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Abstract
Cacheshavebecomenvaluablefor higherendarchitec-

turesto hide, in part, theincreasinggap betweemrocessor
speedand memoryaccesgimes.While the effect of caches
on timing predictability of single real-timetaskshasbeen
thefocusof mud reseach, boundingtheoverheadf cache

warm-upsafter preemptiongemainsa challenging prob-

lem, particularly for datacades.

This paper makes multiple contributions. 1) We bound
the penaltyof cacheinterferencefor real-timetasksby pro-
viding accurate predictionsof data cachebehavior across
preemptionsjncluding instruction cache and pipeline ef-
fects.We showthat, when consideringcache preemption,
the critical instantdoesnot occur uponsimultaneouge-
leaseof all tasks.

2) We develop analysis methodsto calculate up-
per boundson the numberof possiblepreemptionpoints
for eachjob of a task.To malke theseboundstight, we con-
sidertheentire range betweerthebest-casandworst-case
execution times (BCET and WCET) of higher prior-
ity jobs. The effects of cadhe interferenceare integrated
into the WCET calculationsby using a feedbak meda-
nismto interact with a statictiming analyzer

Signi cant improvementsn tighteningboundsof up to
anorderof magnitudeovertwo prior methodsindupto half
a magnitudeover a third prior methodare obtainedby ex-
perimentgor (a) thenumberof preemptions(b) the WCET
and (c) theresponsgime of a task.Ovenll, this work con-
tributesby calculatingtheworst-casgareemptiordelayun-
der consideation of data caches

1. Intr oduction

In most modernsystemsdatacacheshave becomean
integral partof thearchitectureWhile they provide consid-
erablesavings in lateng, they make the lateny of mem-
ory referencesunpredictableln real-timesystemstiming
predictability is a centralrequirementHence,this unpre-
dictability dueto datacachesaddsto analysiscomplexity.

Characterizatiorof data cachebehaior for a task is
comple andhasbeenthe focusof muchresearchln apre-
emptive system this compleity increasegurther. In such
a system,a task with higher priority may preempta task
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with lower priority at ary time. This implies that some
cacheblocks that the lower priority task was using could
beevictedandlaterreloadedvhenthetaskresumesxecu-
tion. In recentwork [20], we proposea methodto boundthe
delaycausediueto preemptiongor datacachesandto de-
rive anupperboundfor theresponséime of atask.

The issuesaddressedn that work are similar to those
studiedfor instructioncache$21, 23], namely:Preemption
delay: Given the preemptedask, the setof possiblepre-
emptingtasksandthe preemptiorpoint, calculatethe delay
incurredby preemptionsNumber of preemptions:Calcu-
late n, the maximum numberof times a task can be pre-
emptedupon executedwithin a task set. Worst-casesce-
nario: ldentify the placemenbf then preemptiorpointsin
theiterationspacesuchthattheworst-caseotal delay/ pre-
emptioncostis obtainedIn thispaperwe rst show thatthe
critical instantdoesnot occurwhenall tasksarereleasedi-
multaneouslyf we considepreemptiordelays.Secondywe
proposea new methodto tightly boundthe maximumnum-
ber of preemptiongpossiblefor a given task. Finally, we
proposea methodto derive a realisticworst-casepreemp-
tion scenario.The secondand third contributions help us
signi cantly tightenthe WCET estimatefor ataskby tight-
eningthe preemptiordelayincurredby it.

In ourwork, we considera periodicreal-timetaskmodel
with period equalto the deadlineof a task. The notation
usedin theremaindeof this papetis describecere A task
T; hascharacteristicsepresentety the7 tuple( i, P;, Ci,
¢,Bi,Ri, ji). irepresentthephaseofthetask,P; rep-
resentghe periodof thetask(equalto deadline) C; repre-
sentgheworst-cas@xecutiontime of thetask,c; represents
the best-casexecutiontime of the task,B; representshe
blocking time of the task,R; representshe responsdime
of thetaskand ;i representshepreemptiordelaycaused
onthetaskdueto a higherpriority taskT; . Ji; represents
thej thinstancgjob) of taskT;.

2. RelatedWork

Severalmethodshave beenproposedn the pastto bound
datacachebehaior for asingletaskwithouttakinginto ac-
count, the effectsthat othertasksmay have on the beha-
ior ([13], [8], [12], [27], [15]). They usemethoddike data

0 w analysis staticcachesimulation,etc.for this purpose.

Analytical methodsfor predictingdatacachebehaior



have beenproposed.They include the CacheMiss Equa-
tions by Ghoshet al. [7], a probabilisticanalysismethod
proposedby Fraguellaet al. [6] and anotheranalytical
methodby Chatterjeeet al. [5]. The commonideabehind
thesemethodsis to characterizedata cachebehaior by

meansof a setof mathematicakquations.n prior work

[19], we have extendedthe cachemiss equationsframe-

work to produceexact datacachepatternsfor references.
Techniqueshatmake datacachesnorepredictableandcan

beappliedin preemptie systemsarecachepartitioningand

cachelocking [14, 18]. Both methoddeadto a signi cant

lossin performancen orderto gain predictability Recent
work shavs improvementsn thesemethoddor the caseof

instructioncacheq17]. However, sincedatacachesstride

over large datasets,it is dif cult to preventlossin perfor

mance.

Othertechniquehave beenproposedspeci cally to cal-
culate preemptiondelay and analyzeschedulabilityin a
multi-task preemptve system. Thesetechnigquesdo not
speci cally analyzedatacachebehaior. Instead they pro-
videamoregenericsolutionapplicableto acachancluding
speci ¢ solutionsfor instructioncaches.

