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Abstract

In this paper we investigatethe problemof intertask cachein-
terferencen preemptve multi-taskingreal-timesystemsA priori-
tized cacheis usedto reducecachecon icts amongtasksby parti-
tioning the cache Cachepartitionsareassignedo tasksaccording
to their priorities. We extenda known tool, SYMTA, in orderto es-
timatethe Worst CaseExecutionTime of eachtaskexecutingona
uniprocessowith a uni ed prioritizedL1 cache Furthermorewe
applyaformaltiming analysisapproacho estimateheWorstCase
Responsdime (WCRT) of eachtaskusingthe prioritized cache.
Our WCRT analysishandlesnestedpreemptionsWCRT usinga
prioritized cacheis comparedo usinga corventionalsetassocia-
tive cacheof thesamesizeandassociatiity. Our experimentshav
thatthe WCRT estimatecanbereducedup to 26% whena priori-
tizedcacheis used.

Categoriesand SubjectDescriptors C.3[ComputerSystem®r-
ganization): Special-PurposandApplication-Base®ystems

GeneralTerms Algorithms,Reliability
Keywords Real-timeSystemCacheDesign,Timing Analysis

1. Intr oduction

In real-timesystemsyve have to know in advanceif eachtaskcan
meetits time constraintEspeciallyfor hardreal-timesystemsgis-
astrousresultsmay occur if tasksmiss their deadlines.Usually
in areal-timesystemwherethereareno preemptionsye canuse
the Worst CaseExecutionTime (WCET) of a taskto checkif the
task canbe completedbeforeits deadline[23]. In a multi-tasking
real-time systemwhere preemptionsare allowed, we have to es-
timate the Worst CaseResponselime (WCRT) for eachtaskin
orderto checkfor satishctionof timing constraints[112, 20, 21].
WCET and WCRT analysesare complicateddue to the fact that
adwancedfeaturessuchascaching pipeliningandout-of-orderex-
ecutionare usedin modernprocessorskor example,a cachein-
troducesuncertaintyin memory accessime, which complicates
cache-relatetiming analysisThis problemis worsenedvhenpre-
emptionsareallowed in a multi-taskingsystem;the multi-tasking
resultsin cachecon icts amongdifferenttasks By customizinghe
cacheallocationpolicy, we canreduce/NVCRT aswell asreducethe
compleity of cache-relatetiming analysisby removing or mini-
mizing cachecon icts amongtasks.
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Although customizedcachescanreducetask WCRT by mini-
mizing cachecon icts, westill needto analyzethebehavior of cus-
tomizedcachedormally in orderto safelyapplycustomizeadtaches
to real-timesystemsThis paperexplainsan approactto evaluate
somekey trade-ofs in cachedesignwhendesignersrefocusedon
theeffect of cachetypeselectioron WCET/WCRT estimationWe
apply a known tool, SYMTA [23], to estimatethe WCET of each
taskexecutingon a uniprocessowith auni ed prioritized[16] L1
cacheThen,ourformal WCRT approactasproposedn [17, 18] is
extendedo estimatehe WCRT of eachtaskin apreemptve multi-
taskingsystemwith auni ed prioritizedcache.

We also comparethe performanceof a prioritized cachewith
a setassociatie cachein termsof WCRT estimatesThreeappli-
cationsareusedin our experimentsTheexperimentaresultsshav
thatthe WCRT estimatecanbereducedsigni cantly by usingapri-
oritized cache A tight WCET/WCRT estimateallows a program-
merto utilize computingresourcesn real-timesystemsmore ef-

ciently. For example,moretasksmay be ableto be schedulecbr
morecomplicatedapplicationscanbe executed As aresult,theto-
tal utilization of CPUandotherresourcess improved.

2. Problem Statement

A typicalembeddedystenusuallyincludesmemory programmable
componentsrecon gurablelogic and Application Speci ¢ Inte-
gratedCircuits (ASICs). Software programmableomponentsan
betypical RISCembeddegbrocessorsr Digital SignalProcessors
(DSPs).

Hardware units suchas ASICs and recon gurablelogic have
stricttiming propertiesTheir behaior is predictable A processor
providesa platform on which to run software,which is mucheas-
ier to develop, thushaving a shorttime-to-marlet period.Software
designis more e xible in termsof designchangesndproductevo-
lution. However, ascomparedo customhardware, the execution
time of softwareis moredif cult to predict, especiallywhenthe
targetmemoryhierarchyhasseverallevels.

Softwareapplicationscanbe acceleratedigni cantly by using
caches.Cachesexploit temporaland spaciallocality in memory
accesspatterns.Cache performanceis degradedwhen multiple
memoryreferencestreamswith differentlocalitiescompeteor the
samecacheresources.

In a multi-taskingreal time system,a set of taskshasto be
completedbefore the correspondingask deadlines.We use the
WorstCaseResponsd@ime (WCRT) of eachtaskto analyzef each
taskcanmeetits deadline.

De nition 1. Worst CaseResponsdime (WCRT) The WCRT is
thetime taken by a taskfrom its arrival to its completionof com-
putationsin theworstcase.

NoticethatWCRT is differentfrom WorstCaseExecutionTime
(WCET) which is often usedin timing analysisfor single-task
systems WCET only includesthe executiontime of a task with-
out consideringpreemptionsjnterruptsand context switch cost.
WCRT, ontheotherhand,includesboth executiontime of thetask
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andadditionaltime causedy preemptionsinterruptsand context
switches.

TheWCRT of ataskis affectedby cachebehaior. In apreemp-
tive multi-taskingreal-timesystemeachtaskusuallyhasa priority.
Low priority taskscan be preemptedoy high priority tasks.Ex-
amplel shavs two typesof intertaskcacheinterferencethat can
possiblydegradethe cacheperformance.

Example 1: Figure 1 shawvs a scenarioin a preemptve multi-

taskingsystemA low priority task,TaskA, is preemptedy a high

priority task,TaskB, attimet;. DuringthepreemptionTaskB uses
somecachdinesthatwereusedby TaskA beforethe preemption.
The memory blocks loadedto thesecachelines by Task A are
thus evicted. After Task A resumesat time t2, it againneedsto

accessomeof the memoryblocksevicted by TaskB. TaskA has
to reload thosememoryblocks to the cache.Furthermore after
TaskA resumesTaskA may evict somecachelines usedearlier
by TaskB aswell. WhenTaskB is executedfor the secondime at

timeinstantts, TaskB alsoneedgo reloadsomecachdines.Cache
reloadcausedy inter-taskinterferenceextendstheresponsdimes
of TaskA andTaskB, asshavn in Figure1(B).

