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Abstract
Energy ef�ciency in microarchitectureshasbecomea

necessity. Signi�cant dynamicenergy savingscanbereal-
izedfor adaptivestorage structuressuch as caches,issue
queues,andregister�les bydisablingunnecessarystorage
resources. Prior studieshaveanalyzedindividual struc-
turesand their control. A commonthemeto thesestudies
is exploration of the con�guration spaceand useof sys-
tem IPC as feedback to guide recon�guration. However,
whenmultiple structuresadapt in concert,the numberof
possiblecon�gurationsincreasesdramatically, andassign-
ing causaleffectsto IPC change becomesproblematic.To
overcomethisissue, weintroducedesignsthatarerecon�g-
uredsolelyon local behavior. We introducea novel cache
designthatpermitsdirectcalculationof ef�cient con�gura-
tions. For buffer andqueuestructures,limited histogram-
mingpermitspreciseresizingcontrol. Whenapplyingthese
techniquesweshowenergysavingsof up to 70%onthein-
dividualstructures,andsavingsaveraging30%overall for
theportion of energy attributedto thesestructureswith an
averageof 2.1%performancedegradation.

1 Intr oduction
The philosophyof high performancemicroprocessor

designhasbeento pushfor ever greaterperformanceas
the primary goal. Energy consumptionusedto be a sec-
ondaryconsideration,but with today's smallerandmuch
fasterdesignsenergy hasbecomeoneof the critical sys-
temdesignparameters.Therearetwo basicapproachesto
reducingenergy. The �rst approachis static: redesignba-
sic hardwarewith energy ef�cient featuresthatarealways
enabled.A complementaryapproachis to permitdynamic
resourceallocationandattemptto matchthe minimal re-
sourcerequirementsof anapplication.This paperexplores
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theintegrationof multipleadaptivestructureswithin ahigh
performancegeneralpurposemicroprocessor.

To achieve high performanceacrossa wide rangeof
applications,key structuresin the microarchitectureare
generallysizedfor worst-caseapplicationswithin technol-
ogy constraints(areaand cycle time). In particular, the
cachesandtheinstructionschedulingstructuresconsumea
considerableportionof thechip'sdynamicenergy (20-35%
and55%,respectively, for theAlpha21264[21]). Sinceap-
plicationshave differing needs,resourcesareoftenunder-
utilized andcanbereducedin sizein orderto save energy
with minimal impacton performance;though,theparticu-
lar resourceswhich canbe reduceddependon the appli-
cation. Unfortunately, with multiple adaptive structures,
changesto onemay affect the behavior of another, either
positively or negatively. Oneapproachto minimizing the
complexity of controllingmultipleadaptivestructuresis to
providedesignsin whichonly local informationis required
for goodcon�gurationdecisions,i.e.,greedyoptimization.
Suchcomponentscanthenbeusedasthebasisfor simpli-
�ed meta-controlfor globaloptimization.

In this paper, we demonstratethat multiple indepen-
dentadaptivecachesandadaptiveschedulinglogic canuse
local informationfor effectivecontrol.We introduceanew
adaptive cachestructurecalledanaccountingcache. Prior
adaptive cachesusechangesin systemmetricsto initiate
a searchof the con�guration space. Invariably, the sys-
tem IPC is usedasa fail-safemeasureof theappropriate-
nessof thecachecon�guration. In contrast,theaccounting
cachedesignleveragesLRU statein setassociative caches
to directly calculateideal con�gurationsfor performance
and/orenergy andeliminatesearchfrom the control pro-
cess.We demonstratethat threeinstancesof theaccount-
ing cache,the L1 instructionanddatacachesandthe L2
uni�ed cache,operatesimultaneouslyandindependentlyto
saveenergy with minimalperformanceimpact.

For the instructionschedulinglogic, we incorporatea
buffer designfrom [6] andextenda control strategy from
[17] to show thatall buffers involvedwith schedulingcan
save energy usingthis dynamicdesign.Thebuffer design
is spaceef�cient andelectrically isolatespartitionsof the



buffer so they can be selectively turnedoff. The control
strategy estimatesbuffer resourcerequirementsthrough
limited histogrammingof theoccupancy statistics.Thein-
tuition is thata full buffer stallsthepipeline,so thebuffer
shouldbe sizedwith just enoughpartitionsthat the over-
�o w rateis within aspeci�edmargin. Thehistograminfor-
mationprovidesthecontrollerwith preciseinformationon
theminimumsizethatmeetsthis criterion.Thecontrollers
for all structuresusea tolerancesettingthat dictateshow
aggressively to tradeoff additionaldelayfor lower energy.
We evaluatethepotentialfor reducedenergy consumption
with the adaptive cachesand instructionschedulinglogic
separatelyandin concert.At themiddle tolerancesetting,
we show energy savingsof up to 70%on individual struc-
tureswith an averagesavings of 34% whenall structures
arecombined.This energy savingsis achievedwith anav-
erageperformancedegradationof 2.1%.

Most relatedwork hasanalyzedoneor two individual
structuresandtheircontrol.Albonesi[1] describedacache
organization— selectivecache ways— that provided the
ability to reduceenergy consumptionby restricting the
numberof ways accessedon a cacheaccess.Balasubra-
monianet al. [2] expandedthis work with a controllable
cacheandTLB, whereboth the numberof waysandsets
of the cachecouldbe setin a limited mannerthroughex-
ploration.Dhodapkaret al. [9] alsorely onexplorationfor
recon�guring the instructioncachebut reducesthe search
overheadwith a methodto identify andrestorepreviously
selectedcon�gurations.Powell et al. [18] describethede-
signof anenergy-ef�cient instructioncachewhoseaccess
modeis dynamicallyrecon�gurable. Buyuktosunogluet
al. [6] describethedesignandcontrolof anadaptive issue
queuewhichusesIPCasfeedbackto guiderecon�guration
choices.Ghoseetal. [17] expandthis work to improvethe
control algorithmandapply it to the reorderbuffer in ad-
dition to the issuequeue. We extendthe work further to
includethephysicalregister�les asadaptivestructuresand
incorporatetheuseof utilization varianceratherthanaver-
agesto control recon�gurationdecisions.We discussthe
specialcontrolneedsfor thisextension.

Therestof thepaperis organizedasfollows.Section2
describestheoverallarchitecture,highlightingall theadap-
tive storagestructuresthatwe control. Section3 describes
thecontrolalgorithmandhardwareadditionsto thedesign
of the adaptive instructionand datacaches(the account-
ing cachedesign).Section4 describesthedesignandcon-
trol of theadaptive buffer structures— theregister�le, is-
suequeue,andreorderbuffer — usinglimited histogram-
ming. Section5 describesour experimentalmethodology.
We presentour evaluationof the potentialbene�ts of the
adaptivestructuresin isolationaswell asin concertin Sec-
tions6 to 8. Finally, wecompareourdesignto relatedwork
in Section9 andconcludein Section10.

