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ABSTRACT
TheL1 datacacheis a time-criticalmoduleand,at thesametime,
a major consumerof energy. To reduceits energy-delayproduct,
weapplytwo principlesof low-powerdesign:specializepartof the
cachestructureandbreakthecachedown into smallercaches.To
this end,we proposea new L1 datacachestructurethatcombines
a SpecializedStack Cache(SSC) and a PseudoSet-Associative
Cache(PSAC). Individually, our SSCand PSAC designshave a
lower energy-delayproductthan previously-proposedrelatedde-
signs.In addition,theircombinedoperationis veryeffective. Rela-
tiveto aconventional2-way32KB datacache,adesigncontaining
a 4-way 32 KB PSAC anda 512B SSCreducestheenergy-delay
productof severalapplicationsby anaverageof 44%.

1. INTR ODUCTION
Continuoustechnicaladvancesarefuelingthetrendtowardmore

sophisticatedandpowerful chip designs.Unfortunately, they also
lead to increasedenergy consumption. Currently, chips have a
higherpower densitythana hot plate; if the currenttrendholds,
before2010they will haveapowerdensitycloseto anuclearreac-
tor [9].

Reducingthe energy consumptionof processorchips is not an
easytask. No singlemodulein theprocessoris solely responsible
for mostof the energy consumption.Rather, energy consumption
is spreadacrossdifferentmodules,including for examplethedata
cache,instructioncache,clock, branchpredictor, and instruction
window. In thispaper, we focusonenergy-efficient designsfor the
L1 datacache.

It is well known that smallercachesconsumelessenergy per
accessandarefaster. Consequently, a potentiallyenergy-efficient
designfor L1 is to partition the L1 cacheinto several, smaller
cachesthat can be probedindependently. One cacheorganiza-
tion thatcanusethisapproachis thePseudo Set-Associative Cache
(PSAC). A PSAC is a set-associative cachethathasmorethanone
hit time[1, 2,4,5,11,13,19]. Recentexamplesof PSAC organiza-
tionsthatusecachepartitioningarethePredictiveSequentialAsso-
ciativecache[4] andtheWay-PredictingSet-Associativecache[11].

Anotherapproachtowardsenergy efficiency is to specializethe
cacheto handlecertain typesof referencesparticularly well. If
thesereferencesare frequent,specializationcansignificantly im-
prove both the performanceandthe energy savings of the cache.
One proposedtype of specializationis the stack cache[7, 16],
which is designedto handlestackaccesses.Stackcachescanbe
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effective becausestackaccessesarenumerousandhave a typical
behavior thatcanbeexploited.

In thispaper, weproposeanL1 datacachedesignthatcombines
new PSAC andstackcachedesigns.The new stackcache,which
we call Specialized Stack Cache (SSC), is a small cachewith two
pointers. Using an algorithm that is not time critical, the hard-
wareusesthesepointersto reduceunnecessarywrite backsandline
fetches.The new PSAC schemesarebasedon the conceptof the
Phased cache[10], wherebya cacheaccessfirst activatesthe tag
arraybeforetrying to accessthedataarray.

Our completeL1 datacachedesignis shown in Figure1. In-
dividually, our PSAC andSSCdesignshave a lower energy-delay
productthanpreviously-proposedrelateddesigns.In addition,their
combinedoperationis very effective. If, insteadof a conventional
2-way 32 KB datacache,we useoneof our 4-way 32 KB PSAC
andour 512B SSC,wereducetheenergy-delayproductof several
applicationsby anaverageof 44%.

L1 Cache

To L2 Cache

From Processor

Specialized
Stack
Cache

Pseudo Set-Associative Cache

Figure 1: ProposedL1 data cacheorganization.

Thepaperis organizedasfollows: Section2 describesour SSC;
Section3 describesour new PSAC organizations;Section4 de-
scribesthe setupthat we use to evaluatethe caches;Section5
presentstheevaluation;andSection6 discussesrelatedwork.

2. SPECIALIZED STACK CACHE
Stackvariablestendto have two interestingproperties:

1. It is easy to identify when a variable is dead. A vari-
able that residesin the stackcanbe live only as long as it
is below the Top-Of-Stack(TOS) pointer. Oncethe TOS is
loweredpastthe variable,the variableeffectively becomes
dead. This knowledgecanbe leveragedto reduceunneces-
sarywrite backs.

