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Abstract

Enegy efciency in microarchitectuleshasbecomea
necessitySigni cant dynamicenegy savingscanbereal-
izedfor adaptivestorage structuiessud as caches,issue
gueuesandregister les by disablingunnecessargtorage
resouces. Prior studieshaveanalyzedindividual struc-
turesandtheir contol. A commonthemeto thesestudies
is exploration of the con guration spaceand use of sys-
tem IPC as feedba& to guide recon guration. However,
whenmultiple structuesadaptin concert,the numberof
possiblecon gurationsincreasesiramatically andassign-
ing causaleffectsto IPC change becomegproblematic.To
overcomethisissue weintroducedesignghatarerecon g-
uredsolelyon local behavior We introducea novel cache
designthatpermitsdirectcalculationof ef cient con gura-
tions. For buffer and queuestructues, limited histogram-
ming permitspreciseresizingcontrol. Whenapplyingthese
techniqueswve showenegy savingsof upto 70%onthein-
dividual structues,and savingsaveraging 30%overall for
the portion of enegy attributedto thesestructueswith an
average of 2.1%performancealegradation.

1 Intr oduction

The philosophyof high performancemicroprocessor
designhasbeento pushfor ever greaterperformanceas
the primary goal. Enegy consumptionusedto be a sec-
ondaryconsiderationput with today's smallerand much
fasterdesignsenegy hasbecomeone of the critical sys-
temdesignparametersTherearetwo basicapproacheso
reducingenegy. The rst approachs static: redesignba-
sic hardwarewith enengy ef cient featureshatarealways
enabled A complementarapproachis to permitdynamic
resourceallocationand attemptto matchthe minimal re-
sourcerequirement®f anapplication.This paperexplores
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theintegrationof multiple adaptve structuresithin ahigh
performanceyenerapurposemicroprocessor

To achieve high performanceacrossa wide rangeof
applications,key structuresin the microarchitectureare
generallysizedfor worst-casepplicationswithin technol-
ogy constraints(areaand cycle time). In particular the
cachesandtheinstructionschedulingstructuresonsumea
considerabl@ortionof thechip'sdynamicenegy (20-35%
and55%,respectiely, for theAlpha21264[21]). Sinceap-
plicationshave differing needsresourcesre often under
utilized andcanbereducedn sizein orderto save enegy
with minimalimpacton performancethough,the particu-
lar resourcesvhich canbe reduceddependon the appli-
cation. Unfortunately with multiple adaptve structures,
changedo one may affect the behaior of anothey either
positively or negatively. Oneapproacho minimizing the
compleity of controlling multiple adaptve structuress to
provide designsn which only localinformationis required
for goodcon gurationdecisionsij.e., greedyoptimization.
Suchcomponentganthenbe usedasthe basisfor simpli-

ed meta-controfor globaloptimization.

In this paper we demonstratehat multiple indepen-
dentadaptve cachesandadaptve schedulindogic canuse
localinformationfor effective control. We introducea nev
adaptve cachestructurecalledanaccountingcache Prior
adaptve cachesusechangesn systemmetricsto initiate
a searchof the con guration space. Invariably, the sys-
temIPC is usedasa fail-safemeasureof the appropriate-
nessof the cachecon guration. In contrasttheaccounting
cachedesignleveraged RU statein setassociatie caches
to directly calculateideal con gurationsfor performance
and/orenegy and eliminate searchfrom the control pro-
cess.We demonstratehat threeinstancef the account-
ing cache,the L1 instructionand datacachesandthe L2
uni ed cachepperatesimultaneouslhandindependentlyo
save enegy with minimal performancempact.

For the instructionschedulingogic, we incorporatea
buffer designfrom [6] and extenda control stratgy from
[17] to shav thatall buffersinvolvedwith schedulingcan
save enegy usingthis dynamicdesign. The buffer design
is spaceef cient andelectricallyisolatespartitionsof the



buffer so they canbe selectvely turnedoff. The control
stratgy estimatesbuffer resourcerequirementsthrough
limited histogrammingpf the occupang statistics.Thein-
tuition is thata full buffer stallsthe pipeline,sothe buffer
shouldbe sizedwith just enoughpartitionsthat the over-
0 w rateis within aspeci edmaigin. The histograminfor-
mationprovidesthe controllerwith preciseinformationon
the minimumsizethatmeetsthis criterion. The controllers
for all structuresusea tolerancesettingthat dictateshow
aggressiely to tradeof additionaldelayfor lower enegy.
We evaluatethe potentialfor reducedenegy consumption
with the adaptve cachesandinstructionschedulinglogic
separatehandin concert. At the middle tolerancesetting,
we shav enegy savings of up to 70% on individual struc-
tureswith an averagesavings of 34% whenall structures
arecombined.This enegy savingsis achievedwith anav-
erageperformancealegradatiornof 2.1%.

Most relatedwork hasanalyzedoneor two individual
structuresandtheir control. Albonesi[1] describedacache
organization— selectivecache ways— that provided the
ability to reduceenegy consumptionby restricting the
numberof ways accessean a cacheaccess.Balasubra-
monianet al. [2] expandedthis work with a controllable
cacheand TLB, whereboth the numberof waysand sets
of the cachecould be setin a limited mannerthroughex-
ploration. Dhodapkaretal. [9] alsorely on explorationfor
recon guring the instructioncachebut reduceghe search
overheadwith a methodto identify andrestorepreviously
selecteccon gurations. Pawell etal. [18] describethe de-
signof anenegy-efcient instructioncachewhoseaccess
modeis dynamicallyrecon gurable. Buyuktosunogluet
al. [6] describethe designandcontrol of anadaptve issue
gueuewhich usedPC asfeedbacko guiderecon guration
choices.Ghoseetal. [17] expandthis work to improve the
control algorithmandapply it to the reorderbuffer in ad-
dition to the issuequeue. We extend the work further to
includethephysicalregister les asadaptve structuresand
incorporatethe useof utilization varianceratherthanaver
agesto control recon gurationdecisions. We discussthe
specialcontrolneeddor this extension.

Therestof the papetis organizedasfollows. Section2
describesheoverallarchitecturehighlightingall theadap-
tive storagestructureshatwe control. Section3 describes
the controlalgorithmandhardwareadditionsto the design
of the adaptve instructionand datacaches(the account-
ing cachedesign).Section4 describeghe designandcon-
trol of theadaptve buffer structures— theregister le, is-
suequeue andreorderbuffer — usinglimited histogram-
ming. Section5 describesur experimentaimethodology
We presentour evaluationof the potentialbene ts of the
adaptve structuresn isolationaswell asin concertin Sec-
tions6 to 8. Finally, we compareourdesignto relatedwork
in Section9 andconcludein Sectionl10.

2 Systemoverview

Figure 1 showns a schematicof the microarchitecture
usedin this study The architectureis representatie of
a typical out-of-ordersuperscaladesign. The adaptable
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Figure 1. The Base Microarchitecture: Adaptab le
components are shaded

componentsiretheshadedstructuresThe setof adaptable
cachesncludesthe L1 instructionanddatacachesandthe
L2 uni ed cache.All threecachesareinstantiationof an
accountingcache.The setof adaptablestoragebuffersin-
cludesthe re-orderbuffer (ROB), load/storequeue(LSQ),
integerissuequeug(llQ), oating pointissuequeue(FIQ),
theintegerphysicalregister le (IPREG),andthe oating
point register le (FPREG).The buffers areimplemented
asRAM structureghatareresizedby disablingpartitions,
or groupsof entries.

