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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

Power dissipationissuesarebecomingoneof themajordesignissuesof futurehigh performancepro-
cessorarchitecturesandtheirsystemsoftware(e.g.operatingsystem[25] andcompilers[3, 18, 24, 27]).
In thispaper, wefocusontheeffectof compileroptimization– in particular, thepowereffectof software
pipelining.

Software pipelining [26, 19, 34, 14, 1, 8] hasbeena very useful compilationtechniquefor the
exploitationof instruction-level parallelismin loops.In thepast,resource-constrainedsoftwarepipelin-
ing hasbeenstudiedextensively by several researchersand a numberof moduloschedulingalgo-
rithms [7, 11, 19, 26, 33, 34, 38, 39, 28] have beenproposedin the literature. A survey of related
work canbefoundin Section5.

Thispaperpresentsa new power-awaresoftwarepipeliningmethodfor VLIW architectures,which
canminimizethepowerconsumptionof softwarepipelinedloopswithoutsacri�cing performance.This
is possibledueto thefollowing facts:�rst, a signi�cant instructionshave slackin scheduledcode,and
many suchinstructionhave slacksbeyond1 cycles– seea recentstudy[5]. In thecontext of software
pipelining, it is interpretedastherearemany differentscheduleswhich is rate-optimal.Second,in a
modernVLIW architecture,functionalunits areusuallyfully pipelinedandmultiple instancesof the
samekind of functionalunitsareprovidedto unleashinstructionlevel parallelism[20, 21, 31, 23].

In a fully pipelinedfunctionalunit, asan instructionpassesfrom stageto stage,the subsequent
instructionissuedcanfollow throughthestageastheformerinstructionvacatesthem.Fromtheangle
of programs,thereareoftena considerablefractionof instructionsin a loop thatarenot on thecritical
cycle. Traditional software pipelining approachscheduleinstructionsas long as thereare available
resourceandthis appliesto both instructionson thecritical cycle, andthosearenot. However, issuing
instructionto multiple instancesof functionalunitsincreasespower consumptionsincefunctionalunits
consumesconsiderablemorepower whenit is active, comparedwith the idle state.Fromtheangleof
power reduction,it maybereasonableto delaytheissueof certainnon-criticalinstructionssothey can
beissuedin theavailableemptyslot of anactive functionalunit at a latercycle without thepenaltyof
performancedegradation.

The target processorwe aremodelinguseall-or-nothingclock-gating[4] to gatefunctionalunits
whenthey are idle. Clock-gating[16, 37] is pervasively usedin modernprocessordesignto enable
power saving. Thegranularitylevel at which theclock-gatingis appliedvariesfrom processorto pro-
cessordueto implementationconsiderations[17]. In ourall-or-nothingclock-gatingmodel,eachentire
functionalunit is operatedon oneconditionalclock, which meansfunctionalunitsconsumesconstant
power(dynamicpower plus leakagepower) whenthey areactive, andconsumesonly leakagepower
whenthey areinactive. By reducingthenumberof simultaneouslyactivefunctionalunits,wereducethe
power consumptionfor thesoftwarepipelinedschedule.Oneinterestingquestionsis: if suchpipelined
functionunitscanbeutilized,canwe reducethetotal numberof functionunits in use,thusprovide an
opportunityof power reduction?

Wede�ne thepower awaresoftwarepipeliningin theblow:

Problem Given a loop L anda machinearchitectureM, constructa schedulethat achieves the rate-
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optimalscheduleof L andconsumesleastpower of functionalunitswithin thedatadependence
of loopL andresourceconstraintsof M.

In thispaperwe formulatethepower consumptionproblemin softwarepipelinedloopsasa Integer
Linear Programming(ILP) problem.As illustratedin our earlierwork [35], an integer linearprogram-
ming basedmethod,while may itself not practicalto beusedin a productioncompiler, it is usefulfor
theevaluationof boundsof any heuristicbasedmethodmayexpectto achieve, aswell asfor thevali-
dationandcomparisonof variousmethodsin productioncompilers.Our ILP basedmodelcancalculate
preciselythepipelinedfunctionalunit usagein eachclockcyclewithin thesoftwarepipelinedschedule,
Weusetheminimalpower consumptionasits objective function.