2. It is easyto track whether or not a variable is initialized.
Thetypically smallsizeof thestackmakesit feasibleto add
simplehardwaresupportto boundtherangeof memorylines
thathavenot beendisplacedfrom thecache.Thisknowledge
canbe usedon a write cachemiss. If thewrite misseson a
line whoseaddressis insidethis range,it is guaranteedthat
the line hasnot beeninitialized yet. As a result, the write
misscanbe servicedby simply allocatingan empty line in
thecachewithout fetchingtheline from L2 or memory.



Thesetwo propertieshavebeenusedby Leeet al. [16] to reduce
unnecessary� write backsandline fetches.They haveproposedspe-
cializedmicroarchitecturefor the stack. Their designis an 8 KB
circularbuffer (Section6).

However, if energy efficiency is a majorgoal,a differentdesign
is called for. Insteadof a large circular buffer, we would like a
cachefor stackreferencesthat both is small andhasonly simple
extensionsover a conventionalcachedesign.Our solutionto this
problemis whatwe call theSpecializedStackCache(SSC).

TheSSCis connectedin parallelto therestof theL1 datacache
asshown in Figure1. It receivesall thestackreferencesissuedby
the processor. It hastwo registers,namelythe TOS andthe Safe
Region Bottom (SRB) registers. The TOS containsthe addressof
the top of thestack. It is usedto reduceunnecessarywrite backs.
Specifically, any line above theTOSis deadand,therefore,if it is
displacedfrom thecache,it doesnotneedto bewrittenbackto L2.

The SRB is usedin combinationwith the TOS to reduceun-
necessaryline fetches.We want to setthe SRB suchthat we can
guaranteethatnousefuldatain therangeof addressesbetweenthe
TOSandtheSRBhasbeendisplacedfrom theSSC.Cachelinesin
thisrangeof addressescancontaineitherinitializedor uninitialized
data.A stackcachewrite missin thisrangeof addressesmeansthat
thecorrespondingmemoryline is uninitialized. As a result,there
is noneedto fetchtheline from L2 or memory.

To guaranteetheseconditions,theSRBis setasfollows. When
a processis scheduled,we settheSRBto theTOS.As theprocess
runs,theTOSmaymovebelow orabovetheSRB.If it movesbelow
(leaving theSRBoutsidethestack),we resettheSRBto theTOS.
If it movesabove, we do not changetheSRB.However, if a dirty
line betweentheTOS andtheSRBaddressesgetsdisplacedfrom
the SSC,we set the SRB to point to the displacedaddressplus
one memory line closer to the TOS. Note that sucha displaced
dirty line mayor maynot containlive variables,but we have to be
conservative andassumethat it does. If, instead,a non-dirty line
betweenthe TOS and the SRB is silently displaced,no action is
takenbecauseit containeduninitializeddata.With this support,it
is guaranteedthatno usefuldatain therangeof addressesbetween
theTOSandtheSRBhasbeendisplacedfrom theSSCcache.

Fortunately, checkingthe TOS or SRB registersoccursoff the
critical path,andupdatingthemoccursinfrequently. Specifically,
checkingmostlyoccurson write missesandon dirty line displace-
ments:onawrite miss,theSRBis checkedto seeif a line fetchcan
beavoided;onadirty displacement,theTOSandSRBarechecked
to seeif a line write backcanbeavoidedandif theSRBneedsto
beupdated.On a TOS move, theSRB is alsochecked to seeif it
needsto move.

Updatesmay occur in the following cases. The SRB may be
updatedin a dirty line displacement.Both theTOSandSRBmay
beupdatedonastackpointermove. Finally, they arebothsetto the
topof thestackwhena processgetsscheduled.

Finally, for thissystemto work,wealsoneedtwo othersupports.
Thefirst oneis to keeptheSSCvirtually tagged.If we taggedthe
SSCwith physical addresses,stackaddressescould becomenon-
contiguous,whichwouldcomplicateaddresscomparisonswith the
TOSandSRB.Fortunately, usingavirtually-taggedSSCalsosaves
energy becauseaddresstranslationis eliminated.