Early on,Basumallicketal. conductedasurey of cache
relatedissuesin real-time systems[2]. This surwey dis-
cussedsomeinitial work relatedto the calculationof pre-
emptiondelay Busquets-Mataiet al. proposeda method
to incorporatethe effect of instructioncacheson response
time analysis(RTA) [4]. They compareccachedRTA with
cachedRate Monotonic Analysis (RMA) and concluded
thatcachedRTA outperformscachedRMA. Leeetal. pro-
posedandenhanced methodto calculatean upperbound
for cacherelatedpreemptiondelay in a real-time system
[9, 10]. They usedcachestatesat basicblock boundaries
anddata o w analysisonthecontrol o w graphof ataskto
analyzecachebehaior andcalculatepreemptiordelay

Anotherapproachby Tomiyamaet al. calculatescache
relatedpreemptiordelayfor the programpaththatrequires
themaximumnumberof cacheblocks[24]. This pathis de-
terminedby an integer linear programmingtechnique.ln
this paper an empty cacheis assumedat the beginning of
every job andhence eachpreemptionis analyzedndivid-
ually. Effects of multiple preemptionsare not considered.
Negi etal. combinedhetechniqueproposedy Tomiyama
etal. [24] andby Leeetal. [9, 10] to developanenhanced
framawork [16]. Once again, however, multiple preemp-
tionsarenot consideredn theirwork sinceanemptycache
is assumedt the beginning of atask.

The work by Lee et al. wasenhancedy Staschulaet
al. [21, 23]. Theauthorgproposea completeframenork for
the calculationof responsédime for tasksin a given task
set. They addresghe threeissuesenumeratedn the Sec-
tion 1, namelycalculationof the maximumnumberof pre-
emptionpoints,identi cation of their placementndcalcu-

lation of thedelayateachpoint. However, their focusis not
ondatacachesbut oninstructioncaches.

In theirwork, Staschulagtal. discusghe concepbf in-
directpreemptiong23]. Figurel illustratesthe concepftfor
a task setcloselyresemblingtheir examplewith phase ,
periodP, WCET C andpreemptiordelay for tasksT; to
T4. Forsimplicity, isassumedo be x edpertask,i.e., in-
curredwhenin icted by ary higherpriority task.Response
timesaredeterminedis

jsi (Ri))
j=1ui 1

=Ci+ B+

wheretheblockingtime, B;, is notconsideredn the ex-
ampleand ;i (R;) is theoverheadncurredby higherpri-
ority taskspreemptingthe currentone. In Figure 1, exe-
cution is depictedby shadedboxes,the preemptiondelay
is shawvn black boxes.They amuethatseveralindirectpre-
emptionsaffect lower priority tasksonly once.For exam-
ple, in the gure, althoughT, could be affectedby every
invocationof Ty, T3 is actuallyonly affectedby the rst in-
vocationshown since,after beingpreemptednce,it is not
scheduledat all until T, completesxecution.Thus,there-
sponsdime of R3 is 10.5units. However, we will shav in
thiswork thatthemethodemployedby Staschulagtal. pro-
ducespessimistiaesults.

In morerecentwork [22], Staschulagtal. proposeatim-
ing framework thatconsiderspredictableandunpredictable
(input-dependentilata cacheaccesseskor unpredictable
accessesa tight bound on the impact on predictableac-
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cesseandaworst-casestimateof thenumberof additional
datacachemissesds calculatedAs such,theirwork consid-
ersary reusectachecontentto bereplacedvhenacon ict-
ing rangeof accessefor unpredictabledatareferencesx-
ists,upto thenumberof cacheblocksin eitherset.Alterna-
tively, they handlecold missedor smallarraysthatentirely
t into cacheanddonotsuffer replacementatall. Ourwork
makesnoassumptiomnthesizeof arrays Furthermorewe
assumenly predictabledataaccesses\oticethatfor array
traversalsexceedingcachesize,their schemebreaksdown
asthey assumehatthe entirecachehasbeenreplaced As
their and our schemesare complementaryit would be in-
terestingto studythe compatibility of thesemethods.

3. PreemptionDelay Affects Responselime

Prior work often assumeghat the worst-caseresponse
time occurs at the theoretical critical instant for x ed-
priority scheduling,i.e., upon simultaneouseleaseof all
tasks.However, this is not necessarilythe critical instant
whenpreemptiordelaysareconsideredConsiderFigure3.
Theresponséime of T3 (11.375units)exceedghatof prior
exampleswhile theresponséime of T4 (12 units)is shorter
thatthatof Figure2 with 12.25units.

In generalthe critical instantunderpreemptiordelayis
a schedulewith releasesn reversepriority ordersuchthat
the ; of taskT; is oneunit of time (onecycle) shortof the
preemptiordelay ; of the sametask.Thistheoreticresult
is, however, very restrictive. In practice the hyperperiodf
tasksis oftena relatively smallnumber Hence release®f
taskscanoccasionallycoincideandareotherwiseseparated
by someminimumtime interval (typically 1 ms). For this
reasonwe considerin our work all jobs of a taskwithin a
hyperperiod We calculatethe numberof preemptionger
job andthendeterminethe cache-relategreemptiordelay
for the respectie job and,subsequentlythe responsdime
of this job. This alsoenableausto considerangesof exe-
cutionwherepreemptiorpointscanoccurwithin the code.
Suchjob-level analysiscanyield moreaccurateesultsthan
calculationof preemptiordelayspertask.Thishelpsuspro-
vide a signi cantly tighter estimateof the numberof pre-
emptionsand,hencetheresponsdimesof jobs.

4. Prior Work

In previous work [19], we enhancedh methodby Vera
et al. [25, 26] that statically analyzesdatacachebehaior
of a singletaskusing CacheMiss Equationg7]. This data
cacheanalyzemwasintegratedinto thestatictiming analysis
frameawork describedn prior work. [20] Thedatacachean-
alyzerproduceglatacacheaccesgatternsjn termsof hits
andmissesfor every scalarand non-scalamemoryrefer
encein a giventask. It is applicablein loop nestoriented
codethat adherego certain constraintsas speci ed else-
where[19]. Thesepatternsprovide an accurateestimatea
task's datacachemissesandtheir positionsin thereference
streamln this work, sincewe only dealtwith a singletask,

it wassufcient to provide the numberof missesnsteadof
theactualpatternof missesandhits to the statictiming an-
alyzerdescribedn theearlierwork [19].

