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Abstract

This paper investigateslow overheadsolutionsto the problem of sdheduling instability in
non-preemptiwe static priority list sheduling. Non-preemptive priority list sdeduling is
vulnerable to seweral multiprocessoranomalies For example, in precedenceconstrained
task systems,real-time deadlinescan be misseddue to a reduction in the duration of one
or more tasks. A systemdisplaying this behavior is called unstable Se\eral inherertly
stable run-time dispatders of varying complexity are presemed and their performanceis
investigated. Thesealgorithms are lessrestrictive than previous stabilization methods and
are basedon an Extendal Scheluling model that includes phantom tasks as a medanism
to model non-transparen overheadand ewerts external to the processor.

The dispatdhers presered range from the simplest priority sequenceenforcing dispatcer,
up to aminimally stablealgorithm basedon the conditionsnecessarynd su cien t for insta-
bility to occur. Extensive simulation on a wide range of task systems,including real-world
workloads, shaovs that very simple low-overheaddispatdhershave near-optimal averageper-
formance. Thus, real-time systemdewelopersare suppliedwith simple run-time dispatcing
algorithms that make complicated stabilization methods unnecessary



1 Intro duction

Non-preemptive static priority list scheduling is a relatively simple, low-overheadapproad
to sdeduling computational tasks in real-time multipro cessorsystems. In this type of
stheduling, all tasks are pre-assignedo a singlelist with unique xed priorities. When a
processorbecomesavailable, a run-time dispatcher scansthe priority list in order of de-
creasingpriority and beginsexecutionof the rst unstarted readytask on the idle processor.
Individual tasksare part of a task systemin which a precedene graph speci es precedence
constrairts betweentasks. The precedencegraph de nes a partial order, in which vertices

represen tasks and directed edgesrepresenh precedenceconstrairts.

Non-preemptive sdeduling has proven desirablein seeral real-time systems, including
the Spring Kernel [11], the Reliable Computing Platform (RCP) [1] and the Multicomputer
Architecture for Fault Tolerance(MAFT) [5]. Simplicity and low run-time overheadarethe
main motivators for its use[1, 5]. Howeer, it is vulnerableto anomaloustiming behavior
causedby variations in task durations. Speci cally, reducing the duration of one or more
taskscan causethe starting time of anothertask to be delayed [2]. This phenomenoncalled
Scheluling Instability, can make it di cult or impossibleto guarartee real-time deadlines
[2, 8]. Unfortunately, variability in task duration is a natural occurrencecausedby everns
sud ascade missesmemoryrefreshcycles,DMA cyclestealing, or buscontention between

processaors.

This paper addresseshe relative performanceof se\eral dispatcer stabilization algorithms
of widely varying complexity. Section2 presers badkground information and descritesthe
stheduling model employed in this study. Section 3 introduces Scan Window Dispatch-
ing and a new classof provably stable run-time dispatders. These dispatdchers are less
restrictive than known stabilization algorithms, sincethey are derived from a set of Gen-
eral Instability Conditions which are both necessaryand su cient for instability to occur
[6]. Section 4 descrites the general performancetesting procedures. Section 5 preserns

scheduling simulation data, comparing performanceof the run-time dispatders, including



a \minimally stabilized" dispatcher. Extensive simulations have shovn that ewven simple,
low overheaddispatchers perform remarkably well. This is an important result for dewel-
opers of hard real-time systems,in that it suggeststhat \simple is better", i.e. onecan
implemert fast low overhead dispatchers which guarartee stability, but still deliver near

optimal performance.

2 Background and Motiv ation

Non-preemptive priority list sdheduling is vulnerable to seweral multiprocessor anomalies
[2], which describe courter-intuitiv e or unstable stheduling behavior causedby variationsin
systemparameters. For example,deadlinescan be misseddueto (1) increasingthe number
of processors(2) relaxing oneor more precedenceonstrairts, (3) reducingthe duration of

oneor more tasks.

This paper addresseshe third anomaly, instability dueto variations in task durations. The
motivation for focusing on this one anomaly is that it is the only one of the three likely
to occur as a result of run-time phenomena For example, one generally does not alter
the precedenceelationships betweentasks in a running system. Similarly, one does not
insert a processorinto a running systemwithout having previously examinedthe impact
on stheduling. Howeer, task duration can vary from one execution of a task to the next.
Thesevariations are stochastic, and generally unavoidable. Simulating scheduleswith all
possiblevariations in the durations of all tasks is in most casesan intractable problem.
Therefore, task dispatching must be provably stable for all permissiblevariations in task

durations.

2.1 De nitions

For the purposesof this study, a Task is de ned as an indivisible block of code which
must be executedon a single processor. A task system, descrited by a directed acyclic

precedenceggraph with N tasks, is to be stheduledon M processors.Durations for eah



task T; are speci ed by minimum and maximum values. For a given instanceof a task, its

actual duration variesrandomly within thesebounds.

