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Abstract

Power dissipation is a major concernnot only for portable
systems,but also for high-performancesystems. In the past,
energy consumption and processor heating was reduced
mainly by focusing efforts on mechanical or circuit design
techniques. Now that we are reaching the limits of someof
thesepasttechniques,anarchitectural approach is fundamental
to solving power related problems. In this work, we use a
modelof the Alpha 21264 to simulatea high-performance,
multi-pipelinedprocessorwith two integer pipelineclustersand
onefloatingpoint pipeline. We proposea hardware mechanism
to dynamicallymonitorprocessorperformanceandreconfigure
the machine on-the-flysuch that available resourcesare more
closely matched to the program’s requirements. Namely, we
proposeto saveenergy in theprocessorby disablingoneof the
two integer pipelinesand/or the floating point pipe at runtime
for selectiveperiodsof timeduring theexecutionof a program.
If thesetimeperiodsarecarefullyselected,energymaybesaved
without negatively impacting overall processorperformance.
Our initial experimentsshowson average total chip energy
savingsof 12%andashigh as32%for somebenchmarkswhile
performancedegradesbyat most4.5%.

Keywords: architecture-level, high-performance,low-power

1 Intr oduction

State-of-the-artgeneralpurposeprocessorsare designedwith
performanceas the primary goal. This meansthat designers
must tunetheir processorsto achieve high performanceon the
greatestnumberof applications. Sinceapplicationsmay vary
widely in their resourcerequirements,designersmaychooseto
includecertainhardwarestructureson chip knowing that they
will beusefulto only a subsetof theapplications.For instance,
the Alpha 21264 processorcan executeout-of-orderup to 6
instructionspercycle. However, this complex hardwarefeature
offers limited benefitsover a simple, in-order structure,if the
applicationstheprocessoris runningcontainlimited instruction-
level parallelism(ILP). Likewise,a sophisticated2-level branch
predictorsuchas the one describedin [9] may greatly reduce

branchmispredictionratesfor integerprogramsbut maybeun-
necessaryfor floating point applicationsthat tend to contain
highly predictablebranchbehavior. While thesearchitectural
enhancementsareessentialin orderto attainhigh performance
acrossa rangeof applications,they are expensive in termsof
energy consumption.

Performance(as measuredin termsof resourceutilization)
mayvary not only for differentapplicationsbut evenduringthe
executionof a single application. For instance,Wall showed
that theamountof ILP within a singleapplicationvariesby up
to a factorof three[11]. Similar experimentswereconducted
by Sherwood and Calder[10] wherevariationsin averagein-
structionscommittedpercyclewascorrelatedwith architectural
featuressuchas as branchprediction,value prediction,cache
performanceandreorderbuffer occupancy. Figure1 illustrates
in moredetail this phenomenonof varyingperformanceby dis-
playingtheaveragenumberof instructionsissuedpercycleover
time. Eachdatapoint representsthe issueratefor a window of
1000 cycles. From a performancepoint of view, someof the
underutilized portionsof the processorcanbe completelydis-
abledduring the “low-issue”windows without hamperingper-
formance.
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Figure 1: Variation in IPC over time for the hydro2d
benchmark.

Previouswork hastried to capitalizeon this phenomenonof
underutilizationof resources,both within and acrossdifferent
applications. One study hasproposedthe useof Complexity-
AdaptiveProcessors to reconfigurehardware to matchthe di-



verseneedsof a particularapplication[1]. A dynamicclock
would allow eachconfigurationto operateat its full potential.
Alternatively, the work of [6] proposesthat the software se-
lectadesiredperformancefor anapplicationbasedonworkload
traces.Theissuemodeof theprocessor(e.g. in-orderor out-of-
order)would thenbeadjustedin hardwareto meetthe targeted
performance.