Thesecondsupportis to ensurethatall stackreferencesgoto the
SSC.If someof themwent to therestof L1, our algorithmwould
not work properly. Consequently, we needto detectstackrefer-
ences.A goodway to do so hasbeenproposedby Bekermanet
al. [3]. In thedecodestage,instructionsthatusethestackpointer
areidentified.Theiraccessesarelaterforwardedto theSSC.Since
not all the stackaccessesusethe stackpointer, a snoopingmech-

anismis usedto redirecttheremainingstackaccessesto theSSC.
With this solution, only the accessesredirectedby the snooping
mechanismto the SSCrequireone additionalcycle. According
to [3], only 1.2%of theaccessesneedany redirection.

Overall,theresultingSSCis veryenergy efficient: bothunneces-
sarywrite backsandunnecessaryline fetchesarereduced,theSSC
canbequitesmall,andit is virtually tagged.

3. PSEUDOSET-ASSOCIATIVE CACHE
PseudoSet-AssociativeCaches(PSAC)areset-associativecaches

that have more than one hit time [1, 2, 4, 5, 11, 13, 19]. One
way to organizea PSAC is by combininga setof smallercaches
(also called ways) that can be probedindependently(Figure 1).
In suchdesigns,probingoneof thesesmall cachesis likely to be
fasterandlessenergy-consumingthanaccessingaconventionalset-
associativecache.Recentexamplesof PSAC designsthatarebased
on multiple smallercachesarethe Predictive SequentialAssocia-
tive cache[4] andtheWay-PredictingSet-Associative cache[11].
In theseschemes,on an access,a predictionmechanismselects
which way to probe. If the probehits, the accessis satisfiedwith
high speedandlow energy consumption.Otherwise,furtherprob-
ing is necessary.

To predictwhich way to probefirst, recentPSAC schemesuse
a steeringtable [4]. The table is a small cachewhereeachentry
hasa pointerto thepredictedway in theset. The tableis indexed
with somepredictionsource.Examplesof predictionsourcesare
theaddressof the loador storeinstructioninducingtheaccess,or
thenumberof thebaseregisterusedby theinstruction[4].

If thefirst probemisses,differentpoliciesarepossible.Oneap-
proachis to sequentiallyprobeall the remainingways until the
datais foundor an L1 missis declared[13]. We call this scheme
Sequential. A secondpolicy, usedin the Way PredictingSetAs-
sociative cache[11], is to simultaneouslyprobeall the remaining
ways.We call this schemeFall Back Regular (FallBackReg), since
“it falls backto a regular” associative cache.Overall, Sequential
tendsto be slow andconserve energy while FallBackReg tendsto
befastandenergy-consuming.

To obtain a betterbalancebetweenenergy and overall speed,
we proposetwo new PSAC schemes.Theseschemesare based
ontheconceptof thePhased cache[10]. Thephasedcacheis aset-
associative cachewhereanaccessfirst activatesall the tagarrays.
If thereis a match,only thedataarrayin thecorrectway is subse-
quentlyactivated. Consequently, relative to a conventionalcache,
thephasedcachesavesenergy at thecostof extra delay.

ThefirstPSACschemethatweproposeiscalledFall Back Phased
(FallBackPha). In this scheme,thefirst probeactivatesa predicted
way (taganddataarray). If it misses,thecacheactslike a phased
cache:in thesecondattempt,all theremainingtagarraysareacti-
vatedand,if amatchis detected,thedataarrayin thecorrectwayis
subsequentlyactivated.Overall, this schemefavorsenergy savings
at theexpenseof speed.

The secondPSAC schemethat we proposeis calledPredictive
Phased (PredictPha). In this scheme,the first probeactivatesall
the tag arraysandthe dataarrayof the predictedway. If the pre-
diction is incorrect,at leastwe know which way (if any) hasthe
correctdata.In thiscase,thedataarrayof thecorrectway is subse-
quentlyaccessed.Overall, this schemefavorsspeedat theexpense
of energy consumption.Note,however, thatthis schemecanusea
unifiedtagarraystructurefor thewholePSAC, whichcanlikely be
designedto bemoreenergy-efficient thanseparatetagarrays.