A Sceenario descrikesthe sthedule obtained with a particular set of task durations. The
Standad Scenario is the scenarioin which all tasks executefor their speci ed maximum
durations. A Garntt chart depicting the standardscenariais calledthe Standad Gantt Chart
(SGC) [8]. In a Non-Standad Senario at least onetask runs for lessthan its maximum

duration, producing a Non-Standad Gantt Chart (NGC).

Whene\er a processotbecomesddle, the run-time Dispatcher selectsanother ready task for
executionon that processor.The dispatdher is thus distinct from the scheduling algorithm,
which is executedat systemdesigntime to assigntask priorities and nd afeasiblesdedule

for the standard scenatrio.

A systemis stableif there exists no scenariounder which the completion time of any task

on any NGC exceedsts completiontime on the SGC? [8].

2.2 Example of Instabilit y

Figure 1 shaws the precedencegyraph for an exampleeigh-task system,with the maximum
duration of ead task listed next to its vertex. Priorities are de ned in order of increasing

start times on the SGC.

Figure 2 demonstratessdieduling instability. Gantt chart (a) is the dual-processorSGC
for the task system of Figure 1. Gantt chart (b) is the NGC obtained when task T3 is
shortenedby an arbitrarily small value > 0. On this NGC, the shortenedT; nished
before T, causingTg to be ready before Ts. Te was thus able to \usurp” the processoron
which Ts was executedon the SGC. As a result, both Ts and its child T; started later on
the NGC than they did on the SGC.

IManacher originally referred to this condition as\strongly stable"
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Figure 1. Example Precedencesraph

2.3 Stabilization Options

There are seweral approatesto stabilizing a task sdhedule. Two approadies, xing the task
starting sequen@ and xing taskstarting times are amongthe most restrictive methods that
will inhibit instability. The potential of thesemethods to causepoor processorutilization

has motivated the dewvelopmen of seweral alternative stabilization methods.

Manac her's Algorithm One early algorithm for stabilizing a systemof real tasks was
deweloped by Manadher [8]. It was intended to permit greater exibilit y than the two
approadesstated above. Manader's stabilization algorithm alters the original precedence

graph, potentially adding many edgesto producea graph which is inherertly stable.

Hugue's Algorithm In recen years,stability hasbeenstudiedin the cortext of speci c
real-time systems. In particular, Hugue [9] has dewloped a variation on Manader's ap-
proad, customizedto the sdieduling environment of the Multicomputer Architecture for
Fault-Tolerance(MAFT) [5].
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Figure 2: Example of Instability

Run-Time Algorithms  An alternative to the a priori stabilization methods above is
run-time stabilization. In this approad, the dispatcher limits the depth of its scaninto
the task list in order to avoid instabilities, using information known at run-time. This less
restrictive approad takes advantage of the generalinstability conditions descriked in [6],

which are necessaryand su cien t for instabilities to occur.

2.4 Extended Scheduling Mo del

The arrival and executionof tasksin a real-time systemmay be partially dependen upon
processeand events occurring outsidethe processorshemseles. To model sut everts, our
stheduling model incorporatesa conceptcalled Phantom Tasks Thesetaskstake time, but
donot occupy any processorsA critical feature of this model is that phantom tasksare fully
integrated into the precedencegraph along with real tasks. This model extensionallows
precedenceconstrains between real and phantom tasks. Someapplications of phantom

tasksinclude:

1. The arrival of atask may be delayed by an externaltimer. In the extendedsteduling



model the timer processis represeted by a phantom task. Then, in the precedence

graph, the delayed real task is speci ed asa child of the phantom task.

2. TaskA caninitiate an externaltask B, (e.g. a DMA operation) which must complete
beforetask C can proceed. This casecan be modeledwith a task chain, consistingof

real task A, phantomtask B and real task C.

3. In message-basedystems, comnunication between processorscan impose a delay
between the completion of the parert task and the releaseof its children. In the
interim, the processorsare available for other unrelated tasks. Thesedelays can be
modeled by a phantom task inserted into the connecting edge of ead parert-child

pair.

3 Run-Time Stabilization

Manadher's algorithm modi es the precedenceyraph a priori to ensurestability in all pos-
sible scenarios.Run-time stabilization is lessrestrictive and leavesthe original precedence
graph unchanged. The dispatdher is modi ed to enforcestability, not necessarilyconsider-
ing all possiblescenarios.Rather, it only needsto enforcestability giventhe actual scenario

up to the current time.

This sectionpresets se\eral provably stable task dispatching algorithms that are basedon
restricting the number of tasks which the dispatcher may scan. Due to limited space,the

stability proofs are omitted. The interestedreaderis referredto [7].

3.1 Scan Windo w Dispatc hing

When a processornishes its currernt task, the traditional priority list dispatcher may scan
the ertire task list to nd areadytask. Stability canbe enforcedat run-time if the number
of tasks scannedis limited sud that no usurper task is ewer started before a vulnerable

task A task is called vulnerableto instability if there exists at least one scenarioin which



it is the lowest numberedtask to missits deadline.

