, error musthave been called with exactly one argument, the condition.If datum is a condition type (a class or class name), then the condition usedis e�ectively the result of (apply #--'make-condition datum arguments).If datum is a string, then the condition used is e�ectively the result of(make-condition 'simple-error:format-string datum:format-arguments arguments) [Function]cerror continue-format-string datum &rest arguments[This supersedes the description of cerror given in section 24.1.|GLS]The function cerror invokes the error facility on a condition. If the con-dition is not handled, (invoke-debugger condition) is executed. While sig-naling is going on, and while control is in the debugger (if it is reached), itis possible to continue program execution (thereby returning from the call tocerror) using the continue restart.If datum is a condition, then that condition is used directly. In this case, thelist of arguments need not be empty, but will be used only with the continue-format-string and will not be used to initialize datum.If datum is a condition type (a class or class name), then the condition usedis e�ectively the result of (apply #--'make-condition datum arguments).If datum is a string, then the condition used is e�ectively the result of(make-condition 'simple-error:format-string datum:format-arguments arguments)The continue-format-string must be a string. Note that if datum is not astring, then the format arguments used by the continue-format-string will stillbe the list of arguments (which is in keyword format if datum is a condition



CONDITIONS 963type). In this case, some care may be necessary to set up the continue-format-string correctly. The format directive ~*, which ignores and skips over formatarguments, may be particularly useful in this situation.The value returned by cerror is nil. [Function]signal datum &rest argumentsInvokes the signal facility on a condition. If the condition is not handled,signal returns nil.If datum is a condition, then that condition is used directly. In this case,it is an error for the list of arguments to be non-empty; that is, error musthave been called with exactly one argument, the condition.If datum is a condition type (a class or class name), then the condition usedis e�ectively the result of (apply #--'make-condition datum arguments).If datum is a string, then the condition used is e�ectively the result of(make-condition 'simple-error:format-string datum:format-arguments arguments)Note that if (typep condition *break-on-signals*) is true, then the de-bugger will be entered prior to beginning the process of signaling. Thecontinue restart function may be used to continue with the signaling pro-cess; the restart is associated with the signaled condition as if by use of with-condition-restarts. This is true also for all other functions and macros thatsignal conditions, such as warn, error, cerror, assert, and check-type.During the dynamic extent of a call to signal with a particular condition,the e�ect of calling signal again on that condition object for a distinct ab-stract event is not de�ned. For example, although a handler may resignal acondition in order to allow outer handlers �rst shot at handling the condition,two distinct asynchronous keyboard events must not signal an the same (eq)condition object at the same time.For further details about signaling and handling, see the discussion of con-dition handlers in section 29.3.17. [Variable]*break-on-signals*This variable is intended primarily for use when the user is debugging pro-grams that do signaling. The value of *break-on-signals* should be suitableas a second argument to typep, that is, a type or type speci�er.



964 COMMON LISPWhen (typep condition *break-on-signals*) is true, then calls tosignal (and to other advertised functions such as error that implicitlycall signal) will enter the debugger prior to signaling that condition. Thecontinue restart may be used to continue with the normal signaling process;the restart is associated with the signaled condition as if by use of with-condition-restarts.Note that nil is a valid type speci�er. If the value of *break-on-signals*is nil, then signal will never enter the debugger in this implicit manner.When setting this variable, the user is encouraged to choose the most re-strictive speci�cation that su�ces. Setting this ag e�ectively violates themodular handling of condition signaling that this chapter seeks to establish.Its complete e�ect may be unpredictable in some cases, since the user maynot be aware of the variety or number of calls to signal that are used inprograms called only incidentally.By default|and certainly in any \production" use|the value of this vari-able should be nil, both for reasons of performance and for reasons of mod-ularity and abstraction.X3J13 voted in March 1989 h10i to remove *break-on-warnings* from thelanguage; *break-on-signals* o�ers all the power of *break-on-warnings*and more.Compatibility note: This variable is similar to the Zetalisp variable trace-conditions except for the obvious di�erence that zl:trace-conditions takes atype or list of types while *break-on-signals* takes a single type speci�er.[There is no loss of generality in Common Lisp because the or type speci�er maybe used to indicate that any of a set of conditions should enter the debugger.|GLS]29.4.2. AssertionsThese facilities are designed to make it convenient for the user to insert errorchecks into code. [Macro]check-type place typespec [string][This supersedes the description of check-type given in section 24.2.|GLS]A check-type form signals an error of type type-error if the contents ofplace are not of the desired type.If a condition is signaled, handlers of this condition can use the functionstype-error-datum and type-error-expected-type to access the contentsof place and the typespec, respectively.



CONDITIONS 965This function can return only if the store-value restart is invoked, eitherexplicitly from a handler or implicitly as one of the options o�ered by thedebugger. The restart is associated with the signaled condition as if by use ofwith-condition-restarts.If store-value is called, check-type will store the new value that is theargument to store-value (or that is prompted for interactively by the debug-ger) in place and start over, checking the type of the new value and signalinganother error if it is still not the desired type. Subforms of place may beevaluated multiple times because of the implicit loop generated. check-typereturns nil.The place must be a generalized variable reference acceptable to setf. Thetypespec must be a type speci�er; it is not evaluated. The string should bean English description of the type, starting with an inde�nite article (\a" or\an"); it is evaluated. If the string is not supplied, it is computed automat-ically from the typespec. (The optional string argument is allowed becausesome applications of check-type may require a more speci�c description ofwhat is wanted than can be generated automatically from the type speci�er.)The error message will mention the place, its contents, and the desired type.Implementation note: An implementation may choose to generate a somewhatdi�erently worded error message if it recognizes that place is of a particular form,such as one of the arguments to the function that called check-type.Lisp> (setq aardvarks '(sam harry fred))) (SAM HARRY FRED)Lisp> (check-type aardvarks (array * (3)))Error: The value of AARDVARKS, (SAM HARRY FRED),is not a 3-long array.To continue, type :CONTINUE followed by an option number:1: Specify a value to use instead.2: Return to Lisp Toplevel.Debug> :continue 1Use Value: #--(sam fred harry)) NILLisp> aardvarks) #--<ARRAY-3 13571>Lisp> (map 'list #--'identity aardvarks)) (SAM FRED HARRY)Lisp> (setq aacount 'foo)) FOO



966 COMMON LISPLisp> (check-type aacount (integer 0 *) "a non-negative integer")Error: The value of AACOUNT, FOO, is not a non-negative integer.To continue, type :CONTINUE followed by an option number:1: Specify a value to use instead.2: Return to Lisp Toplevel.Debug> :continue 2Lisp>Compatibility note: In Zetalisp, the equivalent facility is called check-arg-type.[Macro]assert test-form [( fplaceg� ) [datum fargumentg� ] ][This supersedes the description of assert given in section 24.2.|GLS]An assert form signals an error if the value of the test-form is nil. Con-tinuing from this error using the continue restart will allow the user to alterthe values of some variables, and assert will then start over, evaluating thetest-form again. (The restart is associated with the signaled condition as ifby use of with-condition-restarts.) assert returns nil.The test-form may be any form. Each place (there may be any number ofthem, or none) must be a generalized variable reference acceptable to setf.These should be variables on which test-form depends, whose values maysensibly be changed by the user in attempting to correct the error. Subforms ofeach place are evaluated only if an error is signaled, and may be re-evaluated ifthe error is re-signaled (after continuing without actually �xing the problem).The datum and arguments are evaluated only if an error is to be signaled,and re-evaluated if the error is to be signaled again.If datum is a condition, then that condition is used directly. In this case, itis an error to specify any arguments.If datum is a condition type (a class or class name), then the condi-tion used is e�ectively the result of (apply #--'make-condition datum (listfargumentg� )).If datum is a string, then the condition used is e�ectively the result of(make-condition 'simple-error:format-string datum:format-arguments (list fargumentg� ))If datum is omitted, then a condition of type simple-error is constructedusing the test-form as data. For example, the following might be used:



CONDITIONS 967(make-condition 'simple-error:format-string "The assertion ~S failed.":format-arguments '(test-form))Note that the test-form itself, and not its value, is used as the format argu-ment.Implementation note: The debugger need not include the test-form in the errormessage, and any places should not be included in the message, but they should bemade available for the user's perusal. If the user gives the \continue" command, anopportunity should be presented to alter the values of any or all of the references.The details of this depend on the implementation's style of user interface, of course.Here is an example of the use of assert:(setq x (make-array '(3 5) :initial-element 3))(setq y (make-array '(3 5) :initial-element 7))(defun matrix-multiply (a b)(let ((*print-array* nil))(assert (and (UU (array-rank a) (array-rank b) 2)(UU (array-dimension a 1)(array-dimension b 0)))(a b)"Cannot multiply ~S by ~S." a b)(really-matrix-multiply a b)))(matrix-multiply x y)Error: Cannot multiply #--<ARRAY-3-5 12345> by #--<ARRAY-3-5 12364>.To continue, type :CONTINUE followed by an option number:1: Specify new values.2: Return to Lisp Toplevel.Debug> :continue 1Value for A: xValue for B: (make-array '(5 3) :initial-element 6))#--2A((54 54 54 54 54)(54 54 54 54 54)(54 54 54 54 54)(54 54 54 54 54)(54 54 54 54 54))



968 COMMON LISP29.4.3. Exhaustive Case AnalysisThe syntax for etypecase and ctypecase is the same as for typecase, exceptthat no otherwise clause is permitted. Similarly, the syntax for ecase andccase is the same as for case except for the otherwise clause.etypecase and ecase are similar to typecase and case, respectively, butsignal a non-continuable error rather than returning nil if no clause is se-lected.ctypecase and ccase are also similar to typecase and case, respectively,but signal a continuable error if no clause is selected. [Macro]etypecase keyform f(type f formg� )g�[This supersedes the description of etypecase given in section 24.3.|GLS]This control construct is similar to typecase, but no explicit otherwiseor t clause is permitted. If no clause is satis�ed, etypecase signals an error(of type type-error) with a message constructed from the clauses. It is notpermissible to continue from this error. To supply an error message, the usershould use typecase with an otherwise clause containing a call to error.The name of this function stands for \exhaustive type case" or \error-checkingtype case."Example:Lisp> (setq x 1/3)) 1/3Lisp> (etypecase x(integer (* x 4))(symbol (symbol-value x)))Error: The value of X, 1/3, is neither an integer nor a symbol.To continue, type :CONTINUE followed by an option number:1: Return to Lisp Toplevel.Debug> [Macro]ctypecase keyplace f(type f formg� )g�[This supersedes the description of ctypecase given in section 24.3.|GLS]This control construct is similar to typecase, but no explicit otherwise ort clause is permitted.The keyplace must be a generalized variable reference acceptable to setf.If no clause is satis�ed, ctypecase signals an error (of type type-error) witha message constructed from the clauses. This error may be continued using



CONDITIONS 969the store-value restart. The argument to store-value is stored in keyplaceand then ctypecase starts over, making the type tests again. Subforms ofkeyplace may be evaluated multiple times. If the store-value restart isinvoked interactively, the user will be prompted for the value to be used.The name of this function is mnemonic for \continuable (exhaustive) typecase."Example:Lisp> (setq x 1/3)) 1/3Lisp> (ctypecase x(integer (* x 4))(symbol (symbol-value x)))Error: The value of X, 1/3, is neither an integer nor a symbol.To continue, type :CONTINUE followed by an option number:1: Specify a value to use instead.2: Return to Lisp Toplevel.Debug> :continue 1Use value: 3.7Error: The value of X, 3.7, is neither an integer nor a symbol.To continue, type :CONTINUE followed by an option number:1: Specify a value to use instead.2: Return to Lisp Toplevel.Debug> :continue 1Use value: 12) 48 [Macro]ecase keyform f( f( fkeyg� ) j keyg f formg� )g�[This supersedes the description of ecase given in section 24.3.|GLS]This control construct is similar to case, but no explicit otherwise ort clause is permitted. If no clause is satis�ed, ecase signals an error (oftype type-error) with a message constructed from the clauses. It is notpermissible to continue from this error. To supply an error message, the usershould use case with an otherwise clause containing a call to error. Thename of this function stands for \exhaustive case" or \error-checking case."Example:Lisp> (setq x 1/3)) 1/3



970 COMMON LISPLisp> (ecase x(alpha (foo))(omega (bar))((zeta phi) (baz)))Error: The value of X, 1/3, is not ALPHA, OMEGA, ZETA, or PHI.To continue, type :CONTINUE followed by an option number:1: Return to Lisp Toplevel.Debug> [Macro]ccase keyplace f( f( fkeyg� ) j keyg f formg� )g�[This supersedes the description of ccase given in section 24.3.|GLS]This control construct is similar to case, but no explicit otherwise or tclause is permitted.The keyplace must be a generalized variable reference acceptable to setf.If no clause is satis�ed, ccase signals an error (of type type-error) with amessage constructed from the clauses. This error may be continued using thestore-value restart. The argument to store-value is stored in keyplaceand then ccase starts over, making the type tests again. Subforms of key-place may be evaluated multiple times. If the store-value restart is invokedinteractively, the user will be prompted for the value to be used.The name of this function is mnemonic for \continuable (exhaustive) case."Implementation note: The type-error signaled by ccase and ecase is free tochoose any representation of the acceptable argument type that it wishes for place-ment in the expected-type slot. It will always work to use type (member . keys),but in some cases it may be more e�cient, for example, to use a type that representsan integer subrange or a type composed using the or type speci�er.29.4.4. Handling ConditionsThese macros allow a program to gain control when a condition is signaled.[Macro]handler-case expression f(typespec ( [var] ) f formg� )g�Executes the given expression in a context where various speci�ed handlersare active.Each typespec may be any type speci�er. If during the execution of theexpression a condition is signaled for which there is an appropriate clause|that is, one for which (typep condition 'typespec) is true|and if there is no



CONDITIONS 971intervening handler for conditions of that type, then control is transferred tothe body of the relevant clause (unwinding the dynamic state appropriatelyin the process) and the given variable var is bound to the condition thatwas signaled. If no such condition is signaled and the computation runs tocompletion, then the values resulting from the expression are returned bythe handler-case form.If more than one case is provided, those cases are made accessible in parallel.That is, in
(handler-case expression(type1 (var1) form1)(type2 (var2) form2))
if the �rst clause (containing form1) has been selected, the handler for thesecond is no longer visible (and vice versa).The cases are searched sequentially from top to bottom. If a signaled condi-tion matches more than one case (possible if there is type overlap) the earlierof the two cases will be selected.



972 COMMON LISPIf the variable var is not needed, it may be omitted. That is, a clause suchas(type (var) (declare (ignore var)) form)may be written using the following shorthand notation:(type () form)If there are no forms in a selected case, the case returns nil. Note that(handler-case expression(type1 (var1) . body1)(type2 (var2) . body2)...)is approximately equivalent to(block #--1UU#--:block-1(let (#--2UU#--:var-2)(tagbody(handler-bind ((type1 #--'(lambda (temp)(setq #--2#-- temp)(go #--3UU#--:tag-3)))(type2 #--'(lambda (temp)(setq #--2#-- temp)(go #--4UU#--:tag-4)))...)(return-from #--1#-- expression))#--3#-- (return-from #--1#-- (let ((var1 #--2#--)) . body1))#--4#-- (return-from #--1#-- (let ((var2 #--2#--)) . body2))...)))[Note the use of \gensyms" such as #--:block-1 as block names, variables, andtagbody tags in this example, and the use of #--nUU and #--n#-- read-macro syntaxto indicate that the very same gensym appears in multiple places.|GLS]As a special case, the typespec can also be the symbol :no-error in the lastclause. If it is, it designates a clause that will take control if the expressionreturns normally. In that case, a completely general lambda-list may followthe symbol :no-error, and the arguments to which the lambda-list parame-ters are bound are like those for multiple-value-call on the return valueof the expression. For example,



CONDITIONS 973(handler-case expression(type1 (var1) . body1)(type2 (var2) . body2)...(typen (varn) . bodyn)(:no-error (nvar1 nvar2 ... nvarm) . nbody))is approximately equivalent to(block #--1UU#--:error-return(multiple-value-call #--'(lambda (nvar1 nvar2 ... nvarm) . nbody)(block #--2UU#--:normal-return(return-from #--1#--(handler-case (return-from #--2#-- expression)(type1 (var1) . body1)(type2 (var2) . body2)...(typen (varn) . bodyn))))))Examples of the use of handler-case:(handler-case (/ x y)(division-by-zero () nil))(handler-case (open *the-file* :direction :input)(file-error (condition) (format t "~&Fooey: ~A~%" condition)))(handler-case (some-user-function)(file-error (condition) condition)(division-by-zero () 0)((or unbound-variable undefined-function) () 'unbound))(handler-case (intern x y)(error (condition) condition)(:no-error (symbol status)(declare (ignore symbol))status)) [Macro]ignore-errors f formg�Executes its body in a context that handles conditions of type error byreturning control to this form. If no such condition is signaled, any values



974 COMMON LISPreturned by the last form are returned by ignore-errors. Otherwise, twovalues are returned: nil and the error condition that was signaled.ignore-errors could be de�ned by(defmacro ignore-errors (&body forms)`(handler-case (progn ,@forms)(error (c) (values nil c))) [Macro]handler-bind ( f(typespec handler)g� ) f formg�Executes body in a dynamic context where the given handler bindings are ine�ect. Each typespec may be any type speci�er. Each handler form shouldevaluate to a function to be used to handle conditions of the given type(s)during execution of the forms. This function should take a single argument,the condition being signaled.If more than one binding is speci�ed, the bindings are searched sequentiallyfrom top to bottom in search of a match (by visual analogy with typecase).If an appropriate typespec is found, the associated handler is run in a contextwhere none of the handler bindings are visible (to avoid recursive errors). Forexample, in the case of(handler-bind ((unbound-variable #--'(lambda ...))(error #--'(lambda ...)))...)if an unbound variable error is signaled in the body (and not handled by anintervening handler), the �rst function will be called. If any other kind oferror is signaled, the second function will be called. In either case, neitherhandler will be active while executing the code in the associated function.29.4.5. De�ning Conditions[The contents of this section are still a subject of some debate within X3J13.The reader may wish to take this section with a grain of salt, two aspirintablets, and call a hacker in the morning.|GLS] [Macro]define-condition name ( fparent-typeg� )[( fslot-speci�erg� ) foptiong� ]De�nes a new condition type called name, which is a subtype of each givenparent-type. Except as otherwise noted, the arguments are not evaluated.



