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Abstract

This paper presents a new power-aware software pipelining method for superscalar or VLIW
architectures which can minimize the power consumption of software pipelined loops without sac-
rificing performance. This method is motivated by the following observations: (1) functional units
in modern architectures are fully pipelined; (2) there are plenty of instructions in a loop which are
not on the critical cycle. Traditional software pipelining approach schedule instructions as long as
the resource requirement is fulfilled and this applies to both instructions on the critical cycle, and
those are not. However, intuitively from the angle of power reduction, it may be reasonable to delay
the issue of certain non-critical instructions so they can be issued in the available empty slot of a
pipelined functional unit at a later cycle without the penalty of performance degradation. One inter-
esting questions is: if such pipelined function units can be utilized, can we reduce the total number
of function units in use, thus provide an opportunity of power reduction ?

In this paper we formulate the power consumption problem in software pipelined loops as a
integer linear programming (ILP) problem. With this model the software pipelined schedule and
the pipelined functional unit usage in each cycle in the repetitive pattern are modeled precisely, and
the power minimization acts as the objective function. The proposed problem formulation and its
solution have been implemented based on the SGI Pro64 compiler. We test our method on SPEC2000
benchmarks, and the result demonstrates that the proposed power-aware software pipelining method
in average can save power for 59% cases within the same performance, for these cases, the average
power saving is 12%.
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1 Intr oduction

Pawer dissipationissuesarebecomingone of the major designissuesof future high performancepro-
cessoarchitectureandtheir systensoftware(e.g. operatingsysten25] andcompilerq3, 18, 24, 27)).
In thispaperwefocusontheeffectof compileroptimization—in particular thepower effect of software
pipelining.

Software pipelining [26, 19, 34, 14, 1, 8] hasbeena very useful compilationtechniquefor the
exploitationof instruction-leel parallelismin loops.In the past,resource-constrasd softwarepipelin-
ing hasbeenstudiedextensvely by several researchersind a numberof modulo scheduling algo-
rithms [7, 11, 19, 26, 33, 34, 38, 39, 28] have beenproposedn the literature. A suney of related
work canbefoundin Section5.

This paperpresenta newv pover-awaresoftwarepipeliningmethodfor VLIW architecturesywhich
canminimizethe powver consumptiorof softwarepipelinedloopswithoutsacri cing performanceThis
is possibledueto thefollowing facts: rst, asigni cant instructionshave slackin scheduleadode,and
mary suchinstructionhave slacksbeyond1 cycles— seea recentstudy[5]. In the contet of software
pipelining, it is interpretedasthereare mary differentschedulesvhich is rate-optimal. Secondjn a
modernVLIW architecturefunctionalunits are usuallyfully pipelinedand multiple instancesf the
samekind of functionalunitsareprovidedto unleashinstructionlevel parallelism[20, 21, 31, 23).

In a fully pipelinedfunctional unit, asan instructionpassedrom stageto stage,the subsequent
instructionissuedcanfollow throughthe stageasthe formerinstructionvacateshem. Fromthe angle
of programsthereareoftena considerabldraction of instructionsin a loop thatarenot on the critical
cycle. Traditional software pipelining approachscheduleinstructionsas long asthere are available
resourceandthis appliesto bothinstructionson the critical cycle, andthosearenot. However, issuing
instructionto multiple instance®f functionalunitsincrease@ower consumptiorsincefunctionalunits
consumesonsiderablenorepowver whenit is active, comparedvith theidle state. Fromthe angleof
power reduction,it maybereasonabléo delaytheissueof certainnon-criticalinstructionssothey can
beissuedin the availableemptyslot of anactive functionalunit at a later cycle without the penaltyof
performancealegradation.

The tamget processomwe are modelinguseall-or-nothing clock-gating[4] to gatefunctionalunits
whenthey areidle. Clock-gating[16, 37] is penasively usedin modernprocessodesignto enable
power saving. The granularitylevel at which the clock-gatingis appliedvariesfrom processoto pro-
cessodueto implementatiorconsiderationgl 7]. In ourall-or-nothingclock-gatingmodel,eachentire
functionalunit is operatedn one conditionalclock, which meansunctionalunits consumegonstant
power(dynamicpower plus leakagepower) whenthey are active, and consumesnly leakagepower
whenthey areinactive. By reducinghenumberof simultaneoushactive functionalunits,we reducehe
power consumptiorfor the softwarepipelinedschedule Oneinterestingguestionss: if suchpipelined
functionunits canbe utilized, canwe reducethe total numberof functionunitsin use,thusprovide an
opportunityof power reduction?

