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Abstract
In this paper, we investigatethe problemof inter-task cachein-
terferencein preemptive multi-taskingreal-timesystems.A priori-
tizedcacheis usedto reducecachecon�icts amongtasksby parti-
tioning thecache.Cachepartitionsareassignedto tasksaccording
to theirpriorities.Weextendaknown tool, SYMTA, in orderto es-
timatetheWorstCaseExecutionTime of eachtaskexecutingon a
uniprocessorwith a uni�ed prioritizedL1 cache.Furthermore,we
applyaformal timing analysisapproachto estimatetheWorstCase
ResponseTime (WCRT) of eachtaskusingthe prioritized cache.
Our WCRT analysishandlesnestedpreemptions.WCRT usinga
prioritizedcacheis comparedto usinga conventionalsetassocia-
tivecacheof thesamesizeandassociativity. Ourexperimentsshow
that theWCRT estimatecanbereducedup to 26%whena priori-
tizedcacheis used.

Categoriesand SubjectDescriptors C.3 [ComputerSystemsOr-
ganization]: Special-PurposeandApplication-BasedSystems

GeneralTerms Algorithms,Reliability

Keywords Real-timeSystem,CacheDesign,Timing Analysis

1. Intr oduction
In real-timesystems,we have to know in advanceif eachtaskcan
meetits timeconstraint.Especiallyfor hardreal-timesystems,dis-
astrousresultsmay occur if tasksmiss their deadlines.Usually,
in a real-timesystemwherethereareno preemptions,we canuse
theWorstCaseExecutionTime (WCET) of a taskto checkif the
taskcanbe completedbeforeits deadline[23]. In a multi-tasking
real-timesystemwherepreemptionsare allowed, we have to es-
timate the Worst CaseResponseTime (WCRT) for eachtask in
orderto checkfor satisfactionof timing constraints[1, 12,20, 21].
WCET andWCRT analysesarecomplicateddue to the fact that
advancedfeaturessuchascaching,pipeliningandout-of-orderex-
ecutionareusedin modernprocessors.For example,a cachein-
troducesuncertaintyin memoryaccesstime, which complicates
cache-relatedtiming analysis.Thisproblemis worsenedwhenpre-
emptionsareallowed in a multi-taskingsystem;themulti-tasking
resultsin cachecon�icts amongdifferenttasks.By customizingthe
cacheallocationpolicy, wecanreduceWCRT aswell asreducethe
complexity of cache-relatedtiming analysisby removing or mini-
mizingcachecon�icts amongtasks.
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Although customizedcachescanreducetaskWCRT by mini-
mizingcachecon�icts, westill needto analyzethebehavior of cus-
tomizedcachesformally in orderto safelyapplycustomizedcaches
to real-timesystems.This paperexplainsan approachto evaluate
somekey trade-offs in cachedesignwhendesignersarefocusedon
theeffectof cachetypeselectiononWCET/WCRT estimation.We
applya known tool, SYMTA [23], to estimatetheWCET of each
taskexecutingon a uniprocessorwith a uni�ed prioritized[16] L1
cache.Then,our formalWCRT approachasproposedin [17,18] is
extendedto estimatetheWCRT of eachtaskin apreemptive multi-
taskingsystemwith a uni�ed prioritizedcache.

We alsocomparethe performanceof a prioritized cachewith
a setassociative cachein termsof WCRT estimates.Threeappli-
cationsareusedin ourexperiments.Theexperimentalresultsshow
thattheWCRT estimatecanbereducedsigni�cantly by usingapri-
oritizedcache.A tight WCET/WCRT estimateallows a program-
mer to utilize computingresourcesin real-timesystemsmoreef-
�ciently . For example,moretasksmaybeableto bescheduledor
morecomplicatedapplicationscanbeexecuted.As aresult,theto-
tal utilization of CPUandotherresourcesis improved.

2. ProblemStatement
A typicalembeddedsystemusuallyincludesmemory, programmable
components,recon�gurable logic and Application Speci�c Inte-
gratedCircuits (ASICs).Softwareprogrammablecomponentscan
betypicalRISCembeddedprocessorsor Digital SignalProcessors
(DSPs).

Hardware units suchas ASICs and recon�gurablelogic have
strict timing properties.Their behavior is predictable.A processor
providesa platformon which to run software,which is mucheas-
ier to develop,thushaving a shorttime-to-market period.Software
designis more�e xible in termsof designchangesandproductevo-
lution. However, ascomparedto customhardware, the execution
time of software is moredif�cult to predict,especiallywhenthe
targetmemoryhierarchyhasseverallevels.

Softwareapplicationscanbeacceleratedsigni�cantly by using
caches.Cachesexploit temporaland spaciallocality in memory
accesspatterns.Cacheperformanceis degradedwhen multiple
memoryreferencestreamswith differentlocalitiescompetefor the
samecacheresources.

In a multi-tasking real time system,a set of taskshas to be
completedbefore the correspondingtask deadlines.We use the
WorstCaseResponseTime(WCRT) of eachtaskto analyzeif each
taskcanmeetits deadline.
De�nition 1. Worst CaseResponseTime (WCRT): The WCRT is
the time takenby a taskfrom its arrival to its completionof com-
putationsin theworstcase.�

NoticethatWCRT is differentfrom WorstCaseExecutionTime
(WCET) which is often used in timing analysisfor single-task
systems.WCET only includesthe executiontime of a taskwith-
out consideringpreemptions,interruptsand context switch cost.
WCRT, on theotherhand,includesbothexecutiontime of thetask
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andadditionaltime causedby preemptions,interruptsandcontext
switches.

TheWCRT of ataskis affectedby cachebehavior. In apreemp-
tivemulti-taskingreal-timesystem,eachtaskusuallyhasapriority.
Low priority taskscan be preemptedby high priority tasks.Ex-
ample1 shows two typesof inter-taskcacheinterferencethat can
possiblydegradethecacheperformance.
Example 1: Figure 1 shows a scenarioin a preemptive multi-
taskingsystem.A low priority task,TaskA, is preemptedby ahigh
priority task,TaskB, attimet1 . Duringthepreemption,TaskB uses
somecachelinesthatwereusedby TaskA beforethepreemption.
The memory blocks loadedto thesecachelines by Task A are
thus evicted. After Task A resumesat time t2 , it againneedsto
accesssomeof thememoryblocksevictedby TaskB. TaskA has
to reload thosememoryblocks to the cache.Furthermore,after
TaskA resumes,TaskA may evict somecachelines usedearlier
by TaskB aswell. WhenTaskB is executedfor thesecondtime at
timeinstantt3 , TaskB alsoneedsto reloadsomecachelines.Cache
reloadcausedby inter-taskinterferenceextendstheresponsetimes
of TaskA andTaskB, asshown in Figure1(B). �
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Figure1. An exampleof inter-taskcacheeviction
Example1 shows thatinter-taskcacheinterferencecandegrade

theusefulnessof acacheandcanintroduceadditionalcachereload
cost to the WCRT of a task.Furthermore,cachereloadcost in-
creasesuncertaintyin memoryaccesstime,whichworsensthetim-
ing analysisproblem.Thus,we aim to avoid or reducecachecon-
�icts amongtasks.