3 The accountingcade design

The accountingcadhe is a recon gurablecachede-
sign with the unique featurethat the performanceof ev-
ery possiblecon guration canbe directly calculatedfrom
datarecordedeachinterval. This is regardlessof the ac-
tual con guration of the cachefor theinterval. Recording
therequireddatais inexpensve anddonevia a handful of
counters.The systemdesignerspeci esonecon guration
asthe basecon guration andthe amountof performance
degradationthatcanbetoleratedn exchangeor loweren-
ergy consumption.Fromtheseconstraintsthe accounting
cachetrackswhat the performanceof the basecachecon-

guration would have beenandrecon guresto the lowest
enegy con gurationthatperformswithin thespeci edper
formancedegradationlimit. This sectionpresentghe ac-
cessprotocolto thecache theadditionalLRU information
requiredto do the performancetracking, and the perfor
manceandenegy costequations.

3.1 Accessprotocol

The accountingcachedesignis basedn theresizable
SelectiveWays Cache proposedby Albonesi[l]. Resiz-
ing is accomplishedy disablingwaysin a set-associate
cache which reducesnegy becausdewer waysareacti-
vatedonaread.Figure2 shavsthe dataportionof a4-way
setassociatie cachewith ways2 and3 disabled(shaded).
Thetagarraycanbesimilarly partitioned(not shavn).

Theaccesprotocolis shavn in Figure2 andis asfol-
lows. Theinitial accesdo the cacheis the primary access
orthe access.A hit with this accesghitA) returnsthe
data. On a misswith the accessanotheraccessalled



A : Read from primary (miss)
B : Read from secondary (miss)

C,: Write data from L2 into primary LRU
C,: Move primary LRU to secondary
C;: Discard/writeback secondary LRU

D : Increment miss count
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Figure 2. Accounting cache miss on read

thesecondaryaccessor accessis madeto the remain-
ing ways. A secondaraccessstalls subsequenaccesses
to the primary partition. A hit in the secondary(hitB) re-
turnsthe databut also swapsthe block with onefrom the
primary. An accesgshat missesin both the primary and
secondangraduatesip to the next level in the cachehier
archy Thereturneddataon a missis placedin the primary
andthedisplacedlockis swappednto thesecondaryThe
displacedlockin thesecondarys written backif it is dirty.
Thecachamaintaindull LRU informationfor trueLRU re-
placementWe discusghe LRU detailsin Section3.2.

The tag arrayfor the cachecanbe partitionedidenti-
cally asthe cacheor the tagscanbe partitionedindepen-
dently. For practicalconsiderationghetagsarelimited to
two con gurations: 1) the partitioningis identicalto that
of the cache(A-B tag9), or 2) all tag ways are accessed
in the primary group (full tags). The full tags option re-
guiresadditionaltag enegy on the primary accesgall tag
arraysareactivated)but cachemissesaredetectedvithout
readingthe secondarylatacache(which hasa high enegy
cost). Thus, applicationphaseswith lots of cachemisses
will bene t from the full tags con guration while phases
with few cachemisseswill preferthe A-B tag option. Ad-
ditionally, the accesdo the datamaybe doneseriallyor in
parallelto the tags. As onewould expect,serially access-
ing thetaganddatawill be of mostvaluein the secondary
cachebut, surprisingly our resultsshow that the this op-
tion sometimesanbe of valuein the primary cache. Ta-
ble 1 liststhecon guration parametersAs anexample,the
basecon guration of the level 1 datacachein a processor
is -way, full tags,and parallel tag anddata. The three
parameterareorthogonato eachother, soa 4-way cache
wouldhave con gurations(with a -way
dataprimarybothfull andA-B tagoptionsareidentical).

Table 1. Cache Con guration Parameters
Parameter Values
Ways(primary) [1,N]

Tags full, A-B
Tag/DataAccessorder | parallel,serial

3.2 LRU operation and implementation
3.2.1 LRU spacerequirements

In generaldesignersefrainfrom usingtrue LRU replace-
mentdueto the additionalbits to maintainthe LRU state.
Simpli ed algorithmsthat perform nearly aswell astrue
LRU track only the mostrecentlyusedway to not replace
or usea roundrobin policy. Both of thesepoliciesrequire
only bitswhere istheassociatiity. True LRU,

ontheotherhand,requires bits pertagto maintain
afull orderingof the setsfor atotal of bits. A

4-way set-associate LRU cacherequires8 bits vs only 2

bits for the other policies, and an 8-way requires24 ver-

sus3 bits. To putthe additionalresourceequirementinto

context, in this study we usea 4-way 64KB level-1 data
cachewith 64 bytelines. In amachinewith a 48-bit physi-
cal addressthetagfor sucha cacheis 34 bits andthe data
512bits. LRU stateadds2 additionalbits pertagor 5.9%to

thetagRAM, but only 0.4%additionalspacewvheninclud-

ing the dataRAM. We accuratelyaccountfor the enegy

overheadlueto this additionalstate.

3.2.2 LRU operation

Next-statetransitionsfor true LRU areeasilyimplemented
using countersof bits each.Assumean 8-way
set-associate cacheasan example. Startingwith the fol-
lowing asthe LRU stateof the tagsfor the currentcache
accessassume hit in way 4.

Way ID
1 2 3 4 5 6 7 8

LRU Statebeforeaccess
O 1 2 3 4 5 6 7

LRU Stateafterhit onway 4
1 2 3 0 4 5 6 7

Upona hit, all LRU stateswith a smallercount,i.e.,
more recentlyaccessedncrementin parallel (ways 1-3).
Thetagthathit hasits LRU statesetto zero(way 4). If the
LRU stateis a highercountthenit remainsthe same.The
updated_RU stateis written backto the LRU RAM. This
updateactiity occursfor ary replacemenpolicy except
random,which doesnotrequireary state.

3.2.3 Exploiting LRU information

In the following, it simpli es the discussiorif we express
theLRU orderwith its dual,the most-ecently-usedMRU)
ordering. We denotethe mostrecentlyusedway at a par
ticularcachandex as , thenext mostrecentlyusedas
, andsoon. Thus,theleastrecentlyusedway in an



-way setassociatie caches also
numberingstartsat zero).

An LRU replacemenpolicy providesconsiderablén-
formationif we noticethatall hitsto themostrecentlyused
set, , would be hits in a direct-mappeaache.Simi-
larly, hitsto either or would hit in a2-way set
associatie cacheIn generalahittothe = mostrecently
accessetblock would be a hit in a cachehaving at
least ways. Countinghow mary hits occurfor each

stateprovidessufcient informationto reconstructhe
hit ratio for any partitioningof the cache.The costis one
counterper stateand one for misses;e.g., a 4-way
cacherequiresatotal of only 5 counterdo recordtheactiv-
ity of thewhole cache.For ary cacheof practicalsize,the
additionalenegy dueto this small setof counterds about
3 ordersof magnitudesmallerthana cacheeadaccessWe
accounffor this (nominal)additionalenegy in our simula-
tions.

