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Abstract

Power dissipationis a major concernnot only for portable
systemshut also for high-performancesystems. In the past,

enegy consumptionand processor heating was reduced
mainly by focusing efforts on medanical or circuit design
techniques. Now that we are reading the limits of someof

thesepasttechniques an architectural approad is fundamental
to solving power related problems. In this work, we use a

model of the Alpha 21264 to simulatea high-performance
multi-pipelinedprocessomith two integer pipelineclustess and

onefloating point pipeline We proposea hardware metianism
to dynamicallymonitor processomperformanceandreconfigue

the madine on-the-flysud that available resoucesare more

closely matdhed to the program’s requirements. Namely we

proposeto saveenegy in the processoby disablingoneof the

two integer pipelinesand/or the floating point pipe at runtime
for selectiveperiodsof time during the executionof a program.

If thesetime periodsare carefully selectedenegy maybe saved
without negatively impacting overall processorperformance
Our initial experimentsshowson average total chip enegy

savingsof 12%andashigh as 32%for somebendmarkswhile

performancedegradesby at most4.5%.
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1 Intr oduction
State-of-the-argeneralpurposeprocessorsare designedwith
performanceas the primary goal. This meansthat designers
musttunetheir processorso achieve high performanceon the
greatesinumberof applications. Since applicationsmay vary
widely in their resourceequirementsgesignersnay chooseto
include certainhardware structureson chip knowing that they
will beusefulto only a subsebf theapplications.For instance,
the Alpha 21264 processorcan executeout-of-orderup to 6
instructionsper cycle. However, this complex hardwarefeature
offers limited benefitsover a simple, in-order structure,if the
applicationgheprocessois runningcontainlimited instruction-
level parallelism(ILP). Lik ewise,a sophisticate@-level branch
predictorsuchasthe one describedn [9] may greatly reduce
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branchmispredictionratesfor integer programsbut may be un-

necessaryfor floating point applicationsthat tend to contain
highly predictablebranchbehaior. While thesearchitectural
enhancementare essentialn orderto attain high performance
acrossa rangeof applications,they are expensve in termsof

enegy consumption.

Performancgas measuredn termsof resourceutilization)
may vary notonly for differentapplicationsut evenduringthe
executionof a single application. For instance,Wall shoved
thatthe amountof ILP within a singleapplicationvariesby up
to a factorof three[11]. Similar experimentswere conducted
by Sherwood and Calder[10] wherevariationsin averagein-
structionscommittedper cycle wascorrelatedwith architectural
featuressuchas as branchprediction, value prediction, cache
performanceandreorderbuffer occupanyg. Figurel illustrates
in moredetail this phenomenomwf varying performancey dis-
playingtheaveragenumberof instructionsssuedpercycle over
time. Eachdatapoint representshe 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.

Ll ikl il
TR A TR “H‘ i H‘
it ¥\

0 05 1 15 2 25 3 35
x10°

Figure 1: Variationin IPC over time for the hydio2d
benchmark.

Previous work hastried to capitalizeon this phenomenorof
underutilizationof resourcespoth within and acrossdifferent
applications. One study has proposedthe use of Compleity-
AdaptiveProcessos 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-
lectadesiredperformancdor anapplicationbasecbn workload
traces.Theissuemodeof the processofe.g.in-orderor out-of-
order)would thenbe adjustedn hardwareto meetthe tamgeted
performance.

In this paper we proposea hardware mechanisnto dynam-
ically monitor processoperformanceandenableor disablese-
lective partsof the CPU subsystenon-the-fly This mechanism
allowstheprocessos availableresourceso morecloselymatch
the needsof the program(i.e., asdeterminecby the programs
ILP). The processothensaresenegy by not consumingpower
in hardwarestructureghataredisabled.We usea modelof the
Alpha 21264 to simulatea high-performancemulti-pipelined
processomwith two integer pipeline clustersand one floating
point pipeline. Within the context of our processomodel, this
translatesnto selectvely disablingoneof the two integer clus-
tersand/orpart or all of the floating point pipe clusterwhen-
evertheprogramcannotmake gooduseof theseextraresources.
Likewise, theseclustersmay also be re-enabledvhenILP in-
creasedgo the point wherethe extra resourcesnay be useful
to improve performance.By properly monitoringwhento en-
able/disablepart of the CPU subsystenwe save enegy without
impactingperformance.