2 Systemoverview

Figure1 shows a schematicof the microarchitecture
usedin this study. The architectureis representative of
a typical out-of-ordersuperscalardesign. The adaptable
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Figure 1. The Base Micr oarchitecture: Adaptab le
components are shaded

componentsaretheshadedstructures.Thesetof adaptable
cachesincludestheL1 instructionanddatacachesandthe
L2 uni�ed cache.All threecachesareinstantiationsof an
accountingcache.Thesetof adaptablestoragebuffers in-
cludesthere-orderbuffer (ROB), load/storequeue(LSQ),
integerissuequeue(IIQ), �oating point issuequeue(FIQ),
the integerphysicalregister�le (IPREG),andthe �oating
point register�le (FPREG).The buffers are implemented
asRAM structuresthatareresizedby disablingpartitions,
or groupsof entries.

3 The accountingcache design

The accountingcache is a recon�gurablecachede-
sign with the uniquefeaturethat the performanceof ev-
ery possiblecon�guration canbe directly calculatedfrom
datarecordedeachinterval. This is regardlessof the ac-
tual con�guration of thecachefor the interval. Recording
therequireddatais inexpensive anddonevia a handfulof
counters.Thesystemdesignerspeci�esonecon�guration
asthe basecon�guration andthe amountof performance
degradationthatcanbetoleratedin exchangefor loweren-
ergy consumption.Fromtheseconstraints,theaccounting
cachetrackswhat theperformanceof thebasecachecon-
�guration would have beenandrecon�guresto the lowest
energycon�gurationthatperformswithin thespeci�edper-
formancedegradationlimit. This sectionpresentsthe ac-
cessprotocolto thecache,theadditionalLRU information
requiredto do the performancetracking, and the perfor-
manceandenergy costequations.

3.1 Accessprotocol

Theaccountingcachedesignis basedon theresizable
SelectiveWays Cache proposedby Albonesi [1]. Resiz-
ing is accomplishedby disablingwaysin a set-associative
cache,which reducesenergy becausefewer waysareacti-
vatedonaread.Figure2 showsthedataportionof a4-way
setassociative cachewith ways2 and3 disabled(shaded).
Thetagarraycanbesimilarly partitioned(notshown).

Theaccessprotocolis shown in Figure2 andis asfol-
lows. Theinitial accessto thecacheis theprimary access
or the � access.A hit with this access(hitA) returnsthe
data. On a misswith the � access,anotheraccesscalled
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thesecondaryaccess, or � access,is madeto theremain-
ing ways. A secondaryaccessstallssubsequentaccesses
to the primary partition. A hit in the secondary(hitB) re-
turnsthe databut alsoswapsthe block with onefrom the
primary. An accessthat missesin both the primary and
secondarygraduatesup to thenext level in thecachehier-
archy. Thereturneddataona missis placedin theprimary
andthedisplacedblock is swappedinto thesecondary. The
displacedblockin thesecondaryis writtenbackif it is dirty.
Thecachemaintainsfull LRU informationfor trueLRU re-
placement.We discusstheLRU detailsin Section3.2.

The tag arrayfor the cachecanbe partitionedidenti-
cally as the cacheor the tagscanbe partitionedindepen-
dently. For practicalconsiderations,thetagsarelimited to
two con�gurations: 1) the partitioningis identical to that
of the cache(A-B tags), or 2) all tag ways are accessed
in the primary group (full tags). The full tags option re-
quiresadditionaltagenergy on theprimaryaccess(all tag
arraysareactivated)but cachemissesaredetectedwithout
readingthesecondarydatacache(which hasahigh energy
cost). Thus,applicationphaseswith lots of cachemisses
will bene�t from the full tags con�guration while phases
with few cachemisseswill prefertheA-B tag option. Ad-
ditionally, theaccessto thedatamaybedoneseriallyor in
parallelto the tags. As onewould expect,seriallyaccess-
ing thetaganddatawill beof mostvaluein thesecondary
cachebut, surprisingly, our resultsshow that the this op-
tion sometimescanbe of valuein the primary cache.Ta-
ble1 lists thecon�gurationparameters.As anexample,the
basecon�guration of the level 1 datacachein a processor
is � -way, full tags,andparallel tag anddata. The three
parametersareorthogonalto eachother, soa 4-way cache
wouldhave ���������	��

��
�� con�gurations(with a � -way
dataprimarybothfull andA-B tagoptionsareidentical).

Table 1. Cache Con�guration Parameter s
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 general,designersrefrainfrom usingtrueLRU replace-
mentdueto theadditionalbits to maintaintheLRU state.
Simpli�ed algorithmsthat perform nearlyaswell as true
LRU trackonly themostrecentlyusedway to not replace
or usea roundrobin policy. Both of thesepoliciesrequire
only ������������� bits where � is theassociativity. TrueLRU,
on theotherhand,requires����������� bits pertagto maintain
a full orderingof thesetsfor a total of �������

�

� ��� bits. A
4-way set-associative LRU cacherequires8 bits vs only 2
bits for the otherpolicies,andan 8-way requires24 ver-
sus3 bits. To put theadditionalresourcerequirementsinto
context, in this study we usea 4-way 64KB level-1 data
cachewith 64bytelines. In a machinewith a 48-bit physi-
cal address,thetagfor sucha cacheis 34 bits andthedata
512bits. LRU stateadds2 additionalbitspertagor 5.9%to
thetagRAM, but only 0.4%additionalspacewheninclud-
ing the dataRAM. We accuratelyaccountfor the energy
overheaddueto thisadditionalstate.

3.2.2 LRU operation

Next-statetransitionsfor trueLRU areeasilyimplemented
using � countersof �����!��� ��� bits each.Assumean8-way
set-associative cacheasanexample.Startingwith thefol-
lowing asthe LRU stateof the tagsfor the currentcache
access,assumeahit in way4.

WayID
1 2 3 4 5 6 7 8

LRU Statebeforeaccess
0 1 2 3 4 5 6 7

LRU Stateafterhit onway4
1 2 3 0 4 5 6 7

Upon a hit, all LRU stateswith a smallercount, i.e.,
morerecentlyaccessed,incrementin parallel (ways1-3).
Thetagthathit hasits LRU statesetto zero(way4). If the
LRU stateis a highercountthenit remainsthesame.The
updatedLRU stateis written backto theLRU RAM. This
updateactivity occursfor any replacementpolicy except
random,whichdoesnot requireany state.

3.2.3 Exploiting LRU information

In the following, it simpli�es thediscussionif we express
theLRU orderwith its dual,themost-recently-used(MRU)
ordering. We denotethemostrecentlyusedway at a par-
ticularcacheindex as "$#&%(' , thenext mostrecentlyusedas

"$#�%*) , andsoon. Thus,the leastrecentlyusedway in an



� -waysetassociativecacheis also "$#�%����*) (thesubscript
numberingstartsat zero).

An LRU replacementpolicy providesconsiderablein-
formationif wenoticethatall hits to themostrecentlyused
set, " #&% ' , would be hits in a direct-mappedcache.Simi-
larly, hits to either "$#&% ' or "$#&% ) would hit in a2-wayset
associativecache.In general,ahit to the �

���

mostrecently
accessedblock " #&%	� would be a hit in a cachehaving at
least ��
 
 ways. Countinghow many hits occurfor each

"$#�% stateprovidessuf�cient informationto reconstructthe
hit ratio for anypartitioningof thecache.Thecostis one
counterper " #&% stateand one for misses;e.g., a 4-way
cacherequiresatotalof only 5 countersto recordtheactiv-
ity of thewholecache.For any cacheof practicalsize,the
additionalenergy dueto this smallsetof countersis about
3 ordersof magnitudesmallerthanacachereadaccess.We
accountfor this (nominal)additionalenergy in our simula-
tions.