We de ne the powver awvaresoftwarepipeliningin the blow:

Problem Givena loop L anda machinearchitectureM, constructa schedulethat achieves the rate-



optimal scheduleof L andconsumegeastpower of functionalunits within the datadependence
of loop L andresourceonstraintof M.

In this papemwe formulatethe pover consumptiorproblemin softwarepipelinedloopsasa Integer
Linear ProgrammindILP) problem.As illustratedin our earlierwork [35], aninteger linear program-
ming basednethod,while mayitself not practicalto be usedin a productioncompiler it is usefulfor
the evaluationof boundsof ary heuristichasednethodmay expectto achieve, aswell asfor the vali-
dationandcomparisorof variousmethodsn productioncompilers.Our ILP basednodelcancalculate
preciselythe pipelinedfunctionalunit usagen eachclock cycle within the softwarepipelinedschedule,
We usethe minimal power consumptiorasits objectize function.

The proposeroblemformulationandits solutionhave beenimplementedn SGIPro64compiler
We testour methodon SPEC2000 integer benchmarkand the result demonstratethat the proposed
power-aware software pipelining methodin averagecan save power for 59% loops within the same
performanceFor thesecaseghatpower avaresoftwarepipeliningshavs advantagetheaveragepower
saving is 12%.

This paperis organizedasfollows. In section2 we illustratewhy power awaresoftware pipelining
may save power thanpower blind software pipeliningby an example. Our integer linear programming
formulationis describedn section3. The experimentalresultsby testing1195loopsin SPEC2000
integer benchmarks givenin section4. Relatedwork is briefedin section5. Section6 concludesour
work.

2 Motivation

Figurel: DataDependenc&raph

In this section,we introducea motivating exampleto illustratethe problemto be solvedin restof this
paper



Considera VLIW architecturewith the con guration shawvn in Table1 andthe datadependence
graph(DDG)shavn in Figurel. As shawvn in Tablel, therearel adderand2 multipliersin thearchitec-
ture. In Table1 we usenormalizeddatafor pover andwe assumeactive functionalunits usetentimes
power of thatwhenit is inactive, accordingo Cai-Lim model[12]. Theadderonly takesonecycle (i.e.
atrivial caseof afully pipelinedunit). Thetwo multipliersarefully pipelinedwith two cyclelateng (2
stageskeach.In the DDG shavn in Figurel, therearethreeinstructionsin the loop, the directedarcs
indicatethe datadependenceshe dependencdistancg40] is shavn aslabelonthearc. In this paper
we focuson the pover consumptiorof functionalunits while neglectingothercomponentdike issue
logic, datacacheandinstructioncache memaoryetc.

First, wee cancalculatethe lower boundof initiation interval(ll), which is the maximumof the
boundimposedby the recurrencen the datadependencandthe boundimposedby the resourcecon-
straint. NamethemasRecMIl andResMIIrespectiely.

Subjectto therecurrenceonstraintthelower boundof 1l for thegivenDDG G is givenby:

_ d(©)
RecMI = max{ [m_‘ | VC € cyclesof G}

whered(C) is the sumof the latenciesof the nodesin cycle C of thedependencgraph,andm(C)
is the sumof thedependencdistancesroundcycleC. For theDDG given,RecMll is 3 andS0 andSl
areonthecritical cycle.

Thelower boundof Il governedby theresourceconstrainis givenby:

ResMI = max{ [%-‘ | vr e [O,h—l]}

wherez(r) is thesetof all instructionsn the DDG G thatusefunctionalunit r for its execution,R;
is thenumberof functionalunitsof typer de ned by themicro-architecturei is thenumberof different
typesof thefunctionalunits. For thegivenDDG, ResMllis 1.

