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Abstract

Increasinglevels of microprocessorpower dissipation
call for new approacdesat the architectural level that save
enegy by bettermatding of on-chip resoucesto applica-
tion requirmentsSelectiveachewaysprovidestheability
to disablea subsetof the waysin a setassociativecache
during periodsof modestacheactivity, whilethefull cache
mayremainopetational for more cache-intensiveperiods.
Becausehis approach leveragesthe subarmay partitioning
thatis alreadypresenfor performancaeasonspnly minor
changesto a corventionalcache are required, and there-
fore, full-speedcache opemtion can be maintained. Fur-
thermoe, the tradeof betweerperformanceand enegy is
flexible, and can be dynamicallytailored to meetchang-
ing applicationand madine ervironmentakonditions.\\e
showthattrading off a small performancedegradationfor
enegy savingscanproducea significantreductionin cache
enegy dissipationusingthis approad.

1. Introduction

Continuingadvancesn semiconductotechnologyhave
fueleddramaticperformancegainsfor general-purposmi-
croprocessorslheseémprovementsareduebothto increas-
ing clockratesaswell asto theadditionalhardwaresupport
that canbe provided for exploiting instruction-lerel paral-
lelismandmemorylocality. However, anegative byproduct
hasbeena significantincreasen power dissipationdueto
the fact that the dynamicpower (which, at leastcurrently
is the dominantcontributor to power consumptiorin high-
speedCMOS circuits) is proportionalto both clock fre-
guengy andto the switching capacitancewhich increases
asmorefunctionalityis added.Thus,despiteherculearat-
temptsto reducevoltagesanddesignlower power circuits,
power dissipationlevels have steadilyincreasedvith each
new microprocessogeneration.

Table 1 summarizeghe characteristiceof four genera-

tions of Alpha microprocessorslin the six yearsseparat-
ing the first (21064)and mostrecent(21264)generations,
power dissipationhasdoubledfrom 30W to 60W, despite
thefactthattheenegy per transition(calculatedn thelast
columnby dividing the power dissipationby the clock fre-
qgueng [9]) hasdeclinedduring this period. Thus, rapid
increasesn both clock frequeng and chip functionality
(andthus switching capacitanceare outpacingcircuit de-
sign attemptsto keeppower dissipationto reasonabléev-
els. Pawer projectionsfor the next implementatiorof the
Alphaline (21364][5]) indicatethatthistrendis expectedo
continue.Similarly, while the UltraSparc microprocessor
[24] dissipated28W at 167MHz,the UltraSparclll design
[14] is estimatedo dissipate7OW at 600MHz, despitethe
factthattheenepgy pertransitionis comparablén bothgen-
erations.

Becauseof the inability of circuit-level techniquesto
singlehandedlykeep power dissipationto reasonabldev-
els, therehasbeenincreasinginterestin architecturalap-
proacheghat reducethe switching capacitve power com-
ponent. Thesetechniquesmprove enegy dissipationby
reducingthe numberof signaltransitionswithin the micro-
processofor a given workload. One focus areafor such
work hasbeenthe on-chipcachehierarchy dueto the fact
thatanincreasingpercentagef die areais being devoted
to cachetransistorsandthaton-chipL1 cachesalonecan
compriseover 40% of thetotal die power budget[23].

Several approachebave beenimplementedn commer
cial microprocessor® reducecacheenegy dissipationby
limiting switching actvity. The SA-110 embeddedmi-
croprocessof23] uses32-way associatie 16KB L1 | and
Dcachesgachof whichis dividedinto 16 fully associatie
subarraysWith this schemepnly one-eighthof the cache
is enabledfor eachaccessvhich considerablyreducedy-
namicpower. With a 160MHz target clock frequeng, the
SA-110designersvereableto maintaina onecycle cache
lateng with this degreeof associatiity. In a high perfor
mancemicroprocessowith L1 cachesseveraltimeslarger
in size and clock ratesin the GHz range,sucha solution



Table 1. Characteristics of four generations of Alpha microprocessor s. Some of the data reflects
projections made in the referenced papers and therefore may diff er from actual characteristics at
product shipment.