TheproposedPSAC schemescanusedifferentalgorithmsto in-
dex thesteeringtableandto selecta line for replacementonamiss.
Due to lack of space,our evaluationsection(Section5) only con-



sidersa smallsubsetof thedesignspace.Specifically, to index the
steering� table,we usethe addressof the load or storeinstruction.
Suchinformationis availablevery early in thepipeline. It canbe
shown that this schemeis asaccuratefor our applicationsas the
morecomplicatedschemesin [4].

Initially, the tableis loadedwith pointersrandomlypointing to
thedifferentwayswith a uniform distribution. In a moresophisti-
cateddesign,thecompilercouldanalyzetheprogramandprovide
heuristicsto initialize thetable.However, this is beyondthescope
of this paper.

For the line replacementalgorithm, we examine two choices.
Oneapproachis to alwaysload the line into the way selectedby
thesteeringtable. This schemeis not very flexible andmaycause
cacheconflicts.To alleviatethisproblem,wealsoexamineanadap-
tivescheme.TheschemeusesMRU bitsin eachsetof thePSAC. In
thisscheme,at line fill time, if thepredictedwayhappensto bethe
MRU way, we insteadloadtheline into another, randomlyselected
way andupdatethe tableentry accordingly. While this approach
mayinducea highernumberof mispredictions,it mayalsoreduce
themissrate.Thisapproachis calledAdaptive. Notethat,sincewe
aretargettinghigh-associative PSAC systems,LRU informationis
unavailable.

4. EXPERIMENT AL SETUP
To evaluateour cachedesigns,we usedetailedsoftwaresimu-

lations at the architecturallevel. The simulationsare performed
usinga MINT-basedexecution-drivensimulationsystem[15] that
modelsout-of-orderprocessors.

4.1 Ar chitecture
The baselinearchitectureis an out-of-orderprocessorwith two

levels of cache.The architecturelooselymodelsa MIPS R10000
processor. Table1 liststheparametersusedin thesimulation.While
the latency numbersin the table correspondto an unloadedma-
chine,wemodelcontentionin thewholesystem.For theprocessor
chip,weassume0.18 � m technology.

Processor Caches Bus& Memory

Freq:1 GHz L1 size:32KB Bus: split transaction
Issuewidth: 4 L1 OC,RT: 1,3ns Mem: 1-channelRambus
Dyn issue:yes L1 assoc:2 Buswidth: 16bits
I-window size:96 L1 line: 32B DRAM bandwidth:2 GB/s
Ld/Stunits: 1 L2 size:512KB MemRT: 81 ns
Int,FPunits: 2,2 L2 OC,RT: 4,12ns
PendingLd,St: 8,8 L2 assoc:8
BR penalty:4 cyc L2 line: 32B

Table1: Baselineconfiguration. BR, OC, and RT standfor branch,
occupancy, and round trip fr om the processor, respectively.

4.2 Energy
To evaluatethedifferentcacheorganizationsunderdifferentap-

plications,we usethe energy-delay product metric. For all cache
configurations,wecalculatelatenciesandenergiesfor reads,writes,
line fills, write backs,andcachemissesusingan extensionof the
CACTI tool [18] thatwedevelopedcalledXCACTI. XCACTI scales
down the technologyparametersto match0.18 � m technology. It
alsosearchesfor configurationswith thelowestenergy-delayprod-
uct,delay, or energy. Thesearchcanbeoptimizedbasedonseveral
timing constraints,theexpectedratio of numberof loadsto stores,
andthe cachemissrate. Basedon our observationsof our appli-
cations,we optimizethe L1 andL2 cacheorganizationsfor 25%
of writes,while thestackcachesareoptimizedfor 50%of writes.

Becauseweareevaluatingenergy-efficientdesigns,weuselatched
senseamplifiersinsteadof theonesfrom Wadain CACTI [18]. The
tool alsoincludesaphasedcachemodel.

Table2 shows the energy consumedin a cacheaccessfor dif-
ferent stackcachesand for the baselineL1 and L2 caches. The
baselineL2 cacheis aphasedcache.Thenumbersincludeonly the
energy consumedin thecorrespondingcachestructure,andnot in
busesor buffers outsidethe cache.The tableshows the caseof a
readhit, write hit, readmiss,andwrite miss.

