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Abstract
Cacheshavebecomeinvaluablefor higher-endarchitec-

turesto hide, in part, theincreasinggapbetweenprocessor
speedandmemoryaccesstimes.While theeffectof caches
on timing predictability of single real-timetaskshasbeen
thefocusof much research,boundingtheoverheadof cache
warm-upsafter preemptionsremainsa challengingprob-
lem,particularly for datacaches.

This paper makesmultiple contributions.1) We bound
thepenaltyof cacheinterferencefor real-timetasksbypro-
viding accuratepredictionsof data cachebehavior across
preemptions,including instruction cache and pipeline ef-
fects.We showthat, whenconsideringcache preemption,
the critical instantdoesnot occur uponsimultaneousre-
leaseof all tasks.

2) We develop analysis methods to calculate up-
per boundson the numberof possiblepreemptionpoints
for eachjob of a task.To make theseboundstight, wecon-
sidertheentire rangebetweenthebest-caseandworst-case
execution times (BCET and WCET) of higher prior-
ity jobs. The effects of cache interferenceare integrated
into the WCETcalculationsby using a feedback mecha-
nismto interactwith a statictiminganalyzer.

Signi�cant improvementsin tighteningboundsof up to
anorderofmagnitudeovertwoprior methodsanduptohalf
a magnitudeover a third prior methodare obtainedby ex-
perimentsfor (a) thenumberof preemptions,(b) theWCET
and(c) theresponsetimeof a task.Overall, this work con-
tributesbycalculatingtheworst-casepreemptiondelayun-
derconsiderationof data caches.

1. Intr oduction
In most modernsystems,datacacheshave becomean

integralpartof thearchitecture.While they provideconsid-
erablesavings in latency, they make the latency of mem-
ory referencesunpredictable.In real-timesystems,timing
predictability is a centralrequirement.Hence,this unpre-
dictability dueto datacachesaddsto analysiscomplexity.

Characterizationof data cachebehavior for a task is
complex andhasbeenthefocusof muchresearch.In a pre-
emptive system,this complexity increasesfurther. In such
a system,a task with higher priority may preempta task

� This work was supportedin part by NSF grantsCCR-0310860and
CCR-0312695.

with lower priority at any time. This implies that some
cacheblocks that the lower priority task was usingcould
beevictedandlaterreloadedwhenthetaskresumesexecu-
tion. In recentwork [20], weproposeamethodto boundthe
delaycauseddueto preemptionsfor datacachesandto de-
riveanupperboundfor theresponsetimeof a task.

The issuesaddressedin that work are similar to those
studiedfor instructioncaches[21, 23], namely:Preemption
delay: Given the preemptedtask, the set of possiblepre-
emptingtasksandthepreemptionpoint,calculatethedelay
incurredby preemptions.Number of preemptions:Calcu-
late n, the maximumnumberof times a task can be pre-
emptedupon executedwithin a task set.Worst-casesce-
nario: Identify theplacementof then preemptionpointsin
theiterationspacesuchthattheworst-casetotaldelay/ pre-
emptioncostis obtained.In thispaper, we�rst show thatthe
critical instantdoesnotoccurwhenall tasksarereleasedsi-
multaneouslyif weconsiderpreemptiondelays.Second,we
proposeanew methodto tightly boundthemaximumnum-
ber of preemptionspossiblefor a given task.Finally, we
proposea methodto derive a realisticworst-casepreemp-
tion scenario.The secondand third contributionshelp us
signi�cantly tightentheWCETestimatefor a taskby tight-
eningthepreemptiondelayincurredby it.

In ourwork, weconsideraperiodicreal-timetaskmodel
with period equalto the deadlineof a task.The notation
usedin theremainderof thispaperis describedhere.A task
Ti hascharacteristicsrepresentedby the7 tuple(� i , Pi , Ci ,
ci , B i , Ri , � j;i ). � i representsthephaseof thetask,Pi rep-
resentstheperiodof thetask(equalto deadline),Ci repre-
sentstheworst-caseexecutiontimeof thetask,ci represents
the best-caseexecutiontime of the task,B i representsthe
blocking time of the task,R i representsthe responsetime
of thetaskand� j;i representsthepreemptiondelaycaused
on the taskdueto a higherpriority taskTj . J i;j represents
thej th instance(job) of taskTi .

2. RelatedWork
Severalmethodshavebeenproposedin thepastto bound

datacachebehavior for asingletaskwithout takinginto ac-
count,the effectsthat othertasksmay have on the behav-
ior ([13], [8], [12], [27], [15]). They usemethodslike data
�o w analysis,staticcachesimulation,etc.for thispurpose.

Analytical methodsfor predictingdatacachebehavior



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 cachebehavior by
meansof a set of mathematicalequations.In prior work
[19], we have extendedthe cachemiss equationsframe-
work to produceexact datacachepatternsfor references.
Techniquesthatmakedatacachesmorepredictableandcan
beappliedin preemptivesystemsarecachepartitioningand
cachelocking [14, 18]. Both methodsleadto a signi�cant
lossin performancein order to gain predictability. Recent
work shows improvementsin thesemethodsfor thecaseof
instructioncaches[17]. However, sincedatacachesstride
over largedatasets,it is dif�cult to prevent lossin perfor-
mance.

Othertechniqueshavebeenproposedspeci�cally to cal-
culate preemptiondelay and analyzeschedulabilityin a
multi-task preemptive system.These techniquesdo not
speci�cally analyzedatacachebehavior. Instead,they pro-
videamoregenericsolutionapplicableto acacheincluding
speci�c solutionsfor instructioncaches.