Theproposedproblemformulationandits solutionhave beenimplementedin SGIPro64compiler.
We testour methodon SPEC2000 integer benchmark,and the resultdemonstratesthat the proposed
power-aware software pipelining methodin averagecansave power for 59% loops within the same
performance.For thesecasesthatpowerawaresoftwarepipeliningshowsadvantage,theaveragepower
saving is 12%.

This paperis organizedasfollows. In section2 we illustratewhy power awaresoftwarepipelining
maysave power thanpower blind softwarepipeliningby anexample.Our integer linearprogramming
formulation is describedin section3. The experimentalresultsby testing1195 loops in SPEC2000
integerbenchmarkis given in section4. Relatedwork is briefedin section5. Section6 concludesour
work.

2 Moti vation

 S0

 S1

 S2

*

+

*

 0

 1

 0

 1

Figure1: DataDependenceGraph

In this section,we introducea motivatingexampleto illustratetheproblemto besolved in restof this
paper.
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Considera VLIW architecturewith the con�guration shown in Table1 andthe datadependence
graph(DDG)shown in Figure1. As shown in Table1, thereare1 adderand2 multipliersin thearchitec-
ture. In Table1 we usenormalizeddatafor power andwe assumeactive functionalunitsusetentimes
powerof thatwhenit is inactive,accordingto Cai-Lim model[12]. Theadderonly takesonecycle (i.e.
a trivial caseof a fully pipelinedunit). Thetwo multipliersarefully pipelinedwith two cycle latency (2
stages)each.In theDDG shown in Figure1, therearethreeinstructionsin the loop, thedirectedarcs
indicatethedatadependences,thedependencedistance[40] is shown aslabelon thearc. In this paper,
we focuson the power consumptionof functionalunits while neglectingothercomponentslike issue
logic, datacacheandinstructioncache,memoryetc.

First, weecancalculatethe lower boundof initiation interval(II), which is the maximumof the
boundimposedby therecurrencein thedatadependenceandtheboundimposedby theresourcecon-
straint.NamethemasRecMII andResMII respectively.

Subjectto therecurrenceconstraint,thelowerboundof II for thegivenDDG G is givenby:

RecMII � max

���
d � C �
m� C ���	��
 C � cyclesof G 


whered � C � is thesumof the latenciesof thenodesin cycleC of thedependencegraph,andm� C �
is thesumof thedependencedistancesaroundcycleC. For theDDG given,RecMII is 3 andS0 andS1
areon thecritical cycle.

Thelower boundof II governedby theresourceconstraintis givenby:

ResMII � max

��� � z � r � �
Rr � ��
 r ��� 0 � h � 1� 


wherez � r � is thesetof all instructionsin theDDG G thatusefunctionalunit r for its execution,Rr

is thenumberof functionalunitsof typer de�nedby themicro-architecture,h is thenumberof different
typesof thefunctionalunits.For thegivenDDG, ResMII is 1.

Thelowerboundof II for thegivenDDG undertheresourceconstraintde�ned by theVLIW archi-
tectureM is thus3. And wenotethat3 is a feasibleII. Table2 givesa possibleschedulefor theshown
DDG.