While the above work analyzessingletaskswith respect
to datacachesjt doesnot take multi-task preemptve sys-
temsinto account.In sucha system,a task may be inter-
ruptedby higherpriority tasksat arbitrarypointsduringits
execution.We considemon-partitionecdatacachesn our
work. Hence cachdinesmaybesharedhcrosdasksresult-
ing in theeviction of asubsebdf existingmemorylinesfrom
cacheby preemptingasks.Assumingthatall cacheblocks
broughtin by thepreemptedaskareevictedfrom cachedue
to preemption(i.e., the cacheis effectively emptyafter ev-
ery preemptionpoint) leadsto a signi cant overestimation
of the datacachedelay Hence,schedulabilityof task sets
maybeadwerselyaffectedsothatdeadlinesnaybemissed.

In more recentwork [20], we presenta methodto in-
corporatedatacachedelayduringWCET calculationitself.
Thisincludesatight boundof thedelayby consideringonly
the intersectionof the cacheblocksthat are useful to the
preemptedask onceit is restartedand thosethat are po-
tentially usedby preemptingasks.In this work, we usere-
sponsedime analysis[11, 1] to determinethe schedulabil-
ity of a task-setWe assumea x ed-priority periodic task
setwherethe deadlineof ataskis equalto its period.

The methodwe emplgy in this work hastwo phases.
First, every taskin a giventasksetis individually analyzed
to producedatacachemiss/hit patternsfor its references.
Thetiming analyzeris usedto calculatea baseWCET for
every task (not including delay due to datacaches).Sec-
ond, the datacacheanalyzerandthe timing analyzerinter
actto calculatethe WCET of the taskin a multi-task pre-
emptive system.This involvesthreefundamentakalcula-
tions. 1. Calculationof thedelayincurredby thetaskdueto
preemptiorataparticularpoint; 2. Calculationof the maxi-
mum numberof possiblepreemptiongor a giventask; and
3.ldenti cation of thepositionsof thesepreemptiorpoints.

For the seconditem, we calculatea pessimisticupper
boundfor the numberof possiblepreemptionsTo identify
preemptiorpointsandto calculatethe preemptiordelayat
a point, we usea methodthat involvesthe constructionof
datacacheaccesghains.

All the data cachereferencepatternsof the task are
merged,maintainingtheorderof accesseAll memoryref-
erencedn this consolidatedpatternthat accessthe same
cachesetareconnectedogetherto form a chain.Sincethe
patternmaintainsthe accesorder, this chainaccuratelyin-
dicateseuseWeidentify pointsin theiterationspacevhere
apreemptiorwould resultin thelargestcost,i.e., by cutting
the maximumnumberof distinct cacheline chains.Then
cutswith thelargestcostareidenti ed wheren is the max-
imum numberof preemptiorpointsincurredby the current
task,ascalculatedn phasel. Thedelaysatthesepointsare



addedto the WCET of the taskand usedin the response
time analysisequationdor thetaskset.

5. Methodology

We have describedhemethodfor calculatingtheWCET
of ataskwith preemptiondelayin a multi-taskpreemptve
systemin Sectiond. In thatwork, for the secondandthird
stepswe usesimpli ed methodghatleadto overestimation
of the preemptiordelayand,hencethe WCET of tasks.

The formula usedto calculatethe maximum possible
numberof preemptiondor a taskis basedon the number
of jobs of higherpriority tasksthat arereleasedn the pe-
riod of the lower priority taskandthe amountsof time they
eachtake to execute.Thisleadsto the consideratiorof sev-
eral infeasiblepreemptionpoints either becausehe lower
priority job hasnot beenscheduledat all and,hencecan-
notbe preemptedor becausé hasalready nished execut-
ing. Further we usethelargestn preemptiordelays(where
nis themaximumnumberof preemptiorpointsfor thetask)
while calculatingthe WCET.

In this paper we proposemethodgo calculatetight es-
timatesof the maximumnumberof preemptiondor a task
anda safemethodto identify the worst-casglacemenof
the preemptiorpointsthatis realistic.

5.1. A Tight Bound on Preemption Points

The WCET of a taskis calculatedwith preemptionde-
lay incorporatediuringits calculation.Sincewe shavedin
Section3 that the critical instantdoesnot occurwhenall
tasksarereleasedtthe sametime, we calculatehe WCET
for eachjob of a taskwithin a hyperperiod Our approach
handlegaskswith differentphasesHowever, in the exam-
plesin this paperthe rst job of every taskis assumedo
bereleasedhtthe sametime dueto currentimplementation
constraintsywhichwill belifted in thefuture.

For theabove calculationwe requirethe WCET andthe
BCET of all higher priority tasks.Further for every task,
we rst calculatea baseWCET thatdoesnot considerpre-
emptiondelay Sincethe highestpriority taskcannotbepre-
empted WCET andBCET valuesarecalculatedoy simply
using the statictiming analyzerframawork. For the other
tasks preemption$have to be considerediswell.

In this sectionwe explainthemethodto eliminateinfea-
sible preemptionpoints without explicitly addingthe pre-
emptiondelayat every stagefor the sake of simplicity. We
discussthe calculationof preemptiondelayandthe place-
mentof preemptiorpointsin theiterationspaceof thetask
underconsideratiorin the next section.The methodology
to eliminateinfeasiblepreemptiompointsis explainedin an
example.Considera three-tasksetwith characteristicas
shavn in Table1. For our calculationswe considerall jobs
within a hyperperiodwhichin this caseis 200.