Earlyon,Basumallicketal. conductedasurvey of cache
related issuesin real-time systems[2]. This survey dis-
cussedsomeinitial work relatedto the calculationof pre-
emptiondelay. Busquets-Mataixet al. proposeda method
to incorporatethe effect of instructioncacheson response
time analysis(RTA) [4]. They comparedcachedRTA with
cachedRate Monotonic Analysis (RMA) and concluded
thatcachedRTA outperformscachedRMA. Leeet al. pro-
posedandenhanceda methodto calculateanupperbound
for cacherelatedpreemptiondelay in a real-timesystem
[9, 10]. They usedcachestatesat basicblock boundaries
anddata�o w analysison thecontrol�o w graphof a taskto
analyzecachebehavior andcalculatepreemptiondelay.

Anotherapproachby Tomiyamaet al. calculatescache
relatedpreemptiondelayfor theprogrampaththatrequires
themaximumnumberof cacheblocks[24]. Thispathis de-
terminedby an integer linear programmingtechnique.In
this paper, an emptycacheis assumedat the beginning of
every job andhence,eachpreemptionis analyzedindivid-
ually. Effectsof multiple preemptionsare not considered.
Negi etal. combinedthetechniquesproposedby Tomiyama
et al. [24] andby Leeet al. [9, 10] to developanenhanced
framework [16]. Once again,however, multiple preemp-
tionsarenot consideredin theirwork sinceanemptycache
is assumedat thebeginningof a task.

The work by Lee et al. wasenhancedby Staschulatet
al. [21, 23]. Theauthorsproposea completeframework for
the calculationof responsetime for tasksin a given task
set.They addressthe threeissuesenumeratedin the Sec-
tion 1, namelycalculationof themaximumnumberof pre-
emptionpoints,identi�cation of their placementandcalcu-

lationof thedelayateachpoint.However, their focusis not
ondatacaches,but on instructioncaches.

In theirwork, Staschulatet al. discusstheconceptof in-
directpreemptions[23]. Figure1 illustratestheconceptfor
a tasksetcloselyresemblingtheir examplewith phase� ,
periodP, WCETC andpreemptiondelay� for tasksT1 to
T4. For simplicity, � is assumedto be�x edpertask,i.e., in-
curredwhenin�icted by any higherpriority task.Response
timesaredeterminedas

Ri = Ci + B i + �
j =1 ::i � 1

(d
Ri

Pj
e� Cj ) + � j;i (Ri ))

wheretheblockingtime,B i , is notconsideredin theex-
ampleand� j;i (Ri ) is theoverheadincurredby higherpri-
ority taskspreemptingthe currentone. In Figure1, exe-
cution is depictedby shadedboxes,the preemptiondelay
is shown blackboxes.They arguethatseveral indirectpre-
emptionsaffect lower priority tasksonly once.For exam-
ple, in the �gure, althoughT2 could be affectedby every
invocationof T1, T3 is actuallyonly affectedby the�rst in-
vocationshown since,afterbeingpreemptedonce,it is not
scheduledat all until T2 completesexecution.Thus,there-
sponsetime of R3 is 10.5units.However, we will show in
thiswork thatthemethodemployedby Staschulatetal. pro-
ducespessimisticresults.

In morerecentwork [22], Staschulatetal. proposeatim-
ing framework thatconsiderspredictableandunpredictable
(input-dependent)data cacheaccesses.For unpredictable
accesses,a tight boundon the impact on predictableac-

� P C �
T1 2 3 1 0
T2 1 15 5.125 0.125
T3 0 20 1.25 0.75
T4 0 25 1.25 0.25
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Figure 1. Preemption under WCETs, Phasing
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Figure 2. Preemption with Shor ter Execution
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Figure 3. Preemption with WCET, � i = 0



cessesandaworst-caseestimateof thenumberof additional
datacachemissesis calculated.As such,theirwork consid-
ersany reusedcachecontentto bereplacedwhenacon�ict-
ing rangeof accessesfor unpredictabledatareferencesex-
ists,upto thenumberof cacheblocksin eitherset.Alterna-
tively, they handlecoldmissesfor smallarraysthatentirely
�t into cacheanddonotsuffer replacementsatall. Ourwork
makesnoassumptiononthesizeof arrays.Furthermore,we
assumeonly predictabledataaccesses.Noticethatfor array
traversalsexceedingcachesize,their schemebreaksdown
asthey assumethat theentirecachehasbeenreplaced.As
their andour schemesarecomplementary, it would be in-
terestingto studythecompatibilityof thesemethods.

3. PreemptionDelayAffects ResponseTime
Prior work often assumesthat the worst-caseresponse

time occurs at the theoretical critical instant for �x ed-
priority scheduling,i.e., upon simultaneousreleaseof all
tasks.However, this is not necessarilythe critical instant
whenpreemptiondelaysareconsidered.ConsiderFigure3.
Theresponsetimeof T3 (11.375units)exceedsthatof prior
exampleswhile theresponsetimeof T4 (12units)is shorter
thatthatof Figure2 with 12.25units.

In general,thecritical instantunderpreemptiondelayis
a schedulewith releasesin reversepriority ordersuchthat
the� i of taskTi is oneunit of time (onecycle) shortof the
preemptiondelay� i of thesametask.This theoreticresult
is, however, very restrictive. In practice,thehyperperiodof
tasksis oftena relatively smallnumber. Hence,releasesof
taskscanoccasionallycoincideandareotherwiseseparated
by someminimum time interval (typically 1 ms).For this
reason,we considerin our work all jobsof a taskwithin a
hyperperiod.We calculatethe numberof preemptionsper
job andthendeterminethecache-relatedpreemptiondelay
for the respective job and,subsequently, the responsetime
of this job. This alsoenablesus to considerrangesof exe-
cutionwherepreemptionpointscanoccurwithin thecode.
Suchjob-level analysiscanyield moreaccurateresultsthan
calculationof preemptiondelayspertask.Thishelpsuspro-
vide a signi�cantly tighter estimateof the numberof pre-
emptionsand,hence,theresponsetimesof jobs.