The subsetof unstarted real tasks scannedby the dispatcher are said to be in the San
Window. The rst task in the scanwindow is always the rst unstarted real task in the
priority list. The number of unstarted real tasks scannedis called the San Depth, D,

where T, is the lowest numbered unstarted real task at the time of the scan.

The GeneralInstability Conditions of [6] provide the basisfor determining the maximum
safe scandepth. Three tasks are important to the depth limiting algorithms to follow.

Thesetasks are de ned at the time the list is scanned.

T is the lowest numberedreal task that hasan un nished phantom paren.

T is the lowest numbered real task which is also the secondreal child of an un nished

forking task.
T is the lowest numberedreal task sud that:

1. T isdescendedrom an un nished forking task,

2. On the SGC, T started while another real descendat of the sameforking task

was running.

Example: Usingthe precedencegraph of Figure 1 and the NGC of gure 2(b), consider
the status of the list whenit is scannedat timet = 4 . At this time, the lowest numbered
unstarted task is T, = T4. Further inspection shows that the only un nished forking task

at this time is T,. Thus,tasksT , T , and T arede ned asfollows.

T doesnot exist sincethere are no phantom tasksin this system. Howewer, had T¢ been
a phantom task instead of a real task, then the lowest numbered real task with an

un nished phantom parert would be T = Tg.
T isthe secondreal child of un nished forking task T,. Hence, T = Ts.
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T is alsoTs becaussdt is the lowest numbered real task sud that:

1. It is descendedrom un nished forking task T»,

2. On the SGC (Figure 2(a)), it started while T, (another descendenof T,) was

executing.

TaskT iscalledafan-out task, becauset represets anincreasan the number of processors
occupiedby the descendets of a given parert. Task T is also a fan-out task, becauseit
occupiesonereal processorwhile its phantom ancestoroccupiedzeroreal processors.The
amount of the fan-out is then the di erence betweenthe number of processorsccupiedby

the descendets and the number of processorsoccupiedby the commonancestor.

We have deweloped scandepth limiting algorithms which are partitioned into three classes,
Basic, Augmentel and Frame-kasal Algorithms [7]. No dispatdher can scanbeyond the end
of the priority list. Thus, the scandepth is always boundedby D, (N u)+ 1. To

avoid visual clutter, this constrairt is not explicitly stated, however, it is always presumed.

3.2 Basic Algorithms

Four basic algorithms have beendeweloped for limiting the dispatcher scandepth D. All

four have beenproven to produceinherertly stable dispatchers|[7].

Algorithm 1: D, = 1. This scanwindow cortains only the rst unstarted real task,

fTu0.

Algorithm 2: D, = (a u)+ 1, where:a= min[ ;(u+ 1)].
(0]

n
The largestscanwindow for this algorithm is  Ty; T(y+1y ,soD, 2.

Algorithm 3: D, = (¢ u)+ 1, where:c= min[ ; ].

Algorithm 4: D, = (w u)+ 1, where:w=min[ ; ].



Example: Toillustrate the operation of thesedispatchers, consideragain the precedence
graphin Figure 1. In this example,instability is possibleonly if T starts beforeTs. None of
thesedispatdersallow that situation to occur. Algorithm 1, with its scandepth of 1, would
not scanTg until Ts was already started. Algorithm 2, with its maximum scandepth of 2,
would not scanTg until after T4 hasstarted. By that time, Ts will have alreadybeenreleased
by its latest parert, T,. Ts is the secondchild of forking task T,. Therefore, Algorithm 3
cannot scanbeyond Ts until T, is completed,making Ts ready to run. Similarly, the SGC
of Figure 2a shavs that Ts ran in parallel with T4. Sinceboth of thesetasks have common
ancestorT,, Algorithm 4 cannotscanbeyond Ts until T, is completed. Thus, none of these

dispatdersallow Tg to start beforeTs.

The stability criteria employed by Algorithm 4 are similar to the criteria of Manader's

algorithm, expandedto accourt for phantom tasks’.

3.3 Augmen ted Algorithms

Let I bethe number of idle processorat the time of the scan(including the processomvhich
initiated the scan). It hasbeenshownn that the scandepth of ead of the basicalgorithms
can be extendedby the value (I 1) [7]. Theseaugmente algorithms are indicated by
appending the letter A to the basic algorithm name. The basic and correspnding aug-
merted dispatcher algorithms, as well as their run-time and pre-processingcomplexities,
are summarizedin Table 1. In a list implemertation, Algorithm 1 and 2 have constart
complexity due to the xed scandepth. This increasescomplexitiesfor Algorithm 1A and
2A to O(M) sincethe scandepth canincreaseto maximally M. The remaining algorithms
have O(N) due to the fact that worse casethe full list is scanned.Heap implemertations
result in O(logN ), due to the reordering of the heap. For more information the readeris

referredto [7].

2Manacher's algorithm preverts priorit y inversion with regard to the rst task of a co-running pair,
whereasAlgorithm 4 prevents inversion with regard to the second task of the co-running pair.