FunctionalUnit Numbers Latency Powerwhenactive Powerwheninactive
Adder 1 1 1 0.1

Multiplier 2 2 2 0.2

Table1: TargetMachineCon�guration

From the schedulein Table2, we canseethat startingfrom cycle 3, every 3 cycleslater the loop
executionexhibitsarepetitivepattern,wecall thisassteadystate. Beforethesteadystatewhatexecuted
is calledprologue. At theendof loop executiontherewill besomeinstructionsexecutedasepilogue.
The II of this software pipelinedloop is 3 sinceevery 3 cycles a new iteration startsits execution.
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Iteration TimeSteps
0 1 2 3 4 5 6 7 8 9

0 s0 s1 s2
1 s0 s1 s2
2 s0 s1 s2

Table2: A FeasibleSchedulefor DDG in Figure1

Let us calculatethe power consumptionof the loop basedon the activities of functionalunits in the
repetitive pattern. Without lossof generality, we studythe periodfrom cycle 3 to cycle 5. At cycle
3, both multiplication instructionsin the loop S0 andS2 are issued,and they mustbe issuedto two
differentmultipliersto avoid structuralhazard.At cycle 5, theadditionS1 is issuedandusetheadder.
We cancalculatethe percentageof time that the functionalunits areactuallybusy andget the power
consumptionof thesefunctionalunits.Thetwo multipliersarekeepingbusyfor two consecutive cycles
andidle for therestonecycle. For theadder, it is busyfor onecycle andidle for theothertwo cycles.
Duringasingleinitiation interval, theenergy consumedby theadderis

1 � 1 � 2 � 0 � 1 � 1 � 2

And theenergy consumedby oneof themultipliersis

2 � 2 � 1 � 0 � 2 � 4 � 2

. Sinceuseof thetwo multiplier in therepetitive patternis thesame,theothermultiplier usethesame
amountof energy. Thusthetotally consumedenergy by all thefunctionalunit is 1 � 2 � 4 � 2 � 2 � 9 � 6.

An interestingquestionto askis: doesthereexist any otherrate-optimalscheduleswhich mayuse
muchlessenergy?

Theansweris yes. We canobserve that the issuetime of S2 canbedelayedby onecycle without
changingthe resultof the computation.This is becausethat S2 is not on the critical cycle, and the
proposeddelayof its startingtime shouldnot increaseII of the loop (henceits total executiontime).
Apply thisobservation,weconstructanotherschedulescheduleasgivenin Table3. It hasthesameII as
theprior schedule,however it reducesenergy, aswill bedemonstratedbelow. At cycle 3, S0 is issued,
it goesto oneof thetwo multipliers.At cycle4, S2 is issued.Sincethemultiplier is fully pipelined,S2
cango to thesamemultiplier asS0 goes.That is, at cycle 4, bothS0 andS2 arerunningin thesame
multiplier but they arein differentstages.At cycle 5, S1 startsits executionon theadder. Theenergy
consumedby theaddersis thesameasthatof prior schedule,which is 1 � 2. For themultiplier usedby
S0 andS2, it is alwaysactive in the repetitive pattern,consumesenergy of 2 � 3 � 6. And the other
multiplier is alwaysidle, consumesenergy of 0 � 2 � 3 � 0 � 6. Summingthemup,wegetthetotalenergy
consumptionfor executionof asinglerepetitive pattern,which is 7 � 8. Comparedthisschedulewith the
onein table 2, it consumes81%of thepowerconsumedby theprior one.

Onekey observationof thesetwo scheduleis thatthelatterschedulemakesbetteruseof thepipeline
in one of the two multipliers thus successfullyreleasesthe other one. It shows that, indeed,there
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Iteration TimeSteps
0 1 2 3 4 5 6 7 8 9 10

0 s0 s1 s2
1 s0 s1 s2
2 s0 s1 s2

Table3: TheEnergy Saving Schedulefor DDG in Figure1

exist considerableopportunityto improve power consumptionof thesoftwarepipelinedloop by taking
advantageof theinstructionslacknessin non-criticalcycles.