CONDITIONS 975Objects of this condition type will have all of the indicated slots, plus anyadditional slots inherited from the parent types (its superclasses). If the slotslist is omitted, the empty list is assumed.A slot must have the formslot-speci�er ::= slot-name j (slot-name [[#slot-option ]])For the syntax of a slot-option, see defclass. The slots of a condition objectare normalCLOS slots. Note that with-slotsmaybe used instead of accessorfunctions to access slots of a condition object.make-condition will accept keywords (in the keyword package) with theprint name of any of the designated slots, and will initialize the correspondingslots in conditions it creates.Accessors are created according to the same rules as used by defclass.The valid options are as follows:(:documentation doc-string)The doc-string should be either nil or a string that describes the purposeof the condition type. If this option is omitted, nil is assumed. Calling(documentation 'name 'type) will retrieve this information.(:report exp)If exp is not a literal string, it must be a suitable argument to the functionspecial form. The expression (function exp) will be evaluated in the cur-rent lexical environment. It should produce a function of two arguments,a condition and a stream, that prints on the stream a description of thecondition. This function is called whenever the condition is printed while*print-escape* is nil.If exp is a literal string, it is shorthand for(lambda (c s)(declare (ignore c))(write-string exp s))[That is, a function is provided that will simply write the given string literallyto the stream, regardless of the particular condition object supplied.|GLS]The :report option is processed after the new condition type has beende�ned, so use of the slot accessors within the report function is permitted.If this option is not speci�ed, information about how to report this type ofcondition will be inherited from the parent-type.



976 COMMON LISP[X3J13 voted in March 1989 h186i to integrate the Condition System andthe Object System. In the original Condition System proposal, define-condition allowed only one parent-type (the inheritance structure was a sim-ple hierarchy). Slot descriptions were much simpler, even simpler than thosefor defstruct:slot ::= slot-name j (slot-name) j (slot-name default-value)Similarly, define-condition allowed a :conc-name option similar to that ofdefstruct:(:conc-name symbol-or-string)Not now part of Common Lisp. As with defstruct, this sets up au-tomatic pre�xing of the names of slot accessors. Also as in defstruct, thedefault behavior is to use the name of the new type, name, followed by ahyphen. (Generated names are interned in the package that is current at thetime that the define-condition is processed).One consequence of the vote was to make define-condition slot descriptionslike those of defclass.|GLS]Here are some examples of the use of define-condition.The following form de�nes a condition of type peg/hole-mismatch thatinherits from a condition type called blocks-world-error:(define-condition peg/hole-mismatch (blocks-world-error)(peg-shape hole-shape)(:report(lambda (condition stream)(with-slots (peg-shape hole-shape) condition(format stream "A ~A peg cannot go in a ~A hole."peg-shape hole-shape))))The new type has slots peg-shape and hole-shape, so make-condition willaccept :peg-shape and :hole-shape keywords. The with-slotsmacro maybe used to access the peg-shape and hole-shape slots, as illustrated in the:report information.Here is another example. This de�nes a condition called machine-errorthat inherits from error:(define-condition machine-error (error)((machine-name:reader machine-error-machine-name))



CONDITIONS 977(:report (lambda (condition stream)(format stream "There is a problem with ~A."(machine-error-machine-name condition)))))Building on this de�nition, we can de�ne a new error condition that is asubtype of machine-error for use when machines are not available:(define-condition machine-not-available-error (machine-error) ()(:report (lambda (condition stream)(format stream "The machine ~A is not available."(machine-error-machine-name condition)))))We may now de�ne a still more speci�c condition, built upon machine-not-available-error, that provides a default for machine-name but does notprovide any new slots or report information. It just gives the machine-nameslot a default initialization:(define-condition my-favorite-machine-not-available-error(machine-not-available-error)((machine-name :initform "MC.LCS.MIT.EDU")))Note that since no :report clause was given, the information inherited frommachine-not-available-error will be used to report this type of condition.29.4.6. Creating ConditionsThe function make-condition is the basic means for creating condition ob-jects. [Function]make-condition type &rest slot-initializationsConstructs a condition object of the given type using slot-initializations as aspeci�cation of the initial value of the slots. The newly created condition isreturned.The slot-initializations are alternating keyword/value pairs. For example:(make-condition 'peg/hole-mismatch:peg-shape 'square :hole-shape 'round)



978 COMMON LISP29.4.7. Establishing Restarts

The lowest-level form that creates restart points is called restart-bind. Therestart-casemacro is an abstraction that addresses many common needs forrestart-bindwhile o�ering a more palatable syntax. See also with-simple-



CONDITIONS 979restart. The function that transfers control to a restart point established byone of these macros is called invoke-restart.All restarts have dynamic extent; a restart does not survive execution ofthe form that establishes it. [Macro]with-simple-restart (name format-string f format-argumentg� )f formg�This is shorthand for one of the most common uses of restart-case.If the restart designated by name is not invoked while executing the forms,all values returned by the last form are returned. If that restart is invoked,control is transferred to the with-simple-restart form, which immediatelyreturns the two values nil and t.The name may be nil, in which case an anonymous restart is established.with-simple-restart could be de�ned by(defmacro with-simple-restart ((restart-name format-string&rest format-arguments)&body forms)`(restart-case (progn ,@forms)(,restart-name ():report(lambda (stream)(format stream ,format-string ,@format-arguments))(values nil t))))Here is an example of the use of with-simple-restart.Lisp> (defun read-eval-print-loop (level)(with-simple-restart(abort "Exit command level ~D." level)(loop(with-simple-restart(abort "Return to command level ~D." level)(let ((form (prog2 (fresh-line)(read)(fresh-line))))(prin1 (eval form)))))))) READ-EVAL-PRINT-LOOPLisp> (read-eval-print-loop 1)(+ 'a 3)



980 COMMON LISPError: The argument, A, to the function + was of the wrong type.The function expected a number.To continue, type :CONTINUE followed by an option number:1: Specify a value to use this time.2: Return to command level 1.3: Exit command level 1.4: Return to Lisp Toplevel.Debug>Compatibility note: In contrast to the way that Zetalisp has traditionally de�nedabort as a kind of condition to be handled, the Common Lisp Condition Systemde�nes abort as a way to restart (\proceed" in Zetalisp terms).Remark: Some readers may wonder what ought to be done by the \abort" key(or whatever the implementation's interrupt key is|Control-C or Control-G, forexample). Such interrupts, whether synchronous or asynchronous in nature, arebeyond the scope of this chapter and indeed are not currently addressed by CommonLisp at all. This may be a topic worth standardizing under separate cover. Here issome speculation about some possible things that might happen.An implementation might simply call abort or break directly without signalingany condition.Another implementation might signal some condition related to the fact thata key had been pressed rather than to the action that should be taken. This isone way to allow user customization. Perhaps there would be an implementation-dependent keyboard-interrupt condition type with a slot containing the key thatwas pressed|or perhaps there would be such a condition type, but rather thanits having slots, di�erent subtypes of that type with names like keyboard-abort,keyboard-break, and so on might be signaled. That implementation would thendocument the action it would take if user programs failed to handle the condition,and perhaps ways for user programs to usefully dismiss the interrupt.Implementation note: Implementors are encouraged to make sure that there isalways a restart named abort around any user code so that user code can call abortat any time and expect something reasonable to happen; exactly what the reason-able thing is may vary somewhat. Typically, in an interactive program, invokingabort should return the user to top level, though in some batch or multi-processingsituations killing the running process might be more appropriate.



CONDITIONS 981[Macro]restart-case expression f(case-name arglistfkeyword valueg�f formg� )g�The expression is evaluated in a dynamic context where the clauses have spe-cial meanings as points to which control may be transferred. If the expression�nishes executing and returns any values, all such values are simply returnedby the restart-case form. While the expression is running, any code maytransfer control to one of the clauses (see invoke-restart). If a transferoccurs, the forms in the body of that clause will be evaluated and any valuesreturned by the last such form will be returned by the restart-case form.As a special case, if the expression is a list whose car is signal, error,cerror, or warn, then with-condition-restarts is implicitly used to asso-ciate the restarts with the condition to be signaled. For example,(restart-case (signal weird-error)(become-confused ...)(rewind-line-printer ...)(halt-and-catch-fire ...))is equivalent to(restart-case (with-condition-restartsweird-error(list (find-restart 'become-confused)(find-restart 'rewind-line-printer)(find-restart 'halt-and-catch-fire))(signal weird-error))(become-confused ...)(rewind-line-printer ...)(halt-and-catch-fire ...))If there are no forms in a selected clause, restart-case returns nil.The case-name may be nil or a symbol naming this restart.It is possible to have more than one clause use the same case-name. Inthis case, the �rst clause with that name will be found by find-restart.The other clauses are accessible using compute-restarts. [In this respect,restart-case is rather di�erent from case!|GLS]Each arglist is a normal lambda-list containing parameters to be boundduring the execution of its corresponding forms. These parameters are usedto pass any necessary data from a call to invoke-restart to the restart-case clause.



982 COMMON LISPBy default, invoke-restart-interactively will pass no arguments andall parameters must be optional in order to accommodate interactive restart-ing. However, the parameters need not be optional if the :interactive key-word has been used to inform invoke-restart-interactively about howto compute a proper argument list.The valid keyword value pairs are the following::test fnThe fn must be a suitable argument for the function special form. The ex-pression (function fn) will be evaluated in the current lexical environment.It should produce a function of one argument, a condition. If this functionreturns nil when given some condition, functions such as find-restart,compute-restart, and invoke-restart will not consider this restart whensearching for restarts associated with that condition. If this pair is not sup-plied, it is as if(lambda (c) (declare (ignore c)) t)were used for the fn.:interactive fnThe fn must be a suitable argument for the function special form. The ex-pression (function fn) will be evaluated in the current lexical environment.It should produce a function of no arguments that returns arguments to beused by invoke-restart-interactively when invoking this function. Thisfunction will be called in the dynamic environment available prior to anyrestart attempt. It may interact with the user on the stream in *query-io*.If a restart is invoked interactively but no :interactive option was sup-plied, the argument list used in the invocation is the empty list.:report expIf exp is not a literal string, it must be a suitable argument to the functionspecial form. The expression (function exp) will be evaluated in the currentlexical environment. It should produce a function of one argument, a stream,that prints on the stream a description of the restart. This function is calledwhenever the restart is printed while *print-escape* is nil.If exp is a literal string, it is shorthand for(lambda (s) (write-string exp s))



CONDITIONS 983[That is, a function is provided that will simply write the given string literallyto the stream.|GLS]If a named restart is asked to report but no report information has beensupplied, the name of the restart is used in generating default report text.When *print-escape* is nil, the printer will use the report informationfor a restart. For example, a debugger might announce the action of typing\:continue" by executing the equivalent of(format *debug-io* "~&~S -- ~A~%" ':continue some-restart)which might then display as something like:CONTINUE -- Return to command level.It is an error if an unnamed restart is used and no report information isprovided.Rationale: Unnamed restarts are required to have report information on thegrounds that they are generally only useful interactively, and an interactive optionthat has no description is of little value.Implementation note: Implementations are encouraged to warn about this errorat compilation time.At run time, this error might be noticed when entering the debugger. Sincesignaling an error would probably cause recursive entry into the debugger (causingyet another recursive error, and so on), it is suggested that the debugger print someindication of such problems when they occur, but not actually signal errors.Note that(restart-case expression(name1 arglist1 options1 . body1)(name2 arglist2 options2 . body2)...)is essentially equivalent to



984 COMMON LISP(block #--1UU#--:block-1(let ((#--2UU#--:var-2 nil))(tagbody(restart-bind ((name1 #--'(lambda (&rest temp)(setq #--2#-- temp)(go #--3UU#--:tag-3))hslightly transformed options1i)(name2 #--'(lambda (&rest temp)(setq #--2#-- temp)(go #--4UU#--:tag-4))hslightly transformed options2i)...)(return-from #--1#-- expression))#--3#-- (return-from #--1#--(apply #--'(lambda arglist1 . body1) #--2#--))#--4#-- (return-from #--1#--(apply #--'(lambda arglist2 . body2) #--2#--))...)))[Note the use of \gensyms" such as #--:block-1 as block names, variables, andtagbody tags in this example, and the use of #--nUU and #--n#-- read-macro syntaxto indicate that the very same gensym appears in multiple places.|GLS]Here are some examples of the use of restart-case.(loop(restart-case (return (apply function some-args))(new-function (new-function):report "Use a different function.":interactive(lambda ()(list (prompt-for 'function "Function: ")))(setq function new-function))))(loop(restart-case (return (apply function some-args))(nil (new-function):report "Use a different function.":interactive(lambda ()(list (prompt-for 'function "Function: ")))(setq function new-function))))



CONDITIONS 985(restart-case (a-command-loop)(return-from-command-level ():report(lambda (s) ;Argument s is a stream(format s "Return from command level ~D." level))nil))(loop(restart-case (another-random-computation)(continue () nil)))The �rst and second examples are equivalent from the point of view of someoneusing the interactive debugger, but they di�er in one important aspect for non-interactive handling. If a handler \knows about" named restarts, as in, forexample,(when (find-restart 'new-function)(invoke-restart 'new-function the-replacement))then only the �rst example, and not the second, will have control transferredto its correction clause, since only the �rst example uses a restart namednew-function.Here is a more complete example:(let ((my-food 'milk)(my-color 'greenish-blue))(do ()((not (bad-food-color-p my-food my-color)))(restart-case (error 'bad-food-color:food my-food :color my-color)(use-food (new-food):report "Use another food."(setq my-food new-food))(use-color (new-color):report "Use another color."(setq my-color new-color))));; We won't get to here until MY-FOOD;; and MY-COLOR are compatible.(list my-food my-color))Assuming that use-food and use-color have been de�ned as



986 COMMON LISP(defun use-food (new-food)(invoke-restart 'use-food new-food))(defun use-color (new-color)(invoke-restart 'use-color new-color))a handler can then restart from the error in either of two ways. It may correctthe color or correct the food. For example:#--'(lambda (c) ... (use-color 'white) ...) ;Corrects color#--'(lambda (c) ... (use-food 'cheese) ...) ;Corrects foodHere is an example using handler-bind and restart-case that refers toa condition type foo-error, presumably de�ned elsewhere:(handler-bind ((foo-error #--'(lambda (ignore) (use-value 7))))(restart-case (error 'foo-error)(use-value (x) (* x x))))) 49 [Macro]restart-bind ( f(name function fkeyword valueg� )g� ) f formg�Executes a body of forms in a dynamic context where the given restart bind-ings are in e�ect.Each name may be nil to indicate an anonymous restart, or some othersymbol to indicate a named restart.Each function is a form that should evaluate to a function to be used toperform the restart. If invoked, this function may either perform a non-local transfer of control or it may return normally. The function may takewhatever arguments the programmer feels are appropriate; it will be invokedonly if invoke-restart is used from a program, or if a user interactivelyasks the debugger to invoke it. In the case of interactive invocation, the:interactive-function option is used.The valid keyword value pairs are as follows::test-function formThe form will be evaluated in the current lexical environment and should re-turn a function of one argument, a condition. If this function returns nilwhengiven some condition, functions such as find-restart, compute-restart,and invoke-restart will not consider this restart when searching for restartsassociated with that condition. If this pair is not supplied, it is as if



CONDITIONS 987#--'(lambda (c) (declare (ignore c)) t)were used for the form.:interactive-function formThe form will be evaluated in the current lexical environment and shouldreturn a function of no arguments that constructs a list of arguments to beused by invoke-restart-interactively when invoking this restart. Thefunction may prompt interactively using *query-io* if necessary.:report-function formThe form will be evaluated in the current lexical environment and shouldreturn a function of one argument, a stream, that prints on the stream asummary of the action this restart will take. This function is called wheneverthe restart is printed while *print-escape* is nil. [Macro]with-condition-restarts condition-form restarts-formfdeclarationg� f formg�The value of condition-form should be a condition C and the value of restarts-form should be a list of restarts (R1 R2 ...). The forms of the body areevaluated as an implicit progn. While in the dynamic context of the body,an attempt to �nd a restart associated with a particular condition C 0 willconsider the restarts R1, R2, : : : if C 0 is eq to C.Usually this macro is not used explicitly in code, because restart-casehandles most of the common uses in a way that is syntactically more concise.[The X3J13 vote h31i left it unclear whether with-condition-restartspermits declarations to appear at the heads of its body. I believe that wasthe intent, but this is only my interpretation.|GLS]29.4.8. Finding and Manipulating RestartsThe following functions determine what restarts are active and invoke restarts.[Function]compute-restarts &optional conditionUses the dynamic state of the program to compute a list of the restarts thatare currently active. See restart-bind.If condition is nil or not supplied, all outstanding restarts are returned. Ifcondition is not nil, only restarts associated with that condition are returned.