Thetimelinefor tasksT; andT, areshown in Figures4
and5, respectiely. The arrows representeleasepoints of
higherpriority jobsand,hence potentialpreemptiorpoints

for thejobs of taskunderconsiderationPreemptiorpoints
arenumberedonsecutiely. Thepreemptiorpointsthatget
eliminated by the analysisbelov are circled. BCETSs of
higherpriority tasks(e.g., jobsof taskTy in thetimelinefor
taskT;) arelaid out on top, andthe WCETsof higher pri-
ority tasksarebelaw thetime axis. Thedarkandgrayrect-
anglesshow jobsof tasksTo andT; respectiely.

Considetthetimelinefor taskT; . To checkwhetherd ;.o
canexecutebeforepreemptiorpoint 1, we usethe BCET of
Jo.o- Sincethereis idle time afterplacingthe BCET of Jo.o
(5 units),J1.0 couldbe scheduledeforepoint 1. Next, we
determinewhetherthe executionof J;1.o may exceedpoint
1. For this purposewe considerthe sumof the WCETsof
Jo.o andJi.o, namely 7 and12, respectiely. Sincethisdoes
notexceedpoint1, J1.¢ is guaranteedo nish in thisinter
val. Sinced.o hascompletedwe determinethatthe maxi-
mumnumberof preemptiongor the rst job of T; is 0.

For thenext releaseof Ty, i.e., job J1.1, considetthein-
terval betweerpreemptiorpoints3 and4. Duringthisinter
val,in thebestcasewe haveto considetheentireexecution
of thenew job of T1, namelyJi.;, thatis releasedat point
3. Hence for thisinterval,weseethatjob J;.1 couldindeed
be scheduledFurther we seethatjob J;.; is not guaran-
teedto nish beforepoint4 in theworstcase Hence point
4 is apotentialpreemptiorpointfor J1.1. Proceedingn this
way, we calculatethe numberof preemptiorpointsfor J;.1
to be 1. This examplealsoshavs thatthe responsé¢ime for
the rst job (which is releasedht the critical instant)is not
necessarilghe worstpossibleone.

In asimilarfashionwe calculatehe numberof preemp-
tionsfor jobsof taskT,, thetimelinefor whichis shavn in
Figure5. In thecaseof taskT, , therearetwo higherprior-
ity tasksto consideynamelyTo andTj;.

For J2.9, preemptionpoint 1 is countedas a potential
preemptionpoint sincethereis a possibility of J,.o being
scheduledbefore this point, yet it doesnot nish before
this point. For theinterval betweerpoints1 and2, we have
to considera new job of Ty, namelyJo.1, and,in the best
casenoexecutionof J1.9. Hence onceagain,J,.o couldbe
scheduledetweerpointsl and2. In theworstcasewe re-
quire 7 units for Jo.1 during this interval. Hence,a maxi-
mum of 13 units may be usedby J;.o. Point2 is therefore
a potentialpreemptionpoint for J,.o. Proceedinghis way;,
we considerevery preemptiorpoint andtestit for feasibil-
ity. We eliminatepoints4 and10 sincethey arenotfeasible
preemptionpointsfor job J,.o. Sincewe have reachedhe
endof thehyperperiodf thetask-setwe stophere. Theup-

Task Period WCET | BCET
= deadline
To 20 7 5
T1 50 12 10
T, 200 30 25

Table 1. Task Set Characteristics
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n: numberof tasks for every higherpriority taskhptaskin tasksetf
releasepoints:arrayof releasepoints bcetsum  bcetsum+ bcetrem[hptask]
timeline: arrayof tasksreleaseditevery releasepoint if (bcetsum intenal) f
interval: time interval betweertwo preemptiorpoints nocount true
bcetrem,wcetrem:arrayl..nof remainingBC/WCET (init val=0) bcetrem[hptask] bcetsum- interval
bcetsum,wcetsum:var. to sumup BC/WCET n intenal g
done,no.work_done,no_count,restart:bool (init val=false) elsebcetrem[hptask] 0
currenttask:calc.# preemptiongor this task wcetsum  wcetsum+ wcetrem[hptask]
num.p: max.# of preemptiongalculated if (wcetsum intenal) f
tasknum.p: arrayw/ max.# of preemptions wcetrem[hptask] wcetsum- intenal
for every job of currenttask no.work_done true
job: taskinstancenumber(init val=0) g
t_rem:WCET of the currenttask elsewcetrem[hptask] O
for all rpin f releasepointy up to hyperperiodf g
tasks timeline[releasgpoints[rp]] if (restartandnotno_work_done)f
interval  releasepoints[rp+1]- releasepoints|rp] /l'in theworst-casepartof currjob is executed
for all elementf arrayof tasksreleasedht currentpoint f if (t_rem> (intenval - wcetsum))
if (element currenttask)f trem trem- (intenal - wcetsum)
job job+1 elsef
trem  wcetof currenttask trem=0
restart true nocount true
g g
bcetrem[task] bcettask] if (notna_countandrestart)// is preemptiorpt
wcetrem[task] wecet[task] nump nump+1
g if (restartandt_-rem=0) f // execof thisjob done
bcetsum 0 tasknump[job] nump
wcetsum 0 nump O
no_count false restart false
no.work_done false gg
Figure 6. Algorithm to Eliminate Infeasible Preemption Points
perboundfor T,, hencejs 7 preemptionsUsingour origi- For every taskT;, we constructa timeline startingfrom
nal methodfor calculationwe obtaina boundof 9. 0 upto thehyperperiodf thetask-setOn this timeline,all

jobreleasesf higherpriority (instance®f tasksToto T; 1)
aremarked.Eachof thesepointsrepresenta potentialpre-
emptionpointfor jobsof T;.