Thelower boundof Il for thegivenDDG undertheresourceconstrainde ned by the VLIW archi-
tectureM is thus3. And we notethat3 is afeasiblell. Table2 givesa possiblescheduldor the shavn
DDG.

FunctionalUnit | Numbers| Lateny | Poverwhenactive | Poverwheninactive
Adder 1 1 1 0.1
Multiplier 2 2 2 0.2

Tablel: TagetMachineCon guration

Fromthe schedulen Table2, we canseethat startingfrom cycle 3, every 3 cycleslatertheloop
executionexhibitsarepetitive patternwe call thisassteadystate Beforethesteadystatewhatexecuted
is calledprologue At the endof loop executiontherewill be someinstructionsexecutedasepilogue
The Il of this software pipelinedloop is 3 sinceevery 3 cyclesa new iteration startsits execution.
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Iteration Time Steps

0|12 |3|4|5|6|7,8]|9
0 sO sl|s2
1 sO sl|s2
2 sO sl|s2

Table2: A FeasibleéScheduldor DDG in Figurel

Let us calculatethe power consumptiorof the loop basedon the activities of functionalunitsin the
repetitive pattern. Without loss of generality we studythe periodfrom cycle 3 to cycle 5. At cycle
3, both multiplication instructionsin the loop 0 and X areissued,andthey mustbe issuedto two
differentmultipliersto avoid structuralhazard.At cycle 5, the additionSl is issuedandusethe adder
We can calculatethe percentag®f time that the functionalunits are actuallybusy and get the power
consumptiorof thesefunctionalunits. Thetwo multipliersarekeepingbusyfor two consecutie cycles
andidle for therestonecycle. For theaddey it is busyfor onecycle andidle for the othertwo cycles.
During a singleinitiation intenal, theenegy consumedy theadderis

1x142x01=12
And theenegy consumedby oneof themultipliersis
2x2+1x02=4.2

. Sinceuseof thetwo multiplier in the repetitive patternis the same the othermultiplier usethe same
amountof enegy. Thusthetotally consumedanegy by all thefunctionalunitis 1.2+ 4.2 x 2= 9.6.

An interestingquestionto askis: doesthereexist ary otherrate-optimakchedulesvhich may use
muchlessenegy?

The answeris yes. We canobsere thatthe issuetime of &2 canbe delayedby one cycle without
changingthe resultof the computation. This is becausehat S2 is not on the critical cycle, andthe
proposedielay of its startingtime shouldnot increasdl of the loop (henceits total executiontime).
Apply thisobseration,we constructinotheischeduleschedulesgivenin Table3. It hasthesamdl as
the prior schedulehowever it reducesnegy, aswill be demonstratetielov. At cycle 3, S is issued,
it goesto oneof thetwo multipliers. At cycle 4, 2 is issued.Sincethe multiplier is fully pipelined, 2
cango to the samemultiplier as 0 goes. Thatis, at cycle 4, both 0 and & arerunningin the same
multiplier but they arein differentstages.At cycle 5, Sl startsits executionon the adder The enegy
consumedy the adderds the sameasthat of prior schedulewhichis 1.2. For the multiplier usedby
D and K, it is alwaysactive in the repetitive pattern,consumesnegy of 2 x 3= 6. And the other
multiplier is alwaysidle, consumenegy of 0.2 x 3= 0.6. Summingthemup, we getthetotal enegy
consumptiorfor executionof a singlerepetitive patternwhichis 7.8. Comparedhis schedulewith the
onein table 2, it consume81%of the power consumedy the prior one.

Onekey obsenrationof thesewo schedulés thatthelatterschedulenakesbetteruseof thepipeline
in one of the two multipliers thus successfullyreleaseghe otherone. It shavs that, indeed,there
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Iteration Time Steps

01, 2|3|4|5]|]6|7|8]|9]10
0 sO sl s2
1 sO sl s2
2 sO sl s2

Table3: The Enegy Saving Scheduldor DDG in Figurel

exist considerabl®pportunityto improve power consumptiorof the software pipelinedioop by taking
adwantageof theinstructionslacknes# non-criticalcycles.