Usually, WCET/WCRT analysisassumesa cold cachewhena
taskstartsto run.This assumptionis reasonablein a systemwhere
thecacheis sharedby all tasksbecausethecachelinesusedby one
taskmay be evicted by other tasks.In the worst case,a taskhas
to reloadall dataand instructionsfrom the memoryto the cache
afteracontext switch.This cachereloadcostdueto thecoldcache
assumptionappliesto all multi-taskingsystems,eitherpreemptive
or non-preemptive.Thus,wecall thistypeof cachereloadcostnon-
preemptionrelatedcachereloadcost; suchcostis alreadyincluded
in theWCETestimatefor eachtask.Non-preemptionrelatedcache
reloadcostasshown in Example1 affectsbothWCETandWCRT
of tasks.

Notice that in a systemwhere the cacheis used by a task
exclusively, the assumptionof a cold cacheis too conservative.
After the �rst run of the task, the cacheis �lled with somedata
and instructionsusedby the task.Sincethe cacheis not shared,
no inter-taskcachecon�icts exist. Whenthe taskrunsagainlater,
the cacheis alreadywarmed up. In SYMTA [23], an iterative
methodis providedto calculatetheminimumsetof memoryblocks
guaranteedto residein thecachebecauseof previousexecutions.

In preemptive multi-tasking systems,preemptionscan cause
additionalcachereloadcost.As shown in Example1, duringTask
B preemptingTask A, somecachelines usedby Task A before
preemptionareevicted,which causescachereloadingafterTaskA
resumes.This cachereloadoverheadonly happensin preemptive
multi-taskingsystems.Thus,we call this typeof cachereloadcost
preemption-relatedcachereloadcost. We proposeanapproachin
[17, 18, 19] to analyzethis typeof cachereloadcost.

Cache reload cost (including preemption-relatedand non-
preemptionrelatedcachereloadcost)is causedby cacheinterfer-
enceamongtasks.Cacheinterferencecanbereducedby customiz-

ing cachemanagementpolicy. We proposea prioritized cachein
[16]. In theprioritized cache,cacheways(“columns”[14]) areal-
locatedto tasksdynamicallyaccordingto the priorities of tasks.
Eachtaskusesits cachecolumnsexclusively. Thus,cachecon�icts
amongtasksarereduced.As distinctfrom all othercachepartition-
ing approachesknown to the authors,the prioritized cachetakes
the priorities of tasksinto consideration.High priority tasksare
given moreprivilegesto usecacheresourcesbecauseit is usually
morecritical to meetthe timing constraintsof high priority tasks.
Additionally, cachepartitionsareassignedto tasksadaptively ac-
cordingto therequirementsof tasks.Usersdo not have to allocate
cachepartitionsexplicitly. Only minormodi�cationsin thecontext
switchfunctionof theoperatingsystemarerequiredto supportthe
prioritizedcache[16].

A prioritized cachecan be usedsafely in a real-timesystem
only if we can analyzethe impact of a prioritized cacheon the
WCRT of tasks.In this paper, we aim to analyzethebehavior of a
prioritized cacheformally by appropriatelymodifying the WCRT
analysisapproachas proposedin [17, 18]. This WCRT analysis
approachis particularlywell-tunedin its ability to analyzecache-
relatedpreemptiondelay. We integrateinter- andintra-taskcache
eviction analysisand give a new WCRT estimateformula. With
our new approach,the WCRT estimateis tightenedsigni�cantly.
We also comparethe prioritized cachewith the conventionalset
associative cache.

We formally state the problem addressedin this paper. We
assumewe have a preemptive multi-taskingsystemconsistingof
n periodictasks,T0 , T1 , ...,Tn � 1 . Eachtask,Ti ; (0 � i � n � 1),
has a period Pi . We assumethat the deadlineof task Ti is the
sameas its period.Eachtask,Ti , hasa uniquepriority pi . Task
prioritiescanbederivedbyusingaFixedPriority Scheduling(FPS)
algorithm(e.g.,the ratemonotonicalgorithm)or canbe assigned
statically by designers.We also assumethat tasksare sortedin
the descendingorderof their priorities p0 < p1 < ::: < pn � 1 .
For two tasks Ta and Tb, if pa < pb, Task Ta has a higher
priority than Task Tb. The Worst CaseExecutionTime (WCET)
of TaskTi canbeestimatedby usingexisting approachessuchas
SYMTA [23]. Here,we assumethat thereis no dynamicmemory
allocationandall memoryaddressesaccessedby tasksare �x ed.
We further assumethat only instructionsresiding in cachelines
with instructionsactuallyexecutedareloadedto thecache.In other
words,we do not considerthe impact of out-of-orderexecution,
branchpredictionandpipelining.We useCi andR i to denotethe
WCET andWCRT of TaskTi , respectively. We usea prioritized
cachein suchapreemptivemulti-taskingreal-timesystem.In order
to know if TaskTi canmeetits deadline,we needto estimateits
WorstCaseResponseTime (WCRT). Sucha WCRT estimatehas
to take into considerationtheimpactof a prioritizedcache.

3. Prioritized Cache
Inter-taskcacheinterferencebreaksspacialand temporallocality
in memoryaccesspatternsbecausemultiple taskscompetefor the
samecacheresource.Memory accesslocality characteristicsof
different tasksare typically not very similar at all. An intuitive
methodto addressthis problemis to allocatecachelines to tasks
exclusively sothatcachelinesusedby onetaskcannotbeusedby
othertasks.