4. Prior Work
In previous work [19], we enhanceda methodby Vera

et al. [25, 26] that staticallyanalyzesdatacachebehavior
of a singletaskusingCacheMiss Equations[7]. This data
cacheanalyzerwasintegratedinto thestatictiming analysis
framework describedin prior work. [20] Thedatacachean-
alyzerproducesdatacacheaccesspatterns,in termsof hits
andmisses,for every scalarandnon-scalarmemoryrefer-
encein a given task. It is applicablein loop nestoriented
codethat adheresto certainconstraintsas speci�ed else-
where[19]. Thesepatternsprovide an accurateestimatea
task'sdatacachemissesandtheirpositionsin thereference
stream.In this work, sincewe only dealtwith a singletask,

it wassuf�cient to provide thenumberof missesinsteadof
theactualpatternof missesandhits to thestatictiming an-
alyzerdescribedin theearlierwork [19].

While theabovework analyzessingletaskswith respect
to datacaches,it doesnot take multi-taskpreemptive sys-
temsinto account.In sucha system,a taskmay be inter-
ruptedby higherpriority tasksat arbitrarypointsduringits
execution.We considernon-partitioneddatacachesin our
work. Hence,cachelinesmaybesharedacrosstasksresult-
ing in theeviction of asubsetof existingmemorylinesfrom
cacheby preemptingtasks.Assumingthatall cacheblocks
broughtin by thepreemptedtaskareevictedfrom cachedue
to preemption(i.e., thecacheis effectively emptyafterev-
ery preemptionpoint) leadsto a signi�cant overestimation
of the datacachedelay. Hence,schedulabilityof tasksets
maybeadverselyaffectedsothatdeadlinesmaybemissed.

In more recentwork [20], we presenta methodto in-
corporatedatacachedelayduringWCETcalculationitself.
Thisincludesatight boundof thedelayby consideringonly
the intersectionof the cacheblocks that are useful to the
preemptedtask onceit is restartedand thosethat are po-
tentially usedby preemptingtasks.In this work, we usere-
sponsetime analysis[11, 1] to determinethe schedulabil-
ity of a task-set.We assumea �x ed-priority periodic task
setwherethedeadlineof a taskis equalto its period.

The methodwe employ in this work has two phases.
First,every taskin a giventasksetis individually analyzed
to producedatacachemiss/hit patternsfor its references.
The timing analyzeris usedto calculatea baseWCET for
every task (not including delay due to datacaches).Sec-
ond,thedatacacheanalyzerandthetiming analyzerinter-
act to calculatethe WCET of the taskin a multi-taskpre-
emptive system.This involves threefundamentalcalcula-
tions.1. Calculationof thedelayincurredby thetaskdueto
preemptionataparticularpoint;2. Calculationof themaxi-
mumnumberof possiblepreemptionsfor agiventask; and
3. Identi�cation of thepositionsof thesepreemptionpoints.

For the seconditem, we calculatea pessimisticupper-
boundfor thenumberof possiblepreemptions.To identify
preemptionpointsandto calculatethepreemptiondelayat
a point, we usea methodthat involvesthe constructionof
datacacheaccesschains.

All the data cachereferencepatternsof the task are
merged,maintainingtheorderof accesses.All memoryref-
erencesin this consolidatedpatternthat accessthe same
cachesetareconnectedtogetherto form a chain.Sincethe
patternmaintainstheaccessorder, this chainaccuratelyin-
dicatesreuse.Weidentifypointsin theiterationspacewhere
apreemptionwouldresultin thelargestcost,i.e., by cutting
the maximumnumberof distinct cacheline chains.The n
cutswith thelargestcostareidenti�ed wheren is themax-
imum numberof preemptionpointsincurredby thecurrent
task,ascalculatedin phase1. Thedelaysat thesepointsare



addedto the WCET of the task and usedin the response
timeanalysisequationsfor thetaskset.

5. Methodology
Wehavedescribedthemethodfor calculatingtheWCET

of a taskwith preemptiondelayin a multi-taskpreemptive
systemin Section4. In thatwork, for thesecondandthird
steps,weusesimpli�ed methodsthatleadto overestimation
of thepreemptiondelayand,hence,theWCETof tasks.

The formula usedto calculatethe maximum possible
numberof preemptionsfor a task is basedon the number
of jobs of higherpriority tasksthat arereleasedin the pe-
riod of thelowerpriority taskandtheamountsof time they
eachtake to execute.This leadsto theconsiderationof sev-
eral infeasiblepreemptionpointseitherbecausethe lower
priority job hasnot beenscheduledat all and,hence,can-
notbepreempted,or becauseit hasalready�nished execut-
ing. Further, we usethelargestn preemptiondelays(where
n is themaximumnumberof preemptionpointsfor thetask)
while calculatingtheWCET.

In this paper, we proposemethodsto calculatetight es-
timatesof themaximumnumberof preemptionsfor a task
anda safemethodto identify the worst-caseplacementof
thepreemptionpointsthatis realistic.
5.1. A Tight Bound on PreemptionPoints

The WCET of a taskis calculatedwith preemptionde-
lay incorporatedduringits calculation.Sincewe showedin
Section3 that the critical instantdoesnot occurwhenall
tasksarereleasedat thesametime,wecalculatetheWCET
for eachjob of a taskwithin a hyperperiod.Our approach
handlestaskswith differentphases.However, in theexam-
plesin this paper, the �rst job of every taskis assumedto
bereleasedat thesametime dueto currentimplementation
constraints,whichwill belifted in thefuture.

For theabovecalculation,werequiretheWCETandthe
BCET of all higherpriority tasks.Further, for every task,
we �rst calculatea baseWCET thatdoesnot considerpre-
emptiondelay. Sincethehighestpriority taskcannotbepre-
empted,WCET andBCET valuesarecalculatedby simply
using the static timing analyzerframework. For the other
tasks,preemptionshave to beconsideredaswell.

