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Abstract

Increasinglevels of microprocessorpower dissipation
call for new approachesat thearchitectural level that save
energy by bettermatching of on-chip resourcesto applica-
tion requirements.Selectivecachewaysprovidestheability
to disablea subsetof the waysin a setassociativecache
duringperiodsof modestcacheactivity, whilethefull cache
mayremainoperational for more cache-intensiveperiods.
Becausethis approach leveragesthesubarray partitioning
that is alreadypresentfor performancereasons,onlyminor
changesto a conventionalcache are required, and there-
fore, full-speedcache operation can be maintained. Fur-
thermore, the tradeoff betweenperformanceand energy is
flexible, and can be dynamicallytailored to meetchang-
ing applicationandmachineenvironmentalconditions.We
showthat tradingoff a smallperformancedegradationfor
energysavingscanproducea significantreductionin cache
energydissipationusingthisapproach.

1. Introduction

Continuingadvancesin semiconductortechnologyhave
fueleddramaticperformancegainsfor general-purposemi-
croprocessors.Theseimprovementsareduebothto increas-
ing clockratesaswell asto theadditionalhardwaresupport
that canbe provided for exploiting instruction-level paral-
lelismandmemorylocality. However, anegativebyproduct
hasbeena significantincreasein power dissipation,dueto
the fact that the dynamicpower (which, at leastcurrently,
is thedominantcontributor to power consumptionin high-
speedCMOS circuits) is proportionalto both clock fre-
quency andto the switchingcapacitance,which increases
asmorefunctionality is added.Thus,despiteherculeanat-
temptsto reducevoltagesanddesignlower power circuits,
power dissipationlevels have steadilyincreasedwith each
new microprocessorgeneration.

Table1 summarizesthe characteristicsof four genera-

tions of Alpha microprocessors.In the six yearsseparat-
ing the first (21064)andmostrecent(21264)generations,
power dissipationhasdoubledfrom 30W to 60W, despite
thefactthattheenergyper transition(calculatedin thelast
columnby dividing thepower dissipationby theclock fre-
quency [9]) hasdeclinedduring this period. Thus, rapid
increasesin both clock frequency and chip functionality
(andthusswitchingcapacitance)areoutpacingcircuit de-
sign attemptsto keeppower dissipationto reasonablelev-
els. Power projectionsfor the next implementationof the
Alphaline (21364[5]) indicatethatthis trendis expectedto
continue.Similarly, while theUltraSparcI microprocessor
[24] dissipated28W at 167MHz,theUltraSparcIII design
[14] is estimatedto dissipate70W at 600MHz,despitethe
factthattheenergypertransitionis comparablein bothgen-
erations.

Becauseof the inability of circuit-level techniquesto
singlehandedlykeeppower dissipationto reasonablelev-
els, therehasbeenincreasinginterestin architecturalap-
proachesthat reducethe switchingcapacitive power com-
ponent. Thesetechniquesimprove energy dissipationby
reducingthenumberof signaltransitionswithin themicro-
processorfor a given workload. One focusareafor such
work hasbeentheon-chipcachehierarchy, dueto the fact
that an increasingpercentageof die areais beingdevoted
to cachetransistors,andthat on-chipL1 cachesalonecan
compriseover40%of thetotaldiepowerbudget[23].

Severalapproacheshave beenimplementedin commer-
cial microprocessorsto reducecacheenergy dissipationby
limiting switching activity. The SA-110 embeddedmi-
croprocessor[23] uses32-way associative 16KB L1 I and
Dcaches,eachof which is dividedinto 16 fully associative
subarrays.With this scheme,only one-eighthof thecache
is enabledfor eachaccesswhich considerablyreducesdy-
namicpower. With a 160MHz target clock frequency, the
SA-110designerswereableto maintaina onecycle cache
latency with this degreeof associativity. In a high perfor-
mancemicroprocessorwith L1 cachesseveral timeslarger
in sizeandclock ratesin the GHz range,sucha solution



Table 1. Characteristics of four generations of Alpha micr oprocessor s. Some of the data reflects
projections made in the referenced paper s and theref ore may diff er from actual characteristics at
product shipment.