In [16], we proposea prioritized cache.Brie�y , a prioritized
cacheis a variantof a conventionalset-associative cache.Figure2
shows a prototypeof theprioritizedcache.Eachway in anL -way
set associative cacheis viewed as a “column” in the prioritized
cache[14]. The prioritized cacheis partitionedand allocatedto
tasksat thegranularityof columns.Eachcolumncanbeseteither
“shared” or “not shared.” If a column is not shared,it can be
allocatedto any taskuponrequest.As soonasacolumnis allocated
to a task,that taskis calledtheownerof thecolumn.As shown in
Figure 2(A), extra registersare addedto save the statusof each
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column.Memory blocksaremappedto a prioritized cachein the
sameway as a set associative cache.A memoryaddressis split
to threeparts,tag, index andoffset.The index selectsa set in the
cache.A set in the cachecontainsL cachelines. A cacheline is
selectedby thecachereplacementalgorithm(e.g.,LRU). Theoffset
determinesthe location of the memoryblock in a cacheline. A
memory-to-cachemappingexampleis shown in Figure2(B) which
assumesa4-waysetassociativecachewith 16sets.Eachcacheline
has16 bytes.

(A) Prototype of a prioritized cache

Col. 0 Col. 1 ...

Set 0
Set 1
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. . .
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memory address

Figure2. Theprioritizedcache

Themain ideain theprioritizedcacheis to partition thecache
amongthe the tasks.Cachecolumnsallocatedto lower priority
taskscan be usedby higher priority tasks.But cachecolumns
allocatedto higherpriority taskscannotbe usedby lower priority
tasks.In this manner, the high priority taskscanminimize cache
reload.As a result,thehigh priority taskscanbecompletedmore
quickly.

In thecaseof a cachehit, theprioritizedcachebehavesexactly
the sameas a conventional set associative cache.In the caseof
a cachemiss, when a memoryblock needsto be loadedto the
cache,a setin thecacheis uniquelydeterminedby theaddressof
thememoryblock. Then,a cacheline in thatsetis chosenfrom a
columnin theorderasfollows:
(1). Columnsownedby thecurrenttask.
(2). Columnsnotownedby any tasks.
(3). Columnsownedby lower priority tasks.
(4). Sharedcolumns.
Example 2: Supposewe have threetasks,a Mobile Robot con-
trol application(MR), anEdgeDetection(ED) applicationandan
OrthogonalFrequency DivisionMultiplexing (OFDM) transmitter.
MR updatesthebehavior of a robotperiodically. ED processesim-
agesdetectedby the robot, and OFDM is usedto communicate
amongrobots.MR hasthehighestpriority, andOFDM hasthelow-
estpriority. Also, we assumethata 4-wayprioritizedcacheis used
in thesystemandthatonecolumnis shared.Considerthescenario
in Figure3(A). OFDM runs�rst. Then,ED arrivesandpreempts
OFDM. ED is thenitself preemptedby MR. WhenOFDM runs,it
usesall columns.Column0, Column1 andColumn2 areowned
by OFDM asshown in Figure3(B). Column3 is sharedandcan-
not beownedby any task.After OFDM is preemptedby ED, ED
usesColumn0 andColumn1 becauseED hasahigherpriority than
OFDM. Now, Column0 andColumn1 areownedby ED asshown
in Figure3(C). OFDM cannotloadmemoryblocksto cachelines
in Column0 andColumn1. However, OFDM canstill readcache
linesin Column0 andColumn1 in thecaseof cachehit. Similarly,
after ED is preemptedby MR, MR owns Column0 asshown in
Figure3(D). �

Theprioritizedcachecanallocatecolumnsto tasksdynamically.
Thecacheis partitionedatthegranularityof columns.By changing
the numberof columns,we can partition the cacheat different
granularities.High priority tasksaregivenpriority in cacheusage.
This strategy conformsto the characteristicsof real-timesystems
becauseusuallyhigh priority tasksaremorecritical andthushave
a greaterrequirementto guaranteetheir timing constraints.

We divide prioritized cacheusageinto two stages.In the �rst
stage,the cachecolumnsare allocatedto tasks.Cacheevictions
may happenif columnsusedby low priority tasksare allocated
to high priority tasks.In this stage,tasksrun with a cold cache.
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Figure3. An exampleuseof theprioritizedcache
Becausea task may have multiple feasiblepaths,the task may
not executeall basicblocks(or equivalently, SingleFeasiblePath
ProgramSegmentsas explainedin SYMTA [23]) in one run. In
other words, a task may requestmore cachecolumnsafter the
�rst run. Thus, the cachecolumnsowed by a task may change
dynamically. A highpriority taskmayacquiremorecachecolumns
and a lower priority task may lose cachecolumnssubsequently.
However, afterall basicblocksof a taskareexecutedat leastonce,
cachecolumnsallocatedto this taskbecomestable.Therefore,for
thepurposeof WCRT analysis,weruneachtaskoneor moretimes
with carefully selectedinput dataso that every basicblock in the
taskis executedat leastoncein the�rst stage.Tasksareexecutedin
this way in thedescendingorderof taskpriorities.After this stage,
cacheallocationis completed.So,in thesecondstage,all tasksare
allocateda portionof columns.Theprioritizedcacheworks in the
secondstagefor therestof time.Thus,wecall the�rst stagetransit
stage andthesecondstagestablestage.

4. WCRT Analysis for a Prioritized Cache
In this section,we introduceour cache-relatedWCRT analysis
approachproposedin [17, 18] brie�y �rst. Then we modify this
WCRT analysisapproachto theprioritizedcache.
4.1 Cache-relatedWCRT analysis

In [17, 18], we proposean approachto estimatethe WCRT of
eachtaskin apreemptivemulti-taskingreal-timesystem.Thetasks
have propertiesas statedin Section2. Our approachfocuseson
incorporatingcachereloadoverheadinto theWCRT estimate.

Supposewe have two tasks,Ta andTb. Tb hasahigherpriority
than Ta . Thus, Ta can possiblybe preemptedby Tb. As shown
in Example1, suchpreemptioncan bring cachereloadoverhead
to the responsetime of Ta . Cachereloadoverheadcausedby Tb

preemptingTa is analyzedby calculatingan upperboundon the
numberof cachelines to be reloadedby the preemptedtask Ta .
Two conditionsmustbesatis�ed for memoryblocksto have to be
reloadedinto thecache.

Condition1. Thesememoryblocksareusedby both the pre-
emptedandthepreemptingtask.

Condition2. The memoryblocksmappedto thesecachelines
areaccessedby thepreemptedtaskbeforethepreemptionandare
alsorequiredby thepreemptedtaskafterthepreemption(i.e.,when
thepreemptedtaskis resumed).

