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ABSTRACT

The L1 datacacheis a time-critical moduleand, at the sametime,

a major consumenf enegy. To reduceits enegy-delayproduct,
we applytwo principlesof low-powerdesign:specializepartof the

cachestructureandbreakthe cachedown into smallercaches.To

this end,we proposea new L1 datacachestructurethatcombines
a SpecializedStack Cache(SSC) and a PseudoSet-Associatie

Cache(PSAC). Individually, our SSCand PSAC designshave a

lower enegy-delay productthan previously-proposedelatedde-

signs.In addition,their combinecoperations very effective. Rela-
tiveto aconventional2-way 32 KB datacache adesigncontaining
a4-way 32 KB PSAC anda 512 B SSCreduceghe enegy-delay
productof severalapplicationsby anaverageof 44%.

1. INTRODUCTION

Continuoudechnicaldwancesarefuelingthetrendtowardmore
sophisticatedand powerful chip designs.Unfortunately they also
lead to increasedenegy consumption. Currently chips have a
higher power densitythana hot plate; if the currenttrend holds,
before2010they will have apower densitycloseto anuclearreac-
tor [9].

Reducingthe enegy consumptiornof processorchipsis not an
easytask. No singlemodulein the processois solely responsible
for mostof the enegy consumption.Rather enegy consumption
is spreadacrosdifferentmodules,including for examplethe data
cache,instructioncache,clock, branchpredictor and instruction
window. In this paper we focuson enepgy-efiicient designgor the
L1 datacache.

It is well known that smaller cachesconsumelessenegy per
accessandarefaster Consequentlya potentiallyenegy-eficient
designfor L1 is to partition the L1 cacheinto several, smaller
cachesthat can be probedindependently One cacheorganiza-
tion thatcanusethis approachs the Pseudo Set-Associative Cache
(PSAC). A PSAC is a set-associate cachethathasmorethanone
hittime[1, 2,4,5,11,13,19]. Recenexamplesof PSAC organiza-
tionsthatusecachepartitioningarethe Predictve Sequentiahsso-
ciativecachd4] andtheWay-PredictingSet-Associatie cachq11].

Anotherapproachtowardsenengy efficiengy is to specializethe
cacheto handlecertaintypesof referencegarticularly well. If
thesereferencesre frequent,specializationcan significantly im-
prove both the performanceandthe enegy savings of the cache.
One proposedtype of specializationis the stack cache[7, 16],
which is designedo handlestackaccessesStackcachescanbe
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effective becausestackaccesseare numerousand have a typical
behaior thatcanbe exploited.

In this paperwe proposeanL1 datacachedesignthatcombines
newv PSAC andstackcachedesigns.The new stackcache which
we call Specialized Sack Cache (SC), is a small cachewith two
pointers. Using an algorithm that is not time critical, the hard-
wareuseghesepointersto reduceunnecessaryrrite backsandline
fetches. The new PSAC schemesre basedon the conceptof the
Phased cache[10], wherebya cacheaccesdirst activatesthe tag
arraybeforetrying to accesshedataarray

Our completeL1 datacachedesignis shawvn in Figure 1. In-
dividually, our PSAC and SSCdesignshave a lower enegy-delay
productthanpreviously-proposedelateddesignsin addition,their
combinedoperationis very effective. If, insteadof a corventional
2-way 32 KB datacache we useoneof our 4-way 32 KB PSAC
andour512B SSC,wereducethe enegy-delayproductof several
applicationsdby anaverageof 44%.
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Figure 1: ProposedL1 data cacheorganization.

The paperis organizedasfollows: Section2 describe®our SSC;
Section3 describesour new PSAC organizations;Section4 de-
scribesthe setupthat we useto evaluatethe caches;Section5
presentshe evaluation;andSection6 discusseselatedwork.

2. SPECIALIZED STACK CACHE

Stackvariablestendto have two interestingproperties:

1. It is easyto identify when a variable is dead. A vari-
ablethatresidesin the stackcanbe live only aslong asit
is belov the Top-Of-Stack(TOS) pointer Oncethe TOS s
lowered pastthe variable,the variable effectively becomes
dead. This knowledgecanbe leveragedo reduceunneces-
sarywrite backs.