Product Characteristics
Year Process( � m) Trans(M) L1I-L1D-L2 (KB) Voltage(V) Clock (MHz) Power (W) Pwr/Clk (W/MHz)

21064[12, 22] 1992 0.75 1.68 8-8 3.3 200 30 0.15
21164[7, 13] 1995 0.5 9.3 8-8-96 3.3 300 50 0.17
21264[16, 17] 1998 0.35 15.2 64-64 2.2 575 60 0.10

21364[5] 2000-01 0.18 � 100 64-64-1536 1.5 � 1000 � 100 � 0.10

would likely increaseL1 cachelatencies,andsignificantly
impacttheperformanceof many applications.

A similarapproachis usedto reducepowerconsumption
in the21164microprocessor’s96KB, 3-waysetassociative
L2 cache,whosedataportion is split into 24 banks. The
tag lookup anddataaccessareperformedin seriesrather
thanin parallelaswith a conventionalcache.This allows
for predecodingandselectionof 6 of the 24 databanksin
parallelwith tagaccess,andfinal accessof only the2 banks
associatedwith the selectedway1. Becauseonly a small
fractionof thetotalL2 cacheis enabledoneachaccess,the
dynamicpower savings is considerable,estimatedat 10W
[13]. However, whenappliedto anL1 cache,theserialtag-
dataaccessof this techniquewould significantly increase
cachelatency aswith theSA-110approach.

Severalotherapproacheshave beenproposedfor reduc-
ing the switching activity in on-chip caches. The filter
cache[18] attemptsto reduceenergy dissipationby plac-
ing a small(andthereforelow-energy) cachein front of the
L1 cache. If many L1 cacherequestscanbe servicedby
the filter cache,then L1 cacheswitching activity can be
greatlyreducedtherebysaving energy; indeed,a 65% en-
ergy savings is demonstratedwith 256byteinstructionand
datafilter cachesbackedby a32KB unifiedL1 cache.How-
ever, thecostis a 29%performancedegradationrelative to
a conventionaldesigndueto anincreasein theaccesstime
on a filter cachemiss. The L-Cache[6] similarly reduces
switchingactivity by holdingloop-nestedbasicblocksdes-
ignatedby thecompilerandproviding theseto thepipeline
in placeof thelargerL1 Icache.Becausethecompilerselec-
tively chooseswhichbasicblocksto includein theL-cache,
a muchsmallerperformanceoverhead(1-5%) is incurred
comparedwith the filter cache. However, the benefitsof
theL-Cachearelimited to largebasicblockswithin loops
that are executedmany times; therefore,lessthan a 10%
savings in cacheenergy dissipationis realizedfor the four
SPECint95benchmarksthatwereevaluated.

Eachof thesetechniquessignificantly altersthe cache

1In thispaper, weusethetermsetto referto thecacheblock(s)pointed
to by theindex partof theaddress,andthetermway to referto oneof the
n sectionsin ann-way setassociative cache.

designin orderto improveenergy efficiency. An alternative
approachis to startwith a highperformancesetassociative
cachedesignand to exploit the subarraypartitioning that
is usuallypresentfor performancereasons.With this par-
titioning in place,only minor hardwaremodificationsare
necessaryto provide the ability to enableall of the cache
ways when requiredto achieve high performance,but to
enableonly a subsetof thewayswhencachedemandsare
moremodest.In the lattercase,theremainderof theways
canbeplacedin a quiescientstate,therebyreducingcache
switchingactivity. This approach,which we call selective
cache ways, providesthe highestperformancesolution in
an on-demandfashion,and opportunisticallytradesoff a
small performancepenalty for significantenergy savings
when appropriate.Selective cacheways exploits the fact
thatcacherequirementsmayvaryconsiderablybetweenap-
plications,aswell asduring theexecutionof an individual
application. With appropriatesoftware supportfor deter-
mining sufficient L1 cacherequirementsandenablingthe
appropriatenumberof cacheways,a significantsavings in
cacheenergy canberealizedwithout degradingtheperfor-
manceof morecache-intensiveprograms.

The restof this paperfurther exploresthis conceptand
is organizedas follows. In the next section,we examine
the subarraypartitioningthat is necessaryto achieve opti-
mal L1 cacheperformance,andhow this partitioningcan
beexploited to tailor thecacheorganizationto application
requirements.We then discussin Section3 the selective
cachewaysapproach,andin Section4, weevaluatetheen-
ergy savingsobtainedwith differentlevelsof tolerableper-
formancedegradation.Softwaresupportfor selectivecache
waysis discussedin Section5,andweconcludeandpresent
futurework in Section6.