Alg'm Maximum ScanDepth Run-Time Pre-Proc.
Name Complex. Complex.
linear heap
1 D,=1 O(1) | O(logN) None
1A D,=1 O(M) | O(logN) None
2 Dy=(a u)+1 wherea= O(1) | O(logN) O(N)
2A Dy=(a u)+l min[ ;(u+ 1)] | O(M) | O(logN) O(N)
3 D,=(c u)+1 wherec= O(N) | O(logN) O(N)
3A Dy=(c u)+l min[ ; ] O(N) | O(logN) O(N)
4 D,=(w u)+1 wherew= O(N) | O(logN) | O(N?3)
4A Dy=(Ww u)+l min[ ; ] O(N) | O(logN) | O(N?3)

Table 1: Summary of Basic and Augmerted ScanWindow Dispatchers

3.4 Frame Based Algorithms

Recall that a fan-out task is any real task with at least one of the following properties:
(1) It is a child of a phantom task, (2) It is descendedrom a (real or phantom) forking
task, and it started execution on the SGC while another descenden of the sameforking
task was executingon another processor.In Algorithm 4, the scanwindow was de ned as
fTy; 5 Twg, wherew = min[ ; ]. T, is the rst fan-out task, and on the SGC it causes
a fan-out of 1 (note that T,, is a descendan of an un nished parert). Assumethat T,
is the only fan-out task in the workload. Then, if one wants to scanpast T,,, stability is
guararteed only if there is at least one additional (resered) idle processorthat canabsorb

the possiblefan-out of T,,. This argumern led to augmerted Algorithm 4A [7].

In the seart for stabilization algorithms which are lessconstrainedthan the augmered
algorithms, it is necessaryto identify fan-out tasks beyond T,,. Let T,,; = Ty, then de ne
Twi = min[T ;T ] ignoring all Ty, ] < i, ascandidatesfor T and T . The result is the

completelist of all fan-out tasks. All T,,; are calledbasic fan-out tasks, in that ead T,
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can causea fan-out of 1. In the examplesof the following sections,it will be shavn that
somefan-out tasks have special properties. For easeof notation T,, will be usedfrom now

on to denoteany arbitrary basicfan-out task T,;.

Recall that Algorithm 4A scannedl 1 tasksbeyond T,;. It canbe shavn [7], that one
can extend the idea of Algorithm 4A to spanthe scanwindow | 1 fan-out tasks beyond
Tw1, i-€. up to the I'" fan-out task Ty, . This algorithm is called the W-Algorithm . Its
complexity stays the sameas Algorithm 4/4A, i.e. O(N), sincea scanup to T,, might at

worserequire a full scan.

3.4.1 Eectiv e Fan-out

The W-Algorithm is basedon the assumptionthat ewery basic fan-out task T,, needsto
be consideredwhen determining the safescandepth. Howewer certain basic fan-out tasks

cannot causeinstability.

Let s34 denotethe start time of T,, in the standard scenario,i.e. onthe SGC.De ne F (T,)
as a function that indicates how many basic fan-out tasks with indiceslessthan or equal
w are executingat s$. Then a task T,, is said to have an e ective fan-out of F (T). The
examplein Figure 3 shavs parert tasks Tp; and Tp, which have 2 and 1 basicfan-out tasks
aschildren, respectively. In the correspnding SGC shown in Figure 4, whereshadedareas
indicate that the task is a fan-out task, F(Ty1) = 1, F(Tw2) = 2 and F(Ty10) = 3.

3.4.2 Overlapping Fan-out Tasks:

If there are k basicfan-out tasks executingon the SGC at sometime t, then the e ective
fan-out of the k overlappingfan-out tasksis k. In the SGC of Figure 4 one can seethat at
time t; = s$% the e ectiv e fan-out of the three basicfan-out tasksis 3, asre ected by Ty1o
with F (Ty10) = 3.

11



Figure 3: Subgraphof workload
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Figure 4: SGC overlapping fan-out tasks

3.4.3 Non-Ov erlapping Fan-out Tasks:

Not ewvery basicfan-out task cortributes to anincreasein the e ectiv e fan-out. Assumethat
se\eral basic fan-out tasks exist sud that their executionsdo not overlap on the SGC. It
canbe shown that thesenon-overlappingbasicfan-out taskscancollectively cortribute only
to an e ective fan-out of 1. Figures5 and 6 showv the subgraphand the SGC of a system
with two non-overlapping basicfan-out tasks. Fan-out F (T,,1) = 1and F (Ty,) = 1 andthe

e ective fan-out of f Tyy1; Tyy2g at any time is 1 and not 2, asexpectedby the W-Algorithm.

Figure 5: Subgraphof workload
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Figure 6: SGC non-overlapping fan-out tasks

3.4.4 Eectiv e Fan-out Tasks:

Let Tej denotethe lowestnumkbered basic fan-out task with F (T,,) = i. Then T is called
an e ective fan-out task Te; is the rst e ective fan-out task (F (Te1) = 1), Te, the second
and soforth. By de nition T¢; = Ty1. Every e ective fan-out task is also a basic fan-out
task, but the reverseis not necessarilytrue. It should be noted that Tg; is hot necessarily

the only fan-out task with a fan-out of i, but it is the rst.