2. It is easyto track whether or not a variable is initialized.
Thetypically smallsizeof the stackmalkesit feasibleto add
simplehardwaresupportto boundtherangeof memorylines
thathave not beendisplacedrom thecache. Thisknowledge
canbe usedon a write cachemiss. If the write misseson a
line whoseaddresss insidethis range,it is guaranteedhat
the line hasnot beeninitialized yet. As a result, the write
miss canbe servicedby simply allocatingan emptyline in
the cachewithoutfetchingtheline from L2 or memory



Thesetwo propertieshave beenusedby Leeet al. [16] to reduce
unnecessarwrite backsandline fetches.They have proposedpe-
cialized microarchitecturdor the stack. Their designis an 8 KB
circularbuffer (Section6).

However, if enegy efficiengy is a majorgoal, a differentdesign
is calledfor. Insteadof a large circular buffer, we would like a
cachefor stackreferenceghatboth is small and hasonly simple
extensionsover a corventionalcachedesign. Our solutionto this
problemis whatwe call the SpecializedStackCache(SSC).

The SSCis connectedn parallelto therestof theL1 datacache
asshowvn in Figurel. It recevesall the stackreferencesssuedoy
the processar It hastwo registers,namelythe TOS andthe Safe
Region Bottom (SRB) registers. The TOS containsthe addressof
the top of the stack. It is usedto reduceunnecessarwrite backs.
Specifically ary line above the TOSis deadand,therefore,|f it is
displacedrom thecachejt doesnotneedto bewritten backto L2.

The SRB is usedin combinationwith the TOS to reduceun-
necessaryine fetches. We wantto setthe SRB suchthatwe can
guarante¢hatno usefuldatain therangeof addressebetweerthe
TOSandthe SRBhasbeendisplacedrom the SSC.Cachdinesin
thisrangeof addressesancontaineitherinitialized or uninitialized
data.A stackcachewrite missin thisrangeof addressesieanghat
the correspondingnemoryline is uninitialized. As a result,there
is no needto fetchtheline from L2 or memory

To guaranteg¢heseconditions,the SRBis setasfollows. When
aprocesss scheduledye setthe SRBto the TOS. As the process
runs,theTOSmaymovebelow or abovethe SRB.If it movesbelow
(leaving the SRB outsidethe stack),we resetthe SRBto the TOS.
If it movesabove, we do not changethe SRB. However, if a dirty
line betweernthe TOS andthe SRB addressegetsdisplacedrom
the SSC,we setthe SRB to point to the displacedaddressplus
one memoryline closerto the TOS. Note that sucha displaced
dirty line mayor may not containlive variables but we have to be
conserative andassumehatit does. If, instead,a non-dirty line
betweenthe TOS andthe SRB is silently displaced,no actionis
takenbecausét containeduninitializeddata. With this support,it
is guaranteedhatno usefuldatain therangeof addressebetween
theTOSandthe SRBhasbeendisplacedrom the SSCcache.

Fortunately checkingthe TOS or SRB registersoccursoff the
critical path,andupdatingthemoccursinfrequently Specifically
checkingmostly occurson write missesandon dirty line displace-
ments:onawrite miss,the SRBis checledto seeif aline fetchcan
beavoided;onadirty displacementhe TOSandSRBarechecled
to seeif aline write backcanbe avoidedandif the SRB needsto
be updated.On a TOS move, the SRBs alsochecledto seeif it
needgo move.

Updatesmay occurin the following cases. The SRB may be
updatedn adirty line displacementBoth the TOS and SRB may
beupdatednastackpointermove. Finally, they arebothsetto the
top of the stackwhena procesgetsscheduled.

Finally, for this systento work, we alsoneedtwo othersupports.
Thefirst oneis to keepthe SSCvirtually tagged.If we taggedthe
SSCwith physical addressesstackaddressesould becomenon-
contiguouswhichwould complicateaddressomparisonsvith the
TOSandSRB.Fortunatelyusingavirtually-taggedSSCalsosares
enepy becausaddresdranslationis eliminated.