In thissection,weexplainthemethodto eliminateinfea-
sible preemptionpointswithout explicitly addingthe pre-
emptiondelayat every stagefor thesake of simplicity. We
discussthe calculationof preemptiondelayandthe place-
mentof preemptionpointsin theiterationspaceof thetask
underconsiderationin the next section.The methodology
to eliminateinfeasiblepreemptionpointsis explainedin an
example.Considera three-taskset with characteristicsas
shown in Table1. For ourcalculations,weconsiderall jobs
within a hyperperiod, which in this caseis 200.

Thetimelinefor tasksT1 andT2 areshown in Figures4
and5, respectively. The arrows representreleasepointsof
higherpriority jobsand,hence,potentialpreemptionpoints

for the jobsof taskunderconsideration.Preemptionpoints
arenumberedconsecutively. Thepreemptionpointsthatget
eliminatedby the analysisbelow are circled. BCETs of
higherpriority tasks(e.g., jobsof taskT0 in thetimelinefor
taskT1) arelaid out on top, andtheWCETsof higherpri-
ority tasksarebelow thetime axis.Thedarkandgrayrect-
anglesshow jobsof tasksT0 andT1 respectively.

Considerthetimelinefor taskT1. To checkwhetherJ1;0

canexecutebeforepreemptionpoint1, weusetheBCETof
J0;0. Sincethereis idle timeafterplacingtheBCETof J0;0

(5 units),J1;0 couldbescheduledbeforepoint 1. Next, we
determinewhethertheexecutionof J1;0 mayexceedpoint
1. For this purpose,we considerthesumof theWCETsof
J0;0 andJ1;0, namely, 7and12,respectively. Sincethisdoes
notexceedpoint 1, J1;0 is guaranteedto �nish in this inter-
val. SinceJ1;0 hascompleted,we determinethatthemaxi-
mumnumberof preemptionsfor the�rst job of T1 is 0.

For thenext releaseof T1, i.e., job J1;1, considerthein-
terval betweenpreemptionpoints3 and4. Duringthis inter-
val, in thebestcase,wehaveto considertheentireexecution
of thenew job of T1, namelyJ1;1, that is releasedat point
3. Hence,for this interval,weseethatjob J1;1 couldindeed
be scheduled.Further, we seethat job J1;1 is not guaran-
teedto �nish beforepoint 4 in theworstcase.Hence,point
4 is apotentialpreemptionpoint for J1;1. Proceedingin this
way, we calculatethenumberof preemptionpointsfor J1;1

to be1. This examplealsoshows thattheresponsetime for
the �rst job (which is releasedat thecritical instant)is not
necessarilytheworstpossibleone.

In asimilar fashion,wecalculatethenumberof preemp-
tionsfor jobsof taskT2, thetimelinefor which is shown in
Figure5. In thecaseof taskT2 , therearetwo higherprior-
ity tasksto consider, namelyT0 andT1.

For J2;0, preemptionpoint 1 is countedas a potential
preemptionpoint sincethereis a possibility of J2;0 being
scheduledbefore this point, yet it doesnot �nish before
this point.For theinterval betweenpoints1 and2, we have
to considera new job of T0, namelyJ0;1, and,in the best
case,noexecutionof J1;0. Hence,onceagain,J2;0 couldbe
scheduledbetweenpoints1 and2. In theworstcase,were-
quire 7 units for J0;1 during this interval. Hence,a maxi-
mumof 13 unitsmaybeusedby J2;0. Point2 is therefore
a potentialpreemptionpoint for J2;0. Proceedingthis way,
we considerevery preemptionpoint andtestit for feasibil-
ity. We eliminatepoints4 and10sincethey arenot feasible
preemptionpointsfor job J2;0. Sincewe have reachedthe
endof thehyperperiodof thetask-set,westophere.Theup-

Task Period WCET BCET
= deadline

T0 20 7 5
T1 50 12 10
T2 200 30 25

Table 1. Task Set Characteristics
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Figure 4. Timeline for Task T1
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Figure 5. Timeline for Task T2

n: numberof tasks
releasepoints:arrayof releasepoints
timeline:arrayof tasksreleasedatevery releasepoint
interval: time interval betweentwo preemptionpoints
bcet rem,wcet rem:array1..nof remainingBC/WCET(init val=0)
bcetsum,wcet sum:var. to sumupBC/WCETin interval
done,no work done,no count,restart:bool (init val=false)
currenttask:calc.# preemptionsfor this task
num p: max.# of preemptionscalculated
tasknum p: arrayw/ max.# of preemptions

for every job of currenttask
job: taskinstancenumber(init val=0)
t rem:WCETof thecurrenttask
for all rp in f releasepointsg up to hyper-periodf

tasks timeline[releasepoints[rp]]
interval  releasepoints[rp+1]- releasepoints[rp]
for all elementsof arrayof tasksreleasedat currentpoint f

if (element= currenttask)f
job  job + 1
t rem wcetof currenttask
restart true

g
bcet rem[task] bcet[task]
wcet rem[task] wcet[task]

g
bcetsum 0
wcet sum 0
no count false
no work done false

for everyhigherpriority taskhptaskin tasksetf
bcet sum bcet sum+ bcet rem[hptask]
if (bcet sum� interval) f

no count true
bcet rem[hptask] bcet sum- interval

g
elsebcet rem[hptask] 0
wcet sum wcet sum+ wcet rem[hptask]
if (wcet sum� interval) f

wcet rem[hptask] wcet sum- interval
no work done true

g
elsewcet rem[hptask] 0

g
if (restartandnotno work done)f

// in theworst-case,partof curr job is executed
if (t rem> (interval - wcet sum))

t rem t rem- (interval - wcet sum)
elsef

t rem= 0
no count true

g
if (notno countandrestart)// is preemptionpt

num p  num p + 1
if (restartandt rem= 0) f // execof this job done

tasknum p[job]  num p
num p  0
restart false

g g

Figure 6. Algorithm to Eliminate Infeasib le Preemption Points

perboundfor T2, hence,is 7 preemptions.Usingour origi-
nalmethodfor calculation,weobtainaboundof 9.