In summarythe methodis asfollows. Considera setof
tasksTo, ..., Tn. LetJi.o, ..., Jik representhejobsof task
Ti. AssumehattaskTy hasthehighestpriority andthattask
T, hasthelowestpriority usinga staticpriority scheme. In order to testthe feasibility of a certainpreemption



point (saypointx) for ajob J;; , we usethe BCETsof all

higherpriority tasks.If the sumof thesetimesexceedshe
interval of time betweerpointsx-1 andx, thejob J;j hasno
chanceof beingschedulediuring this interval and,hence,
pointx is notafeasiblepreemptiorpointfor J; .

If a point x is determinedto be a feasiblepreemption
pointfor J;; , we needto calculatethe maximumtime that
Jij canbescheduledor in theinterval betweernx-1 andx
in orderto determinetheremainingexecutiontime for J;; .
For this purposeto maintainsafetyof theanalysiswe con-
siderthesumof the WCETSsof all higherpriority jobs.The
time remainingin the currentinterval after subtractingthis
sumi,if ary, is themaximumtime availablefor J;; .

Similar calculationsareperformedor every interval be-
tweenpotentialpreemptiorpointsuntil ajob completesnd,
hence,infeasible preemptionpoints are eliminated. This
calculationis performedfor every job within a hyperpe-
riod. Thealgorithmis presentedn Figure6. Thealgorithm
is invoked for every taskin a giventask-setlt consistsof
aloop thatiteratesover all job releasepointsin the hyper
period of a task-setin every iteration,we consideran in-
terval betweentwo preemptionpoints. We accumulateghe
BCETs and WCETSs of all higher priority jobs executing
in this interval in the loop that traversesall higher prior-
ity tasks.Oncethehigherpriority job executionsareplaced
in theinterval, if we nd idle timein thebestcasewe con-
siderthe preemptiorpoint endingtheinterval asa potential
preemptiorpoint. If we determinethatthe currentjob will
not nish within theinterval in theworst-caseywe countthe
preemptiorpointfor thejob underconsiderationThealgo-
rithm proceedgo calculatethe maximumnumberof feasi-
ble preemptiorpointsfor every job of the currenttaskin a
hyperperiodf thetask-set.

5.2. Correctnessof the Analysis

Considera tasksetwith n tasks, Ty, ..., Tn 1. ASsume
thatthetasksarein decreasingrderof priority. Let Co, ...,
Cn 1 bethe WCETsof thetasksandc, ...,c, 1 betheir
BCETs.The WCET and BCET are safeupperand lower
bounds,respectiely, on the longestand shortestpossible
executiontime of a task. Preemptionof a task can only
occurwhenit is currently running Furthermore the po-
sitions of potentialpreemptionpointsfor a taskare x ed
sincethey arethereleasepointsof ataskwith higherprior-
ity. Considertheinterval betweertwo consecutivgpreemp-
tion points,p 1 andp. AssumethattherearejobsJo.,, ...,
Jik, have beenreleasedat someprior point and have not
yet completedexecution.Assumethat J; ; is the taskfor
which we needto calculatethe maximumnumberof pre-
emptionspossible.

Let x be the length of the interval betweenpreemption
p0||9ts p 1 andp. Wt ha/e three casesto consider Case
1: _Olc,k] < X, . Cix, > X. Assumeli, can-
not be preemptedht p, | e., it cannotbe runningattime p.

However, 9
j=0:uxi 1

€kij St Gik €k Cj;kj and

P, ,
=0 &k, > P ie,

P1+ |8k < pandp i+
Jik, is runningat p. Contradiction.Hence,p is a feasible
preemptlprpomt .
Case2: |y Gk, < X, ;- Cik; < x. AssumeJix,
canbe preemptedat p, i.e., It may be running at time p.
Hence, 9 €kj St Gk €k Cix, and
j':O sl P
i1 i
P1t, =0 &k, < pandp i+ oo &k, > P How-

ever, }:o Cix; < ximpliesp 1+ |, &x, < p.Con-
tradiction.HenceJi, cannotberunningatp, andp is not
afea3|b|§preempt|orp0|nt

Case3: ; -0 Gik; > X.Assumeljx, canbepreemptedt

p, i.e., it mayberunningattime p. Hence, 9 €k |
j=0zi 1

S-t-cj;k'P' &k,  Cjx, andp 15" J!:ol &xk; < pand

p 1+ b ;:0 &x, > p. However, J!:Ol Gk, > X implies
p 1+ ]':01 €k; > p. ContradictionHence J;x, cannot
berunningat p, andp is not afeasiblepreemptiorpoint.
Hence preemptionganonly occurunderCasel, which
is the condition checled by our algorithm (seeFigure 6)
with the summationsof WCET andBCET in the for loop
andthe checkimplementedn the subsequentonditions.

5.3. Calculation of the PreemptionDelay

While the abore methoddetermineshe potential pre-
emptionpoints, nothinghasbeenmentionedaboutthe ac-
tual preemptiondelaythat occurs at every point thatis not
eliminated Thisdelaywould, ateverystagebeaddedo the
WCET of thecurrenttaskand,hencechangeheamountof
time remainingfor the currenttask.

As an example, once again considerthe task-setwith
characteristicshavn in Table 1. Considerthe interval be-
tweenpoints0 and 1 on the timeline for task T, shovn in
Figure5. To calculatethe delaythatJ,.o incursdueto pre-
emptionat point 1, we needto translatethe point in time
thatthetaskgetspreemptedo a pointin the programwhich
is reachedat that time. In otherwords, we needto iden-
tify the iteration point within J,.¢ that correspondso the
time atwhich this preemptioroccurs Iteration point refers
to the loop iterationnumberof a particularloop within the
task[19].