3 Integer Linear Programming Formulation

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

Two constantsaregivenasfollows:

N numberof nodesin DDG G

T initiation interval

In our formulationsoftwarepipelinedloopsareviewedfrom two differentperspectives,thusfollowing
two termsareused:periodic linear scheduleandrepetitivepattern. Linearperiodicscheduleis of the
form T � i � ts discussedin Section2. It is representedby theN-elementvectorG, thei-th elementof G
is theschedulingstepof instructioni in the linearperiodicschedule.Repetitive patternis represented
by theT � N matrixA. A is a 0-1matrixwith at � i

� 1 if andonly if nodei is scheduledto begin at time
stept in therepetitive pattern,otherwiseat � i

� 0. Matrix Gcanberelatedto matrixA as

G � T � k � AT � � 0 � 1 �
�����

� T � 1� T (1)

wherek is N-elementvectors.Elementki in k is associatedwith ti in matrixGas:

ki
� � ti

T
�

. Intuitively AT � � 0 � 1 �
�����

� T � 1� T is the offset of that i from the startof the repetitive pattern. The
matrixG� k andA for thescheduleshown in table3 aredepictedin Figure2.

It is self-evidentthatthefollowing equationholdsfor theelementsin matrixA:

T � 1

∑
t � 0

at � i
� 1 � 
 i ��� 0 � N � 1� (2)

To keepdatadependencerelation,asshown in , if a dependencearc exists from nodei to node j
with dependencedistancemi j andthelatency incurredis di j, thefollowing constraintmustbeful�lled:
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G �
��
� 0

2
4

���
� k �

��
� 0

0
1

���
� A �

��
� 1 0 0

0 0 1
0 1 0

���
� : � T � 3� � 3ops

Figure2: G� k andA for schedulein Table3

t j � ti � di j � T � mi j � 
	� i � j 
	� E (3)

We de�ne functionz � r � which hasthe valueof thesetof all instructionsthat requirea functional
unit of type r. Sinceall functionalunits arefully pipelined,the functionalunits areconsideredto be
exclusively occupiedonly at the time stepthat the instructionsuseit are issued. At time stept, the
numberof functionalunitsthatneededfor thescheduleA is

∑
i � z � r 
 at � i

Thusthefollowing inequalityenforcesresourceconstraintto beful�lled

∑
i � z � r 
 at � i � Rr � 
 t � � 0 � T � 1� � 
 r ��� 0 � h � 1� (4)

whereRr is the numberof functionalunits of type r available,h is the numberof different typesof
functionalunits.

Further, sincewe aretrying to formulatepower consumptionfor eachfunctionalunit at eachtime
step,weneedto know thenumberof active functionalunits.For thatpurpose,besidesthestartingtime
of eachinstruction,whatalsoneedto beknown is thathow longit will stayin thepipeline.Furthermore,
theexactinformationaboutthestageit is in at eachtimestepmustbeobtained.

Wecorrelatethestagewith thetimestepduringtheinstructionexecutionby de�ning a threedimen-
sionalarrayU. All elementsof U have no valuesotherthan0 and1. Elementut � i � s is 1 if andonly if
at time stept in therepetitive pattern,instructioni is at s-th stagein thepipeline. Eachelementin the
arrayis de�ned as

ut � i � s
� a� t � s � N � T 
 modT � i 
 i ��� 0 � N � 1� � 
 t � � 0 � T � 1� � 
 s � � 0 � di � 1� (5)

ut � i � s
� 0 
 i � � 0 � N � 1� � 
 t � � 0 � T � 1� � 
 s � � di � Lr � 1� (6)

whereLr is the maximumlatency of all instructionsboundto functionalunit of type r for execution.
Examplefor the caseof Lr maybedifferencefrom di is that on a �oating point ALU, assumemost
lengthypipelineis thatof squareroot,whichneeds31cyclesto �nish. While the�oating pointmultiply
executedonthesamefunctionalunit costsonly 4 cycles.Thusthemultiply canhaveatmostfour stages,
wesetall ut � i � s for thoses � 4 to zero.By thisexamplewecansee,ut � i � s

� 1 if only if at timestept, the
instructioni is in thestagesof thefunctionalunit pipeline.
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Theorem 3.1 Two instructionsi and j boundto thesametypeof functionalunit in software pipelined
loop canbe issuedto thesamefunctionalunit if andonly if ut � i � s � ut � j � s � 1 for all t � � 0 � T � 1� and
s � � 0 � Lr � 1� .
Theorem 3.2 In software pipelinedschedule, minimumnumberof functionalunitsof typer beingused
at timestept is max

�
∑

i � z � r 
 ut � i � s � s � � 0 � Lr � 1��� .