The papemalesthefollowing contributions:

e We shaw that currentinstructionsper cycle (IPC) canbe
usedto predictfuture IPC acrossa fixed numberof cycles.

e We proposesereral techniquego estimateprocessoper
formancein orderto determinenvhenthe processoshould
enterlow-power mode.

e We shaw that processoresourceganbe significantlyre-
ducedfor selectve time periodswithouthamperingoerfor
mance.

e We shav that on averagel2% of the total enegy of the
processomay be reducedwhen pipelinesare selectvely
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 canaccuratelynodela high-performance,
dynamically-schedulednulti-issueprocessar We addedmod-
ificationsto SIMPLESCALAR to incorporatethe following en-
hancements:

e Multi-pipelined issueand executionclusters(2 integer, 1
floating point).
e More accuratdetchunit includinga collapsingbuffer.

e Performancemonitoring hardware to model our power
managemertechniques.

In addition, we useda modified versionof the Wattch frame-
work [2], interfacedwith SIMPLESCALAR, to estimateenegy
consumptiorat the architecturalevel. Details of thesemodifi-
cationsfollow.

Ourbaselinesimulationconfigurationis derivedfrom theba-
sic Alpha21264 pipelineandextendedo modelafuturegener
ationmicroarchitecturdasedon this samemulti-pipelinedcon-
figuration. Specifically we retainfrom the Alpha 21264 pro-
cessotheconcepbf partitioningtheissueandexecutionphases
into threepipelines(2 for integerinstructionsand1 for floating
point). Within the SIMPLESCALAR model, this translatesnto
partitioningtheregisterupdateunit (RUU) into threedistinctre-
gions. The RUU is a combinedinstructionwindow, array of
resenationstations andreorderbuffer. The processocanissue
upto 8 instructiongpercycle.

Thesimulatoralsoincludesamoreaggressie fetchstagethat
aligns I-cacheaccesse$o block boundariesandimplementsa
variantof the collapsingbuffer [4]. With the collapsingbuffer,
thefetchunit candeliver up to two (not necessarilcontiguous)
basicblocksfrom the I-cacheperfetchcycle for a maximumof
8 instructiongtotal.

Tablesl and2 shawv thecompleteconfiguratiorof theproces-
sor model. Note thatthe RUU andLSQ aredivided into three
partscorrespondingo thetwo integerclusterpipelines(IC; and
IC,) andthefloatingpoint pipeline(FP).Also notethatthe ALU
resourcedistedin thetablemay incur differentlatengy andoc-
cupang valuesdependingpn thetype of operationthatis being
performedby the unit.

Tablel: Machineconfigurationrandprocessoresources.

Parameter Units ALU Latency
Fetch/IssuéVidth 8 -
IntegerALU 8 1
Integer Mult/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: Processoresources

Parameter Configuration

L1 Icache 64KB 4-way; 32Bline; 1 cycle

L1 Dcache 64KB 4-way;32Bline; 1 cycle

L2 Cache 256KB 4-way; 64Bline; 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 64 entryfully assoc.

DTLB 128entryfully assoc.
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Figure2: Basicmulti-pipelinedprocessor

A high-level view of the basicpipelinein shavn in Figure?2.
Notice that after the decodeand register renamingstages,in-
structionsaresenteitherto theintegerissuequeueor to thefloat-

Table3: Thebenchmarksisedin this study

ing pointqueue Beforethey enterthequeuejntegerinstructions | Benchmarks ‘ Input |
arestaticallyassignedo eithertheupperor lowerfunctionalunit apsi ref
clusters.Arbitration amongthe instructionsreadyfor execution compress ref
occursacrossall threeclusters. The integer issuequeuehas go 2stone9
two separaterbitersthat dynamicallyissuethe oldestqueued gcc varasm.i
instructionseachcycle within the upperand lower clustersre- li ref
spectvely (i.e. eachclustermay issueup to 4 instructionsper hydro2d ref
cycle). In addition, the floating point issuequeuecanissuea perl primes
maximumof four instructions.