2. Partitioning Caches for Performance

Selective cachewaysexploits thefactthat largeon-chip
cachesareoften partitionedinto multiple subarraysto re-
ducethe long word and/orbitline delaysof a single large
array. This is especiallytrue for thedataarrayandfor set
associative cachesfor which thewordlinescanbe exceed-



Table 2. Optimal N parameter s for various
caches. The block size is 32 bytes.
CacheOrg OptimalN Parameters

Size Assoc Ndwl Ndbl Nspd Ntwl Ntbl Ntspd

16KB 1 2 4 1 1 2 2
2 4 2 1 1 2 2
4 4 2 1 1 2 1

32KB 1 1 8 1 1 2 4
2 8 1 1 1 2 2
4 4 2 1 1 2 1

64KB 1 1 8 1 1 2 4
2 4 2 1 1 2 2
4 4 2 1 1 2 1

ingly long. For example,eachof thetwo 512KBdatabanks
of the1MB 4-waysetassociativeL1 Dcacheof theHPPA-
8500microprocessoris partitionedinto four 128KB subar-
rays [21]. Our analysisusing the Cacti cachecycle time
model[25] for smallercachesproducessimilar results.Ta-
ble 2 shows the N parametersfrom Cacti that producethe
fastestcycle time for variouscaches.TheparametersNdwl
andNtwl referto thenumberof timesthewordlinesareseg-
mentedfor thedataandtagarrays,respectively, while Ndbl
andNtbl arethecorrespondingparametersfor thebitlines.
TheparametersNspdandNtspdreferto thenumberof sets
that aremappedto the samewordline for the dataandtag
arrays,respectively.

Referringto Table2, we seethat in all cases,multiple
subarraysarerequiredfor optimalperformance.In particu-
lar, we notethatNdwl is at leastaslargeastheassociativ-
ity in all cases.A key insight for setassociative cachesis
thatwhenNdwl is greaterthanor equalto theassociativity,
theresultingorganizationis alreadypartitionedsuchthata
subsetof the datawayscanoperatewithout changingthe
basiccacheorganizationor theindex-tagaddresspartition-
ing. Only a small amountof additionalgatinglogic must
be added. Thus, the resultingorganizationcanrun at the
speedof a conventionalcache,yet providetheability to se-
lectively turn off wayswhenappropriate.However, some
overheadis incurredwhenchangingthenumberof enabled
ways,includingensuringthatmodifieddatais handledcor-
rectly. In thenext section,weprovidefurtherdetailsonthis
andotheraspectsof theselectivecachewaysapproach.

3. Selective Cache Ways

Selective cachewayscombinesthe following hardware
andsoftwareelements:

� A partitioningof the dataandpossiblythe tag arrays
into oneor moresubarraysfor eachcacheway;

� Decisionlogic andgatinghardwarefor disablingthe
operationof particularways;

� A software-visibleregister, calledthe CacheWay Se-
lect Register(CWSR), thatsignalsthehardwareto en-
able/disableparticularways;

� Specialinstructions,calledWRCWSRandRDCWSR,
for writing andreading,respectively, theCWSR;

� Softwaresupportfor analyzingapplicationcachere-
quirements,enablingcacheways appropriately, and
saving theCWSRaspartof theprocessstate;

� Supportfor sharingdatain disabledwaysandmain-
tainingits propercoherency state.

In the following subsections,we describethe hardware
aspectsof selective cacheways; softwaresupportfor this
approachis discussedin Section5.

3.1. Hardware Organization

Figure1 is anoveralldiagramof a 4-waysetassociative
cacheusingselectivecacheways.Thewordlinesof thedata
arrayaresegmentedfour timesper theCacti resultsof Ta-
ble2,creatingfourseparatedatawayelements.Thebitlines
of eachdataway maybesegmentedaswell. Note that the
tag portion of the cache(which includesthe statusbits) is
identicalto that of a conventionalcache.Cacti-basedtim-
ing estimatesindicatethat for the cacheorganizationswe
have studied,segmentingthe tagwordlineswill resultin a
significantcachecycle time degradationrelative to theop-
timal tagN parametersof Table2. Thus,ourapproachonly
savesenergy in thedataportionof thecacheswehavestud-
ied. However, the dataportion comprisesroughly 90% of
thetotalenergy dissipationfor theseorganizations.