To formulatethenumberof functionalunitsof all typesbeingusedat all time steps,threedimen-
sionalarrayV areintroducedandeachelementsin V arede�ned as

vt � r� s
� ∑

i � z � r 
 ut � i � s 
 t � � 0 � T � 1� � 
 r � � 0 � h � 1� � 
 s � � 0 � Lr � 1� (7)

Variablevt � r� s denotesnumberof functionalunitsof typer which is in stagesat timestept. Accord-
ing to Theorem3.2, minimumnumberof functinalunitsof typer beingusedat time stept is de�ned
as

Ft � r
� max

�
vt � r� s � s � � 0 � Lr � 1���

, which is formulatedasbelow:

Ft � r � vt � r� s 
 t ��� 0 � T � 1� � 
 r � � 0 � h � 1� � 
 s � � 0 � Lr � 1� (8)

Givenpowerconsumedby functionalunit of typer asPr whenit is active,energy consumedby the
active functionalunitsof typer duringtheinitiation interval T canbeformulatedas

T � 1

∑
t � 0

Ft � r � Pr

andbasedon the assumptionthat inactive functionalunits useonetenthof the power whenit is
active, theenergy consumedby theinactive functionalunitscanbeformulatedas

T � 1

∑
t � 0

� Rr � Ft � r � � Pr

10

Thus,theactualenergy consumedduringeachperiodof II is:

9
10

�
h � 1

∑
r � 0

�
Pr

�
T � 1

∑
t � 0

Ft � r � �
T
10

�
h � 1

∑
r � 0

� Pr
� Rr �

To reducetheoverallpowerconsumptionof thefunctionalunit set,theobjective functionshouldbe
setto

min
h � 1

∑
r � 0

�
Pr

�
T � 1

∑
t � 0

Ft � r � (9)
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4 Results

4.1 Experimental Framework

We implementedour integer linear programmingformulationwith CPLEX and apply it on the data
dependencegraphsof theloopsin SPEC2000integerbenchmarks.TheSPEC2000is compiledusingSGI
Pro64compiler, which is anopensourcecompilertargetedfor Intel Itaniumprocessor[22, 23], the�rst
microprocessorof Intel IA64 architecture.SGIPro64compileris invokedwith optimizationlevel -O3.
With optimizationlevel -O3, extensive high level optimizationincludingdeadcodeelimination,copy
propagation,commonsubexpressionelimination,inductionvariableeliminationandstrengthreduction
hasbeenappliedon the intermediaterepresentationWHIRL. Thenthe WHIRL is loweredto another
level of intermediaterepresentation,which is calledTOP. Thetransformationsappliedon TOPbefore
thesoftwarepipeliningarecontrol�o w optimization,peepholeoptimization,hyperblockformation[29]
and critical path reduction. We extract the datadependencegraph(DDG)at the beginning phaseof
softwarepipelining.Thestatisticson thedatadependencegraphswegetis summarizedin table4.

Benchmark # of DDGs # of nodes # of edges # of nodes # of edges min II min II
(avg) (avg) (max) (max) (avg) (max)

164.gzip 69 7.3 12.8 19 37 3 14
175.vpr 93 15.4 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 33.5 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 47 280 7 76
254.gap 620 11.2 28.8 71 740 7 135

255.vortex 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: StatisticsonSPEC2000BenchmarkEvaluated