3.3 Performanceand energy costequations

For any con�guration,wecandirectlycalculatetheto-
tal delaysin accessingthecacheandtheenergy in thefol-
lowing manner. Assumeagivenpartitioninghaving � ways
in theprimaryand � �
� waysin thesecondary. Let usde-
�ne thenumberof hits to theprimarypartitionas ����������� ��� ,
to the secondaryas ����������� ��� , and missesas �
�����! "� (we
needno con�guration parameterherebecausea misswill
miss in all con�gurations). Assumethe operationof the
cacheis suchthat every access�rst tries the � partition,
thenthe � partitiononaprimarymiss,and�nally thenext
level of the memoryhierarchyon a true miss. From the
MRU countswe candirectly calculatehow many � and �

hits would occurfor any con�guration giventhesameac-
cesspattern. We canusethis information in simplecost
functionsto directly calculatethe delayor energy for the
setof accesses.Thecostfunctionsaregivenin Table2.

Let usdenotetheprimary, secondary, andmissRAM
dataaccessdelaysas #�$

�

, #�$

�

, and #�$ % , andthecorrespond-
ing tag accesslatenciesas &'$

�

and &($

�

(thereis no corre-
spondingtagaccessdelayfor amiss),usingthesuperscript

# asa mnemonicfor delay. We also includea bus delay
variable )!*��

$ to accountfor non-RAM accessoverheadin
transfers(bustransferdelay).Theenergiesarelikewisela-
beled #�+

�

, #�+

�

, #,+ % , &(+

�

, and &-+

�

. The parameters&-$

.�/1020 and
&(+

.�/1020 arethedelayandenergy of thetagsin thefull con�g-
uration. Note thateachindividual cachewill have its own
valuesfor thesefactors. In Table2, Equations5a-f detail
thecostsfor delayandenergy for acachecon�guredusing
parallel tag/dataandA-B tags.UsingA-B tagsmeansthat
a secondaccessto thesecondarypartitionmusttake place
on a missin theprimary. In contrast,usingfull tagson the
primary accesseliminatesthe accessto the secondaryon
a cachemiss. In Equation5a, the delayon a hit in � is
thebustransfercosts )!*��

$ plustheaccesstime to thedata
RAM with the (faster)tag accesstime hiddenbehindthe
dataaccess.The energy is thatof thedataandtagRAMs
con�gured with � ways. On a hit in thesecondary, thede-
lay includestheaccessto � andthen � . Sinceblocksmust

be swappedon a hit to thesecondary, theenergy includes
thesewrites to the dataand tag RAMs. Eachwrite is to
only onewayandhasenergy #�+ 3547698 �:#�+

)

for thedataRAM
and &(+ 3547698��;&(+

)

for thetagRAM. Theremainingequations
in Table2 shouldbe self explanatory. Not shown arethe
equationsfor the con�guration combinationsparallel/full
and serial/A-B as they are easily derived from the above
examples.

Table 2. Accounting cache cost functions
Generalcostfunctions

1. <>=@?�A@BDC,EGF H9I>JLK1MD?�NPOQF H9I,RTS	OUF H9I
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3. <>=@?�A@B C,_ JL`]MXN9N9a-NbRTS^c

4. <>=@?�A@BDCUF H9I>Jd<>="?�A"BXC�EQF H9I1ef<g="?�A"BXC�VGF H9I1ef<g="?�A"BXC�_
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3.4 Accounting and con�guration selection

Ourgoalis to improveenergy ef�ciency with minimal
degradationin CPI relative to a speci�edbasesystem.The
strategy is to minimizeenergy with theconstraintthat the
portionof thememoryaccesstimeattributableto thecache
is within a speci�ed percentageof thedelaythat thesame
accesseswould have in the basesystem. The basecon-
�guration de�nes the latency to which thedynamiccache
mustcompare.Theperformancedegradationpercentageis
called the tolerancesetting. For this study, we usetoler-
ancevaluesof 1.5%,6.2%,and25%,which correspondto
thefractions1/64,1/16,and1/4, respectively.

Con�gurations are selectedby gatheringMRU (or
equivalently, LRU) statisticsfor aninterval andthencalcu-
latingthedelayandenergycosts.A hardwaretimertriggers
aninterruptto runasmall,fastsoftwarecacheanalysisrou-
tine. A PAL-coderoutineliketheAlpha21264[8] supports
doesnot have to save registerstatesotheoverheadis min-
imal. The analysisroutinereadsthe MRU registervalues
containinghow oftenblockswereaccessedwith thecorre-
spondingMRU state,andcalculatesthe delayandenergy
valuesfor all possiblecachecon�gurations.Forexample,if
our MRU countsare "$#&%

'
�Š‰ , "$#&%

)
�‹‰ , " #&%

�

� 
1‰\‰ ,
and "$#&%7Œ �•‰ , botha 3- and4-way cachewould have the
sameperformancesinceall the "$#�%

� accesseswould hit,
but thecontrollerselectsa3-waycon�gurationbecausethe
energy costof theaccessesis lower. TheMRU statecoun-
tersareclearedby thehandlerbeforereturning.In oursim-
ulationsweuseaninterval of 100,000instructionsbetween



recon�gurations.We estimatea highly tunedhandlerwill
beon theorderof 100instructionsandhave a high degree
of parallelism(high IPC). The recon�guration is accom-
plishedby writing a valueto a systemregister. Theenergy
anddelayof thehandleris thecostof recon�guration.We
donot includetheinterrupthandlerin oursimulations.

We call the delay that the basecachecon�guration
would have incurredfor the interval #������

+

. We add #������

+to an accumulatingdelay counter
�

���	�

+

. This counter
maintainsthe total delay cost for all prior accessesfor a
basecachecon�guration. A secondcounter

�

��


���

��
 ag-
gregatesthe calculateddelays # �	


���

��
 per interval for the
actualcachecon�gurationsused.Cachecon�gurationsare
selectedto maintaintherelationshiprelative to a tolerance
setting� of

�

��


���

��
��

�

���	�

+

� � 
 
�� � , whileminimizing
energyusage.Thedifference� � 
,
���� �

�

���	�

+

�

�

�	


���

��
 �

is a cache's delayaccountvalue � $ . The accountbuilds
savings(credits)thatthecontrollercanspendonadditional
delay in exchangefor lower energy. In addition, a simi-
lar energy account�ˆ+ is keptasa fail-safein theeventof
pathologicalbehavior (discussedbelow).