The statictiming analyzeris capableof providing best-
caseandworst-casexecutiontime estimatesor aprogram.
Furthermoregiven a certaininterval of time, it is capable
of providing informationaboutwhat pointsin the program
may be reachedat the end of thatinterval in the bestand
theworst-casecenariosiespectiely. Sincewe do notstore
ary information aboutcachestateduring timing analysis,
timing is alwaysperformedfrom the beginning of the pro-
gram.Thereis repeatednteractionbetweerthe datacache
analyzerandthe statictiming analyzerin this phase.



Sincewe do not know the actualexecutiontimesof the
higherpriority jobs(in this case Jo.o andJi.), we cannot
be sureof exactly by how muchthe executionof J,.q pro-
ceedsin this interval. However, we may obtainupperand
lower boundsfor the time available for J».¢o by usingthe
BCETsand WCETSs, respectiely, of higher priority tasks
executingin this interval. In this example,subtractingthe
BCETsof Jo.0 andJi.o, namely 5 and 10 units, from the
interval time of 20 units,we getanupperboundof 5 units.
The lower bound,calculatedby subtractinghe WCETs of
Jo.o andJy.o fromtheinterval time, is 1 unit.

We provide eachof theseboundsasinputsto the static
timing analyzerframawork, and,for eachinput, we obtain
two iteration points — one that representshe latestpos-
sible iteration point that may be reachedn the giventime
(obtainedrom the best-caséiming analysisof thetask)and
the otherthatrepresentshe earliestiterationpoint thatcan
bereachedn the giventime (obtainedfrom the worst-case
timing analysisof thetask).

Amongthefour iterationpointsobtainedabove, we con-
siderthe earliestandthe latestpointsasmarkingthe begin-
ning and end,respectiely, of the rangeof iteration points
thatthe currenttask could be at while it is preemptedWe
thenchooseheiterationpointwhich would causethe high-
estpreemptiordelayandtake thatastheworst-caselelayat
the preemptiorpoint beingconsideredThis delayis added
to the remainderof the executiontime of the currenttask,
andthe new valueis usedasthe remainingWCET of the
currenttask.ln theexample,assumeéhattaskT, hasaloop
with 100 iterations.The statictiming analyzemerformsa
best-casanalysisanddetermineghat,in atime interval of
1 unit (lower bound of time available for J».), J2.0 can
reachat mostiteration7. By performingworst-caseanaly-
sis,it determineshatJ,.o is sureto reachatleastiteration4
in 1 time unit. Similarly, it determineshatJ,.o canreachat
mostiteration13 andatleastiteration9 in 5 time units (up-
perboundof time availablefor J,.o). Hence therangeof it-
erationpointsthatto considelis 4 to 13. Amongtheseiter-
ationpoints,we choosehe onethatwould producehighest
preemptiondelayandaddthis delayto the remainingexe-
cutiontime of J,.¢.

We next describeanalgorithmfor the calculationof the
WCET boundby repeatednteractionwith the statictiming
analyzer(seeFigure 7). For every job, the preemptionde-
lays at every point in the acceschainsis rst calculated.
The numberof preemptionsfor the currentjob is deter
mined.Thetiming analyzeiis theninvokedto gettherange
of iteration pointsthat needto be consideredor calcula-
tion of delay at a given preemptionpoint and the maxi-
mum delayin the givenrangeof iteration pointsis added
to the WCET of the currentjob. This processstartingfrom
the calculationof preemptiondelaysfor pointsin the ac-
cesschain, is repeatedor the next preemptionpoint until

thereareno morepreemptiorpointsto consider

5.4. Complexity of the Analysis

For everytask,thesingletaskanalysidgs performedonly
once.In this analysiswe walk throughthe iterationspace
of the taskin orderto calculatethe numberand positions
of datacachemissesHence thetime andspacecomple-
ity for everytaskis O(n) wheren is thenumberof dataref-
erence®f thetask.

To calculateheworst-casexecutiontime of agiventask
including preemptiondelay the compleity of our analysis
isO(J¢ Jnp nN),wherel; isthenumberof jobsof thecur-
renttaskin a hyperperiodandJpp is the numberof higher
priority jobsin the hyperperiod.This is explainedas fol-
lows. Our analysisis a perjob analysisthusincluding the
factor J; for every task. For eachjob, we needto calcu-
late the maximumnumberof preemptiongossiblein the
worst-caseand the worst-casedelay due to eachof these
preemptionsTo calculatehemaximumnumberof preemp-
tions, we needto testevery potentialpreemptionpoint for
feasibility. Sincethe numberof potentialpreemptiorpoints
is equalto the numberof higher priority jobs, the factor
Jnp isincluded.Calculatingthedelayatagivenpreemption
point involvesexamininga rangeof iterationpointsin the
programto nd the onewith highestdelay Although this
addsa factorof n to the compleity, it is in reality a small
numbersincethe rangeof iterationpointsis limited by the
largestinterval betweerntwo consecutie potentialpreemp-

curr_job: currentjob beingconsidered
done:bool// calculationof WCET complete?
curr_preemptindex: currentpreemptiorpoint considered
chaininfo: arrayof delaysdueto preemption
atevery pointin theaccesghain
max_preemptsmax.# preemptiongor currentjob
min_iter_pt: earliestiterationpoint (IP) reachedy
currjob in agiventime
max.iter_pt: latestlP reachedy curr_job
in agiventime
min_exectime: BCET of curr_job
max.exec.time: WCET of curr_job
wecet:arraycontainingWCET of every job of atask
max.delay:preemptiordelaycalculatecat every stage
curr_preemptindex 0
while (done= false)f
chaininfo  calcAccessChain®ights(currjob)
maxpreempts calcMaxNumOfPreemptions(cujob)
min_iter_pt  getMinlterationPoint(mirexec.time)
maxiter_pt  getMaxlIterationPoint(maxxec.time)
maxdelay maxdelay+ calcWCDelaylnRange(miiter_pt,
max.iter_pt, chaininfo, curr_job)
if (curr_preemptindex maxpreempts)
done true

wcet[currjob]  wcet[curtjob] + maxdelay

Figure 7. Bound WCET + Preemption Delays



tion points.