3.45 Scan Frames

The priority list can now be partitioned starting with the rst unstarted task T,. The

generalpriority list at the time of the scanis
PL = (Teo; 5 Ters 35 Tens 105 Teks 122):

TaskTe = T, if 3 F(T,) = 0, otherwise T doesnot exist and the list starts with Tei. Tek
is the last e ective fan-out task, and its e ective fan-out is boundedby M, the number of
processorsn the system. PositionedbetweenT,; and Te+1) areany number of tasksT; with
eective fan-outs0 F(T;) i. Thesetasks, including T, are called the Scan-Frame
of Te; and are denotedby . Thus ¢ is the setfTg;::;; Tei+r) 109. The de nition of
scan-framesds with respect to the current scan. Whereasthe W-Algorithm takesthe rst
| basic fan-out tasks under consideration, one can modify this algorithm (seesubsection

3.4.7) consideringe ectiv e fan-out tasks Te; only.

3F(Ty) 8 0if and only if T, is descendedrom a phantom task.
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3.4.6 Impact of Usurp er Task Durations

AssumeT, is the next task cheded for safestarting. It can be shavn that the only scan
framesthat needto be investigatedare thosewhich contain tasks T,, whoseSGC starting
time s$ overlap timewise with the execution of usurper task T, on the NGC, assuming
Tx were started [7]. This meansthat scanframes ¢ with sg}d greater than the maximal
nishing time of T, cannot be vulnerableto instability causedby starting Tx. Thus, a scan
window algorithm hasto resene processornly for the frameswhoseassaiated Tg; starts

at or beforethe maximum nishing time of Ty, sincesafet of the succeedingramesfollows.

3.4.7 The E-Algorithm

As a result of the previousdiscussionthe following E-Algorithm can be speci ed:

1. Find the rst readytask T, and determineits scan-framek®

2. Find the last task T, with index v < x whosestandard starting time overlaps the

hypothetical executionof T, and nd its scanframek.

3. T canbesafelystarted if k idle processorg€anberesenedfor tasksfromf o; :::; 0.

3.4.8 The F-Algorithm

The fan-in of a task sub-graphis de ned to be the ewvent that causesat leastone processor
to permanerlly becomeidle, with respect to tasksin that sub-gaph. If one extendsthe
E-Algorithm to include the impact of fan-ins, onederivesa run-time implemertation of the
Generallnstability Conditions. This F-Algorithm is then minimally stablein the sensehat
no processoris left idle aslong asthere exists any ready task which can be started safely
[7]. Howewer, the F-Algorithm has exponertial complexity due to the need of generating

an NGC-Treeto investigateall possiblefan-in scenarios.
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3.4.9 Slack-Time Reclaiming

Assumethe dispatcher scansthe list at time t. The slack-time of atask T; isthens™® t,the
time remaininguntil the starting deadlineof T;. At time t, starting ausurpertask Ty 2 T,
can not causeT; to be unstable as long as its maximum duration ¢ s t. If this

inequality is true, then it is said that task Ty is slack-time safe with respectto T;.

Eadh of the dispatcher algorithms above canbe extendedby including sladk-time reclaiming.
Speci cally, a usurper task can be started either if it is inside the scanwindow, or if it is
slak-time safewith respectto the rst vulnerabletask recognizedby the dispatcher. Sladk
time reclaiming can causethe dispatdher to scanall ready tasksto nd a slak-time safe
task. Thus, given N tasks, slak time reclaiming adds O(N) to the complexity of eah

algorithm, regardlessof whether the ready tasks are maintained in a heap.

4 Performance Testing

Extensive sdheduling simulations were performedto assesshe performanceof the dispatch-
erspresered. The objective of performancetesting of the dispatcherswas (1) to investigate
how well the low overheaddispatdhers performedand (2) to investigatethe changein per-

formanceas dispatcher complexitiesincrease.

Simulations were performed on a variety of represetativ e task graphs, including se\eral
\Real World" workloadsfor hard real-time systemsfrom the areasof robotics and jet engine
cortrol. In addition, a number of precedenceyraphs were generatedlocally to represem
task systemsof varying sizeand structure. In somecasesphantom tasks were embedded

in the graph to model external processes.

Execution of eath precedencaraph was simulated using ead of the scanwindow dispatc-

ers. In order to obtain relatively e cient SGC's, the urgencystrategy descriked in [8] was

4Slack time reclaiming is implicit in the F-Algorithm, but may be added as an option to ead of the
others.
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usedto assigninitial task priorities.

For ead simulation trial, the actual duration of ead task wasrandomly generatedusing a
uniform distribution over the interval betweenits minimum and maximum durations. The
resulting task systemwas then sdheduledusing eat of the scanwindow dispatdhers. Each
simulation trial wasrepeated10,000times with di erent durationsona 2, 4 and 8 processor

system, respectively.

