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Abstract

In this paperwepresent strategy for run-timeprofiling to op-
timizethe configuationof a microprocessodynamicallysoas
to savepowerwith minimumperformancepenalty Thecon-
figuration of the processoiis changedat run-timeto attainthe
optimalenegy consumptiorior the program. Experiment®n
somebendimarkprogramsshowgoodsavingsn total enegy
consumptionwe haveobserved deceaseof upto 25%in en-
ergy/cycleand up to 10%in enegy per instruction. Our pro-
posedappmoac can be usedfor enegy-awae computingin
eitherportableapplicationsor in desktopernvironmentsvhee
powerdensityis becominga concern.Thisapproad canalso
be incorporatedin larger power manajementstrategies like
ACPI.

1

Pawer dissipationof microprocessorgs becomingan impor-
tantconcerrfor designerdecausef two factors:(1) themar
ket for mobile andembeddedystemsds expandingat a rapid
rateandin suchsystemsbhatterylife is importantand power
is atapremium;(2) complex designsandlargeon-chipcaches
presentin modernchipsrequirethermalmanagemenstrate-
giesto preventthe chip from overheatingthis is true not only
for mobile computing,but for corventionalprocessodesign
aswell. In this paperwe presentmicroarchitecturalevel con-
trol andscalingof resource$o addressheissueof powercon-
sumption.

Although low-power designhasbeenan active areaof re-
searchfor the lastdecadeor so, the problemof power mod-
eling andoptimizationat the microarchitecturalevel hasonly

Intr oduction

It hasbeenshownn [3] that mostof the executiontime of
a programis spentin several small critical regions of code.
Thesesmallcollectionsof basicblocksexhibiting strongtem-
poral locality are called hotspots Our stratgly consistsof
identifying thesehotspotsin a programat run-time, charac-
terizingeachhotspotin termsof its power usageandarriving
atanenegy-optimalconfiguratiorof resource$or theproces-
sor. Thisoptimalconfiguratioris determinedy evaluatingthe
power usageof the processofor differentconfigurations.

In whatfollows, we considera typical superscalaconfigu-
ration,basedon theresenationstationmodel[4]. This struc-
ture is usedin modernprocessordike the PentiumPro and
the PoverPC604. The main differencebetweenthis struc-
tureandtheoneusedin otherprocessorglikethe DEC Alpha
21264andHP PA-8000)is thatthe reorderbuffer holdsspec-
ulative valuesandtheregisterfile holdsonly committed,non-
speculatre data,whereador thesecondcase pothspeculatre
andnon-speculatie dataarein theregisterfile. However most
of the following discussions independenof this modeland
appliesto any superscalaprocessoarchitecture.

2 Hardware Profiling

Our hardware profiling schemeis an implementationof the
hotspotdetectionschemeproposedy Mertenetal [3]. Since
ahotspotis acollectionof tightly coupledbasicblocks,atable
of branchaddresseand executioncountersis usedto detect
frequentlyexecutingcodelocations. Brancheswvhich are ex-
ecutedfrequentlyare marked as candidatebranches. If the
numberof candidatédoranchedeingexecutedn a presetime
window exceedsa given threshold,we saythat we have de-
tecteda hotspot. The numberandnatureof hotspotdetected

recentlybeenaddressedAn overview of variousapproaches dependn the application;someapplicationshave fewer than

to systemlevel power managementpower optimizationand
efficient processodesignis givenin [1]. Thesecover mem-
ory andcacheoptimizationsdynamicpower managemenis-
ing low-power sleepmodes,dynamic supply voltage varia-
tion techniquesandcompilerandsoftwareoptimizationtech-
nigues.Most of thesesolutionsarestaticin naturethey do not
allow for adaptatiorto the application.

10 hotspotswhile large applicationdike gcc have about50.
More detailsof the schemeareavailablein [3].



