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ABSTRACT

For high-performancg@rocessorsthe steppower and peakpower,
whicharecloselyrelatedto thechipreliability, areimportantdesign
constraintspften morethanthe averagepower. In VLIW proces-
sorswherea singleinstructionmay containa variable numberof
operationsthe steppower and peakpower vary significantly de-
pendingon the parallelschedulggeneratedby a parallelizingcom-
piler. In this paper we proposea power-aware moduloscheduling
algorithmfor high-performanceé/LIW processors.The proposed
algorithmreduceshoththe steppower andpeakpaower by produc-
ing amorebalancegarallelschedulavhile notcompromisinger
formance.Experimentatesultsshav thatthe proposedscheduling
techniquesignificantlyimprovesthe power characteristicsf high-
performanceprocessorver an existing power-unavare modulo
schedulingechnique.

1. INTRODUCTION

Power dissipatiorhasbecomeanimportantdesignconstraintfor
high-performancerocessorsuchas modernsuperscalaproces-
sorsandVLIW processorsAlthoughperformancas still the most
importantrequirementor high-performancerocessorsncreasing
power dissipationis becominga majorobstacleo performancem-
provementdn futuremicroprocessordn particular the steppower
andpeakpower, which arecloselyrelatedto thechipreliability, are
importantdesignissues often more thanthe averagepower con-
sumption,in high-performanc@rocessors.

1.1 StepPower and Peak Power

The steppower[16], which is definedasthe differencein the
averagepower betweenconsecutie clock cycles, representghe
inductive noiseLdt/di at the microarchitecturalevel. Inductive
noise,alsoknown asgroundbouncing,is a voltageglitch induced
at power/groundbusesdueto switching currentspassingthrough
thewire inductanceassociateavith pawer or groundrails. A large
voltagesulgedueto theinductive noisemaycausediming andlogic
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errors,thusmay reducethe chip reliability. For high-performance
processorsthe inductive noise problemis becomingmore seri-
ous becausehe increasingclock frequeng, the groving number
of gates,and the wider datapathresultin larger suige currentto
chage/dischage the powver/groundbusesin a shortertime leading
to largerinductive noise. Even worse,with the growing usageof
aggressie clock gatingfor reducingthe averagepower consump-
tion, the cycle-by-g/cle currentswingis gettinglarger.

Thepeakpower, themaximumpower dissipatiorduringtheexe-
cutionof agivenprogram|s closelyrelatedto thechiptemperature
[2], to which the chip reliability and sub-thresholdeakagepower
areexponentiallyrelated5]. Higherpeakpowerleadsto thedevice
degradationreducingthe chip lifetime. As aresult,complex cool-
ing systemgwhich addsignificantlyto themanufcturingcost)are
usedto avoid overheatingandto ensuresystenreliability.

1.2 RelatedWork

Most previouswork hasbeenfocusedon hardwaremechanisms
to control the steppower andpeakpower. Pantetal. [9, 10] pro-
posedanimproved versionof clock gatingto reducethe spike cur-
rent by slowly turning on and off clock gatedunits at a modest
costin additionalhardwareandperformanceTangel al. [16] fur-
therenhancedhis mechanismo reducethe performancdoss. The
work by Brooksetal. [2] controlsthe peakpawer in the context of
dynamicthermalmanagement.

Therehasbeenlittle publishedwork that approachedhe prob-
lems of step-paver reductionand peak-paver reductionfrom the
software perspectie. The work by Toburenet al. [18] controls
the peakpower dissipationin VLIW processordy modifying the
instructionschedulingalgorithmof an optimizing compiler Their
power-awarescheduleplacesasmary instructionsaspossiblein a
givenVLIW instructionuntil thegiven power thresholds reached.
However, their work is basedon traditionallist schedulingwhich
is not effective in exploring the high instruction-level parallelism
available from modernmultiple-issueprocessorsuchas VLIW
processors.Therefore their work is not applicableto mosthigh-
performancé/LIW processors.

1.3 Contribution

In this paper we proposea poweraware moduloschedulingal-
gorithmfor high-performanc&LIW processorsin VLIW proces-
sorswherea parallelinstructionconsistof several operationsthe
step power and peak power consumptionvaries significantly de-
pendingon how the parallelschedulds generatedy a paralleliz-
ing compiler The proposedalgorithmreducesoththe steppower
andpeakpower by constructingamorebalancedparallelschedule
while notcompromisingperformance.