In this paper, we proposea hardwaremechanismto dynam-
ically monitorprocessorperformanceandenableor disablese-
lective partsof theCPUsubsystemon-the-fly. This mechanism
allowstheprocessor’savailableresourcesto morecloselymatch
the needsof the program(i.e., asdeterminedby the program’s
ILP). Theprocessorthensavesenergy by not consumingpower
in hardwarestructuresthataredisabled.We usea modelof the
Alpha 21264 to simulatea high-performance,multi-pipelined
processorwith two integer pipeline clustersand one floating
point pipeline. Within thecontext of our processormodel,this
translatesinto selectively disablingoneof the two integerclus-
ters and/orpart or all of the floating point pipe clusterwhen-
ever theprogramcannotmakegooduseof theseextraresources.
Likewise, theseclustersmay also be re-enabledwhen ILP in-
creasesto the point where the extra resourcesmay be useful
to improve performance.By properlymonitoringwhento en-
able/disablepartof theCPUsubsystemwe save energy without
impactingperformance.

Thepapermakesthefollowing contributions:� We show that currentinstructionsper cycle (IPC) canbe
usedto predictfutureIPCacrossafixednumberof cycles.� We proposeseveral techniquesto estimateprocessorper-
formancein orderto determinewhentheprocessorshould
enterlow-powermode.� We show thatprocessorresourcescanbe significantlyre-
ducedfor selectivetimeperiodswithouthamperingperfor-
mance.� We show that on average12% of the total energy of the
processormay be reducedwhenpipelinesareselectively
disabled.

2 Experimental Methodology
The simulator used in this study is derived from the SIM-
PLESCALAR [3] tool suite. SIMPLESCALAR is an execution-
drivensimulatorthatusesbinariescompiledto a MIPS-like tar-
get.SIMPLESCALAR canaccuratelymodelahigh-performance,
dynamically-scheduled,multi-issueprocessor. We addedmod-
ifications to SIMPLESCALAR to incorporatethe following en-
hancements:� Multi-pipelined issueandexecutionclusters(2 integer, 1

floatingpoint).� Moreaccuratefetchunit includinga collapsingbuffer.� Performancemonitoring hardware to model our power
managementtechniques.

In addition, we useda modified versionof the Wattch frame-
work [2], interfacedwith SIMPLESCALAR, to estimateenergy
consumptionat the architecturallevel. Detailsof thesemodifi-
cationsfollow.

Ourbaselinesimulationconfigurationis derivedfrom theba-
sic Alpha21264 pipelineandextendedto modelafuturegener-
ationmicroarchitecturebasedon thissamemulti-pipelinedcon-
figuration. Specifically, we retainfrom the Alpha 21264 pro-
cessortheconceptof partitioningtheissueandexecutionphases
into threepipelines(2 for integerinstructions,and1 for floating
point). Within the SIMPLESCALAR model, this translatesinto
partitioningtheregisterupdateunit (RUU) into threedistinctre-
gions. The RUU is a combinedinstructionwindow, array of
reservationstations,andreorderbuffer. Theprocessorcanissue
up to 8 instructionspercycle.

Thesimulatoralsoincludesamoreaggressivefetchstagethat
aligns I-cacheaccessesto block boundariesand implementsa
variantof thecollapsingbuffer [4]. With thecollapsingbuffer,
thefetchunit candeliver up to two (not necessarilycontiguous)
basicblocksfrom theI-cacheperfetchcycle for a maximumof
8 instructionstotal.

Tables1 and2 show thecompleteconfigurationof theproces-
sor model. Note that the RUU andLSQ aredivided into three
partscorrespondingto thetwo integerclusterpipelines(IC � and
IC � ) andthefloatingpointpipeline(FP).Also notethattheALU
resourceslisted in thetablemay incur differentlatency andoc-
cupancy valuesdependingon thetypeof operationthatis being
performedby theunit.

Table1: Machineconfigurationandprocessorresources.

Parameter Units ALU Latency
Fetch/IssueWidth 8 –
IntegerALU 8 1
IntegerMult/Div 2 3/20
FPALU 4 2
FPMult/Div/Sqrt 2 4/12/24
MemoryPorts 2 –
RUU IC � /IC 	 /FP 64/64/16 –
LSQIC � /IC 	 /FP 32/32/8 –
FetchQueue 8 –
Min. Mispred.Penalty 6 –

Table2: Processorresources

Parameter Configuration
L1 Icache 64KB 4-way; 32B line; 1 cycle
L1 Dcache 64KB 4-way; 32B line; 1 cycle
L2 Cache 256KB4-way; 64B line; 6 cycle
Memory 128bit-wide;20 cycleson hit,

50cycleson pagemiss
BranchPred. 4k 2lev + 4k bimodal+ 4k meta
BTB 1K entry4-way setassoc.
RAS 32entryqueue
ITLB 64entryfully assoc.
DTLB 128entryfully assoc.
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Figure2: Basicmulti-pipelinedprocessor.