Unit Power
Floatingpoint ALU 9
IntegerALU 3
RagisterFile 1
InstructionWindow 2

Tablel: Relative power consumptiorof the four hottestparts
of the Simplescalaprocessomodel

3 The Energy-Optimal
Configuration

Oncea hotspothasbeendetectedwe needto determinean
optimumconfigurationof the processofor thathotspot.Ser-
eral units of the processoican be scaledto vary the proces-
sor’s configuration. For every unit which we decideto scale,
we have a maximunsize (correspondingo the total physical
capacityof thatunit) andanactivesize(correspondingdo the
enabledcapacity). Whenthe active size of ary unit changes,
the processois saidto switch configurations.For example,
thereorderbuffer canhave a maximumsizeof 64 entries,and
anactie sizeof 32; thismeandhatonly 32 entriesof thetable
canbe usedfor reordering.Similarly a processomay have a
maximumissuewidth of four instructiongpercycleandanac-
tive issuewidth of two. The cachespranchpredictiontables,
load-storequeue gtc.canbeselectechscandidatesor scaling
atrun-time,dependingon theirimpacton power consumption
in theimplemetation.

The estimationof the impactof scalinga resourceon en-
ergy consumptioris not alwaysstraightforvard. For example
having asmallercachewill leadto alowerpowerconsumption
in the cachebut will leadto alarger missrateandthuscould
actuallyincreasdgheoverallenegy. Fromour studiesve have
foundthatthesizeof thereorderbuffer andthe effective width
of thepipelinearethetwo factorswhich moststronglycontrol
thepower consumptiorof the processarsincethesedetermine
the flow of instructionsthroughthe pipeline. The effective
width of the pipelineis changedy simultaneouslychanging
thewidthsof thefetch,decodejssueandretire stages.

We definethe optimumasthatconfiguratiorwhichleadsto
theleastenegy dissipategper committednstruction. Theen-
ergy perinstructionis the productof the enegy percycle and
the cyclesperinstruction(CPl). This figure is in factthe re-
ciprocalof MIPS perWatt, andis agoodmetricwhichreflects
both performanceand power consumption.To determinethe
optimumconfiguration we needa way to determineapprox-
imate enegy dissipationstatisticsin hardware. For this pur-
pose whena hotspotis detectedtwo counterregistersareset
in motion: thepowerregisterandtheinstructioncountregister
(ICR). Theseregistersare not part of the processos register
file andarenot visible to eitherthe programmeior to there-
naminghardware;they arejustregistersusedfor storingpower
estimatdigures.

The power registeris usedto maintainpower statisticsfor
the four most power-hungry units of the processar Using
the organizationand modelingof Wattch[5], in our proces-
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Figurel: Pawer profiling hardware

sor modelwe have identifiedthesefour unitsto be (1) float-
ing pointALU (2) integerALU (3) registerfile (4) instruction
window. Therelative power dissipationof eachunit is showvn
in Table1. Thesefiguresare not exact but are roundedoff
for simpleintegerarithmetic.Multiplying thesepower figures
with theaccesountsof therespectie unitsprovidesarough
estimateof the enegy consumedn eachcycle. Thesemulti-
plicationscould be implementedasinteger shift andadd op-
erationspipelinedif necessaryA schematiaview of this pro-
cessis shavn in Figure 1. It shouldbe notedthatdepending
ontheimplementationthefour hottestunits may be different
from the units shawvn here;their relative power consumption
may be differenttoo. However the samebasicschemecanbe
implementedn ary processoarchitecture.

Theinstructioncountregister(ICR) is usedto keepa count
of thenumberof the numberof instructiongretiredby the pro-
cessorWhena hotspotis detectedthe ICR is initialized with
thenumberof instructionsto count(1024in our experiments)
andafinite statemaching(FSM) s activated trackingthe pro-
cessors configuration. In our experimentswe variedthe re-
orderbuffer sizefrom 16 to 64 in stepsof 16 andthe effective
pipelinefrom 2 to 4 to 8; thusourFSMhad4 x 3 = 12 states.
During eachcycle, the ICR is decrementetby the numberof
instructionsretiredin thatcycle. WhentheICR reachegero,
the power registeris sampledto obtain a figure proportional
to the enepy dissipatedperinstruction. If therearen param-
etersof the processoto vary, exhaustve testingof all config-
urationswould meantestingall pointsin the n-dimensional
latticefor afixednumberof instructions.If the numberof pa-
rametersncreasesgvaluationof only selectecconfigurations
couldbe usedinsteadof the exhaustve evaluationbeingdone
here. After cycling throughall the interestingconfigurations,
the processois thenswitchedto the optimal one. Whenthe
profiling hardwarehasdetectedhatexecutionhasstrayedout
of the hotspot,the processolis switchedbackto its default
state which maybeits maximumconfiguratioror aninterme-
diatesmallerconfiguration.