In summary, themethodis asfollows.Considera setof
tasksT0, ..., Tn . Let J i; 0, ..., J i;k representthe jobsof task
Ti . AssumethattaskT0 hasthehighestpriority andthattask
Tn hasthelowestpriority usingastaticpriority scheme.

For every taskTi , we constructa timelinestartingfrom
0 up to thehyperperiodof thetask-set.On this timeline,all
job releasesof higherpriority (instancesof tasksT0 to Ti � 1)
aremarked.Eachof thesepointsrepresentsa potentialpre-
emptionpoint for jobsof Ti .

In order to test the feasibility of a certainpreemption



point (saypoint x) for a job J i;j , we usetheBCETsof all
higherpriority tasks.If thesumof thesetimesexceedsthe
intervalof timebetweenpointsx-1andx, thejob J i;j hasno
chanceof beingscheduledduring this interval and,hence,
pointx is nota feasiblepreemptionpoint for J i;j .

If a point x is determinedto be a feasiblepreemption
point for J i;j , we needto calculatethemaximumtime that
J i;j canbescheduledfor in the interval betweenx-1 andx
in orderto determinetheremainingexecutiontime for J i;j .
For thispurpose,to maintainsafetyof theanalysis,wecon-
siderthesumof theWCETsof all higherpriority jobs.The
time remainingin thecurrentinterval aftersubtractingthis
sum,if any, is themaximumtime availablefor J i;j .

Similar calculationsareperformedfor every interval be-
tweenpotentialpreemptionpointsuntil ajobcompletesand,
hence,infeasiblepreemptionpoints are eliminated.This
calculation is performedfor every job within a hyperpe-
riod. Thealgorithmis presentedin Figure6. Thealgorithm
is invoked for every taskin a given task-set.It consistsof
a loop that iteratesover all job releasepointsin thehyper-
periodof a task-set.In every iteration,we consideran in-
terval betweentwo preemptionpoints.We accumulatethe
BCETs and WCETs 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 time in thebestcase,we con-
siderthepreemptionpointendingtheinterval asapotential
preemptionpoint. If we determinethat thecurrentjob will
not �nish within theinterval in theworst-case,wecountthe
preemptionpoint for thejob underconsideration.Thealgo-
rithm proceedsto calculatethemaximumnumberof feasi-
ble preemptionpointsfor every job of thecurrenttaskin a
hyperperiodof thetask-set.

5.2. Correctnessof the Analysis
Considera tasksetwith n tasks,T0, ..., Tn � 1. Assume

thatthetasksarein decreasingorderof priority. Let C0, ...,
Cn � 1 be theWCETsof the tasksandc0, ..., cn � 1 be their
BCETs.The WCET and BCET are safeupperand lower
bounds,respectively, on the longestand shortestpossible
execution time of a task. Preemptionof a task can only
occur when it is currently running. Furthermore,the po-
sitionsof potentialpreemptionpoints for a task are �x ed
sincethey arethereleasepointsof a taskwith higherprior-
ity. Considertheinterval betweentwo consecutivepreemp-
tion points,p� 1 andp. AssumethattherearejobsJ0;k 0 , ...,
J i;k i have beenreleasedat someprior point andhave not
yet completedexecution.Assumethat J i;k i is the taskfor
which we needto calculatethe maximumnumberof pre-
emptionspossible.

Let x be the lengthof the interval betweenpreemption
points p� 1 and p. We have threecasesto consider. Case
1:

P i � 1
j =0 cj;k j < x,

P i
j =0 Cj;k j > x. AssumeJ i;k i can-

not be preemptedat p, i.e., it cannotbe runningat time p.

However, 9
j =0 ::i � 1

ej;k j s.t. cj;k j � ej;k j � Cj;k j and

p� 1 +
P i � 1

j =0 ej;k j < p andp� 1 +
P i

j =0 ej;k j > p, i.e.,
J i;k i is runningat p. Contradiction.Hence,p is a feasible
preemptionpoint.
Case2:

P i � 1
j =0 cj;k j < x,

P i
j =0 Cj;k j < x. AssumeJ i;k i

can be preemptedat p, i.e., it may be running at time p.
Hence, 9

j =0 ::i � 1
ej;k j s.t. cj;k j � ej;k j � Cj;k j and

p� 1 +
P i � 1

j =0 ej;k j < p andp� 1 +
P i

j =0 ej;k j > p. How-

ever,
P i

j =0 Cj;k j < x impliesp� 1 +
P i

j =0 ej;k j < p. Con-
tradiction.Hence,J i;k i cannotberunningat p, andp is not
a feasiblepreemptionpoint.
Case3:

P i � 1
j =0 cj;k j > x. AssumeJ i;k i canbepreemptedat

p, i.e., it mayberunningat time p. Hence, 9
j =0 ::i � 1

ej;k j

s.t. cj;k j � ej;k j � Cj;k j andp� 1 +
P i � 1

j =0 ej;k j < p and

p� 1 +
P i

j =0 ej;k j > p. However,
P i � 1

j =0 cj;k j > x implies

p� 1 +
P i � 1

j =0 ej;k j > p. Contradiction.Hence,J i;k i cannot
berunningat p, andp is nota feasiblepreemptionpoint.

Hence,preemptionscanonly occurunderCase1, which
is the condition checked by our algorithm (seeFigure 6)
with the summationsof WCET andBCET in the for loop
andthecheckimplementedin thesubsequentconditions.