Thesecondsupports to ensurehatall stackreferencegoto the
SSC.If someof themwentto therestof L1, our algorithmwould
not work properly Consequentlywe needto detectstackrefer
ences.A goodway to do so hasbeenproposedby Bekermanet
al. [3]. In the decodestageinstructionsthat usethe stackpointer
areidentified. Their accessearelaterforwardedto the SSC.Since
not all the stackaccessesisethe stackpointer a snoopingmech-

anismis usedto redirectthe remainingstackaccesses the SSC.
With this solution, only the accessesedirectedby the snooping
mechanismto the SSCrequire one additional cycle. According
to[3], only 1.2%o0f theaccesseneedary redirection.

Overall, theresultingSSCis very enepy efficient: bothunneces-
sarywrite backsandunnecessarlne fetchesarereducedthe SSC
canbequitesmall,andit is virtually tagged.

3. PSEUDOSET-ASSOCIATIVE CACHE

Pseuddet-Associatie CachegPSAC) areset-associate caches
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 suchdesignsprobingone of thesesmall cachess likely to be
fasterandlessenegy-consuminghanaccessingcorventionalset-
associatie cache Recenexamplesof PSAC designghatarebased
on multiple smallercachesarethe Predictve SequentialAssocia-
tive cache[4] andthe Way-PredictingSet-Associatie cache[11].
In theseschemespn an accessa prediction mechanismselects
which way to probe. If the probehits, the accesss satisfiedwith
high speedandlow enegy consumption Otherwise further prob-
ing is necessary

To predictwhich way to probefirst, recentPSAC schemesise
a steeringtable[4]. Thetableis a small cachewhereeachentry
hasa pointerto the predictedway in the set. The tableis indexed
with somepredictionsource. Examplesof predictionsourcesare
the addresf theload or storeinstructioninducingthe accessor
thenumberof the baseregisterusedby theinstruction[4].

If thefirst probemissesdifferentpoliciesarepossible.Oneap-
proachis to sequentiallyprobeall the remainingways until the
datais found or anL1 missis declared13]. We call this scheme
Sequential. A secondpolicy, usedin the Way PredictingSetAs-
sociative cache[11], is to simultaneoushyprobeall the remaining
ways. We call this schemedrall Back Regular (FallBackReg), since
“it falls backto aregular” associatie cache. Overall, Sequential
tendsto be slow andconsere enegy while FallBackReg tendsto
befastandenegy-consuming.

To obtain a better balancebetweenenegy and overall speed,
we proposetwo nev PSAC schemes. Theseschemesare based
ontheconcepbf the Phased cachg10]. Thephasedaches aset-
associatie cachewherean accesdirst actvatesall thetag arrays.
If thereis amatch,only the dataarrayin the correctway is subse-
quentlyactivated. Consequentlyrelative to a corventionalcache,
thephasedcachesavesenegy atthe costof extradelay

Thefirst PSAC schemeéhatwe proposes calledFall Back Phased
(FallBackPha). In this schemethefirst probeactivatesa predicted
way (tag anddataarray). If it missesthe cacheactslike a phased
cache:in the secondattempt,all the remainingtag arraysareacti-
vatedand,if amatchis detectedthedataarrayin thecorrectwayis
subsequentlactivated.Overall, this schemdavorsenegy savings
attheexpenseof speed.

The secondPSAC schemethat we proposeis called Predictive
Phased (PredictPha). In this schemethe first probeactivatesall
the tag arraysandthe dataarray of the predictedway. If the pre-
diction is incorrect,at leastwe know which way (if ary) hasthe
correctdata.In this casethedataarrayof the correctway is subse-
guentlyaccessedOverall, this schemdavors speedat the expense
of enegy consumptionNote, however, thatthis schemecanusea
unifiedtagarraystructurefor thewhole PSAC, which canlikely be
designedo be moreenepgy-efiicientthanseparatéagarrays.

The proposed®SAC schemesanusedifferentalgorithmsto in-
dex thesteeringableandto selectaline for replacemenbnamiss.
Dueto lack of space pur evaluationsection(Section5) only con-



sidersa smallsubsebf the designspace . Specifically to index the
steetingtable, we usethe addresof the load or storeinstruction.
Suchinformationis availablevery early in the pipeline. It canbe
shavn that this schemeis as accuratefor our applicationsasthe
morecomplicatedschemesén [4].