A high-level view of thebasicpipelinein shown in Figure2.
Notice that after the decodeand register renamingstages,in-
structionsaresenteitherto theintegerissuequeueor to thefloat-
ingpointqueue.Beforethey enterthequeue,integerinstructions
arestaticallyassignedto eithertheupperor lowerfunctionalunit
clusters.Arbitration amongtheinstructionsreadyfor execution
occursacrossall threeclusters. The integer issuequeuehas
two separatearbitersthat dynamicallyissuethe oldestqueued
instructionseachcycle within the upperandlower clustersre-
spectively (i.e. eachclustermay issueup to 4 instructionsper
cycle). In addition, the floating point issuequeuecan issuea
maximumof four instructions.

Our simulationsareexecutedon a subsetof SPECint95and
SPECfp95benchmarks[5]. They were compiledusing a re-
targetedversionof theGNU gcccompilerwith full optimization.
This compilergeneratesSIMPLESCALAR machineinstructions.
Sinceweareexecutingafull modelonaverydetailedsimulator,
thebenchmarkstakeseveralhoursto complete;dueto timecon-
straintsweapplythedetailedsimulatormodelonly toasampling
of theprogramexecution.All benchmarksarefast-forwardedfor
50million instructionsto avoid startupeffects.Thebenchmarks
are then are executedfor 100 million committedinstructions,
or until they complete,whichever comesfirst. All inputscome
from thereferencesetandareshown in Table3.

3 Energy Considerations

Figure3 comparestheenergy consumptionbreakdown obtained
usingWattchfor a subsetof SPEC95benchmarks,assumingall
pipelinesarealwaysenabled.We assumedlinear clock gating
for multi-portedhardware. In additionwe assumea non-zero

Table3: Thebenchmarksusedin thisstudy.

Benchmarks Input
apsi ref

compress ref
go 2stone9
gcc varasm.i
li ref

hydro2d ref
perl primes

vortex persons.1k

“turnoff factor” such that any enabledunit will still dissipate
10%of its maximumpower whenit is not usedduringa partic-
ular cycle. Notice thatover 30% of the energy consumptionis
dueto theclockswhereastheissuequeue(window in thefigure)
andfunctionalunits (ALU) togethermake up 45% of the total
energy consumptionon the chip. Therefore,by employing our
processorreconfigurationtechniqueto selectively disableclus-
tersof issueandexecutionhardware,we areattemptingto re-
duceenergy consumptionin sectionsof hardwarethatcomprise
a significantportionof theoverall energy consumption.

3.1 Reconfiguring the Processorfor Energy
Savings

To save energy in theprocessor, we proposeseveral low-power
modesthattheprocessorcanenableor disabledynamicallydur-
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Figure3: Distributionof energy for differentbenchmarks.

ing programexecution.Following is a descriptionof thediffer-
entmodesweconsidered:

low-power modeLF: One integer cluster is disabledand the
remainingresourcesarefully operationally.

low-power modeLH: One integer clusteris disabledand the
floatingpoint pipehashalf its functionalunitsdisabled.

low-power modeLL: Oneintegerclusterandthe entirefloat-
ing point clusterarepoweredoff.

low-power modeFH: Theintegerclustersarefully operational
but thefloatingpoint pipehasbeenpartiallydisabled.

Henceforthwewill referto agenericlow-powermodewhenone
of thesestatesis enabled.

While in low-power mode,oneor moreof thepipelineclus-
ters is partially or fully disabledandthe clocksgoing to these
clustersare also completelydisabled. This modereducesthe
numberof issuequeueentriesandfunctionalunits effectively
reducingthe issuewidth aswell. In orderto retaincoherency,
writes(but not reads)continueto bemadeto bothcopiesof the
integerregisterfile. This low-powerconfigurationallowspower
to besavedby the functionalunits, the registerfile, andthe in-
structionwindow’s issuequeuesandselectionlogic. More de-
tails on the amountof savings will be presentedin Section5.
Oncelow-power modeis enabled,we mustdrain the disabled
pipeline(s)beforetheirassociatedissuequeueentries,functional
units,andclockscanbe disabled.Thus,thereis somecostin-
volvedin switchingthemachineto this mode.To minimizethis
cost,werequirethattheprocessorremainin any onemodefor a
pre-definedminimumnumberof cycles.