3 Integer Linear Programming Formulation

In this section,we formulate the minimum power software pipelining problemas an integer linear
programmingproblem.

Two constantaregivenasfollows:

N numberof nodesn DDG G

T initiation intenal

In our formulationsoftware pipelinedloopsareviewed from two differentperspecties,thusfollowing
two termsareused:periodiclinear scheduleandrepetitivepattern Linear periodicschedulés of the
form T -i +ts discussedn Section2. It is representedly the N-elementvectorG, thei-th elementof G
is the schedulingstepof instructioni in the linear periodicschedule Repetitve patternis represented
by theT x N matrixA. Ais a0-1 matrixwith & ; = 1 if andonly if nodei is scheduledo begin attime
stept in therepetitve patternotherwises; ; = 0. Matrix G canberelatedto matrix A as

G=T-k+ATx[0,4,---,T—-1]" (1)
wherek is N-elementectors.Elementk; in k is associatedvith tj in matrix Gas:
{;
ki = LTJ

. Intuitively AT x [0,1,---, T — 1] is the offset of thati from the startof the repetitve pattern. The
matrix G k andA for thescheduleshavn in table3 aredepictedn Figure2.

It is self-evzidentthatthefollowing equatiorholdsfor theelementsn matrix A:

T-1
i=1Vie[O,N—-1 2
t;)at, i€ ] (2)

To keepdatadependenceelation,asshavn in , if a dependencarc exists from nodei to node j
with dependencdistancem;; andthelatengy incurredis d;;, thefollowing constrainimustbeful lled:
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0 0 100
G=| 2 k=10 A=|[0 0 1 |:(T=3)x30ps
4 1 010
Figure2: G k andA for scheduléen Table3
tj—ti>dij—T-my, V<i,j>€E (3)

We de ne functionz(r) which hasthe valueof the setof all instructionsthat requirea functional
unit of typer. Sinceall functionalunitsarefully pipelined,the functionalunits are consideredo be
exclusively occupiedonly at the time stepthat the instructionsuseit areissued. At time stept, the
numberof functionalunitsthatneededor thescheduléA is

> &

iez(r)

Thusthefollowing inequalityenforcegesourceconstrainto beful lled

Z at,iSRh VtE[O,T—l],VYG[O,h—l] (4)
iez(r)
whereR; is the numberof functionalunits of typer available, h is the numberof differenttypesof
functionalunits.

Further sincewe aretrying to formulatepowver consumptiorfor eachfunctionalunit at eachtime
step,we needto know the numberof active functionalunits. For thatpurposepesideghe startingtime
of eachinstruction whatalsoneedo beknown is thathow longit will stayin thepipeline.Furthermore,
theexactinformationaboutthe stageit is in at eachtime stepmustbe obtained.

We correlatethe stagewith thetime stepduringtheinstructionexecutionby de ning athreedimen-
sionalarrayU. All elementf U have no valuesotherthanO and1. Elementu s is 1 if andonly if
attime stept in therepetitve pattern,instructioni is at s-th stagein the pipeline. Eachelementn the
arrayis de ned as

Uis = & _spnTymodr Vie [0,N—1],Vt € [0,T —1],¥s€ [0,0; — 1] (5)
Utis=0 Vie [O,N—-1],Vt € [0, T —1],Vs€ [di, L, — 1] (6)

wherelL, is the maximumlateny of all instructionsboundto functionalunit of typer for execution.
Examplefor the caseof L, maybedifferencefrom d; is thaton a oating point ALU, assumemost
lengthypipelineis thatof squareoot, whichneeds31 cyclesto nish. While the oating pointmultiply

executedonthesamefunctionalunit costsonly 4 cycles. Thusthemultiply canhave atmostfour stages,
we setall u ; s for thoses > 4 to zero.By this examplewe cansee u; j s = 1if only if attime stept, the
instructioni is in the stages of thefunctionalunit pipeline.
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Theorem 3.1 Two instructionsi and j boundto the sametypeof functionalunitin softwae pipelined
loop canbe issuedto the samefunctionalunit if andonly if u; s+ w s <1forall t € [0,T —1] and
se[0,L, —1].