By usingthesimulationmethodaspresentedin SYMTA [23],
wecan�nd all thememoryblocksthatcanbepossiblyaccessedby
tasksTa andTb. The memoryblocksthat satisfyCondition2 are
called“Useful MemoryBlocks”[4, 5]. Leeet al. proposeanintra-
taskcacheeviction analysisapproachto �nd usefulmemoryblocks
in thepreemptedtask[4, 5]. We extendthis conceptto Maximum
Useful Memory Block Set (MUMBS) [18, 19]. MUMBS is the
maximumset (i.e., the union) of useful memoryblocks over all
theexecutionpointsof a task.Example3 explainsMUMBS.
Example 3: Supposewe have a task as shown in Figure 4. The
taskis representedwith a ProgramControlFlow Graphasde�ned
in [19]. The memoryblocksaccessedby the taskarealsoshown
in Figure4. Let usconsiderthe executionpoint s. Memoryblock
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0x0010
0x0020

0x0120 0x0100

0x0110

0x0020

0x0030

execution
point s

0x0030

Figure4. An exampleof MUMBS
0x0020 is accessedby the task before the executionpoint s as
well as after the executionpoint s. By using the useful memory
block analysisapproachin [5], we can�nd that0x0020is a useful
memory block. The useful memory block set at the execution
point s is f 0x0020g. We perform the sameanalysisover all the
executionpoints in the task andcalculatethe union of all useful
memoryblocksto obtainMUMBS. In this example,theMUMBS
is f 0x0020; 0x0030g. �

MUMBS containsall the memory blocks that can possibly
causecachereload cost in a task when this task is preempted
at any possibleexecutionpoint in the task.We can calculatethe
intersectionsetof MUMBS andthesetof memoryblocksthatcan
possiblybeaccessedby thepreemptingtask.The memoryblocks
in the intersectionset satisfy both Condition 1 and Condition 2.
In [17], we proposea CacheIndex IntroducedPartition (CIIP) of
memoryblocksets.Let usbrie�y summarizeCIIP.

Supposewehavea memoryblocksetM = f m0 ; m1 ; :::; mk g,
wherem i is the addressof a memoryblock. We alsoassumean
L -way setassociative cachewith N sets.Whena memoryblock
is loadedinto thecache,thesetin which this memoryis locatedis
determinedby the index in theaddressof this memoryblock. We
useidx (m i ) to representthe index of m i . The index of thecache
rangesfrom 0 to N � 1. WecanderiveN subsetsof M asfollows.

bm i = f mk 2 M jidx (mk ) = ig; (0 � i < N ) (1)

WerepresenttheCIIP of M with cM , de�ned asbelow.

cM = f bm i j bm i 6= ; ; 0 � i < N g

where; is theemptysetand bm i is de�ned asEquation1.
Example4: SupposewehaveamemoryblocksetM 1 = f 0x0010;
0x0210; 0x1100g anda two-way setassociative cache.We have
16-bit memoryaddresses.The cachehas16 sets.Eachcacheline
has16 bytes,thus,bit 3 to bit 0 is the offset andbit 15 to bit 4
is the tag. In this case,we have bm10 = f 0x1100g and bm11 =
f 0x0010; 0x0210g. All thememoryblocksin bm10 have thesame
index of 0. All the memory blocks in bm11 have the samein-
dex of 1. Note that in this example, bm1i = ; for all i such
that 1 < i < 16. In this example, cM 1 = f bm10 ; bm11 g =
ff 0x1100g; f 0x0010; 0x0210gg. �

Whenthememoryblocksin thesamesubsetbm i areaccessed,
thesememoryblocksareloadedinto thesamesetin thecachebe-
causethey have thesameindex. Thus,cacheevictionscanhappen
amongthesememoryblocks(i.e.,with thesameindex).

CIIP builds a bridgefrom memoryblocks to a setassociative
cachewithout requiringknowledgethe replacementalgorithm in
thecache.BasedontheCIIP of theintersectionset,wecanestimate
thecachereloadcostcausedby preemptions.

Supposewe have two tasks,the preemptedtask Ta and the
preemptingtask Tb. Ta accessesthe memory blocks in M a ,
where M a = f ma; 0 ; ma; 1 ; :::; ma;k a g. The MUMBS of Ta

is ~M . Tb accessesthe memory blocks in M b, where M b =

f mb;0 ; mb;1 ; :::; mb;k b g. Weusec~M a = f b~ma; 0 ; b~ma; 1 ; :::; b~ma;N � 1g
to representtheCIIP of ~M a and cM b = f bmb;0 ; bmb;1 ; :::; bmb;N � 1g

to representtheCIIP of M b. We canestimatethenumberof cache
con�icts betweenTa andTb by usingthefollowing formula.

S( ~M a ; M b) =
N � 1X

r =0

min fj b~ma;r j; j bmb;r j; Lg (2)

whereb~ma;r 2 d~M a and bmb;r 2 cM b.
We assumecachemiss penalty is �x ed, which is represented

with Cmiss . Therefore,CRPDcausedby Tb preemptingTa canbe
estimatedasbelow.

CRPD (Ta ; Tb) = S( ~M a ; M b) � Cmiss (3)

CRPD estimategiven in Equation3 can be further tightened
by usingpathanalysisasproposedin [18]. However, this estimate
doesnot considernestedpreemptions.Let us considerthe casein
Example5.

Table 1. Tasksin Example5
Task WCET(us) Period(us) Preemptions CRPD(us)
T0 5 20 T1 by T0 5
T1 11 30 T2 by T0 2
T2 12 100 T2 by T1 2

0 2Cache reload cost due to cache interference between T    and T

Cache reload cost due to cache interference between T    and T0 1

1 2Cache reload cost due to cache interference between T    and T
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Figure5. An exampleof nestedpreemptions
Example5: Supposewe have threetasks,T0 , T1 andT2 . WCET,
period and cachereloadcost for eachtask are listed in Table 1.
TaskT2 hasthehasthelowestpriority andTaskT0 hasthehighest
priority. Herewe ignorethecontext switchcost.At time instant1
(measuredin clockcycles;e.g.,weassumea100MHzclock),T2 is
preemptedby T1 directly. Then,at time instant2, T1 is preempted
by T0 . The secondpreemptionis nestedin the �rst preemption.
Thus,T2 is alsopreemptedby T0 , albeit indirectly, at time instant
2.Wecall thistypeof preemptionanindirectpreemption. Notethat
anotherindirectpreemptionoccursat time instant42. In this case,
theCRPDcausedby T0 indirectly preemptingT2 consistsof two
parts,cachereloadcostdueto cacheinterferencebetweenT2 and
T0 andcachereloadcostdueto cacheinterferencebetweenT1 and
T0 asshown in Figure5(B). However, by usingEquation3, only
cachereloadcostdueto cacheinterferencebetweenT2 andT0 is
includedin CRPDcausedby T0 indirectly preemptingT2 , which
is shown in Figure5(A). ComparingFigure5(A) with Figure5(B),
we �nd that cachereloadcostdue to cacheinterferencebetween
T1 andT0 canpossiblyextendtheresponsetimeof T2 . Noticethat
whenthe cachereloadcostdueto cacheinterferencebetweenT0