3.2 Estimating Power

As statedbefore, we use the Wattch framework within SIM-
PLESCALAR to estimatepower [2]. Severalmodificationswere
madeto both SIMPLESCALAR andWattch in order to accom-
modatea multi-pipelinedprocessorthat canreconfigureits re-
sourcesdynamically. With the new modifications,the power
contributionof eachhardwarestructurevariedaccordingto

(a) theeffective issuewidth of theprocessor,

(b) thetotal numberof timesthestructurewasaccessed,

(c) thenumberof portsaccessedin aparticularcycle,and

(d) theparticularlow-powermodeenabled.

In particular, power dissipationin the issueselectionlogic, in-
structionwindow, load/storequeue,integerfunctionalunitsand
global clocks is reducedwhenoneof the clustersis disabled.
We createda separatepower model for eachpipelineandone
for theremainingcircuitry. Thepower modelfor eachpipeline
includedpower estimatesfor the registerfile, the window, the
LSQ and the result-bus structures,using accessdatafrom the
SIMPLESCALAR simulatorto obtaintheseestimates.If oneof
the integer pipelineswasdisabledduring low-power mode,we
don’t updatethewindow, theLSQandresult-buspowercompo-
nentsbut we still considerthepower usedby the integer regis-
ter file unit in orderto maintaincoherency with the otherinte-
gerregisterfile. Whenthefloatingpoint pipelineis disabledall
components,including theregisterfile, aredisabledsincethere
is only onefloatingpoint registerfile.
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4 PerformanceMonitoring
As mentionedin theintroduction,we wantto monitorvia hard-
ware the performanceof a particularbenchmarkactively run-
ning on theprocessor. We canthenusethis informationto dy-
namicallydeterminewhento reconfiguretheprocessorinto low-
power mode. In this mode,selective partsof the processorare
disabledsuchthat its active resourcesmorecloselymatchthe
program’savailableILP. In thefollowing sectionwedescribein
moredetail the variousperformancemonitoringtechniqueswe
implemented.

4.1 Determining When to Enter Low-Power
Mode

Since the processormay perform differently dependingon
whetherall its resourcesare enabledor not, we usedifferent
monitoring techniquesto determinewhen to enableor disable
low-powermode.Following arethehardwaremonitoringmech-
anismswe implementedto disabletheintegercluster.

4.1.1 Functional unit usage

A relatively inexpensive way to determinewhentheprogramis
executingacritical sectionof code(i.e.,whereresourcesarebe-
ing underutilized)is to monitor the effective integer functional
unit usageover time by meansof a simpleshift register. When
thepercentageof busyfunctionalunitsis underacertainthresh-
old (e.g.,lessthan50%of all availablefunctionalunitsareuti-
lized) a ’1’ is shiftedinto theregister. At any givencycle, if the
numberof 1’s presentin this registeris greaterthansomeuser-
definedthreshold,a critical sectionis detected.We make the
assumptionthatif recenthistoryindicatesanunderutilizationof
functionalunits thenwe canpresume(at leastfor the nearfu-
ture)thatin thefollowing cyclesfew resourcewill beneededas
well.

Figure4 displaysthe effective usageof the CPU functional
units during the executionof a singleprogram. The black line
tracksthe numberof integer ALU functionalunits (1–8) used
eachcyclewhile thegrey line tracksthenumberof memoryport
functionalunits used(1–2). The vertical lines show whenthe
commandsaregivento enable/disablelow-powermode.For ex-
ample, the third and forth vertical lines at cycle 230 and 360
representthetimewhencommandsaregivento disableandthen
enablelow power moderespectively. Thebottomgrey horizon-
tal line representstheeffective low power time period.Thereis
a shortdelaybetweenthetime thepower-off commandis given
andwhenthelow-powermodeis enabledin orderto accountfor
drainingoneof the effectedcluster. Notice that oncea critical
sectionis detected,severalcyclespassbeforemultipleresources
areneededagain.