Our simulationsare executedon a subsetof SPECint95and vortex persons. 1k

SPECfp95benchmarkd5]. They were compiledusing a re-
targetedversionof the GNU gcccompilerwith full optimization.
This compilergenerateSIMPLESCALAR machinenstructions.
Sincewe areexecutingafull modelon avery detailedsimulator
thebenchmarksake severalhoursto completedueto time con-
straintswe applythedetailedsimulatormodelonly to asampling
of theprogramexecution.All benchmarksarefast-fornardedor
50 million instructionsto avoid startupeffects. Thebenchmarks
are then are executedfor 100 million committedinstructions,
or until they complete whichever comesfirst. All inputscome
from thereferencesetandareshowvn in Table3.

“turnoff factor” suchthat ary enabledunit will still dissipate
10% of its maximumpower whenit is not usedduring a partic-

ular cycle. Notice that over 30% of the enegy consumptioris

dueto theclockswhereagheissuequeugwindow in thefigure)

andfunctionalunits (ALU) togethermake up 45% of the total

enegy consumptioron the chip. Therefore by emplagying our

processoreconfiguratiortechniqueto selectvely disableclus-
tersof issueand executionhardware, we are attemptingto re-

duceenegy consumptiorin sectionsof hardwarethatcomprise
asignificantportionof the overall enegy consumption.

3 Energy Considerations

3.1 Reconfiguringthe Processorfor Energy
Figure3 comparesheenegy consumptiorbreakdevn obtained Sa/ings
usingWattchfor a subsebf SPEC9%henchmarksassumingall
pipelinesare always enabled. We assumedinear clock gating To save enegy in the processqrwe proposesereral low-power
for multi-portedhardware. In additionwe assumea non-zero modeghatthe processocanenableor disabledynamicallydur-
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Figure3: Distribution of enegy for differentbenchmarks.

ing programexecution. Following is a descriptionof the differ-
entmodeswe considered:

low-power modeLF: One integer clusteris disabledand the
remainingresourcesrefully operationally

low-power modeLH: Oneinteger clusteris disabledandthe
floating point pipe hashalf its functionalunitsdisabled.

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

low-power mode FH: Theintegerclustersarefully operational
but thefloating point pipe hasbeenpartially disabled.

Henceforthwe will referto ageneridow-powermodewhenone
of thesestateds enabled.

While in low-power mode,oneor moreof the pipelineclus-
tersis partially or fully disabledandthe clocksgoing to these
clustersare also completelydisabled. This modereducesthe
numberof issuequeueentriesandfunctionalunits effectively
reducingtheissuewidth aswell. In orderto retaincohereng,
writes (but not reads)continueto be madeto both copiesof the
integerregisterfile. This low-power configurationallows power
to be saved by the functionalunits, the registerfile, andthein-
structionwindow's issuequeuesandselectionlogic. More de-
tails on the amountof savings will be presentedn Section5.
Oncelow-powver modeis enabled we mustdrain the disabled
pipeline(s)eforetheirassociateissuequeueentries functional
units, andclockscanbe disabled. Thus, thereis somecostin-
volvedin switchingthe machineto this mode.To minimizethis
cost,werequirethatthe processoremainin ary onemodefor a
pre-definedninimumnumberof cycles.

3.2 Estimating Power

As statedbefore, we use the Wattch frameavork within Sim-
PLESCALAR to estimatepower [2]. Severalmodificationswere
madeto both SIMPLESCALAR and Wattchin orderto accom-
modatea multi-pipelinedprocessothat canreconfigureits re-
sourcesdynamically With the nev modifications,the power
contribution of eachhardwarestructurevariedaccordingto

(a) theeffective issuewidth of the processar
(b) thetotal numberof timesthe structurewasaccessed,
(c) thenumberof portsaccesseth aparticularcycle,and

(d) theparticularlow-pover modeenabled.