Product Characteristics
Year [ Procesgum) | Trans(M) [ L1I-L1D-L2 (KB) | Voltage(V) [ Clock(MHz) | Pawver (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 increasd_1 cachelatencies andsignificantly
impactthe performancef mary applications.
A similarapproachs usedto reducepowerconsumption
in the 21164microprocessos 96KB, 3-way setassociatie
L2 cache whosedataportion is split into 24 banks. The
tag lookup and dataaccessare performedin seriesrather
thanin parallelaswith a corventionalcache. This allows
for predecodingandselectionof 6 of the 24 databanksin
parallelwith tagaccessandfinal acces®f only the2 banks
associatedvith the selectedway'. Becauseonly a small
fractionof thetotal L2 cacheis enablecbn eachaccessthe
dynamicpower savingsis considerablegstimatedat 10W
[13]. However, whenappliedto anL1 cachetheserialtag-
dataaccesf this techniquewould significantly increase
cachdatenq aswith the SA-110approach.
Several otherapproachebave beenproposedor reduc-
ing the switching actiity in on-chip caches. The filter
cache[18] attemptsto reduceenepy dissipationby plac-
ing asmall (andtherefordow-enegy) cachen front of the
L1 cache. If mary L1 cacherequestscanbe servicedby
the filter cache,then L1 cacheswitching activity can be
greatlyreducedtherebysaring enegy; indeed,a 65% en-
ergy savingsis demonstrateevith 256 byte instructionand
datafilter cachedacledby a32KB unifiedL1 cache How-
ever, the costis a 29% performancalegradatiorrelative to
acornventionaldesigndueto anincreaséan the accesgime
on afilter cachemiss. The L-Cache[6] similarly reduces
switchingactuity by holdingloop-nestedasicblocksdes-
ignatedby the compilerandproviding theseto the pipeline
in placeof thelargerL1 Icache.Becaus¢hecompilerselec-
tively choosesvhich basicblocksto includein theL-cache,
a much smallerperformanceoverhead(1-5%) is incurred
comparedwith the filter cache. However, the benefitsof
the L-Cachearelimited to large basicblockswithin loops
that are executedmary times; therefore,lessthana 10%
savingsin cacheenegy dissipationis realizedfor the four
SPECint9%enchmarkshatwereevaluated.
Eachof thesetechniquessignificantly altersthe cache

1In this paperwe usethetermsetto referto thecacheblock(s)pointed
to by theindex partof theaddressandthetermwayto referto oneof the

n sectionsn ann-way setassociatie cache.

designin orderto improve enegy efficiency. An alternatve
approachs to startwith a high performancesetassociatie
cachedesignandto exploit the subarraypartitioning that
is usually presentfor performanceeasons.With this par
titioning in place,only minor hardware modificationsare
necessaryo provide the ability to enableall of the cache
ways when requiredto achieve high performanceput to
enableonly a subsebf the wayswhencachedemandsare
moremodest.In thelatter case the remainderf the ways
canbe placedin a quiescienstate therebyreducingcache
switchingactiity. This approachwhich we call selective
cache ways providesthe highestperformancesolutionin
an on-demandashion,and opportunisticallytradesoff a
small performancepenalty for significantenegy savings
when appropriate. Selectve cacheways exploits the fact
thatcacherequirementsnayvary considerabhpetweerap-
plications,aswell asduring the executionof anindividual
application. With appropriatesoftware supportfor deter
mining sufficient L1 cacherequirementsand enablingthe
appropriatenumberof cacheways, a significantsavingsin
cacheenegy canberealizedwithout degradingthe perfor
manceof morecache-intensie programs.

The restof this paperfurther exploresthis conceptand
is organizedas follows. In the next section,we examine
the subarraypartitioningthat is necessaryo achieve opti-
mal L1 cacheperformanceandhow this partitioning can
be exploitedto tailor the cacheorganizationto application
requirements.We then discussin Section3 the selectve
cachewaysapproachandin Sectior4, we evaluatethe en-
ergy savingsobtainedwith differentlevelsof tolerableper
formancedegradation.Softwaresupportfor selectve cache
waysis discussedh Sections, andwe concludeandpresent
futurework in Section6.