Theorem 3.2 In softwae pipelinedschedule minimumnumberof functionalunits of typer beingused
attimestept is max z Us|se [0,Lr —1]}.

iez(r)
To formulatethe numberof functionalunits of all typesbeingusedat all time steps threedimen-
sionalarrayV areintroducedandeachelementsn V arede ned as

Vips= 3 Uis Vte[0,T —1],vr €[0,h—1],Vs€ [O,L, — 1] 7)

iez(r)

Variablev ; s denotesiumberof functionalunitsof typer whichis in stages attime stept. Accord-
ing to Theorem3.2, minimum numberof functinalunits of typer beingusedat time stept is de ned
as

R, =max{vs/se€ [0, L, —1]}

, whichis formulatedasbelow:

Ft7r Z Vt7r7s Vt E [O’T - l],VI’ E [O, h— 1],VS€ [O, Lr - 1] (8)

Givenpower consumedy functionalunit of typer asP; whenit is active, enegy consumedby the
active functionalunitsof typer duringtheinitiationinterval T canbeformulatedas

T-1
> Rue-P
t=

andbasedon the assumptiorthat inactive functional units use onetenth of the power whenit is
active, theenegy consumedy theinactive functionalunits canbeformulatedas

T-1 Pr

5 (R=F) 55

Thus,theactualenegy consumediuringeachperiodof Il is:

9 h—1 T-1 T h—1
wh (2 g

To reducethe overall pover consumptiorof thefunctionalunit set,the objective functionshouldbe
setto

hi/ T1
minr;) (Pr - t; FtJ) 9)



4 Results

4.1 Experimental Framework

We implementedour integer linear programmingformulationwith CPLEX and apply it on the data
dependencgraphf theloopsin SPEC2000integerbenchmarksTheSPEC2000is compiledusingSGl
Pro64compiler whichis anopensourcecompilertamgetedfor Intel ltaniumprocessof22, 23], the rst
microprocessoof Intel IA64 architecture SGI Pro64compileris invoked with optimizationlevel -O3.
With optimizationlevel -O3, extensve high level optimizationincluding deadcodeelimination,copy
propagationcommonsubepressiorelimination,inductionvariableeliminationandstrengthreduction
hasbeenappliedon the intermediateepresentatioM/HIRL. Thenthe WHIRL is loweredto another
level of intermediataepresentationyhich is calledTOP. The transformationgppliedon TOP before
thesoftwarepipeliningarecontrol o w optimization peepholeptimization hyperblockformation[29]
and critical path reduction. We extract the datadependencgraph(DDG)at the beginning phaseof
softwarepipelining. The statisticson the datadependencgraphswe getis summarizedn table4.

Benchmark || # of DDGs | # of nodes| # of edges| # of nodes| # of edges| minll | minll
(avg) (avg) (max) (max) | (avg) | (max)

164.gzip 69 7.3 12.8 19 37 3 14
175.vpr 93 154 47.6 75 621 12 95
176.gcc 415 11.2 26.4 61 287 8 168
181.mcf 22 12.8 62.6 54 495 9 27
186.crafty 86 11.4 335 64 833 5 92
197.parser 116 7.4 16.1 29 69 5 18
252.eon 101 7.7 19.9 116 276 4 38
253.perlbmk 182 9.7 25.7 a7 280 7 76
254.gap 620 11.2 28.8 71 740 7 135
255.\0ortex 49 18.8 81.3 64 590 14 101
256.bzip2 63 9.4 21.0 32 108 6 100
300.twolf 317 18.7 63.8 101 349 12 192

Table4: Statisticoon SPEC2000BenchmarkeEvaluated

The target processoiis an Itanium-like processor We usethe sameinstructionsetas Intel 1A-
64. Thetotal numberof instructionsde ned by the 1A-64 architecturds 759. For the 759 different
instructions,eachof themfalls into one of thesesix cateories: A-unit instruction,l-unit instruction,
M-unit instruction,B-unit instruction,F-unitinstructionand X-unit instruction.Sinceour power aware
softwarepipeliningappliesonly ontheloopbodyandall theinstructionsgn theloop bodyaresequential
instructionswe only needto considelinstructionsof typeA, |, M andF. In thearchitecturede ned by
us,thebindingrelationbetweerinstructionsaandfunctionalunitsareasfollows: A andl instructionsare
executedontheinteger ALUs, M-unit instructionsareexecutecon thememoryunits, F-unitinstructions
are executedon the oating-point ALUs. For eachkind of functionalunit, thereare two symmetric
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instancesndbothof themarefully pipelined.