In particular power dissipationin the issueselectionlogic, in-

structionwindow, load/storequeue jntegerfunctionalunitsand
global clocksis reducedwhenoneof the clustersis disabled.
We createda separatgpower modelfor eachpipeline and one
for theremainingcircuitry. The power modelfor eachpipeline
includedpower estimatedor the registerfile, the window, the
LSQ andthe result-lus structuresusing accessdatafrom the
SIMPLESCALAR simulatorto obtaintheseestimates.If one of

the integer pipelineswasdisabledduring low-power mode,we
don’t updatethewindow, the LSQ andresult-luspowercompo-
nentsbut we still considerthe power usedby the integer regis-
ter file unit in orderto maintaincohereng with the otherinte-
gerregisterfile. Whenthefloating point pipelineis disabledall

componentsincluding the registerfile, aredisabledsincethere
is only onefloating point registerfile.



4 PerformanceMonitoring

As mentionedn theintroduction,we wantto monitorvia hard-
ware the performanceof a particularbenchmarkactively run-
ning on the processarWe canthenusethis informationto dy-
namicallydeterminevhento reconfigureheprocessointo low-
power mode. In this mode,selectve partsof the processomare
disabledsuchthatits active resourcesnore closely matchthe
programs availableILP. In thefollowing sectionwe describean
more detail the variousperformancenonitoringtechniquesve
implemented.

4.1 Determining Whento Enter Low-Power
Mode

Since the processormay perform differently dependingon
whetherall its resourcesare enabledor not, we use different
monitoringtechniquego determinewhento enableor disable
low-power mode.Following arethehardwaremonitoringmech-
anismswe implementedo disabletheintegercluster

4.1.1 Functional unit usage

A relatively inexpensve way to determinewhenthe programis
executingacritical sectionof code(i.e.,whereresourcesirebe-
ing underutilized)is to monitor the effective integer functional
unit usageover time by meansof a simple shift register When
thepercentagef busyfunctionalunitsis underacertainthresh-
old (e.g.,lessthan50% of all availablefunctionalunits areuti-
lized)a'l’ is shiftedinto theregister At ary givencycle, if the
numberof 1's preseniin this registeris greaterthansomeuser
definedthreshold,a critical sectionis detected. We malke the
assumptiorthatif recenthistoryindicatesanunderutilizationof
functional units thenwe can presume(at leastfor the nearfu-
ture)thatin thefollowing cyclesfew resourcewill be neededhs
well.

Figure 4 displaysthe effective usageof the CPU functional
units during the executionof a single program. The black line
tracksthe numberof integer ALU functional units (1-8) used
eachcycle while thegrey line tracksthe numberof memoryport
functional units used(1-2). The vertical lines shov whenthe
commandsregivento enable/disablew-power mode.For ex-
ample, the third and forth vertical lines at cycle 230 and 360
representhetime whencommandsregivento disableandthen
enablelow power moderespectiely. The bottomgrey horizon-
tal line representshe effective low powertime period. Thereis
ashortdelaybetweerthetime the power-off commands given
andwhenthelow-power modeis enabledn orderto accountor
drainingone of the effectedcluster Notice thatoncea critical
sectionis detectedseveralcyclespassheforemultiple resources
areneededhgain.

4.1.2 Monitoring IPC

A secondway to estimatecritical sectionsis to computethe
numberof committedor issuedinstructionsduring a defined
numberof cycles(i.e., windows). If the measuredPC within
thistimewindow is below acertainthresholdve putthemachine
in low-power mode. This schemerequiresa resetablecounter

Figure4: Functionalunit usage:vertical axis shaws the
numberof functionalunitsbusy; horizontalaxisis the cy-
cle offset

thatis clearedatthebeginningof eachwindow andincremented
appropriatelyeachcycle. The countervalueis thencompared
with athresholdvalueattheendof thewindow. We mustchoose
atimewindow thatis nottoo smallsuchthatvery shortburstsof
high/low activity arenotinterpretedby themonitoringhardware
asa sign that the programsé generalresourcerequirementsre
changing.On the otherhand,if the window is madetoo large,
we may not be ableto reactquickly enoughto generalchanges
in resourceutilization which may resultin performancedegra-
dationor missedopportunitiesin enegy savings. Given these
constraintsfrom our initial experimentswe foundthat512 cy-
cleswasareasonabl&indow size. This mechanisnalsocanbe
combinedwith the shift registerdescribedabore suchthata low
IPC mustbe presentfor a certainnumberof windows beforea
critical sectionis detectedhowever, in generalthewindow size
shouldbe madesmallerin this case.