5.3. Calculation of the PreemptionDelay
While the above methoddeterminesthe potentialpre-

emptionpoints,nothinghasbeenmentionedabouttheac-
tual preemptiondelaythat occurs at everypoint that is not
eliminated. Thisdelaywould,ateverystage,beaddedto the
WCETof thecurrenttaskand,hence,changetheamountof
timeremainingfor thecurrenttask.

As an example,onceagainconsiderthe task-setwith
characteristicsshown in Table1. Considerthe interval be-
tweenpoints0 and1 on the timeline for taskT2 shown in
Figure5. To calculatethedelaythatJ2;0 incursdueto pre-
emptionat point 1, we needto translatethe point in time
thatthetaskgetspreemptedto apoint in theprogramwhich
is reachedat that time. In other words,we needto iden-
tify the iterationpoint within J2;0 that correspondsto the
time at which this preemptionoccurs.Iteration point refers
to the loop iterationnumberof a particularloop within the
task[19].

The statictiming analyzeris capableof providing best-
caseandworst-caseexecutiontimeestimatesfor aprogram.
Furthermore,given a certaininterval of time, it is capable
of providing informationaboutwhatpointsin theprogram
may be reachedat the endof that interval in the bestand
theworst-casescenarios,respectively. Sincewedonotstore
any information aboutcachestateduring timing analysis,
timing is alwaysperformedfrom thebeginningof thepro-
gram.Thereis repeatedinteractionbetweenthedatacache
analyzerandthestatictiming analyzerin this phase.



Sincewe do not know theactualexecutiontimesof the
higherpriority jobs(in this case,J0;0 andJ1;0), we cannot
besureof exactly by how muchtheexecutionof J2;0 pro-
ceedsin this interval. However, we may obtainupperand
lower boundsfor the time available for J2;0 by using the
BCETsandWCETs,respectively, of higherpriority tasks
executingin this interval. In this example,subtractingthe
BCETsof J0;0 andJ1;0, namely, 5 and10 units, from the
interval time of 20 units,we getanupperboundof 5 units.
The lower bound,calculatedby subtractingtheWCETsof
J0;0 andJ1;0 from theinterval time, is 1 unit.

We provide eachof theseboundsasinputsto the static
timing analyzerframework, and,for eachinput, we obtain
two iteration points — one that representsthe latestpos-
sible iterationpoint that may be reachedin the given time
(obtainedfrom thebest-casetiminganalysisof thetask)and
theotherthatrepresentstheearliestiterationpoint thatcan
bereachedin thegiventime (obtainedfrom theworst-case
timing analysisof thetask).

Amongthefour iterationpointsobtainedabove,wecon-
sidertheearliestandthelatestpointsasmarkingthebegin-
ning andend,respectively, of the rangeof iterationpoints
that thecurrenttaskcould be at while it is preempted.We
thenchoosetheiterationpointwhichwouldcausethehigh-
estpreemptiondelayandtakethatastheworst-casedelayat
thepreemptionpoint beingconsidered.This delayis added
to the remainderof the executiontime of the currenttask,
andthe new value is usedas the remainingWCET of the
currenttask.In theexample,assumethattaskT2 hasa loop
with 100 iterations.The static timing analyzerperformsa
best-caseanalysisanddeterminesthat,in a time interval of
1 unit (lower boundof time available for J2;0), J2;0 can
reachat mostiteration7. By performingworst-caseanaly-
sis,it determinesthatJ2;0 is sureto reachat leastiteration4
in 1 timeunit. Similarly, it determinesthatJ2;0 canreachat
mostiteration13andat leastiteration9 in 5 timeunits(up-
perboundof timeavailablefor J2;0). Hence,therangeof it-
erationpointsthat to consideris 4 to 13.Amongtheseiter-
ationpoints,we choosetheonethatwould producehighest
preemptiondelayandaddthis delayto the remainingexe-
cutiontimeof J2;0.

We next describeanalgorithmfor thecalculationof the
WCETboundby repeatedinteractionwith thestatictiming
analyzer(seeFigure7). For every job, the preemptionde-
lays at every point in the accesschainsis �rst calculated.
The numberof preemptionsfor the current job is deter-
mined.Thetiming analyzeris theninvokedto gettherange
of iteration points that needto be consideredfor calcula-
tion of delay at a given preemptionpoint and the maxi-
mum delay in the given rangeof iterationpoints is added
to theWCETof thecurrentjob. This process,startingfrom
the calculationof preemptiondelaysfor points in the ac-
cesschain,is repeatedfor the next preemptionpoint until

therearenomorepreemptionpointsto consider.

5.4. Complexity of the Analysis
For everytask,thesingletaskanalysisis performedonly

once.In this analysis,we walk throughthe iterationspace
of the task in order to calculatethe numberandpositions
of datacachemisses.Hence,the time andspacecomplex-
ity for everytaskis O(n) wheren is thenumberof dataref-
erencesof thetask.

To calculatetheworst-caseexecutiontimeof agiventask
includingpreemptiondelay, thecomplexity of our analysis
is O(Jt � Jhp � n), whereJ t is thenumberof jobsof thecur-
rent taskin a hyperperiodandJhp is thenumberof higher
priority jobs in the hyperperiod.This is explainedas fol-
lows. Our analysisis a per-job analysis,thusincluding the
factor Jt for every task.For eachjob, we needto calcu-
late the maximumnumberof preemptionspossiblein the
worst-caseand the worst-casedelay due to eachof these
preemptions.To calculatethemaximumnumberof preemp-
tions,we needto testevery potentialpreemptionpoint for
feasibility. Sincethenumberof potentialpreemptionpoints
is equal to the numberof higher priority jobs, the factor
Jhp is included.Calculatingthedelayatagivenpreemption
point involvesexamininga rangeof iterationpointsin the
programto �nd the onewith highestdelay. Although this
addsa factorof n to thecomplexity, it is in reality a small
numbersincetherangeof iterationpointsis limited by the
largestinterval betweentwo consecutive potentialpreemp-