(thesubscript

3.3 Performanceand energy costequations

For any con guration,we candirectly calculatetheto-
tal delaysin accessinghe cacheandthe enegy in thefol-
lowing manner Assumeagivenpartitioninghaving ways
in theprimaryand waysin thesecondarylLet usde-
ne thenumberof hitsto the primarypartitionas ,
to the secondaryas , and missesas (we
needno con guration parameteherebecause misswill
missin all con gurations). Assumethe operationof the
cacheis suchthat every accessrst triesthe  partition,
thenthe partitiononaprimarymiss,and nally thenext
level of the memoryhierarchyon a true miss. From the
MRU countswe candirectly calculatehovw mary and
hits would occurfor ary con guration giventhe sameac-
cesspattern. We can usethis informationin simple cost
functionsto directly calculatethe delay or enepgy for the
setof accesseslhecostfunctionsaregivenin Table2.

Let usdenotethe primary, secondaryand missRAM
dataaccesslelaysas , ,and ,andthecorrespond-
ing tag accesdatenciesas and  (thereis no corre-
spondingagaccesslelayfor amiss),usingthe superscript

asa mnemonicfor delay We alsoinclude a bus delay
variable to accountfor non-RAM accessverheadn
transfergbustransferdelay). Theenepgiesarelik ewisela-
beled , , ,and . Theparameters and

arethe delayandenenpy of thetagsin thefull con g-
uration. Note thateachindividual cachewill have its own
valuesfor thesefactors. In Table 2, Equationsba-f detall
the costsfor delayandenegy for a cachecon guredusing
parallel tag/dataand A-B tags. Using A-B tagsmeanghat
a secondaccesgo the secondarypartition musttake place
onamissin theprimary. In contrastusingfull tagsonthe
primary accessliminatesthe accesgo the secondaryn
a cachemiss. In Equation5a, the delayon a hit in is
the bustransfercosts plustheaccesgime to thedata
RAM with the (faster)tag accesgime hiddenbehindthe
dataaccess.The eneqgy is that of the dataandtag RAMs
con guredwith  ways. Ona hit in the secondarythe de-
lay includestheaccesso andthen . Sinceblocksmust

be swappedon a hit to the secondarythe enegy includes
thesewrites to the dataandtag RAMs. Eachwrite is to
only oneway andhasenegy for thedataRAM
and for thetag RAM. Theremainingequations
in Table 2 shouldbe self explanatory Not shavn arethe
equationsfor the con guration combinationgparallel/full
and serialA-B asthey are easily derived from the above
examples.

Table 2. Accounting cache cost functions

| Generalostfunctions
1.
2.
3.
4.
| Delay costof parallel tag/datawith A-Btags
5a.Delay hit
5b. Enegy
5c. Delay hit
5d. Enegy
5e.Delay miss
5f. Enegy (seebd)
| Delay costof serialtag/datawith full tags
6a.Delay or hit
6b. Enegy
6c. Delay miss
6d. Enegy

3.4 Accounting and con guration selection

Ourgoalis to improve enegy ef ciency with minimal
degradationin CPlrelativeto aspeci edbasesystem.The
strat@y is to minimize enegy with the constraintthatthe
portionof thememoryaccesgime attributableto thecache
is within a speci ed percentag®f the delaythatthe same
accessesvould have in the basesystem. The basecon-

guration de nes the lateng to which the dynamiccache
mustcompare The performancealegradatiorpercentagés

calledthe tolerancesetting For this study we usetoler

ancevaluesof 1.5%,6.2%,and25%, which correspondo

thefractions1/64,1/16,and1/4, respectiely.

Con gurations are selectedby gatheringMRU (or
equivalently, LRU) statisticsfor aninterval andthencalcu-
latingthedelayandenegy costs.A hardwaretimertriggers
aninterruptto runasmall,fastsoftwarecacheanalysisou-
tine. A PAL-coderoutinelikethe Alpha21264[8] supports
doesnot have to save registerstatesothe overheads min-
imal. The analysisroutinereadsthe MRU registervalues
containinghow oftenblockswereaccessewith the corre-
spondingMRU state,and calculateghe delayand enegy
valuedor all possiblecachecon gurations.For example jif
our MRU countsare , , ,
and , botha 3- and4-way cachewould have the
sameperformancesinceall the accessewvould hit,
but thecontrollerselectsa 3-way con gurationbecauséhe
enegy costof theaccesseis lower. The MRU statecoun-
tersareclearecby thehandlerbeforereturning.In our sim-
ulationswe useaninterval of 100,000instructionsbetween



recon gurations. We estimatea highly tunedhandlerwill
be onthe orderof 100instructionsandhave a high degree
of parallelism(high IPC). The recon gurationis accom-
plishedby writing avalueto a systemregister The enegy
anddelayof the handleris the costof recon guration. We
do notincludetheinterrupthandlernn our simulations.

We call the delay that the basecachecon guration
would have incurredfor the interval . We add
to an accumulatingdelay counter This counter
maintainsthe total delay costfor all prior accesse$or a
basecachecon guration. A secondcounter ag-
gregatesthe calculateddelays per interval for the
actualcachecon gurationsused.Cachecon gurationsare
selectedo maintaintherelationshiprelative to a tolerance
setting of , While minimizing
enegy usage Thedifference
is a caches delayaccountvalue . The accountbuilds
savings (credits)thatthe controllercanspendon additional
delayin exchangefor lower enegy. In addition, a simi-
lar enegy account is keptasa fail-safein the event of
pathologicabehaior (discussedbelow).

To selectthenext con guration,we assumehepattern
of accesse# the next interval will beidenticalto that of
the prior one. Fromthis assumptionwe estimatethe per
missibledelayfor the next interval thatis within the toler-
ancesetting, (thisincludes
delaycredits,or possiblydebits,accumulateéh prior inter-
valsvia ). If the quantity
then and the controller is forced to
selectthe fastestpossible con guration to make up the
debit. Otherwise,the con guration with the lowest en-
ergy is selectedwhose estimateddelay cost is within

A key featureof the cacheaccountds thatthey per
mit the controllerto amortizecostsor creditsacrossmary
intervals. Thus,cacheselectioncanbe aggressie andper
formanceglitchesdueto phaseshiftsin accespatternawill
be corrected. As we discussin our results,in the caseof
over-performancehe extra accumulatednargin permitsa
moreaggressie enegy saving con gurationto be selected
periodically eventhoughthe perinterval delayfor the en-
ergy saving con guration is above the per interval toler-
ance.Thedelayaccount alsohelpsat phaseshifts. The
controllerdoesnot needto explicitly detectphasesA sig-
ni cant changean the accespatternwill manifestitself in
a differentorderingof con gurationsbasedon their total
delaycostsfor the new accesgattern. The delayaccount
ensureghat the additionaldelay incurredduring a phase
shift is eventually paid for in future con gurations. The
accountpermitsthe controllerto atonefor guessingvrong
at thatintenal. In the eventof pathological,rapid phase
shiftswhentheprior interval is a poorestimateof the next,
thedelayand/orenegy accountdor thecachewill become
negative. A negative accountforcesthe controllerto de-
fault to the baselinecon guration becausehat con gura-
tion guaranteegerodifferencein performance Over suc-
cessieintervals,creditsaccrueddueto thetoleranceactor
will eventuallyrepaythe debitandmake the accountssol-
ventonceagain. This importantfeaturelimits the perfor

manceandenegy impactof pathologicalbehaior to that
of the baselineperformancebut alsopermitsrecon gura-
tionsagainwhen(andif) thaterratichehaior ends.