Initially, the tableis loadedwith pointersrandomlypointing to
the differentwayswith a uniform distribution. In a moresophisti-
cateddesign,the compilercould analyzethe programandprovide
heuristicgto initialize the table. However, thisis beyondthe scope
of this paper

For the line replacementlgorithm, we examinetwo choices.
Oneapproachis to alwaysload the line into the way selectecby
the steeringtable. This schemds not very flexible andmay cause
cacheconflicts. To alleviatethis problem we alsoexamineanadap-
tiveschemeTheschemaisesMRU bitsin eachsetof thePSAC. In
thisschemeatline fill time, if thepredictedway happengo bethe
MRU way, we insteadoadtheline into anotherrandomlyselected
way and updatethe table entry accordingly While this approach
may inducea highernumberof mispredictionsit mayalsoreduce
themissrate. This approachis calledAdaptive. Notethat,sincewe
aretargettinghigh-associatie PSAC systems|.RU informationis
unavailable.

4. EXPERIMENT AL SETUP

To evaluateour cachedesigns we usedetailedsoftware simu-
lations at the architecturallevel. The simulationsare performed
usinga MINT-basedexecution-drven simulationsystem[15] that
modelsout-of-ordermprocessors.

4.1 Architecture

The baselinearchitecturds an out-of-orderprocessomwith two
levels of cache. The architecturdooselymodelsa MIPS R10000
processarTablel liststheparameterasedn thesimulation.While
the lateny numbersin the table correspondo an unloadedma-
chine,we modelcontentionin thewhole system.For the processor
chip,we assume.18 um technology

[[ Processor [ Caches [ Bus& Memory I
Freq:1 GHz L1 size:32KB Bus: split transaction
Issuewidth: 4 L1 OC,RT: 1,3ns Mem: 1-channeRamius
Dynissue:yes L1 assoc2 Buswidth: 16 bits
I-window size:96 L1line: 32B DRAM bandwidth:2 GB/s

Ld/Stunits: 1
Int,FPunits: 2,2
PendingLd,St: 8,8
BR penalty:4 cyc

L2 size:512KB
L2 OC,RT: 4,12ns
L2 assoc8

L2 line: 32B

MemRT: 81ns

Table 1: Baselineconfiguration. BR, OC, and RT stand for branch,
occupancy and round trip from the processorrespectvely.

4.2 Energy

To evaluatethe differentcacheorganizationsunderdifferentap-
plications,we usethe energy-delay product metric. For all cache
configurationsye calculatdatenciesandenepiesfor readsyrites,
line fills, write backs,and cachemissesusingan extensionof the
CACTI tool [18] thatwe developedcalledXCACTI. XCACTI scales
down the technologyparameterso match0.18 um technology It
alsosearchefor configurationsvith thelowestenegy-delayprod-
uct,delay or enegy. Thesearchcanbeoptimizedbasedn several
timing constraintsthe expectedratio of numberof loadsto stores,
andthe cachemissrate. Basedon our obsenationsof our appli-
cations,we optimizethe L1 andL2 cacheorganizationsfor 25%
of writes, while the stackcachesare optimizedfor 50% of writes.

Becauseve areevaluatingenepgy-efiicient designsye uselatched
sensamplifiersinsteadf theonesfrom Wadain CACTI [18]. The
tool alsoincludesa phasedtachemodel.

Table 2 shows the enegy consumedn a cacheaccesgor dif-
ferent stackcachesand for the baselineL1 andL2 caches. The
baselind_2 cacheis aphasedtache. Thenumbersncludeonly the
enegy consumedn the correspondingachestructure,andnotin
busesor buffers outsidethe cache. The table shaws the caseof a
readhit, write hit, readmiss,andwrite miss.

Enegy PerAccesypJ)
AccessType Direct-MappedstackCache [ 2-Way 8-Way
2568 | 512B | 1KB | 2KB || 32KBL1 | 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 different stack
cachesand for the baselineL1 and L2 caches.