As will be shawvn laterin the paper the proposedalgorithmis



quite effective in reducingthe step power and peak power con-
sumptionin VLIW processorsThisis becausaparallelizingcom-
piler canfully control the usageof all the functional units in a
VLIW processar On the otherhand, the hardware-assistetiech-
niguessuchas|9, 16] areoften limited to the power reductionin
a specificfunctional unit only without consideringthe processor
wide effect.

The restof the paperis organizedasfollows. In Section2, we
describeour target VLIW machinemodel and its power model.
We briefly review moduloschedulingn Section3. The proposed
power-awarealgorithmis explainedin Section4 while experimen-
tal resultsarepresentedn Section5. We concludewith asummary
andfuturework in Section6.

2. TARGET VLIW MACHINE MODEL AND
ITS POWER ESTIMATION METHOD

VLIW machineauselong instructionwordsto executemultiple
operationssimultaneouslyIn this paper we assumea VLIW ma-
chinemodelwith aMIPS-likeintegerpipelineandanUltraSRARC-
like floating-point(FP) unit pipeline. For an 8-issueVLIW model,
we assumeéhatthereareoneintegerALU (includingabranchunit),
two load/storeunits,oneinteger MPY/DIV, two FP ALUs andtwo
FP MPY/DIVs. For a 16-issueVLIW model,we assumehatthe
numberof eachfunctionalunit is doubledover that of the 8-issue
model.In atargetVLIW model,eachoperationtakesdifferentcy-
clesto execute.For example,load operationgequireonecycle in
theexecutionstagewhile FPDIV operationspendl0 cyclesin the
executionstage.

ForagivenVLIW machinewe estimatethe powver consumption
atthecycle level, takingthe pipelinedexecutionsinto account.For
eachoperationop, we associatea power cost p(op,i) thatrepre-
sentghepower consumedby operatiorop atthei-th pipelinestage
(1 <i <€ ng) whereng denoteshe numberof pipeline stages. In
this paper we assumethat p(op,i) valuesweregiven. They can
be obtainedfrom actualmeasurementsf a target processofe.g.,
[3]) or simulationsof adetailedprocessomodel. For experiments,
we usedp(op,i) valuesextrapolatedrom informationavailablein
[14] and[17].

Given a programexecutiontraceT, let T; representhe set of

operationsn the VLIW instructionexecutedatthei-th cycleof T.
Thenpower dissipationP, atthei-th cycle is estimatedasfollows:

Ns

oot

Since our main goal is not to develop a cycle-accurategpower
modelof VLIW processorshut to devise a powver-aware schedul-
ing algorithmfor VLIW processorsadmittedly our powver estima-
tion methodis rathersimpleandhasmary weaknessed-or exam-
ple,in computingP,, we do not considerinter-instructioneffect or
inter-operationeffectasdonein [18]. Thatis, we assuméhateach
operation(instruction)contrikutesto thetotal pover consumption,
independentlyf otheroperationginstructions) However, the pro-
posechlgorithmcanbeeasilyextendedo work with moreaccurate
power estimationrmodels becausehe proposedalgorithmdoesnot
dependon a particularpower estimationtechnique.

3. MODULO SCHEDULING OVERVIEW

Softwae pipeliningis an aggressie loop schedulingtechnique
for VLIW processorslt transformsa sequentialoop so that new
iterationscan startbefore precedingonesfinish, thus overlapping
the executionof multiple iterationsin a pipelinedfashion.Modulo

scheduling[6, 13] is one of the schedulingalgorithmsfor imple-
mentingsoftwarepipelining! Sincea large numberof loopscon-
tain no conditionalswe concentrat®n loopswith no controlflows
in this paper For loopswith controlflows, we assumea hardware
mechanismthat supportspredicatedexecution. If-conversion|[1,
11] canbe performedto eliminateconditionalsin loopswith con-
trol flows underthis hardwaremechanism.

A loop L is modeledasa double-weightedlirectedgraphG =
(V,E, 3,d), calledadatadependencgraph(DDG)?, whereV isthe
setof operationsn theloop, é is afunctionfrom V to the positive
integersrepresentinghe lateny of eachoperation,E is the edge
setof G andd is afunctionfrom E to non-ngatie integers.E and
d specifydependenceamongoperations An edgee = (v,V) € E
with aweightd(e) stateghatfor everyiterationi > d(e) of theloop,
operationv' depend®n the outcomeof operationv in iterationi —
d(e) andcannotbe initiated until the completionof v. Figurel1(b)
shavs the DDG of anexampleloop in Figurel(a).