4.1 Performance Metrics

The primary metrics employed are:

= Processorutilization averagedover all trial repetitions and dispatders.

= The maximum di erence in processouutilization obsened betweendispatchersfor
a given precedenceagraph.

Ol
I

The averagescandepth at which a ready task was found.

4.2 Test Precedence Graphs

The di erent graphstested were partitioned into three categories,accordingto the appli-
cationsthey represeh The test graphsare descriked brie y herein. For completedetails,

the readeris referredto [7].

4.2.1 Generic Test Graphs

Di erent graph structures were generatedlocally to represen real task systemsof varying

sizeand structure.

Delayal Start Graphsrepreseh systemsin which the starting time of someinitial real tasks
is non-zero. In sud graphs, all phantom tasks are initial tasks. In addition, ead child of
a phantom task is a real task with no real parerts. On average,one-halfof the initial real

tasks were delayed by phantom parerts.
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Communiation Delay Graphs model delays between the completion of a task and the
releaseof its children, consideringparameterpassing. Sut delays occur in looselycoupled
systems,whereinupdating of the dispatcher's data structuresis subject to messaggassing
delays [5]. Eadh delay is modeledby a phantom task, which is the solechild of a real task.

Any children of the real task then becomechildren of the new phantom task.

Modular Redundancy Graphsmodel fault-tolerant systemsin which multiple copiesof eadh
task are executedconcurrerly on di erent processors.The results of the individual copies
are then subjected to a voting processbeforeany copiesof any children are released.Some
systemsemploy separatehardware voters in order to free the processordrom voting [5].

Voting processesnust then be modeledas phantom tasks.

Arbitrary Graphsrepreseh a more generalmixture of real and phantom tasks, comprising
features of the other groups. These graphs were designedto provide structural variety

rather than to model speci ¢ featuresof a system.

4.2.2 Pathological Graphs

Se\eral precedencegraphs were constructed with the intent of exacerbatingperformance
di erences betweendispatdiers. Thesegraphswere designedto reward large scandepths

by imposinglarge time penaltiesfor dispatcherswith inherertly small scandepths.

4.2.3 Real World Applications

While the above task systemsare intended to be represetativ e of real-time task systems,
they are nonethelessarti cial. To obtain data with real-world task systems,simulations
were performedon the v e precedencegraphsshown in Table 2. Workload \T urbojet” is
the precedencegraph for Sha er's turb ojet enginecortroller program, originally adapted
to a four-processorsystem[10. Workloads\Robot 1" through \Rob ot 3" implemert the
Newton-Euler algorithm for cortrol of the Stanford Manipulator arm [3], while workload

\Rob ot 4" implemerts the Walker and Orin algorithm, also for the Stanford Manipulator

[4].

17



In addition to represeting real-world cortrollers, thesegraphso er substartial variety in
structure and size,and have the advantage of being available in the open literature. Since
spacelimitations prohibit complete descriptionsof the graphshere, The interestedreader

is referredto [7] for more detail.

Name Tasks| Application/Reference
Turbojet 64 | Engine Control [10]
Robot 1 88 Newton-Euler [3]
Robot 2 103 Newton-Euler [3]
Robot 3 90 Newton-Euler [3]
Robot 4 200| Walker & Orin [4]

Table 2: Real Workloads

5 Simulation Results

The results of simulations are presened separatelyfor ead categoryof precedencegraphs.
Simulations were rst performedwithout slak-time reclaiming (exceptfor the F algorithm,
in which slad-time reclaimingis implicit). The impact of enabling slak-time reclaimingis

discussedn subsection5.5

5.1 Generic Test Graphs

The performanceof the generictest graphsis showvn in Table 3, wherethe averageutiliza-
tions — for the minimally stable F-Algorithm, and the maximum di erence to any other
dispatcher are given. Averagedover all genericgraphs,the 2 and 4 processorsimulations
showed relatively high processorutilizations, whereasfor the 8 processorcaselower — were
achieved, due to the limited concurrencyof real tasks available in the graphs. The highest
utilization was acdhieved for the graphs with the smallest number of phantoms, i.e. the

delayed start graphs.

The most important result is the small values of obsened, indicating there was very
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| Workload | M=2 | M=4 | M=8 | |
Delayed Start 98 93 75 7.6
Communication Delay 96 86 65 4.1
Modular Redundancy 96 79 47 1.0
Arbitrary Graphs 97 80 44 3.3

Table 3: Utilization of genericworkloadsin %

little dierence in averageprocessorutilization acrossthe dispatchers. Furthermore, the
simulations shaved nearly identical performancewithin the setof basicalgorithms, (1, 2, 3
and 4), the augmerted algorithms, (1A, 2A, 3A and 4A), and the frame basedalgorithms,
(W, E andF). The reasonfor the nearly uniform performanceof all dispattherswasobsened

in the low averagescandepth D, i.e. D < 2 for all basicand augmened dispatcers.