988 COMMON LISPEach restart represents a function that can be called to perform some formof recovery action, usually a transfer of control to an outer point in the runningprogram. Implementations are free to implement these objects in whatevermanner is most convenient; the objects need have only dynamic extent (rela-tive to the scope of the binding form that instantiates them).The list that results from a call to compute-restarts is ordered so thatthe inner (that is, more recently established) restarts are nearer the head ofthe list.Note, too, that compute-restarts returns all valid restarts, includinganonymous ones, even if some of them have the same name as others andwould therefore not be found by find-restart when given a symbol argu-ment.Implementations are permitted, but not required, to return di�erent (thatis, non-eq) lists from repeated calls to compute-restarts while in the samedynamic environment. It is an error to modify the list that is returned bycompute-restarts. [Function]restart-name restartReturns the name of the given restart, or nil if it is not named. [Function]find-restart restart-identi�er &optional conditionSearches for a particular restart in the current dynamic environment.If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.If the restart-identi�er is a non-nil symbol, then the innermost (that is,most recently established) restart with that name is returned; nil is returnedif no such restart is found.If restart-identi�er is a restart object, then it is simply returned, unless itis not currently active, in which case nil is returned.Although anonymous restarts have a name of nil, it is an error for thesymbol nil to be given as the restart-identi�er. Applications that wouldseem to require this should be rewritten to make appropriate use of compute-restarts instead. [Function]invoke-restart restart-identi�er &rest argumentsCalls the function associated with the given restart-identi�er, passing anygiven arguments. The restart-identi�ermust be a restart or the non-null name



CONDITIONS 989of a restart that is valid in the current dynamic context. If the argument isnot valid, an error of type control-error will be signaled.Implementation note: Restart functions call this function, not vice versa.[Function]invoke-restart-interactively restart-identi�erCalls the function associated with the given restart-identi�er, prompting forany necessary arguments. The restart-identi�er must be a restart or the non-null name of a restart that is valid in the current dynamic context. If theargument is not valid, an error of type control-error will be signaled.The function invoke-restart-interactively will prompt for argumentsby executing the code provided in the :interactive keyword to restart-case or :interactive-function keyword to restart-bind.If no :interactive or :interactive-function option has been suppliedin the corresponding restart-case or restart-bind, then it is an error ifthe restart takes required arguments. If the arguments are optional, an emptyargument list will be used in this case.Once invoke-restart-interactively has calculated the arguments, itsimply performs (apply #--'invoke-restart restart-identi�er arguments).invoke-restart-interactively is used internally by the debugger andmay also be useful in implementing other portable, interactive debuggingtools.29.4.9. WarningsWarnings are a subclass of errors that are conventionally regarded as \mild."[Function]warn datum &rest arguments[This supersedes the description of warn given in section 24.1.|GLS]Warns about a situation, by signaling a condition of type warning.If datum is a condition, then that condition is used directly. In this case,if the condition is not of type warning or arguments is non-nil, an error oftype type-error is signaled.If datum is a condition type (a class or class name), then the condi-tion used is e�ectively the result of (apply #--'make-condition datum argu-ments). This result must be of type warning or an error of type type-erroris signaled.If datum is a string, then the condition used is e�ectively the result of



990 COMMON LISP(make-condition 'simple-error:format-string datum:format-arguments arguments)The precise mechanism for warning is as follows.1. The warning condition is signaled.While the warning condition is being signaled, the muffle-warning restartis established for use by a handler to bypass further action by warn (thatis, to cause warn to immediately return nil).As part of the signaling process, if (typep condition *break-on-signals*) is true, then a break will occur prior to beginning the signalingprocess.2. If no handlers for the warning condition are found, or if all such handlersdecline, then the condition will be reported to *error-output* by the warnfunction (with possible implementation-speci�c extra output such as motionto a fresh line before or after the display of the warning, or supplying someintroductory text mentioning the name of the function that called warn orthe fact that this is a warning).3. The value returned by warn (if it returns) is nil.29.4.10. Restart FunctionsCommon Lisp has the following restart functions built in. [Function]abort &optional conditionThis function transfers control to the restart named abort. If no such restartexists, abort signals an error of type control-error.If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.The purpose of the abort restart is generally to allow control to return tothe innermost \command level." [Function]continue &optional conditionThis function transfers control to the restart named continue. If no suchrestart exists, continue returns nil.



CONDITIONS 991If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.The continue restart is generally part of simple protocols where thereis a single \obvious" way to continue, as with break and cerror. Someuser-de�ned protocols may also wish to incorporate it for similar reasons. Ingeneral, however, it is more reliable to design a special-purpose restart witha name that better suits the particular application. [Function]muffle-warning &optional conditionThis function transfers control to the restart named muffle-warning. If nosuch restart exists, muffle-warning signals an error of type control-error.If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.warn sets up this restart so that handlers of warning conditions have a wayto tell warn that a warning has already been dealt with and that no furtheraction is warranted. [Function]store-value value &optional conditionThis function transfers control (and one value) to the restart named store-value. If no such restart exists, store-value returns nil.If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.The store-value restart is generally used by handlers trying to recoverfrom errors of types such as cell-error or type-error, where the handlermay wish to supply a replacement datum to be stored permanently.[Function]use-value value &optional conditionThis function transfers control (and one value) to the restart named use-value. If no such restart exists, use-value returns nil.If condition is nil or not supplied, all outstanding restarts are considered.If condition is not nil, only restarts associated with that condition are con-sidered.The use-value restart is generally used by handlers trying to recover fromerrors of types such as cell-error, where the handler may wish to supply areplacement datum for one-time use.



992 COMMON LISP29.4.11. Debugging UtilitiesCommon Lisp does not specify exactly what a debugger is or does, but it doesprovide certain means for indicating intent to transfer control to a supervisoryor debugging facility. [Function]break &optional format-string &rest format-arguments[This supersedes the description of break given in section 24.1.|GLS]The function break prints the message described by the format-string andformat-arguments and then goes directly into the debugger without allowingany possibility of interception by programmed error-handling facilities.If no format-string is supplied, a suitable default will be generated.If continued, break returns nil.Note that break is presumed to be used as a way of inserting temporarydebugging \breakpoints" in a program, not as a way of signaling errors; itis expected that continuing from a break will not trigger any unusual re-covery action. For this reason, break does not take the additional formatcontrol string that cerror takes as its �rst argument. This and the lack ofany possibility of interception by programmed error handling are the onlyprogram-visible di�erences between break and cerror. The user interfaceaspects of these functions are permitted to vary more widely; for example, itis permissible for a read-eval-print loop to be entered by break rather thanby the conventional debugger.break could be de�ned by(defun break (&optional (format-string "Break")&rest format-arguments)(with-simple-restart (continue "Return from BREAK.")(invoke-debugger(make-condition 'simple-condition:format-string format-string:format-arguments format-arguments)))nil) [Function]invoke-debugger conditionAttempts interactive handling of its argument, which must be a condition.If the variable *debugger-hook* is not nil, it will be called as a functionon two arguments: the condition being handled and the value of *debugger-hook*. If a hook function returns normally, the standard debugger will betried.



CONDITIONS 993The standard debugger will never directly return. Return can occur onlyby a special transfer of control, such as the use of a restart.Remark: The exact way in which the debugger interacts with users is expected tovary considerably from system to system. For example, some systems may use akeyboard interface, while others may use a mouse interface. Of those systems usingkeyboard commands, some may use single-character commands and others may useparsed line-at-a-time commands. The exact set of commands will vary as well. Theimportant properties of a debugger are that it makes information about the erroraccessible and that it makes the set of apparent restarts easily accessible.It is desirable to have a mode where the debugger allows other features, such asthe ability to inspect data, stacks, etc. However, it may sometimes be appropriate tohave this kind of information hidden from users. Experience on the Lisp Machineshas shown that some users who are not programmers develop a terrible phobia ofdebuggers. The reason for this usually may be traced to the fact that the debugger isvery foreign to them and provides an overwhelming amount of information of interestonly to programmers. With the advent of restarts, there is a clear mechanism forthe construction of \friendly" debuggers. Programmers can be taught how to getto the information they need for debugging, but it should be possible to constructuser interfaces to the debugger that are natural, convenient, intelligible, and friendlyeven to non-programmers. [Variable]*debugger-hook*This variable should hold either nil or a function of two arguments, a con-dition and the value of *debugger-hook*. This function may either handlethe condition (transfer control) or return normally (allowing the standarddebugger to run).Note that, to minimize recursive errors while debugging, *debugger-hook*is bound to nil when calling this function. When evaluating code typed in bythe user interactively, the hook function may want to bind *debugger-hook*to the function that was its second argument so that recursive errors can behandled using the same interactive facility.29.5. Prede�ned Condition Types[The proposal for the Common Lisp Condition System introduced a new no-tation for documenting types, treating them in the same syntactic manneras functions and variables. This notation is used in this section but is notreected throughout the entire book.|GLS]



994 COMMON LISPX3J13 voted in March 1989 h186i to integrate the Condition System andthe Object System. All condition types are CLOS classes and all conditionobjects are ordinary CLOS objects. [Type]restartThis is the data type used to represent a restart.The Common Lisp condition type hierarchy is illustrated in table 29-1.The types that are not leaves in the hierarchy (that is, condition, warning,storage-condition, error, arithmetic-error, control-error, and so on)are provided primarily for type inclusion purposes. Normally they would notbe directly instantiated.Implementations are permitted to support non-portable synonyms for thesetypes, as well as to introduce other types that are above, below, or betweenthe types shown in this tree as long as the indicated subtype relationships arenot violated.The types simple-condition, serious-condition, and warning are pair-wise disjoint. The type error is also disjoint from types simple-conditionand warning. [Type]conditionAll types of conditions, whether error or non-error, must inherit from thistype. [Type]warningAll types of warnings should inherit from this type. This is a subtype ofcondition. [Type]serious-conditionAll serious conditions (conditions serious enough to require interactive inter-vention if not handled) should inherit from this type. This is a subtype ofcondition.This condition type is provided primarily for terminological convenience.In fact, signaling a condition that inherits from serious-condition does notforce entry into the debugger. Rather, it is conventional to use error (orsomething built on error) to signal conditions that are of this type, and touse signal to signal conditions that are not of this type.



CONDITIONS 995Table 29-1: Condition Type Hierarchyconditionsimple-conditionserious-conditionerrorsimple-errorarithmetic-errordivision-by-zerofloating-point-overflowfloating-point-underflow...cell-errorunbound-variableundefined-function...control-errorfile-errorpackage-errorprogram-errorstream-errorend-of-file...type-errorsimple-type-error......storage-condition...warningsimple-warning...... [Type]errorAll types of error conditions inherit from this condition. This is a subtype ofserious-condition.The default condition type for signal and warn is simple-condition. Thedefault condition type for error and cerror is simple-error.



996 COMMON LISP [Type]simple-conditionConditions signaled by signal when given a format string as a �rst argumentare of this type. This is a subtype of condition. The initialization key-words :format-string and :format-arguments are supported to initializethe slots, which can be accessed using simple-condition-format-stringand simple-condition-format-arguments. If :format-arguments is notsupplied to make-condition, the format-arguments slot defaults to nil.[Type]simple-warningConditions signaled by warn when given a format string as a �rst argumentare of this type. This is a subtype of warning. The initialization key-words :format-string and :format-arguments are supported to initializethe slots, which can be accessed using simple-condition-format-stringand simple-condition-format-arguments. If :format-arguments is notsupplied to make-condition, the format-arguments slot defaults to nil.In implementations supporting multiple inheritance, this type will also bea subtype of simple-condition. [Type]simple-errorConditions signaled by error and cerror when given a format string as a �rstargument are of this type. This is a subtype of error. The initialization key-words :format-string and :format-arguments are supported to initializethe slots, which can be accessed using simple-condition-format-stringand simple-condition-format-arguments. If :format-arguments is notsupplied to make-condition, the format-arguments slot defaults to nil.In implementations supporting multiple inheritance, this type will also bea subtype of simple-condition. [Function]simple-condition-format-string conditionAccesses the format-string slot of a given condition, which must be oftype simple-condition, simple-warning, simple-error, or simple-type-error. [Function]simple-condition-format-arguments conditionAccesses the format-arguments slot of a given condition, which must be oftype simple-condition, simple-warning, simple-error, or simple-type-error.



CONDITIONS 997[Type]storage-conditionConditions that relate to storage overow should inherit from this type. Thisis a subtype of serious-condition. [Type]type-errorErrors in the transfer of data in a program should inherit from this type.This is a subtype of error. For example, conditions to be signaled by check-type should inherit from this type. The initialization keywords :datum and:expected-type are supported to initialize the slots, which can be accessedusing type-error-datum and type-error-expected-type. [Function]type-error-datum conditionAccesses the datum slot of a given condition, which must be of type type-error. [Function]type-error-expected-type conditionAccesses the expected-type slot of a given condition, which must be of typetype-error. Users of type-error conditions are expected to �ll this slotwith an object that is a valid Common Lisp type speci�er. [Type]simple-type-errorConditions signaled by facilities similar to check-type may want to usethis type. The initialization keywords :format-string and :format-arguments are supported to initialize the slots, which can be accessedusing simple-condition-format-string and simple-condition-format-arguments. If :format-arguments is not supplied to make-condition, theformat-arguments slot defaults to nil.In implementations supporting multiple inheritance, this type will also bea subtype of simple-condition. [Type]program-errorErrors relating to incorrect program syntax that are statically detectableshould inherit from this type (regardless of whether they are in fact staticallydetected). This is a subtype of error. This is not a subtype of control-error.



998 COMMON LISP [Type]control-errorErrors in the dynamic transfer of control in a program should inherit from thistype. This is a subtype of error. This is not a subtype of program-error.The errors that result from giving throw a tag that is not active or fromgiving go or return-from a tag that is no longer dynamically available arecontrol errors.On the other hand, the errors that result from naming a go tag or return-from tag that is not lexically apparent are not control errors. They are pro-gram errors. See program-error. [Type]package-errorErrors that occur during operations on packages should inherit from this type.This is a subtype of error. The initialization keyword :package is supportedto initialize the slot, which can be accessed using package-error-package.[Function]package-error-package conditionAccesses the package (or package name) that was being modi�ed or manipu-lated in a condition of type package-error. [Type]stream-errorErrors that occur during input from, output to, or closing a stream shouldinherit from this type. This is a subtype of error. The initialization key-word :stream is supported to initialize the slot, which can be accessed usingstream-error-stream. [Function]stream-error-stream conditionAccesses the o�ending stream of a condition of type stream-error. [Type]end-of-fileThe error that results when a read operation is done on a stream that has nomore tokens or characters should inherit from this type. This is a subtype ofstream-error.



CONDITIONS 999[Type]file-errorErrors that occur during an attempt to open a �le, or during some low-leveltransaction with a �le system, should inherit from this type. This is a subtypeof error. The initialization keyword :pathname is supported to initialize theslot, which can be accessed using file-error-pathname. [Function]file-error-pathname conditionAccesses the o�ending pathname of a condition of type file-error. [Type]cell-errorErrors that occur while accessing a location should inherit from this type.This is a subtype of error. The initialization keyword :name is supported toinitialize the slot, which can be accessed using cell-error-name. [Function]cell-error-name conditionAccesses the o�ending cell name of a condition of type cell-error. [Type]unbound-variableThe error that results from trying to access the value of an unbound variableshould inherit from this type. This is a subtype of cell-error. [Type]undefined-functionThe error that results from trying to access the value of an unde�ned functionshould inherit from this type. This is a subtype of cell-error.Remark: [Note: This remark was written well before the vote by X3J13 in June1988 h12i to add the Common Lisp Object System to the forthcoming draft standard(see chapter 28) and the vote to integrate the Condition System and the ObjectSystem. I have retained the remark here for reasons of historical interest.|GLS]Some readers may wonder why undefined-function is not de�ned to inherit fromsome condition such as control-error. The answer is that any such arrangementwould require the presence of multiple inheritance|a luxury we do not currentlyhave (without resorting to deftype, which we are currently avoiding). When theCommon Lisp Object System comes into being, we might want to consider issueslike this. Multiple inheritance makes a lot of things in a condition system muchmore exible to deal with.