2. Partitioning Cachesfor Performance

Selectve cachewaysexploits the factthatlarge on-chip
cachesare often partitionedinto multiple subarraydo re-
ducethe long word and/orbitline delaysof a singlelarge
array Thisis especiallytrue for the dataarrayandfor set
associatie cachedor which the wordlinescanbe exceed-



Table 2. Optimal N parameters 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 512KB databanks
of the IMB 4-way setassociatie L1 Dcacheof the HP PA-

8500microprocessais partitionedinto four 128KB subar

rays[21]. Our analysisusingthe Cacti cachecycle time
model[25] for smallercachegproducesimilar results.Ta-
ble 2 shavs the N parameterdrom Cactithat producethe
fastestycle time for variouscachesThe parametersldwl
andNtwl referto thenumberof timesthewordlinesareseg-

mentedor thedataandtagarraysrespectiely, while Ndbl

andNtbl arethe correspondingparametergor the bitlines.
The parameterdispdandNtspdreferto the numberof sets
thataremappedo the samewordline for the dataandtag
arraysrespectiely.

Referringto Table 2, we seethatin all casesmultiple
subarraysrerequiredfor optimalperformanceln particu-
lar, we notethat Ndwl is at leastaslarge asthe associati-
ity in all cases.A key insightfor setassociatie cacheds
thatwhenNdwl is greaterthanor equalto the associatiity,
theresultingorganizationis alreadypartitionedsuchthata
subsetof the dataways can operatewithout changingthe
basiccacheorganizationor theindex-tagaddresgartition-
ing. Only a smallamountof additionalgatinglogic must
be added. Thus, the resultingorganizationcanrun at the
speedf acorventionalcacheyet provide the ability to se-
lectively turn off wayswhenappropriate.However, some
overheads incurredwhenchanginghe numberof enabled
ways,includingensuringhatmodifieddatais handledcor-
rectly. In thenext sectionwe provide furtherdetailsonthis
andotheraspect®f the selectve cachewaysapproach.

3. Selective Cache Ways

Selectve cacheways combineghe following hardware
andsoftwareelements:

e A partitioningof the dataand possiblythe tag arrays
into oneor moresubarraygor eachcacheway;

e Decisionlogic and gating hardwarefor disablingthe
operatiorof particularways;

e A software-visibleregister calledthe Cache Way Se-
lect Register (CWSR)thatsignalsthe hardwareto en-
able/disablgoarticularways;

e SpecialinstructionscalledWRCWSRandRDCWSR,
for writing andreading respectrely, the CWSR,;

e Software supportfor analyzingapplicationcachere-
guirements,enablingcacheways appropriately and
savzing the CWSRaspartof the processstate;

e Supportfor sharingdatain disabledways and main-
tainingits propercohereny state.

In the following subsectionsye describethe hardware
aspectof selectve cacheways; software supportfor this
approachs discussedh Section5.

3.1. Hardwar e Organization

Figurel is anoverall diagramof a 4-way setassociatie
cacheusingselectve cacheways. Thewordlinesof thedata
arrayaresegmentedour timesperthe Cactiresultsof Ta-
ble 2, creatingfour separatelataway elementsThebitlines
of eachdataway may be sgmentedaswell. Notethatthe
tag portion of the cache(which includesthe statusbits) is
identicalto that of a corventionalcache. Cacti-basedim-
ing estimatesndicatethat for the cacheorganizationsve
have studied,segmentingthe tag wordlineswill resultin a
significantcachecycle time degradationrelative to the op-
timal tagN parametersf Table2. Thus,our approactonly
savreseneqgy in thedataportionof thecachesve have stud-
ied. However, the dataportion comprisegoughly 90% of
thetotal enegy dissipatiorfor theseorganizations.