curr job: currentjob beingconsidered
done:bool // calculationof WCETcomplete?
curr preemptindex: currentpreemptionpoint considered
chain info: arrayof delaysdueto preemption

atevery point in theaccesschain
max preempts:max.# preemptionsfor currentjob
min iter pt: earliestiterationpoint (IP) reachedby

curr job in a giventime
max iter pt: latestIP reachedby curr job

in a giventime
min exec time: BCETof curr job
max exec time:WCET of curr job
wcet:arraycontainingWCETof every job of a task
max delay:preemptiondelaycalculatedatevery stage
curr preemptindex  0
while (done= false)f

chain info  calcAccessChainWeights(currjob)
max preempts calcMaxNumOfPreemptions(currjob)
min iter pt  getMinIterationPoint(minexec time)
max iter pt  getMaxIterationPoint(maxexec time)
max delay max delay+ calcWCDelayInRange(miniter pt,

max iter pt, chain info, curr job)
if (curr preemptindex � max preempts)

done true
wcet[curr job]  wcet[curr job] + max delay

g

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 setsconstructedusing the DSP-
Stonebenchmarkswith different dataset sizes.We used
tasks sets that have a baseutilization (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 0.8utilization. In all ourex-
periments,we usea direct-mapped4KB 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
presentedin this paperare not dependenton the proces-
sormodel.

For thesake of comparison,we calculatethemaximum
numberof preemptions(n) possiblefor ataskusingfourdif-
ferentmethods.1) A higher-priority job bound(HJ Bound)
isdeterminedbysimplyboundingn asthenumberof higher
priority jobs for a task.This methodusesonly the periods
of tasks.2) Wecalculatea tighterboundfor n usingtheold
methodproposedin prior work [20]. Thismethodusesthe
periodsandWCETsof tasks.3) We calculaten by consid-
ering indirect preemptioneffectsasproposedby Staschu-
lat et al. This methodusestheperiodsandresponsetimes
of tasks.[23]. 4) We calculaten usingtherangeof execu-
tion timesof higherpriority jobsasproposedin this paper.
This new method usestheperiods,WCETsandBCETsof
tasks.The �rst threemethodsof boundingn do not deter-
minetheactualplacementof thepreemptionpoints.Hence,
we aggregatethen largestdelayspossiblefor a taskto ob-
tain its worst-casedatacacherelatedpreemptiondelay.

We presentresultsof completeresponsetime analysis
for task-setsusingreal benchmarks.The resultsof theex-
perimentsfor utilizations 0.5 and 0.8 shown in Figure 8.
Resultsfor 0.6 and0.7 aresimilar andhave beenomitted
dueto spaceconstraints.Eachgraphshowsa differentmet-
ric, WCET with preemptiondelay, responsetime andmax-
imum numberof preemptionsgiven a certainbaseutiliza-
tion. Thex-axisshowsthevarioustasksetswith 2, 4, 6 and
8 tasks.The plots exclude the highestpriority task in ev-
ery tasksetsincethis taskcannotbepreempted.

In all results,thenew methodderivesamuchtighteresti-
mateof themaximumnumberof preemptionsfor ataskand,
hence,signi�cantly tighterestimatesof theWCETwith de-
lay andtheresponsetime of a task.In someof the results,
themethodsusedascomparisondo not haveresponsetime
valuesin the graph(e.g., tasksets3, 4 and5 for 0.8 base
utilization).Thismeansthattheresponsetimewas,in those
cases,greaterthantheperiod,hencemakingthetasksetun-

schedulable.Our methodshows that, in reality, thosetask
setsareschedulable.This underlinesthepotentiallysignif-
icantbene�t of our new method.Further, in thecaseof the
methodproposedby Staschulatetal., wecalculatethemax-
imum numberof preemptionsfor a task basedon its re-
sponsetime. Hence,if the responsetime turns out to be
greaterthantheperiod,we donot reportthevaluefor max-
imumnumberof preemptionsfor thetaskby this method.

Wealsoobservethat,within ataskset,asweproceedto-
wardslower priority tasks,our method's effectivenessim-
proves(up to anorderof magnitude),indicatedby awiden-
ing gapbetweenourandtheothermethods.This is because
lowerpriority tasksarelesslikely to bescheduledin theini-
tial intervalsbetweenpreemptionspoints.Hence,morepre-
emptionpointsaredeemedinfeasibleby ourmethod,which
tightenstheboundsof themetrics.

Theresultswith utilization 0.8show a highernumberof
preemptionsthantheonewith utilization 0.5.At thehigher
utilization,sometaskshaveahigherWCETand,hence,can
be preemptedmorefrequently. Due to the increasednum-
berof preemptions,we alsoobserve higherresponsetimes
in this case.Noticethat thepriority of a taskis not signi�-
cantin termsof its WCET bound,evenwhenincludingthe
preemptiondelay, mostly becausethe baseWCET domi-
natesthe preemptiondelaycost.This is evident for task6
in Figures8(c)and8(d),whichhasa lowerWCETwith de-
lay thanits predecessor, task5. In otherwords,theordering
of tasksis rate-monotone,notnecessaryWCET-monotone.

From the results,we make several observationsabout
prior methods.For the taskwith secondhighestpriority in
eachtaskset,sincethereis only onetaskabove it, we ob-
servethattheHJbound,ouroldmethodandthemethodpro-
posedby Staschulatetal. give thesameresult.However, as
we proceedtowardslower priority taskswithin a taskset,
our old methodgivestighter resultswhencomparedto the
HJ bound.This is becauseour old methodtakes into ac-
count the WCET of a task and not just the period as the
HJ boundmethoddoes.Themethodproposedby Staschu-
lat etal. producestighterresultswhencomparedto bothour
old methodandtheHJ bound.This is becausetheStaschu-
lat methodconsiderstheeffectsof indirectpreemptionscor-
rectly. However, thenew methodproposedin thispaperpro-
ducestighterresultsthanall threeprior methods.