To selectthenext con�guration,weassumethepattern
of accessesin thenext interval will be identicalto that of
theprior one. Fromthis assumption,we estimatetheper-
missibledelayfor thenext interval that is within thetoler-
ancesetting,#,�

+��

�

�
#����	�

+

��� 
U
����7
��
$ (thisincludes

delaycredits,or possiblydebits,accumulatedin prior inter-
vals via � $ ). If the quantity � $ 
 #

���	�

+

���
�

‰

then #
�

+��

�

�
#

���	�

+

and the controller is forced to
select the fastestpossiblecon�guration to make up the
debit. Otherwise,the con�guration with the lowest en-
ergy is selectedwhose estimateddelay cost is within

#
�����

+

� � 
f
����†
�� $ .
A key featureof the cacheaccountsis that they per-

mit thecontrollerto amortizecostsor creditsacrossmany
intervals. Thus,cacheselectioncanbeaggressiveandper-
formanceglitchesdueto phaseshiftsin accesspatternswill
be corrected.As we discussin our results,in the caseof
over-performancetheextra accumulatedmargin permitsa
moreaggressiveenergy saving con�gurationto beselected
periodically, eventhoughtheper interval delayfor theen-
ergy saving con�guration is above the per interval toler-
ance.Thedelayaccount�ˆ$ alsohelpsat phaseshifts.The
controllerdoesnot needto explicitly detectphases.A sig-
ni�cant changein theaccesspatternwill manifestitself in
a differentorderingof con�gurationsbasedon their total
delaycostsfor thenew accesspattern.Thedelayaccount
ensuresthat the additionaldelay incurredduring a phase
shift is eventually paid for in future con�gurations. The
accountpermitsthecontrollerto atonefor guessingwrong
at that interval. In the event of pathological,rapid phase
shiftswhentheprior interval is apoorestimateof thenext,
thedelayand/orenergy accountsfor thecachewill become
negative. A negative accountforcesthe controller to de-
fault to the baselinecon�guration becausethat con�gura-
tion guaranteeszerodifferencein performance.Over suc-
cessiveintervals,creditsaccrueddueto thetolerancefactor
will eventuallyrepaythedebitandmake theaccountssol-
ventonceagain. This importantfeaturelimits the perfor-

manceandenergy impactof pathologicalbehavior to that
of thebaselineperformance,but alsopermitsrecon�gura-
tionsagainwhen(andif) thaterraticbehavior ends.

Theaccountingcachedesignrequiresasetassociative
organizationin which all of thewaysareaccessible.This
conditionis suf�cient to simulatehow largercachecon�g-
urationswould have performedon any patternof accesses.
With the LRU (MRU) statistics,recon�gurationdecisions
are independentof the system-wideIPC effects. This is
in sharpcontrastto exploration-basedcacherecon�gura-
tion schemes[1, 2, 9] andis theprimaryadvantageof the
accountingcachedesignwhen combinedwith other dy-
namicstructures,which canaffect the IPC. The account-
ing cachedesignaspresentedhererequiresa cacheto be
set-associative. However, we believe other dynamicen-
ergy saving schemes(e.g.,[2, 18]) canincorporatetheba-
sic accountingconceptto enhancetheir ef�ciency or, at a
minimum,to detectandpreventpathologicalCPI degrada-
tionsarisingfrom mismatchesbetweenthecachecon�gu-
rationsandtheapplication(e.g.,possiblydueto rapidphase
changesin theapplication).

Finally, thedelaycalculationsareonly estimatesof the
effectson theprocessor's CPI. Therearemultiple reasons
why: memoryaccessesaccountfor only apercentageof an
application's executiontime; the memoryhierarchymay
have slackrelative to theotherpartsof theprocessorsoan
increasein delaymay not signi�cantly increaseCPI; and
parallelismbetweenthe caches,particularly betweenthe
level-1instructionanddatacaches,decouplestheeffectsof
delaysaswell. Selectingcostparametersthatassumemax-
imum parallelismensuresthatthecalculatedCPI degrada-
tion is anupperboundon the trueCPI degradationdueto
cacherecon�gurations. A future directionof study is on
how to tightenthis boundon theCPIeffectsby accounting
for theabovesituationsmoreaccurately.

4 The adaptive buffer design

Buffers throughoutthe processorstoreinstructionsin
orderto decoupletiming dependenciesbetweenthestages,
aswell asto increasetheeffectivewindow of availablein-
structionsin orderto exploit instruction-level parallelism.
Ourmicroarchitecture(Figure1) hasindividualqueuesfor
the separatetypes of functional units. Speci�cally, we
modi�ed Simplescalarto split its centralizedRUU into a
set of buffers: a reorderbuffer (ROB), one integer issue
queue(IIQ), one�oating point issuequeue(FIQ), andone
load/storequeue(LSQ). In addition,therearetheseparate
physicalintegerregister�le (IPREG)andthe�oating point
physicalregister �le (FPREG).In this study, we assume
all buffersareimplementedasRAMs, with associative ad-
dressingcapabilitiesin theIIQ, FIQ, andLSQ.

To save energy, eachbuffer's RAM is partitionedby
bit-line segmentation. Bit-line segmentationelectrically
isolatesregionsof theRAM to reducedynamicenergy on
accesses[6]. Figure3 showshow bit-line segmentationre-
ducestheaccessenergy by reducingthecapacitanceon the
bit-lines. Only theenabledpartitionsexpenddynamicen-
ergy [6]. An alternative RAM designbasedon bankingis
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usedin [17]. Theunderlyingstructureof theRAM doesnot
impactthecontrol. In bothdesigns,theelectricallyoptimal
partitioningwasfound to be thesame:16 entrypartitions
for theROB and8 entrypartitionsfor all otherbuffers.

4.1 IIQ, FIQ, LSQ, and ROB resizing

Whendownsizingabufferwealwaysturnoff theparti-
tionsin theorderof highestaddressto lowest,andresizeup
in thereverseorder. Restrictingtheresizingin this manner
simpli�es the circuitry [6]. However, beforedownsizing
the IIQ or FIQ, we mustwait until existing instructionsin
the partitionsto be turnedoff have issued. Furthermore,
we must restrict instructionsfrom being dispatchedinto
thesepartitions. Additional caremust be taken in resiz-
ing theROB andLSQ becauseof their circularFIFO-like
structure. The physical implementationusesa headand
tail pointer with wrap-aroundat the buffer limit. Before
resizing,we mustensuretheheadandtail pointersdo not
straddlethepartition to bedisabledotherwisebufferedin-
structionscouldbecaughtin thedisabledpartition[17].

4.2 Registerrenameoperation

Register renaming [16] performs logical (architec-
tural) to physical register mappings,therebyeliminating
write-after-read and write-after-write dependenceswhen
therearesuf�cient physicalregisters.In aprocessorsuchas
IBM' sPower4,whichcansupportupto 200instructionsin
�ight throughthepipelinesimultaneously[20], registerre-
namingis critical for exploiting theprocessor'ssuperscalar
capabilities. The approachto registerrenamingproposed
by [16] utilizes the pool of registersmoreef�ciently than
alternative designsthat maintaina separatepool of archi-
tectedregistersin addition to a registerset for renaming.
In thisdesign,uponinstructioncommitthearchitectedreg-
ister's contentsareupdated.A designwith a singlecom-
mon pool of registersoffers betteropportunityto turn off
morephysicalregisters.However, sincethephysicalregis-
tersremainmappeduntil thelogicalregisterisover-written,
beforebuffer resizingcanoccur, all active registersin the

partitionto bedisabledmustbefreedby moving theircon-
tentsto differentphysicalregistersthatwill remainactive
(thelogical registersarethesame).