1000 COMMON LISP [Type]arithmetic-errorErrors that occur while doing arithmetic type operations should inherit fromthis type. This is a subtype of error. The initialization keywords :operationand :operands are supported to initialize the slots, which can be accessedusing arithmetic-error-operation and arithmetic-error-operands.[Function]arithmetic-error-operation conditionAccesses the o�ending operation of a condition of type arithmetic-error.[Function]arithmetic-error-operands conditionAccesses a list of the o�ending operands in a condition of type arithmetic-error. [Type]division-by-zeroErrors that occur because of division by zero should inherit from this type.This is a subtype of arithmetic-error. [Type]floating-point-overflowErrors that occur because of oating-point overow should inherit from thistype. This is a subtype of arithmetic-error. [Type]floating-point-underflowErrors that occur because of oating-point underow should inherit from thistype. This is a subtype of arithmetic-error.



Appendix ASeriesBY RICHARD C. WATERSpreface: A series is a data structure much like a sequence, with similarkinds of operations. The di�erence is that in many situations, operations onseries may be composed functionally and yet execute iteratively, without theneed to construct intermediate series values explicitly. In this manner, seriesprovide both the clarity of a functional programming style and the e�ciencyof an iterative programming style.The remainder of this chapter consists of a description by Richard C. Watersof his work on an existing implementation of series. This is the culminationof many years of design and use of this approach, during which some 100,000lines of application code have been written (by about half a dozen peopleover the course of seven years) using the series facility in nearly all iterationsituations. This includes one large system (KBEmacs) of over 40,000 lines ofcode.I have edited the chapter only very lightly to conform to the overall styleof this book. Please see the Preface to this book for more information aboutthe genesis of the series approach and its relationship to the work of X3J13.|Guy L. Steele Jr.A.1. IntroductionSeries combine aspects of sequences, streams, and loops. Like sequences, seriesrepresent totally ordered multi-sets. In addition, the series functions havethe same avor as the sequence functions|namely, they operate on wholeseries, rather than extracting elements to be processed by other functions.For instance, the series expression below computes the sum of the positiveelements in a list.(collect-sum (choose-if #--'plusp (scan '(1 -2 3 -4)))) ) 4 1001



1002 COMMON LISPLike streams, series can represent unbounded sets of elements and are sup-ported by lazy evaluation: each element of a series is not computed until it isneeded. For instance, the series expression below returns a list of the �rst �veeven natural numbers and their sum. The call on scan-range returns a seriesof all the even natural numbers. However, since no elements beyond the �rst�ve are ever used, no elements beyond the �rst �ve are ever computed.(let ((x (subseries (scan-range :from 0 :by 2) 0 5)))(values (collect x) (collect-sum x)))) (0 2 4 6 8) and 20Like sequences and unlike streams, a series is not altered when its elementsare accessed. For instance, both users of x above receive the same elements.A totally ordered multi-set of elements can be represented in a loop by thesuccessive values of a variable. This is extremely e�cient, because it avoidsthe need to store the elements as a group in any kind of data structure. Inmost situations, series expressions achieve this same high level of e�ciency,because they are automatically transformed into loops before being evaluatedor compiled. For instance, the �rst expression above is transformed into aloop like the following.(let ((sum 0))(dolist (i '(1 -2 3 -4) sum)(when (plusp i) (setq sum (+ sum i))))) ) 4A wide variety of algorithms can be expressed clearly and succinctly withseries expressions. In particular, at least 90 percent of the loops programmerstypically write can be replaced by series expressions that are much easier tounderstand and modify, and just as e�cient. From this perspective, the keyfeature of series is that they are supported by a rich set of functions. Thesefunctions more or less correspond to the union of the operations provided bythe sequence functions, the loop clauses, and the vector operations of APL.Some series expressions cannot be transformed into loops. This is unfortu-nate, because while transformable series expressions are much more e�cientthan equivalent expressions involving sequences or streams, non-transformableseries expressions are much less e�cient. Whenever a problem comes up thatblocks the transformation of a series expression, a warning message is issued.On the basis of information in the message, it is usually easy to provide ane�cient �x for the problem (see section A.3).Fortunately, most series expressions can be transformed into loops. In par-ticular, pure expressions (ones that do not store series in variables) can always



SERIES 1003be transformed. As a result, the best approach for programmers to take issimply to write series expressions without worrying about transformability.When problems come up, they can be ignored (since they cannot lead to thecomputation of incorrect results) or dealt with on an individual basis.Implementation note: The series functions and the theory underlying them aredescribed in greater detail in [52, 53]. These reports also discuss the algorithmsrequired to transform series expressions into loops and explain how to obtain aportable implementation.A.2. Series FunctionsThroughout this chapter the notation Sj is used to denote the j th element ofthe series S. As in a list or vector, the �rst element of a series has the subscriptzero.The #-- macro character syntax #--Zlist denotes a series that contains theelements of list. This syntax is also used when series are printed.(choose-if #--'symbolp #--Z(a 2 b)) ) #--Z(a b)Series are self-evaluating objects and the series data type is disjoint from allother types. [Type speci�er ]series element-typeThe type speci�er (series element-type) denotes the set of series whoseelements are all members of the type element-type. [Function]series arg &rest argsThe function series returns an unbounded series that endlessly repeats thevalues of the arguments. The second example below shows the preferredmethod for constructing a bounded series.(series 'b 'c) ) #--Z(b c b c b c ...)(scan (list 'a 'b 'c)) ) #--Z(a b c)



1004 COMMON LISPA.2.1. ScannersScanners create series outputs based on non-series inputs. Either they operatebased on some formula (for example, scanning a range of integers) or theyenumerate the elements in an aggregate data structure (for example, scanningthe elements in a list or array). [Function]scan-range &key (:start 0) (:by 1) (:type 'number):upto :below :downto :above :lengthThe function scan-range returns a series of numbers starting with the :startargument (default integer 0) and counting up by the :by argument (defaultinteger 1). The :type argument (default number) is a type speci�er indicatingthe type of numbers in the series produced. The :type argument must be a(not necessarily proper) subtype of number. The :start and :by argumentsmust be of that type.One of the last �ve arguments may be used to specify the kind of end testto be used; these are called termination arguments. If :upto is speci�ed,counting continues only so long as the numbers generated are less than orequal to :upto. If :below is speci�ed, counting continues only so long as thenumbers generated are less than :below. If :downto is speci�ed, countingcontinues only so long as the numbers generated are greater than or equalto :downto. If :above is speci�ed, counting continues only so long as thenumbers generated are greater than :above. If :length is speci�ed, it mustbe a non-negative integer and the output series has this length.If none of the termination arguments are speci�ed, the output has un-bounded length. If more than one termination argument is speci�ed, it is anerror.(scan-range :upto 4) ) #--Z(0 1 2 3 4)(scan-range :from 1 :by -1 :above -4) ) #--Z(1 0 -1 -2 -3)(scan-range :from .5 :by .1 :type 'float) ) #--Z(.5 .6 .7 ...)(scan-range) ) #--Z(0 1 2 3 4 5 6 ...) [Function]scan sequence [Function]scan type sequencescan returns a series containing the elements of sequence in order. The typeargument is a type speci�er indicating the type of sequence to be scanned; itmust be a (not necessarily proper) subtype of sequence. If type is omitted, itdefaults to list. (This function exhibits an argument pattern that is unusual



SERIES 1005for Common Lisp: an \optional" argument preceding a required argument.This pattern cannot be expressed in the usual manner with &optional. It isindicated above by two de�nition lines, showing the two possible argumentpatterns.)If the sequence is a list, it must be a proper list ending in nil. Scanningis signi�cantly more e�cient if it can be determined at compile time whethertype is a subtype of list or vector and for vectors what the length of thevector is.(scan '(a b c)) ) #--Z(a b c)(scan 'string "BAR") ) #--Z(#--\B #--\A #--\R) [Function]scan-sublists listscan-sublists returns a series containing the successive sublists of list. Thelist must be a proper list ending in nil.(scan-sublists '(a b c)) ) #--Z((a b c) (b c) (c)) [Function]scan-multiple type �rst-sequence &rest more-sequencesSeveral sequences can be scanned at once by using several calls on scan.Each call on scan will test to see when its sequence runs out of elements andexecution will stop as soon as any of the sequences are exhausted. Althoughvery robust, this approach to scanning can be ine�cient. In situations whereit is known in advance which sequence is the shortest, scan-multiple can beused to obtain the same results more rapidly.scan-multiple is similar to scan except that several sequences can bescanned at once. If there are n sequence inputs, scan-multiple returns nseries containing the elements of these sequences. It must be the case thatnone of the sequence inputs is shorter than the �rst sequence. All of the outputseries are the same length as the �rst input sequence. Extra elements in theother input sequences are ignored. Using scan-multiple is more e�cientthan using multiple instances of scan, because scan-multiple only has tocheck for the �rst input running out of elements.If type is of the form (values t1 : : : txm), then there must be m sequenceinputs and the ith sequence must have type ti. Otherwise there can be anynumber of sequence inputs, each of which must have type type.



1006 COMMON LISP(multiple-value-bind (data weights)(scan-multiple 'list '(1 6 3 2 8) '(2 3 3 3 2))(collect (map-fn t #--'* data weights)))) (2 18 9 6 16) [Function]scan-lists-of-lists lists-of-lists &optional leaf-test [Function]scan-lists-of-lists-fringe lists-of-lists &optionalleaf-testThe argument lists-of-lists is viewed as a tree where each internal node is anon-empty list and the elements of the list are the children of the node. scan-lists-of-lists and scan-lists-of-lists-fringe each scan lists-of-lists inpreorder and return a series of its nodes. scan-lists-of-lists returns everynode in the tree. scan-lists-of-lists-fringe returns only the leaf nodes.The scan proceeds as follows. The argument lists-of-lists can be any Lispobject. If lists-of-lists is an atom or satis�es the predicate leaf-test (if present),it is a leaf node. (The predicate can count on being applied only to conses.)Otherwise, lists-of-lists is a (not necessarily proper) list. The �rst element oflists-of-lists is recursively scanned in full, followed by the second and so onuntil a non-cons cdr is encountered. Whether or not this �nal cdr is nil, it isignored.(scan-lists-of-lists '((2) (nil)))) #--Z(((2) (nil)) (2) 2 (nil) nil)(scan-lists-of-lists-fringe '((2) (nil))) ) #--Z(2 nil)(scan-lists-of-lists-fringe '((2) (nil))#--'(lambda (e) (numberp (car e))))) #--Z((2) nil) [Function]scan-alist a-list &optional (test #--'eql) [Function]scan-plist plist [Function]scan-hash tableWhen given an association list, a property list, or a hash table (respectively),each of these functions produces two outputs: a series of keys K and a series ofthe corresponding values V. Each key in the input appears exactly once in theoutput, even if it appears more than once in the input. (The test argumentof scan-alist speci�es the equality test between keys; it defaults to eql.)The two outputs have the same length. Each Vj is the value returned by theappropriate accessing function (cdr of assoc, getf, or gethash, respectively)when given Kj. scan-alist and scan-plist scan keys in the order they



SERIES 1007appear in the underlying structure. scan-hash scans keys in no particularorder.(scan-plist '(a 1 b 3)) ) #--Z(a b) and #--Z(1 3)(scan-alist '((a . 1) nil (a . 3) (b . 2)))) #--Z(a b) and #--Z(1 2) [Function]scan-symbols &optional (package *package*)scan-symbols returns a series, in no particular order, and possibly containingduplicates, of the symbols accessible in package (which defaults to the currentpackage). [Function]scan-file �le-name &optional (reader #--'read)scan-file opens the �le named by the string �le-name and applies the func-tion reader to it repeatedly until the end of the �le is reached. Readermust ac-cept the standard input function arguments input-stream, eof-error-p, and eof-value as its arguments. (For instance, reader can be read, read-preserving-white-space, read-line, or read-char.) If omitted, reader defaults to read.scan-file returns a series of the values returned by reader, up to but notincluding the value returned when the end of the �le is reached. The �le iscorrectly closed, even if an abort occurs. [Function]scan-fn type init step &optional testThe higher-order function scan-fn supports the general concept of scanning.The type argument is a type speci�er indicating the type of values returnedby init and step. The values type speci�er can be used for this argumentto indicate multiple types; however, type cannot indicate zero values. If typeindicates m types t1; : : : ; tm, then scan-fn returns m series T1, : : : , Tm,where Ti has the type (series ti). The arguments init, step, and test arefunctions.The init must be of type (function () (values t1 ... tm)).The step must be of type (function (t1 ... tm) (values t1 ... tm)).The test (if present) must be of type (function (t1 ... tm) t).The elements of the Ti are computed as follows:(values T10 ... Tm0) UU (funcall init)(values T1j ... Tmj) UU (funcall step T1(j�1) ... Tm(j�1))



1008 COMMON LISPThe outputs all have the same length. If there is no test, the outputs haveunbounded length. If there is a test, the outputs consist of the elements up to,but not including, the �rst elements (with index j, say) for which the followingtermination test is not nil.(funcall test T1j ... Tmj)It is guaranteed that step will not be applied to the elements that pass thistermination test.If init, step, or test has side e�ects when invoked, it can count on beingcalled in the order indicated by the equations above, with test called justbefore step on each cycle. However, given the lazy evaluation nature of series,these functions will not be called until their outputs are actually used (ifever). In addition, no assumptions can be made about the relative order ofevaluation of these calls with regard to execution in other parts of a givenseries expression. The �rst example below scans down a list stepping twoelements at a time. The second example generates two unbounded series: theintegers counting up from 1 and the sequence of partial sums of the �rst iintegers.(scan-fn t #--'(lambda () '(a b c d)) #--'cddr #--'null)) #--Z((a b c d) (c d))(scan-fn '(values integer integer)#--'(lambda () (values 1 0))#--'(lambda (i sum) (values (+ i 1) (+ sum i))))) #--Z(1 2 3 4 ...) and #--Z(0 1 3 6 ...) [Function]scan-fn-inclusive type init step testThe higher-order function scan-fn-inclusive is the same as scan-fn exceptthat the �rst set of elements for which test returns a non-null value is includedin the output. As with scan-fn, it is guaranteed that step will not be appliedto the elements for which test is non-null.A.2.2. MappingBy far the most common kind of series operation is mapping. In cognizanceof this fact, four di�erent ways are provided for specifying mapping: one fun-damental form (map-fn) and three shorthand forms that are more convenientin particular common situations.



SERIES 1009[Function]map-fn type function &rest series-inputsThe higher-order function map-fn supports the general concept of mapping.The type argument is a type speci�er indicating the type of values returnedby function. The values construct can be used to indicate multiple types;however, type cannot indicate zero values. If type indicates m types t1; : : : ; tm,then map-fn returns m series T1, : : : , Tm, where Ti has the type (series ti).The argument function is a function. The remaining arguments (if any) areall series. Let these series be S1, : : : , Sn and suppose that Si has the type(series si).The function must be of type(function (s1 ... sn) (values t1 ... tm))The length of each output is the same as the length of the shortest input. Ifthere are no bounded series inputs, the outputs are unbounded. The elementsof the Ti are the results of applying function to the corresponding elementsof the series inputs.(values T1j ... Tmj) � (funcall function S1j ... Snj)If function has side e�ects, it can count on being called �rst on the Si0, thenon the Si1, and so on. However, given the lazy evaluation nature of series,function will not be called on any group of input elements until the result isactually used (if ever). In addition, no assumptions can be made about therelative order of evaluation of the calls on function with regard to executionin other parts of a given series expression.(map-fn 'integer #--'+ #--Z(1 2 3) #--Z(4 5)) ) #--Z(5 7)(map-fn t #--'gensym) ) #--Z(#--:G3 #--:G4 #--:G5 ...)(map-fn '(values integer rational) #--'floor #--Z(1/4 9/5 12/3))) #--Z(0 1 4) and #--Z(1/4 4/5 0)The #-- macro character syntax #--M makes it easy to specify uses of map-fn where type is t and the function is a named function. The notation(#--Mfunction ...) is an abbreviation for (map-fn t #--'function ...). Theform function can be the printed representation of any Lisp object. The no-tation #--Mfunction can appear only in the function position of a list.(collect (#--M1+ (scan '(1 2 3)))) ) (2 3 4)



1010 COMMON LISP [Macro]mapping ( f( fvar j ( fvarg� )g value)g� ) fdeclarationg� f formg�The macro mapping makes it easy to specify uses of map-fn where type is tand the function is a literal lambda. The syntax of mapping is analogous tothat of let. The binding list speci�es zero or more variables that are boundin parallel to successive values of series. The value part of each pair is anexpression that must produce a series. The declarations and forms are treatedas the body of a lambda expression that is mapped over the series values. Aseries of the �rst values returned by this lambda expression is returned as theresult of mapping.(mapping ((x r) (y s)) ...) �(map-fn t #--'(lambda (x y) ...) r s)(mapping ((x (scan '(2 -2 3))))(expt (abs x) 3))) #--Z(8 8 27)The form mapping supports a special syntax that facilitates the use of seriesfunctions returning multiple values. Instead of being a single variable, thevariable part of a var-value pair can be a list of variables. This list is treatedthe same way as the �rst argument to multiple-value-bind and can be usedto access the elements of multiple series returned by a series function.(mapping (((i v) (scan-plist '(a 1 b 2))))(list i v))) #--Z((a 1) (b 2)) [Macro]iterate ( f( fvar j ( fvarg� )g value)g� ) fdeclarationg� f formg�The form iterate is the same as mapping, except that after mapping theforms over the values, the results are discarded and nil is returned.(let ((item (scan '((1) (-2) (3)))))(iterate ((x (#--Mcar item)))(if (plusp x) (prin1 x))))) nil (after printing \13")To a �rst approximation, iterate and mapping di�er in the same wayas mapc and mapcar. In particular, like mapc, iterate is intended to beused in situations where the forms are being evaluated for side e�ects ratherthan for their results. However, given the lazy evaluation semantics of series,