Processorutilization dependson ¢™"=c¢", the ratio of minimum duration to maximum

duration for task T;. This parameteris highly dependen on the systemarchitecture. Simu-

The lower value, 0:1, allows for large variations in messagegyassingdelays and for cade
memoriesup to oneorder of magnitude faster than the main memory In all casesthe low-
est valuesof — and the largest valuesof were obtained when ¢™" =¢" = 0:1. Hence,

theseare the valuesreported in Table 3.

For the F-Algorithm on average 98%, 87% and 65% of all tasks were selectedat a scan
depth of unity, with correspnding averagescan-depthsof 1.06,1.29and 2.08,in the 2, 4
and 8 processorsystemsrespectively. Thus, the more complex dispatchers derived little

benet from a deeper scandepth.

5.2 Pathological Graphs

The previousresults shoved nearly identical performancefor all dispatchersover a variety
of precedencegraphs. Therefore, heuristic \P athological" graphs were constructedto ex-

acerbatethe di erences betweendispatders. Thesegraphswere designedto reward large
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scandepths, and to imposelarge time penaltieson dispatchers with inherertly small scan
depths. The graph structure without phantom tasks which gave the largest performance
di erencesis shovn in Figure 7a. For ead pathologicalgraph, the ratio ¢"" =¢"® wasindi-

vidually selectedfor ead task T; to exacerbate . Pathological graphswere constructed

o/L o/L L/L  duration=min/max L/L o/L O/L  duration=min/max
L =long L = long
S = short 1 S = short
(v1) - (we2) (o) @ (w2) S
[ ] phantom task
o/L o/L 0/S 0/s 0/s 0/s o/L o/L
a) b)

Figure 7. Pathological Graphs

for M = 2, 4, and 8, respectively. Utilization and averagescandepth for all dispatchers
is shovn in Figure 8a and 8b. The e ect of forcing deepscansis evidencedby the worst
casevaluesof D > 2. Howewr, the largest value of was still lessthan 18%. One
reasonfor the uniformity in performanceis that speci ¢ combinations of task durations are
neededto induce poor performance. The stochastic nature of task durations makesthese

combinations extremely rare.

Figure 8ashownsthat performancegenerallyimproveswith increasingcomplexity of the dis-
patcher. Howewer, the major di erences are due to Algorithms 1, 1A and 2. Algorithm 2A

consistetly producesresults very closeto the F-Algorithm.

Figure 7b shaws the particular pathological graph with phantom tasksthat had the worst
performance.Figure 9a shows signi cantly lower averageutilizations than for the previous
graphs,becausehe phantom task causeghe scanwindow to stall. Again, the performance
of the augmerted and frame basedalgorithms was uniformly better than that of the ba-
sic algorithms. Howewer, the worst casevalue of was only 12%. The phantom task
stalling the window causesthe basic algorithms to limit their window to unity, whereas

the dispatdhers taking advantage of extra idle processorgncreasetheir window sizeup to
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a) — b) D

Figure 8: —, D for Pathological Graphs Without Phantom Tasks

D = 2:17. The averagescandepth for all dispatdhersis shovn in Figure 9b. The phan-
tom tasks prohibit D from going beyond 1 for all basicdispatders, thus reducingthem to

algorithm 1.

5.3 Real-W orld Work Loads

Next, the real workloads listed in table 2 were simulated. All work loadsimplemen real
tasks only, with the exceptionof the Turbojet, which was also simulated in a MAFT-lik e

dispatching ernvironment, with phantom commnunication tasks addedbetweenreal tasks.

The averageutilization — for all scanalgorithms was about equalfor the 2 processorcase,
with maximum di erences in utilization of lessthat 2%. The maximum dierences in
utilization for the 4 and 8 processorcaseincreasedslightly, but remainedbelow 6.2%. The
results are showvn in table 4, where column A-F indicates the maximum di erence

betweenaugmerted dispatchers and the F-Algorithm.

As with the genericgraphs, the ratio ¢"" =¢"® was varied from 0:1 through 0:8 to allow
for a variety of systemarchitectures. Again, the value c™" =¢"® = 0:1 consistetly yielded
worst casevaluesfor “and . Hence,theseare the valuesreported in Table4. The lower

utilizations for the 8 processorcasewere due to lack of available parallelismin the graphs.
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a) — b) D

Figure 9: —, D for Pathological Graphs With Phantom Tasks

| Testgraph [M=2|M=4|M =8| | A-F |
Turbojet 99.7 97.1 60.0 | 6.1| 1.78
Turbojet(MAFT) || 99.4 | 91.1 | 54.0 | 57| 1.50
Robot 1 99.2 89.9 500 | 3.7| 0.44
Robot 2 99.9 82.3 425 | 54 1.55
Robot 3 99.8 93.5 544 | 6.2| 1.85
Robot 4 97.6 92.8 58.1 | 6.2| 3.75
Table 4: Real Work-Load Utilizations (—, in %)

This conclusionwasdrawn from the obsenation that in lessthan 0:01% of the unsuccessful

scans,did ready tasks exist beyond the safescanwindow.