The target processoris an Itanium-like processor. We usethe sameinstructionset as Intel IA-
64. The total numberof instructionsde�ned by the IA-64 architectureis 759. For the 759 different
instructions,eachof themfalls into oneof thesesix categories: A-unit instruction,I-unit instruction,
M-unit instruction,B-unit instruction,F-unit instructionandX-unit instruction.Sinceour power aware
softwarepipeliningappliesonly ontheloopbodyandall theinstructionsin theloopbodyaresequential
instructions,we only needto considerinstructionsof typeA, I, M andF. In thearchitecturede�ned by
us,thebindingrelationbetweeninstructionsandfunctionalunitsareasfollows: A andI instructionsare
executedontheintegerALUs, M-unit instructionsareexecutedonthememoryunits,F-unit instructions
areexecutedon the �oating-point ALUs. For eachkind of functionalunit, thereare two symmetric
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instancesandbothof themarefully pipelined.

Althoughpower breakdown on IA-64 architectureis unknown, we assumethepower consumption
of eachfunctional units as in Table 5, basedon our knowledgeon the DEC Alpha [16] and Intel
PentiumPro[30]. Thesepower datahasbeennormalized.

FunctionalUnits numbers Powerwhenactive Powerwhenidle
IntegerALU 2 1 0.1
Memoryunit 2 1 0.1

Floating-pointALU 2 1 0.1

Table5: PowerModel

4.2 Summary of Experimental Results

Themainresultsof ourexperimentis summarizedasfollows.

1. For all the2133DDGs,171of themhasa large MinII(larger than30) andareaborted.For the
remaining1962DDGsthat theILP solver cansolve in a reasonabletime,power awaresoftware
pipeliningshows advantageover power unawaresoftwarepipeliningin 59%cases.For thecases
that power awaresoftwarepipelining shows advantage,the averagepower saving is 12%. For
detailsseesection4.3.

2. Powerawaresoftwarepipeliningis particularlyef�cient in termsof powersaving for thoseDDGs
with relatively largeII. For detailsseesection4.4

4.3 Power Measure

We implementedour minimumpower softwarepipeliningformulationby integer linearprogramming
usingCPLEX. For comparison,alsowe implementedanpower unawaresoftwarepipelining formula-
tion, whichonly useconstraint1, 2, 3, 4 in Section3. We usethetiming our mechanismof theCPLEX
solver, thoseproblemscannotbesolved in 3 minuteswill beaborted.For the2133loops,171of them
areabortedsincethey have a large II(typically larger than30). For theotherDDGswe get the result
for powerawaresoftwarepipelinedscheduleandits counterpart,powerunawarepipelinedschedule.To
measurethepower saving ratio,wede�ne thefollowing variables:

P Powerconsumedby powerunawaresoftwarepipeliningschedule

Pmin Powerconsumedby thepower awaresoftwarepipeliningschedule

Thenwede�ne thepower saving ratioas:

R � P � Pmin

P
� 100%
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The resultsfor all the benchmarksarelisted in Table6. We seethat totally, for 800 of themthe
powerawaresoftwarepipeliningapproachdoesn't show advantage.Thereasonmightbethat:1. To get
therate-optimalschedule,theinstructionsin theseDDGsdoesn't haveslackthusthey cannotbemoved
around.2. Evenin somecasesinstructionshave slack,thedifferentscheduleusefunctionalunitsin the
similar patternthusdoesn't have room for improvement. For theDDGs thatpower awarescheduling
shows advantage,thepower saving ratio is signi�cant, in average12%.

Benchmark DDGs DDGs DDGs DDGs DDGs
no saves0 - 10% saves10 - 20% saves20- 30% savesmorethan30%

saving # avg ratio # avg ratio # avg ratio # avg ratio
164.gzip 41 8 7.3% 20 13.9%
175.vpr 18 42 6.1% 15 12.5% 2 25.1% 1 42.4%
176.gcc 194 114 6.4% 75 14.6% 15 24.9% 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.vortex 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 14.5% 104 23.6% 10 34.3%

Table6: PowerSaving for SPEC2000Benchmarks

4.4 Power Saving vs II

We comparedthe power saving ratio vs II. It shows that the DDGs that cansave power whenpower
awaresoftwarepipelining is appliedon themhasa larger II thanthosethereis no differencebetween
power awareandpower unawaresoftwarepipelining. It is conceivablesincetherearemorevariants
of feasiblerate-optimalschedulefor thoseDDGswith larger II, amongthemdifferentscheduleshave
differentpower consumption.Table7 comparedtheaverageII of thetwo differentclassof DDGs.