Table 3 shavs the enegy consumedn a cacheaccesdor dif-
ferentPSAC organizationsandassociatiities. As usual,the num-
bersincludeonly theenegy consumedn the correspondingache
structure andareorganizedaccordingto thetype of accessSince
anaccessnay involve several sequentiaprobes,eachaccesgsype
in thetablehasseveralcolumnscorrespondingpo thedifferentprobes.
Eachcolumnis labeledwith the lateng in cyclestakento com-
pletethe correspondingrobe. For comparisonwe alsoshav an
L1 phaseccache.In all the cachesa write checksthetagfirst and
doesnot accesghe dataarray until a hit is detected.This phased
write architecturesavzes enegy with minimal performancedegra-
dation.

TheTLB is modeledafterthe TLB of the MIPS R10000proces-
sor It uses40-bit physical addresseshas64 entries,andis fully
associatie. The bestpossibleXCACTI configurationrequiresl41
pJ perread. Its accesdime is shortenoughfor the fastestcaches
considered.

Thesteeringablehas1024entries.For a4-way PSAC, thetotal
sizeis 2 Kbits. This structurespend<$9 pJperread.For our appli-
cations,it canbe shavn thatthe enegy spentreadingthetableis
on averageabout4% of the enegy spentin instructionfetchingin
thebaselineconfiguration.

We modela 1-channelRamhus memorysystem. Intel expects
that sucha systemwill consumeabout1.2 W [12]. For a single
channelt full bandwidth we assumehateachcachéine fill con-
sumes48000pJ.

4.3 Applications

For our experimentsye useamix of multimedia,Specintmem-
ory intensive, andpointerintensive applications We compilethem
with IRIX MIPS 7.3with -O2. Eachapplicationgenerateseveral
millions of datareferences.

The applicationsare asfollows. BLAST is a protein matching
application. The algorithmtriesto matchan aminoacid sequence
sampleagpinstalarge databasef proteins.

BSOM is aneuralnetwork thatclassifiesdata.lt usesonly fixed-
pointarithmetic.

CRAFTY is from SpecInt2000. We usea datasetwith areduced
searchdepththat producesaboutthe samedatacache,instruction
cacheandTLB missratesasthereferenceset.

GZIP is from SpecInt2000. We usea reduceddatasetthatgen-
eratesaboutthe samedatacache jnstructioncache and TLB miss
ratesasthereferenceset.



Enegy PerAccess(pJ)
PSAC 4-Way 32KB PSAC 2-Way 32 KB PSAC
Organization ReadHit [ Write Hit [ ReadMiss [  Write Miss ReadHit | Write Hit | ReadMiss | Write Miss
2cy 4y 60/ 8y |4y 6y 8y 10y [2cy 4y 8y |2y 4y 8y [[2y 4oy |4y 60 [2¢y 4y [ 2y 4oy
|| Sequential 288 442 596 750| 317 364 411 458 | - - 616| - - 188][ 427 688] 472 533 - 522 - 122
FallBackRe || 288 750 - - | 317 458 - - 616 - 188 SameasSequential
[| FallBackPhal|| 288 - 536 - | 317 - 458 - - 295 - 188 Not Interesting
PredictPha || 324 430 - - | 362 - - - 189 82 - - 444 6447489 - [ 78 - [ 78
Phased - 422 - - [ 451 - - - 82 82 - - - 489|534 [78 - 178

Table 3: Energy consumedin an accessgor differ ent PSAC organizationsand associatvities. Sincea PSAC accessnay involve several sequential
probes,eachaccesgype in the table hasseveral columnscorrespondingto the differ ent probes.Each column is labeledwith the latency in cycles
(cy) takento completethe probe. For comparison,we alsoshow an L1 phasedcache.

MCEF is from SpecInt2000. We useanincreasedrersionof the
testinputset.

MP3D is anMP3 decoderWe usempg123version0.59t, which
is the fastestavailable UNIX GPL MP3 decoder We reproduce
threedifferentsamplespamelyvoice,cd, andhifi.

MP3E is an MP3 encoder We uselame3.85which is fastand
widely usedin the MP3 community We encoddwo differentsam-
ples,namelyvoiceandcd.

TREE is the Treeadd pointerintensve,recursve applicationfrom
the Oldensuite.

To estimatethe working setof the applications Figure2 com-
putesthe missratesof eachapplicationfor several plain L1 data
caches.The cachesare 2-way set-associate. Thefigure doesnot
shav MCF becausef its high missrate. Fromthefigure, we see
thatit is realisticto usea 32 KB L1 in our baselinesystem: L1
capturesnostof theworking setof theapplicationsbut the system
canstill benefitfrom anL2 cache.