Givena loop with theform of aDDG G anda specificresource
constraint,the problemof software pipelining is definedasfind-
ing the minimal initiation interval (1) andconstructinga schedule
o thatis afunctionfromV x N to N suchthatthe following con-
straintsare met (o(v,i) denotesthe executioncycle in which the
instanceof operationv in iterationi is initiated):

Periodicity constraint: ¢ shouldbe representeés a periodic
form suchthat

YWweV VieN, o(vi)=0o(0)+I1I-i.

Dependenceonstraint: For everyvandv suchthate= (v,V') €

E, theinstanceof operationV in iteration(i + d(e)) shouldnot be
initiated until the completionof theinstanceof operationv in iter-
ationi.

Ve=(yV)€E VieN, o(V,i+d(e) > a(vi)+3(v)

Resource constraint: Let ng, representhe numberof avail-

able Ry functionalunits andlet 1(v) representhe functional unit
in which v is executed.For eachfunctionalunit R, no morethan

nR, operationsareinitiatedin thesamecycle?3

VRVEEN, {(Wi)[T(v) =RaAo(4i) =t} < g,

From the periodicity constraint,it is sufiicient to find Il and
o(v,0) for ve V, calleda flat schedule The dependenceon-
straintandresourceconstraintare translatedasfollows underthe
flat schedule:

Ve=(vV)€E, o(V,0) > o(v,0)+3(v)—11-d(e)

VR, VO<t<II,
HLO)[T(v) = ReAa(%0) =t (mod 1)} < g,

Figure 1(c) shaws a flat schedulewith the initiation interval of 3
cyclesfor the DDG of Figurel(b).

It is well-known thatthe problemof determiningif aflat sched-
ule existsfor agivenll is NP-hardandsereralheuristicapproaches
have beendevelopedto find the minimal Il andthe flat schedule.
The minimum initiation interval (MIl) is a lower boundon the Il

1Softvxare pipelining is essentiallyequivalent to the retiming techniquewhich is
widely usedin VLSI high level synthesig4] andlogic level synthesig8].

2sucha graphis calleda dataflow graph(DFG) in the context of synchronous/LSI
circuits.

3For simplicity, we assumethat the functional units are fully pipelined. Complex
resourceconstraintsanbe handledby resoucereservatiortable[13].
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Figure 1: An examplepower-aware schedule: (a) An example
loop, (b) its data dependencegraph with d(e) values(assuming
operation latency = 1), (c) a performance-driven schedule,and
(d) a power-aware schedule.

for which aflat scheduleexists. The Ml is obtainedby separately
consideringhe dependenceonstraintandthe resourceconstraint,
andtaking the larger value betweentwo [6]. The candidatell is
initially setto theMIl andincreasedintil alegalmoduloschedule
is found.

4. POWER-AWARE MODULO SCHEDUL-
ING ALGORITHM

In this section we present pover-awaremoduloschedulingal-
gorithmthatreducedoththesteppowerandpeakpower. Ourmain
requirementn designingsuchalgorithmsis thatperformancemust
notbe sacrificedfor thereducedpower consumption.

4.1 Problem Formulation
Using the periodicity constraint,we can formulate the power

consumptiorat eachtime slot of the software pipelinedloop £SP
of a sequentialoop £ asfollows. (The superscripSPis usedto
distinguishthe softwarepipelinedloop from the original sequential
loop.) Let O sp; bethe setof operationgincluding NOPs) sched-

uled at the time sloti for 0 <i < Il. Thenthe powver consumedt
time sloti, written by P se; , is estimatedy

Ns

PLSP’i = Zl
j=1 opeO

If we considerthe infinite executionof £SP, which is repre-
sentedby the executiontrace T,se, the peak power is equalto

p(op, j) @)

£SPt wheet=(i—j+1) modil

max{P,sr;| 0<i <11} andthesteppoweratthecycleiis P spj mogi —

Pse (i—1) modii |-

A software pipelinedloop £5P hasthe minimum peak power
andminimumsteppowverwhenall the P se; values(0 <i < I1) are

equalto P sridea)- Prs?ideay IS givenby asfollows:
Ns
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For suchan LSP, the peak power is equalto P, syjgea) andthe

steppawer is zerofor the whole executiontrace T, s».* In order
to reducethe steppawer andpeakpower, our basicapproactis to
scheduleoperationsn suchaway thattheresultingPse; function

becomessflat aspossible.As afigure of merit for the flatnessof
£8P, we usethefollowing function # (£SP) :

-1
F(LF) = ZO[PLSP,i—PLSP(idean]Z 4)

Our goal in power-aware modulo schedulingis to find £35 opt P such

thatf(LSPt) < F(LZP) for all k, where L2 representshe k-th
softvvareplpellnedloopschedule)fthesequentlaloopL Forsuch
an Lopv PLsp is asbalancedaspossible.