4.1.3 Detectingvariations in IPC

A third way is to computethedifferencebetweerthe committed
andtheissuedinstructions.If, on averagetherearemary more
instructionsbeingissuedhancommitted this mayindicatethat

alargeamountof mispredictednstructionsarebeingissued By

enteringlow-powver modewhensucha situationis detectedwe

restricttheissuerateandindirectly the numberof mispredicted
instructionsallowed to issuein the processar In this way, we

effectively employ a type of piping gating similar to whatwas
donein [8] asameanf saving processoeneny.

4.1.4 Dependencycounting

A majorlimitation of increasindLP is the presencef truedata
dependenciesThereforejf we have mary dependencieamong
the issuedinstructions,ILP is limited and thereis a greater
chancethat processoresourcesare underutilized. We propose
two waysto estimateprogramILP throughdependeng count-
ing. Thefirstonerequiresonecounterto sumthetotal numberof
inputdependencieassociateavith eachentryin theinstruction
windaw (i.e., RUU). Alternatively, we canincludea counterfor
eachRUU entry andincrementthe counterbasedon the num-
ber of input dependencie@irectly andindirectly). If the total
dependeng countis higherthana giventhreshold,we assume
limited ILP andallow the processoto enabldow-power mode.



4.1.5 Floating point utilization

As mentionedin Section3, we proposeddifferent low-power
modeghatallow ustheflexibility to completelyor partially dis-
ablethe floating point pipeline cluster We determinewhento
enableesachof thesemodesasfollows:

Half-power mode: Whenoneof theintegerclusterds disabled
usingoneof the techniquesnentionedabore, we assume
thatin generalLP islimited andit is probablehatnotonly
integer resourcesare underutilizedbut alsofloating point
resources.Therefore whenwe signalto the processoto
disableone of the integer clusters,we also signal to the
floating point pipelineto disablehalf its resourcesinden-
ter half-ponver mode.If thefloating point clustercurrently
hasvalid instructionsin its pipeline,theseinstructionsare
first allowedto completebeforeenablingthis mode.

Disablemode: We monitorthe frequeng of floating point in-
structions.If aftera certainnumberof cycles,no floating
point instructionsare fetched,we completelydisablethe
floating point cluster This decisionis madeindependent
of the currentstateof theintegerclustersherebyallowing
thefloating point pipelineto be disablefor very long peri-
odsof time, particularlyfor integerintensive programs.

4.2 Powering On Techniques

We can usemostof the sameideasdescribedn the previous
sectionto disableaswell asenablelow-power mode;however,

thresholdvaluesmayneedo beadjustedifferently In addition,
we alsoimplementedhefollowing mechanism$or determining
whento returnto full-power mode.

4.2.1 Issueattempts

Once we are in low-powver mode, we needto reactto local
changesn performancehat indicate our overall performance
may suffer if we do notreturnto full-power mode.Oneway we
determinethis is to countthetotal numberof issueattemptsfor
eachreadyinstructionbeforea functionalunit is madeavailable
for its execution. To implementthis schemea counteris added
to eachRUU entry; wheneer a readyinstructionis prevented
fromissuingdueto lack of resourcesits counteris incremented.
If thetotal countfor all thevalid RUU entriesreaches certain
thresholdthis indicatesthatthe processoshouldreturnto full-
power mode.

4.2.2 Variations in IPC

If the processois committingmoreinstructionsthanwhatit is

ableto issue,it canbe advantageouso increaseheissuewidth

to sustainthe commitrate. An alternatve way to monitorwhen
to returnto full-power modeis to computethe deltabetweerthe
issuedandcommittedinstructiongduringacertaintime window.