‘—O—BLAST —®—BSOM —&—CRAFTY —»—GZIP ——MP3D ——MP3E —S—TREEl

8%

6%

Miss rate
]
3

2%

0%

8KB 16KB 32KB
Data cache size

Figure 2: Application missratesfor differ ent data cachesizes.

5. EVALUATION

In this section,we evaluateour SSCand PSAC organizations,
bothindividually andcombined.As indicatedbefore,we useasa
metric the energy-delay product. In this metric, delay is the exe-
cutiontime of the application,andenergy is the enegy consumed
in the datamemoryhierarcly. Thelatterincludesthe TLB, theL1
andL?2 cachesandthemainmemory Differentapplicationspend
adifferentpercentagef theirenegy in thedatamemoryhierarcly.
In our applicationsuite, this percentageangesfrom 15%to 55%
andis onaverage30%. In all thefigures theresultsarenormalized
to thoseof thebaselinearchitecturedescribedn Tablel.

5.1 SSCAnalysis

Thebenefitof usinga smallcacheis two-fold: fasteraccesand
lower enegy consumption.Stackreferencesiave far morespatial
locality thanthe rest of the datareferences. Therefore,a small

structurefulfills the role of stackcachenicely. In our simulations,
wefind thatthemissratebarelychangegor stackcachesizedarger
than2 KB. Moreover, XCACTI shawvsthatbeyond2 KB, thecache
cannotbe accessedh one processorycle for 1 GHz. Thus,we
only shav datafor stackcachesizesbetweer?56 B and2 KB.

In Figure 3, we useour baseline32 KB L1 cacheandwe add
a small stackcachefor stackreferenceseitheran SSCor a plain
write backcachg(WB). We usedifferentstackcachesizesasshovn
in the legend. The barsareorderedfrom left to right in the order
of decreasingnegy-delayproducts. The barscorrespondo the
averageof theapplications.

OwB256B
@ SSC256B
BWB512B
OWB2KB
BWB1KB
SSC512B
O SSC2KB
B SSC1KB

Delay Energy

Figure 3: Delay, energy, and energy-delay product of the baseline
systemwith a stack cache. WB standsfor plain write back stack
cache.

Figure3 shavsthataddinga smallstructureto cachestackrefer
encesds very enepy efficient. Althoughthe performancedoesnot
improve much,the enegy savings rangefrom 17%to 24%. The
resultis amuchreducecenegy-delayproduct.

Our proposedSSCsystemdeliversanenegy-delayproductthat
is always lower thanthe one deliveredby the WB system. The
differencebecomesmallerasthe SSCincreasesn size. Therea-
sonis thatlargercacheshave lower missratesand,therefore fewer
write backsandline fills. Overall,if wetry to balanceperformance,
enepgy, andareacost,we recommendisinga512B SSC.

Figure 3 only shavs the averageof all the applications.In ap-
plicationswith frequentstackactvity like MP3E, the benefitsof
SSCover plain WB aresignificant. Figure 4 repeatd-igure 3 for
the MP3E applicationonly. We canseethatthe SSCsystemdeliv-
ersanenepgy-delayproductthatis substantialljower thantheone
deliveredby the WB system. In no applicationof our suite does
the systemwith SSChave a higherenegy-delayproductthanthe
systemwith WB.

Finally, software optimizationsspecificto stackcachesare an
interestingissuenot applicableto traditionalarchitecturesWith a
stackcache(SSCor WB), stackaccessearefasterandspendess
enepgy. We canexploit thisdifferenceby makingsurethatvariables
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Figure 4: Delay, energy, and energy-delayproduct of a systemwith
a stack cachefor the MP3E application.

thatareusedastemporariesnsidea subroutineasdeclaredasauto-
maticinsidethe subroutine Of course pver-utilizing the stackcan
bebad.Largestructuresllocatedn thestackcanincreasehemiss
rate,negatingthebenefit.In ourapplicationsuite,thetwo MP3 ap-
plicationshave structureghat canbe biggerthanthe stackcache
itself. We changedhesestructuresnto staticvariablessothattheir
accessedo not go to the stackcache. With a512B SSCor WB

cache thesechangesmprove the enegy-delayproductby an av-

erageof 19% and14%in MP3D and MP3E, respectiely. These
changesiave noimpacton the baselinearchitecture.