Therenamelogic complicatesresizingin comparison
to theissuequeues.In theintegerregister�le, for example,
whena load is fetched,the renamelogic selectsa register
from the free list andrecordsthe logical to physicalmap-
pingin themaptable.A mappedphysicalregisterbecomes
freewhenthefollowing aresatis�ed:

1. Theinstructionwriting thevaluehasbeencommitted.

2. All in-�ight instructionsusingthevaluehavereadit.

3. Thephysicalregisterhasbeenunmappedby a subse-
quentwrite to thesamelogical register.

Until all threeconditionsaresatis�ed,aphysicalregis-
ter cannotbefreed.It maybepossiblethata logical regis-
ter is usedearlyin theprogramandneverassignedagainby
thecompiler. Thephysicalregistermappedto that logical
registercanneverbefreed.Theimplicationto dynamically
resizingtheregister�le is thatwecannotguaranteeaparti-
tion of theregister�le RAM will ever have all its physical
registersunmapped.Becauseof thisissue,simplydisabling
partitionsasis donein theissuequeueswill notwork. This
conditionwould seemto greatlydiminishthelikelihoodof
everbeingableto downsizetheregister�les.

To turn off a partition in the register�le requiresthe
following: removetheregistersto bedisabledfrom thefree
list; move thecontentsof active registersto bedisabledto
other registersthat will remainenabled,and remove the
newly freedregistersto bedisabledfrom thefreelist.

This additional complexity for resizing the register
�les necessitatesa software handler. To move a logical
registerto a new physicalregister, thesoftwarehandleris-
suesamoveinstructionfrom thelogical registerbackto it-
self: mov r7, r7. Thenormaloperationof therenamelogic
will move the contentsinto a new physicalregister from
thefreelist andunmapthephysicalregisterin thepartition
to bedisabled.Themaptablecontainstheinformationfor
logical to physicalregistermappingsso thesoftwarehan-
dler couldhave direct accessto this information. Turning
a partitionbackon is thenjust a matterof addingthepar-
tition's registersbackontothefreelist. BecausetheRAM
is disabledfrom the top (highestnumberedregister)down
(lowest),anID canbesetandany registerwith anaddress
greaterthantheID is consideredremovedfrom thefreelist
andcannotbeselectedby therenaminglogic.

4.3 Recon�guration control

Thecontrolleris anextensionof thedesignin [17]. In
that work, the buffer is sampledat periodic intervals and
thenumberof entriesareaccumulatedin a counter. At the
endof theinterval, a simpleshift of thecountprovidesthe
averagebuffer occupancy. Thebuffer is sizedto thenum-
berof partitionsthatwill hold theaverageoccupancy. An
over�ow counterensuresagainsta buffer beingsizedtoo



small. Every cycle the buffer is full incrementsthe over-
�o w counter. Whenthecountreachesathresholdit triggers
animmediateupsizingof onepartition.

Our implementationusesa differentemphasisfor the
design.Theintuition is thatwewantto sizethebuffer such
thatover�owsoccurwith afrequency below asetthreshold
duringtheinterval. In a �nely partitionedbuffer, choosing
theaverageoccupancy sizemeansthathalf of thetime we
would thenactuallyrequirea sizegreaterthantheaverage.
We take the position that the uppertail of the occupancy
distribution is thepropermetric. Thepropersizing is that
whichselectsasuf�cient numberof partitionssuchthatthe
portionof thedistributionthatwouldextendbeyondthere-
sizedbuffer (i.e., theover�ows) is lessthanthe threshold.
Wehistogramtheoccupancy at thegranularityof theparti-
tions, � entriesperpartition. In particular, for a buffer with
four partitionseachwith � elements,therearethreecoun-
ters. The �rst counter � ' incrementswhentheoccupancy

� is greaterthanor equalto � , thenext counter�*) incre-
mentswhen ��� ��� , the third counterincrementswhen

������� . The countersareassociatedlogically with the
buffer and track the true numberof entriesoccupiedand
not theactuallocationsoccupiedin eachpartition(i.e., the
histogramis a virtual compactionof thequeue).Sincewe
are only concernedif the over�ow thresholdwould have
beenexceeded,thecounterssaturateat theover�ow limit.
The saturationreducesthe numberof cycles the counter
is active. We downsizethe buffer to the partition whose
counterhasnotsaturated.Thehighestnumberedhistogram
counterof the active partitionssimultaneouslyactsasthe
over�ow counter. We also immediatelyupsizewhen the
over�ow thresholdis reached.We usethesamethreetol-
erancesettingsas in the cachesimulations:1.5% (1/64),
6.2%(1/16),and25%(1/4). Theover�ow thresholdis 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 instructionset and the Wattch power
model [4]. We simulatean out-of-ordersuperscalarpro-
cessorsimilar to theAlpha21264in thatthereareseparate
issuequeuesfor thedifferenttypesof functionalunits.Ta-
ble 3 lists the microarchitecturalparametersand Table 4
lists thebenchmarksuite.

We model the memoryhierarchyin detail to account
for all actionsand side-effects of the con�gurable cache
operation,includingtheswappingof cacheblocksbetween
primaryandsecondarypartitions.TheTLBsarenotcon�g-
urablein this study. Our timing analysisrevealsthatserial
accesseshave a latency that is approximately1.6 thatof a
parallelaccess.Weusethismultiplier to settheaccesstime
for a cachecon�guredto seriallyaccesstaganddata,thus,
the accesslatency of the L1 cachesincreasesto 4 cycles
from 2 in serial tag/datamodeandthe L2 accesslatency
increasesto 19 from 12cycles.

Table 3. Architectural parameter s
Fetchqueue 8 entries
Branchpredictor comb. of bimodaland2-level gshare;

bimodal/GshareLevel 1/2entries-
2048,1024(hist. 10),4096(global);
Combiningpred.entries- 1024;
RAS entries- 32;BTB - 4096 R 2-way

Branchmispred.latency 10cycles
Fetch,decode,width 4 instructions
Reorderbuffer 128entries
Integer issue 32entries
Floatingpoint issue 32entries
PhysicalINT regs 96
PhysicalFPregs 96
Loadentries 32entries
Storeentries 32entries
InstructionTLB 256(64 R 4-way) 8K pages,30cycle miss
DataTLB 512(128 R 4-way) 8K pages,30cycle miss
Memorylatency 80cycles
L1 I-cache 64KB, 4-way, 64B line, 2 cycle
L1 D-cache 64KB, 4-way, 64B line, 2 cycle
L2 uni�ed 2 MB 8-way, 128Bline, 12cycle

6 Accounting cacheresults

Due to spaceconstraints,we condensethe resultsfor
thebenchmarksuiteinto Table5 usingarithmeticaverages.
Wesummarizetheenergyanddelaydatain Figure4. In Ta-
ble 5 the�rst line lists thethresholdsused.Thethresholds
are1.5%,6.2%,and25%,whichapproximatelycorrespond
to 1/64,1/16,and1/4 (so the controllercanuseshift asa
fastdivide). Theresultscomparetheadaptablecacheto a
baselinecon�gurationusingthemaximumnumberof ways
with parallel tag/dataaccess.We also compareagainsta
baseL2 with serialtag/dataaccess.