ConS|deran exampleloop shavn in Figurel, which hasthe MlI
of 3 cycles. Both schedulesn Figuresl1(c) and 1(d) are optimal
in termsof performancechieving their lls equalto the MIl value.
However, in termsof the steppawer andthe peakpower, the latter
is betterthantheformer (Thesuperscriphin theoperatiomumber
indicatesthe n-th loop iteration.) For example,if we assumesqual
p(op, j) values,the schedulen Figure 1(c) hasthe twice bigger
peakpower overtheschedulen Figure1(d). Similarly, for thestep
power, the schedulan Figure 1(d) hasno pawer differencewhile
the scheduldn Figure 1(c) hasthe largestvalue betweerthe first
andsecondnstructions.

This exampleclearly demonstratethat thereexist large differ-
encedsn power characteristiceamongthe schedulesvith the equal
executiontimes. Our goalis to find the power-efficient schedules
amongsuchperformance-dvien schedulesvithout compromising
performance.

4.2 The Base Algorithm
Scheduling(IMS)

We startwith Raus iterative moduloscheduling(IMS for short)
asthebasealgorithm[13]. It outperformsthe best-knavn modulo
schedulingalgorithmby Lam [6]. Figure 2 describesa simplified
versionof the IMS algorithm. (Raus original algorithmincludes
a sophisticatedacktrackingprocedure For brevity, we do notin-
cludeit in Figure2.)

IM S callsFINDFLATSCHEDUL EWwith successiely largervalues
of Il, startingwith aninitial value equalto the MIl until the legal
schedulés found. FINDFLATSCHEDULE repeatgicking thehigh-
estpriority operatiorandthenselectingthe bestdesirableime slot
in whichthe operationis to be scheduled.

Rauusedthe priority function basedon the length of the criti-
caldependenceycle. Beforeselectinghe bestdesirablgime slot,
COMPUTESLACK is calledto computethe rangeof time slots(i.e.,
slack)wherethe operationmay be placedwithoutviolating depen-
denceconstraintswith the operationsalreadyscheduled.

Givenapathp v1 — Vo — -+ =V, letd(p) andd(p) represent
Z 116(v.) andy;—; Ld((vi,Vi41)), respectiely. Assumethatv has
beenalreadyschedulechnd\/ is aboutto be scheduled.Adding

dependenceonstraintsalongvfi Vv andv' & vyields:

Iterati ve Modulo

(V) +3(p1) —11-d(p1) < o(V) < 0(v) — 8(p2) + 11 -d(p2)

Thus,theslackintenal, [MinTime,MaxTime], of V' is computed

4of courseanideal £SP generallydoesnotexist becausef thedependenceonstraint
andresourceonstraint.



as:
MinTime = maxo(vs) + 8(vs ~ V) =11 -d(vs~ V)]

MaxTime = n?lax{c(vs) —3(V ~s Vg) + 11 -d(V ~» V)]

wherevs is ary scheduledperation.

Fromthe computedslack,FINDTIMESLOT picksthe bestdesir
abletime slot. Raus original algorithmselectgheearliestime slot
in which resourceconflictis notincurred.If no conflict-freeslotis
found, the operationcannotbe scheduledunlesssomeoperations
in the partial scheduleare unscheduled(The detaileddescription
of unschedulingrrocedurecanbefoundin [13].)

procedure IMS
Il := MII(); /* initialize the candidatel to MIl */
while (FINDFLATSCHEDULE(Il) = SUCCESS)
I:=1+1;
end procedure

function FINDFLATSCHEDULE(II)
/* computethe priority of eachoperations/
COMPUTEPRIORITY();

[* repeatpicking the highestpriority operationand
selectinghe bestdesirableime slot atwhich the
operationis to be scheduledntil all operations
have beenscheduled/

while (someoperationis not scheduled)

[* pick the highestpriority operatiort/
CurrOper.= HIGHESTPRIORITYOPERATION();

/* computethetime boundsin which the selected
operationcanbe scheduledatisfyingthe
dependenceonstraintt/

(MinTime, MaxTime) := COMPUTESLACK (CurrOper);

/* selectthe bestdesirablegime slot */
TimeSlot:= FINDTIMESLOT(
CurrOperMinTime, MaxTime);

/* scheduleheoperationat TimeSlot.*/
SCHEDUL EOPERATION(CurrOperTimeSlot);
endwhile

if (all operationsarescheduled)return SUCCESS;
else return FAIL;
end function

Figure 2: Original IMS algorithm.