SERIES 1011the di�erence between iterate and mapping is more than just a question ofe�ciency.If mapcar is used in a situation where the output is not used, time is wastedunnecessarily creating the output list. However, if mapping is used in a sit-uation where the output is not used, no computation is performed, becauseseries elements are not computed until they are used. Thus iterate can bethought of as a declaration that the indicated computation is to be performedeven though the output is not used for anything.A.2.3. Truncation and Other Simple TransducersTransducers compute series from series and form the heart of most seriesexpressions. Mapping is by far the most common transducer. This sectionpresents a number of additional simple transducers. [Function]cotruncate &rest series-inputs [Function]until bools &rest series-inputs [Function]until-if pred &rest series-inputsEach of these functions accepts one or more series inputs S1, : : : , Sn as its&rest argument and returns n series outputs T1, : : : , Tn that contain thesame elements in the same order|that is, Tij=Sij. Let k be the length ofthe shortest input Si. cotruncate truncates the series so that each outputhas length k . Let k 0 be the position of the �rst element in the boolean seriesbools that is not nil or, if every element is nil, the length of bools. untiltruncates the series so that each output has length (min k k'). Let itk00 bethe position of the �rst element in S1 such that (pred S1k'') is not nil or,if there is no such element, the length of S1. until-if truncates the series sothat each output has length (min k k'').(cotruncate #--Z(1 2 -3 4) #--Z(a b c))) #--Z(1 2 -3) and #--Z(a b c)(until #--Z(nil nil t nil) #--Z(1 2 -3 4) #--Z(a b c))) #--Z(1 2) and #--Z(a b)(until-if #--'minusp #--Z(1 2 -3 4) #--Z(a b c))) #--Z(1 2) and #--Z(a b) [Function]previous items &optional (default nil) (amount 1)The series returned by previous is the same as the input series items exceptthat it is shifted to the right by the positive integer amount. The shifting is



1012 COMMON LISPdone by inserting amount copies of default before items and discarding amountelements from the end of items.(previous #--Z(10 11 12) 0) ) #--Z(0 10 11) [Function]latch items &key :after :before :pre :postThe series returned by latch is the same as the input series items exceptthat some of the elements are replaced by other values. latch acts like alatch electronic circuit component. Each input element causes the creation ofa corresponding output element. After a speci�ed number of non-null inputelements have been encountered, the latch is triggered and the output modeis permanently changed.The :after and :before arguments specify the latch point. The latchpoint is just after the :after-th non-null element in items or just before the:before-th non-null element. If neither :after nor :before is speci�ed, an:after of 1 is assumed. If both are speci�ed, it is an error.If a :pre is speci�ed, every element prior to the latch point is replacedby this value. If a :post is speci�ed, every element after the latch point isreplaced by this value. If neither is speci�ed, a :post of nil is assumed.(latch #--Z(nil c nil d e)) ) #--Z(nil c nil nil nil)(latch #--Z(nil c nil d e) :before 2 :post t) ) #--Z(nil c nil t t)[Function]collecting-fn type init function &rest series-inputsThe higher-order function collecting-fn supports the general concept of asimple transducer with internal state. The type argument is a type speci�erindicating the type of values returned by function. The values construct canbe used to indicate multiple types; however, type cannot indicate zero values.If type indicates m types t1; : : : ; tm, then collecting-fn returns m seriesT1, : : : , Tm, where Ti has the type (series ti). The arguments init andfunction are functions. The remaining arguments (if any) are all series. Letthese series be S1, : : : , Sn and suppose that Si has the type (series si).The init must be of type (function () (values t1 ... tm)).The function must be of type(function (t1 ... tm s1 ... sn) (values t1 ... tm))The length of each output is the same as the length of the shortest input. Ifthere are no bounded series inputs, the outputs are unbounded. The elementsof the Ti are computed as follows:



SERIES 1013(values T10 ... Tm0) �(multiple-value-call function (funcall init) S10 ... Sn0)(values T1j ... Tmj) �(funcall function T1(j�1) ... Tm(j�1) S1j ... Snj)If init or function has side e�ects, it can count on being called in the orderindicated by the equations above. However, given the lazy evaluation natureof series, these functions will not be called until their outputs are actuallyused (if ever). In addition, no assumptions can be made about the relativeorder of evaluation of these calls with regard to execution in other parts ofa given series expression. The second example below computes a series ofpartial sums of the numbers in an input series. The third example computestwo output series: the partial sums of its �rst input and the partial productsof its second input.(defun running-averages (float-list)(multiple-value-call #--'map-fn'float #--'/(collecting-fn '(values float integer)#--'(lambda () (values 0.0 0)#--'(lambda (s n x) (values (+ s x) (+ n 1))))float-list)))(collecting-fn 'integer #--'(lambda () 0) #--'+ #--Z(1 2 3))) #--Z(1 3 6)(collecting-fn '(values integer integer)#--'(lambda () (values 0 1))#--'(lambda (sum prod x y)(values (+ sum x) (* prod y)))#--Z(4 6 8)#--Z(1 2 3))) #--Z(4 10 18) and #--Z(1 2 6)A.2.4. Conditional and Other Complex TransducersThis section presents a number of complex transducers, including ones thatsupport conditional computation.



1014 COMMON LISP [Function]choose bools &optional (items bools) [Function]choose-if pred itemsEach of these functions takes in a series of elements (items) and returns aseries containing the same elements in the same order, but with some elementsremoved. choose removes itemsj if boolsj is nil or j is beyond the end of bools.If items is omitted, choose returns the non-null elements of bools. choose-ifremoves itemsj if (pred itemsj) is nil.(choose #--Z(t nil t nil) #--Z(a b c d)) ) #--Z(a c)(collect-sum (choose-if #--'plusp #--Z(-1 2 -3 4))) ) 6 [Function]expand bools items &optional (default nil)expand is a quasi-inverse of choose. The output contains the elements ofthe input series items spread out into the positions speci�ed by the non-nullelements in bools|that is, itemsj is in the position occupied by the j th non-null element in bools. The other positions in the output are occupied bydefault. The output stops as soon as bools runs out of elements or a non-nullelement in bools is encountered for which there is no corresponding elementin items.(expand #--Z(nil t nil t t) #--Z(a b c)) ) #--Z(nil a nil b c)(expand #--Z(nil t nil t t) #--Z(a)) ) #--Z(nil a nil) [Function]split items &rest test-series-inputs [Function]split-if items &rest test-predicatesThese functions are like choose and choose-if except that instead of pro-ducing one restricted output, they partition the input series items betweenseveral outputs. If there are n test inputs following items, then there aren + 1 outputs. Each input element is placed in exactly one output series,depending on the outcome of a sequence of tests. If the element itemsj failsthe �rst k � 1 tests and passes the kh test, it is put in the kth output. Ifitemsj fails every test, it is placed in the last output. In addition, all outputstops as soon as any series input runs out of elements. The test inputs tosplit are series of values; itemsj passes the kth test if the j th element of thekth test series is not nil. The test inputs to split-if are predicates; itemsjpasses the kth test if the kth test predicate returns non-null when applied toitemsj.



SERIES 1015(split #--Z(-1 2 3 -4) #--Z(t nil nil t))) #--Z(-1 -4) and #--Z(2 3)(multiple-value-bind (+x -x) (split-if #--Z(-1 2 3 -4) #--'plusp)(values (collect-sum +x) (collect-sum -x)))) 5 and -5 [Function]catenate &rest series-inputscatenate combines two or more series into one long series by appending themend to end. The length of the output is the sum of the lengths of the inputs.(catenate #--Z(b c) #--Z() #--Z(d)) ) #--Z(b c d) [Function]subseries items start &optional belowsubseries returns a series containing the elements of the input series itemsindexed by the non-negative integers from start up to, but not including,below. If below is omitted or greater than the length of items, the output goesall the way to the end of items.(subseries #--Z(a b c d) 1) ) #--Z(b c d)(subseries #--Z(a b c d) 1 3) ) #--Z(b c) [Function]positions boolspositions returns a series of the indices of the non-null elements in the seriesinput bools.(positions #--Z(t nil t 44)) ) #--Z(0 2 3) [Function]mask monotonic-indicesmask is a quasi-inverse of positions. The series inputmonotonic-indices mustbe a strictly increasing series of non-negative integers. The output, which isalways unbounded, contains t in the positions speci�ed by monotonic-indicesand nil everywhere else.(mask #--Z(0 2 3)) ) #--Z(t nil t t nil nil ...)(mask #--Z()) ) #--Z(nil nil ...)(mask (positions #--Z(nil a nil b nil)))) #--Z(nil t nil t nil ...)



1016 COMMON LISP [Function]mingle items1 items2 comparatorThe series returned by mingle contains all and only the elements of the twoinput series. The length of the output is the sum of the lengths of the inputsand is unbounded if either input is unbounded. The order of the elementsremains unchanged; however, the elements from the two inputs are stablyintermixed under the control of the comparator.The comparator must accept two arguments and return non-null if andonly if its �rst argument is strictly less than its second argument (in someappropriate sense). At each step, the comparator is used to compare thecurrent elements in the two series. If the current element from items2 isstrictly less than the current element from items1, the current element isremoved from items2 and transferred to the output. Otherwise, the nextoutput element comes from items1.(mingle #--Z(1 3 7 9) #--Z(4 5 8) #--'<) ) #--Z(1 3 4 5 7 8 9)(mingle #--Z(1 7 3 9) #--Z(4 5 8) #--'<) ) #--Z(1 4 5 7 3 8 9) [Function]chunk m n itemsThis function has the e�ect of breaking up the input series items into (possiblyoverlapping) chunks of length m. The starting positions of successive chunksdi�er by n. The inputs m and n must both be positive integers.chunk produces m output series. The ith chunk provides the ith elementfor each of the m outputs. Suppose that the length of items is l. The lengthof each output is b1 + (l �m)=nc. The ith element of the kth output is the(i � n + k)th element of items (i and k counting from zero).Note that if l < m, there will be no output elements, and if l � m is nota multiple of n, the last few input elements will not appear in the output. Ifm � n, one can guarantee that the last chunk will contain the last element ofitems by catenating n � 1 copies of an appropriate padding value to the endof items.The �rst example below shows chunk being used to compute a movingaverage. The second example shows chunk being used to convert a propertylist into an association list.(mapping (((xi xi+1 xi+2) (chunk 3 1 #--Z(1 5 3 4 5 6))))(/ (+ xi xi+1 xi+2) 3))) #--Z(3 4 4 5)



SERIES 1017(collect(mapping (((prop val) (chunk 2 2 (scan '(a 2 b 5 c 8)))))(cons prop val)))) ((a . 2) (b . 5) (c . 8))A.2.5. CollectorsCollectors produce non-series outputs based on series inputs. They eithercreate a summary value based on some formula (the sum, for example) orcollect the elements of a series in an aggregate data structure (such as a list).[Function]collect-first items &optional (default nil) [Function]collect-last items &optional (default nil) [Function]collect-nth n items &optional (default nil)Given a series items, these functions return the �rst element, the last ele-ment, and the nth element, respectively. If items has no elements (or no nthelement), default is returned. If default is not speci�ed, then nil is used fordefault.(collect-first #--Z() 'z) ) z(collect-last #--Z(a b c)) ) c(collect-nth 1 #--Z(a b c)) ) b [Function]collect-length itemscollect-length returns the number of elements in a series.(collect-length #--Z(a b c)) ) 3 [Function]collect-sum numbers &optional (type 'number)collect-sum returns the sum of the elements in a series of numbers. Thetype is a type speci�er that indicates the type of sum to be created. If typeis not speci�ed, then number is used for the type. If there are no elements inthe input, a zero (of the appropriate type) is returned.(collect-sum #--Z(1.1 1.2 1.3)) ) 3.6(collect-sum #--Z() 'complex) ) #--C(0 0)



1018 COMMON LISP [Function]collect-max numbers [Function]collect-min numbersGiven a series of non-complex numbers, these functions compute the maxi-mumelement and the minimumelement, respectively. If there are no elementsin the input, nil is returned.(collect-max #--Z(2 1 4 3)) ) 4(collect-min #--Z(1.2 1.1 1.4 1.3)) ) 1.1(collect-min #--Z()) ) nil [Function]collect-and boolscollect-and returns the and of the elements in a series. As with the macroand, nil is returned if any element of bools is nil. Otherwise, the last elementof bools is returned. The value t is returned if there are no elements in bools.(collect-and #--Z(a b c)) ) c(collect-and #--Z(a nil c)) ) nil [Function]collect-or boolscollect-or returns the or of the elements in a series. As with the macro or,nil is returned if every element of bools is nil. Otherwise, the �rst non-nullelement of bools is returned. The value nil is returned if there are no elementsin bools.(collect-or #--Z(nil b c)) ) b(collect-or #--Z()) ) nil [Function]collect items [Function]collect type itemscollect returns a sequence containing the elements of the series items. Thetype is a type speci�er indicating the type of sequence to be created. It must beeither a proper subtype of sequence or the symbol bag. If type is omitted, itdefaults to list. (This function exhibits an argument pattern that is unusualfor Common Lisp: an \optional" argument preceding a required argument.This pattern cannot be expressed in the usual manner with &optional. It isindicated above by two de�nition lines, showing the two possible argumentpatterns.)



SERIES 1019If the type is bag, a list is created with the elements in whatever ordercan be most e�ciently obtained. Otherwise, the order of the elements in thesequence is the same as the order in items. If type speci�es a length (that is,of a vector) this length must be greater than or equal to the length of items.The nth element of items is placed in the nth slot of the sequence produced.Any unneeded slots are left in their initial state. Collecting is signi�cantlymore e�cient if it can be determined at compile time whether type is a subtypeof list or vector and for vectors what the length of the vector is.(collect #--Z(a b c)) ) (a b c)(collect 'bag #--Z(a b c)) ) (c a b) or (b a c) or : : :(collect '(vector integer 3) #--Z(1 2 3)) ) #--(1 2 3) [Function]collect-append sequences [Function]collect-append type sequencesGiven a series of sequences, collect-append returns a new sequence by con-catenating these sequences together in order. The type is a type speci�erindicating the type of sequence created and must be a proper subtype ofsequence. If type is omitted, it defaults to list. (This function exhibits anargument pattern that is unusual for Common Lisp: an \optional" argumentpreceding a required argument. This pattern cannot be expressed in the usualmanner with &optional. It is indicated above by two de�nition lines, showingthe two possible argument patterns.)It must be possible for every element of every sequence in the input seriesto be an element of a sequence of type type. The result does not share anystructure with the sequences in the input.(collect-append #--Z((a b) nil (c d))) ) (a b c d)(collect-append 'string #--Z("a " "big " "cat")) ) "a big cat"[Function]collect-nconc listscollect-nconc nconcs the elements of the series lists together in order andreturns the result. This is the same as collect-append except that the inputmust be a series of lists, the output is always a list, the concatenation isdone rapidly by destructively modifying the input elements, and therefore theoutput shares all of its structure with the input elements.



