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Abstract

In thispaperwepresenta strategyfor run-timeprofiling to op-
timizetheconfigurationof a microprocessordynamicallysoas
to savepowerwith minimumperformancepenalty. Thecon-
figurationof theprocessoris changedat run-timeto attain the
optimalenergyconsumptionfor theprogram.Experimentson
somebenchmarkprogramsshowgoodsavingsin total energy
consumption;wehaveobserveda decreaseof upto25%in en-
ergy/cycleandup to 10%in energy per instruction.Our pro-
posedapproach can be usedfor energy-aware computingin
eitherportableapplicationsor in desktopenvironmentswhere
powerdensityis becominga concern.Thisapproach canalso
be incorporatedin larger powermanagementstrategies like
ACPI.

1 Intr oduction

Power dissipationof microprocessorsis becomingan impor-
tantconcernfor designersbecauseof two factors:(1) themar-
ket for mobileandembeddedsystemsis expandingat a rapid
rateandin suchsystems,batterylife is importantandpower
is atapremium;(2) complex designsandlargeon-chipcaches
presentin modernchipsrequirethermalmanagementstrate-
giesto preventthechip from overheating;this is truenot only
for mobile computing,but for conventionalprocessordesign
aswell. In thispaperwe presentmicroarchitecturallevel con-
trol andscalingof resourcesto addresstheissueof powercon-
sumption.

Although low-power designhasbeenan active areaof re-
searchfor the last decadeor so, the problemof power mod-
elingandoptimizationat themicroarchitecturallevel hasonly
recentlybeenaddressed.An overview of variousapproaches
to systemlevel power management,power optimizationand
efficient processordesignis given in [1]. Thesecover mem-
ory andcacheoptimizations,dynamicpowermanagementus-
ing low-power sleepmodes,dynamicsupply voltagevaria-
tion techniques,andcompilerandsoftwareoptimizationtech-
niques.Mostof thesesolutionsarestaticin nature;they donot
allow for adaptationto theapplication.

It hasbeenshown [3] that most of the executiontime of
a programis spentin several small critical regionsof code.
Thesesmallcollectionsof basicblocksexhibiting strongtem-
poral locality are called hotspots. Our strategy consistsof
identifying thesehotspotsin a programat run-time, charac-
terizingeachhotspotin termsof its power usageandarriving
atanenergy-optimalconfigurationof resourcesfor theproces-
sor. Thisoptimalconfigurationis determinedby evaluatingthe
powerusageof theprocessorfor differentconfigurations.

In whatfollows,we considera typical superscalarconfigu-
ration,basedon thereservationstationmodel[4]. This struc-
ture is usedin modernprocessorslike the PentiumPro and
the PowerPC604. The main differencebetweenthis struc-
tureandtheoneusedin otherprocessors(like theDECAlpha
21264andHP PA-8000) is that thereorderbuffer holdsspec-
ulativevaluesandtheregisterfile holdsonly committed,non-
speculativedata,whereasfor thesecondcase,bothspeculative
andnon-speculativedataarein theregisterfile. Howevermost
of the following discussionis independentof this modeland
appliesto any superscalarprocessorarchitecture.

2 HardwareProfiling

Our hardware profiling schemeis an implementationof the
hotspotdetectionschemeproposedby Mertenet al [3]. Since
ahotspotis acollectionof tightly coupledbasicblocks,a table
of branchaddressesandexecutioncountersis usedto detect
frequentlyexecutingcodelocations. Brancheswhich areex-
ecutedfrequentlyare marked as candidatebranches. If the
numberof candidatebranchesbeingexecutedin a presettime
window exceedsa given threshold,we say that we have de-
tecteda hotspot.Thenumberandnatureof hotspotsdetected
dependon theapplication;someapplicationshave fewer than
10 hotspots,while large applicationslike gcc have about50.
Moredetailsof theschemeareavailablein [3].