4.3 BalancedIMS (BIMS) for ReducedPeak
Power and Step Power Consumption

As explainedin Section4.1, our goalis to find schedule(syvith
themostbalancedoower dissipatiordistribution while notsacrific-
ing the performanceahatcanbe obtainedrom the original IMS.

IMS always placesan operationas early as possible(ASAP)
within the partialscheduleconstructedofar, resultingin a skewed
schedulewith an unbalancedpower dissipationdistribution. This

ASAP policy hasbeenwidely usedby softwarepipeliningresearchers

butis somevhatalegag/ from anover-relianceon theintuition un-
derlyingagyclic list scheduling.

In contrast,our algorithmtries to build balancedschedulesis-
ing a heuristicguided by the #(£SP) costfunction which indi-
cateshow mucha power dissipationdistribution is balancedover
the entire programexecution. In orderto make the original IMS

algorithmto be power-aware,we make the following two modifi-
cations:

e Priority Function Modification

Insteadof the length of the critical dependenceycle, we
usethereciprocalof the slackwidth asthe priority function
for anunscheduledperation.Therefore we needto recom-
putethe priority valuesat eachiterationof thewhile loopin
FINDFLATSCHEDULE. With the modifiedpriority function,
operationsvith smallerslackwidths are scheduleckarly so
that performanceis not sacrificed. If theseoperationsare
scheduledater; it is morelikely that,for thecurrentll value,
nolegalscheduleanbefound. Althoughthere-computation
of the priority at eachiteration of the while loop may in-
curadditionalcompilationtime, we believe thatthe dynamic
priority adjustmeniprovides more accuratecritical-pathin-
formation,thusguaranteeinghattheresultingscheduleloes
notsuffer ary performancdoss.

e Time Slot SelectionModification

Whenselectinghebestdesirablgime slotfor thecurrentop-
erationto be scheduledthe balancingcostfunctionis used
sothatthepartialschedulas constructedsbalancedaspos-
sible. Thatis, the operationis positionedinto the time slot
at which incurs the leastincreaseof the flathessmeasure
¥ (£SP) amongall the conflict-freetime slotsin the slack.
WhenP,iqea) is computedonly the operationsn the par
tial scheduleare considered.Ties are broken by the ASAP
policy asin the original IMS to assistthe critical-pathcon-
sideration.

In short, two major IMS decisionsare modified so that both
performanceandpower dissipationdistribution aresimultaneously
considered.

5. EXPERIMENTAL RESULTS

In orderto evaluatethepower reductioneffectof the BIMS algo-
rithm over the original IMS algorithm,we implementedhe BIMS
algorithmaswell astheoriginal IMS algorithmona SFARC-based
VLIW testbecervironment{12]. Weincorporatedurpover model
into the schedulingmodulesas well asthe simulator so thatthe
detailedinstruction-level power statisticsare collected. We exper
imentedwith two machineconfigurationsan 8-issueVLIW ma-
chineand 16-issueVLIW machine asdescribedn Section2. As
testprograms SPEC95-P benchmarlprogramswvereused.

Since the performanceof parallel schedulesproducedby the
BIMS algorithm should be as good as that of the scheduleshy
the IMS algorithm, we first comparedhe executioncyclesof the
scheduledrom two algorithms. In all the benchmarkprograms,
therewasnegligible performancémpact(< 0.5%),whichwasdue
to the codedifferencesn prolog and epilog codesectionswhich
areoutsidesoftware-pipelinedoop bodies.