andT1 is considered,theWCRT of T2 is 70 (insteadof 59).Thus,
weneedto includethisfactorin ourWCRT analysis;in thisspeci�c
case,while T0 canarrive at most threetimes in 59 clock cycles,
in fact T0 canarrive up to four timesin 70 clocks– asshown in
Figure5(B). �
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Example5 shows the effect of nestedpreemptionson WCRT.
Note that in this example,we explain the differencebetweenan
indirectpreemptionandadirectpreemption. Whenweestimatethe
WCRT of a taskTa , we needto considerall possiblepreemptions
causedby eachtask,Tb; 0 � b < a, which hasa higherpriority
thanTa . Tb canpreemptTa directly, which bringsa cachereload
costof CRPD (Ta ; Tb) to theWCRT of Ta . Ta canalsopotentially
be preemptedby Tb indirectly if there exists a task Tl with a
priority lower thanTb, but higher thanTa . In this case,whenan
instanceof Tb arriveswhile Ta is preemptedby Tl , Tl is further
preemptedby Tb. This indirect preemptionintroducesa cache
reloadcostof CRPD (Tl ; Tb) to the WCRT of Ta . In the worst
case,Ta � 1 preemptsTa �rst, thenTa � 1 is preemptedby Ta � 2 , ...,
until �nally Tb+1 is thenpreemptedby Tb. Thus,therearea � b
nestedpreemptionsin theworstcase.

In Equation2, the numberof cachecon�icts betweenTa and
Tb resultsfrom a calculationusing ~M a , the MUMBS of Ta , and
M b, the memoryblocks that areaccessedby Tb. However, when
nestedpreemptionsexist, Tb mayevict cachelinesusedby useful
memoryblocksof all tasksthathave higherpriorities thanTa but
lower priorities than Tb. In order to include nestedpreemptions,
we extendEquation2 asfollows (for additionaldetails/examples,
pleasesee[19]).

S(
a[

l = b+1

~M l ; M b) =
N � 1X

r =0

min fj
a[

l = b+1

b~m l;r j; j bmb;r j; Lg (4)

By using Equation4, we can derive a CRPD estimateformula
whichconsidersnestedpreemptions.

CRPD (Ta ; Tb) = S(
a[

l = b+1

~M l ; M b) � Cmiss (5)

Now, supposewe have as a known item the preemptionrelated
cachereloadcost,CRPD (Ti ; Tj ), then we can usean iterative
methodto estimatetheWCRT of tasks.WeuseRk

i to representthe
WCRT of taskTi in thek th iteration.Theinitial WCRT of Ti , R0

i ,
is equalto Ci , which is theWCET of Ti .
R0

i = Ci ;

R1
i = Ci +

P i � 1
j =0 dR 0

i
P j

e � (Cj + CRP D (Ti ; Tj ) + 2Ccs )
...

Rk
i = Ci +

P i � 1
j =0 d

R k � 1
i
P j

e � (Cj + CRP D (Ti ; Tj ) + 2Ccs )

whereCRPD (Ti ; Tj ) is thecachereloadoverheadcausedby Tj

preemptingTi . Ccs is thecontext switchcost(numberof cycles).
We assumea constantupperboundon context switch costin this
paper. Thereare two context switchesfor eachpreemption,one
for loading the preemptingtask and the other for resumingthe
preemptedtask.

This iteration terminateswhen R i convergesor R i is greater
thanthedeadlineof Ti . If theiterationconverges,Ti canbesched-
uled.Otherwise,wecannot�nd a feasibleschedule.In short,using
the iterative WCRT calculationapproachpresentedabove, we can
analyzetheschedulabilityof thesystembasedon theWCRT esti-
mateof eachtask.

Next, we proposea novel methodof adaptingtheWCRT anal-
ysis approachfor the prioritized cache.We arenot awareof any
prior work (otherthanthethesisof the�rst author[19]) in WCRT
analysisfor customizedcaches.

4.2 WCRT analysisfor a prioritized cache

As statedin Section3, weassumethatwecanusethebehavior of a
prioritizedcachein thestablestageto determinethetiming proper-
tiesof tasks.Otherwise,to analyzethetransitstage,theassumption
of acoldcachecanbeused.In thestablestage,cacheeviction only
happensin the sharedcolumns.Notice that we assumeeachtask
hasa uniquepriority.

Now, let ussummarizeCRPDanalysisfor aprioritizedcachein
thestablestageformally. In a prioritizedcache,tasksonly con�ict
in the sharedcolumns.The tasksthat do not usesharedcolumns
do not have cacheinterferencewith othertasksin thestablestage.
Thus,all preemptionsrelatedto thesetasksdo not incur CRPD.
Sincecachecolumnsareallocatedto tasksaccordingto taskpriori-
ties,highpriority taskshavehigherpriority in usingcachecolumns.
Supposewe have a setof tasksTi ; (0 � i < n) sortedin thede-
scendingorderof theirpriorities.Here,n is thenumberof tasks.In
otherwords,if i < j , Ti hasa higherpriority thanTj . In this case,
if Tj canusesomenon-sharedcachecolumnsin thestablestage,
Ti mustown somenon-sharedcachecolumnsaswell. (Otherwise,
Ti will occupy cachecolumnsusedby Tj sinceTj hasa lowerpri-
ority.) Thus,in thestablestage,wedivide tasksinto two groups.In
the�rst group,we have tasksT0 , T1 , ...,Tq , where0 � q < n. We
use 1 = f Tl j0 � l � qg to representthis groupof tasks.All the
tasksin this groupdo not useany sharedcolumns.Thus,eachtask
in  1 doesnotcon�ict with any othertask.In thesecondgroup,we
have tasksTq+1 , ...,Tn � 1. We use 2 = f Tl jq < l < ng to repre-
sentthisgroupof tasks.Thetasksin  2 usesharedcachecolumns;
thus,eachtaskin  2 maycon�ict with othertasksin  2 .

Supposewe have two tasks,Ta andTb. Tb hasahigherpriority
thanTa . Let usconsidertwo cases.

1. Tb is in the taskgroupset  1 . In this case,Tb owns cache
columnsexclusively. As a result,thecachelinesusedby Tb do not
overlapwith thecachelinesusedby Ta ; thus,CRPD (Ta ; Tb) =
0.

NotethatTa hasalowerpriority thanTb. If Ta is in  1 , Tb must
bealsoin  1 . Thus,we do not needto considerthecasewhereTa

is in  1 , sincethe caseof Ta 2  1 is alreadycoveredby Case1
above.