As with thepoweringoff techniqueslescribedn Sectiord.1,we

cancombinethis techniquewith a shift registerto recordrecent
history suchthat the processomwill not switch modesunlessa
large deltais detectedbver severalwindows.

4.2.3 Trigger events

In additionto the previoustechniquesve candecideto enableor

disableoneof theintegerclustersaccordingo theoccurrencef

definedevents(e.qg.,data/instructiorcachemisses|TLB cache
misses,miss-predictions). For example,the occurrenceof an
ITLB cachemiss usually causesa long period of low actiity

followed by high functional unit usagefor several cycles. It

is importantto note, however, thatthe lateny causedy such
events,may easilybe hiddendueto high parallelismin thecode
thatmay enablea high rate of executionwhile theseeventsare
beingserviced.

4.2.4 Floating point activity

Oncea floating point instructionis fetchedanddecodeda sig-
nal to enablethe full floating point pipelineis sentso thatthe
resourcesvill beavailablewhentheinstructionis readyto issue.
The processomay alsofully enablethe floating point pipeline
if it is currentlyin low-power modeLH (1 integerclusteris dis-
abledandthe FP is partially disabled)and one of the power-
ing on techniquesnentionedaborve triggersthe disablednteger
clusterto power backon.

5 Experimental Results

We experimentedwith a combinationof policiesfor enabling
anddisablinglow-powver modein the processar In this paper
we reportresultsusingthreedifferentlow-power configurations;
theseconfigurationsrepresentypical results. As a reference,
we alsoincludedresultsobtainedwhenoneinteger clusterwas
always disabled(i.e. the processomperatedat half the issue
width with half theresourcestall times). Thethreelow-power
techniquesvereconfiguredasfollows:

LP1: Monitor functionalunit usage Disableoneof theinteger
clustersand half the floating point pipelineif fewer than
half the functional units were usedat least10 out of 16
times(i.e. usinga 16 bit history shift register). Reactvate
the pipelineswhentheremainingfunctionalunitsareused
at86% capacityfor 3 out of the past5 cycles. In addition,
if no floating pointinstructionsweredetectedor 3 cycles
in arow, thefloatingpoint pipelineis completelydisabled.
Enablethe full floating point pipeline (from eitherhalf or
fully disabledmode)if arny new floating pointinstructions
arefetched.

LP2: Disabletheintegerclusterandhalf thefloatingpointclus-
ter whenthe commit . Reactvatewhencom-
mit The floating point pipeline is com-
pletely disabled/enabledsingthe samemethodasin the

LP1scheme.

LP3: Disablethe integer cluster and half the integer cluster
when at least45% of the entrieshave input dependen-
cieswith othervaluesin the RUU. Reactvate whenthe
functionalunits are usedat 85% capacityfor 3 out of the
past5 cycles. The floating point pipeline is completely
disabled/enabledising the samemethodas in the LP1

scheme.
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Figureb:

Performances reportedin termsof IPC normalizedto the
base case (i.e., where full-power mode is always enabled).
Pawer valuesareobtainedusingour modifiedversionof Wattch
andarereportedin termsof total power normalizedto the base
case.Whenthe performancenonitorsdeterminehatoneof the
integer clustersmay be disabled,the integer pipelinesare as-
sumedto operateat full-power modeuntil the issuequeuewith
thefewestentrieshasbeenfully drainedatwhich pointit is safe
to completelydisablethat clusters issuequeueand functional
units. When the floating point pipeline is to be disabled,we
first wait until the floating pointissuequeueis fully drained,at
which point the entire floating point pipeline—includingits is-
suequeue gxecutionunits,andregisterfile—aredisabled.