Cache lines :
1o be reloaded Il preemption related cache reload cost

Cache lines .
non preemption related cache reload cc

used by Task A

/ Task B [ | I ]
- Task A
Cache lines
used by Task B t0 t1 2 13 Time
) (8)

Figurel. An exampleof inter-taskcacheeviction

Examplel shavs thatintertaskcachenterferencecandegrade
theusefulnes®f acacheandcanintroduceadditionalcachereload
costto the WCRT of a task. Furthermore cachereload costin-
creasesincertaintyin memoryaccessime, whichworsenghetim-
ing analysisproblem.Thus,we aim to avoid or reducecachecon-

icts amongtasks.

Usually WCET/WCRT analysisassumes cold cachewhena
taskstartsto run. This assumptions reasonablén a systemwhere
thecacheis sharedy all tasksbecausé¢he cachdinesusedby one
task may be evicted by othertasks.In the worst case,a task has
to reloadall dataandinstructionsfrom the memoryto the cache
afteracontext switch. This cachereloadcostdueto the cold cache
assumptiorappliesto all multi-taskingsystemsegitherpreemptie
or non-preemptie. Thus,we call thistypeof cachereloadcostnon-
preemptiorrelatedcachereloadcost suchcostis alreadyincluded
in theWCET estimatefor eachtask.Non-preemptiomelatedcache
reloadcostasshavn in Examplel affectsbothWCET andWCRT
of tasks.

Notice that in a systemwhere the cacheis usedby a task
exclusively, the assumptiorof a cold cacheis too conserative.
After the rst run of the task, the cacheis lled with somedata
and instructionsusedby the task. Sincethe cacheis not shared,
no intertaskcachecon icts exist. Whenthetaskrunsagainlater,
the cacheis alreadywarmedup. In SYMTA [23], an iterative
methodis providedto calculateheminimumsetof memoryblocks
guaranteedb residein the cachebecaus®f previousexecutions.

In preemptie multi-tasking systems,preemptionscan cause
additionalcachereloadcost.As shavn in Examplel, during Task
B preemptingTask A, somecachelines usedby Task A before
preemptiorareevicted, which causesachereloadingafter TaskA
resumesThis cachereloadoverheadonly happensn preemptie
multi-taskingsystemsThus,we call this type of cachereloadcost
preemption-elatedcadhe reload cost We proposean approachn
[17, 18, 19] to analyzethis type of cachereloadcost.

Cache reload cost (including preemption-relatedand non-
preemptiorrelatedcachereloadcost)is causeddy cacheinterfer
enceamongtasks.Cacheinterferencecanbereducedy customiz-
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ing cachemanagemenpolicy. We proposea prioritized cachein
[16]. In the prioritized cache cacheways (“columns”[14]) areal-
locatedto tasksdynamicallyaccordingto the priorities of tasks.
Eachtaskusests cachecolumnsexclusively. Thus,cachecon icts
amongtasksarereducedAs distinctfrom all othercachepartition-
ing approache&nown to the authors,the prioritized cachetakes
the priorities of tasksinto considerationHigh priority tasksare
given moreprivilegesto usecacheresourcedecausat is usually
morecritical to meetthe timing constraintof high priority tasks.
Additionally, cachepartitionsare assignedo tasksadaptvely ac-
cordingto therequirementsf tasks.Usersdo not have to allocate
cachepartitionsexplicitly. Only minor modi cationsin the context
switchfunctionof the operatingsystemarerequiredto supportthe
prioritized cache[16].

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

We formally statethe problem addressedn this paper We
assumewe have a preemptve multi-taskingsystemconsistingof
n periodictasks,To, T1, ..., Tn 1.Eachtask,Ti;(0 i n 1),
hasa period P;. We assumethat the deadlineof task T; is the
sameasits period. Eachtask, Ti, hasa uniquepriority p;. Task
prioritiescanbederivedby usinga FixedPriority Schedulind FPS)
algorithm (e.g.,the rate monotonicalgorithm) or canbe assigned
statically by designersWe also assumethat tasksare sortedin
the descendingrderof their prioritiespo < p1 < & < pn 1.
For two tasks T, and Ty, if pa < po, Task Ta hasa higher
priority than Task Ty,. The Worst CaseExecutionTime (WCET)
of TaskT; canbe estimatedoy usingexisting approachesuchas
SYMTA [23]. Here,we assumehatthereis no dynamicmemory
allocationand all memoryaddressesaccessedy tasksare x ed.
We further assumethat only instructionsresidingin cachelines
with instructionsactuallyexecutedareloadedto the cacheln other
words, we do not considerthe impact of out-of-orderexecution,
branchpredictionandpipelining. We useC; andR; to denotethe
WCET andWCRT of TaskT;, respectrely. We usea prioritized
cachedn suchapreemptve multi-taskingreal-timesystemIn order
to know if TaskT; canmeetits deadlinewe needto estimateits
Worst CaseResponsdime (WCRT). Sucha WCRT estimatehas
to take into consideratiortheimpactof a prioritized cache.

3. Prioritized Cache

Inter-task cacheinterferencebreaksspacialand temporallocality
in memoryaccesgatternshecausenultiple taskscompetefor the
samecacheresource. Memory accesslocality characteristicof
different tasksare typically not very similar at all. An intuitive
methodto addresghis problemis to allocatecachelines to tasks
exclusively sothat cachdinesusedby onetaskcannotbe usedby
othertasks.

In [16], we proposea prioritized cache.Brie y, a prioritized
cacheis avariantof a corventionalset-associate cache Figure2
shaws a prototypeof the prioritized cache Eachway in anL -way
setassociatie cacheis viewed as a “column” in the prioritized
cache[14]. The prioritized cacheis partitionedand allocatedto
tasksat the granularityof columns.Eachcolumncanbe seteither
“shared” or “not shared. If a column is not shared,it can be
allocatedo ary taskuponrequestAs soonasacolumnis allocated
to atask,thattaskis calledthe ownerof the column.As shavn in
Figure 2(A), extra registersare addedto save the statusof each

2005/4/21



column. Memory blocks are mappedto a prioritized cachein the
sameway as a setassociatie cache.A memoryaddresds split
to threeparts,tag, index andoffset. The index selectsa setin the
cache A setin the cachecontainsL cachelines. A cacheline is
selectedy thecachaeplacemenalgorithm(e.g.,LRU). Theoffset
determineghe location of the memoryblock in a cacheline. A
memory-to-cachenappingexampleis shavn in Figure2(B) which
assumesa4-way setassociatie cachewith 16 sets Eachcachdine
has16 bytes.

memory address

| s

Memor

oveannea | T[T
31

Cache

|index | offset |

[T
Col0 Col.1 “* ColL1 7T \43 0

Set0 0x010| (4 ways, 16 bytes/line, size=1KB) index of sets
Set1 0x011 line 0 line 1 line 2 line 3
e 0x012] o
SetN1 N
N 0xO01F|
Registers
Control Logic i1s

(A) Prototype of a prioritized cache (B) An example of memory to cache mapping

Figure 2. Theprioritizedcache

Themainideain the prioritized cacheis to partitionthe cache
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 taskscan minimize cache
reload.As aresult,the high priority taskscanbe completedmore
quickly.