TheCacheWay SelectRegister(CWSR)is written and
readvia theWRCWSRandRDCWSRinstructionsandcon-
tainsfour bits in thisexample(en way0, en way1, en way2,
anden way3), eachof which signalsthe CacheController
to enablea particularway, andtherebyallow it to operate.
If a particularway enablebit is zero,thesel waysignalfor
that way is alsozero(exceptin limited circumstancesthat
arediscussedin Section3.3).Therefore,thedatawayis not
precharged,no word linesareselected,andthesenseamps
arepreventedfrom firing. Thus,with this scheme,no data
is selectedfrom adisabledwayandits dataarraydissipates
essentiallyno dynamicpower. Note that the replacement
decisionlogic within theCacheControllermustalsoensure
thatnodatais allocatedto a disabledway.

The degreeto which waysaredisabledis a functionof
two factors.Thefirst is the relative energy dissipationsof
differentmemoryhierarchylevelsandhow eachis affected
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Figure 1. A 4-way set associative cache using selective cache ways. The details for data ways 1-3
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by disablingways. The secondis the amountof perfor-
mancedegradationthatcanbetolerated,whichis discussed
in thenext section.

3.2. Performance Degradation Threshold

The PerformanceDegradationThreshold(PDT) signi-
fieshow muchperformancedegradationrelative to a cache
with all waysenabledis allowable.Thus,if thePDT is 2%
for a given period of execution,and performanceis pro-
jectedto degradeby 1% with threewaysof a 4-way cache
enabled,and4% with two waysenabled,thenthreeways
areenabled,solongasthetotalenergy is lessthanthatwith
four waysenabled.Thus,theminimumenergy dissipation
is not necessarilythat with only one way enabled,as the
increasein L2 cacheenergy dissipationmay override the
decreasein L1 energy.

Oneadvantageof selective cachewaysover staticsolu-
tions to energy reductionis that the tradeoff betweenper-

formanceandenergy dissipationcanbemadevariablevia
differentPDTvalues.Thus,adifferenttradeoff canbemade
amongmachinesthatusethesamemicroprocessor, andbe-
tweendifferentapplicationsrunningon thesamemachine.
DifferentPDTvaluescanevenbeusedfor differentinstanti-
ationsof thesameapplicationonthesamemachine.For ex-
ample,aserverapplicationmaybeinvokedto run in a“low
energy cachemode”duringlow-activity periods,andrun in
a “high performancecachemode” with morecacheways
enabledduring high-loadperiods. The operatingsystem
or a continuousprofiling andoptimizationsystem[3, 26]
could effectively control the PDT by changingthe num-
berof waysenabledunderdifferentloadingconditions.In
Section4, we evaluatethe energy savings that is achiev-
ablewith differentPDT values.In thenext subsection,we
addressthe issueof how to properlyhandleaccessto data
storedin adisabledway.



3.3. Maintaining Data Accessibility

When an L1 Dcacheway is disabled,modified cache
blocksmustbemadeaccessibleto thesameprocessandto
sharingprocesses(on the sameprocessoror otherproces-
sors)andto theI/O subsystem.Also, datacoherency must
bemaintainedin casetheway is reenabled.

Oneapproachto thisproblemis toflushall blocksfroma
way beforeit is disabled.However, althoughsomeproces-
sorsprovide architecturalsupportfor cacheflushing, this
operationmay imposeconsiderableoverheadif ways are
frequentlydisabled. In addition, frequentcacheflushing
cansignificantlyimpactcachemissrate[4], andconsider-
ableenergy maybeexpended.

An alternativeapproachis to makeall waysaccessibleat
all timesfor coherency requestsfrom theL2 cache.In this
scheme,theL2 cachebehavesasif theentireL1 Dcacheis
enabled,initiating L1 Dcachecoherencetransactionswhen
appropriate. When the L1 DcacheCacheController re-
ceivessuchcoherency requests,it performsoperationson
the tag andstatusarrayandthe dataarrayasin a conven-
tional cache.Thus,coherency transactionsarecarriedout
for all ways,regardlessof thestateof theCWSR,andthese
infrequentlyoccurringoperationsexpendno moreenergy
thanin aconventionalcache.