6.1 Instruction cache

Theinstructioncachedatais the �rst groupof datain
Table5. The energy saving is 54.3%at 1.5% and58.6%
at tolerancesof 6.2% and25%. The reasonfor the large
savings is clear from the breakdown of the averagetime
spentin eachof the cachecon�guration parameters.The
mostrevealingmetric is that the averagenumberof ways
is no larger than1.2 (out of 4) acrossthe tolerancelevels.
Thus, the minimum con�guration of a direct-mapped16
KB instructioncacheis generallysuf�cient for thebench-
marksandthecontrollercorrectlycon�guresthe cacheto
useminimum energy. An exceptionis vortex which uses
2.6 ways on averageat 1.5% tolerancesaving only 25%
energy. At thelowesttolerancesetting,thefull tagscon�g-
urationis selectedduring phasesof cachemissesto elim-
inatethe delayfor unnecessaryaccessesto the secondary
andkeepwithin tolerance.

Weselectedarelatively large64KB cachethatis sim-
ilar in sizeto theAlpha21264[15]. An drasticallysmaller
cachewouldhavebeenneededfor thebenchmarksto stress
it. We feel that the datacacheresultsshowcasethe con-
troller's abilities appropriately. We report the instruction
cacheenergy contribution so its effectscanbe judgedrel-
ative to the total energy. The row labeledAccountUsed
is the portion of the extra cycle accountactuallyusedby
thecontroller. Evenat thehighesttoleranceof 25%degra-



Table 4. Benc hmarks
Benchmark Suite Datasets InstructionWindow 64KB 4-way DL1 missrate

em3d Olden 20K nodes,20 iters 1000M-1100M 23%
health Olden 4 levels,1000iters 80M-140M 18%
mst Olden 2K nodes 500M-600M 2%

compress SPEC95INT ref 1900M-2100M 11%
gcc SPEC95INT 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 SPEC95FP ref 200M-400M 3%

art SPEC2KFP ref 300M-500M 22%
swim SPEC2KFP ref 1000M-1200M 8%
wave5 SPEC95FP ref 200M-400M 1%

dation, the controller only neededto withdraw less than
1/25th of theaccountsvalue.

6.2 Data cache

The level-1 datacachehasmoreinterestingbehavior.
As thetolerancelevel is increased,theenergy savingsalso
increasefrom 29.6%up to 45.2%due to adjustmentsin
all threecon�guration parameters.The A-B tag option is
selectedover 30% of the time at the 6.2% and 25% tol-
erancesettings.Somewhatsurprisingly, theserialtag/data
option is sometimesselected(2.9%)at the aggressive tol-
erancesetting. The mostenergy savings, however, come
from reducingthe ways from 4 ways to nearly a direct-
mappedcache,1.3 wayson averageat the6.2%tolerance
level. Notice that therearevery few hits in thesecondary
(B) partition. The controllerwill alwaysselectcon�gura-
tionsto keeptheseaccessesto a minimum.

6.3 L2 uni�ed cache(parallel tag/data)

The�rst setof datafor theL2 cacheis relativeto ahigh
performancebasecon�gurationusingparalleltaganddata
access.Wecanseethatthecontrolleraggressively usesthe
A-B andserial con�guration optionsto save energy andis
lessaggressive at decreasingthe numberof ways (to 6.1
out of 8). The reasonis that serializingthe tag anddata
accessesis, in general,thesinglemosteffective meansof
decreasingenergy consumption.Thelargememoryaccess
latency of 80cyclesprovidesasigni�cant amountof credit
to theL2 cacheaccountthatit canthentradefor serializing
the tagsanddata. The L2 controllerusesover half of its
tolerancelimit (16%out of 25%),but this resultsin only a
3.9%averageslowdown. As mentionedpreviously, acycle
slowdown in thememoryhierarchyusuallydoesnot trans-
lateto a similar slowdown in thepipeline.

6.4 L2 uni�ed cache(serial tag/data)

In Table5, con�guring for serial tag/dataresultsin a
smallnet lossof energy relative to theserialtag/database
con�guration. Thereasonis dueto thelargedifferencebe-
tweenthe tag energy and that of a datablock access.In
this architecture,readingall the tagsrequiresonly about
1/4th theenergy of readingonedatablock. Recallthaton

a missblocksareswappedbetweenthe primary andsec-
ondarypartitions.With sucha disparitybetweenenergies,
any additionaldatacacheactivity swampsany energy sav-
ings from partitioning the tags. The controller correctly
detectsthis stateof affairsanddefaultsto thebasecon�g-
uration. However, in this con�guration theextra LRU bits
of theaccountingcacherequireadditionalenergy not in the
baselinecacheandthis resultsin a small net lossof 1.1%
acrossthebenchmarks.

A conclusiononemight draw is that paralleltag/data
accessis not an attractive option. This conclusionis not
necessarilycorrect. Table6 lists the CPI valuesfor each
of thebenchmarksfor bothparalleltag/dataaccessandse-
rial tag/dataaccessfor our basesystemwithout adaptable
caches.Theratioof theserialvsparallelbaseperformance
is shown in the last row. Most applicationsshow little
performanceimpact. However, compressandhealthshow
11% and30%, respectively. Thus,someapplicationscan
run signi�cantly fasterif the L2 cachecan be optionally
con�guredfor paralleltag/dataaswell asserialtag/data.If
the additionalperformanceis importantthenthe dynamic
cachecan realizeenergy savings of 49.1%in the L2 for
compressat the small 1.5% delay tolerancesetting(and
only 0.3%actualslowdown). For fair comparison,these-
rial tag/dataoption offers an 85% energy savings (about
twice)but incursthe11%slowdown.

Figure4 graphstherelativeenergy savingsfor thedif-
ferentcachelevels andalsothe aggregaterelative perfor-
mancedegradation.The �rst threegroupsof barsarefor
the individual cachelevels. The fourth set is the relative
energy savingsfor thecompletecachehierarchyassuming
anL2 with paralleltag/dataaccess.In the third grouping,
the lighter portionisthe relative energy savings excluding
the instructioncache(thus, the savings arerelative to the
dataandL2 baseenergy). Thedarkportionis theadditional
savings if the instructioncacheis included.Therightmost
setof barsis thesystemperformancedegradationfor each
of the tolerancesettingsthat wasreportedin Table5. Se-
lectingthemodesttolerancesettingof 6.2%resultsin over
40% energy savings relative to the caches,but incursless
thana maximumof 2.8%performancedegradationacross
all thebenchmarkswith theaverageat 1.1%.