AccessType
Energy PerAccess(pJ)

Direct-MappedStackCache 2-Way 8-Way
256B 512B 1KB 2KB 32KB L1 512KBL2

ReadHit 130 146 166 195 735 3201
Write Hit 141 157 180 214 780 3775
ReadMiss 130 88 144 146 735 535
Write Miss 17 20 23 30 79 535

Table 2: Energy consumedin a cacheaccessfor differ ent stack
cachesand for the baselineL1 and L2 caches.

Table3 shows the energy consumedin a cacheaccessfor dif-
ferentPSAC organizationsandassociativities. As usual,thenum-
bersincludeonly theenergy consumedin thecorrespondingcache
structure,andareorganizedaccordingto thetypeof access.Since
anaccessmay involve severalsequentialprobes,eachaccesstype
in thetablehasseveralcolumnscorrespondingto thedifferentprobes.
Eachcolumn is labeledwith the latency in cycles taken to com-
pletethe correspondingprobe. For comparison,we alsoshow an
L1 phasedcache.In all thecaches,a write checksthetagfirst and
doesnot accessthe dataarrayuntil a hit is detected.This phased
write architecturesavesenergy with minimal performancedegra-
dation.

TheTLB is modeledaftertheTLB of theMIPSR10000proces-
sor. It uses40-bit physical addresses,has64 entries,andis fully
associative. ThebestpossibleXCACTI configurationrequires141
pJ per read. Its accesstime is shortenoughfor the fastestcaches
considered.

Thesteeringtablehas1024entries.For a4-wayPSAC, thetotal
sizeis 2 Kbits. Thisstructurespends59pJperread.For our appli-
cations,it canbe shown that the energy spentreadingthe tableis
on averageabout4% of theenergy spentin instructionfetchingin
thebaselineconfiguration.

We modela 1-channelRambus memorysystem. Intel expects
that sucha systemwill consumeabout1.2 W [12]. For a single
channelat full bandwidth,we assumethateachcacheline fill con-
sumes48000pJ.

4.3 Applications
For ourexperiments,weuseamix of multimedia,SpecInt,mem-

ory intensive,andpointerintensiveapplications.We compilethem
with IRIX MIPS 7.3 with -O2. Eachapplicationgeneratesseveral
millions of datareferences.

The applicationsareas follows. BLAST is a proteinmatching
application.Thealgorithmtries to matchanaminoacidsequence
sampleagainsta largedatabaseof proteins.

BSOM is aneuralnetwork thatclassifiesdata.It usesonly fixed-
point arithmetic.

CRAFTY is from SpecInt2000.Weuseadatasetwith areduced
searchdepththatproducesaboutthe samedatacache,instruction
cache,andTLB missratesasthereferenceset.

GZIP is from SpecInt2000.We usea reduceddatasetthatgen-
eratesaboutthesamedatacache,instructioncache,andTLB miss
ratesasthereferenceset.



Energy PerAccess(pJ)
PSAC 4-Way32KB PSAC 2-Way32 KB PSAC
Organization ReadHit Write Hit ReadMiss Write Miss ReadHit Write Hit ReadMiss Write Miss

2cy 4cy 6cy 8cy 4cy 6cy 8cy 10cy 2cy 4cy 8cy 2cy 4cy 8cy 2cy 4cy 4cy 6cy 2cy 4cy 2cy 4cy

Sequential 288 442 596 750 317 364 411 458 - - 616 - - 188 427 688 472 533 - 522 - 122
FallBackReg 288 750 - - 317 458 - - - 616 - - 188 - SameasSequential
FallBackPha 288 - 536 - 317 - 458 - - 295 - - 188 - Not Interesting
PredictPha 324 430 - - 352 - - - 189 - - 82 - - 444 644 489 - 78 - 78 -
Phased - 422 - - 451 - - - 82 - - 82 - - - 489 534 - 78 - 78 -

Table3: Energy consumedin an accessfor differ ent PSAC organizationsand associativities. Sincea PSAC accessmay involveseveral sequential
probes,eachaccesstype in the table hasseveral columnscorrespondingto the differ ent probes.Each column is labeledwith the latency in cycles
(cy) taken to completethe probe.For comparison,wealsoshow an L1 phasedcache.