With aslightmodificationto thecachedatapaths,wecan
alsoensurethata CPUrequestfor a block thatresidesin a
disabledwayin itsownL1 Dcacheishandledproperly. This
can be achieved with additionalstatesin the CacheCon-
troller for actingonahit to adisabledway, andwith thead-
dition of amultiplexorconnectingthewritebackdatapathto
thefill datapathasshown in Figure2. Thisadditionalhard-
ware allows the CacheController to readthe block from
thedisabledway andsendit to anenabledway via thefill
datapath,to setthestatusbits to theappropriatecoherence
state,andto setthestatusof theblock in thedisabledway
to Invalid. Dependingon thesizeof a cacheblock andthe
datapathwidths, it may be necessaryto buffer part of the
blockduringthistransferoperation.If theCPUrequestwas
aload,thisoperationcanbepartiallyoverlappedwith send-
ing thedesiredword to theCPU.

Althoughthisapproachallows for rapidchangingof the
enabledways (as no flushing is required),a performance
penaltyon the order of 5-10 cycles (assumingthe datap-
athwidthsareno lessthanone-quarterthewidth of acache
block) is incurredfor eachtransferof datafrom a disabled
to anenabledway. In addition,a significantamountof en-
ergy is dissipatedin transferringthe cacheblock, offset-
ting the energy savings of disablingways if theseopera-
tionsfrequentlyoccur. Thismaybethecasein programsin
whichtheCWSRis loadedmany timesduringexecution.In
this case,thealgorithmfor changingtheenablingof ways
mustconsiderthe programboundarieswithin which vari-

Table 3. Simulated system parameter s.
Parameter Value

fetchwidth 8 instrs
fetchqueue 16 instrs
fetchspeed 2X

decodewidth 8 instrs
branchpred combined,4K 2-bit chooser,

4K-entrybimodal,
12-bit,4K-entryglobal,

2-cycle penalty
BTB 8192entries,

4-way setassoc
returnaddress 64entries

stack
RUU size 64entries
LSQ size 16entries

issuewidth 4
integerALUs 2

integermult/div 2
flt. pt. ALUs 2

flt. pt. mult/div 2
commitwidth 4

L1 Icache 64KB, 4-way setassoc,
32Bblock,random,1 cycle latency

L1 Dcache 32or 64KB, 2 or 4-way
setassoc,2 ports,32Bblock,

random,1 cycle latency
L2 cache 512KB,1MB, or 2MB, 4-way

setassoc,32Bblock,LRU,
15cycle latency, 16partitions

mainmemory 16Bbuswidth, 75cycle
initial latency, 2 cyclesthereafter

ablesanddatastructuresarereferenced.Theseoperations
occurrarely if theCWSRis loadedat thegranularityof an
individual process(i.e., at context switch time), which we
assumein theperformanceevaluationin thenext section.

4. Evaluation of Selective Cache Ways

4.1. Methodology

Our evaluationmethodologycombinesdetailedproces-
sor simulationfor performanceanalysisandfor gathering
eventcounts,andanalyticalmodelingfor estimatingtheen-
ergydissipationof bothconventionalcachesandcachesem-
ploying selectivecacheways.

We usetheSimpleScalartoolset[8] to modelanout-of-
orderspeculative processorwith a two-level cachehierar-
chy. Thesimulationparameters,listed in Table3, roughly
correspondto thosein a currenthigh-endmicroprocessor
suchasthe HP PA-8000 [19] andAlpha 21264[17]. We
exploretheperformanceof four differentL1 Dcaches,with
andwithout selective cacheways: 32KB and64KB 2-way
and4-way setassociative caches.All four L1 Dcachecon-
figurationsaresimulatedasdual-portedcaches,but areas-
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sumedto besingle-portedcacheswhicharedouble-pumped
asin theAlpha21264.Thedataarrayof theL2 cacheis im-
plementedas16partitions,only oneof whichis selectedfor
eachaccess,similar to the Alpha 21164on-chipL2 cache
[7]. Becauseperformanceis notassensitive to L2 cachela-
tency asit is to L1 Dcachelatency, this approachwasused
for theL2 cacheinsteadof selectivecacheways.