1020 COMMON LISP [Function]collect-alist keys values [Function]collect-plist keys values [Function]collect-hash keys values &key :test :size :rehash-size:rehash-thresholdGiven a series of keys and a series of corresponding values, these functionsreturn an association list, a property list, and a hash table, respectively. Fol-lowing the order of the input, each keysj-valuesj pair is entered into the outputso that it overrides all earlier associations. If one of the input series is longerthan the other, the extra elements are ignored. The keyword arguments ofcollect-hash specify attributes of the hash table produced and have thesame meanings as the arguments to make-hash-table.(collect-alist #--Z(a b c) #--Z(1 2)) ) ((b . 2) (a . 1))(collect-plist #--Z(a b c) #--Z(1 2)) ) (b 2 a 1)(collect-hash #--Z() #--Z(1 2) :test #--'eq) ) han empty hash tablei[Function]collect-file �le-name items &optional (printer #--'print)This creates a �le named �le-name and writes the elements of the series itemsinto it using the function printer. Printer must accept two inputs: an objectand an output stream. (For instance, printer can be print, prin1, princ,pprint, write-char, write-string, or write-line.) If omitted, printerdefaults to print. The value t is returned. The �le is correctly closed, evenif an abort occurs. [Function]collect-fn type init function &rest series-inputsThe higher-order function collect-fn supports the general concept of col-lecting. It is identical to collecting-fn except that it returns only the lastelement of each series computed. If there are no elements in these series, thevalues returned by init are passed on directly as the output of collect-fn.(collect-fn 'integer #--'(lambda () 0) #--'+ #--Z(1 2 3)) ) 6(collect-fn 'integer #--'(lambda () 0) #--'+ #--Z()) ) 0(collect-fn 'integer #--'(lambda () 1) #--'* #--Z(1 2 3 4 5)) ) 120A.2.6. Alteration of SeriesSeries that come from scanning data structures such as lists and vectors areclosely linked to these structures. The function alter can be used to modify



SERIES 1021the underlying data structure with reference to the series derived from it.(Conversely, it is possible to modify a series by destructively modifying thedata structure it is derived from. However, given the lazy evaluation natureof series, the e�ects of such modi�cations can be very hard to predict. As aresult, this kind of modi�cation is inadvisable.) [Function]alter destinations itemsalter changes the series destinations so that it contains the elements in theseries items. More importantly, in the manner of setf, the data structurethat underlies destinations is changed so that if the series destinations wereto be regenerated, the new values would be obtained. The alteration processstops as soon as either input runs out of elements. The value nil is alwaysreturned. In the example below each negative element in a list is replacedwith its square.(let* ((data (list 1 -2 3 4 -5 6))(x (choose-if #--'minusp (scan data))))(alter x (#--M* x x))data)) (1 4 3 4 25 6)alter can be applied only to series that are alterable. scan, scan-alist,scan-multiple, scan-plist, and scan-lists-of-lists-fringe producealterable series. However, the alterability of the output of scan-lists-of-lists-fringe is incomplete. If scan-lists-of-lists-fringe is applied toan object that is a leaf, altering the output series does not change the object.In general, the output of a transducer is alterable as long as the elements ofthe output come directly from the elements of an input that is alterable. Inparticular, the outputs of choose, choose-if, split, split-if, cotruncate,until, until-if, and subseries are alterable as long as the correspondinginputs are alterable. [Function]to-alter items alter-fn &rest argsGiven a series items, to-alter returns an alterable series A containing thesame elements. The argument alter-fn is a function. The remaining argumentsare all series. Let these series be S1, : : : , Sn. If there are n argumentsafter alter-fn, alter-fn must accept n + 1 inputs. If (alter A B) is laterencountered, the expression (map-fn t alter-fn B S1 ... Sn) is implicitly



1022 COMMON LISPevaluated. For each element in B, alter-fn should make appropriate changesin the data structure underlying A.As an example, consider the following de�nition of a series function thatscans the elements of a list. Alteration is performed by changing cons cells inthe list being scanned.(defun scan-list (list)(declare (optimizable-series-function))(let ((sublists (scan-sublists list)))(to-alter (#--Mcar sublists)#--'(lambda (new parent) (setf (car parent) new))sublists)))A.3. OptimizationSeries expressions are transformed into loops by pipelining them|the com-putation is converted from a form where entire series are computed one afterthe other to a form where the series are incrementally computed in parallel.In the resulting loop, each individual element is computed just once, used,and then discarded before the next element is computed. For this pipeliningto be possible, a number of restrictions have to be satis�ed. Before theserestrictions are explained, it will be useful to consider a related issue.The composition of two series functions cannot be pipelined unless the des-tination function consumes series elements in the same order that the sourcefunction produces them. Taken together, the series functions guarantee thatthis will always be true, because they all follow the same �xed processing or-der. In particular, they are all preorder functions|they process the elementsof their series inputs and outputs in ascending order starting with the �rstelement. Further, while it is easy for users to de�ne new series functions, it isimpossible to de�ne one that is not a preorder function.It turns out that most series operations can easily be implemented in apreorder fashion, the most notable exceptions being reversal and sorting. Asa result, little is lost by outlawing non-preorder series functions. If some non-preorder operation has to be applied to a series, the series can be collected intoa list or vector and the operation applied to this new data structure. (This isine�cient, but no less e�cient than what would be required if non-preorderseries functions were supported.)



SERIES 1023A.3.1. Basic RestrictionsThe transformation of series expressions into loops is required to occur at sometime before compiled code is actually run. Optimization may or may not beapplied to interpreted code. If any of the restrictions described below areviolated, optimization is not possible. In this situation, a warning message isissued at the time optimization is attempted and the code is left unoptimized.This is not a fatal error and does not prevent the correct results from beingcomputed. However, given the large improvements in e�ciency to be gained,it is well worth �xing any violations that occur. This is usually easy to do.[Variable]*suppress-series-warnings*If this variable is set (or bound) to anything other than its default value of nil,warnings about conditions that block the optimization of series expressionsare suppressed.Before the restrictions on series expressions are discussed, it will be usefulto de�ne precisely what is meant by the term series expression. This termis semantic rather than syntactic in nature. Imagine a program convertedfrom Lisp code into a data ow graph. In a data ow graph, functions arerepresented as boxes, and both control ow and data ow are represented asarrows between the boxes. Constructs such as let and setq are convertedinto patterns of data ow arcs. Control constructs such as if and loop areconverted into patterns of control ow arcs. Suppose further that all loopshave been converted into tail recursions so that the graph is acyclic.A series expression is a subgraph of the data ow graph for a program thatcontains a group of interacting series functions. More speci�cally, given acall f on a series function, the series expression E containing it is de�ned asfollows. E contains f. Every function using a series created by a function inE is in E. Every function computing a series used by a function in E is in E.Finally, suppose that two functions g and h are in E and that there is a dataow path consisting of series and/or non-series data ow arcs from g to h.Every function touched by this path (be it a series function or not) is in E.For optimization to be possible, series expressions have to bestatically analyzable. As with most other optimization processes, a seriesexpression cannot be transformed into a loop at compile time, unless it canbe determined at compile time exactly what computation is being performed.This places a number of relatively minor limits on what can be written. Forexample, for optimization to be possible the type arguments to higher-orderfunctions such as map-fn and collecting-fn have to be quoted constants.



1024 COMMON LISPSimilarly, the numeric arguments to chunk have to be constants. In addition,if funcall is used to call a series function, the function called has to be ofthe form (function ...).For optimization to be possible, every series created within aseries expression must be used solely inside the expression. If a seriesis transmitted outside of the expression that creates it, it has to be physicallyrepresented as a whole. This is incompatiblewith the transformations requiredto pipeline the creating expression. To avoid this problem, a series must not bereturned as a result of a series expression as a whole, assigned to a free variable,assigned to a special variable, or stored in a data structure. A corollary ofthe last point is that when de�ning new optimizable series functions, seriescannot be passed into &rest arguments. Further, optimization is blocked ifa series is passed as an argument to an ordinary Lisp function. Series can bepassed only to the series functions in section A.2 and to new series functionsde�ned using the declaration optimizable-series-function.For optimization to be possible, series expressions must corre-spond to straight-line computations. That is to say, the data ow graphcorresponding to a series expression cannot contain any conditional branches.(Complex control ow is incompatible with pipelining.) Optimization is pos-sible in the presence of standard straight-line forms such as progn, funcall,setq, lambda, let, let*, and multiple-value-bind as long as none of thevariables bound are special. There is also no problem with macros as long asthey expand into series functions and straight-line forms. However, optimiza-tion is blocked by forms that specify complex control ow (i.e., conditionalsif, cond, etc., looping constructs loop, do, etc., or branching constructstagbody, go, catch, etc.).In the �rst example below, optimization is blocked, because the if form isinside the series expression. In the second example, however, optimization ispossible, because although the if feeds data to the series expression, it is notinside the corresponding subgraph. Both of the expressions below producethe same value, but the second one is much more e�cient.(collect (if flag (scan x) (scan y))) ;Warning message issued(collect (scan (if flag x y)))A.3.2. Constraint CyclesEven if a series expression satis�es all of the restrictions above, it still maynot be possible to transform the expression into a loop. The sole remaining



SERIES 1025Figure A-1: A Constraint Cycle in a Series Expressionscan sum series #M/ maxproblem is that if a series is used in two places, the two uses may place incom-patible constraints on the times at which series elements should be produced.The series expression below shows a situation where this problem arises.The expression creates a series x of the elements in a list. It then creates anormalized series by dividing each element of x by the sum of the elements inx. Finally, the expression returns the maximum of the normalized elements.(let ((x (scan '(1 2 5 2)))) ;Warning message issued(collect-max (#--M/ x (series (collect-sum x))))) ) 1/2The two uses of x in the expression place contradictory constraints on theway pipelined evaluation must proceed; collect-sum requires that all of theelements of x be produced before the sum can be returned, and series re-quires that its input be available before it can start to produce its output.However, #--M/ requires that the �rst element of x be available at the same timeas the �rst element of the output of series. For pipelining to work, the �rstelement of the output of series (and therefore the output of collect-sum)must be available before the second element of x is produced. Unfortunately,this is impossible.The essence of the inconsistency above is the cycle of constraints used in theargument. This in turn stems from a cycle in the data ow graph underlyingthe expression. In �gure A-1 function calls are represented by boxes and dataow is represented by arrows. Simple arrows indicate the ow of series valuesand cross-hatched arrows indicate the ow of non-series values.Given a data ow graph corresponding to a series expression, a constraintcycle is a closed oriented loop of data ow arcs such that each arc is traversedexactly once and no non-series arc is traversed backward. (Series data owarcs can be traversed in either direction.) A constraint cycle is said to passthrough an input or output port when exactly one of the arcs in the cycletouches the port. In �gure A-1 the data ow arcs touching scan, sum, series,and #--M/ form a constraint cycle. Note that if the output of scan were not



1026 COMMON LISPa series, this loop would not be a constraint cycle, because there would beno valid way to traverse it. Also note that while the constraint cycle passesthrough all the other ports it touches, it does not pass through the output ofscan.Whenever a constraint cycle passes through a non-series output, an argu-ment analogous to the one above can be constructed and therefore pipeliningwill be impossible. When this situation arises, a warning message is issuedidentifying the problematical port and the cycle passing through it. For in-stance, the warning triggered by the example above states that the constraintcycle associated with scan, collect-sum, series, and #--M/ passes throughthe non-series output of collect-sum.Given this kind of detailed information, it is easy to alleviate the problem.To start with, every cycle must contain at least one function that has twoseries data ows leaving it. At worst, the cycle can be broken by duplicatingthis function (and any functions computing series used by it). For instance,the example above can be rewritten as shown below.(let ((x (scan '(1 2 5 2)))(sum (collect-sum (scan '(1 2 5 2)))))(collect-max (#--M/ x (series sum))))) 1/2It would be easy enough to automatically apply code copying to break prob-lematical constraint cycles. However, this is not done for two reasons. First,there is considerable virtue in maintaining the property that each function ina series expression turns into one piece of computation in the loop produced.Users can be con�dent that series expressions that look simple and e�cientactually are simple and e�cient. Second, with a little creativity, constraintproblems can often be resolved in ways that are much more e�cient thancopying code. In the example above, the conict can be eliminated e�cientlyby interchanging the operation of computing the maximumwith the operationof normalizing an element.(let ((x (scan '(1 2 5 2))))(/ (collect-max x) (collect-sum x))) ) 1/2The restriction that optimizable series expressions cannot contain constraintcycles that pass through non-series outputs places limitations on the qualita-tive character of optimizable series expressions. In particular, they all musthave the general form of creating some number of series using scanners, com-puting various intermediate series using transducers, and then computing one



SERIES 1027or more summary results using collectors. The output of a collector cannotbe used in the intermediate computation unless it is the output of a separatesubexpression.It is worthy of note that the last expression above �xes the constraintconict by moving the non-series output out of the cycle, rather than bybreaking the cycle. This illustrates the fact that constraint cycles that donot pass through non-series outputs do not necessarily cause problems. Theycause problems only if they pass through o�-line ports.A series input port or series output port of a series function is on-line if andonly if it is processed in lockstep with all the other on-line ports as follows:the initial element of each on-line input is read, then the initial element ofeach on-line output is written, then the second element of each on-line inputis read, then the second element of each on-line output is written, and so on.Ports that are not on-line are o�-line. If all of the series ports of a functionare on-line, the function is said to be on-line; otherwise, it is o�-line. (Theabove extends the standard de�nition of the term on-line so that it applies toindividual ports as well as whole functions.)If all of the ports a cycle passes through are on-line, the lockstep processingof these ports guarantees that there cannot be any conicts between the con-straints associated with the cycle. However, passing through an o�-line portleads to the same kinds of problems as passing through a non-series output.Most of the series functions are on-line. In particular, scanners and col-lectors are all on-line as are many transducers. However, the transducers insection A.2.4 are o�-line. In particular, the series inputs of catenate, choose-if, chunk, expand, mask, mingle, positions, and subseries along with theseries outputs of choose, split, and split-if are o�-line.In summary, the fourth and �nal restriction is that for optimization to bepossible, a series expression cannot contain a constraint cycle thatpasses through a non-series output or an o�-line port. Whenever thisrestriction is violated a warning message is issued. Violations can be �xedeither by breaking the cycle or restructuring the computation so that theo�ending port is removed from the cycle.A.3.3. De�ning New Series FunctionsNew functions operating on series can be de�ned just as easily as new functionsoperating on any other data type. However, expressions containing these newfunctions cannot be transformed into loops unless a complete analysis of thefunctions is available. Among other things, this implies that the de�nition ofa new series function must appear before its �rst use.



1028 COMMON LISP [Declaration speci�er ]optimizable-series-functionThe declaration speci�er (optimizable-series-function integer) indicatesthat the function being de�ned is a series function that needs to be analyzed sothat it can be optimized when it appears in series expressions. (A warning isissued if the function being de�ned neither takes a series as input nor producesa series as output.) Integer (default 1) speci�es the number of values returnedby the function being de�ned. (This cannot necessarily be determined bylocal analysis.) The only place optimizable-series-function is allowed toappear is in a declaration immediately inside a defun. As an example, thefollowing shows how a simpli�ed version of collect-sum could be de�ned.(defun simple-collect-sum (numbers)(declare (optimizable-series-function 1))(collect-fn 'number #--'(lambda () 0) #--'+ numbers))[Declaration speci�er ]off-line-portThe declaration speci�er (off-line-port port-spec1 port-spec2 ...) spec-i�es that the indicated inputs and outputs are o�-line. This declaration spec-i�er is only allowed in a defun that contains the declaration optimizable-series-function. Each port-spec must either be a symbol that is one of theinputs of the function or an integer j indicating the j th output (counting fromzero). For example, (off-line-port x 1) indicates that the input x and thesecond output are o�-line. Every port that is not mentioned in an off-line-port declaration is assumed to be on-line. A warning is issued whenever aport's actual on-line/o�-line status does not agree with its declared status.This makes it easier to keep track of which ports are o�-line and which arenot. Note that o�-line ports virtually never arise when de�ning scanners orreducers.A.3.4. DeclarationsA key feature of Lisp is that variable declarations are strictly optional. Nev-ertheless, it is often the case that they are necessary in situations where e�-ciency matters. Therefore, it is important that it be possible for programmersto provide declarations for every variable in a program. The transformation ofseries expressions into loops presents certain problems in this regard, becausethe loops created contain variables not evident in the original code. How-ever, if the information described below is supplied by the user, appropriatedeclarations can be generated for all of the loop variables created.



SERIES 1029All the explicit variables that are bound in a series expression (for exam-ple, by a let that is part of the expression) should be given informativedeclarations making use of the type speci�er (series element-type) whereappropriate.Informative types should be supplied to series functions (such as scan andmap-fn) that have type arguments. When using scan it is important tospecify the type of element in the sequence as well as the sequence itself (forexample, by using (vector * integer) as opposed to merely vector). Theform (list element-type) can be used to specify the type of elements in alist.If it is appropriate to have a type more speci�c than (series t) associatedwith the output of #--M, #--Z, scan-alist, scan-file, scan-hash, scan-lists-of-lists-fringe, scan-lists-of-lists, scan-plist, series, latch, orcatenate, then the form the must be used to specify this type.Finally, if the expression computing a non-series argument to a series vari-able is neither a variable nor a constant, the must be used to specify the typeof its result.For example, the declarations in the series expressions below are su�cientto ensure that every loop variable will have an accurate declaration.(collect-last (choose-if #--'plusp (scan '(list integer) data)))(collect '(vector * float)(map-fn 'float #--'/(series (the integer (car data)))(the (series integer) (scan-file f))))The amount of information the user has to provide is reduced by the factthat this information can be propagated from place to place. For instance,the variable holding the output of choose-if holds a subset of the elementsheld by the input variable. As a result, it is appropriate for it to have thesame type. When de�ning a new series function, the type speci�er series-element-type can be used to indicate where type propagation should occur.[Type speci�er ]series-element-typeThe type speci�er (series-element-type variable) denotes the type of el-ements in the series held in variable. Variable must be a variable carrying aseries value (for example, a series argument of a series function). series-element-type can be used only in three places: in a declaration in a let,



1030 COMMON LISPmapping, producing, or other binding form in a series expression; in a decla-ration in a defun being used to de�ne a series function; or in a type argumentto a series function. As an example, consider that collect-last could havebeen de�ned as follows. The use of series-element-type ensures that theinternal variable keeping track of the most recent item has the correct type.(defun collect-last (items &optional (default nil))(declare (optimizable-series-function))(collect-fn '(series-element-type items)#--'(lambda () default)#--'(lambda (old new) new)items))A.4. PrimitivesA large number of series functions are provided, because there are a largenumber of useful operations that can be performed on series. However, thisfunctionality can be boiled down to a small number of primitive constructs.collecting-fn embodies the fundamental idea of series computations thatutilize internal state. It can be used as the basis for de�ning any on-linetransducer.until embodies the fundamental idea of producing a series that is shorterthan the shortest input series. In particular, it embodies the idea of comput-ing a bounded series from non-series inputs. Together with collecting-fn,until can be used to de�ne scan-fn, which can be used as the basis forde�ning all the other scanners.collect-last embodies the fundamental idea of producing a non-seriesvalue from a series. Together with collecting-fn, it can be used to de�necollect-fn, which (with the occasional assistance of until) can be used asthe basis for de�ning all the other collectors.producing embodies the fundamental idea of preorder computation. It canbe used as the basis for de�ning all the other series functions, including theo�-line transducers.In addition to the above, four primitives support various specialized aspectsof series functions. Alterability is supported by the function to-alter andthe declaration propagate-alterability. The propagation of type infor-mation is supported by the type speci�er series-element-type. The bestimplementation of certain series functions requires the form encapsulated.