MCF is from SpecInt2000. We usean increasedversionof the
testinputset.

MP3D is anMP3decoder. Weusempg123version0.59r, which
is the fastestavailable UNIX GPL MP3 decoder. We reproduce
threedifferentsamples,namelyvoice,cd,andhifi.

MP3E is an MP3 encoder. We uselame3.85,which is fastand
widely usedin theMP3community. Weencodetwo differentsam-
ples,namelyvoiceandcd.

TREE is theTreeadd pointer-intensive,recursiveapplicationfrom
theOldensuite.

To estimatethe working setof the applications,Figure2 com-
putesthe missratesof eachapplicationfor several plain L1 data
caches.Thecachesare2-way set-associative. Thefiguredoesnot
show MCF becauseof its high missrate. Fromthefigure,we see
that it is realistic to usea 32 KB L1 in our baselinesystem:L1
capturesmostof theworkingsetof theapplicationsbut thesystem
canstill benefitfrom anL2 cache.
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Figure 2: Application missrates for differ ent data cachesizes.

5. EVALUATION
In this section,we evaluateour SSCandPSAC organizations,

both individually andcombined.As indicatedbefore,we useasa
metric the energy-delay product. In this metric, delay is the exe-
cutiontime of theapplication,andenergy is theenergy consumed
in thedatamemoryhierarchy. Thelatter includestheTLB, theL1
andL2 caches,andthemainmemory. Differentapplicationsspend
adifferentpercentageof theirenergy in thedatamemoryhierarchy.
In our applicationsuite,this percentagerangesfrom 15% to 55%
andis onaverage30%.In all thefigures,theresultsarenormalized
to thoseof thebaselinearchitecturedescribedin Table1.

5.1 SSCAnalysis
Thebenefitof usinga smallcacheis two-fold: fasteraccessand

lower energy consumption.Stackreferenceshave far morespatial
locality than the rest of the datareferences.Therefore,a small

structurefulfills therole of stackcachenicely. In our simulations,
wefind thatthemissratebarelychangesfor stackcachesizeslarger
than2 KB. Moreover, XCACTI showsthatbeyond2 KB, thecache
cannotbe accessedin oneprocessorcycle for 1 GHz. Thus,we
only show datafor stackcachesizesbetween256B and2 KB.

In Figure3, we useour baseline32 KB L1 cacheandwe add
a small stackcachefor stackreferences:eitheran SSCor a plain
write backcache(WB). Weusedifferentstackcachesizesasshown
in the legend. The barsareorderedfrom left to right in the order
of decreasingenergy-delayproducts. The barscorrespondto the
averageof theapplications.
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Figure 3: Delay, energy, and energy-delayproduct of the baseline
systemwith a stack cache. WB stands for plain write back stack
cache.

Figure3 showsthataddingasmallstructureto cachestackrefer-
encesis very energy efficient. Althoughtheperformancedoesnot
improve much,the energy savings rangefrom 17% to 24%. The
resultis amuchreducedenergy-delayproduct.

Our proposedSSCsystemdeliversanenergy-delayproductthat
is always lower than the one deliveredby the WB system. The
differencebecomessmallerastheSSCincreasesin size. Therea-
sonis thatlargercacheshavelowermissratesand,therefore,fewer
write backsandline fills. Overall,if wetry to balanceperformance,
energy, andareacost,we recommendusinga512B SSC.

Figure3 only shows the averageof all the applications.In ap-
plicationswith frequentstackactivity like MP3E, the benefitsof
SSCover plain WB aresignificant. Figure4 repeatsFigure3 for
theMP3Eapplicationonly. We canseethattheSSCsystemdeliv-
ersanenergy-delayproductthatis substantiallylower thantheone
deliveredby the WB system. In no applicationof our suitedoes
thesystemwith SSChave a higherenergy-delayproductthanthe
systemwith WB.