2. NeitherTa nor Tb is in  1 . In otherwords,both Ta andTb

usesharedcolumns.In thiscase,cacheeviction only happensin the
sharedcolumns.Wecanmodify theCIIP-basedapproachproposed
in [17,18] to estimatethenumberof cachelinesto bereloadedafter
Ta resumesfrom a preemption.The necessarymodi�cations are
shown in Equation6 below, which is basedonEquations4 and5.

CRPD (Ta ; Tb) =
�

0 Tb 2  1

S(
S a

l = b+1
~M l ; M b) � Cmiss Tb 2  2

(6)
WeuseExample6 to explain how a prioritizedcacheaffectscache
interferenceamongtasks.
Example 6: Supposewe have threetasksasstatedin Example2
anda 32KB 8-way prioritizedcache.Eachcacheline has16bytes.
Thus,eachcolumnhas256cachelines.MR usesColumn0 to Col-
umn4 andED usestherestof columns.The last two columnsare
set as shared.Thus, OFDM can only use the last two columns.
OFDM hasno con�icts with MR, but OFDM andED may con-
�ict in thesharedcolumnsin theprioritizedcache.In thisexample,
the estimateof an upperboundon the numberof cachecon�icts
betweenOFDM andED is 160.
If weuseaconventionalcache,all threetasks,MR, ED andOFDM
con�ict with eachother in the cache.The estimateof cachecon-
�icts betweenMR andOFDM is 88.Theestimateof thenumberof
cachecon�icts betweenED andOFDM is 98.
Assumingcachemisspenaltyis 10clockcycles,theCRPDcaused
MR preemptingOFDM is zero in a prioritized cache.As a com-
parison,the CRPD causedMR preemptingOFDM is 880 clock
cyclesin a conventionalset-associative cache.Therefore,a priori-
tizedcachecanbequiteeffective in preventinghigh priority tasks
con�icting with low priority tasks. �

In Example6, althoughthenumberof cachecon�icts between
ED, MR andOFDM is reduced,OFDM cannotusethefull cache.
Thus,the WCET of OFDM is expectedto increase.We examine
this impactin our experiments.
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Now, let usconsiderhow to adaptourWCRT analysisapproach
to a prioritizedcache.Basedon theCRPDgivenin Equation6, we
canmodify ourWCRT analysisapproachfor theprioritizedcache.

For eachtaskTi , if Ti 2  1 , Ti doesnotcon�ict with any other
tasksin thecache.For eachpreemption,we only needto consider
thecontext switchcostandtheWCETsof preemptingtasks.Thus,
theWCRT analysisformulaintroducedin Section4.1canbemod-
i�ed asfollows.
R0

i = Ci ;

R1
i = Ci +

P i � 1
j =0 dR 0

i
P j

e � (Cj + 2Ccs )
...

Rk
i = Ci +

P i � 1
j =0 d

R k � 1
i
P j

e � (Cj + 2Ccs )

On the other hand,if Ti 2  2 , Ti may con�ict with any other
taskin thetaskgroup 2 . But Ti doesnot con�ict with any taskin
 1 . Thus,if Ti is preemptedby a taskTj in  1 , for overhead(i.e.,
over andabove actualworst-casetaskexecutiontimeCj of Tj ) we
needonly considerthecontext switchcosts.If Ti is preemptedby a
taskin  2 , we needto considerbothCRPDandthecontext switch
costs.Therefore,we usetheformulabelow to estimatetheWCRT
of Ti .
R0

i = Ci ;

R1
i = Ci +

P q
j =0 dR 0

i
P j

e � (Cj + 2Ccs ) +
P i � 1

j = q+1 dR 0
i

P j
e � (Cj +

CRP D (Ti ; Tj ) + 2Ccs )
...

Rk
i = Ci +

P q
j =0 dR 0

i
P j

e � (Cj + 2Ccs ) +
P i � 1

j = q+1 d
R k � 1

i
P j

e � (Cj +

CRP D (Ti ; Tj ) + 2Ccs )

In this section,we adaptour WCRT analysisapproachto apply to
aprioritizedcache.By usingthisnew WCRT analysis,we canpre-
dict theworst casetiming propertiesof a prioritizedcache,which
allows usto safelyusea prioritizedcachein areal-timesystem.

5. PreviousWork
Inter-task cachecon�ict complicatesWCET/WCRT analysisbe-
causeof uncertaintyin memory accesstime. This problem can
be amelioratedby partitioning the cacheand allowing eachtask
to usea portion of the cacheexclusively. Cachepartitioningcan
be achieved with hardwareapproaches[3, 7, 14] or softwareap-
proaches[11, 24].

Althoughcustomizedcachesshow bene�ts in acceleratingexe-
cutionsof applicationsin multi-taskingenvironments,aconnection
betweenformal WCET/WCRT analysisandcustomizedcachesis
still missing.Theauthorsof thispaperhavebeenunableto �nd any
publishedwork onWCET/WCRT analysisfor customizedcaches.
Instead,theeffectivenessof cachepartitioningmethodsareevalu-
atedwith experiments[3, 7, 11, 14, 24]. Sometypical benchmark
applicationsareexecutedwith cachepartitioningapproaches.The
averageexecutiontimeor thecachemissrateis usedto measurethe
performance.In [13], Suhet al. give ananalyticalcachemodelto
analyzethecachemissrateof a partitionedcache.This modelpre-
dictstheoverall cachemissrateof generalapplications.Theworst
caseis not considered.Dropsoet al. [2] comparesomeexisting
customizedcachesby usingananalyticalcachemodel.Again, the
analysistargetstheaverageperformanceof generalapplications.

Customizedcachescanbedemonstratedto beeffective in elim-
inating inter-taskcachecon�icts by runningbenchmarksor evalu-
atingaverageperformance(e.g.,cachemissrate).However, lackof
worstcaseanalysisis not acceptablein real-timesystems.Bench-
markapplicationscannotcoverall situations.Averageperformance
cannotguaranteethesameperformancein theworstcase.Thus,in
order to apply customizedcachein real-timesystemssafely, we
needto analyzetaskWCET/WCRT formally.

Much work hasbeendonein WCET analysisfor a singletask
with aconventionalcache(suchassetassociativeor directmapped)

[6, 23]. In this paper, we usea WCET analysistool, SYMTA[23];
however we cansubstituteany otherWCET analysisapproachfor
SYMTA.

In preemptive multi-taskingsystems,a taskmaybepreempted
by anothertask.Thus,WCETcannotre�ect thecompletiontimeof
a task.Instead,we usea task's WCRT to evaluateif the taskcan
meetits deadline.