In Figures5 and6 we show therelative performanceropand
enepgy savings,respectiely, usingthethreedifferentlow-power
configurationd_P1-LP3 aswell asthe “half-mode” configura-
tion whereone of the integersis alwaysdisabled. Therearea
numberof findings we seefrom theseresults. First, if one of
the integer clustersis always disabled,performancedropssig-
nificantly (e.g.apsi,hydro2d,li, perl andsu2corall losearound
20%or morein performance)Theseresultsjustify theneedfor
including the extra resourcesn the processar In contrast,by
selectvely disablingthe integer and floating point clustersus-
ing ary of ourlow-powertechniquesperformances retainedo
within 4.5%of thebasecaseandon averageperformancdossis
lessthan2.5%. Althoughit may dissipatdesspower on agiven
cycle, the half-modeconfigurationrequiresmorecyclesto com-
pleteexecution,so overall enegy consumptioris often not sig-
nificantly reducedand for benchmarksapsi, hydro2d, perl and
su2corenegy consumptioractuallyincreases.In comparison,
we cansave up to 32%in enegy consumptiorandon average
12%usingour low-power techniques.
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Variationin performancéor differentbenchmarks

To understandbetter where the enepy is being saved, we
looked more closely at the processombehaior using the LP1
scheme. In Figure 7 we graphedthe percentagef time one
of the integer pipelineswas disabledaswell asthe percentage
of time the floating point pipeline was either partially or com-
pletely disabled.Fromthe graph,we seethatoneof theinteger
clusterswas disabledon average22% of the time and at most
54% for compess The floating point clustercanoperatewith
only half its resourcesisuallylessthan10%of thetime, but the
real savings comesfrom being ableto completelydisablethe
floatingpoint pipelinefor four of theintegerbenchmarkggo, i,
m88ksimperl). Thesefour benchmarksrethe sameonesthat
shav thegreatesenegy savings.

While it is encouragingo seesuchhigh enegy savings for
somebenchmarksijt is disappointingthat other benchmarks,
particularly compessand wave§ did not shaw larger savings,
especiallyconsideringhow oftenthe processowasableto dis-
ableoneof theintegerclusterg54%and33% respectiely). On
the otherhand,theseenepgy resultsdependgreatlyon assump-
tionsmadeby thepower estimatiortool. For instancejn Wattch
the power dissipationdueto readingandwriting the instruction
window was much larger thanthe power dissipationof the in-
structionselectionlogic. Using our low-power techniqueswe
arenotreducingthe overall numberof instructionsssuedn the
processosoin generakthe power dissipationdueto readingand
writing theseinstructionsn thewindow shouldbethesame On
the otherhand,sincewe areonly selectingat most4 insteadof
8 integerinstructiongo executewhenoneof theintegerclusters
is disabledtheinstructionselectionpowver shouldbe greatlyre-
duced. However, if the selectionlogic is a small contributor to
thetotal power, it will notmake a significantimpactontheover-
all enegy consumptionUnderdifferentassumptiongheimpact
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Figure6: Distribution of power for differentbenchmarks.

of theselectionogic maybemuchgreater Similarly, in Wattch
clock power is largely dependenon the effective issuewidth of

the processar If the floating point pipelineis alwaysdisabled,
thistranslateso significantenegy savingsaswasseerfor some
of thebenchmarks.

6 Conclusion

In this papemwe shavedthatprogramgenerallyunderutilizethe
processoexecutionresourcesvailableto them. Simply elim-
inating theseresourcedgrom the chip severely hampersperfor
mance;however, we shavedthatselectvely disablingsomere-
sourcedduring low actiity periodssavesenepgy without ham-
peringperformance.

We have testedout several differenttechniquedor enabling
low-power mode. We would lik e to analyzethesetechniquesn
moredetail to betterunderstandhe impactof suchvariablesas
window size, minimum time spentin eachmode, and history
lengthon performancendenegy savings.

Several modificationswere madeto SIMPLESCALAR and
Wattchin orderto bettermodelthe multi-pipelinedaspectsof
our processarFor futurework, we shouldlik e to tunethe hard-
warestructuresn Wattchto moreaccuratelymodelpower dis-
sipationof our specificarchitecture.

Finally, while this work hasfocusedon saving enegy by
taking advantageof low-activity periodsin the microprocessor
similar techniquesnay be employed asa meansof controlling
peakpower. Peakpower occurswhen the processorsustains
highthroughputor long periodsof time. It maybenecessaryo
limit throughputduring thesetimesin orderto preventreliabil-
ity problems. Oneway to achieve this is by disablingsections

of theprocessopipelineusingsimilar monitoringtechniquess
we describedn thiswork.
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