The CacheWay SelectRegister(CWSR)is written and
readviatheWRCWSRandRDCWSRinstructionsandcon-
tainsfour bitsin this example(enwayQ enwayl, enway?2,
andenway3, eachof which signalsthe CacheController
to enablea particularway, andtherebyallow it to operate.
If a particularway enablebit is zero,the selway signalfor
thatway is alsozero(exceptin limited circumstancesghat
arediscussedh Section3.3). Thereforethedataway is not
prechaged,no word linesareselectedandthe senseamps
arepreventedfrom firing. Thus,with this schemeno data
is selectedrom a disabledvay andits dataarraydissipates
essentiallyno dynamicpower. Note that the replacement
decisionlogic within the CacheControllermustalsoensure
thatno datais allocatedcto a disabledway.

The degreeto which waysaredisabledis a function of
two factors. Thefirst is the relative enegy dissipationsof
differentmemoryhierarchylevelsandhow eachis affected
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Figure 1. A 4-way set associative cache using selective cache ways.

are identical to way O but are not shown.

by disablingways. The secondis the amountof perfor
mancedegradatiorthatcanbetoleratedwhichis discussed
in the next section.

3.2. Performance Degradation Threshold

The PerformanceDegradation Threshold(PDT) signi-
fieshow muchperformancelegradatiorrelatve to a cache
with all waysenableds allowable. Thus,if the PDT is 2%
for a given period of execution,and performances pro-
jectedto degradeby 1% with threewaysof a 4-way cache
enabled,and 4% with two ways enabled thenthreeways
areenabledsolongasthetotal enepy is lessthanthatwith
four waysenabled.Thus,the minimumenegy dissipation
is not necessarilythat with only one way enabled,asthe
increasein L2 cacheenegy dissipationmay overridethe
decreasin L1 enegy.

Oneadwantageof selectve cachewaysover staticsolu-
tionsto enegy reductionis that the tradeof betweenper

L2_request

The details for data ways 1-3

formanceandenengy dissipationcanbe madevariablevia

differentPDT values.Thus,adifferenttradeof canbemade
amongmachineghatusethe samemicroprocessqandbe-
tweendifferentapplicationsgunningon the samemachine.
DifferentPDT valuescanevenbeusedfor differentinstanti-
ationsof thesameapplicationonthesamemachine For ex-

ample,asenerapplicationmaybeinvokedto runin a“low

enegy cachemode”duringlow-activity periods,andrunin

a “high performancecachemode” with more cacheways
enabledduring high-load periods. The operatingsystem
or a continuousprofiling and optimizationsystem([3, 26]

could effectively control the PDT by changingthe num-
ber of waysenabledunderdifferentloadingconditions.In

Section4, we evaluatethe enegy savings thatis achies-

ablewith differentPDT values.In the next subsectionye
addresgheissueof how to properlyhandleaccesgo data
storedin adisabledway.



3.3. Maintaining Data Accessibility

When an L1 Dcacheway is disabled,modified cache
blocksmustbe madeaccessibl¢o the sameprocessandto
sharingprocesse$on the sameprocessonr otherproces-
sors)andto the I/O subsystemAlso, datacohereng must
bemaintainedn casetheway is reenabled.

Oneapproacho thisproblemisto flushall blocksfrom a
way beforeit is disabled.However, althoughsomeproces-
sorsprovide architecturalsupportfor cacheflushing, this
operationmay imposeconsiderableverheadif ways are
frequentlydisabled. In addition, frequentcacheflushing
cansignificantlyimpactcachemissrate[4], andconsider
ableenegy maybeexpended.

An alternatie approachs to make all waysaccessiblat
all timesfor cohereng requestsrom the L2 cache.In this
schemethelL2 cachebehaesasif theentireL1 Dcachels
enabledjnitiating L1 Dcachecoherencdransactionsvhen
appropriate. When the L1 DcacheCacheController re-
ceivessuchcohereng requestsijt performsoperationson
the tag and statusarray andthe dataarrayasin a corven-
tional cache. Thus, coherenyg transactionsre carriedout
for all ways,regardlesof the stateof the CWSR,andthese
infrequentlyoccurringoperationssxpendno more enegy
thanin a corventionalcache.