4.1.2 Monitoring IPC

A secondway to estimatecritical sectionsis to computethe
numberof committedor issuedinstructionsduring a defined
numberof cycles(i.e., windows). If the measuredIPC within
thistimewindow isbelow acertainthresholdweputthemachine
in low-power mode. This schemerequiresa resetablecounter

Figure4: Functionalunit usage:vertical axis shows the
numberof functionalunitsbusy;horizontalaxisis thecy-
cleoffset

thatis clearedat thebeginningof eachwindow andincremented
appropriatelyeachcycle. The countervalue is thencompared
with athresholdvalueattheendof thewindow. Wemustchoose
atimewindow thatis not toosmallsuchthatveryshortburstsof
high/low activity arenot interpretedby themonitoringhardware
asa sign that the program’s generalresourcerequirementsare
changing.On the otherhand,if thewindow is madetoo large,
we maynot beableto reactquickly enoughto generalchanges
in resourceutilization which may result in performancedegra-
dationor missedopportunitiesin energy savings. Given these
constraints,from our initial experiments,we foundthat512cy-
cleswasareasonablewindow size.Thismechanismalsocanbe
combinedwith theshift registerdescribedabovesuchthata low
IPC mustbe presentfor a certainnumberof windows beforea
critical sectionis detected,however, in general,thewindow size
shouldbemadesmallerin this case.

4.1.3 Detectingvariations in IPC

A third way is to computethedifferencebetweenthecommitted
andtheissuedinstructions.If, on average,therearemany more
instructionsbeingissuedthancommitted,this mayindicatethat
a largeamountof mispredictedinstructionsarebeingissued.By
enteringlow-power modewhensucha situationis detected,we
restrictthe issuerateandindirectly thenumberof mispredicted
instructionsallowed to issuein the processor. In this way, we
effectively employ a type of piping gating similar to what was
donein [8] asa meansof saving processorenergy.

4.1.4 Dependencycounting

A majorlimitation of increasingILP is thepresenceof truedata
dependencies.Therefore,if wehavemany dependenciesamong
the issuedinstructions,ILP is limited and there is a greater
chancethat processorresourcesareunderutilized.We propose
two waysto estimateprogramILP throughdependency count-
ing. Thefirst onerequiresonecounterto sumthetotalnumberof
input dependenciesassociatedwith eachentryin theinstruction
window (i.e.,RUU). Alternatively, we canincludea counterfor
eachRUU entry andincrementthe counterbasedon the num-
ber of input dependencies(directly andindirectly). If the total
dependency count is higherthana given threshold,we assume
limited ILP andallow theprocessorto enablelow-powermode.
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4.1.5 Floating point utilization

As mentionedin Section3, we proposeddifferent low-power
modesthatallow ustheflexibility to completelyor partiallydis-
ablethe floating point pipelinecluster. We determinewhento
enableeachof thesemodesasfollows:

Half-power mode: Whenoneof theintegerclustersis disabled
usingoneof the techniquesmentionedabove, we assume
thatin generalILP is limited andit is probablethatnotonly
integer resourcesareunderutilizedbut alsofloating point
resources.Therefore,whenwe signalto the processorto
disableone of the integer clusters,we also signal to the
floatingpoint pipelineto disablehalf its resourcesanden-
ter half-powermode.If thefloatingpoint clustercurrently
hasvalid instructionsin its pipeline,theseinstructionsare
first allowedto completebeforeenablingthismode.

Disablemode: We monitor the frequency of floating point in-
structions.If aftera certainnumberof cycles,no floating
point instructionsare fetched,we completelydisablethe
floating point cluster. This decisionis madeindependent
of thecurrentstateof theintegerclusterstherebyallowing
thefloatingpoint pipelineto bedisablefor very long peri-
odsof time,particularlyfor integer-intensiveprograms.

4.2 Powering On Techniques

We can usemost of the sameideasdescribedin the previous
sectionto disableaswell asenablelow-power mode;however,
thresholdvaluesmayneedto beadjusteddifferently. In addition,
wealsoimplementedthefollowing mechanismsfor determining
whento returnto full-powermode.