SERIES 1031[Macro]producing output-list input-list fdeclarationg� f formg�producing computes and returns a group of series and non-series outputsgiven a group of series and non-series inputs. The key feature of producing isthat some or all of the series inputs and outputs can be processed in an o�-lineway. To support this, the processing in the body (consisting of the forms) isperformed from the perspective of generators and gatherers (see appendix B).Each series input is converted to a generator before being used in the body.Each series output is associated with a gatherer in the body.The output-list has the same syntax as the binding list of a let. The namesof the variables must be distinct from each other and from the names ofthe variables in the input-list. If there are n variables in the output-list,producing computes n outputs. There must be at least one output variable.The variables act as the names for the outputs and can be used in either of twoways. First, if an output variable has a value associated with it in the output-list, then the variable is treated as holding a non-series value. The variable isinitialized to the indicated value and can be used in any way desired in thebody. The eventual output value is whatever value is in the variable when theexecution of the body terminates. Second, if an output variable does not havea value associated with it in the output-list, the variable is given as its valuea gatherer that collects elements. The only valid way to use the variable inthe body is in a call on next-out. The output returned is a series containingthese elements. If the body never terminates, this series is unbounded.The input-list also has the same syntax as the binding list of a let. Thenames of the variables must be distinct from each other and the names of thevariables in the output-list. The values can be series or non-series. If the valueis not explicitly speci�ed, it defaults to nil. The variables act logically bothas inputs and state variables and can be used in one of two ways. First, if aninput variable is associated with a non-series value, then it is given this valuebefore the evaluation of the body begins and can be used in any way desiredin the body. Second, if an input variable is associated with a series, then thevariable is given a generator corresponding to this series as its initial value.The only valid way to use the variable in the body is in a call on next-in.There can be declarations at the start of the body. However, the only dec-larations allowed are ignore declarations, type declarations, and propagate-alterability declarations (see below). In particular, it is an error for anyof the input or output variables to be special.In conception, the body can contain arbitrary Lisp expressions. After theappropriate generators and gatherers have been set up, the body is executeduntil it terminates. If the body never terminates, the series outputs (if any) are



1032 COMMON LISPunbounded in length and the non-series outputs (if any) are never produced.Although easy to understand, this view of what can happen in the bodypresents severe di�culties when optimizing (and even when evaluating) seriesexpressions that contain calls on producing. As a result, several limitationsare imposed on the form of the body to simplify the processing required.The �rst limitation is that, exclusive of any declarations, the body musthave the form (loop (tagbody ...)). The following example shows howproducing could be used to implement a scanner creating an unboundedseries of integers.(producing (nums) ((num 0))(declare (integer num) (type (series integer) nums))(loop(tagbody(setq num (1+ num))(next-out nums num))))) #--Z(1 2 3 4 ...)The second limitation is that the form terminate-producingmust be usedto terminate the execution of the body. Any other method of terminating thebody (with return, for example) is an error. The following example showshow producing could be used to implement the operation of summing a series.The function terminate-producing is used to stop the computation whennumbers runs out of elements.(producing ((sum 0)) ((numbers #--Z(1 2 3)) num)(loop(tagbody(setq num (next-in numbers (terminate-producing)))(setq sum (+ sum num)))))) 6The third limitation is that calls on next-out associated with output vari-ables must appear at top level in the tagbody in the body. They cannot benested in other forms. In addition, an output variable can be the destinationof at most one call on next-out and if it is the destination of a next-out, itcannot be used in any other way.If the call on next-out for a given output appears in the �nal part of thetagbody in the body, after everything other than other calls on next-out,then the output is an on-line output|a new value is written on every cycleof the body. Otherwise the output is o�-line.



SERIES 1033The following example shows how producing could be used to split a seriesinto two parts. Items are read in one at a time and tested. Depending onthe test, they are written to one of two outputs. Note the use of labels andbranches to keep the calls on next-out at top level. Both outputs are o�-line.The �rst example above shows an on-line output.(producing (items-1 items-2) ((items #--Z(1 -2 3 -4)) item)(loop(tagbody (setq item (next-in items (terminate-producing)))(if (not (plusp item)) (go D))(next-out items-1 item)(go F)D (next-out items-2 item)F )))) #--Z(1 3) and #--Z(-2 -4)The fourth limitation is that the calls on next-in associated with an in-put variable v must appear at top level in the tagbody in the body, nestedin assignments of the form (setq var (next-in v ...)). They cannot benested in other forms. In addition, an input variable can be the source for atmost one call on next-in and if it is the source for a next-in, it cannot beused in any other way.If the call on next-in for a given input has as its sole termination action(terminate-producing) and appears in the initial part of the tagbody inthe body, before anything other than similar calls on next-in, then the inputis an on-line input|a new value is read on every cycle of the body. Otherwisethe input is o�-line.The example below shows how producing could be used to concatenate twoseries. To start with, elements are read from the �rst input series. When thisruns out, a ag is set and reading begins from the second input. Both inputsare o�-line. (Compare this to the example above, which shows an on-lineinput.)



1034 COMMON LISP(producing (items) ((item-1 #--Z(1 2))(item-2 #--Z(3 4))(in-2 nil)item)(loop(tagbody (if in-2 (go D))(setq item (next-in item-1 (setq in-2 t) (go D)))(go F)D (setq item (next-in item-2 (terminate-producing)))F (next-out items item))))) #--Z(1 2 3 4) [Macro]terminate-producingThis form (which takes no arguments) is used to terminate execution of (theexpansion of) the producing macro.As with the form go, terminate-producing does not return any values;rather, control immediately leaves the current context.The form terminate-producing is allowed to appear only in a producingbody and causes the termination of the enclosing call on producing.[Declaration speci�er ]propagate-alterabilityThe declaration speci�er (propagate-alterability input output) indicatesthat attempts to alter an element of output should be satis�ed by altering thecorresponding element of input. (The corresponding element of input is theone most recently read at the moment when the output element is written.)This declaration may appear only in a call on producing. The inputand output arguments must be an input and an output, respectively, of theproducing macro. The example below shows how the propagation of alter-ability could be supported in a simpli�ed version of until.



SERIES 1035(defun simple-until (bools items)(declare (optimizable-series-function))(producing (z) ((x bools) (y items) bool item)(declare (propagate-alterability y z))(loop(tagbody(setq bool (next-in x (terminate-producing)))(setq item (next-in y (terminate-producing)))(if bool (terminate-producing))(next-out z item))))) [Macro]encapsulated encapsulating-fn scanner-or-collectorSome of the features provided by CommonLisp are supported solely by encap-sulating forms. For example, there is no way to specify a cleanup expressionthat will always be run, even when an abort occurs, without using unwind-protect. encapsulatedmakes it possible to take advantage of forms such asunwind-protect when de�ning a series function.encapsulated speci�es a function that places an encapsulating form aroundthe computation performed by its second argument. The �rst argument mustbe a quoted function that takes a Lisp expression and wraps the appropriateencapsulating form around it, returning the resulting code. The second inputmust be a literal call on scan-fn, scan-fn-inclusive, or collect-fn. Thesecond argument can count on being evaluated in the scope of the encapsu-lating form. The values returned by the second argument are returned as thevalues of encapsulated. The following shows how encapsulated could beused to de�ne a simpli�ed version of collect-file.(defun collect-file-wrap (file name body)`(with-open-file (,file ,name :direction :output) ,body))(defmacro simple-collect-file (name items)(let ((file (gensym)))`(encapsulated #--'(lambda (body)(collect-file-wrap ',file ',name body))(collect-fn t #--'(lambda () t)#--'(lambda (state item)(print item ,file)state),items))))



Appendix BGenerators and GatherersBY CRISPIN PERDUE AND RICHARD C. WATERSpreface: Generators and gatherers are yet another approach, closely re-lated to series, to providing iteration in a functional style.The remainder of this chapter consists of a description by Crispin Perdueand Richard C. Waters of their work on an existing implementation of gen-erators and gatherers. I have edited the chapter only very lightly to conformto the overall style of this book. Please see the Preface to this book for moreinformation about the genesis of the generators/gatherers approach and itsrelationship to the work of X3J13. |Guy L. Steele Jr.B.1. IntroductionGenerators are generalized input streams in the sense of Smalltalk [20]. A gen-erator can produce a potentially unbounded number of elements of any type.Individual elements are not computed until requested by next-in. When anelement is taken from a generator, it is removed by side e�ect. Subsequentuses of next-in obtain later elements.There is a close relationship between a generator and a series of the elementsit produces. In particular, any series can be converted into a generator. As aresult, all the scanner functions used for creating series (see appendix A) canbe used to create generators as well. There is no need to have a separate setof functions for creating generators.Gatherers are generalized output streams. Elements of any type can beentered into a gatherer using next-out. The gatherer combines the elementstogether in time-sequence order into a net result. This result can be retrievedusing result-of.There is a close relationship between a gatherer and a collector function thatcombines elements in the same way. In particular, any one-input one-output1036



GENERATORS AND GATHERERS 1037collector can be converted into a gatherer. As a result, all the collectors usedfor computing summary results from series can be used to create gatherers.There is no need to have a separate set of functions for creating gatherers.B.2. GeneratorsThese functions create and process generators. [Function]generator seriesGiven a series, generator returns a generator containing the same elements.[Macro]next-in generator factiong�next-in returns the next element in the generator generator. The actions canbe any Lisp expressions. They are evaluated if and only if no more elementscan be retrieved from generator. If there are no more elements and no actions,it is an error. It is also an error to apply next-in to a generator a secondtime after the generator has run out of elements. As an example of generators,consider the following.(let ((x (generator (scan '(1 2 3 4)))))(with-output-to-string (s)(loop (prin1 (next-in x (return)) s)(prin1 (next-in x (return)) s)(princ "," s))))) "12,34,"B.3. GatherersThese functions create and process gatherers. [Function]gatherer collectorThe collector must be a function of type (function ((series t1)) t2).Given this function, gatherer returns a gatherer that accepts elements oftype t1 and returns a �nal result of type t2. The method for combining ele-ments used by the gatherer is the same as the one used by the collector.



1038 COMMON LISP [Function]next-out gatherer itemGiven a gatherer and a value, next-out enters the value into the gatherer.[Function]result-of gathererresult-of retrieves the net result from a gatherer. result-of can be appliedat any time. However, it is an error to apply result-of twice to the samegatherer or to apply next-out to a gatherer once result-of has been applied.(let ((g (gatherer #--'collect-sum)))(dolist (i '(1 2 3 4))(next-out g i)(if (evenp i) (next-out g (* 10 i))))(result-of g))) 70 [Macro]gathering ( f(var fn)g� ) f formg�The �rst subform must be a list of pairs. The �rst element of each pair, var,must be a variable name. The second element of each pair, fn, must be aform that when wrapped in (function ...) is acceptable as an argumentto gatherer. Each symbol is bound to a gatherer constructed from the cor-responding collector. The body (consisting of the forms) is evaluated in thescope of these bindings. When this evaluation is complete, gathering re-turns the result-of each gatherer. If there are n pairs in the binding list,gathering returns n values. For example:(defun examp (data)(gathering ((x collect) (y collect-sum))(iterate ((i (scan data)))(case (first i)(:slot (next-out x (second i)))(:part (dolist (j (second i)) (next-out x j))))(next-out y (third i)))))(examp '((:slot a 10) (:part (c d) 40))) ) (a c d) and 50As a further illustration of gatherers, consider the following de�nition for asimpli�ed version of gathering that handles only one binding pair.



GENERATORS AND GATHERERS 1039(defmacro simple-gathering (((var collector)) &body body)`(let ((,var (gatherer (function ,collector)))),@body(result-of ,var)))The full capabilities of gathering can be supported in much the same way.B.4. DiscussionThe idea of generators and gatherers was �rst proposed by Pavel Curtis. Akey aspect of his proposal was the realization that generators and gathererscan be implemented simply and elegantly as closures and that these closurescan be compiled very e�ciently if certain conditions are met.First, the compiler must support an optimizationCurtis calls \let eversion"in addition to the optimization methods presented in [45]. If a closure iscreated and used entirely within a limited lexical scope, the scopes of anybound variables nested in the closure can be enlarged (everted) to enclose allthe uses of the closure. This allows the variables to be allocated on the stackrather than the heap.Second, for a generator/gatherer closure to be compiled e�ciently, it mustbe possible to determine at compile time exactly what closure is involved andexactly what the scope of use of the closure is. There are several aspects tothis. The expression creating the generator/gatherer cannot refer to a freeseries variable. The generator/gatherer must be stored in a local variable.This variable must be used only in calls of next-in, next-out, and result-of, and not inside a closure. In particular the generator/gatherer cannot bestored in a data structure, stored in a special variable, or returned as a resultvalue.All of the examples above satisfy these restrictions. For instance, once theuses of gathering and iterate have been optimized, the body of examp is ase�cient as any loop performing the same computation.The implementation discussed in [52] includes a portable Common Lispimplementation of generators and gatherers. Although the implementationdoes not support optimizations of the kind discussed in [45], it fully optimizesuses of gathering.



Appendix CBackquoteHere is the code for an implementation of backquote syntax (see sec-tion 22.1.3) that I have found quite useful in explaining to myself the be-havior of nested backquotes. It implements the formal rules for backquoteprocessing and optionally applies a code simpli�er to the result. One mustbe very careful in choosing the simpli�cation rules; the rules given here work,but some Common Lisp implementations have run into trouble at one time oranother by using a simpli�cation rule that does not work in all cases. Codetransformations that are plausible when single forms are involved are likelyto fail in the presence of splicing.At the end of this appendix are some samples of nested backquote syntaxwith commentary.;;; Common Lisp backquote implementation, written in Common Lisp.;;; Author: Guy L. Steele Jr. Date: 27 December 1985;;; Tested under Symbolics Common Lisp and Lucid Common Lisp.;;; This software is in the public domain.;;; $ is pseudo-backquote and % is pseudo-comma. This makes it;;; possible to test this code without interfering with normal;;; Common Lisp syntax.;;; The following are unique tokens used during processing.;;; They need not be symbols; they need not even be atoms.(defvar *comma* (make-symbol "COMMA"))(defvar *comma-atsign* (make-symbol "COMMA-ATSIGN"))(defvar *comma-dot* (make-symbol "COMMA-DOT"))(defvar *bq-list* (make-symbol "BQ-LIST"))(defvar *bq-append* (make-symbol "BQ-APPEND"))(defvar *bq-list** (make-symbol "BQ-LIST*"))1040



BACKQUOTE 1041(defvar *bq-nconc* (make-symbol "BQ-NCONC"))(defvar *bq-clobberable* (make-symbol "BQ-CLOBBERABLE"))(defvar *bq-quote* (make-symbol "BQ-QUOTE"))(defvar *bq-quote-nil* (list *bq-quote* nil));;; Reader macro characters:;;; $foo is read in as (BACKQUOTE foo);;; %foo is read in as (#--:COMMA foo);;; %@foo is read in as (#--:COMMA-ATSIGN foo);;; %.foo is read in as (#--:COMMA-DOT foo);;; where #--:COMMA is the value of the variable *COMMA*, etc.;;; BACKQUOTE is an ordinary macro (not a read-macro) that;;; processes the expression foo, looking for occurrences of;;; #--:COMMA, #--:COMMA-ATSIGN, and #--:COMMA-DOT. It constructs code;;; in strict accordance with the rules on pages 349-350 of;;; the first edition (pages 528-529 of this second edition).;;; It then optionally applies a code simplifier.(set-macro-character #--\$#--'(lambda (stream char)(declare (ignore char))(list 'backquote (read stream t nil t))))(set-macro-character #--\%#--'(lambda (stream char)(declare (ignore char))(case (peek-char nil stream t nil t)(#--\@ (read-char stream t nil t)(list *comma-atsign* (read stream t nil t)))(#--\. (read-char stream t nil t)(list *comma-dot* (read stream t nil t)))(otherwise (list *comma* (read stream t nil t))))));;; If the value of *BQ-SIMPLIFY* is non-NIL, then BACKQUOTE;;; processing applies the code simplifier. If the value is NIL,;;; then the code resulting from BACKQUOTE is exactly that;;; specified by the official rules.(defparameter *bq-simplify* t)