With aslightmodificationto the cachedatapathsye can
alsoensurethata CPUrequesfor a block thatresidesn a
disabledvayin its own L1 Dcaches handledoroperly This
can be achieved with additionalstatesin the CacheCon-
troller for actingon a hit to a disabledwvay, andwith thead-
dition of amultiplexor connectinghewritebackdatapatto
thefill datapatlasshavn in Figure2. This additionalhard-
ware allows the CacheControllerto readthe block from
the disabledway andsendit to an enabledway via thefill
datapathto setthe statusbits to the appropriatecoherence
state,andto setthe statusof the block in the disabledway
to Invalid. Dependingon the sizeof a cacheblock andthe
datapathwidths, it may be necessaryo buffer part of the
blockduringthistransferoperation.f theCPUrequestvas
aload,this operatiorcanbe partially overlappedvith send-
ing the desiredword to the CPU.

Althoughthis approachallows for rapid changingof the
enabledways (as no flushingis required),a performance
penaltyon the order of 5-10 cycles (assumingthe datap-
athwidthsareno lessthanone-quartethewidth of acache
block) is incurredfor eachtransferof datafrom a disabled
to anenabledway. In addition,a significantamountof en-
ergy is dissipatedin transferringthe cacheblock, offset-
ting the enegy savings of disablingwaysif theseopera-
tionsfrequentlyoccut This maybethecasen programsn
whichthe CWSRis loadedmary timesduringexecution.In
this case the algorithmfor changingthe enablingof ways
must considerthe programboundarieswvithin which vari-

Table 3. Simulated system parameter s.

[ Parameter | Value [
fetchwidth 8instrs
fetchqueue 16instrs
fetchspeed 2X

decodewidth 8instrs
branchpred combined4K 2-bit chooser
4K-entrybimodal,
12-bit, 4K-entryglobal,
2-gycle penalty
BTB 8192entries,
4-way setassoc
returnaddress 64 entries
stack
RUU size 64 entries
LSQsize 16entries
issuewidth 4
integerALUs 2
integer mult/div 2
flt. pt. ALUs 2
flt. pt. mult/div 2
commitwidth 4
L1 Icache 64KB, 4-way setassoc,
32Bblock,random 1 cycle lateny
L1 Dcache 320r 64KB, 2 or 4-way
setassoc? ports,32B block,
random,1 cycle lateny
L2 cache 512KB, 1MB, or 2MB, 4-way
setassoc32Bblock, LRU,
15cyclelateng, 16 partitions
mainmemory 16B buswidth, 75 cycle
initial lateng, 2 cyclesthereafter

ablesanddatastructuresarereferenced.Theseoperations
occurrarelyif the CWSRis loadedat the granularityof an
individual procesgi.e., at contet switchtime), which we
assumen the performancevaluationin the next section.

4. Evaluation of Selective Cache Ways

4.1. M ethodology

Our evaluationmethodologycombinesdetailedproces-
sor simulationfor performanceanalysisand for gathering
eventcountsandanalyticalmodelingfor estimatingheen-
ergy dissipatiorof bothcorventionalcachesandcacheem-
ploying selectve cacheways.

We usethe SimpleScalatoolset[8] to modelanout-of-
orderspeculatie processomwith a two-level cachehierar
chy. The simulationparameterdijstedin Table3, roughly
correspondo thosein a currenthigh-endmicroprocessor
suchasthe HP PA-8000 [19] and Alpha 21264[17]. We
explorethe performancef four differentL1 Dcacheswith
andwithout selectve cacheways: 32KB and64KB 2-way
and4-way setassociatie cachesAll four L1 Dcachecon-
figurationsaresimulatedasdual-porteccachesput areas-
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data between a disabled and an enabled way.

sumedo besingle-portedtachesvhicharedouble-pumped
asin theAlpha21264.Thedataarrayof theL2 cachdsim-
plementeds16 partitions,only oneof whichis selectedor
eachaccesssimilar to the Alpha 21164o0n-chipL2 cache
[7]. Becaus@erformancés notassensitveto L2 cachda-
teng asit is to L1 Dcacheateng, this approachwasused
for thelL2 cacheinsteadof selectve cacheways.