In the caseof a cachehit, the prioritized cachebehaesexactly
the sameas a corventional set associatie cache.In the caseof
a cachemiss, when a memory block needsto be loadedto the
cache.a setin the cacheis uniquelydetermineddy the addresof
the memoryblock. Then,a cacheline in thatsetis chosenfrom a
columnin theorderasfollows:

(1). Columnsownedby the currenttask.

(2). Columnsnotownedby ary tasks.

(3). Columnsownedby lower priority tasks.

(4). Shareccolumns.

Example 2: Supposewe have threetasks,a Mobile Robot con-
trol application(MR), an EdgeDetection(ED) applicationandan
OrthogonaFrequenyg Division Multiplexing (OFDM) transmitter
MR updateghe behaior of arobotperiodically ED processesn-
agesdetectedby the robot, and OFDM is usedto communicate
amongrobots. MR hasthehighestpriority, andOFDM hasthelow-
estpriority. Also, we assumehata 4-way prioritized cacheis used
in the systemandthatonecolumnis sharedConsiderthe scenario
in Figure3(A). OFDM runs rst. Then,ED arrivesand preempts
OFDM. ED is thenitself preemptedy MR. WhenOFDM runs, it
usesall columns.Column0, Column1 andColumn2 areowned
by OFDM asshawvn in Figure3(B). Column3 is sharedandcan-
not be ownedby ary task.After OFDM is preemptecy ED, ED
usesColumn0 andColumnl becausé&D hasahigherpriority than
OFDM. Now, Column0 andColumnl areownedby ED asshavn
in Figure 3(C). OFDM cannotload memoryblocksto cachelines
in ColumnO andColumn1. However, OFDM canstill readcache
linesin Column0 andColumn1 in the caseof cachehit. Similarly,
after ED is preemptedoy MR, MR owns Column0 asshaown in
Figure3(D).

Theprioritizedcachecanallocatecolumnsto tasksdynamically
Thecachéis partitionedatthegranularityof columns By changing
the numberof columns,we can partition the cacheat different
granularitiesHigh priority tasksaregiven priority in cacheusage.
This stratgyy conformsto the characteristic®f real-timesystems
becauseaisuallyhigh priority tasksaremorecritical andthushave
agreaterequiremento guarante¢heirtiming constraints.

We divide prioritized cacheusageinto two stagesin 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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MR T11
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Figure 3. An exampleuseof theprioritizedcache
Becausea task may have multiple feasible paths,the task may
not executeall basicblocks (or equivalently Single FeasiblePath
ProgramSegmentsas explainedin SYMTA [23]) in onerun. In
other words, a task may requestmore cachecolumns after the
rst run. Thus, the cachecolumnsowed by a task may change
dynamically A high priority taskmayacquiremorecachecolumns
and a lower priority task may lose cachecolumnssubsequently
However, afterall basicblocksof ataskareexecutedat leastonce,
cachecolumnsallocatedto this taskbecomestable.Therefore for
thepurposeof WCRT analysiswe run eachtaskoneor moretimes
with carefully selectednput dataso that every basicblock in the
taskis executedatleastoncein the rst stage Tasksareexecutedn
thisway in thedescendingrderof taskpriorities. After this stage,
cacheallocationis completedSo,in the secondstage all tasksare
allocateda portion of columns.The prioritized cacheworksin the
secondstagefor therestof time. Thus,we call the rst stagetransit
stage andthe secondstagestablestage.

4. WCRT Analysisfor a Prioritized Cache

In this section,we introduce our cache-relatedVCRT analysis
approachproposedn [17, 18] briey rst. Thenwe modify this
WCRT analysisapproacho theprioritizedcache.

4.1 Cache-relatedWCRT analysis

In [17, 18], we proposean approachto estimatethe WCRT of
eachtaskin apreemptie multi-taskingreal-timesystemThetasks
have propertiesas statedin Section2. Our approachfocuseson
incorporatingcachereloadoverheadnto the WCRT estimate.

Supposeve have two tasks, T, andTy. Ty hasahigherpriority
than Ta. Thus, Ta can possibly be preemptedoy T,. As shavn
in Examplel, suchpreemptioncan bring cachereloadoverhead
to the responsdime of T,. Cachereloadoverheadcausedby Ty
preemptingT, is analyzedby calculatingan upperboundon the
numberof cachelines to be reloadedby the preemptedask T,.
Two conditionsmustbe satis ed for memoryblocksto have to be
reloadednto thecache.

Condition 1. Thesememoryblocks are usedby both the pre-
emptedandthe preemptingask.

Condition2. The memoryblocks mappedto thesecachelines
areaccessetby the preemptedaskbeforethe preemptionandare
alsorequiredby thepreemptedaskafterthepreemptior(i.e.,when
the preemptedaskis resumed).

By usingthe simulationmethodas presentedn SYMTA [23],
wecan nd all thememoryblocksthatcanbepossiblyaccessedy
tasksTa andTy. The memoryblocksthat satisfy Condition2 are
called“Useful Memory Blocks”[4, 5]. Leeetal. proposeanintra-
taskcacheaviction analysisapproacho nd usefulmemoryblocks
in the preemptedask[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 atask.Example3 explainsMUMBS.
Example 3: Supposewe have a task as shavn in Figure 4. The
taskis representedvith a ProgramControl Flow Graphasde ned
in [19]. The memoryblocksaccessedy the taskare also shavn
in Figure4. Let us considerthe executionpoint s. Memory block
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execution 0x0010
point s 0x0020
0x0120 0x0100
0x0030 0x0110
0x0020
0x0030

Figure4. An exampleof MUMBS

0x0020 is accessedy the task before the executionpoint s as
well as after the executionpoint s. By using the usefulmemory
block analysisapproachn [5], we can nd thatOx0020is a useful
memory block. The useful memory block set at the execution
point s is f 0x0020y. We performthe sameanalysisover all the
executionpointsin the task and calculatethe union of all useful
memoryblocksto obtainMUMBS. In this example,the MUMBS
is f 0x0020, 0x0030y.

MUMBS containsall the memory blocks that can possibly
causecachereload cost in a task when this task is preempted
at ary possibleexecutionpoint in the task. We can calculatethe
intersectiorsetof MUMBS andthe setof memoryblocksthatcan
possiblybe accessedby the preemptingtask. The memoryblocks
in the intersectionset satisfy both Condition 1 and Condition 2.
In [17], we proposea Cachelndex IntroducedPartition (CIIP) of
memoryblock sets.Let usbrie y summarizeClIP.

Supposeve have amemoryblocksetM = fmg; myq;::; mgg,
wherem; is the addressof a memoryblock. We also assumean
L -way setassociatie cachewith N sets.Whena memoryblock
is loadedinto the cache the setin which this memoryis locatedis
determinedby theindex in the addresof this memoryblock. We
useidx (m;) to representheindex of m;. Theindex of the cache
rangefrom0toN 1. WecanderiveN subset®f M asfollows.

i = fme 2 Mjidx(my) =ig; (0 i< N) 1)
Werepresenthe CIIP of M with B, de ned asbelow.