The succes®f this methoddependson the factthatwithin
ahotspot programbehaior remainsapproximatelythe same;
andthata configurationwvhich wasevaluatedasoptimalatthe
beginning of the hotspotremainsoptimal throughouthe exe-
cutiontime of thathotspot.

4 Implementation and Results

The above ideaswereimplementedn the Simplescalasim-

ulator [6]. Simplescalaiis a popularindustrial-strengtttool

which implementsa deriative of the MIPS-IV instruction
set,and hasvariousconfigurationoptionsincluding a super

scalarout-of-ordersimulatorwhich we usedfor our experi-

ments.Ourimplementatioralsofeaturesanaccuratdetchunit

modelwhich alignsl-cacheaccesset® block boundariesThe

power modelingwe usedto report power figureswas based
on Wattch[5], whichis anextensionto the Simplescalasim-

ulator. Wattch hasvariouschoicesfor power modeling;the

onewe chosefor our applicationassumesupportfor aggres-
sive clock gatingstylesand parameterizegower calculation.
Thisimpliesthatpowerconsumptions scaledaccordingo the

numberof units (in caseof multiple functionalunits) or ports

used(in caseof registerfiles and caches). Wattch also uses
the schemeimplementedn Cacti[7] for optimizing caches
andcache-lile structuresdasedon delayanalysis.We imple-

mentedthe hardwareprofiling schemessextensiondnto the

SimpleScalasimulatorandusedCactiroutinesto optimizethe

structuresinvolved. The power consumedby the additional
hardwarewasmodeledaccordingto Wattchcorventions.

We performedexperimentswith programsfrom the Spec95
CPUbenchmarlsuite[8] aswell asthe Mediabenctsuite[9].
The resultswe obtainedare summarizedn Figure 2. The
graphsin the figure shav the savings obtainedby the above
run-time resourcescaling schemeagainstthe baselinefixed
processoiconfigurationwith a reorderbuffer size of 64 en-
tries and an effective pipelinewidth of 8 instructions. In the
enegy andpower savings graphstwo figuresareshavn: the
first is the casewherewe assumea 10% power overheador
unitswhichareshutoff; thesecondassumegdealclockgating
with nooverhead Shrinkingfeaturesizesandincreasingeak-
agecurrentshave madeclock gating lessadvantageoushan
before; the figuresfor ideal clock gating are shavn hereto
demonstrat¢he extrasavingsthatcanbeachiezedwith anag-
gressie circuit design. The graphfor IPC shows the perfor
manceof thefixedconfiguratiorversugheperformanceising
ourdynamicresourcescalingscheme.

We obtainsignificantenegy savings in mostapplications,
but at the costof somelPC loss. We have performedsome
experimentdn which we specifiedanacceptablédevel of per
formanceoss(in our caseone-eighttor 12.5%)andthe FSM
whichevaluatesonfigurationsvasprogrammedo rejectcon-
figurationswhoseperformancevasworsethanthis tolerance
level. In all caseghe IPC lossremainsbelon 12.5%but the
saszingsin powerandenegy areslightly lessthanthoseshavn
here.
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Figure2: Resultsobtainedrom our experiments
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Figure3: Resourcescalingin the context of ACPI

5 Conclusion

The techniquesoutlinedin this paperfor optimizationof the
processoconfiguratiorbasednrun-timeprofiling shav good
promisefor enegy savings. This schemecanbeincorporated
in thecontet of largerschemedike ACPI, by incorporatingt
asanextra stagein the actve modeof operationof a CPUas
shavn in Figure3. Our methodis betterthanstaticthrottling
becausestaticthrottling doesnot decreasehe overall enegy
requiredto performatask;it only spreadeuttheenegy usage
over a longerperiodof time, at a directcostto performance.
The schemewe have describedabore canalso contribute to
thermalmanagemerdgchemesincewe areableto achieve sig-
nificant reductionin the averagepower. The power monitor
ing hardwarecould be mademoresophisticatedor advanced
power managemergtratgiesaswell; for examplelack of us-
ageof thefloating point unitsby integerapplicationscouldbe
detectedandthe power to the FPU could be shutoff entirely,
providing morepower savzings. Our proposedschemeneedsa
little adaptatiorio accountfor context switchingin multitask-
ing systems.Overall we believe that microarchitecturdevel
resourcescalingcanleadto a significantsaving in powercon-
sumptionwhile retainingreasonabl@erformancéevels.
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