We estimateL1 Dcacheand L2 cacheenegy dissipa-
tions using a modified versionof the analyticalmodel of
Kambleand Ghose[15]. This modelcalculatescacheen-
ergy dissipationusing technologyand layout parameters
from Cacti and countsof variouscacheeventsasinputs.
Theseeventcounts,in additionto performanceaesults,are
gatheredrom SimpleScalasimulations(each400 million
instructionslong) of eightbenchmarksvhich vary in their
cacherequirements:the SPEC95benchmarkscompess
ijpeg, li, turb3d mgrid, fpppp andwaves aswell asstereo,
a multibaselinestereobenchmarkfrom the CMU bench-
mark suite [11] that operateson three 256 by 240 integer
arraysof imagedata.Only L1 DcacheandL2 cacheenegy
dissipationarecalculatecasthe L1 Icacheandmainmem-
ory enepy dissipationgio not changesignificantlywith the
numberof enabled_1 Dcacheways.

4.2. Performance Degradation

Figure 3 shavs the performancedegradationincurred
for eachbenchmarlasthe numberof enabledvaysis var-

ied. For the 4-way setassociatie cachesperformancele-
gradesby 0-2% when only three ways are enabled,and
moresharplythereafterThedegradations particularlysig-
nificant (up to 15%) whenmoving from two waysto only
oneway enabled. Thus, for mostof thesebenchmarksa
large performancelegradatiormustbetoleratedn orderto
disablemorethanoneor two of the cacheways. For the 2-
way setassociatie cachesperformancealegradeshy 2-6%
whenonly oneof thetwo waysis enabled.

The relative impact of conflict versuscapacitymisses
canbeassessely observinghatthe 4-way cachesrehalf
the size of the correspondin@-way cachesfor the same
numberof enabledwvays. Casesvherethe 2-way associa-
tive curvesparallelthe 4-way curvesbetweentwo andone
enabledvay, aswith turb3d, indicatea high degreeof con-
flict missessincethe percentperformancehangeremains
roughlythe sameevenwith twice theamountof cache.On
the otherhand, the dominationof capacitymissesis indi-
catedby a fasterdrop-of for the 4-way curvesrelative to
thesamesize2-way curves,aswith ijpeg.

4.3. Energy I mpact

The impacton L1 Dcacheand L2 cacheenepy dissi-
pationdependn how disablingwaysimpactsthe enegy
dissipationsof eachcache. Significantsarzings canbe re-
alizedfor benchmarksn which few additionalL1 Dcache
missesare generatedvhendisablingways. However, dis-
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abling ways may increaseenenpy dissipationif thereis a
significantincreasen L2 cacheactiity. Figure4 shovsthis
tradeof. Li, turb3d andmgrid shav significantreductions
in combined_1 DcacheandL2 cacheenegy dissipatiorfor
all L1 Dcacheorganizations.For ijpeg, fpppp andwave5
enegy dissipationis reducedvhenoneor two of theways
of a 4-way setassociatie cachearedisabled. Whenaddi-
tional waysare disabled,L2 cacheaccessemcreasesub-
stantially increasing_2 cacheenepgy, which may override
thereductionin L1 Dcacheenegy. Theresultsare mixed
for the2-way cacheswith improvementdor bothijpeg and
wavebwith oneof the waysdisabled but a degradatiorfor
the 32KB 2-way cachefor fpppp

Theresultsfor compessandsterodemonstratéhecrit-
ical needto accuratelyassesshe impactof disablingways
onlL1 andL2 cacheenegy dissipation Althoughroughlya
10%enepgy savingsis realizedfor thesebenchmarksvhen
disablingoneof the waysof a 64KB 4-way cache,enegy
dissipationmay significantlyincreasewhenotherwisedis-
abling ways. For compess disablingthree of the cache
waysin a 32KB 4-way cachemorethandoublesnegy dis-
sipationwith a 1IMB L2 cache;with a 2MB L2 cachethe
enegy increasedy 180%. Thus,systemsoftwaremustac-
curatelydeterminethe optimal numberof waysasis dis-
cussedn Section5. The next sectiondiscusseshe overall
enegy savings and performancempactof selectve cache
waysassuminghatthis supports in place.