@ =fijim; 6 ;; 0
where; is theemptysetandin; is de ned asEquationl.
Example4: Supposave haveamemoryblocksetM ; = f0x001G,
0x0210 0x1100y and a two-way setassociatie cache.We have
16-bit memoryaddressesThe cachehas16 sets.Eachcacheline
has 16 bytes,thus, bit 3 to bit 0 is the offset and bit 15 to bit 4
is the tag. In this case,we have 1o = f0x1100y andtmi; =
f0x0010 0x021Qy. All the memoryblocksin 19 have thesame
index of 0. All the memory blocks in i1, have the samein-
dex of 1. Note that in this example,im;; = ; for all i such
that1 < i < 16. In this example, M1 = fim;Mm1g =
ff Ox1100g; f 0x001Q 0x021Qyg.

Whenthe memoryblocksin the samesubsetin; areaccessed,
thesememoryblocksareloadedinto the samesetin the cachebe-
causethey have the sameindex. Thus,cacheevictionscanhappen
amongthesememoryblocks(i.e., with the sameindex).

CIIP builds a bridge from memoryblocksto a setassociatie
cachewithout requiring knowledge the replacemenglgorithmin
thecacheBaseddntheClIP of theintersectiorset,we canestimate
the cachereloadcostcausedy preemptions.

Supposewe have two tasks,the preemptedtask T, and the
preemptingtask T,. Ta accesseghe memory blocks in Ma,
where Ma = fmao;Ma1; i Mak, 9. The MUMBS of Ta
is M. T, accessegshe memory blocks in My, where My =

fMpo; Mp:a; 225 Mpk, 9. WeuselT = FRa o Ba1; o Ban 19
to representhe CIIP of My and®p = fimpo; fp1; N 10

i<Ng
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to representhe CIIP of M. We canestimatethe numberof cache
con icts betweerl, andT, by usingthefollowing formula.
IX 1
S(Ma;Mp) = min fj B j; jioy j; Lg )
r=0

where®a, 2 R, andiby, 2 Mp.

We assumecachemiss penaltyis x ed, which is represented
with Cniss . Therefore CRPDcausedy T, preemptingla canbe
estimatedasbelow.

CRPD(Ta; Tb) = S(Ma; Mb) Chiss (3)

CRPD estimategiven in Equation3 can be further tightened
by usingpathanalysisasproposedn [18]. However, this estimate
doesnot considemestedpreemptionsLet us considerthe casein
Exampleb.

Table 1. Tasksin Example5

Task | WCET(us) | Period(us)|| Preemptions| CRPD(us)
To 5 20 T1 by To 5
T1 11 30 T2 by To 2
T2 12 100 TobyT; 2

I Cache reload cost due to cache interference betwgen T ,and T

D Cache reload cost due to cache interference betwgen T ,and T

T21

TO‘3

12 7 17 22 27 31 42 47 5 Time

(A). WCRT of T without considering nested preemptions
D Cache reload cost due to cache interference betwgen T ;and T

T3 q T

T.3 T, T,

T2,1

Tos Toz Tos Toa

12 7 22 31 42 47 62 70
(B). WCRT of T with considering nested preemptioH&'®

Figure5. An exampleof nestedoreemptions

Example5: Supposeve have threetasks,To, T1 andT2. WCET,
period and cachereload cost for eachtask are listed in Table 1.
TaskT, hasthehasthelowestpriority andTaskTo hasthe highest
priority. Herewe ignorethe context switch cost.At time instantl
(measuredh clockcycles;e.g.,we assumea 100MHzclock), Tz is
preemptedy T, directly. Then,attime instant2, T1 is preempted
by To. The secondpreemptionis nestedin the rst preemption.
Thus, T is alsopreemptedy To, albeitindirectly, attime instant
2.We call thistypeof preemptioranindirectpreemptionNotethat
anotherindirectpreemptioroccursattime instant42. In this case,
the CRPDcausechy Ty indirectly preemptingT» consistsof two
parts,cachereloadcostdueto cacheinterferencebetweenT, and
To andcachereloadcostdueto cachenterferencebetweent; and
To asshavn in Figure5(B). However, by using Equation3, only
cachereloadcostdueto cacheinterferencebetweenT, and Ty is
includedin CRPD causedy Ty indirectly preemptingT2, which
is shavn in Figure5(A). ComparingFigure5(A) with Figure5(B),
we nd that cachereloadcostdueto cacheinterferencebetween
T1 andTo canpossiblyextendtherespons¢ime of T». Noticethat
whenthe cachereloadcostdueto cacheinterferencebetweenT
andT; is consideredthe WCRT of T, is 70 (insteadof 59). Thus,
weneedo includethisfactorin ourWCRT analysisjn thisspeci c
case,while To canarrive at mostthreetimesin 59 clock cycles,
in fact To canarrive up to four timesin 70 clocks— asshavn in
Figure5(B).
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Example5 shaws the effect of nestedpreemptionson WCRT.
Note thatin this example,we explain the differencebetweenan
indirectpreemptiorandadirectpreemptionWhenwe estimatethe
WCRT of ataskTa, we needto considerall possiblepreemptions
causeddy eachtask,Ty; 0 b < a, which hasa higherpriority
thanTa. Tp canpreemptT, directly, which bringsa cachereload
costof CRP D (Ta; Tp) totheWCRT of Ta. Ta canalsopotentially
be preemptedby T, indirectly if there exists a task T with a
priority lower than Ty, but higherthanT,. In this case,whenan
instanceof Ty, arriveswhile T, is preemptecby T,, T, is further
preemptedby Tp. This indirect preemptionintroducesa cache
reloadcostof CRPD (T; Tp) to the WCRT of Ta. In the worst
caseTa 1 preemptsla rst, thenT, 1 is preemptedy Ta o, ...,
until nally Tp+1 is thenpreempteddy Ty. Thus,therearea b
nestedoreemptionsn theworstcase.