Theaverageperformancedegradationsarewell below
thetolerancesetting.While theconservativedesignof the
controlleris suchthatthis relationshipalwaysholds,feed-



Table 6. Base Con�guration CPI: Parallel vs Serial L2 Tag/Data
em3d health mst compress 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 wave5
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/PRatio 1.0914 1.0757 1.0203 1.0006 1.0392 1.0049 1.0020

Table 5. Energy, delay, and percent of time a
con�guration option is selected, averaged across
benc hmarks

AveragesAcrossBenchmarks
Threshold 1.5% 6.2% 25.0%
Delay Increase 0.3% 1.1% 3.9%

InstructionL1 Cache
Energy Savings 54.3% 58.6% 58.6%
Tags full 5.4% 0.1% 0.1%

A-B 94.6% 99.9% 99.9%
Data parallel 100.0% 100.0% 100.0%

serial 0.0% 0.0% 0.0%
Ways Ave 1.2 1.0 1.0
Hits B 0.2% 0.4% 0.4%
Account Used 0.5% 0.9% 0.9%

DataL1 Cache
Energy 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%

serial 0.1% 0.3% 2.9%
Ways Ave 2.0 1.3 1.2
Hits B 0.7% 2.0% 2.2%
Account Used 1.3% 4.4% 6.6%

Uni�ed L2 Cache(ParallelTag/DataBase)
Energy Savings 25.5% 41.1% 63.0%
Tags full 74.9% 67.9% 60.6%

A-B 25.1% 32.1% 39.4%
Data parallel 94.7% 66.9% 32.9%

serial 5.3% 33.1% 67.1%
Ways Ave 5.5 6.0 6.1
Hits B 1.9% 1.8% 1.0%
Account Used 1.5% 6.0% 16.0%

Uni�ed L2 Cache(SerialTag/DataBase)
Energy Savings -1.1% -1.1% -1.1%
Tags full 67.5% 67.8% 67.8%

A-B 32.5% 32.2% 32.2%
Data parallel 0.0% 0.0% 0.0%

serial 100.0% 100.0% 100.0%
Ways Ave 6.7 6.7 6.7
Hits B 0.3% 0.3% 0.3%
Account Used 0.5% 0.5% 0.5%

back to tighten this boundwould in improve the energy
savings.We areexploringhow to measuretheactualdelay
costsasthey relateto theinstructioncommitrate.Informa-
tion from critical loads[10, 19] mayhelp.

Dueto themismatchbetweenrewardandpenaltyin a
serialtag/dataaccesscache,theadaptiveaccountingcache
designis mostappropriatewhena cacheoffers the paral-
lel tag/dataaccessoption. As an extendedpolicy, a meta-
controllercouldactivatethe full LRU stateandtheadapt-
ablecapabilitiesof anL2 cacheif high performanceis re-
quired,but revertbackto thesimplerreplacementpolicy (to
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Figure 4. Relative cache energy usage averaged
across all benc hmarks

save the2% energy) whenserialtag/datais determinedto
besuf�cient. An interestingfeatureof theaccountingcache
is that its controllercaneasilydeterminetheperformance
andenergy tradeoffs andnotify themeta-controllerif, for
instance,certainprogrammedpre-conditionsaremet.

7 Dynamic buffer results

Figure 5 shows the relative sizings for eachof the
buffersaveragedacrossthe integer benchmarksin the top
graphandacrossthe�oating point benchmarksin thebot-
tomgraph.Eachgroupof barsrepresentsoneof thebuffers
andthethreebarsin thegrouparefor eachof thetolerance
settings,1.5%,6.2%,and25%from left to right. Thedif-
ferencein sizingsis minimal betweentolerances1.5%and
6.2%. Thedifferencesaresmall in systemperformanceas
well (far right) showing degradationsof 0.3% and0.8%.
When the tolerancesetting is pushedto 25% the struc-
turesareshrunkmoreaggressively andthe averagedelay
increasesto 11.9%.

In the �oating point benchmarks,againthereis nom-
inal differencebetweenthe two lowesttolerancesof 1.5%
and6.2%,andthehighestthresholdtradessigni�cant per-
formance(11.1%)to shrink the structures.Overall, these
resultstrackthosein [17] which lookedatacombinedinte-
gerand�oating point issuequeue,theLSQ,andtheROB.
In thatstudy, theauthorsuseda similar rangeof tolerances
andtheresultsshowedsimilar variancein theperformance
degradationacrosstheapplications.

Both mstandwave5have largeperformancedegrada-
tions at the 25% tolerancelevel, 41% and 39%, respec-
tively. In exploring this behavior, we discoveredthat in
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Figure 5. Buff er Relative Sizing and Performance

both benchmarksabout half of the degradationwas due
to adaptingthe register �les and the other half was due
to adaptingthe queues.The performancedegradationef-
fectsof adaptingbothsetsof structuressimultaneouslyare
additive for theseapplications. This coupling of the ef-
fectsappearsto befairly infrequentbut it canoccurandwe
speci�cally includedmst and wave5to highlight this be-
havior. The adaptive cachetakesinto considerationsome
of theinter-cacheeffectsvia selectingpropervaluesin the
costfunctions.Unfortunately, thereis no equivalentinter-
buffer feedback.For thebuffers,thetolerancesettingeffec-
tively boundstheperbuffer effectsonperformance,but the
possibilityexistsfor thedelayeffectsto beadditive. Thus,
the tolerancemustbesetconservatively. For futurework,
a methodof assigningaccurateperformancecoststo each
of thebuffers is neededsoa systemwide tolerancesetting
canbeused.

8 Integrated systemresults

Figure6 shows theresultsof combiningall theadapt-
ablestructuresin thesystem.Theenergysavingsareshown
on the left. In all groups,the energy savings arerelative
to the baseenergy of the componentsin the group. The
�rst two groupsof barsare the aggregatedresultsfor the
cachehierarchyandbuffers,respectively. Theoverall sav-
ingsfor thecachesandbuffersare26%,34%,and48%for
thetolerances1.5%,6.2%,and25%,respectively. Theper-
formancedegradationhashighvariability at theaggressive
tolerancesettingof 25%.Theraw dataof theaveragenum-
ber of cacheways and percentof buffer size activatedis
shown in Table7 for all applications.Resultsfor the1.5%
tolerancesettingareomittedto save space.The largeper-
formancedegradationsat the 25% tolerancelevel aredue
to theadditivedelaysbetweentherecon�gurablebuffers.

To integratethecacheswith thebufferswehadto elim-
inatetheneedfor trackingsystemIPC to guidecachecon-
�guration decisionsasis doneuniversallyin priorwork. By
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addingtheaccountingcache,eachdynamicstructurerelies
solely on local information for its resizingcontrol. The
disadvantageof thisapproachis thatperformancedegrada-
tions due to recon�gurationactionscanbe additive (e.g.,
wave5), but the con�guration controllerscannotaccount
for this possibility. An importantresultof this exerciseto
integrateso many dynamicstructuresis that it highlights
thefact thatsomemethodof globalcoordinationis neces-
sary. A global controllerwill requiremechanismsin mi-
croarchitectureto quantify thesecoupledeffectsbetween
therecon�gurablestructures.Theultimategoalshouldbe
to control the variability of the performancedegradation
whenrecon�guring to save energy. Ideally, given a max-
imum performancedegradationtarget the systemshould
�nd energy savingswithout violating this constraint.Cur-
rent recon�gurationtechniques(oursincluded)cannotof-
fer sucha guarantee.We feel this is animportantdirection
for futureresearch.