4.4. Overall Energy and Performance Results

Figure5 shaws the enegy savings realizedand perfor
mancedegradationincurredacrossall benchmarksor dif-
ferentPDT values. The enegy savingsis calculatedfrom
theaveragelL1 DcacheandL2 cacheenegy dissipationof
all benchmarksvith all waysenabledandthe averagewith
thebestnumberof disabledwaysfor eachbenchmarkThe
bestnumberis thatwhichmeetghePDT criterionandmin-
imizescombinedL1 DcacheandL2 cacheeneny dissipa-
tion. The performancedegradationis similarly calculated
from the correspondindPC values. Note that the actual
performancelegradationincurredis significantlylessthan
the PDT value. Obsere alsothat for a 64KB 4-way set
associatie cacheanda PDT of 4%, which incursan ac-
tual performancdoss of lessthan 2%, a 25-40%average
cacheenepgy savingscanbeobtained.Theresultsaremore
modestyet still significant(10-25%enegy reduction)for
a 32KB 4-way cache.Thelessemperformancelegradation
with alargerL2 cacheis primarily dueto the morelimited
opportunitiedo disableL1 Dcachewayswith thelargerL2
cachedueto enengy dissipationconstraints.

The enepgy savings for 2-way setassociatie cachess
significantlylessthanthatof 4-way cachef the samesize
for two reasonskFirst, alargejump in conflict missesoften

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

Performancd®egradationThreshold
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
waveb 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
wavebs 2 2 3
stereo 1 1 1
compress 0 0 0
ijpeg 0 0 1
I 0 1 1
32KB turb3d 0 0 1
2-way mgrid 0 1 1
fpppp 0 0 0
waveb 0 0 1
stereo 0 0 0
compress 0 0 0
ijpeg 1 1 1
I 0 1 1
64KB turb3d 0 0 1
2-way mgrid 1 1 1
fpppp 0 0 1
waveb 0 1 1
stereo 0 0 0

accompanies move from two waysto only oneway en-
abled. Secondthe highergranularityof partitioningin the
4-way cachesllows for the potentialof disablinga greater
percentagef thecache.Thus,in generalthe effectiveness
of selectve cachewaysincreasesvith thecacheassociati-
ity. Yet,the64KB 2-way cacheachiezesupto a30%enegy
sasings,althoughlessthana 10%enepgy savingsis realized
for thesmaller32KB 2-way cache.

Table4, which displaysthe numberof disabledvaysfor
eachbenchmarlasafunctionof PDT value,providesaddi-
tionalinsightasto theeffectivenes®f selectve cacheways.
For the largestand mostassociatie cache(64KB 4-way),
at leastoneway is disabledfor all benchmarksven with
a PDT of only 2%. For the 32KB 4-way L1 Dcache,no
waysaredisabledor compessandsteieodueto theresult-
ing increasen cacheenegy (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 performance degradation
a function of performance degradation threshold.



benchmarksespeciallyfor larger PDT values. This limits
theeffectivenes®f selectve cachewaysfor a 32KB 4-way
cacheunderthis workload. For the 2-way cachesthe PDT
mustbe at least4% in orderfor oneway to be disabledfor
mostof thebenchmarks.

We concludethat a significantsavings in combinedL1
Dcacheand L2 cacheenepy dissipationcan be realized
with selectve cacheways,but thisis primarily during peri-
odsin which applicationswith modestcacherequirements
dominateheworkload.During periodswhenprogramsik e
compessandsteeopredominateyery little enegy savings
may be realizedfor the simplereasorthatthe full cacheis
neededIn addition,the changen performancendenegy
dissipationasthe numberof enabledcachewaysis varied
mustbe predictablawvith highaccurag; otherwisea signif-
icantperformancelegradationrand/oranincreasen enegy
dissipatiommayresult.In thenext sectionwe describesoft-
waresystemdor applicationprofiling andoptimizationthat
canbeleveragedor selectve cacheways.