Finally, software optimizationsspecificto stackcachesare an
interestingissuenot applicableto traditionalarchitectures.With a
stackcache(SSCor WB), stackaccessesarefasterandspendless
energy. Wecanexploit thisdifferenceby makingsurethatvariables
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Figure4: Delay, energy, and energy-delayproduct of a systemwith
a stack cachefor the MP3E application.

thatareusedastemporariesinsideasubroutineasdeclaredasauto-
maticinsidethesubroutine.Of course,over-utilizing thestackcan
bebad.Largestructuresallocatedin thestackcanincreasethemiss
rate,negatingthebenefit.In ourapplicationsuite,thetwo MP3ap-
plicationshave structuresthat canbe bigger thanthe stackcache
itself. Wechangedthesestructuresinto staticvariablessothattheir
accessesdo not go to the stackcache.With a 512 B SSCor WB
cache,thesechangesimprove the energy-delayproductby an av-
erageof 19% and14% in MP3D andMP3E, respectively. These
changeshave no impacton thebaselinearchitecture.

5.2 PSAC Analysis
We simulateall thePSAC schemesandalgorithmsdiscussedin

Section3. For clarity, Figure5 only shows themostrepresentative
schemes.It excludesthe schemeswith adaptive replacementand
the2-wayphasedcache.
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Figure 5: Delay, energy, and energy-delayproduct of systemswith
differ ent PSAC organizations.

From Figure5 we canmake several observations. First, 4-way
PSAC structureshave a lower energy-delayproduct than 2-way
onesbecausesmallerstructuresare more energy efficient. Sec-
ond, the phasedcachesuffers from low performance.Thus, de-
spiteits low energy consumption,it hasa poorenergy-delayprod-
uct. Third, Sequential is not asgoodasotherschemes;for 4-way
set-associativesystems,its energy-delayproductis 7% higherthan
PredictPha’s. Finally, PredictPha hasthebestenergy-delayprod-
uct. The differencein energy-delayproductbetweenPredictPha
andthe otheroptimizedschemes(FallBackPha andFallBackReg)
is small.

Not shown in the figure is the impact of adaptivity in the line
replacementalgorithmasdescribedin Section3. Although adap-
tiveschemesalwayshavea lowermissratethantheirnon-adaptive

counterparts,they oftenhave a highermispredictionrate. The re-
sulting energy-delayproductchangeslittle. Consequently, we do
not consideradaptivity further.

5.3 Combination
Figure6 shows theeffect of usinganSSCanda PSAC simulta-

neously. For thePSAC, we usePredictPha with an8 KB bankin
eachway. We vary thenumberof waysfrom 3 to 4. The lastfive
barsin eachgroupaddanSSCof sizerangingfrom 256B to 2 KB.
As usual,thebarsarerelative to thebaselinesystemof Table1.

If wefocusontheenergy-delayproductbars,weseethat,evenif
wehaveaPSAC asourL1, westill wantto addanSSC.Comparing
Figure6 to Figure3, we seethat the energy-delayproductreduc-
tions deliveredby an SSCandby a PSAC arenot fully additive.
However, a systemcombininga PSAC anda 512 B SSCdelivers
the bestbalancebetweenperformance,energy consumption,and
areacost.
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Figure 6: Delay, energy, and energy-delayproduct of systemswith
combinations of SSCand PSAC structur es. For the PSAC, we use
PredictPha with differ ent numbersof ways.The last fivebars in each
group add an SSC.

For designsin which chip real estateis an issue,Figure6 also
showsaninterestingtradeoff. Thefirst threebarsin eachgroupcor-
respondto a3-way24KB PSAC,a4-way32KB PSAC,andacom-
binationof a 3-way 24 KB PSAC anda 512B SSC,respectively.
We can seethat reducingthe PSAC size from 32 KB to 24 KB
(secondandfirst bars)increasesthe energy-delayproductby 7%.
However, addinga 512B SSCto the24 KB PSAC (third bar),not
only makesup for theloss,but actuallyimprovestheenergy-delay
productby 10% over the 32 KB PSAC. Consequently, a smaller
PSAC combinedwith an SSCis a relatively goodsolutionif real
stateis tight.

5.4 Energy Breakdown
Figure7 shows thebreakdown of the total energy consumption

in the datamemoryhierarchy acrossdifferent applications. The
breakdownsareshown for differentL1 organizations:thebaseline,
a 4-way 32 KB PredictPha PSAC, thebaselineplusa 512B SSC,
anda 4-way 32 KB PredictPha PSAC plusa 512B SSC.Theen-
ergy is broken down into main memory, L2, L1 outsidethe SSC,
andSSC.As wecansee,ourPSAC andSSCdesignstargetwhatis
usuallythe largestenergy consumptionchunkin thedatamemory
hierarchy. They reduceit effectively.