Theaccountingcachedesignrequiresa setassociatie
organizationin which all of the waysareaccessibleThis
conditionis sufcient to simulatehow largercachecon g-
urationswould have performedon ary patternof accesses.
With the LRU (MRU) statistics,recon gurationdecisions
are independenbf the system-widelPC effects. This is
in sharpcontrastto exploration-baseaacherecon gura-
tion schemegl, 2, 9] andis the primary advantageof the
accountingcachedesignwhen combinedwith other dy-
namic structureswhich canaffect the IPC. The account-
ing cachedesignas presentedererequiresa cacheto be
set-associate. However, we believe other dynamicen-
ergy saving schemege.g.,[2, 18]) canincorporatethe ba-
sic accountingconceptto enhanceheir ef ciency or, ata
minimum,to detectandpreventpathologicalCPI degrada-
tions arisingfrom mismatchedetweerthe cachecon gu-
rationsandtheapplication(e.g.,possiblydueto rapidphase
changesn theapplication).

Finally, thedelaycalculationsareonly estimate®f the
effectson the processos CPI. Thereare multiple reasons
why: memoryaccesseaccounfor only apercentagef an
applications executiontime; the memory hierarchymay
have slackrelative to the otherpartsof the processosoan
increasein delay may not signi cantly increaseCPI; and
parallelismbetweenthe caches particularly betweenthe
level-1instructionanddatacachesdecouplesheeffectsof
delaysaswell. Selectingcostparameterthatassumenax-
imum parallelismensureghatthe calculatedCPI degrada-
tion is anupperboundon the true CPI degradationdueto
cacherecon gurations. A future direction of studyis on
how to tightenthis boundon the CPI effectsby accounting
for theabove situationsmoreaccurately

4 The adaptive buffer design

Buffersthroughoutthe processostoreinstructionsin
orderto decoupldiming dependenciesetweerthe stages,
aswell asto increasehe effective window of availablein-
structionsin orderto exploit instruction-level parallelism.
Our microarchitecturé¢Figurel) hasindividual queuedor
the separatetypes of functional units. Speci cally, we
modi ed Simplescalatto split its centralizedRUU into a
setof buffers: a reorderbuffer (ROB), oneinteger issue
queug(llQ), one oating pointissuequeug(FIQ), andone
load/storequeue(LSQ). In addition,therearethe separate
physicalintegerregister le (IPREG)andthe oating point
physicalregister le (FPREG).In this study we assume
all buffersareimplementecasRAMSs, with associatie ad-
dressingcapabilitiesn thellQ, FIQ, andLSQ.

To save enegy, eachbuffer's RAM is partitionedby
bit-line segmentation. Bit-line segmentationelectrically
isolatesregionsof the RAM to reducedynamicenegy on
accessefp]. Figure3 shavs how bit-line segmentatiorre-
ducegheacces&nepgy by reducingthecapacitancenthe
bit-lines. Only the enabledpartitionsexpenddynamicen-
ergy [6]. An alternatve RAM designbasedon bankingis
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Figure 3. Resizable buffer with 2 partitions diabled

usedn [17]. Theunderlyingstructureof theRAM doesnot
impactthe control. In bothdesignstheelectricallyoptimal
partitioningwasfoundto be the same: 16 entry partitions
for the ROB and8 entry partitionsfor all otherbuffers.

4.1 11Q, FIQ, LSQ, and ROB resizing

Whendownsizinga buffer we alwaysturn off theparti-
tionsin theorderof highestaddresso lowest,andresizeup
in thereverseorder Restrictingtheresizingin thismanner
simpli es the circuitry [6]. However, beforedownsizing
thellQ or FIQ, we mustwait until existing instructionsin
the partitionsto be turnedoff have issued. Furthermore,
we must restrict instructionsfrom being dispatchednto
thesepartitions. Additional care must be taken in resiz-
ing the ROB andLSQ becausef their circular FIFO-like
structure. The physicalimplementationusesa headand
tail pointerwith wrap-aroundat the buffer limit. Before
resizing,we mustensurethe headandtail pointersdo not
straddlethe partitionto be disabledotherwisebufferedin-
structionscouldbe caughtin the disabledpartition[17].

4.2 Registerrenameoperation

Register renaming [16] performs logical (architec-
tural) to physicalregister mappings,therebyeliminating
write-afterread and write-afterwrite dependencesvhen
therearesufcient physicalregisters.In aprocessosuchas
IBM' s Power4,which cansupportup to 200instructionsn
ight throughthe pipelinesimultaneously20], registerre-
namingis critical for exploiting theprocessos superscalar
capabilities. The approachto registerrenamingproposed
by [16] utilizes the pool of registersmore ef ciently than
alternatve designsthat maintaina separatgool of archi-
tectedregistersin additionto a register setfor renaming.
In this design,uponinstructioncommitthearchitectedeg-
ister's contentsare updated.A designwith a singlecom-
mon pool of registersoffers betteropportunityto turn off
morephysicalregisters.However, sincethe physicalregis-
tersremainmappedintil thelogicalregisteris over-written,
beforebuffer resizingcanoccur, all active registersin the

partitionto bedisabledmustbe freedby moving their con-
tentsto differentphysicalregistersthatwill remainactive
(thelogical registersarethe same).

The renaméogic complicategesizingin comparison
totheissuequeuesin theintegerregister le, for example,
whenaloadis fetched,the renaméogic selectsa register
from the free list andrecordsthelogical to physicalmap-
pingin themaptable.A mappedhysicalregisterbecomes
freewhenthefollowing aresatis ed:

1. Theinstructionwriting thevaluehasbeencommitted.
2. All in- ight instructionsusingthevaluehave readit.

3. Thephysicalregisterhasbeenunmappedy a subse-
quentwrite to the samelogical register

Until all threeconditionsaresatis ed,aphysicalregis-
ter cannotbefreed. It maybe possiblethata logical regis-
teris usedearlyin theprogramandneverassignecgainby
the compiler The physicalregistermappedo thatlogical
registercanneverbefreed. Theimplicationto dynamically
resizingtheregister le is thatwe cannotguarantee parti-
tion of theregister le RAM will ever have all its physical
registersunmappedBecaus®f thisissue simplydisabling
partitionsasis donein theissuequeueswill notwork. This
conditionwould seemto greatlydiminishthelik elihoodof
everbeingableto downsizetheregister les.

To turn off a partitionin the register le requiresthe
following: removetheregistersto bedisabledrom thefree
list; move the contentsof active registersto be disabledto
other registersthat will remainenabled,and remove the
newly freedregistersto be disabledfrom thefreelist.

This additional compleity for resizing the register

les necessitates software handler To move a logical
registerto a new physicalregister the softwarehandleris-
suesamove instructionfrom thelogical registerbackto it-
self: mov r7, r7. Thenormaloperationof therenamdogic
will move the contentsinto a new physicalregister from
thefreelist andunmapthe physicalregisterin the partition
to be disabled. The maptablecontainsthe informationfor
logical to physicalregistermappingsso the software han-
dler could have directaccesgo this information. Turning
a partition backon is thenjust a matterof addingthe par
tition's registersbackontothefreelist. Because¢he RAM
is disabledfrom the top (highesthnumberedegister)down
(lowest),anID canbesetandary registerwith anaddress
greatetthanthelD is consideredemovedfrom thefreelist
andcannotbe selectedy therenamingogic.