5. Software Support for Selective Cache Ways

Several software profiling tools have beendevelopedto
identify portionsof codethat exhibit poor cachebehaior,
to provide insight to programmerdor restructuringcode
to improve memoryperformance Given certainhigh-level
cachecircuit characteristicthesesametools canalsoesti-
matethe enegy dissipationof differentlevels of the mem-
ory hierarchy Cprof[20] providescachemissrateinforma-
tion at a fine-grainsourcecodelevel, andfurther classifies
missesas compulsory capacity and conflict types. More
recenttools, suchasthe profiling tool developedby Am-
monset al. [2] andCompags ProfileMe[10], leveragethe
on-chipperformanceountersfound on modernprocessors
to provide additionalinsighton cachebehaior. Ratherthan
simply countevents ProfileMegathergletailednformation
on a perinstructionbasis,allowing for a moreaccurateas-
sessmentf cacheperformanceandenegy dissipation.By
gatheringsuchdetailedinformationwhenall waysareen-
abled,it maybe possibleto accuratelyassesshe appropri-
atenumberof cachewaysto enablefor differentphasef
applicationexecutionwithout additionalprofiling runsfor
eachway configuration.

An alternatve approacthis to leveragemorerecentsoft-
waresystemdhat provide low-costcontinuousprofiling of
the application. For example,the Digital ContinuousPro-
filing InfrastructurgDCPI)[3] periodicallysamplegerfor
mancecountersasprogramsnormally executeandrecords
the information in a database. This information can be
later examinedto identify sourcesof performancedegra-
dation.TheMorph system26] is designedo provide auto-
matic programoptimizationvia similar performancesam-
pling techniquesas well as on-the-fly modificationof the

application,e.g., via a binary rewriting tool. With this type
of software support,an applicationwould be initially run
with all waysenabled.Basedon gatheredcacheinforma-
tion, estimateganbemadeonthe performanceegradation
andenepy dissipationwith disablingwaysfor subsequent
runs. In addition,the PDT (andthus, the numberof dis-
abledways)couldbe adjustedaccordingo machinecondi-
tions (loading, remainingbatterylife, etc). The coupling
of selectve cachewayshardwarewith theseemeping soft-
ware techniquesrovides the opportunityfor the tradeof
betweerperformancendenegy to be automaticallymade
by the systemwithout the needfor extensive userinvolve-
ment.

6. Conclusions and Future Work

Selectve cacheways exploits the subarraypartitioning
of setassociatie cachesn orderto provide the capability
to disablewaysof thecacheduringperiodswherefull cache
functionality is not requiredto achieze good performance.
Becauseonly minor changedo a conventionalcacheare
requiredto implementthis techniquefull-speedcacheop-
erationcanbe maintained We have describedhe hardware
andsoftwareaspect®f thisapproaclanddemonstratethat
a40%reductionin overall cacheenegy dissipationcanbe
achieved for 4-way setassociatie cacheswith lessthana
2% overall performancealegradation.

This performanceon-demandapproachof partitioning
hardware resourcesand tailoring them to applicationre-
guirementscanbe appliedto otherprocessostructuresas
well. For example,it is well known that branchpredic-
tion performancas very application-dependeréndthere-
fore all of the elementsof a combinedpredictormay not
be neededfor every application,nor may the full tables
of the enabledpredictorsbe necessary As with selectve
cacheways,theserequirementsanbegleanedriathecom-
piler or continuoussoftware-basegrofiling, andtheprecise
amountof branchpredictionhardware neededso asnot to
exceedthe performancehresholdcanbe enabled andthe
restdisabledto save enegy. A similar approactcanbe ap-
plied to the otherlarge, RAM-basedstructureghat consti-
tute a large fraction of the functionality in a modernmi-
croprocessgandareoftenpartitionedfor performanceea-
sons.

Like compleity-adaptive processorgl], the approach
describedin this paperexploits the fact that applications
may drasticallydiffer in their hardware requirements.In
our future work, we planto combinethesecomplementary
approache# orderto improve both the performanceand
enegy dissipation,and thus the enegy-delayproduct, of
future high performancemicroprocessors.
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