Unit Power
FloatingpointALU 9
IntegerALU 3
RegisterFile 1
InstructionWindow 2

Table1: Relative power consumptionof thefour hottestparts
of theSimplescalarprocessormodel

3 The Energy-Optimal
Configuration

Oncea hotspothasbeendetected,we needto determinean
optimumconfigurationof theprocessorfor thathotspot.Sev-
eral units of the processorcanbe scaledto vary the proces-
sor’s configuration.For every unit which we decideto scale,
we have a maximumsize(correspondingto the total physical
capacityof thatunit) andanactivesize(correspondingto the
enabledcapacity).Whentheactive sizeof any unit changes,
the processoris said to switch configurations.For example,
thereorderbuffer canhavea maximumsizeof 64entries,and
anactivesizeof 32; thismeansthatonly 32entriesof thetable
canbeusedfor reordering.Similarly a processormayhave a
maximumissuewidth of four instructionspercycleandanac-
tive issuewidth of two. Thecaches,branchpredictiontables,
load-storequeue,etc.canbeselectedascandidatesfor scaling
at run-time,dependingon their impactonpowerconsumption
in theimplemetation.

The estimationof the impactof scalinga resourceon en-
ergy consumptionis not alwaysstraightforward. For example
having asmallercachewill leadto alowerpowerconsumption
in thecachebut will leadto a largermissrateandthuscould
actuallyincreasetheoverallenergy. Fromourstudieswehave
foundthatthesizeof thereorderbuffer andtheeffectivewidth
of thepipelinearethetwo factorswhichmoststronglycontrol
thepowerconsumptionof theprocessor, sincethesedetermine
the flow of instructionsthroughthe pipeline. The effective
width of thepipelineis changedby simultaneouslychanging
thewidthsof thefetch,decode,issueandretirestages.

We definetheoptimumasthatconfigurationwhich leadsto
theleastenergy dissipatedpercommittedinstruction.Theen-
ergy per instructionis theproductof theenergy percycle and
the cyclesper instruction(CPI). This figure is in fact the re-
ciprocalof MIPSperWatt,andis agoodmetricwhichreflects
both performanceandpower consumption.To determinethe
optimumconfiguration,we needa way to determineapprox-
imateenergy dissipationstatisticsin hardware. For this pur-
pose,whena hotspotis detected,two counterregistersareset
in motion: thepowerregisterandtheinstructioncountregister
(ICR). Theseregistersarenot part of the processor’s register
file andarenot visible to eithertheprogrammeror to the re-
naminghardware;they arejustregistersusedfor storingpower
estimatefigures.

The power registeris usedto maintainpower statisticsfor
the four most power-hungry units of the processor. Using
the organizationandmodelingof Wattch [5], in our proces-
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Figure1: Powerprofiling hardware

sor modelwe have identifiedthesefour units to be (1) float-
ing pointALU (2) integerALU (3) registerfile (4) instruction
window. Therelative power dissipationof eachunit is shown
in Table 1. Thesefiguresare not exact but are roundedoff
for simpleintegerarithmetic.Multiplying thesepowerfigures
with theaccesscountsof therespectiveunitsprovidesarough
estimateof theenergy consumedin eachcycle. Thesemulti-
plicationscould be implementedasintegershift andaddop-
erations,pipelinedif necessary. A schematicview of this pro-
cessis shown in Figure1. It shouldbenotedthatdepending
on theimplementation,thefour hottestunitsmaybedifferent
from the units shown here;their relative power consumption
maybedifferenttoo. However thesamebasicschemecanbe
implementedonany processorarchitecture.

Theinstructioncountregister(ICR) is usedto keepa count
of thenumberof thenumberof instructionsretiredby thepro-
cessor. Whena hotspotis detected,theICR is initializedwith
thenumberof instructionsto count(1024in our experiments)
andafinite statemachine(FSM)is activated,trackingthepro-
cessor’s configuration. In our experimentswe variedthe re-
orderbuffer sizefrom 16 to 64 in stepsof 16 andtheeffective
pipelinefrom 2 to 4 to 8; thusourFSMhad �������
	�� states.
During eachcycle, the ICR is decrementedby thenumberof
instructionsretiredin thatcycle. WhentheICR reacheszero,
the power register is sampledto obtaina figure proportional
to theenergy dissipatedper instruction.If thereare  param-
etersof theprocessorto vary, exhaustive testingof all config-
urationswould meantestingall points in the  -dimensional
latticefor a fixednumberof instructions.If thenumberof pa-
rametersincreases,evaluationof only selectedconfigurations
couldbeusedinsteadof theexhaustiveevaluationbeingdone
here.After cycling throughall the interestingconfigurations,
the processoris thenswitchedto the optimal one. Whenthe
profiling hardwarehasdetectedthatexecutionhasstrayedout
of the hotspot,the processoris switchedback to its default
state,whichmaybeits maximumconfigurationor aninterme-
diatesmallerconfiguration.
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Thesuccessof this methoddependson the fact thatwithin
a hotspot,programbehavior remainsapproximatelythesame;
andthata configurationwhichwasevaluatedasoptimalat the
beginningof thehotspotremainsoptimal throughouttheexe-
cutiontimeof thathotspot.