4.3 Recon guration control

Thecontrolleris anextensionof thedesignin [17]. In
that work, the buffer is sampledat periodic intervals and
the numberof entriesareaccumulatedn a counter At the
endof theinterval, a simpleshift of the countprovidesthe
averagebuffer occupang. The buffer is sizedto the num-
ber of partitionsthatwill hold the averageoccupang. An
over ow counterensuresagainsta buffer being sizedtoo



small. Every cycle the buffer is full incrementshe over
o w counter Whenthecountreachesthresholdt triggers
animmediateupsizingof onepatrtition.

Our implementatiorusesa differentemphasigor the
design.Theintuition is thatwe wantto sizethebuffer such
thatover owsoccurwith afrequeng below a setthreshold
duringtheinterval. In a nely partitionedbuffer, choosing
the averageoccupanyg sizemeanghat half of thetime we
wouldthenactuallyrequirea sizegreaterthanthe average.
We take the positionthat the uppertail of the occupang
distribution is the propermetric. The propersizingis that
which selectsa sufcient numberof partitionssuchthatthe
portionof thedistribution thatwould extendbeyondthere-
sizedbuffer (i.e., the over ows) is lessthanthe threshold.
We histogranthe occupang at the granularityof the parti-
tions, entriesperpartition. In particular for a buffer with
four partitionseachwith  elementstherearethreecoun-
ters. The rst counter incrementsvhenthe occupang

is greaterthanor equalto , thenext counter incre-
mentswhen , the third counterincrementswhen
. The countersare associatedogically with the
buffer and track the true numberof entriesoccupiedand
nottheactuallocationsoccupiedn eachpartition(i.e., the
histogramis a virtual compactiorof the queue).Sincewe
are only concernedf the over ow thresholdwould have
beenexceededthe counterssaturateat the over ow limit.
The saturationreducesthe numberof cyclesthe counter
is active. We downsizethe buffer to the partition whose
counterhasnotsaturatedThehighesthumberedistogram
counterof the active partitionssimultaneoushactsasthe
over ow counter We alsoimmediatelyupsizewhenthe
over ow thresholdis reached.We usethe samethreetol-
erancesettingsasin the cachesimulations: 1.5% (1/64),
6.2%(1/16),and25% (1/4). The over ow thresholds the
tolerancefraction of the interval period, e.g.,6.2% of 8K
cycles.

5 Evaluation methodology

Our evaluation methodologyuses Simplescalar[5]
for the Alpha AXP instructionsetand the Wattch power
model[4]. We simulatean out-of-ordersuperscalapro-
cessosimilarto the Alpha 21264in thatthereareseparate
issuequeuedor the differenttypesof functionalunits. Ta-
ble 3 lists the microarchitecturaparameterand Table 4
lists thebenchmarlsuite.

We modelthe memoryhierarchyin detail to account
for all actionsand side-efects of the con gurable cache
operationjncludingtheswappingof cacheblocksbetween
primaryandsecondaryartitions. The TLBs arenotcon g-
urablein this study Ourtiming analysisrevealsthatserial
accessebave a lateng thatis approximatelyl.6 thatof a
parallelaccessWe usethis multiplier to settheaccessime
for acachecon guredto seriallyaccessaganddata,thus,
the accesdatenq of the L1 cachesincreasedo 4 cycles
from 2 in serialtag/datamodeandthe L2 accesdateng
increases$o 19 from 12 cycles.

Table 3. Architectural parameter s
Fetchqueue 8 entries
Branchpredictor comb of bimodaland2-level gshare;
bimodal/Gsharé&evel 1/2 entries-
2048,1024(hist. 10),4096(global);
Combiningpred.entries- 1024;
RAS entries- 32;BTB - 4096 2-way
Branchmispred.lateng|10 cycles

Fetch,decodewidth 4 instructions
Reorderuffer 128entries
Integerissue 32entries
Floatingpointissue 32entries

PhysicallNT regs 96

PhysicalFPregs 96

Loadentries 32entries

Storeentries 32entries

InstructionTLB 256(64 4-way) 8K pages30cycle miss
DataTLB 512(128 4-way) 8K pages30cycle misg
Memory latengy 80cycles

L1 I-cache 64 KB, 4-way, 64BTine, 2 cycle

L1 D-cache 64 KB, 4-way, 64B line, 2 cycle

L2 uni ed 2 MB 8-way, 128Bline, 12 cycle

6 Accounting cacheresults

Dueto spaceconstraintswe condensehe resultsfor
thebenchmarlsuiteinto Table5 usingarithmeticaverages.
We summarizeéheenegy anddelaydatain Figure4. In Ta-
ble 5 the rst line lists thethresholdaused.Thethresholds
arel.5%,6.2%,and25%,whichapproximatelycorrespond
to 1/64,1/16,and 1/4 (so the controllercanuseshift asa
fastdivide). Theresultscomparethe adaptablecacheto a
baselinecon gurationusingthemaximumnumberof ways
with paralleltag/dataaccess.We also compareagainsta
basel 2 with serialtag/dataaccess.

6.1 Instruction cache

Theinstructioncachedatais the rst groupof datain
Table5. The enegy saving is 54.3%at 1.5% and 58.6%
at tolerancesf 6.2% and 25%. The reasonfor the large
savings is clearfrom the breakdavn of the averagetime
spentin eachof the cachecon guration parameters.The
mostrevealingmetric is that the averagenumberof ways
is no largerthan1.2 (out of 4) acrossthetolerancéevels.
Thus, the minimum con guration of a direct-mappedlL6
KB instructioncacheis generallysufcient for the bench-
marksandthe controllercorrectly con guresthe cacheto
useminimum enegy. An exceptionis vortex which uses
2.6 ways on averageat 1.5% tolerancesaving only 25%
enegy. At thelowesttolerancesetting,thefull tagscon g-
urationis selectedduring phasesf cachemissego elim-
inatethe delayfor unnecessargccesseto the secondary
andkeepwithin tolerance.

We selectedarelatively large64 KB cachethatis sim-
ilar in sizeto the Alpha21264[15]. An drasticallysmaller
cachewould have beemneededor thebenchmarkso stress
it. We feel that the datacacheresultsshovcasethe con-
troller's abilities appropriately We reportthe instruction
cacheenegy contribution soits effectscanbe judgedrel-
ative to the total enegy. The row labeledAccountUsed
is the portion of the extra cycle accountactually usedby
thecontroller Evenatthe highesttoleranceof 25%degra-



Table 4. Benc hmarks

Benchmark Suite Datasets InstructionWindonv | 64KB 4-way DL1 missrate
em3d Olden 20K nodes20iters 1000M-1100M 23%
health Olden 4 levels, 1000iters 80M-140M 18%

mst Olden 2K nodes 500M-600M 2%
compress | SPEC93NT ref 1900M-2100M 11%
gcc SPEC93NT ref 1650M-1750M 6%
parser SPEC2KINT ref 2000M-2200M 3%
perlbmk SPEC2KINT ref 2000M-2200M 1%
twolf SPEC2KINT ref 1000M-1200M 5%
vortex SPEC2KINT ref 2000M-2200M 1%
vpr SPEC2KINT ref 2000M-2200M 2%
applu SPEC95-P ref 200M-400M 3%
art SPEC2KFP ref 300M-500M 22%
swim SPEC2KFP ref 1000M-1200M 8%
wave5 SPEC95-P ref 200M-400M 1%

dation, the controller only neededto withdraw lessthan
1/25th of theaccountwalue.