6. RELATED WORK
Proposalsfor specialhardwareto handlethetop of thestack,or

evenahardwarestack,arenotuncommon.For example,Ditzel and
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Figure 7: Breakdown of the total energy consumedin the data
memory hierarchy. PSAC is a 4-way 32 KB PredictPha, while Comb
is PSAC plus a 512B SSC.

McLellan[8] proposedusingalargeregisterfile to simulateastack.
However, many of suchdesignsareperformancedriven. Our ap-
proach,instead,is to exploit stackpropertiesfor energy efficiency,
which leadsto differentdesigns.

Perhapsthe designclosestto ours is the circular buffer for the
stackproposedby Lee et al. [16]. The buffer exploits the stack
referencepropertiesdiscussedin Section2 to save line fills and
write backs.Its goalis to improveperformance,ratherthanto do it
in anenergy-efficientmanner, asourSSC.As a result,thebuffer is
very large(8 KB), andincludestwo statusbitsperword. Thelarge
sizeis neededto avoid conflicts. Our SSC,instead,is very small
(512 B), is organizedasa plain cache,andaddstwo pointersthat
performsimple,low-energy operations.

Cho et al. proposeda plain stackcachefor high-performance
processors[6, 7]. The stackcacheis accessedby an additional
load/storeunit to simplify coherencebetweenmultiple load/store
units. They did not evaluatetheir designfor energy-efficiency.
Later, Lee and Tyson proved that sucha designis good for low
energy-delayproductin embeddedprocessors[17]. We show that
anSSChasa lower energy-delayproductthana plain stackcache.
Furthermore,our analysissuggeststhatfor high-frequency proces-
sors,a smallSSC(512B) is themostdesirabledesign.

SeveralPSAC designshave beenproposedwhich canbeimple-
mentedasasetof smaller, independently-probedcaches.They dif-
fer in thealgorithmsusedfor way selectionandline replacement.
Many of theproposalsarefor 2-way PSAC systems,includingthe
HashRehash[1], Column Associative [2], Predictive Sequential
Associative [4], andMIPS R10000[19] caches.

The PSAC schemeswith higherassociativity tendto useMRU
informationin the target setto selecttheorderto probetheways.
For example,Kessleret al. sequentiallyprobethewaysfrom MRU
to LRU [13]. The Way-PredictingSet-Associative cacheprobes
theMRU wayfirst, andthentheremainingwaysin parallel[11]. A
similarapproachis usedby Changet al. [5]. UsingMRU informa-
tion necessarilyintroducesa serializationstepright afterwe know
theaddressto loador store.

All the mentionedproposalsexcept [11] areevaluatedfor per-
formance.Thesystemin [11] is evaluatedfor energy-delayprod-
uctusinga simplisticmodel.In otherrelatedwork, Kim et al. [14]
calculatethe energy consumedby several 2-way PSAC systems,
which they call Multiple-Access Caches.

Ourwork in thispaperdiffersin severalways.First,wefocuson
PSAC systemswith associativity higherthan2. Secondly, we pro-
posetwo new PSAC systemsbasedon the phasedcache.Finally,

we evaluatemany schemesundertheenergy-delayproductmetric
usinga verydetailedmodelbasedon anextensionto CACTI.

7. CONCLUSIONS
This paperpresenteda designfor a high-performance,energy-

efficientL1 datacache.Thecachecombinednew designsof astack
cacheanda PSAC. Overall, we recommendan L1 designwith a
small SSCanda 4-way PSAC. Relative to a conventional2-way
32 KB datacache,a 512 B SSCwith a 4-way 32 KB PredictPha
PSAC reducedtheenergy-delayproductof our applicationsby an
averageof 44%. Furthermore,in an area-constraineddesign,we
recommendto usea smallerPSAC andstill keepthe small SSC.
For example,we canusea 3-way24 KB PSAC with a 512B SSC.
Finally, we found that changesin the line replacementalgorithm
to ignorethepredictionschemeandnot replaceMRU lineshave a
negligible impacton theenergy-delayproduct.
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