4 Implementation and Results

Theabove ideaswereimplementedon theSimplescalarsim-
ulator [6]. Simplescalaris a popularindustrial-strengthtool
which implementsa derivative of the MIPS-IV instruction
set,andhasvariousconfigurationoptionsincluding a super-
scalarout-of-ordersimulatorwhich we usedfor our experi-
ments.Ourimplementationalsofeaturesanaccuratefetchunit
modelwhichalignsI-cacheaccessesto blockboundaries.The
power modelingwe usedto reportpower figureswas based
on Wattch[5], which is anextensionto theSimplescalarsim-
ulator. Wattchhasvariouschoicesfor power modeling; the
onewe chosefor our applicationassumessupportfor aggres-
sive clock gatingstylesandparameterizedpower calculation.
Thisimpliesthatpowerconsumptionis scaledaccordingto the
numberof units(in caseof multiple functionalunits)or ports
used(in caseof registerfiles andcaches).Wattchalsouses
the schemeimplementedin Cacti [7] for optimizing caches
andcache-like structuresbasedon delayanalysis.We imple-
mentedthehardwareprofiling schemesasextensionsinto the
SimpleScalarsimulatorandusedCactiroutinestooptimizethe
structuresinvolved. The power consumedby the additional
hardwarewasmodeledaccordingto Wattchconventions.

We performedexperimentswith programsfrom theSpec95
CPUbenchmarksuite[8] aswell astheMediabenchsuite[9].
The resultswe obtainedare summarizedin Figure 2. The
graphsin the figure show the savings obtainedby the above
run-time resourcescalingschemeagainstthe baselinefixed
processorconfigurationwith a reorderbuffer size of 64 en-
tries andan effective pipelinewidth of 8 instructions.In the
energy andpower savingsgraphs,two figuresareshown: the
first is the casewherewe assumea 10%power overheadfor
unitswhichareshutoff; thesecondassumesidealclockgating
with nooverhead.Shrinkingfeaturesizesandincreasingleak-
agecurrentshave madeclock gating lessadvantageousthan
before; the figuresfor ideal clock gating are shown hereto
demonstratetheextrasavingsthatcanbeachievedwith anag-
gressive circuit design. The graphfor IPC shows the perfor-
manceof thefixedconfigurationversustheperformanceusing
ourdynamicresourcescalingscheme.

We obtainsignificantenergy savings in mostapplications,
but at the costof someIPC loss. We have performedsome
experimentsin which we specifiedanacceptablelevel of per-
formanceloss(in ourcaseone-eighthor 12.5%)andtheFSM
whichevaluatesconfigurationswasprogrammedto rejectcon-
figurationswhoseperformancewasworsethanthis tolerance
level. In all casesthe IPC lossremainsbelow 12.5%but the
savingsin powerandenergy areslightly lessthanthoseshown
here.
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Figure2: Resultsobtainedfrom ourexperiments
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5 Conclusion

The techniquesoutlinedin this paperfor optimizationof the
processorconfigurationbasedonrun-timeprofilingshow good
promisefor energy savings. This schemecanbeincorporated
in thecontext of largerschemeslikeACPI,by incorporatingit
asanextra stagein theactive modeof operationof a CPUas
shown in Figure3. Our methodis betterthanstaticthrottling
becausestaticthrottling doesnot decreasethe overall energy
requiredto performatask;it only spreadsouttheenergyusage
over a longerperiodof time, at a direct costto performance.
The schemewe have describedabove canalsocontribute to
thermalmanagementschemessinceweareableto achievesig-
nificant reductionin the averagepower. The power monitor-
ing hardwarecouldbemademoresophisticatedfor advanced
powermanagementstrategiesaswell; for examplelack of us-
ageof thefloatingpointunitsby integerapplicationscouldbe
detectedandthepower to theFPUcouldbeshutoff entirely,
providing morepower savings. Our proposedschemeneedsa
little adaptationto accountfor context switchingin multitask-
ing systems.Overall we believe that microarchitecturelevel
resourcescalingcanleadto a significantsaving in powercon-
sumptionwhile retainingreasonableperformancelevels.
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