Tindell etal. [20] proposeagenericframework for WCRT anal-
ysisby usinganiterative equation.Busquests-Mataixet al. extend
Tindell'sWCRT analysisapproachby includingcacheeviction cost
in a multi-taskingsystem[1]. They conservatively assumethatall
thecachelinesusedby thepreemptingtaskneedto bereloadedby
the preemptedtaskuponresumingexecution[1]. OtherILP-based
WCRT analysisapproachescanbefoundin [4, 5, 12,17, 18, 21].

TheWCET/WCRT analysisapproachesintroducedabove only
considerthebehavior of conventionalcachessuchasdirectmapped
cachesor setassociative caches.For customizedcaches,theseap-
proachesmay be dif�cult to usedirectly (i.e., without signi�cant
modi�cations)becausethebehaviors of customizedcachesarenot
thesameasconventionalcaches.For example,in conventionalset
associative cachesthat are sharedby all tasksin a multi-tasking
system,the WCRT of eachtask is heavily affectedby inter-task
cachecon�icts. However, in somepartitionedcaches,inter-task
cachecon�icts possiblydonot exist atall. Additionally, somecus-
tomizedcachesarenot easyto analyzeformally. For example,in a
data-replace-controlledcachepresentedin [7], speci�c instructions
areinsertedinto thesourcecodeof applicationsto lock/releasein-
dividual cachelinesusedby somedata.Becausedatalock/release
is donein the sourcecodelevel andcachelines usedby speci�c
datais alsorelatedto the cachereplacementalgorithm,designers
maynot beableto know physicallywhich cachelinesareactually
locked.As aresult,inter-taskcachecon�ict analysisis notstraight-
forward. In [22], a cachelocking approachis proposedto assist
statictiming analysis.However, this approachonly addressesdata
cacheswhile instructioncachesarenot considered[22].

Ourprioritizedcacheis avariantof asetassociative cache.The
cacheis partitionedat thegranularityof columns.After thecache
partitionsareallocatedto tasks,theprioritizedcachebehavesasa
group of small sizeset associative caches.Thus,asexplainedin
Section4.2, the WCRT analysisapproachdesignedfor conven-
tional setassociative cachescanbe adaptedeasily to analyzethe
behavior of theprioritizedcache.

6. Experimental Results
We usethreeapplicationsto comparethe prioritizedcachewith a
conventionalsetassociativecache.All cachesusedhavesize32KB
andhave eightways.A cacheline has16 bytes.In theprioritized
cache,two waysaresetasshared.Only thecacheline replacement
algorithmsaredifferent (i.e., one is prioritized while the other is
LRU). Notice that in our experiments,a singlecacheis usedfor
both instructionsand data,which meansthe cacheis a uni�ed
cache.We do not needto distinguishan instructioncachefrom
a datacachebecauseour WCRT analysisis basedon simulation
andmemoryfootprints.Thereis no needto differentiatememory
accessescausedby loadinginstructionsor data.Thesameapproach
explainedin this papercan,however, be appliedto an instruction
cacheor a data cache;all that is required is separationinto a
memoryfootprint for instructionsanda memoryfootprint for data.

In ourexperiments,anARM9TDMI processorwith aclock fre-
quency of 100MHz is integratedwith a speci�c cache(prioritized
or set-associative). Hardware is simulatedwith SynopsysVCS
[15]. The instructionset simulatoris XRAY [8]. The whole sys-
tem including softwareandhardware is co-simulatedwith Seam-
lessCVE [10] providedby MentorGraphics.Thesimulationenvi-
ronmentis shown in Figure6.

The �rst experimentusesa mobile robot applicationas de-
scribedin Example2. Taskperiodsandpriorities arelisted in Ta-
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ble 2. We useSYMTA to estimatethe WCET of eachtask.The
WCETof eachtaskin thesetassociativecache(SA) andtheWCET
of eachtask in the stablestageof the prioritized cache(PC) are
listed in Table3. Note that the unit for all WCET/WCRT values
presentedin thispaperis aclock cycle.

Table 2. Tasksin ExperimentI
Task Period(ms) Priority
MR 3.5 2
ED 6.5 3
OFDM 40 4

Table3. WCETwith differentcaches
Tasks MR ED OFDM
WCETin SA 842 1892 2830
WCETin PC 626 1676 4210

Threetypesof preemptionscanhappenin this system,MR pre-
emptingED, MR preemptingOFDM andED preemptingOFDM.
Thenumberof cachelinestobereloadedin thesethreepreemptions
areestimatedin Table4. Table4 shows thatno cachecon�icts oc-
cur betweenED andMR in theprioritizedcache.This is alsotrue
for OFDM andMR. This meansMR is assigneda partitionof the
prioritized cacheexclusively. BecauseMR hasthe highestprior-
ity, OFDM andED cannotusethe cacheassignedto MR. Thus,
thereareno cachecon�icts amongMR andother tasks(i.e., ED
andOFDM). In thisexperiment,threecolumnsareassignedto MR
exclusively. It turnsout thatall cachelinesrequiredby MR �t into
thesecolumns.MR uses80%of theSRAM availablein thesethree
cachecolumns.The other threenon-sharedcolumnsareassigned
to ED exclusively. ED also usesthe two sharedcolumns,which
arealsousedby OFDM. Thus,therearecachecon�icts between
ED andOFDM. ED usesover 90% of the cachecolumnswhich
ED canaccess(i.e., the threecolumnsownedby ED andthe two
sharedcolumns).OFDM uses100%of thesharedcolumns.

Table4. Estimateof cachelinesto bereloaded
Preemptions

CacheType ED by MR OFDM by MR OFDM by ED
SA 81 88 98
PC 0 0 160

Basedon the WCET and the number of cachelines to be
reloaded,we can apply the WCRT approachas proposedin
[17, 18]. Becausetheimpactof cacheontheWCRT dependsonnot
only thenumberof cachecon�icts but alsothecachemisspenalty,
wechangethecachemisspenaltyfrom 10cyclesto 40cycles.The
comparisonof WCRT of OFDM runningwith the setassociative
cacheandtheprioritizedcacheis shown in Table5.

Two factsin theseexperimentalresultsshow theadvantagesof
theprioritizedcacheascomparedto theconventionalcache.First,
non-preemptionrelatedcachereloadcostsin highpriority tasksare
reduced.High priority taskssuchasMR do not shareany cache
resourceswith othertasks;thus,we do not needto assumea cold
cachefor WCET analysisof thesetasksafterthe�rst executionof
the taskuponstartup/reboot.As a result,the WCET estimatesof
high priority tasksaretightened.For example,the WCET of MR
– which is never preemptedsinceMR hasthehighestpriority – is
reducedby26%accordingto theWCETestimateresultsin Table3.