6.2 Datacache

The level-1 datacachehasmoreinterestingbehaior.
As thetolerancdevel is increasedthe enegy savingsalso
increasefrom 29.6% up to 45.2% due to adjustmentsn
all threecon guration parameters.The A-B tag option is
selectedover 30% of the time at the 6.2% and 25% tol-
erancesettings.Someavhatsurprisingly the serialtag/data
optionis sometimeselected2.9%) at the aggressie tol-
erancesetting. The mostenegy savings, however, come
from reducingthe ways from 4 ways to nearly a direct-
mappedcache,1.3 wayson averageat the 6.2%tolerance
level. Notice thattherearevery few hits in the secondary
(B) partition. The controllerwill alwaysselectcon gura-
tionsto keeptheseaccesse® a minimum.

6.3 L2 unied cache(parallel tag/data)

The rst setof datafor thelL.2 cachdsrelativeto ahigh
performancédasecon gurationusingparalleltaganddata
accessWe canseethatthe controlleraggressiely useshe
A-B andserial con guration optionsto save enegy andis
lessaggressie at decreasinghe numberof ways (to 6.1
out of 8). The reasonis that serializingthe tag and data
accessess, in general the single mosteffective meansof
decreasingnegy consumptionThe large memoryaccess
lateng of 80 cyclesprovidesasigni cant amountof credit
tothelL2 cacheaccounthatit canthentradefor serializing
thetagsanddata. The L2 controllerusesover half of its
tolerancdimit (16% out of 25%), but this resultsin only a
3.9%averageslovdown. As mentionedoreviously, a cycle
slowdown in the memoryhierarchyusuallydoesnottrans-
lateto a similar slovdown in the pipeline.

6.4 L2 unied cache(serial tag/data)

In Table5, con guring for serialtag/dataresultsin a
smallnetlossof enegy relative to the serialtag/database
con guration. Thereasoris dueto thelarge differencebe-
tweenthe tag enegy andthat of a datablock access.In
this architecture readingall the tagsrequiresonly about
1/4ththe enepy of readingonedatablock. Recallthaton

a missblocks are swappedbetweenthe primary and sec-
ondarypartitions. With sucha disparitybetweerenegies,
ary additionaldatacacheactvity swampsary enegy sav-

ings from partitioning the tags. The controller correctly
detectghis stateof affairsanddefaultsto the basecon g-

uration. However, in this con guration the extra LRU bits
of theaccountingcacherequireadditionalenegy notin the
baselinecacheandthis resultsin a smallnetlossof 1.1%
acrosghebenchmarks.

A conclusiononemight draw is that paralleltag/data
accesds not an attractive option. This conclusionis not
necessarilycorrect. Table 6 lists the CPI valuesfor each
of thebenchmarkg$or both paralleltag/dateaccesandse-
rial tag/dataaccesdor our basesystemwithout adaptable
cachesTheratio of theserialvs parallelbaseperformance
is shavn in the last row. Most applicationsshow little
performancempact. However, compessandhealthshowv
11% and 30%, respectiely. Thus,someapplicationscan
run signi cantly fasterif the L2 cachecan be optionally
con guredfor paralleltag/dataaswell asserialtag/datalf
the additionalperformancas importantthenthe dynamic
cachecanrealizeenegy savings of 49.1%in the L2 for
compessat the small 1.5% delay tolerancesetting (and
only 0.3%actualslondown). For fair comparisonthe se-
rial tag/dataoption offers an 85% enegy savings (about
twice) butincursthe 11%slowdown.

Figure4 graphgtherelative enegy savingsfor thedif-
ferentcachelevels and alsothe aggreyaterelative perfor
mancedegradation. The rst threegroupsof barsarefor
the individual cachelevels. The fourth setis the relative
enegy savingsfor the completecachehierarchyassuming
anL2 with paralleltag/dataaccess.In the third grouping,
the lighter portionisthe relative enegy savings excluding
the instructioncache(thus, the savings arerelative to the
dataandL?2 basesnegy). Thedarkportionis theadditional
savingsif theinstructioncacheis included. Therightmost
setof barsis the systemperformancelegradationfor each
of thetolerancesettingsthat wasreportedin Table5. Se-
lectingthe modestolerancesettingof 6.2%resultsin over
40% enegy savings relative to the cacheshut incursless
thana maximumof 2.8% performancelegradationacross
all thebenchmarksvith theaverageat 1.1%.

The averageperformancealegradationsarewell below
thetolerancesetting. While the consenrative designof the
controlleris suchthatthis relationshipalwaysholds,feed-



Table 6. Base Con guration

CPI: Parallel vs Serial L2 Tag/Data

em3d | health mst compess gcc parser | perlbmk
Parallel | 1.2270 | 1.7912] 0.3170| 0.6074 | 0.6173| 0.6328 | 0.6247
Serial 1.2720 | 2.3252| 0.3174| 0.6742 | 0.6182 | 0.6731| 0.6372
S/PRatio | 1.0367 | 1.2981 | 1.0013 | 1.1100 | 1.0015| 1.0637 | 1.0200
twolf vortex vpr applu art swim waveb
Parallel | 0.6513 | 0.4319] 0.7001 | 0.5263 | 0.8426 | 0.6311 | 0.3488
Serial 0.7108 | 0.4646 | 0.7143 | 0.5266 | 0.8756 | 0.6342 | 0.3495
S/PRafio | 1.0914 | 1.0757 | 1.0203 | 1.0006 | 1.0392 | 1.0049 | 1.0020
ENERGY PERFORMANCE
Table 5. Energy, delay, and percent of time a 100% 20%
con guration  option is selected, averaged across oo L2Cache  FullCache e
benc hmarks 0 e (parallel Herarchy 6% 2
AveragesAcrossBenchmarks £ P | % 2
Threshold 15% 6.2%  25.0% 2 0 - 2% 8
Delay Increase 0.3% T.1% 3.9% g sow [ 0% 3
InstructionL1 Cache £ a0 N o &
Enegy Savings [ 54.3% 58.6% 58.6% & 3% o0 &
Tags full 5.4% 0.1% 0.1% 20% =% &
A-B 94.6%  99.9%  99.9% 10% N I P
Data parallel | 100.0% 100.0% 100.0%
Serial 00% 00% 00% 15 62 25 15 6.2 25 15 62 25 15 62 25 15 62 25
Ways Ave 1. 2 1. 0 1 O Latency Tolerance
Hits B 0.2% 0.4% 0.4%
Account  Used 0.5% 0.9% 0.9% Figure 4. Relative cache energy usage averaged
DataL1 Cache across all benc hmarks
Enegy Savings [ 29.6% 42.1% 45.2%
Tags full 89.7% 68.3% 61.8%
A-B 10.3% 31.7%  38.2%
Data parallel | 99.9%  99.7%  97.1% save the 2% enepgy) whenserialtag/datais determinedo
W Z‘f/’e'a' 0l% 03% 29% besufcient. An interestingieatureof theaccountingache
Hits B 07%  20%  2.29% is thatits controllercaneasilydeterminethe performance
Account  Used 1.3% 4.4% 6.6% andenegy tradeoffs andnotify the meta-controlleif, for
Uni ed L2 Cache(ParallelTag/DataBase) instancecertainprogrammedre-conditionaremet.
Enegy Savings | 25.5% 41.1% 63.0%
0, 0, 0,
Tage gj-l:a ngoﬁ 2;‘;{;; ggioﬁé 7 Dynamic buffer results
Data parallel 94.7% 66.9% 32.9%
serial 53% 331% 67.1% Figure 5 shaws the relative sizings for eachof the
Ways Ave 5.5 6.0 6.1 buffers averagedacrossthe integer benchmarksn the top
":'Ctzoum Bsed 122? é'ggﬂ’ 1'0;%’ graphandacrosghe oating pointbenchmarksn the bot-
5% 0%  16.0%
Uni ed L2 Cache(SeralTag/DataBase) tomgraph.Eachgroupof barsrepresentsneof thebuffers
Enegy Saings | -1.1%  -1.1%  -11% andthethreebarsin thegrouparefor eachof thetolerance
Tags full 675% 67.8% 67.8% settings,1.5%,6.2%,and25% from left to right. Thedif-
A-B 32.5%  32.2%  32.2% ferencein sizingsis minimal betweertoleranced.5%and
Data parallel T~ 0.0% — 00%  0.0% 6.2%. The differencesaresmallin systemperformanceas
serial 100.0% 100.0%  100.0% . - .
Ways Ave 57 57 57 well (far right) shaving degradationsof 0.3% and 0.8%.
Hits B 0.3% 0.3% 0.3% When the tolerancesettingis pushedto 25% the struc-
Account  Used 0.5% 0.5% 0.5% turesare shrunkmore aggressiely andthe averagedelay