In Equation2, the numberof cachecon icts betweenT, and
Ty resultsfrom a calculationusing Nt,, the MUMBS of Ta, and
My, the memoryblocksthat areaccessedy T,. However, when
nestedporeemptionsxist, T, may evict cachelines usedby useful
memoryblocksof all tasksthat have higherprioritiesthanT, but
lower priorities than Ty,. In orderto include nestedpreemptions,
we extend Equation2 asfollows (for additionaldetails/&amples,
pleasesee[19]).

a l’( 1 a
S( MM b) = min f]
1= b+1 r=0 1= b+l

lhI;r j; jmb;rj; Lg (4)

By using Equation4, we can derive a CRPD estimateformula
which considersiestedpreemptions.

a
CRPD(Ta; To) = S(
1= b+1

M1;Mp)  Crmiss %)

Now, supposewe have as a known item the preemptionrelated
cachereloadcost, CRPD(T;; T;), thenwe canusean iterative
methodto estimatethe WCRT of tasks We useR¥ to representhe
WCRT of taskT; in thek™ iteration.Theinitial WCRT of T;, R?,
is equalto C;, whichis theWCET of T;.
Rio = Cj;

1 _ P i 1,4R? .
Rt=Ci+ 4 d#e (Cj + CRPD(Ti;Tj) + 2Ccs)
P, ; R !
Rk =i+ iz0 4= (Cj + CRPD(T;;Tj) + 2Ccs)
whereCRP D (T;; T;) is the cachereloadoverheadcausedy T;
preemptingT;. C¢s is the context switch cost(numberof cycles).
We assumea constantupperboundon context switch costin this
paper Thereare two contet switchesfor eachpreemption,one
for loading the preemptingtask and the other for resumingthe
preemptedask.

This iteration terminatesvhen R; corvergesor R; is greater
thanthedeadlineof T;. If theiterationconverges,T; canbe sched-
uled.Otherwisewe cannotnd afeasiblescheduleln short,using
theiterative WCRT calculationapproackpresente@bore, we can
analyzethe schedulabilityof the systembasedon the WCRT esti-
mateof eachtask.

Next, we proposea novel methodof adaptingthe WCRT anal-
ysis approachfor the prioritized cache.We are not aware of ary
prior work (otherthanthethesisof the rst author[19]) in WCRT
analysisfor customizedtaches.

4.2 WCRT analysisfor a prioritized cache

As statedn Section3, we assumehatwe canusethebehaior of a
prioritizedcachein the stablestageto determinehetiming proper
tiesof tasks Otherwisefo analyzethetransitstagetheassumption
of acold cachecanbeused.n thestablestage cacheeviction only
happensn the sharedcolumns.Notice that we assumesachtask
hasa uniquepriority.
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Now, letussummarizeCRPDanalysisfor aprioritizedcachen
the stablestageformally. In a prioritized cache tasksonly con ict
in the sharedcolumns.The tasksthat do not usesharedcolumns
do not have cacheinterferencewith othertasksin the stablestage.
Thus, all preemptiongelatedto thesetasksdo not incur CRPD.
Sincecachecolumnsareallocatedo tasksaccordingo taskpriori-
ties,high priority taskshave higherpriority in usingcachecolumns.
Supposeve have asetof tasksTi; (0 i < n) sortedin thede-
scendingorderof their priorities.Here,n is the numberof tasks.In
otherwords,if i < j, T; hasahigherpriority thanT; . In this case,
if T; canusesomenon-shareaachecolumnsin the stablestage,
Ti mustown somenon-sharedachecolumnsaswell. (Otherwise,
T; will occupy cachecolumnsusedby T; sinceT; hasalower pri-
ority.) Thus,in the stablestage we divide tasksinto two groups.In
the rst group,we havetasksTo, T1, ..., Tq, whereO g< n.We
use 1 = fT;j0 | qgtorepresenthis groupof tasks.All the
tasksin this groupdo not useary sharedcolumns.Thus,eachtask
in 1 doesnotcon ict with ary othertask.In thesecondyroup,we
havetasksTg+1 , ...,Tn 1. Weuse > = fTijq< | < ngtorepre-
sentthis groupof tasks.Thetasksin , usesharedccachecolumns;
thus,eachtaskin > maycon ict with othertasksin 5.

Supposeve have two tasks, T, andTy. Ty hasahigherpriority
thanT,. Let usconsidertwo cases.

1. Ty is in the taskgroupset ;. In this case, T, owns cache
columnsexclusively. As aresult,thecachedinesusedby T, do not
overlapwith the cachelinesusedby Ta; thus,CRP D (Ta; Ty) =
0.

NotethatT, hasalower priority thanTy. If T4 isin 1, Tp must
bealsoin ;. Thus,we do notneedto considerthe casewhereT,
isin 1, sincethecaseof T, 2 ; is alreadycoveredby Casel
above.

2. NeitherT, nor Ty isin 1. In otherwords,both T, and Ty
usesharectolumns|n thiscase cacheeviction only happensn the
sharedcolumns We canmodify the ClIP-basedpproachproposed
in[17, 18] to estimatehenumberof cachdinesto bereloadedfter
Ta resumedrom a preemption.The necessarynodi cations are
shavn in Equation6 below, whichis basedn Equationst and5.

0 Th2 1
CRPD(Ta;Tp) = S
(Ta; To) S( |a= b+l M1;Mb)  Chiss Tw2 2
(6)
We useExample6 to explain how a prioritized cacheaffectscache
interferenceamongtasks.

Example 6: Supposeve have threetasksas statedin Example2
anda 32KB 8-way prioritized cache Eachcachdine has16 bytes.
Thus,eachcolumnhas256cachdines.MR usesColumnO to Col-
umn4 andED usestherestof columns.The lasttwo columnsare
setas shared.Thus, OFDM can only usethe last two columns.
OFDM hasno con icts with MR, but OFDM and ED may con-
ict in thesharedcolumnsin theprioritizedcacheln thisexample,
the estimateof an upperboundon the numberof cachecon icts
betweerOFDM andED is 160.

If we useacornventionalcacheall threetasks MR, ED andOFDM
con ict with eachotherin the cache.The estimateof cachecon-
icts betweerMR andOFDM is 88. The estimateof the numberof
cachecon icts betweerED andOFDM is 98.
Assumingcachemisspenaltyis 10 clock cycles,the CRPDcaused
MR preemptingOFDM is zeroin a prioritized cache.As a com-
parison,the CRPD causedMR preemptingOFDM is 880 clock
cyclesin a cornventionalset-associate cache Thereforea priori-
tized cachecanbe quite effective in preventinghigh priority tasks
con icting with low priority tasks.

In Example6, althoughthe numberof cachecon icts between
ED, MR andOFDM is reduced OFDM cannotusethe full cache.
Thus,the WCET of OFDM is expectedto increaseWe examine
thisimpactin our experiments.
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Now, let usconsidethow to adaptour WCRT analysisapproach
to a prioritizedcache Basedonthe CRPDgivenin Equation6, we
canmodify our WCRT analysisapproacHor the prioritized cache.

ForeachtaskT;,if T; 2 1, T; doesnotcon ict with ary other
tasksin the cache For eachpreemptionwe only needto consider
the contet switch costandthe WCETsof preemptingasks.Thus,
the WCRT analysisformulaintroducedn Sectiond4.1canbe mod-
i ed asfollows.