We estimateL1 Dcacheand L2 cacheenergy dissipa-
tions using a modifiedversionof the analyticalmodel of
KambleandGhose[15]. This modelcalculatescacheen-
ergy dissipationusing technologyand layout parameters
from Cacti and countsof variouscacheeventsas inputs.
Theseeventcounts,in additionto performanceresults,are
gatheredfrom SimpleScalarsimulations(each400million
instructionslong) of eightbenchmarkswhich vary in their
cacherequirements:the SPEC95benchmarkscompress,
ijpeg, li , turb3d, mgrid, fpppp, andwave5, aswell asstereo,
a multibaselinestereobenchmarkfrom the CMU bench-
mark suite [11] that operateson three256 by 240 integer
arraysof imagedata.Only L1 DcacheandL2 cacheenergy
dissipationsarecalculatedastheL1 Icacheandmainmem-
ory energy dissipationsdonotchangesignificantlywith the
numberof enabledL1 Dcacheways.

4.2. Performance Degradation

Figure 3 shows the performancedegradationincurred
for eachbenchmarkasthenumberof enabledwaysis var-

ied. For the4-way setassociative caches,performancede-
gradesby 0-2% when only threeways are enabled,and
moresharplythereafter. Thedegradationis particularlysig-
nificant (up to 15%)whenmoving from two waysto only
oneway enabled.Thus, for mostof thesebenchmarks,a
largeperformancedegradationmustbetoleratedin orderto
disablemorethanoneor two of thecacheways.For the2-
way setassociative caches,performancedegradesby 2-6%
whenonly oneof thetwo waysis enabled.

The relative impact of conflict versuscapacitymisses
canbeassessedby observingthatthe4-waycachesarehalf
the size of the corresponding2-way cachesfor the same
numberof enabledways. Caseswherethe2-way associa-
tive curvesparallelthe4-way curvesbetweentwo andone
enabledway, aswith turb3d, indicatea highdegreeof con-
flict misses,sincethepercentperformancechangeremains
roughlythesameevenwith twice theamountof cache.On
the otherhand,the dominationof capacitymissesis indi-
catedby a fasterdrop-off for the 4-way curvesrelative to
thesamesize2-waycurves,aswith ijpeg.

4.3. Energy Impact

The impact on L1 Dcacheand L2 cacheenergy dissi-
pationdependson how disablingwaysimpactstheenergy
dissipationsof eachcache. Significantsavings canbe re-
alizedfor benchmarksin which few additionalL1 Dcache
missesaregeneratedwhendisablingways. However, dis-
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Note the diff erent scale for ijpeg.
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Figure 4. Relative chang e in combined L1 Dcache and L2 cache energy as a function of the number
of ways enabled. Note the diff erent scales for compress, fpppp, and stereo.



abling ways may increaseenergy dissipationif thereis a
significantincreasein L2 cacheactivity. Figure4 showsthis
tradeoff. Li, turb3d, andmgrid show significantreductions
in combinedL1 DcacheandL2 cacheenergydissipationfor
all L1 Dcacheorganizations.For ijpeg, fpppp, andwave5,
energy dissipationis reducedwhenoneor two of theways
of a 4-way setassociative cachearedisabled.Whenaddi-
tional waysaredisabled,L2 cacheaccessesincreasesub-
stantially, increasingL2 cacheenergy, which mayoverride
the reductionin L1 Dcacheenergy. The resultsaremixed
for the2-waycaches,with improvementsfor bothijpeg and
wave5with oneof thewaysdisabled,but a degradationfor
the32KB 2-waycachefor fpppp.

Theresultsfor compressandstereodemonstratethecrit-
ical needto accuratelyassesstheimpactof disablingways
onL1 andL2 cacheenergy dissipation.Althoughroughlya
10%energy savingsis realizedfor thesebenchmarkswhen
disablingoneof the waysof a 64KB 4-way cache,energy
dissipationmaysignificantlyincreasewhenotherwisedis-
abling ways. For compress, disablingthreeof the cache
waysin a32KB 4-waycachemorethandoublesenergy dis-
sipationwith a 1MB L2 cache;with a 2MB L2 cache,the
energy increasesby 180%.Thus,systemsoftwaremustac-
curatelydeterminethe optimal numberof waysas is dis-
cussedin Section5. Thenext sectiondiscussestheoverall
energy savings andperformanceimpactof selective cache
waysassumingthatthissupportis in place.