5.2 PSAC Analysis

We simulateall the PSAC schemesndalgorithmsdiscussedn
Section3. For clarity, Figure5 only shavs the mostrepresentatie
schemes.lt excludesthe schemesith adaptve replacemenand
the2-way phasectache.

|1.05

.99

§ O4-way Phased

3, I 2-way Sequential

= o B 2-way PredictPha
> B 4-way Sequential

B 4-way FallBackReg

O4-way FallBackPha

4-way PredictPha

075 — | B

0.5

Delay Energy E*D

Figure 5: Delay, energy, and energy-delay product of systemswith
different PSAC organizations.

From Figure5 we canmale several obsenations. First, 4-way
PSAC structureshave a lower enegy-delay productthan 2-way
onesbecausesmaller structuresare more enegy efficient. Sec-
ond, the phasedcachesuffers from low performance. Thus, de-
spiteits low enegy consumptionijt hasa poorenegy-delayprod-
uct. Third, Sequential is not asgoodasotherschemesfor 4-way
set-associate systemsits enegy-delayproductis 7% higherthan
PredictPha’s. Finally, PredictPha hasthe bestenegy-delayprod-
uct. The differencein enegy-delayproductbetweenPredictPha
andthe otheroptimizedschemegFallBackPha and FallBackReg)
is small.

Not shavn in the figure is the impactof adaptvity in the line
replacemenglgorithmasdescribedn Section3. Although adap-
tive schemeslwayshave alower missratethantheir non-adaptie

counterpartsthey often have a highermispredictionrate. There-
sulting enegy-delayproductchangedittle. Consequentlywe do
not consideradaptvity further.

5.3 Combination

Figure6 shaws the effect of usingan SSCanda PSAC simulta-
neously For the PSAC, we usePredictPha with an8 KB bankin
eachway. We vary the numberof waysfrom 3 to 4. Thelastfive
barsin eachgroupaddan SSCof sizerangingfrom 256B to 2 KB.
As usual the barsarerelative to the baselinesystemof Table1l.

If wefocusontheenegy-delayproductbars,we seethat,evenif
wehaveaPSAC asourL1, we still wantto addanSSC.Comparing
Figure6 to Figure 3, we seethatthe enegy-delayproductreduc-
tions deliveredby an SSCandby a PSAC arenot fully additive.
However, a systemcombininga PSAC anda 512 B SSCdelivers
the bestbalancebetweenperformanceenegy consumptionand
areacost.

3-way PredictPha
B4-way PredictPha
3-way PredictPha + SSC512B [

O4-way PredictPha + SSC256B
W 4-way PredictPha + SSC512B
O4-way PredictPha + SSC2KB
M 4-way PredictPha + SSC1KB

0.8 1

0.6 1

0.4

Delay Energy E*D

Figure 6: Delay, energy, and energy-delay product of systemswith
combinations of SSCand PSAC structures. For the PSAC, we use
PredictPha with different numbersof ways. The lastfivebarsin each
group add an SSC.

For designsin which chip real estateis anissue,Figure6 also
shavsaninterestingradeof. Thefirstthreebarsin eachgroupcor-
respondo a3-way24KB PSAC, a4-way32KB PSAC,andacom-
binationof a 3-way 24 KB PSAC anda 512 B SSC,respectiely.
We can seethat reducingthe PSAC size from 32 KB to 24 KB
(secondandfirst bars)increaseghe enegy-delayproductby 7%.
However, addinga512B SSCto the 24 KB PSAC (third bar), not
only makesup for theloss,but actuallyimprovesthe enegy-delay
productby 10% over the 32 KB PSAC. Consequentlya smaller
PSAC combinedwith an SSCis a relatively goodsolutionif real
stateis tight.