4.2.1 Issueattempts

Once we are in low-power mode, we needto react to local
changesin performancethat indicateour overall performance
maysuffer if we do not returnto full-powermode.Oneway we
determinethis is to countthetotal numberof issueattemptsfor
eachreadyinstructionbeforea functionalunit is madeavailable
for its execution.To implementthis scheme,a counteris added
to eachRUU entry; whenever a readyinstructionis prevented
from issuingdueto lackof resources,its counteris incremented.
If the total countfor all thevalid RUU entriesreachesa certain
threshold,this indicatesthat theprocessorshouldreturnto full-
powermode.

4.2.2 Variations in IPC

If theprocessoris committingmoreinstructionsthanwhat it is
ableto issue,it canbeadvantageousto increasetheissuewidth
to sustainthecommitrate.An alternative way to monitorwhen
to returnto full-powermodeis to computethedeltabetweenthe
issuedandcommittedinstructionsduringacertaintimewindow.
As with thepoweringoff techniquesdescribedin Section4.1,we
cancombinethis techniquewith a shift registerto recordrecent
history suchthat the processorwill not switch modesunlessa
largedeltais detectedoverseveralwindows.

4.2.3 Trigger events

In additionto theprevioustechniqueswecandecideto enableor
disableoneof theintegerclustersaccordingto theoccurrenceof
definedevents(e.g.,data/instructioncachemisses,ITLB cache
misses,miss-predictions).For example, the occurrenceof an
ITLB cachemiss usually causesa long periodof low activity
followed by high functional unit usagefor several cycles. It
is importantto note,however, that the latency causedby such
events,mayeasilybehiddendueto highparallelismin thecode
thatmayenablea high rateof executionwhile theseeventsare
beingserviced.

4.2.4 Floating point activity

Oncea floatingpoint instructionis fetchedanddecoded,a sig-
nal to enablethe full floating point pipeline is sentso that the
resourceswill beavailablewhentheinstructionis readyto issue.
Theprocessormayalsofully enablethe floatingpoint pipeline
if it is currentlyin low-powermodeLH (1 integerclusteris dis-
abledand the FP is partially disabled)and one of the power-
ing on techniquesmentionedabove triggersthedisabledinteger
clusterto powerbackon.

5 Experimental Results

We experimentedwith a combinationof policies for enabling
anddisablinglow-power modein the processor. In this paper
wereportresultsusingthreedifferentlow-powerconfigurations;
theseconfigurationsrepresenttypical results. As a reference,
we alsoincludedresultsobtainedwhenoneintegerclusterwas
always disabled(i.e. the processoroperatedat half the issue
width with half theresourcesat all times).Thethreelow-power
techniqueswereconfiguredasfollows:

LP1: Monitor functionalunit usage.Disableoneof theinteger
clustersandhalf the floating point pipeline if fewer than
half the functional units were usedat least10 out of 16
times(i.e. usinga 16 bit historyshift register).Reactivate
thepipelineswhentheremainingfunctionalunitsareused
at 86%capacityfor 3 out of thepast5 cycles.In addition,
if no floatingpoint instructionsweredetectedfor 3 cycles
in arow, thefloatingpointpipelineis completelydisabled.
Enablethe full floatingpoint pipeline(from eitherhalf or
fully disabledmode)if any new floatingpoint instructions
arefetched.

LP2: Disabletheintegerclusterandhalf thefloatingpointclus-
ter whenthecommit 
���
������ � . Reactivatewhencom-
mit 
���
������ � . The floating point pipeline is com-
pletely disabled/enabledusingthe samemethodasin the
LP1 scheme.

LP3: Disable the integer cluster and half the integer cluster
when at least 45% of the entrieshave input dependen-
cies with other valuesin the RUU. Reactivate when the
functionalunits areusedat 85%capacityfor 3 out of the
past5 cycles. The floating point pipeline is completely
disabled/enabledusing the samemethodas in the LP1
scheme.
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Figure5: Variationin performancefor differentbenchmarks

Performanceis reportedin termsof IPC normalizedto the
basecase(i.e., where full-power mode is always enabled).
Powervaluesareobtainedusingourmodifiedversionof Wattch
andarereportedin termsof total power normalizedto thebase
case.Whentheperformancemonitorsdeterminethatoneof the
integer clustersmay be disabled,the integer pipelinesare as-
sumedto operateat full-power modeuntil the issuequeuewith
thefewestentrieshasbeenfully drainedatwhichpoint it is safe
to completelydisablethat cluster’s issuequeueandfunctional
units. When the floating point pipeline is to be disabled,we
first wait until thefloatingpoint issuequeueis fully drained,at
which point the entirefloating point pipeline—includingits is-
suequeue,executionunits,andregisterfile—aredisabled.