9 Relatedwork
Thispaperintegratesalargenumberof dynamicstruc-

turesthatadaptindependentlyto save energy with modest
performanceimpact. The relatedwork can be split into
two groups:dynamicenergy ef�cient cachesanddynamic
instructionschedulinglogic. Distinct from dynamiccon-
trol arestaticmethodsto improve energy ef�ciency. The
staticmethods,suchassubbanking,bit-line segmentation,
andGray coding,areorthogonalto the dynamicmethods
describedhereandbothcanbeusedtogether.

In additionto therelatedwork [1, 2] describedin Sec-
tion 3, DhodapkarandSmith [9] extend the work in [2].
As in [2], the con�guration spaceis searchedanda con-
�guration is selectedbasedon observingthe systemIPC.
The extensionis a methodto generatea uniquesignature
that they associatewith the con�guration parametersand
storein a table. If the sameworking setsignatureoccurs
thenthe storedcon�guration canbe readanddirectly ap-
plied without anothersearch.Dueto spacelimitations,we
donot comparetheaccountingcacheto theabovedesigns.
However, resultsnot reportedherehave shown theenergy
savingsof theaccountingcacheto becomparableto those
of [2] for similar cachearchitectures.We considerthepri-



Table 7. Summar y results' raw resizing data
App Perf Avecacheways Buffer size(%)

(%) IL1 DL1 L2 IIQ IPREGFIQ FPREGROB LSQ
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

compress 1.6 1.0 1.2 4.5 86 95 35 16 76 79
gcc 0.2 1.0 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 6.5 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 8.0 44 37 25 12 27 25

compress14.6 1.0 1.3 3.7 43 48 25 12 37 39
gcc 0.3 1.0 1.0 2.1 72 30 25 12 49 99

parser 16.0 1.0 1.0 6.5 60 59 25 12 45 54
perlbmk 13.5 1.0 1.0 2.4 37 28 25 12 22 30

twolf 13.6 1.0 1.6 6.8 71 51 25 12 36 44
vortex 25.7 1.0 1.0 5.9 45 35 25 12 29 47

vpr 10.9 1.0 1.3 8.0 70 60 27 22 48 59
applu 11.3 1.0 1.0 8.0 45 28 81 84 56 74

art 7.4 1.0 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 2.4 26 30 31 25 27 38
AVE 15.5 1.0 1.2 6.1 60 47 44 38 50 69

marycontribution of theaccountingcachedesignto be its
independencefrom thesystemIPCwhichenablestheinte-
grationof thedynamiccacheswith thedynamicbuffers.

As mentionedpreviously, thedynamicRAM designis
from Buyuktosunogluet al. [6]. Thecontrollerdesign[7]
sharessimilar featuresto the controller of Ponomarev et
al. [17], but [17] addsan important upsizing re�ex that
quickly increasesthebuffer whenmetricsindicateit is too
small. We extend this work by using histogrammingto
recordthe occupancy. We feel the histogramis morero-
bust relative to the averageoccupancy metric becausethe
histogramrevealsthe tails of the occupancy distribution.
This nuanceis mostsigni�cant whenthepartitioningis at
a �ne granularity. FolegnaniandGonzalez[12] studyre-
sizingthe issuequeueandsimilarly usethesystemIPC to
detectif resizingis needed.

Powell et al. [18] useselectivedirect-mappingto re-
duce energy on accessesto set associative caches. The
methodin [18] accessesthetagsin full on theprimaryac-
cess,but only readsdatafrom one way. The equivalent
con�gurationin ourstudyis full tagsand1-wayfor thepri-
marypartition. Thedifferencein their work is thatthelow
orderof theaddressbits determinewhich partitionactsas
theprimarypartition. Conceptually, this is anextensionto
ourde�nition of aprimaryandsecondarypartitioning.The
selectivedirect-mappingcachehastablesto recordwhich
linesexhibit thrashingbehavior andshouldusethesetas-
sociativity to mitigatetheproblem.Theauthorsreportthat

swimexhibits pathologicalbehavior that resultsin signi�-
cantslowdown onan8-waycache.Accountingtechniques
couldbeaddedto detectthis behavior andrecon�gurethe
cacheto avoid this pathologicalcaseof thrashing.

Energydueto subthresholdleakagecurrentis expected
to becomea sign�cant factorin the nearfuture [3]. Most
techniquesgatethe power to turn off portionsof the pro-
cessor[13, 14, 22]. With this techniquedata in storage
elementsis lost. This effect is not an issuewhen resiz-
ing the buffers asdonein this studyand the unusedpor-
tion of thebufferscanbepower gated.For reducingstatic
energy in caches,the drowsy cache designproposedby
Flautneretal. [11] signi�cantly reducestheleakagecurrent
while maintainingthe storedstate. The accountingcache
couldbebuilt with this circuit technology.

10 Conclusions

Dynamically resizing on-chip storagestructurescan
result in energy savings in the processor. This study in-
tegratesthemostextensivesetof dynamicstructuresin one
system,to date. Our goal was to explore the issuesthat
arise in the simultaneouscontrol and operationof these
structures. Our approachuseslocal information at each
componentin order to allow independentrecon�guration
decisions.This approachexplicitly decoupleseachstruc-
tureandletsthecontrollersmakegreedycontroldecisions.

We introducedtheaccountingcachedesignasthedy-
namiccachecomponent.The accountingcacheusesfull
LRU stateto reliably accountfor energy consumptionand
delayattributableto eachcache. The designusesan ac-
countto build performanceequity to applytowardaggres-
sive energy con�gurationsandasa mechanismto shutoff
recon�gurationwhentheaccessbehavior is unpredictable.
A tolerancemetric is usedto control the amountof per-
formancedegradation(andtherebythesizeof theaccount)
permissible. The contribution of this designis its ability
to directly calculatethe effect of different con�gurations
relative to somebasecon�guration andto protectagainst
pathologicalbehaviors.

We alsore�ned andextendedprior work in dynamic
instructionschedulingbuffers to includethe physicalreg-
ister �les andto take the variancein the utilization of the
structuresinto account(ratherthan relying on averages).
Using a tolerancesettingto control the aggressivenessof
downsizingthebuffersfor energy ef�ciency, thesix buffers
adaptedindependentlyto thechangingneedsof theappli-
cationsandwith minimal slowdown in mostapplications.
We show how to disablephysical registersvia injected
MOV instructionsthat automaticallyupdatethe logical to
physicalregistermappings.

Whenusingthesedesignsfor all levelsof theinstruc-
tion anddatacaches,the issuequeues,reorderbuffer, and
register�les, we show energy savingsof up to 70%on the
individual structures,and savings averaging30% overall
for the portion of energy attributed to the adaptive struc-
tures. Thesesavings wereachieved 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
show thatperformancedegradationis controllable(via the
tolerancesettings)and can be minimized, they also re-
veal the sensitivity of the integratedsystemto the toler-
ancesettingand applicationbehavior. Futurework will
explorehow thecurrentmechanismsperformundermulti-
tasking/multithreadedworkloadsandweareexperimenting
with methodsto ensureperformancedegradationtargetcan
bemetdeterministicallyin exchangefor energy savings.
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