We alsoevaluatedthe performancef the scheduledy the IMS
algorithm. If the performances closeto optimum, it implies that
the schedulds tight andthereis not muchfreedomin scheduling
eachoperation resultingin small explorationspacefor the BIMS.
The quality of the IMS wasevaluatedby comparingthe actualll
valueswith the theoreticalMIl values. 99.2%of the loopstested
achieved their lls equalto the MIl values,indicatingthatthe IMS
algorithmfindshigh-qualityschedule#n termsof theperformance.
Evenunderthisrestrictve searchspacdor pover-awareschedules,
the BIMS algorithmis quite effective in reducingthe peakpower
andsteppower consumptiorasshavn in the next subsections.



5.1 Impact on Peak Power Consumption
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Figure 3: Normalized power distrib ution for an 8-issueVLIW
machine.
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machine.

Figures3 and4 shav theimpacton the peakpower consumption
of thepropose®BIMS for the 8-issueand16-issueVLIW machine
configurationstespectiely. Thex axisof thegraphsshavsthenor
malizedpower consumptionvalues,1 beingthe maximumpower
dissipatedunderthe given machineconfiguration.They axisindi-
catestherelative ratio (in percentagedf the cyclesthatconsumed
the correspondinghormalizedpower duringthe benchmarlexecu-
tions. The curvesin the graphsrepresenthe cumulatve distribu-
tion functions(CDFs)of the normalizedoower consumption.

As shavn in Figures3 and4, theaveragepower of theschedules
generatedrom the BIMS algorithmareclusterecaround0.57.On
theotherhand,undertheIMS, thebenchmarlexecutionsspendhe
large numberof cyclesat high power consumptiorievels. For ex-
ample,for the 8-issueVLIW machine the IMS-generatedsched-
ulesspend58.9%of their executioncycles consumingmorethan
70%of themaximumpower. However, undertheBIMS, only 8.8%
of programexecutionsverespenttonsumingmorethan70%of the
maximumpaower.

Figures3 and4 alsoillustratethe balancingeffect of the BIMS
algorithmon the P.sp; distribution. For example,in Figure3, the
standarddeviation of the normalizedpower distribution underthe
IMS is 0.31while it isreducedo 0.08for theBIMS. As thenumber
of resourcencreaseshesearctspaceo find alternatve schedules
becomedigger thustheBIMS algorithmfindsbetterschedulesor
machineconfigurationswith longerinstructionwords.

5.2 Impact on StepPower Consumption
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Figure 5: Normalized step power distrib ution for an 8-issue
VLIW machine.
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Figure 6: Normalized step power distrib ution for a 16-issue
VLIW machine.

Figuress andé6 illustratetheimpacton the steppower consump-
tion of the BIMS for the 8-issueand16-issueVLIW machinecon-
figurations,respectiely. The x axis of the graphsshavs the nor-
malizedsteppower consumptiorvalues,1 beingthemaximumstep
power value underthe given machineconfiguration. As with the
peakpower experiment,the scheduledrom the BIMS algorithm
hassmallersteppower valuesover onesfrom the IMS algorithm.
For example for the 16-issueVLIW machinethegeometricnean
of steppower valueswhenthe IMS is usedis 0.41while it is re-
ducedto 0.24whenthe BIMS is used.

6. CONCLUSION AND FUTURE WORK

We have describeda powver-awvaremoduloschedulingalgorithm,
BalancedIMS (BIMS), for high-performance/LIW processors.
The BIMS algorithmreduceshe steppower andpeakpower con-
sumption(which affecttheprocessoreliability) from performance-
critical loop bodies.Themaincharacteristicef theschedulegrom
the BIMS algorithmis that their power consumptiordistributions
are betterbalancedover power-unavare modulo schedulingalgo-
rithms. Experimentalresultsusing SPEC95FP benchmarkpro-
gramsshawv that the proposedalgorithmis effective in reducing
boththe steppower andpeakpower; In thecaseof steppower con-
sumption,the BIMS reduceson average37.1% over the original
IMS algorithm.



The currentversionof the BIMS algorithm can be further en-
hancedn severaldirections.For example the BIMS algorithmcan
beintegratedwith post-passow-power schedulingechniquesuch
as[15, 7]. Although post-pasgechniquesvork independentlyof
theBIMS algorithm,it will beinterestingo evaluatequantitatvely
the combinedeffect on the power consumption. We also plan to
investigatehow the BIMS affectsthe enepy efficiency of aggres-
sively clock-gatedprocessorsSincethe BIMS triesto spreadthe
operationdistribution evenly while clock gatingprefersskewed ex-
ecutions,it will be aninterestingfuture work to extendthe BIMS
algorithmfor suchprocessors.
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