In orderto show thevariationin themaximumnumberof
preemptionsobtainedby our new methodbetweenthevar-
ious jobs of a task,we provide resultsfor two tasksetsof
differentsizesin Table2.

We observe thatthenew methodalwaysproducesa sig-
ni�cantly lower value than that producedby the previous
methods.As we proceedtowardslower priority tasks,we
observedifferencesin theminimum,maximumandaverage
numberof preemptionsfor differentjobs.Further, it wasob-
servedduringexperimentation(not indicatedin tables)that



�

�

� �

� �

� �

� �

� �

� �

� �

� � � � � � � � � � � � � � � �
� � � � �� � � �

�
��

	�

��

��



��
��



��

�
�

�

� 	 
� � 
 � �
� �� 
� � �� � �
� �� � � � 
 �� �
� � � 
� � �� � �

(a) # Preemptionsfor U = 0.5

�

� �

� �

� �

� �

� �

� �

� � � � � � � � � � � � � � � � � � � � � � � � 	
� � � � �� � � �

�
��

	�

��

��



��
��



��

�
�

�


 � �
 � � � �
� �� �� � �� � �
� �� � � � � �� �
� � � �� � �� � �

(b) # Preemptionsfor U = 0.8

�

� � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � � � � � � � � � � � �
� � � � �� � � �

�
�

	
�

�

���

�

��

� 	 
� � 
 � �
� �� 
� � �� � �
� �� � � � 
 �� �
� � � 
� � �� � �
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�

� � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � 	

� � � � �� � � �

�
�

	
�

�

��

�
�


��
��


 � �
 � � � �
� �� �� � �� � �
� �� � � � � �� �
� � � �� � �� � �

(d) WCETw/ delayfor U = 0.8
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(f) ResponseTimefor U = 0.8
Figure 8. Results for U=0.5 and U=0.8

themaximumvaluefor numberof preemptionswasnot al-
waysobtainedfor the �rst job of the task(releasedat the
sametimeasall higherpriority jobs).Thisprovestheclaim
wemakein Section3 aboutthecritical instantnotbeingthe
instanceat which jobsof all tasksarereleasedat thesame
time.Hereagain,in thecaseof 0.8utilization,wedonotre-
port themaximumnumberof preemptionsobtainedby the
Staschulatmethodfor sometasks.This is becausethe task

hasaresponsetimethatis greaterthanits periodand,hence,
we cannotcalculatethemaximumnumberof preemptions,
which is basedon theresponsetime.

Finally, we performeda seriesof experimentswith syn-
thetic tasksetswherewe vary the ratio of the WCET of a
taskto its BCET, maintainingall otherparameters.There-
sults of theseexperimentsfor utilizations 0.5 and 0.8 are
shown in Table3. 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
200convolution 100000 14191 14191 40 0 0 0 0 0 0
300convolution 400000 20891 20891 10 0 0 0 4 4 1
500convolution 500000 34291 34291 8 0 0 0 7 7 2

300n-real-updates 800000 56538 47338 5 0.2 0 1 12 12 4
matrix1 1000000 59896 54015 4 1 1 1 17 16 6
600�r 2000000 54837 52537 2 0.5 0 1 34 33 8

800convolution 2000000 66191 54391 2 1.5 1 2 35 34 14
900lms 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
900convolution 625000 76391 61091 8 0.75 0 1 7 7 1

matrix1 625000 59896 54015 8 1 1 1 8 8 3
1000convolution 625000 87091 67791 8 0.875 1 2 9 9 5
600convolution 1000000 45291 40991 5 0.4 0 1 16 15 7

300n-real-updates1000000 56538 47338 5 0.875 1 3 17 16 9
800�r 1250000 77037 69737 4 2.25 1 3 23 21 18
900lms 1250000 158636 118536 4 4.5 5 7 24 22
1000�r 2500000 99237 86937 2 6 5 7 47 41
500�r 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 theutilizations.Theresultsindicate
that the numberof preemptionscalculatedby our method
aresigni�cantly lower thanfor previousmethods.Further-
more,for our new methodthis metric only variesfor low
valuesof theWCET/BCETratio.Ratiosof 3 orhighersettle
ata �xpoint for this taskset,i.e., if theBCETdecreasesany
further, it doesnot affect our calculationof the maximum
numberof preemptions.Hence,we could calculatemaxi-
mumnumberof preemptionsfor variousWCET/BCETra-
tios for a given task set. Alternatively, if the preemption
boundsaturatesat a low ratio, thereis no needto calcu-
latetheBCETfor ataskatall. Instead,wecoulduseavalue
of BCET=0.

7. Conclusion
Thecontributionsof this paperare:1) Determinationof

a new critical instantundercachepreemption;2) calcula-
tion of a signi�cantly tighterboundfor themaximumnum-

ber of preemptionspossiblefor a given task;and 3) con-
structionof arealisticworst-casescenariofor theplacement
of preemptionpoints.A feedbackmechanismprovidesthe
meansto interactwith the timing analyzer, which subse-
quentlytimesanotherinterval of a taskboundedby thenext
preemption.

Ourresultsshow thatasigni�cant improvement(of upto
an orderof magnitudeover someprior methodsandup to
half anorderof magnitudeoverothers)in boundsfor (a) the
numberof preemptions,(b) theWCETand(c) theresponse
time of a task are obtained.This work also contributesa
methodologyto integratedatacachesinto preemptionde-
lay determinationunderresponse-timeanalysisand,in this
context, considersa critical instantsof staggeredreleases,
bothof which arenovel, to thebestof our knowledge.Fu-
ture work will quantify the effect of phasingon bounding
feasiblepreemptionpoints.
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