1042 COMMON LISP(defmacro backquote (x)(bq-completely-process x));;; Backquote processing proceeds in three stages:;;;;;; (1) BQ-PROCESS applies the rules to remove occurrences of;;; #--:COMMA, #--:COMMA-ATSIGN, and #--:COMMA-DOT corresponding to;;; this level of BACKQUOTE. (It also causes embedded calls to;;; BACKQUOTE to be expanded so that nesting is properly handled.);;; Code is produced that is expressed in terms of functions;;; #--:BQ-LIST, #--:BQ-APPEND, and #--:BQ-CLOBBERABLE. This is done;;; so that the simplifier will simplify only list construction;;; functions actually generated by BACKQUOTE and will not involve;;; any user code in the simplification. #--:BQ-LIST means LIST,;;; #--:BQ-APPEND means APPEND, and #--:BQ-CLOBBERABLE means IDENTITY;;; but indicates places where "%." was used and where NCONC may;;; therefore be introduced by the simplifier for efficiency.;;;;;; (2) BQ-SIMPLIFY, if used, rewrites the code produced by;;; BQ-PROCESS to produce equivalent but faster code. The;;; additional functions #--:BQ-LIST* and #--:BQ-NCONC may be;;; introduced into the code.;;;;;; (3) BQ-REMOVE-TOKENS goes through the code and replaces;;; #--:BQ-LIST with LIST, #--:BQ-APPEND with APPEND, and so on.;;; #--:BQ-CLOBBERABLE is simply eliminated (a call to it being;;; replaced by its argument). #--:BQ-LIST* is replaced by either;;; LIST* or CONS (the latter is used in the two-argument case,;;; purely to make the resulting code a tad more readable).(defun bq-completely-process (x)(let ((raw-result (bq-process x)))(bq-remove-tokens (if *bq-simplify*(bq-simplify raw-result)raw-result))))(defun bq-process (x)(cond ((atom x)(list *bq-quote* x))((eq (car x) 'backquote)(bq-process (bq-completely-process (cadr x))))



BACKQUOTE 1043((eq (car x) *comma*) (cadr x))((eq (car x) *comma-atsign*)(error ",@~S after `" (cadr x)))((eq (car x) *comma-dot*)(error ",.~S after `" (cadr x)))(t (do ((p x (cdr p))(q '() (cons (bracket (car p)) q)))((atom p)(cons *bq-append*(nreconc q (list (list *bq-quote* p)))))(when (eq (car p) *comma*)(unless (null (cddr p)) (error "Malformed ,~S" p))(return (cons *bq-append*(nreconc q (list (cadr p))))))(when (eq (car p) *comma-atsign*)(error "Dotted ,@~S" p))(when (eq (car p) *comma-dot*)(error "Dotted ,.~S" p))))));;; This implements the bracket operator of the formal rules.(defun bracket (x)(cond ((atom x)(list *bq-list* (bq-process x)))((eq (car x) *comma*)(list *bq-list* (cadr x)))((eq (car x) *comma-atsign*)(cadr x))((eq (car x) *comma-dot*)(list *bq-clobberable* (cadr x)))(t (list *bq-list* (bq-process x)))));;; This auxiliary function is like MAPCAR but has two extra;;; purposes: (1) it handles dotted lists; (2) it tries to make;;; the result share with the argument x as much as possible.(defun maptree (fn x)(if (atom x)(funcall fn x)(let ((a (funcall fn (car x)))(d (maptree fn (cdr x))))



1044 COMMON LISP(if (and (eql a (car x)) (eql d (cdr x)))x(cons a d)))));;; This predicate is true of a form that when read looked;;; like %@foo or %.foo.(defun bq-splicing-frob (x)(and (consp x)(or (eq (car x) *comma-atsign*)(eq (car x) *comma-dot*))));;; This predicate is true of a form that when read;;; looked like %@foo or %.foo or just plain %foo.(defun bq-frob (x)(and (consp x)(or (eq (car x) *comma*)(eq (car x) *comma-atsign*)(eq (car x) *comma-dot*))));;; The simplifier essentially looks for calls to #--:BQ-APPEND and;;; tries to simplify them. The arguments to #--:BQ-APPEND are;;; processed from right to left, building up a replacement form.;;; At each step a number of special cases are handled that,;;; loosely speaking, look like this:;;;;;; (APPEND (LIST a b c) foo) UU> (LIST* a b c foo);;; provided a, b, c are not splicing frobs;;; (APPEND (LIST* a b c) foo) UU> (LIST* a b (APPEND c foo));;; provided a, b, c are not splicing frobs;;; (APPEND (QUOTE (x)) foo) UU> (LIST* (QUOTE x) foo);;; (APPEND (CLOBBERABLE x) foo) UU> (NCONC x foo)(defun bq-simplify (x)(if (atom x)x(let ((x (if (eq (car x) *bq-quote*)x(maptree #--'bq-simplify x))))



BACKQUOTE 1045(if (not (eq (car x) *bq-append*))x(bq-simplify-args x)))))(defun bq-simplify-args (x)(do ((args (reverse (cdr x)) (cdr args))(resultnil(cond ((atom (car args))(bq-attach-append *bq-append* (car args) result))((and (eq (caar args) *bq-list*)(notany #--'bq-splicing-frob (cdar args)))(bq-attach-conses (cdar args) result))((and (eq (caar args) *bq-list**)(notany #--'bq-splicing-frob (cdar args)))(bq-attach-conses(reverse (cdr (reverse (cdar args))))(bq-attach-append *bq-append*(car (last (car args)))result)))((and (eq (caar args) *bq-quote*)(consp (cadar args))(not (bq-frob (cadar args)))(null (cddar args)))(bq-attach-conses (list (list *bq-quote*(caadar args)))result))((eq (caar args) *bq-clobberable*)(bq-attach-append *bq-nconc* (cadar args) result))(t (bq-attach-append *bq-append*(car args)result)))))((null args) result)))(defun null-or-quoted (x)(or (null x) (and (consp x) (eq (car x) *bq-quote*))));;; When BQ-ATTACH-APPEND is called, the OP should be #--:BQ-APPEND;;; or #--:BQ-NCONC. This produces a form (op item result) but;;; some simplifications are done on the fly:;;;



1046 COMMON LISP;;; (op '(a b c) '(d e f g)) UU> '(a b c d e f g);;; (op item 'nil) UU> item, provided item is not a splicable frob;;; (op item 'nil) UU> (op item), if item is a splicable frob;;; (op item (op a b c)) UU> (op item a b c)(defun bq-attach-append (op item result)(cond ((and (null-or-quoted item) (null-or-quoted result))(list *bq-quote* (append (cadr item) (cadr result))))((or (null result) (equal result *bq-quote-nil*))(if (bq-splicing-frob item) (list op item) item))((and (consp result) (eq (car result) op))(list* (car result) item (cdr result)))(t (list op item result))));;; The effect of BQ-ATTACH-CONSES is to produce a form as if by;;; `(LIST* ,@items ,result) but some simplifications are done;;; on the fly.;;;;;; (LIST* 'a 'b 'c 'd) UU> '(a b c . d);;; (LIST* a b c 'nil) UU> (LIST a b c);;; (LIST* a b c (LIST* d e f g)) UU> (LIST* a b c d e f g);;; (LIST* a b c (LIST d e f g)) UU> (LIST a b c d e f g)(defun bq-attach-conses (items result)(cond ((and (every #--'null-or-quoted items)(null-or-quoted result))(list *bq-quote*(append (mapcar #--'cadr items) (cadr result))))((or (null result) (equal result *bq-quote-nil*))(cons *bq-list* items))((and (consp result)(or (eq (car result) *bq-list*)(eq (car result) *bq-list**)))(cons (car result) (append items (cdr result))))(t (cons *bq-list** (append items (list result))))));;; Removes funny tokens and changes (#--:BQ-LIST* a b) into;;; (CONS a b) instead of (LIST* a b), purely for readability.(defun bq-remove-tokens (x)(cond ((eq x *bq-list*) 'list)((eq x *bq-append*) 'append)



BACKQUOTE 1047((eq x *bq-nconc*) 'nconc)((eq x *bq-list**) 'list*)((eq x *bq-quote*) 'quote)((atom x) x)((eq (car x) *bq-clobberable*)(bq-remove-tokens (cadr x)))((and (eq (car x) *bq-list**)(consp (cddr x))(null (cdddr x)))(cons 'cons (maptree #--'bq-remove-tokens (cdr x))))(t (maptree #--'bq-remove-tokens x))))Suppose that we �rst make the following de�nitions:(setq q '(r s))(defun r (x) (reduce #--'* x))(setq r '(3 5))(setq s '(4 6))Without simpli�cation, the notation $$(%%q) (which stands for `̀ (,,q))is read as the expression(APPEND (LIST 'APPEND) (LIST (APPEND (LIST 'LIST) (LIST Q))))The value of this expression is(APPEND (LIST (R S)))and the value of this value is (24). We conclude that the net e�ect of twice-evaluating `̀ (,,q) is to take the value 24 of the value (r s) of q and plugit into the template ( ) to produce (24).With simpli�cation, the notation $$(%%q) is read as the expression(LIST 'LIST Q)The value of this expression is(LIST (R S))and the value of this value is (24). Thus the two ways of reading $$(%%q)do not produce the same expression|this we expected|but the values of thetwo ways are di�erent as well. Only the values of the values are the same. Ingeneral, Common Lisp guarantees the result of an expression with backquotes



1048 COMMON LISPnested to depth k only after k successive evaluations have been performed; theresults after fewer than k evaluations are implementation-dependent.(Note that in the expression `(foo ,(process `(bar ,x))) the back-quotes are not doubly nested. The inner backquoted expression occurs withinthe textual scope of a comma belonging to the outer backquote. The correctway to determine the backquote nesting level of any subexpression is to starta count at zero and proceed up the S-expression tree, adding one for eachbackquote and subtracting one for each comma. This is similar to the rule fordetermining nesting level with respect to parentheses by scanning a characterstring linearly, adding or subtracting one as parentheses are passed.)It is convenient to extend the \�" notation to handle multiple evaluation:x �� y means that the expressions x and y may have di�erent results butthey have the same results when twice evaluated. Similarly, x ��� y meansthat the values of the values of the values of x and y are the same, and so on.We can illustrate the di�erences between non-splicing and splicing back-quote inclusions quite concisely:$$(%%q) �(APPEND (LIST 'APPEND) (LIST (APPEND (LIST 'LIST) (LIST Q))))�� (LIST 'LIST Q) ) (LIST (R S)) ) (24)$$(%@%q) �(APPEND (LIST 'APPEND) (LIST Q))�� Q ) (R S) ) 24$$(%%@q) �(APPEND (LIST 'APPEND) (LIST (APPEND (LIST 'LIST) Q)))�� (CONS 'LIST Q) ) (LIST R S) ) ((3 5) (4 6))$$(%@%@q) �(APPEND (LIST 'APPEND) Q)�� (CONS 'APPEND Q) ) (APPEND R S) ) (3 5 4 6)In each case I have shown both the unsimpli�ed and simpli�ed forms and thentraced the intermediate evaluations of the simpli�ed form. (Actually, theunsimpli�ed forms do contain one simpli�cation without which they wouldbe unreadable: the nil that terminates each list has been systematicallysuppressed, so that one sees (append x y) rather than (append x y 'nil).)The following driver function is useful for tracing the behavior of nestedbackquote syntax through multiple evaluations. The argument ls is a list ofstrings; each string will be processed by the reader (read-from-string). Theargument n is the number of evaluations desired.



BACKQUOTE 1049(defun try (ls &optional (n 0))(dolist (x ls)(format t "~&~A"(substitute #--\` #--\$ (substitute #--\, #--\% x)))(do ((form (macroexpand (read-from-string x)) (eval form))(str " UU " "~% UU> ")(j 0 (+ j 1)))((>UU j n)(format t str)(write form :pretty t))(format t str)(write form :pretty t)))(format t "~&"))This driver routine makes it easdy to explore a large number of cases sys-tematically. Here is a list of examples that illustrate not only the di�erencesbetween , and ,@ but also their interaction with '.(setq fools2 '("$$(foo %%p)""$$(foo %%@q)""$$(foo %'%r)""$$(foo %'%@s)""$$(foo %@%p)""$$(foo %@%@q)""$$(foo %@'%r)""$$(foo %@'%@s)"))Consider this set of sample values:(setq p '(union x y))(setq q '((union x y) (list 'sqrt 9)))(setq r '(union x y))(setq s '((union x y)))Here is what happened when I executed (try fools2 2) with a non-nilvalue for the variable *bq-simplify* (to see simpli�ed forms). I have inter-polated some remarks.



1050 COMMON LISP`̀ (foo ,,p) UU (LIST 'LIST ''FOO P)UU> (LIST 'FOO (UNION X Y))UU> (FOO (A B C))So ,,p means \the value of p is a form; use the value of the value of p."`̀ (foo ,,@q) UU (LIST* 'LIST ''FOO Q)UU> (LIST 'FOO (UNION X Y) (LIST 'SQRT 9))UU> (FOO (A B C) (SQRT 9))So ,,@q means \the value of q is a list of forms; splice the list of values of theelements of the value of q."`̀ (foo ,',r) UU (LIST 'LIST ''FOO (LIST 'QUOTE R))UU> (LIST 'FOO '(UNION X Y))UU> (FOO (UNION X Y))So ,',r means \the value of r may be any object; use the value of r thatis available at the time of �rst evaluation, that is, when the outer backquoteis evaluated." (To use the value of r that is available at the time of secondevaluation, that is, when the inner backquote is evaluated, just use ,r.)`̀ (foo ,',@s) UU (LIST 'LIST ''FOO (CONS 'QUOTE S))UU> (LIST 'FOO '(UNION X Y))UU> (FOO (UNION X Y))So ,',@s means \the value of s must be a singleton list of any object; use theelement of the value of s that is available at the time of �rst evaluation, thatis, when the outer backquote is evaluated." Note that s must be a singletonlist because it will be spliced into a form (quote ), and the quote special formrequires exactly one subform to appear; this is generally true of the sequence',@. (To use the value of s that is available at the time of second evaluation,that is, when the inner backquote is evaluated, just use ,@s,in which case thelist s is not restricted to be singleton, or ,(car s).)`̀ (foo ,@,p) UU (LIST 'CONS ''FOO P)UU> (CONS 'FOO (UNION X Y))UU> (FOO A B C)So ,@,p means \the value of p is a form; splice in the value of the value of p."`̀ (foo ,@,@q) UU (LIST 'CONS ''FOO (CONS 'APPEND Q))UU> (CONS 'FOO (APPEND (UNION X Y) (LIST 'SQRT 9)))UU> (FOO A B C SQRT 9)



BACKQUOTE 1051So ,@,@q means \the value of q is a list of forms; splice each of the values ofthe elements of the value of q, so that many splicings occur."`̀ (foo ,@',r) UU (LIST 'CONS ''FOO (LIST 'QUOTE R))UU> (CONS 'FOO '(UNION X Y))UU> (FOO UNION X Y)So ,@',r means \the value of r must be a list; splice in the value of r thatis available at the time of �rst evaluation, that is, when the outer backquoteis evaluated." (To splice the value of r that is available at the time of secondevaluation, that is, when the inner backquote is evaluated, just use ,@r.)`̀ (foo ,@',@s) UU (LIST 'CONS ''FOO (CONS 'QUOTE S))UU> (CONS 'FOO '(UNION X Y))UU> (FOO UNION X Y)So ,@',@s means \the value of s must be a singleton list whose element isa list; splice in the list that is the element of the value of s that is availableat the time of �rst evaluation, that is, when the outer backquote is evalu-ated." (To splice the element of the value of s that is available at the timeof second evaluation, that is, when the inner backquote is evaluated, just use,@(car s).)I leave it to the reader to explore the possibilities of triply nested back-quotes.(setq fools3 '("$$$(foo %%%p)" "$$$(foo %%%@q)""$$$(foo %%'%r)" "$$$(foo %%'%@s)""$$$(foo %%@%p)" "$$$(foo %%@%@q)""$$$(foo %%@'%r)" "$$$(foo %%@'%@s)""$$$(foo %'%%p)" "$$$(foo %'%%@q)""$$$(foo %'%'%r)" "$$$(foo %'%'%@s)""$$$(foo %'%@%p)" "$$$(foo %'%@%@q)""$$$(foo %'%@'%r)" "$$$(foo %'%@'%@s)""$$$(foo %@%%p)" "$$$(foo %@%%@q)""$$$(foo %@%'%r)" "$$$(foo %@%'%@s)""$$$(foo %@%@%p)" "$$$(foo %@%@%@q)""$$$(foo %@%@'%r)" "$$$(foo %@%@'%@s)""$$$(foo %@'%%p)" "$$$(foo %@'%%@q)""$$$(foo %@'%'%r)" "$$$(foo %@'%'%@s)"



1052 COMMON LISP"$$$(foo %@'%@%p)" "$$$(foo %@'%@%@q)""$$$(foo %@'%@'%r)" "$$$(foo %@'%@'%@s)"))It is a pleasant exercise to construct values for p, q, r, and s that will allowexecution of (try fools3 3) without error.
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Index of VariablesDon't have a separate index for types or classes.
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