In Figures5 and6 weshow therelativeperformancedropand
energy savings,respectively, usingthethreedifferentlow-power
configurationsLP1–LP3 aswell asthe“half-mode” configura-
tion whereoneof the integersis alwaysdisabled. Therearea
numberof findingswe seefrom theseresults. First, if oneof
the integer clustersis alwaysdisabled,performancedropssig-
nificantly (e.g.apsi,hydro2d,li, perl andsu2corall losearound
20%or morein performance).Theseresultsjustify theneedfor
including the extra resourcesin the processor. In contrast,by
selectively disablingthe integer andfloating point clustersus-
ing any of our low-power techniques,performanceis retainedto
within 4.5%of thebasecaseandonaverageperformancelossis
lessthan2.5%.Althoughit maydissipatelesspoweron a given
cycle, thehalf-modeconfigurationrequiresmorecyclesto com-
pleteexecution,sooverall energy consumptionis oftennot sig-
nificantly reducedandfor benchmarksapsi, hydro2d, perl and
su2corenergy consumptionactually increases.In comparison,
we cansave up to 32% in energy consumptionandon average
12%usingour low-power techniques.

To understandbetter where the energy is being saved, we
looked more closely at the processorbehavior using the LP1
scheme. In Figure 7 we graphedthe percentageof time one
of the integer pipelineswasdisabledaswell asthe percentage
of time the floating point pipelinewaseitherpartially or com-
pletelydisabled.Fromthegraph,we seethatoneof theinteger
clusterswasdisabledon average22% of the time andat most
54% for compress. The floating point clustercanoperatewith
only half its resourcesusuallylessthan10%of thetime,but the
real savings comesfrom being able to completelydisablethe
floatingpointpipelinefor four of theintegerbenchmarks(go,li,
m88ksim,perl). Thesefour benchmarksarethesameonesthat
show thegreatestenergy savings.

While it is encouragingto seesuchhigh energy savings for
somebenchmarks,it is disappointingthat other benchmarks,
particularlycompressandwave5, did not show larger savings,
especiallyconsideringhow often theprocessorwasableto dis-
ableoneof theintegerclusters(54%and33%respectively). On
theotherhand,theseenergy resultsdependgreatlyon assump-
tionsmadeby thepowerestimationtool. For instance,in Wattch
thepower dissipationdueto readingandwriting theinstruction
window wasmuchlarger thanthe power dissipationof the in-
structionselectionlogic. Using our low-power techniques,we
arenot reducingtheoverall numberof instructionsissuedin the
processorsoin generalthepowerdissipationdueto readingand
writing theseinstructionsin thewindow shouldbethesame.On
theotherhand,sincewe areonly selectingat most4 insteadof
8 integerinstructionsto executewhenoneof theintegerclusters
is disabled,theinstructionselectionpower shouldbegreatlyre-
duced.However, if theselectionlogic is a small contributor to
thetotalpower, it will notmakeasignificantimpactontheover-
all energy consumption.Underdifferentassumptionstheimpact
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Figure6: Distributionof power for differentbenchmarks.

of theselectionlogic maybemuchgreater. Similarly, in Wattch
clock power is largely dependenton theeffective issuewidth of
the processor. If the floating point pipelineis alwaysdisabled,
this translatesto significantenergy savingsaswasseenfor some
of thebenchmarks.

6 Conclusion

In thispaperweshowedthatprogramsgenerallyunderutilizethe
processorexecutionresourcesavailableto them. Simply elim-
inating theseresourcesfrom the chip severely hampersperfor-
mance;however, we showedthatselectively disablingsomere-
sourcesduring low activity periodssavesenergy without ham-
peringperformance.