Although power breakdavn on 1A-64 architecturds unknavn, we assumehe power consumption
of eachfunctional units asin Table 5, basedon our knowledge on the DEC Alpha [16] and Intel
PentiumPrd30]. Thesepower datahasbeennormalized.

FunctionalUnits numbers| Paverwhenactive | Poverwhenidle
IntegerALU 2 1 0.1
Memoryunit 2 1 0.1

Floating-pointALU 2 1 0.1

Table5: Pover Model

4.2 Summary of Experimental Results
Themainresultsof our experimentis summarizedsfollows.

1. For all the2133DDGs, 171 of themhasa large Minll(larger than30) andareaborted.For the
remainingl962DDGsthatthe ILP solver cansolwe in a reasonabléime, powver awaresoftware
pipeliningshavs advantageover pover unavaresoftwarepipeliningin 59% caseskor the cases
that power aware software pipelining shavs adwantage the averagepower saving is 12%. For
detailsseesectior4.3.

2. Powverawaresoftwarepipeliningis particularlyef cient in termsof power saving for thoseDDGs
with relatively largell. For detailsseesectiord.4

4.3 Power Measure

We implementedur minimum power software pipelining formulationby integer linear programming
usingCPLEX For comparisonalsowe implementedan power unavare software pipelining formula-

tion, which only useconstraintl, 2, 3, 4 in Section3. We usethetiming our mechanisnof the CPLEX
soler, thoseproblemscannotbe solvedin 3 minuteswill be aborted.For the 2133loops,171 of them
areabortedsincethey have a large lI(typically larger than30). For the otherDDGswe getthe result
for power awaresoftwarepipelinedscheduleandits counterpartpower unavarepipelinedscheduleTo

measurehe power saving ratio, we de ne thefollowing variables:

P Powerconsumedy pover unavaresoftwarepipeliningschedule

Prin Paver consumedy the powver awvaresoftwarepipeliningschedule

Thenwe de ne the powver saving ratio as:

_ P— I:)min

R x 100%




Theresultsfor all the benchmarksarelisted in Table6. We seethat totally, for 800 of themthe
power awvaresoftwarepipeliningapproactdoesnt shav advantage Thereasormightbethat: 1. To get
therate-optimakcheduletheinstructionsn theseDDGsdoesnt have slackthusthey cannotbe moved
around.2. Evenin somecasesnstructionshave slack,thedifferentschedulaisefunctionalunitsin the
similar patternthusdoesnt have roomfor improvement. For the DDGs that power aware scheduling
shavs advantagethe power saving ratio is signi cant, in averagel2%.

Benchmark | DDGs DDGs DDGs DDGs DDGs
no savesO- 10% | savesl1l0-20% | sares20- 30% | savesmorethan30%
sasing| # |avgratio| # |avgratio| # | avgratio| # avg ratio
164.9zip 41 8 7.3% 20 | 13.9%
175.vpr 18 42 6.1% 15 12.5% 2 251% | 1 42.4%
176.gcc 194 | 114 6.4% 75 | 146% | 15 | 249% | 3 33.0%
181.mcf 7 5 6.1% 9 15.4%

186.crafty 29 15 6.3% 29 | 16.5% | 12 | 24.0%
197.parser 68 14 7.6% 27 | 15.6% 7 27.4%
252.eon 39 16 5.7% 19 19% 23 | 23.7%

253.perlbmk|| 82 41 6.4% 46 13% 6 23.2% | 3 31.8%
254.gap 210 106 6.6% | 206| 14.2% | 26 | 22.2% | 2 31.6%
255.\ortex 5 25 6% 11 13.8%
256.bzip2 26 17 6.7% 16 14% 2 25% 1 42.9
200.twolf 81 100 6.4% 72 14.8% | 11 21.6%
Total 800 | 1303| 2.5% |545| 145% | 104| 23.6% | 10 34.3%

Table6: Powver Saving for SPEC2000Benchmarks

4.4 Power Saving vsli

We comparedhe power saving ratio vs Il. It shavs thatthe DDGs that can save power whenpower
aware software pipelining is appliedon themhasa larger 1l thanthosethereis no differencebetween
power aware and powver unavare software pipelining. It is concevable sincethereare morevariants
of feasiblerate-optimalschedulefor thoseDDGswith larger II, amongthemdifferentschedulehave
differentpower consumptionTable7 comparedheaveragell of thetwo differentclassof DDGs.