4.4. Overall Energy and Performance Results

Figure5 shows the energy savings realizedandperfor-
mancedegradationincurredacrossall benchmarksfor dif-
ferentPDT values. The energy savings is calculatedfrom
theaverageL1 DcacheandL2 cacheenergy dissipationof
all benchmarkswith all waysenabled,andtheaveragewith
thebestnumberof disabledwaysfor eachbenchmark.The
bestnumberis thatwhichmeetsthePDTcriterionandmin-
imizescombinedL1 DcacheandL2 cacheenergy dissipa-
tion. The performancedegradationis similarly calculated
from the correspondingIPC values. Note that the actual
performancedegradationincurredis significantlylessthan
the PDT value. Observe also that for a 64KB 4-way set
associative cacheand a PDT of 4%, which incurs an ac-
tual performancelossof lessthan2%, a 25-40%average
cacheenergy savingscanbeobtained.Theresultsaremore
modest,yet still significant(10-25%energy reduction),for
a 32KB 4-way cache.The lesserperformancedegradation
with a largerL2 cacheis primarily dueto themorelimited
opportunitiesto disableL1 Dcachewayswith thelargerL2
cache,dueto energy dissipationconstraints.

The energy savings for 2-way setassociative cachesis
significantlylessthanthatof 4-waycachesof thesamesize
for two reasons.First,a largejump in conflict missesoften

Table 4. The number of disab led ways for each
benc hmark as a function of L1 Dcache orga-
nization and PDT value with a 1MB L2 cache.

PerformanceDegradationThreshold
CacheOrg Benchmark 2% 4% 6%

Disabled Disabled Disabled
Ways Ways Ways

compress 0 0 0
ijpeg 1 1 1

li 2 2 2
32KB turb3d 1 2 2
4-way mgrid 2 2 3

fpppp 2 2 2
wave5 2 2 2
stereo 0 0 0

compress 1 1 1
ijpeg 2 2 3

li 2 2 3
64KB turb3d 1 2 2
4-way mgrid 2 3 3

fpppp 2 2 2
wave5 2 2 3
stereo 1 1 1

compress 0 0 0
ijpeg 0 0 1

li 0 1 1
32KB turb3d 0 0 1
2-way mgrid 0 1 1

fpppp 0 0 0
wave5 0 0 1
stereo 0 0 0

compress 0 0 0
ijpeg 1 1 1

li 0 1 1
64KB turb3d 0 0 1
2-way mgrid 1 1 1

fpppp 0 0 1
wave5 0 1 1
stereo 0 0 0

accompaniesa move from two ways to only oneway en-
abled.Second,thehighergranularityof partitioningin the
4-waycachesallows for thepotentialof disablinga greater
percentageof thecache.Thus,in general,theeffectiveness
of selectivecachewaysincreaseswith thecacheassociativ-
ity. Yet,the64KB2-waycacheachievesuptoa30%energy
savings,althoughlessthana10%energy savingsis realized
for thesmaller32KB 2-waycache.

Table4, whichdisplaysthenumberof disabledwaysfor
eachbenchmarkasa functionof PDTvalue,providesaddi-
tionalinsightasto theeffectivenessof selectivecacheways.
For the largestandmostassociative cache(64KB 4-way),
at leastoneway is disabledfor all benchmarkseven with
a PDT of only 2%. For the 32KB 4-way L1 Dcache,no
waysaredisabledfor compressandstereodueto theresult-
ing increasein cacheenergy (Figure4). Fewer wayscan
be disabledcomparedwith the 64KB cachefor the other
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Figure 5. Combined L1 Dcache and L2 cache energy savings and actual perf ormance degradation as
a function of perf ormance degradation threshold.



benchmarks,especiallyfor largerPDT values.This limits
theeffectivenessof selectivecachewaysfor a 32KB 4-way
cacheunderthis workload.For the2-way caches,thePDT
mustbeat least4% in orderfor oneway to bedisabledfor
mostof thebenchmarks.

We concludethat a significantsavings in combinedL1
Dcacheand L2 cacheenergy dissipationcan be realized
with selectivecacheways,but this is primarily duringperi-
odsin which applicationswith modestcacherequirements
dominatetheworkload.Duringperiodswhenprogramslike
compressandstereopredominate,very little energy savings
mayberealizedfor thesimplereasonthat thefull cacheis
needed.In addition,thechangein performanceandenergy
dissipationasthe numberof enabledcachewaysis varied
mustbepredictablewith highaccuracy; otherwise,asignif-
icantperformancedegradationand/oranincreasein energy
dissipationmayresult.In thenext section,wedescribesoft-
waresystemsfor applicationprofiling andoptimizationthat
canbeleveragedfor selectivecacheways.