5.4 Energy Breakdown

Figure 7 shavs the breakdevn of the total enegy consumption
in the datamemoryhierarcly acrossdifferentapplications. The
breakdevnsareshown for differentL1 organizationsthebaseline,
a4-way 32 KB PredictPha PSAC, thebaselingplusa’512B SSC,
anda 4-way 32 KB PredictPha PSAC plusa512B SSC.Theen-
emy is broken down into main memory L2, L1 outsidethe SSC,
andSSC.As we cansee our PSAC andSSCdesigndamgetwhatis
usuallythe largestenegy consumptiorchunkin the datamemory
hierarcly. They reduceit effectively.

6. RELATED WORK

Proposaldor specialhardwareto handlethetop of the stack,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 a512B SSC.

McLellan[8] proposedisingalargeregisterfile to simulatea stack.
However, mary of suchdesignsare performancedriven. Our ap-
proach,insteadjs to exploit stackpropertiesor enegy efficiency,
which leadsto differentdesigns.

Perhapghe designclosestto oursis the circular buffer for the
stackproposedby Lee et al. [16]. The buffer exploits the stack
referencepropertiesdiscussedn Section2 to save line fills and
write backs.Its goalis to improve performancetatherthanto doit
in anenegy-efiicientmannerasour SSC.As aresult,the buffer is
very large (8 KB), andincludestwo statusbits perword. Thelarge
sizeis neededo avoid conflicts. Our SSC,instead,is very small
(512B), is organizedasa plain cache,andaddstwo pointersthat
performsimple,low-enegy operations.

Choet al. proposeda plain stackcachefor high-performance
processorg6, 7]. The stackcacheis accessedy an additional
load/storeunit to simplify coherencébetweenmultiple load/store
units. They did not evaluatetheir designfor enegy-efficiengy.
Later, Lee and Tyson proved that sucha designis good for low
enepgy-delayproductin embeddegrocessor$l7]. We shav that
anSSChasa lower enegy-delayproductthana plain stackcache.
Furthermorepur analysissuggestshatfor high-frequeng proces-
sors,asmallSSC(512B) is themostdesirabledesign.

Several PSAC designshave beenproposedvhich canbeimple-
mentedasa setof smaller independently-probecachesThey dif-
fer in the algorithmsusedfor way selectionandline replacement.
Marny of the proposalsaarefor 2-way PSAC systemsincludingthe
HashRehash[1], Column Associatve [2], Predictve Sequential
Associatve [4], andMIPS R10000[19] caches.

The PSAC schemeswith higherassociatiity tendto useMRU
informationin thetamget setto selectthe orderto probethe ways.
For example Kesslert al. sequentiallyprobethewaysfrom MRU
to LRU [13]. The Way-PredictingSet-Associatie cacheprobes
the MRU way first, andthentheremainingwaysin parallel[11]. A
similar approachs usedby Changet al. [5]. UsingMRU informa-
tion necessarilyntroducesa serializationstepright afterwe know
theaddresdo loador store.

All the mentionedproposalsexcept[11] are evaluatedfor per
formance.The systemin [11] is evaluatedfor enegy-delayprod-
uctusinga simplisticmodel.In otherrelatedwork, Kim et al. [14]
calculatethe enegy consumeddy several 2-way PSAC systems,
which they call Multiple-Access Caches.

Ourwork in this paperdiffersin severalways. First, we focuson
PSAC systemswith associatiity higherthan2. Secondlywe pro-
posetwo new PSAC systemshasedon the phasedcache. Finally,

we evaluatemary schemesinderthe enegy-delayproductmetric
usingavery detailedmodelbasedn anextensionto CACTI.

7. CONCLUSIONS

This paperpresented designfor a high-performancegnegy-
efficientL1 datacache.Thecachecombinedchew designf astack
cacheanda PSAC. Overall, we recommendan L1 designwith a
small SSCanda 4-way PSAC. Relative to a corventional2-way
32 KB datacache,a512B SSCwith a 4-way 32 KB PredictPha
PSAC reducedhe enegy-delayproductof our applicationsby an
averageof 44%. Furthermorejn an area-constrainedesign,we
recommendo usea smallerPSAC andstill keepthe small SSC.
For example,we canusea 3-way 24 KB PSAC with a512B SSC.
Finally, we found that changesn the line replacemenalgorithm
to ignorethe predictionschemeandnot replaceMRU lineshave a
negligible impacton the enegy-delayproduct.
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