5.3.1 Performance of Manac her's Algorithm

Manacher's Algorithm implemernts edgestabilization by inserting extra edgesin the graph
to enforcestability a priori. The signi cant increasein the edgecount for the real work
loadsis shawn in table 5, with highestincreaseof 59%. Comparingthe simulation results of
window dispatdhers with Manader's algorithm showved that Algorithm 4 and Manader's

algorithm performednearly idertically.
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Testgraph | Original | % increaseby Mancher's Alg'm
# edgess M=2 | M=4| M=8
Turbojet 102 21 12 39
Robot 1 130 18 32 59
Robot 2 149 43 50 57
Robot 3 125 29 34 24
Robot 4 339 35 40 39

Table 5: Edgesaddedby Manader's Algorithm

5.4 Biased Duration Distributions

The precedingresults were obtained with actual task durations uniformly distributed be-
tweentheir minimum and maximum values. In many systems,the maximum duration can
occur only after an unlikely sequenceof ewverts (e.g. repeated cadie misses). Thus the
averageduration of a task may be much lessthan the maximum duration. Let R denote
the normalizedexpectedtask duration within the minimum to maximum duration interval,
i.e. R = 0:5 implies uniformly distributed durations. Further simulations were performed
using distributions skewed toward the minimum duration (R = 0:2, and R = 0:11). These
simulations revealedthat the relative performanceof the dispatdersis quite insensitive to

the distribution of task durations [7].

5.5 |Impact of Slack-Time Reclaiming

All previoussimulations were performedwithout sladk-time reclaiming (exceptfor the F al-
gorithm in which sladk-time reclaimingis implicit). All simulation trials werethen repeated
with sladk-time reclaiming enabled. Table 6 shovs the maximum di erence in utilizations

betweenall dispatcherswithout and with slack-time reclaiming for di erent R.

As can be seen,the di erence in processorutilizations betweendispatdiers, , wasdras-
tically reducedfor all of the non-pathologicalworkloads when slak-time reclaiming was
enabled. Slak-time reclaiming is most e ective when minimum and maximum task du-

rations vary greatly. Furthermore, for graphswith many levels, slak-time tendsto accu-
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mulate with ead task within a chain. In the simulations of all algorithms implemening

Slak-time Reclaiming || disabled enabled
Workload R=05| R=05| R=02| R=011

Real Work-loads 6.2 1.1 0.8 0.5
Delayed Start 7.6 4.7 3.1 2.6
Communication Delay 4.1 1.7 1.5 1.3
Modular Redundancy 1.0 0.9 0.7 0.7
Arbitrary Graphs 3.3 1.0 1.0 0.6
Pathological Graphs 17.9 17.9 14.2 6.8

Table 6: Impact of slak-time reclaiming on in %

sladk-time reclaiming, nearly identical results were achieved. This indicatesthat for work-
loadswith large di erences in minimum and maximum task durations, enoughsladk-time
can be accunulated to compensatefor the di erent window sizesof the dispatchers. How-
ever, this performanceis achieved by increasingthe complexity of the basicand augmerned

algorithms to O(N).

6 Summary

The objective of this paper wasto examinesedule stabilization algorithms for non-pre-
emptive static priority list dispatchers. Se\eral provably stable run-time dispatchers of
widely varying complexity have beenpresened. Thesealgorithms arelessrestrictive than a-
priori stabilization methods. They arebasedon an extendedtask model, featuring phantom
tasksto model ewverts like delayed task releasesnon-transparert overhead,commnunication

delays and static task-to-processorallocation.

The conceptof scanwindow dispatcing was intro duced,leadingto dispatding algorithms
reading from the most limited scanwindow (Algorithm 1), up to the run-time implemen-

tation of the necessaryand su cient Generallnstability Conditions of [6] (F-Algorithm).

Performanceof the dispatcherswas simulated for a variety of precedencegraphs,including
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seeral real world applications. Simulations shoved that the simple dispatdchers performed
remarkably well, even though graph structures could be constructedthat amplify the ad-
vantages enjoyed by the more complex dispatdhers. The largest deviation in processor
utilizations obsened with a pathological precedencegraph lessthan 18%. With real-world
precedencegraphs, this di erence newer exceeded.2%. The use of slak-time reclaiming

reducedtheseperformancedi erences ewen further.

The results of the simulations support an important thesisfor dewelopers of hard real-time
systems,in that there is no needto implement complex algorithms for non-preemptiwe
real-time task dispatching. Extremely simple, low-overheadtask dispatchers exist which
areguararteedto be stable,and yet perform nearly aswell asthe most complexdispatders.
Thus, it is only necessaryor the designerto nd afeasiblesdhedulein the standardscenario.
The stability of all non-standard scenariosis then guararteed by the dispatcher. Current
researb focuseson whether theseresults still hold for systemswith static task to processor

allocation.
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