RY = Ci;

. 0
Ri=Ci+ ! Jdste (Cj+ 2Ccs)

RE=Ci+ | gdt—e

(Cj + 2Ccs)

On the otherhand,if T; 2 ., T; may con ict with ary other
taskin thetaskgroup ».ButT; doesnotcon ict with ary taskin
1. Thus,if T; is preemptedy ataskT; in 1, for overhead.e.,
overandabove actualworst-casd¢askexecutiontime C; of T; ) we
needonly consideithecontet switchcostsIf T; is preemptedy a
taskin 2, we needto considetboth CRPDandthe context switch
costs.Therefore we usethe formulabelow to estimatehe WCRT
of Ti.
RY = Cj;
Ril = Cj + P quo d%e (Cj + 2C¢s) + P J!::(L:Hl
CRPD(T;;Tj) + 2Ccs)

0
dE—j‘e (Cj +

P RO P, K1
Rk=Ci+ [, dgbe (G + 2Ces) +  jqu G—p—

e (Cj+

In this section,we adaptour WCRT analysisapproacho applyto
aprioritizedcache By usingthis new WCRT analysiswe canpre-
dict the worst casetiming propertiesof a prioritized cache which
allows usto safelyusea prioritized cachein areal-timesystem.

5. Previous Work

Intertask cachecon ict complicatesW CET/WCRT analysisbe-
causeof uncertaintyin memory accesstime. This problem can
be amelioratedby partitioning the cacheand allowing eachtask
to usea portion of the cacheexclusively. Cachepartitioning can
be achieved with hardware approache$3, 7, 14] or software ap-
proacheg$11, 24].

Although customizectacheshav bene tsin acceleratingxe-
cutionsof applicationsn multi-taskingervironmentsaconnection
betweenformal WCET/WCRT analysisand customizedccachess
still missing.Theauthorsf this papethave beenunableto nd ary
publishedwork on WCET/WCRT analysisfor customizedctaches.
Instead the effectivenessf cachepartitioningmethodsare evalu-
atedwith experimentq3, 7, 11, 14, 24]. Sometypical benchmark
applicationsare executedwith cachepartitioningapproachesrhe
average=xecutiontime or thecachemissrateis usedto measurghe
performanceln [13], Suhet al. give an analyticalcachemodelto
analyzethe cachemissrateof a partitionedcache This modelpre-
dictsthe overall cachemissrateof generalapplicationsTheworst
caseis not consideredDropsoet al. [2] comparesomeexisting
customizeccachedy usingan analyticalcachemodel.Again, the
analysisamgetsthe averageperformancef generalapplications.

Customizedtachesanbedemonstratetb be effective in elim-
inating inter-taskcachecon icts by runningbenchmark®r evalu-
atingaverageperformancée.g.,cachemissrate).However, lack of
worst caseanalysisis not acceptablén real-timesystemsBench-
markapplicationsannotcover all situations Averageperformance
cannotguarante¢he sameperformancen theworstcase Thus,in
orderto apply customizedcachein real-time systemssafely we
needto analyzetaskWCET/WCRT formally.

Much work hasbeendonein WCET analysisfor a singletask
with acorventionalcachgsuchassetassociatie or directmapped)
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[6, 23]. In this paper we usea WCET analysistool, SYMTA[23];
however we cansubstituteary otherWCET analysisapproactfor
SYMTA.

In preemptve multi-taskingsystemsa taskmay be preempted
by anothettask. Thus, WCET cannotre ect thecompletiontime of
atask.Instead,we usea task's WCRT to evaluateif the taskcan
meetits deadline.

Tindell etal. [20] proposeagenericframevork for WCRT anal-
ysis by usinganiterative equation Busquests-Mataigt al. extend
Tindell'sWCRT analysisapproaclhby includingcacheeviction cost
in a multi-taskingsystem[1]. They conseratively assumehatall
thecachdinesusedby the preemptingaskneedto bereloadedy
the preemptedaskuponresumingexecution[]. OtherlLP-based
WCRT analysisapproachesanbefoundin [4, 5,12,17, 18, 21].

The WCET/WCRT analysisapproachestroducedabove only
considethebehaior of corventionalcachesuchasdirectmapped
cachesor setassociatie cachesFor customizedcachestheseap-
proacheamay be dif cult to usedirectly (i.e., without signi cant
modi cations) becauséhe behaiors of customizedtachesarenot
the sameascorventionalcachesFor example,in conventionalset
associatie cachesthat are sharedby all tasksin a multi-tasking
system,the WCRT of eachtaskis heaily affectedby inter-task
cachecon icts. However, in some partitioned caches,inter-task
cachecon icts possiblydo not exist atall. Additionally, somecus-
tomizedcachesarenot easyto analyzeformally. For example,in a
data-replace-controllezhchepresentedh [7], speci ¢ instructions
areinsertedinto the sourcecodeof applicationgo lock/releaseén-
dividual cachelines usedby somedata.Becausealatalock/release
is donein the sourcecodelevel and cachelines usedby speci ¢
datais alsorelatedto the cachereplacemenalgorithm,designers
may not be ableto know physicallywhich cacheinesareactually
locked.As aresult,intertaskcachecon ict analysiss notstraight-
forward. In [22], a cachelocking approachis proposedto assist
statictiming analysis. However, this approactonly addressedata
cacheswhile instructioncachesarenot considered22].

Our prioritizedcacheis avariantof a setassociatie cacheThe
cacheis partitionedat the granularityof columns.After the cache
partitionsareallocatedto tasks,the prioritized cachebehaesasa
group of small size setassociatie cachesThus, as explainedin
Section4.2, the WCRT analysisapproachdesignedfor conven-
tional setassociatie cachescanbe adaptedeasilyto analyzethe
behaior of the prioritizedcache.

6. Experimental Results

We usethreeapplicationsto comparethe prioritized cachewith a
corventionalsetassociatie cache All cachesisedhave size32KB
andhave eightways.A cacheline has16 bytes.In the prioritized
cachejwo waysaresetassharedOnly the cachdine replacement
algorithmsare different (i.e., oneis prioritized while the otheris
LRU). Notice thatin our experiments,a single cacheis usedfor
both instructionsand data, which meansthe cacheis a uni ed
cache.We do not needto distinguishan instruction cachefrom
a datacachebecauseour WCRT analysisis basedon simulation
andmemoryfootprints. Thereis no needto differentiatememory
accessesausedy loadinginstructionsor data.Thesameapproach
explainedin this papercan, however, be appliedto aninstruction
cacheor a datacache;all that is requiredis separationinto a
memoryfootprint for instructionsanda memoryfootprint for data.

In our experimentsan ARM9TDMI processowith aclockfre-
queng of 100MHzis integratedwith a speci ¢ cache(prioritized
or set-associate). Hardware is simulatedwith SynopsysVCS
[15]. The instructionset simulatoris XRAY [8]. The whole sys-
temincluding software and hardware is co-simulatedwith Seam-
lessCVE [10] provided by Mentor Graphics.The simulationervi-
ronmentis shavn in Figure6.