5 RelatedWork

Softwarepipelininghasbeenstudiedextensively in literature. Modulo scheduling[7, 11, 19, 26, 33,
34, 38] worksasa goodheuristic.Pastwork concentrateon gettinga rate-optimalschedule,nowadays
registerallocationandspill codegeneration[10, 9, 39, 28], prefetchingin both numericalandnon-
numericalprograms[32, 36] to reducegetmoreattention. Integer linearprogrammingformulationis

10



Benchmark DDGswithoutsaving DDGswith saving
# avg II # avg II

164.gzip 41 2.5 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 10.4

186.crafty 29 3 56 7.1
197.parser 68 4.0 48 7.1
252.eon 39 3.2 58 5.1

253.perlbmk 82 5.9 96 8.5
254.gap 210 4.9 340 8.6

255.vortex 5 3 36 15.6
256.bzip2 26 3.4 36 8.1
300.twolf 81 10.3 183 12.7

Total 800 5.5 1162 9.5

Table7: Comparisonof II of thoseDDGswith andwithoutpower saving

widely usedto derive rate-optimalschedulesunderthescheduleconstraintandresourceconstraintfor
architecturesinvolving cleanpipelineanduncleanpipeline[14, 1]. In [15], a formulationaimsto use
minimumresourcefor a �x edratesoftwarepipeliningandanotherformulationaimsto getoptimalrate
scheduleunderresourceconstraintareboth given. Comparisonbetweenthe rate-optimalscheduling
formulationandthesoftwarepipelining in MIPSpro,which is a productionquality compilerhasbeen
madein [35]. An equivalentsoftwarepipelining formulationwhereall constraintsare0-1 structured
thusdrasticallydecreasetheexecutiontime of solversarepresentedin [8]. Besidesinteger linearpro-
grammingapproach,�nite stateautomatonbasedscheduling[2] is appliedon softwarepipelining to
copewith complex structuralhazard[13].

Power dissipationhasbeenincreasinglyimportantin both high performanceprocessorsandem-
beddedsystems.Compiler techniquesarebeingexploited to reducepower consumption.In [3], an
architecturalenhancementandits accordingcompilationtechniquesareproposed.Severalscheduling
techniques[24, 27] areproposedto reduceswitchingactivitieson theinstructionbus.Dynamicvoltage
andfrequency scalingarealsoexploited to slow down functionalblockswhenit doesn't bring severe
performancedegradation[18, 6].

6 Conclusions

In this paperwe addresstheproblemof generatinga softwarepipelinedschedulefor loop bodythat is
optimal in termsof thepower consumedby thefunctionalunitsduringtheexecution.This problemis
motivatedby two observations: (1) functionalunits in modernprocessorarefully pipelined;(2) there
areplentyof instructionsin theloop thatarenot on thecritical cycle. By exploiting slacksin therate-
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optimal schedule,we cancomeup with a morepower saving schedule.This problemis formulated
asan integer linear programming(ILP) problemandsolve it usingcommercialsolver. We evaluated
this approachon SPEC2000benchmarkandtheexperimentalresultshows thatamongthoseDDGsthat
power awaresoftwarepipeliningcansolve in a reasonableamountof time, thoseDDGswith relatively
largeII tendto save power whenpower awaresoftwarepipeliningis appliedon them.For all theloops
in SPEC2000integerbenchmark,powerawaresoftwarepipeliningapproachsavespower for 59%cases,
in thesecases,theaveragepower saving is 12%.
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