back to tighten this boundwould in improve the enegy
savings. We areexploring how to measureheactualdelay
costsasthey relateto theinstructioncommitrate. Informa-
tion from critical loads[10, 19] mayhelp.

Dueto the mismatchbetweerreward andpenaltyin a
serialtag/dataaccesgache the adaptve accountingcache
designis mostappropriatevhena cacheoffers the paral-
lel tag/dataaccessption. As an extendedpolicy, a meta-
controllercould activatethe full LRU stateandthe adapt-
ablecapabilitiesof anL2 cacheif high performancaes re-
quired,butrevertbackto thesimplerreplacemenpolicy (to

increaseso 11.9%.

In the oating point benchmarksagainthereis nom-
inal differencebetweerthe two lowesttolerancesf 1.5%
and6.2%,andthe highestthresholdtradessigni cant per
formance(11.1%)to shrink the structures.Overall, these
resultstrackthosein [17] whichlookedatacombinednte-
gerand oating pointissuequeuetheLSQ, andthe ROB.
In thatstudy theauthorsuseda similar rangeof tolerances
andtheresultsshavedsimilar variancein the performance
degradatioracrosgheapplications.

Both mstandwave5have large performancedegrada-
tions at the 25% tolerancelevel, 41% and 39%, respec-
tively. In exploring this behaior, we discoreredthat in
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both benchmarksabouthalf of the degradationwas due
to adaptingthe register les and the other half was due
to adaptingthe queues.The performancelegradationef-

fectsof adaptingbothsetsof structuresimultaneouslare
additive for theseapplications. This coupling of the ef-

fectsappearso befairly infrequentoutit canoccurandwe
speci cally includedmstand wave5to highlight this be-
havior. The adaptve cachetakesinto consideratiorsome
of theinter-cacheeffectsvia selectingpropervaluesin the
costfunctions. Unfortunately thereis no equialentinter-

buffer feedbackFor thebuffers,thetolerancesettingeffec-
tively boundstheperbuffer effectson performancebut the
possibility existsfor the delayeffectsto be additive. Thus,
the tolerancemustbe setconseratively. For future work,

a methodof assigningaccurateperformancecoststo each
of the buffersis neededso a systemwide tolerancesetting
canbeused.

8 Integrated systemresults

Figure6 shows theresultsof combiningall the adapt-
ablestructuresn thesystem.Theenegy savingsareshavn
on the left. In all groups,the enegy savings arerelative
to the baseenegy of the componentsn the group. The

rst two groupsof barsarethe aggreyatedresultsfor the
cachehierarchyandbuffers, respectiely. The overall sav-
ingsfor the cachesandbuffersare26%,34%,and48%for
thetoleranced .5%,6.2%,and25%,respectiely. Theper
formancedegradatiorhashigh variability atthe aggressie
tolerancesettingof 25%. Theraw dataof theaveragenum-
ber of cacheways and percentof buffer size activatedis
shavn in Table7 for all applications.Resultsfor the 1.5%
tolerancesettingareomittedto sase space.Thelarge per
formancedegradationsat the 25% tolerancelevel are due
to theadditive delaysbetweertherecon gurablebuffers.

Tointegratethecacheswith thebufferswe hadto elim-
inatethe needfor trackingsystemlPC to guidecachecon-
guration decisionsasis doneuniversallyin priorwork. By

ENERGY PERFORMANCE

100% 20%
(mst, 41%)
90% 18%
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Figure 6. Summary of results

addingtheaccountingcache gachdynamicstructurerelies
solely on local information for its resizingcontrol. The
disadantageof this approacthis thatperformancelegrada-
tions dueto recon gurationactionscan be additive (e.qg.,
wave$, but the con guration controllerscannotaccount
for this possibility An importantresultof this exerciseto

integrateso mary dynamicstructuress thatit highlights
thefactthat somemethodof global coordinationis neces-
sary A global controllerwill requiremechanismsn mi-

croarchitecturé¢o quantify thesecoupledeffects between
therecon gurablestructures.The ultimate goal shouldbe
to control the variability of the performancedegradation
whenrecon guring to save enegy. Ideally, givena max-
imum performancedegradationtarget the systemshould
nd enepgy sarzings without violating this constraint.Cur-

rentrecon gurationtechniquegoursincluded)cannotof-

fer sucha guaranteeWe feel thisis animportantdirection
for futureresearch.

9 Relatedwork

This papelintegratesalargenumberof dynamicstruc-
turesthatadaptindependentlyo save enegy with modest
performancampact. The relatedwork can be split into
two groups:dynamicenengy ef cient cachesanddynamic
instructionschedulinglogic. Distinct from dynamiccon-
trol are static methodsto improve enegy ef ciency. The
staticmethods suchassubbankingbit-line segmentation,
and Gray coding, are orthogonalto the dynamicmethods
describechereandboth canbe usedtogether

In additionto therelatedwork [1, 2] describedn Sec-
tion 3, Dhodapkarand Smith [9] extend the work in [2].
As in [2], the con guration spaceis searchecainda con-

guration is selectedbasedon observingthe systemIPC.
The extensionis a methodto generatea uniquesignature
that they associatewith the con guration parametersand
storein atable. If the sameworking setsignatureoccurs
thenthe storedcon guration canbe readanddirectly ap-
plied without anothersearch.Dueto spacdimitations,we
do notcomparehe accountingcacheto theabove designs.
However, resultsnot reportedherehave shavn the enegy
savings of the accountingcacheto be comparabldo those
of [2] for similar cachearchitecturesWe considerthe pri-