The rst experimentusesa mobile robot applicationas de-
scribedin Example2. Taskperiodsandpriorities arelisted in Ta-
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ble 2. We use SYMTA to estimatethe WCET of eachtask. The
WCET of eachtaskin thesetassociatie cachg(SA) andtheWCET
of eachtaskin the stablestageof the prioritized cache(PC) are
listed in Table 3. Note that the unit for all WCET/WCRT values
presentedhn this paperis aclock cycle.

Table 2. Tasksin Experiment

Task Period(ms) | Priority
MR 3.5 2
ED 6.5 3
OFDM 40 4

Table 3. WCET with d|fferentcaches
Tasks MR OFDM

WCETIn SA | 842 1892 2830
WCETInPC | 626 | 1676 | 4210

Threetypesof preemptionganhapperin this systemMR pre-
emptingéD, MR preemptingDFDM andED preemptingOFDM.
Thenumberof cachdinesto bereloadedn thesehreepreemptions
areestimatedn Table4. Table4 shavs thatno cachecon icts oc-
cur betweerED andMR in the prioritized cache This is alsotrue
for OFDM andMR. This meansMR is assigneda partition of the
prioritized cacheexclusively. BecauseMR hasthe highestprior-
ity, OFDM and ED cannotusethe cacheassignedo MR. Thus,
thereare no cachecon icts amongMR and othertasks(i.e., ED
andOFDM). In this experimentthreecolumnsareassignedo MR
exclusively. It turnsoutthatall cachelinesrequiredby MR t into
thesecolumns MR uses80%of the SRAM availablein thesethree
cachecolumns.The otherthreenon-shared:olumnsare assigned
to ED exclusively. ED also usesthe two sharedcolumns,which
arealsousedby OFDM. Thus,thereare cachecon icts between
ED and OFDM. ED usesover 90% of the cachecolumnswhich
ED canaccesqi.e., the threecolumnsowned by ED andthe two
sharedcolumns) OFDM usesl00%of the sharedcolumns.

Table 4. Estimateof cachdinesto bereloaded

Preemptions
CacheType | EDbyMR | OFDMby 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]. Becausgheimpactof cacheonthe WCRT depend®nnot
only thenumberof cachecon icts but alsothe cachemisspenalty
we changethe cachemisspenaltyfrom 10 cyclesto 40 cycles.The
comparisorof WCRT of OFDM runningwith the setassociatie
cacheandthe prioritized cacheis shavn in Table5.

Two factsin theseexperimentalresultsshav the advantagef
the prioritized cacheascomparedo the corventionalcache First,
non-preemptiomelatedcachereloadcostsin high priority tasksare
reduced High priority taskssuchas MR do not shareary cache
resourcesvith othertasks;thus,we do not needto assumea cold
cachefor WCET analysisof thesetasksafterthe rst executionof
the task upon startup/rebootAs a result,the WCET estimateof
high priority tasksaretightened.For example,the WCET of MR
—whichis never preemptedsinceMR hasthe highestpriority — i
reducedby 26%accordingo the WCET estimateesultsin Table3.
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Table5. WCRT of OFDM with differentcaches

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

In short, by using the prioritized cache,non-preemptiorrelated
cachereloadcostsof high priority tasksarereduced However, as
we notice,the WCET of thelow priority task,OFDM, is extended
signi cantly becaus®©FDM is restrictedto usealimited portionof
the cache;jin our case OFDM canonly usethe sharedcolumnsof
thehotcache(i.e., afterinitial runsof tasksdueto startup/reboot).

Secondthe prioritized cachecanalsotightenthe WCRT esti-
matesof taskshecaus@reemption-relatedachereloadoverheads
minimized.As we canseefrom Table4, therearenocachecon icts
betweerED andMR; neitherarethereary cachecon icts between
OFDM andMR. Thus,CRPD causedy MR preemptingeD and
CRPDcausediy MR preemptingDFDM areboth zero.However,
both ED and OFDM usethe sharedcolumns.Thus, thereis still
CRPDcausedy ED preemptingDFDM.

We alsocomparethe performanceof the prioritized cacheand
the setassociatie cachewith anotherapplicationin which there
arethreetasks Adaptive DifferentialPulseModulationCoder(AD-
PCMC), ADPCM Decoder(ADPCMD) andInverseDiscreteCo-
sine Transform(IDCT). This applicationis derived from Media-
Bench[9]. Theperiods prioritiesandWCET for eachtaskin listed
in Table6. As aresultof eliminatingcachesharing,the WCET of
high priority taskis reducedaswell. For instance the WCET of
IDCT is reducedy 5%.

Table 6. Tasksin Experimentl

Tasks IDCT | ADPCMD | ADPCMC
Periods(ms) 4.5 10 50
Priority 2 3 4
WCETIin SA | 1580 2839 7675
WCETIn PC | 1498 2830 11182

Table 7. Estimateof cachdinesto bereloaded

Preemptions
CacheType | ADPCMD ADPCMC ADPCMC
by IDCT by ADPCMD | byIDCT
SA 46 64 56
PC 0 0 0
Table 8. WCRT of ADPCMC with differentcaches
Chmiss
CacheType 10 20 30 40
PC 35686 | 35873 | 36001 | 36349
SA 34676 | 34967 | 38779 | 39775

Thenumberof cachdinesto bereloadedn eachcaches listed
in Table7. Recall,asstatedearlier thatwe usecacheswith eight
“ways” or “columns’ In this experimentIDCT usestwo columns.
ADPCMD usesthreecolumnsand ADPCMC usesthe remaining
threecolumnsavailable, two of which the userpresetas shared.
IDCT uses?0%of the availablememoryin thetwo cachecolumns
usedby IDCT. ADPCMD and ADPCMC use 90% of the mem-
ory availablein the cachecolumnseachuses.In this application,
thereare no cachecon icts amongtasksin the prioritized cache.
This meansboth IDCT and ADPCMD usecachecolumnsexclu-
sively anddo notrequireary shareccolumns Only ADPCMC uses
sharedcolumns.The overall resultis thatthereareno cachecon-

icts amongthesethreetasks. TheWCRT estimateof ADPCMCis
shavn in Table8.

In this application,becausall inter-taskcachecon icts in the
prioritizedareeliminated the preemption-relatedachereloadcost
is zero.Thus,theWCRT of ADPCMC s notaffectedby cachemiss
penalty As it turnsout, whenthe cachemisspenaltyis big enough
sothatthe preemption-relatedachereloadcostcannotbeignored
in the corventionalcache the prioritized cacheshavs betterper
formancein the WCRT even of low priority tasks.For example,
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whenthe cachemisspenaltyis 40, the WCRT of ADPCMC with
theprioritizedcaches reducedy 8% ascomparedo anequivalent
set-associate cache.

The third experimentcontainssix tasks: OFDM, ADPCMC,
ADPCMD, IDCT, ED andMR. Table9 lists thepriority andperiod
of eachtask.Notethatin orderto satisfythenecessargonditionof
schedulabilityof a real-timesystem(i.e., the total CPU utilization
of all tasksmust be less than 100%), we increasethe periods
of sometasksas comparedto the sametasksin the rst two
experiments ADPCMC hasthe lowest priority and MR hasthe
highestprority.