5 RelatedWork

Software pipelining hasbeenstudiedextensvely in literature. Modulo scheduling7, 11, 19, 26, 33,
34, 38 worksasa goodheuristic.Pastwork concentrat®n gettinga rate-optimalkchedulenovadays
register allocationand spill codegeneration10, 9, 39, 28], prefetchingin both numericaland non-
numericalprogramg32, 36] to reduceget moreattention. Integer linear programmingormulationis
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Benchmark | DDGswithoutsaving | DDGswith saving
# avg Il # avg Il
164.gzip 41 25 28 5.8
175.vpr 18 5.8 60 14.2
176.gcc 194 6.5 207 9.3
181.mcf 7 4.4 14 104
186.crafty || 29 3 56 7.1
197.parser| 68 4.0 48 7.1
252.eon 39 3.2 58 51
253.perlbmk|| 82 5.9 96 8.5
254.gap || 210 4.9 340 8.6
255.\0rtex 5 3 36 15.6
256.bzip2 || 26 3.4 36 8.1
300.twolf 81 10.3 183 12.7
Total 800 55 1162 9.5

Table7: Comparisorof Il of thoseDDGswith andwithout power saving

widely usedto derive rate-optimalschedulesinderthe scheduleconstraintandresourceconstraintfor

architecturesnvolving cleanpipelineanduncleanpipeline[14, 1]. In [15], a formulationaimsto use
minimumresourcdor a x edratesoftwarepipeliningandanotherformulationaimsto getoptimalrate
scheduleunderresourceconstraintare both given. Comparisorbetweenthe rate-optimalscheduling
formulationandthe software pipeliningin MIPSpro,which is a productionquality compilerhasbeen
madein [35]. An equivalentsoftware pipelining formulationwhereall constraintsare 0-1 structured
thusdrasticallydecrease¢he executiontime of solversare presentedn [8]. Besidesntegerlinear pro-

grammingapproach, nite stateautomatorbasedscheduling2] is appliedon software pipelining to

copewith comple structurahazard13].

Pawer dissipationhasbeenincreasinglyimportantin both high performanceprocessorand em-
beddedsystems. Compilertechniquesare being exploited to reducepower consumption.In [3], an
architecturaenhancemerdndits accordingcompilationtechniquesreproposed.Several scheduling
technique$24, 27] areproposedo reduceswitchingactvities on theinstructionbus. Dynamicvoltage
andfrequenyg scalingarealsoexploitedto slov down functionalblockswhenit doesnt bring severe
performancelegradation18, 6].

6 Conclusions

In this paperwe addresghe problemof generatinga software pipelinedschedulgor loop body thatis
optimalin termsof the power consumedy the functionalunits during the execution. This problemis
motivatedby two obsenrations: (1) functionalunitsin modernprocessoarefully pipelined;(2) there
areplentyof instructionsin the loop thatarenot on the critical cycle. By exploiting slacksin therate-
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optimal schedulewe cancomeup with a more power saszing schedule. This problemis formulated
asaninteger linear programmindILP) problemandsolwe it usingcommercialsolver. We evaluated
this approacton SPEC2000 benchmarlandthe experimentakesultshavs thatamongthoseDDGsthat

power awaresoftwarepipeliningcansolve in areasonableamountof time, thoseDDGswith relatively

large Il tendto save powver whenpower awvaresoftware pipeliningis appliedonthem. For all theloops
in SPEC2000integerbenchmarkpower awaresoftwarepipeliningapproactsazespower for 59%cases,
in thesecasesthe averagepower saving is 12%.
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