6. Results

In all our experiments,we use benchmarksfrom the
DSPStonebenchmarksuite [28], the details of which
are describedin earlier work [20]. We conductedexperi-
mentswith several task sets constructedusing the DSP-
Stonebenchmarkswith different dataset sizes.We used
tasks sets that have a base utilization (utilization with-
out considering preemption delays) of 0.5, 0.6, 0.7
and 0.8. For each of these utilization values, we con-
structedtask setswith 2, 4, 6 and 8 tasks.We also con-
structeda setwith 10 tasksfor 0.8 utilization. In all our ex-
perimentswe use a direct-mappedtKB datacachewith
a hit penalty of 1 cycle and a miss penalty of 100 cy-
cles. For our current implementation,we use the Sim-
pleScalar processormodel [3]. However, the concepts
presentedn this paperare not dependenbn the proces-
sormodel.

For the sale of comparisonye calculatethe maximum
numberf preemptiongn) possiblefor ataskusingfour dif-
ferentmethods1) A higherpriority job bound(HJ Bound)
is determinedy simply boundingn asthenumberof higher
priority jobsfor atask.This methodusesonly the periods
of tasks.2) We calculateatighterboundfor n usingtheold
method proposedin prior work [20]. This methodusesthe
periodsandWCETsof tasks.3) We calculaten by consid-
eringindirect preemptioneffectsas proposediy Staschu-
lat etal. This methodusesthe periodsandresponsdimes
of tasks.[23]. 4) We calculaten usingtherangeof execu-
tion timesof higherpriority jobs asproposedn this paper
This new method usesthe periods WCETsandBCETsof
tasks.The rst threemethodsof boundingn do not deter
minetheactualplacemenbf the preemptiorpoints.Hence,
we aggregatethe n largestdelayspossiblefor ataskto ob-
tain its worst-casealatacacherelatedpreemptiordelay

We presentresultsof completeresponsdime analysis
for task-setausingreal benchmarksThe resultsof the ex-
perimentsfor utilizations 0.5 and 0.8 shown in Figure 8.
Resultsfor 0.6 and 0.7 are similar and have beenomitted
dueto spaceconstraintsEachgraphshows a differentmet-
ric, WCET with preemptiordelay responsd¢ime andmax-
imum numberof preemptiongjiven a certainbaseutiliza-
tion. Thex-axisshawvsthevarioustasksetswith 2, 4,6 and
8 tasks.The plots exclude the highestpriority taskin ev-
erytasksetsincethis taskcannotbe preempted.

In all resultsthenew methodderivesamuchtighteresti-
mateof themaximumnumberof preemption$or ataskand,
hencesigni cantly tighterestimate®f the WCET with de-
lay andthe responsdime of atask.In someof theresults,
themethodsusedascomparisordo not have responsdime
valuesin the graph(e.g., tasksets3, 4 and5 for 0.8 base
utilization). Thismeanghattheresponsd¢imewas,in those
casesgreateithantheperiod,hencemakingthetasksetun-

schedulableOur methodshaws that, in reality, thosetask
setsareschedulableThis underlinegshe potentially signif-
icantbene t of our new method.Further in the caseof the
methodproposedy Staschulaétal., we calculatehemax-
imum numberof preemptiondor a task basedon its re-
sponsetime. Hence,if the responseime turns out to be
greaterthanthe period,we do notreportthe valuefor max-
imum numberof preemptiondor thetaskby this method.

We alsoobsenethat,within ataskset,aswe proceedo-
wardslower priority tasks,our methods effectivenesdm-
proves(upto anorderof magnitude)jndicatedby awiden-
ing gapbetweerourandthe othermethodsThisis because
lower priority tasksarelesslik ely to bescheduledn theini-
tial intervalsbetweerpreemptionpoints.Hence morepre-
emptionpointsaredeemednfeasibleby our methodwhich
tightensthe boundsof the metrics.

Theresultswith utilization 0.8 shav a highernumberof
preemptionshanthe onewith utilization 0.5. At the higher
utilization, sometaskshave ahigherWWCET and,hencecan
be preemptednore frequently Due to the increasechum-
berof preemptionswe alsoobsere higherresponseimes
in this case Notice thatthe priority of a taskis not signi -
cantin termsof its WCET bound,evenwhenincludingthe
preemptiondelay mostly becausehe baseWCET domi-
natesthe preemptiondelay cost. This is evidentfor task6
in Figures3(c) and8(d), which hasalower WCET with de-
lay thanits predecessotask5b. In otherwords,theordering
of tasksis rate-monotonejot necessaryVCET-monotone.

From the results,we make sereral obsenationsabout
prior methodsFor the taskwith seconchighestpriority in
eachtaskset,sincethereis only onetaskabove it, we ob-
senethattheHJbound,ourold methodandthemethodpro-
posedby Staschulagetal. givethesameresult.However, as
we proceedtowardslower priority taskswithin a task set,
our old methodgivestighter resultswhencomparedo the
HJ bound. This is becauseour old methodtakesinto ac-
countthe WCET of a task and not just the period as the
HJ boundmethoddoes.The methodproposeddy Staschu-
lat etal. producesighterresultswhencomparedo bothour
old methodandthe HJ bound.Thisis becauséhe Staschu-
latmethodconsidersheeffectsof indirectpreemptiongor-
rectly. However, thenew methodproposedn thispapermpro-
ducedtighterresultsthanall threeprior methods.

In orderto shav thevariationin themaximumnumberof
preemptionobtainedby our new methodbetweerthe var-
ious jobs of a task,we provide resultsfor two task setsof
differentsizesin Table2.