Table 9. Tasksin Experimentll|

T1 T2 T3 Ta Ts Te
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 setthe cachemiss penaltyto 30 clock
cycles. Figure 7 comparesthe WCRT of eachtask with a set
associatie cacheanda prioritized cache.

Figure7. Comparisorof taskWCRT with a SA andaPC

Apparently by usinga prioritizedcachethe WCRT of high pri-
ority taskscanbereducedecauséigh priority tasksareallocated
cachecolumnsexclusively. Onthecontrary low priority taskshave
to usesharedcolumns.Thus,a prioritized cacheimprovesthe per
formanceof high priority tasksat the costof the performanceof
low priority tasks As shavn in Figure7,the WCRTsof MR, IDCT
andED arereducedy betweer7% and26%.However, the WCRT
of ADPCMC is increasedy nearly70%.

7. Conclusion

In this paper we comparethe setassociatie and the prioritized
cachein termsof theirimpacton the Worst CaseResponsdimes
of tasksin a preemptve multi-taskingreal-timesystem As bestwe
cantell, we arethe rst authorgto publishaformal WCRT analysis
approachto analyzethe behaior of a customizedcache(specif-
ically, the prioritized cache).The prioritized cachereducesnter
taskcacheinterferenceAs aresult,the WCRT is tightenedsigni -
cantly Our experimentsshav areductionupto 26%in WCRT es-
timateby usingtheprioritizedcacheversususingcorventionalset-
associatie cacheof the samesizeandassociatiity. With atighter
WCRT estimatewe canschedulemoretasksin areal-timesystem
andthusincreasehe utilization of computingresources.

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

LCTES'05,

References

[1] J.Busquets-Mataix]. SerranoR. Ors,P. Gil, andA. Wellings. Adding
instructioncacheeffect to schedulabilityanalysisof preemptie real-
time systems.In Real-Tme Tedhnolayy and ApplicationsSymposium
pages204+212,Junel996.

[2] S.Dropso. Comparingcachingtechniquedor multitaskingreal-time
systems. Technicalreport, University of Massachusett$Amherst,
UM-CS-1997-065November1997.

[3] D. Kirk. Smart(stratgic memoryallocationfor real-time)cache
design. In Proceedingf the Real-Tme SystemSymposiumpages
229+237,Decemben 989.

[4] C.Lee,J.Hahn,Y. Seo,S.Min, R.Ha, S.Hong,C. Park, M. Lee,and
C.Kim. Enhancednalysisof cache-relategreemptiordelayin ®xed-
priority preemptie scheduling. In Proceedingof IEEE Real-Tme
SystemS$ymposiunpagesl87+198 Decembetl997.

[5] C.Lee,J.Hahn,Y. Seo,S.Min, R.Ha, S.Hong,C. Park, M. Lee,and
C. Kim. Analysisof cache-relategreemptiondelayin ®xed-priority
preemptie scheduling.IEEE Transactionson Computes, 47(6):700+
713,1998.

[6] Y. Li, S.Malik, andA. Wolfe. Performancestimationof embedded
softwarewith instructioncachemodeling.ACM Transactioron Design
Automationof Embedde®ystems4(3):257+279,July 1999.

[7] N. Maki, K. Hoson,andA. Ishida. A data-replace-contited cache
memorysystemandits performancevaluations.In Proceeding®f the
IEEE Region 10 Confeence pagesA71+474 April 1999.

[8] MentorGraphics XRAY R Delugger http://wwwmentorcom/xray/.

[9] MediaBenchhttp://cares.icsl.ucla.efediaBench.

[10] Mentor Graphics,Hardware/Softvare Co-\eri®cation: Seamless.
Avaliable HTTP: http://mwwmentorcom/seamless/.

[11] F. Muller. Compilersupportfor software-basedachepartitioning.
In Proceeding®f ACM SIGPLANWbrkshopon Languayes,Complies
andToolsfor Real-Tme Systemspagesl 25+133,Junel995.

[12] H. Negi, T. Mitra, and A. Roychoudhury Accurateestimationof
cache-relategreemptiordelay In Proceeding®f ACM Joint Symposia
CODES+ISS32003.

[13] G. Suh,S.DevadasandL. Rudolph.Cachemodelswith applications
to cachepartitioning. In Proceedingsof the 15th international
confeenceon Supecomputing pagesl + 12, June2001.

[14] G. Suh,L. Rudolph,andS. Devadas.Dynamiccachepartitioningfor
simultaneousnultithreadingsystems.In Proceedingof the IASTED
International Confeenceon Parallel and Distributed Computingand
Systemgpagesl16+127 SeptembeR001.

[15] Synopsyshttp://wwwsynopsys.com/products/simtiten/simulation.html.

[16] Y. TanandV. Moongy. A prioritized cachefor multi-taskingreal-
time systems.In Proceeding®f the 11thWorkshopon SynthesisAnd
Systemintegration of Mixed Informationtechnolggies (SASIMI'03)
pagesl68+175April 2003.

[17] Y. TanandV. Moongy. Timing analysisfor preemptie multi-tasking
real-timesystems.In Proceeding®f Design,Automationand Testin
Europe(DATE'04), pagesl034+1039February2004.

[18] Y. Tanand V. Moongy. Integrateinter andintra- cacheeviction
anlaysisfor preemptie multi-taskingreal-timesystemsin Proceedings
of the 8th International Workshopon Softwae and Compiles for
Embedde®ystem¢$SCOPES'04)page200+206 SeptembeR004.

[19] Y. Tan. Cadhe Designand Timing Analysisfor PreemptiveMultitask-
ing Real-Tme UniprocessoiSystemsPhD Thesis,Geogia Instituteof
TechnologyApril 2005. AvailableHTTP: http://etd.gatech.edu.

[20] K. Tindell, A. Burns,and A. Wellings. An extendible approach
for analyzing®xed priority hardreal-timetasks. Real-Tme Systems
6(2):133+151March1994.

[21] H. TomiyamaandN. Dutt. Programpathanalysisto boundcache-
relatedpreemptiondelayin preemptie real-timesystems. In Pro-
ceedingf the Eighth InternationalWorkshopon Hardware/softwae
Codesignpages$7+71,May 2000.

[22] X. Vera,B. Lisper, and J. Xue. Data cachelocking for higher
programpredictability In Proceeding®f InternationalConfeenceon
Measuementand Modelingof ComputerSystem$SIGMETRICS'03)
page272+282,June2003.

[23] F. Wolf. Behavioal Intervalsin EmbeddedSoftwae. Kluwer
AcademicPublishers2002.

[24] A. Wolfe. Software-basedachepartitioningfor real-timeapplica-
tions. In Proceeding®of the 3rd Workshopon Responsiv&€omputer
SystemsSeptembe 993.

2005/4/21