We have testedout several differenttechniquesfor enabling
low-power mode.We would like to analyzethesetechniquesin
moredetail to betterunderstandthe impactof suchvariablesas
window size, minimum time spentin eachmode,and history
lengthon performanceandenergy savings.

Several modificationswere made to SIMPLESCALAR and
Wattch in order to bettermodel the multi-pipelinedaspectsof
our processor. For futurework, we shouldlike to tunethehard-
warestructuresin Wattchto moreaccuratelymodelpower dis-
sipationof our specificarchitecture.

Finally, while this work has focusedon saving energy by
takingadvantageof low-activity periodsin themicroprocessor,
similar techniquesmay be employed asa meansof controlling
peakpower. Peakpower occurswhen the processorsustains
high throughputfor longperiodsof time. It maybenecessaryto
limit throughputduring thesetimesin orderto prevent reliabil-
ity problems.Oneway to achieve this is by disablingsections

of theprocessorpipelineusingsimilarmonitoringtechniquesas
we describedin this work.

References
[1] D. Albonesi,“Dynamic IPC/ClockRateOptimization,” In

the 25 International Symposiumon ComputerArchitec-
ture, Barcelona,Spain,pp.282–292,June1998.

[2] D. Brooks, V. Tiwari, and M. Martonosi, “Wattch: A
Framework for Architectural-Level Power Analysis and
Optimizations,” In the 27th International Symposiumon
ComputerArchitecture, Vancouver, BC, June2000.

[3] Doug C. Burger, Todd M. Austin, and Steve Bennett,
“EvaluatingFutureMicroprocessors– The SimpleScalar
Toolset,” TechnicalReport1308,Universityof Wisconsin–
MadisonComputerSciencesDepartment,July1996.

[4] T. M. Conte,K. N. Meneses,P. M. Mills, andB. A. Patel,
“Optimization of InstructionFetchMechanismsfor High
IssueRates,” In 22nd InternationalSymposiumon Com-
puterArchitecture, pp.333–344,June1995.

[5] Jeffrey Gee and Mark Hill, Dinoisions Pnevmatikatos,
Alan J. Smith, “CachePerformanceof the SPECBench-
mark Suite,” IEEE Micro, Vol. 13, Number4, pp. 17-27
(August1993).

[6] S.Ghiasi,J.Casmira,andD. Grunwald, “Using IPC Vari-
ation in Workloads with Externally SpecifiedRates to
ReducePower Consumption,” Workshopon Complexity-
EffectiveDesignheldin conjunctionwith theInternational
Symposiumon ComputerArchitecture. Vancouver, BC,
2000.

8



Resource Savings

0%

20%

40%

60%

80%

100%

aps
i

com
pre

ss gcc go

hyd
ro2

d li

m8
8ks

im per
l

su2
cor

wa
ve5

%Integer Off
%FP Half Off
%FP Fully OFF

Figure7: Percentageof timeeachpipelineclusterwasdisabledusingtheLP1scheme

[7] R. E. Kessler, E. J.McLellanandD. A. Webb,“The Alpha
21264 MicroprocessorArchitecture,” In Proceedingsof
theInternationalConferenceonComputerDesign, Austin,
TX, 1998.

[8] S. Manne, A. Klauser, D. Grunwald, “Pipeline Gatine:
SpeculationControl for Energy Reduction,” in Proceed-
ings of the InternationalSymposiumon ComputerArchi-
tecture, Barcelona,Spain,June,1998.

[9] S. McFarling, “Combining Branch Predictors,”
Technical Note TN-36, Digital Equipment Cor-
poration Western Research Laboratory, June 1993.
http://research.compaq.com/wrl/techreports/abstracts/TN-
36.html.

[10] T. Sherwood,B. Calder, “Time Varying Behavior of Pro-
grams,” UCSDTechnicalReportCS99-630, Departmentof
ComputerScienceandEngineering,Universityof Califor-
nia,SanDiego,August1999.

[11] D. W. Wall, “Limits of Instruction-Level Parallelism,” In
Proceedingsof theFourthInternationalConferenceonAr-
chitectural Supportfor ProgrammingLanguagesandOp-
erating Systems, pp.176–188,Boston,MA, 1991.

9