5. Software Support for Selective Cache Ways

Severalsoftwareprofiling toolshave beendevelopedto
identify portionsof codethat exhibit poor cachebehavior,
to provide insight to programmersfor restructuringcode
to improve memoryperformance.Givencertainhigh-level
cachecircuit characteristics,thesesametoolscanalsoesti-
matetheenergy dissipationof differentlevelsof themem-
ory hierarchy. Cprof[20] providescachemissrateinforma-
tion at a fine-grainsourcecodelevel, andfurtherclassifies
missesascompulsory, capacity, andconflict types. More
recenttools, suchas the profiling tool developedby Am-
monset al. [2] andCompaq’s ProfileMe[10], leveragethe
on-chipperformancecountersfoundon modernprocessors
to provideadditionalinsightoncachebehavior. Ratherthan
simplycountevents,ProfileMegathersdetailedinformation
on a per-instructionbasis,allowing for a moreaccurateas-
sessmentof cacheperformanceandenergy dissipation.By
gatheringsuchdetailedinformationwhenall waysareen-
abled,it maybepossibleto accuratelyassesstheappropri-
atenumberof cachewaysto enablefor differentphasesof
applicationexecutionwithout additionalprofiling runsfor
eachway configuration.

An alternative approachis to leveragemorerecentsoft-
waresystemsthatprovide low-costcontinuousprofiling of
the application.For example,the Digital ContinuousPro-
filing Infrastructure(DCPI)[3] periodicallysamplesperfor-
mancecountersasprogramsnormallyexecuteandrecords
the information in a database. This information can be
later examinedto identify sourcesof performancedegra-
dation.TheMorphsystem[26] is designedto provideauto-
matic programoptimizationvia similar performancesam-
pling techniquesas well as on-the-flymodificationof the

application,e.g., via a binaryrewriting tool. With this type
of softwaresupport,an applicationwould be initially run
with all waysenabled.Basedon gatheredcacheinforma-
tion,estimatescanbemadeontheperformancedegradation
andenergy dissipationwith disablingwaysfor subsequent
runs. In addition, the PDT (and thus, the numberof dis-
abledways)couldbeadjustedaccordingto machinecondi-
tions (loading,remainingbatterylife, etc.). The coupling
of selectivecachewayshardwarewith theseemergingsoft-
ware techniquesprovides the opportunityfor the tradeoff
betweenperformanceandenergy to beautomaticallymade
by thesystemwithout theneedfor extensive userinvolve-
ment.

6. Conclusions and Future Work

Selective cachewaysexploits the subarraypartitioning
of setassociative cachesin orderto provide the capability
to disablewaysof thecacheduringperiodswherefull cache
functionality is not requiredto achieve goodperformance.
Becauseonly minor changesto a conventionalcacheare
requiredto implementthis technique,full-speedcacheop-
erationcanbemaintained.Wehavedescribedthehardware
andsoftwareaspectsof thisapproachanddemonstratedthat
a 40%reductionin overall cacheenergy dissipationcanbe
achieved for 4-way setassociative cacheswith lessthana
2%overallperformancedegradation.

This performanceon-demandapproachof partitioning
hardware resourcesand tailoring them to applicationre-
quirementscanbe appliedto otherprocessorstructuresas
well. For example, it is well known that branchpredic-
tion performanceis very application-dependent,andthere-
fore all of the elementsof a combinedpredictormay not
be neededfor every application,nor may the full tables
of the enabledpredictorsbe necessary. As with selective
cacheways,theserequirementscanbegleanedvia thecom-
pileror continuoussoftware-basedprofiling,andtheprecise
amountof branchpredictionhardwareneededsoasnot to
exceedthe performancethresholdcanbe enabled,andthe
restdisabledto save energy. A similarapproachcanbeap-
plied to theotherlarge,RAM-basedstructuresthatconsti-
tute a large fraction of the functionality in a modernmi-
croprocessor, andareoftenpartitionedfor performancerea-
sons.

Like complexity-adaptive processors[1], the approach
describedin this paperexploits the fact that applications
may drasticallydiffer in their hardware requirements.In
our futurework, we planto combinethesecomplementary
approachesin order to improve both the performanceand
energy dissipation,and thus the energy-delayproduct,of
futurehighperformancemicroprocessors.
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