Table5. WCRT of OFDM with differentcaches
Cmiss

CacheType 10 20 30 40
PC 10260 11306 11626 11946
SA 9684 10264 12558 12966

In short, by using the prioritized cache,non-preemptionrelated
cachereloadcostsof high priority tasksarereduced.However, as
we notice,theWCET of thelow priority task,OFDM, is extended
signi�cantly becauseOFDM is restrictedto usealimited portionof
thecache;in our case,OFDM canonly usethesharedcolumnsof
thehotcache(i.e.,afterinitial runsof tasksdueto startup/reboot).

Second,the prioritized cachecanalsotightenthe WCRT esti-
matesof tasksbecausepreemption-relatedcachereloadoverheadis
minimized.As wecanseefrom Table4, therearenocachecon�icts
betweenED andMR; neitherarethereany cachecon�icts between
OFDM andMR. Thus,CRPDcausedby MR preemptingED and
CRPDcausedby MR preemptingOFDM arebothzero.However,
both ED andOFDM usethe sharedcolumns.Thus, thereis still
CRPDcausedby ED preemptingOFDM.

We alsocomparethe performanceof theprioritizedcacheand
the setassociative cachewith anotherapplicationin which there
arethreetasks,AdaptiveDifferentialPulseModulationCoder(AD-
PCMC),ADPCM Decoder(ADPCMD) andInverseDiscreteCo-
sine Transform(IDCT). This applicationis derived from Media-
Bench[9]. Theperiods,prioritiesandWCETfor eachtaskin listed
in Table6. As a resultof eliminatingcachesharing,theWCET of
high priority task is reducedaswell. For instance,the WCET of
IDCT is reducedby 5%.

Table6. Tasksin ExperimentII
Tasks IDCT ADPCMD ADPCMC
Periods(ms) 4.5 10 50
Priority 2 3 4
WCETin SA 1580 2839 7675
WCETin PC 1498 2830 11182

Table7. Estimateof cachelinesto bereloaded
Preemptions

CacheType ADPCMD ADPCMC ADPCMC
by IDCT by ADPCMD by IDCT

SA 46 64 56
PC 0 0 0

Table 8. WCRT of ADPCMCwith differentcaches
Cmiss

CacheType 10 20 30 40
PC 35686 35873 36001 36349
SA 34676 34967 38779 39775

Thenumberof cachelinesto bereloadedin eachcacheis listed
in Table7. Recall,asstatedearlier, thatwe usecacheswith eight
“ways” or “columns.” In this experiment,IDCT usestwo columns.
ADPCMD usesthreecolumnsandADPCMC usesthe remaining
threecolumnsavailable, two of which the userpresetas shared.
IDCT uses70%of theavailablememoryin thetwo cachecolumns
usedby IDCT. ADPCMD and ADPCMC use90% of the mem-
ory available in the cachecolumnseachuses.In this application,
thereareno cachecon�icts amongtasksin the prioritized cache.
This meansboth IDCT andADPCMD usecachecolumnsexclu-
sively anddonotrequireany sharedcolumns.Only ADPCMCuses
sharedcolumns.Theoverall result is that thereareno cachecon-
�icts amongthesethreetasks.TheWCRT estimateof ADPCMCis
shown in Table8.

In this application,becauseall inter-taskcachecon�icts in the
prioritizedareeliminated,thepreemption-relatedcachereloadcost
is zero.Thus,theWCRT of ADPCMCis notaffectedby cachemiss
penalty. As it turnsout,whenthecachemisspenaltyis big enough
sothatthepreemption-relatedcachereloadcostcannotbeignored
in the conventionalcache,the prioritized cacheshows betterper-
formancein the WCRT even of low priority tasks.For example,
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whenthe cachemisspenaltyis 40, the WCRT of ADPCMC with
theprioritizedcacheis reducedby8%ascomparedto anequivalent
set-associative cache.

The third experimentcontainssix tasks:OFDM, ADPCMC,
ADPCMD, IDCT, ED andMR. Table9 lists thepriority andperiod
of eachtask.Notethatin orderto satisfythenecessaryconditionof
schedulabilityof a real-timesystem(i.e., thetotal CPUutilization
of all tasksmust be less than 100%), we increasethe periods
of some tasks as comparedto the sametasks in the �rst two
experiments.ADPCMC hasthe lowest priority and MR hasthe
highestprority.

Table 9. Tasksin ExperimentIII
T1 T2 T3 T4 T5 T6
MR IDCT ED ADPCMD OFDM ADPCMC

Period(ms) 7 9 13 20 40 50
Priority 2 3 4 5 6 7

In this experiment,we set the cachemisspenaltyto 30 clock
cycles. Figure 7 comparesthe WCRT of each task with a set
associative cacheanda prioritizedcache.

Figure7. Comparisonof taskWCRT with a SA anda PC

Apparently, by usingaprioritizedcache,theWCRT of highpri-
ority taskscanbereducedbecausehigh priority tasksareallocated
cachecolumnsexclusively. Onthecontrary, low priority taskshave
to usesharedcolumns.Thus,a prioritizedcacheimprovestheper-
formanceof high priority tasksat the costof the performanceof
low priority tasks.As shown in Figure7, theWCRTsof MR, IDCT
andED arereducedby between7%and26%.However, theWCRT
of ADPCMCis increasedby nearly70%.

7. Conclusion
In this paper, we comparethe set associative and the prioritized
cachein termsof their impacton theWorstCaseResponseTimes
of tasksin apreemptivemulti-taskingreal-timesystem.As bestwe
cantell, wearethe�rst authorsto publishaformalWCRT analysis
approachto analyzethe behavior of a customizedcache(specif-
ically, the prioritized cache).The prioritized cachereducesinter-
taskcacheinterference.As a result,theWCRT is tightenedsigni�-
cantly. Our experimentsshow a reductionup to 26%in WCRT es-
timateby usingtheprioritizedcacheversususingconventionalset-
associative cacheof thesamesizeandassociativity. With a tighter
WCRT estimate,we canschedulemoretasksin a real-timesystem
andthusincreasetheutilization of computingresources.

For future work, we needto considerthe casein which more
than onetask have the samepriority. In this case,taskswith the
samepriority sharea cachepartition. Due to preemptionsamong
taskswith thesamepriority, cachereloadoverheadcausedby pre-
emption may be different. Also, more experimentswill be per-
formed in the future to investigatethe impact of cachesize on
WCRT estimationof tasksexecutingon aprocessorutilizing a pri-
oritizedcache.
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