We obsene thatthe nev methodalwaysproducesa sig-
ni cantly lower value than that producedby the previous
methods As we proceedtowardslower priority tasks,we
obsenedifferencesn theminimum,maximumandaverage
numberof preemptiongor differentjobs.Further it wasob-
senedduring experimentatior(not indicatedin tables)that
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themaximumvaluefor numberof preemptionsvasnot al-

ways obtainedfor the rst job of the task(releasedat the
sametime asall higherpriority jobs). This provestheclaim

we makein Section3 aboutthecritical instantnotbeingthe
instanceat which jobs of all tasksarereleasedtthe same
time.Hereagain,in thecaseof 0.8utilization,we do notre-
port the maximumnumberof preemptionsbtainedby the
Staschulamethodfor sometasks.This is becausehe task
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hasarespons¢imethatis greatethanits periodand,hence,
we cannotcalculatethe maximumnumberof preemptions,
whichis basedntheresponsdime.

Finally, we performeda seriesof experimentswith syn-
thetic task setswherewe vary the ratio of the WCET of a
taskto its BCET, maintainingall otherparametersThere-
sults of theseexperimentsfor utilizations 0.5 and 0.8 are
shown in Table 3. We obtainedresultsfor ratiosof 1, 1.5,



Benchmark Period | WCET | BCET | #Jobs # Preempts # Preempts| # Preempts | # Preempts
New Method HJ Bound | Old Method | Staschulat
avg | min | max
U=0.5
200conolution | 100000 | 14191 | 14191 40 0 0 0 0 0 0
300conolution | 400000 | 20891 | 20891 10 0 0 0 4 4 1
500corolution | 500000 | 34291 | 34291 8 0 0 0 7 7 2
300n-real-updates 800000 | 56538 | 47338 5 0.2 0 1 12 12 4
matrix1l 1000000| 59896 | 54015 4 1 1 1 17 16 6
600 r 2000000| 54837 | 52537 2 05| 0 1 34 33 8
800conolution | 2000000, 66191 | 54391 2 15 1 2 35 34 14
900Ims 4000000| 158636| 118536 1 4 4 4 71 67 20
U=0.8
n-real-updates | 100000 | 16738 | 16838 50 0 0 0 0 0 0
900corolution | 625000 | 76391 | 61091 8 0.75| 0 1 7 7 1
matrix1 625000 | 59896 | 54015 8 1 1 1 8 8 3
1000conolution | 625000 | 87091 | 67791 8 0.875| 1 2 9 9 5
600corolution | 1000000| 45291 | 40991 5 04 | 0 1 16 15 7
300n-real-updates1000000| 56538 | 47338 5 0.875| 1 3 17 16 9
800r 1250000| 77037 | 69737 4 225 1 3 23 21 18
900Ims 1250000| 158636 118536| 4 45 | 5 7 24 22
1000 r 2500000 99237 | 86937 2 6 5 7 47 41
500r 5000000| 43937 | 43937 1 11 11| 11 94 80
Table 2. Preemptions for Taskset with U=0.5 and 0.8
Task| Period | WCET # PreemptsNew Method (Min/Max/A vg) # Preempts| # Preempts|# Preempts
ID W/B =1|W/B =1.5|W/B =2|W/B =2.5| W/B =3 | HJ Bound | Old Method | Staschulat
U=0.5
1 [810000 16000 1/1/1 1/1/1 1/1/1 1/1/1 1/1/1 8 8 2
2 100000 5000 |0/1/0.25| 0/1/0.25| 0/2/0.5| 0/2/0.5 | 0/2/0.5 12 12 4
3 | 200000 30000| 3/3/3 3/4/3.5 3/5/4 3/5/4 3/5/4 25 25 8
U=0.8
1 | 80000| 20000 | 2/2/2 2/2/2 2/2/2 2/2/2 2/2/2 8 8 3
2 |100000 12000 1/2/1.5| 1/3/1.75 | 1/3/1.75| 1/4/2 1/4/2 12 12 6
3 200000 50000| 6/6/6 | 7/10/8.5 | 8/12/10| 9/14/11.5|9/14/11.5 25 25 19

Table 3. Preemptions for Taskset for Varying WCET/BCET (W/B) rations

2,2.5and3 for eachof the utilizations.Theresultsindicate
that the numberof preemptionscalculatedby our method
aresigni cantly lower thanfor previous methods Further

more, for our new methodthis metric only variesfor low

valuesof theWCET/BCETratio.Ratiosof 3 or highersettle
ata xpoint for thistaskset,i.e., if theBCET decreaseary

further, it doesnot affect our calculationof the maximum
numberof preemptionsHence,we could calculatemaxi-

mum numberof preemptiongor variousWCET/BCETra-

tios for a given task set. Alternatively, if the preemption
boundsaturatest a low ratio, thereis no needto calcu-
latethe BCET for ataskatall. Insteadwe coulduseavalue
of BCET=0.

7. Conclusion

The contributionsof this paperare: 1) Determinatiorof
a new critical instantundercachepreemption;2) calcula-
tion of a signi cantly tighterboundfor the maximumnum-

ber of preemptiongpossiblefor a given task;and 3) con-
structionof arealisticworst-casecenaridor theplacement
of preemptionpoints.A feedbackmechanisnprovidesthe
meansto interactwith the timing analyzer which subse-
guentlytimesanotherinterval of ataskboundedy the next
preemption.

Ourresultsshawv thata signi cantimprovement(of upto
anorderof magnitudeover someprior methodsandup to
half anorderof magnitudeoverothers)n bounddor (a) the
numberof preemptions(b) the WCET and(c) theresponse
time of a task are obtained.This work also contritutesa
methodologyto integratedatacachesnto preemptionde-
lay determinatiorunderresponse-timanalysisand,in this
contet, considersa critical instantsof staggeredeleases,
both of which arenovel, to the bestof our knowledge.Fu-
ture work will quantify the effect of phasingon bounding
feasiblepreemptiorpoints.
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