Table 7. Summary results' raw resizing data
App [[Perf[Ave cachewayd Buffer size(%)
(%) |[ICI[DLI] L2 |[MQ[IPREGFIQ[FPREGROBILSQ
Tolerancesettingof 6.2%

em3d [[ 2.2][1.0{1.0] 7.0 [[89] 82 [50] 50 [ 75 [100
health || 3.0/({1.0{1.6| 7.3 ||99| 51 |25| 14 | 39| 76
mst 2.7[1.0{1.0| 8.0 ||97| 99 |25| 12 75 | 87
compresg 1.6/|1.0{ 1.2| 4.5 (/{86 95 |35| 16 76 | 79
gcc 0.21.0{1.0| 2.4 |{98| 35 (25| 12 | 50 |100
parser || 3.6/[{1.0{1.1| 6.0 ||92| 85 |25| 12 | 64 | 80
perlbmk|| 2.0/{1.0/1.3| 2.9 ||86| 63 |25| 12 | 44| 68
twolf 2.6/(1.0{1.7| 6.4 ||97| 90 |26| 15 64 | 79
vortex || 2.7|[1.0{1.2| 5.1 ||95| 85 |25| 12 67 | 93
vpr 2.1(1.0{2.1| 65 (|92 96 |42| 30 | 82| 97
applu || 1.6//1.0{1.5| 8.0 ||[71| 55 |96| 98 | 82| 99
art 1.8(1.0{1.0| 7.3 ||78| 88 |50 40 | 76| 90

swim 2.0(1.0{1.0| 8.0 ||46| 41 |82| 99 79 | 86
wave5 || 0.8/|1.0{ 1.4| 4.7 ||96| 99 |96| 76 99 | 99
AVE 2.1]1.0] 1.3] 6.0 [[89] 70 [56| 48 72 | 88

Tolerancesettingof 25%
em3d || 4.8[1.0[1.0] 8.0 [[81] 76 [50] 50 [ 75 ]100
health {|15.9(1.0{2.0| 7.5 ||99| 48 |25| 12 | 37| 73
mst |{40.9|1.0( 1.0
compresgl4.6|1.0| 1.3
gce 0.3|1.0] 1
parser ||16.0{1.0| 1
perlbmk|(13.5(1.0| 1
twolf |[13.6(1.0| 1
1

1

1

7.5
8.0 ||44| 37 |25| 12 | 27|25
3.7 ||43| 48 | 25| 12 37 | 39
21 (|72 30 |25 12 | 49|99
6.5 |60 59 |25| 12 45 | 54
24 (|37 28 |25 12 | 22|30
6.8 ||71| 51 |25| 12 36 | 44
59 (/45| 35 |25| 12 29 | 47
vpr 10.9|1.0 8.0 ||70| 60 |27| 22 48 | 59
applu (|11.3|1.0 8.0 [|45| 28 |81| 84 | 56| 74
art 7.411.0{1.0| 7.4 ||44| 85 |44| 39 72 | 89
swim || 2.7//1.0{1.0| 8.0 {|42| 41 |83| 98 | 79| 82
wave5 (|394((1.0|1.0| 24 ||26] 30 |31| 25 27 | 38
AVE [[15.5]1.0] 1.2] 6.1 [[60| 47 [44] 38 50 | 69

vortex |[25.7]{1.0

mary contritution of the accountingcachedesignto beits
independencérom the systemlPC which enablegheinte-
grationof thedynamiccacheswith the dynamicbuffers.

As mentionedoreviously, thedynamicRAM designis
from Buyuktosunoglwet al. [6]. The controllerdesign[7]
sharessimilar featuresto the controller of Ponomare et
al. [17], but [17] addsan importantupsizingre ex that
quickly increaseshe buffer whenmetricsindicateit is too
small. We extend this work by using histogrammingto
recordthe occupang. We feel the histogramis more ro-
bust relative to the averageoccupang metric becausehe
histogramrevealsthe tails of the occupanyg distribution.
This nuances mostsigni cant whenthe partitioningis at
a ne granularity FolegnaniandGonzaleZ12] studyre-
sizingtheissuequeueandsimilarly usethe systemlPC to
detectif resizingis needed.

Pawell et al. [18] useselectivedirect-mappingo re-
duce enegy on accesseso setassociatie caches. The
methodin [18] accessethetagsin full ontheprimaryac-
cess,but only readsdatafrom oneway. The equivalent
con gurationin our studyis full tagsand1-way for thepri-
mary partition. The differencein theirwork is thatthe low
orderof the addressits determinewhich partition actsas
the primary partition. Conceptuallythis is an extensionto
ourde nition of aprimaryandsecondaryatrtitioning. The
selectivedirect-mappingcachehastablesto recordwhich
lines exhibit thrashingbehaior andshouldusethe setas-
sociatvity to mitigatethe problem.The authorsreportthat

swimexhibits pathologicalbehaior thatresultsin signi -
cantslowvdown on an8-way cache Accountingtechniques
couldbe addedto detectthis behaior andrecon gurethe
cacheto avoid this pathologicakaseof thrashing.

Enegy dueto subthresholteakagecurrentis expected
to becomea sign cant factorin the nearfuture [3]. Most
techniquegatethe power to turn off portionsof the pro-
cessor[13, 14, 22]. With this techniquedatain storage
elementsis lost. This effect is not an issuewhen resiz-
ing the buffers asdonein this study and the unusedpor-
tion of the bufferscanbe power gated.For reducingstatic
enegy in caches,the drowsy cache designproposedby
Flautneretal. [11] signi cantly reducesheleakagecurrent
while maintainingthe storedstate. The accountingcache
couldbebuilt with this circuit technology

10 Conclusions

Dynamically resizing on-chip storagestructurescan
resultin enegy savings in the processar This study in-
tegrateghemostextensve setof dynamicstructuresn one
system,to date. Our goal wasto explore the issuesthat
arisein the simultaneouscontrol and operationof these
structures. Our approachuseslocal information at each
componentn orderto allow independentecon guration
decisions. This approachexplicitly decouplesachstruc-
tureandletsthecontrollersmake greedycontroldecisions.

We introducedthe accountingcache designasthe dy-
namic cachecomponent. The accountingcacheusesfull
LRU stateto reliably accountfor enegy consumptiorand
delay attributableto eachcache. The designusesan ac-
countto build performancesquity to applytoward aggres-
sive enegy con gurationsandasa mechanisnto shutoff
recon gurationwhenthe accesdehaior is unpredictable.
A tolerancemetric is usedto control the amountof per
formancedegradation(andtherebythe sizeof the account)
permissible. The contribution of this designis its ability
to directly calculatethe effect of differentcon gurations
relative to somebasecon guration andto protectagainst
pathologicabehaiors.

We alsore ned and extendedprior work in dynamic
instructionschedulingouffersto includethe physicalreg-
ister les andto take the variancein the utilization of the
structuresinto account(ratherthanrelying on averages).
Using a tolerancesettingto control the aggressienessof
downsizingthebuffersfor enepgy ef ciency, thesix buffers
adaptedndependentlyto the changingneedsof the appli-
cationsandwith minimal slovdown in mostapplications.
We shav how to disable physical registersvia injected
MOV instructionsthat automaticallyupdatethe logical to
physicalregistermappings.

Whenusingthesedesigngor all levels of theinstruc-
tion anddatacachesthe issuequeuesreorderbuffer, and
register les, we shaov enegy savings of upto 70%onthe
individual structures,and savings averaging30% overall
for the portion of enegy attributedto the adaptie struc-
tures. Thesesarings were achieved with an averageper
formancedegradationof 2.1% (and a maximum perfor
mancedegradationof 3.6%) when using a 6.25% toler-



ancemetric for our benchmarksuite. While our results
shaw that performancedegradationis controllable(via the
tolerancesettings)and can be minimized, they also re-
veal the sensitvity of the integratedsystemto the toler
ancesetting and applicationbehaior. Futurework will
explore how the currentmechanismgerformundermulti-
tasking/multithreadediorkloadsandwe areexperimenting
with methodgo ensurgerformancelegradatiortargetcan
bemetdeterministicallyin exchangeor enegy savings.
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