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ABSTRACT
Intra-taskvoltagescheduling(IntraVS),which adjuststhe supply
voltagewithin an individual task boundary, is an effective tech-
nique for developing low-power applications. In this paper, we
proposea novel intra-taskvoltageschedulingalgorithm for hard
real-timeapplicationsbasedon average-caseexecution informa-
tion. Unlike theoriginal IntraVSalgorithmwherevoltagescaling
decisionsare basedon the worst-caseexecutioncycles, the pro-
posedalgorithmimprovestheenergy efficiency by controllingthe
executionspeedbasedon average-caseexecutioncycleswhile still
meetingthe real-timeconstraints.The experimentalresultsusing
an MPEG-4 decoderprogramshow that the proposedalgorithm
reducesthe energy consumptionby up to 34% over the original
IntraVSalgorithm.

1. INTRODUCTION
Sinceenergy consumptionE of CMOScircuitshasa quadratic

dependency on the supplyvoltageVDD, lowering the supplyvolt-
ageVDD is the most effective way of reducingenergy consump-
tion. However, loweringthesupplyvoltagealsodecreasestheclock
speed,sincetheCMOScircuit delayTD isgivenbyTD ∝VDD

���
VDD �

VT � α [6], whereVT is a thresholdvoltage,andα is a velocity sat-
urationindex. This trade-off introducedvariousdynamicvoltage
scaling(DVS) techniques.DVS techniqueschangetheclockspeed
anditscorrespondingsupplyvoltagedynamicallyto thelowestpos-
siblelevel while meetingthetask’s performanceconstraint.

1.1 Dynamic VoltageScaling
For hardreal-timesystems,thereexist two DVS approachesde-

pendingon the scalinggranularity. Inter-taskvoltage scheduling
(InterVS) [9, 2, 8, 5] determinesthe supply voltageon task-by-
taskbasis,while intra-taskvoltage scheduling(IntraVS)[4, 7] ad-
juststhesupplyvoltagewithin an individual taskboundary. Both
approachescanguaranteethe requiredperformanceconstraintsof
real-timesystems.
�
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Intra-taskvoltagescheduling[4, 7] hasbeenproposedasa so-
lution to overcomethelimitationsof inter-taskvoltagescheduling.
IntraVS algorithmsexploit all the slacktime from run-timevari-
ationsof different executionpaths; there is no slack time when
the scheduledprogramcompletesits execution,thussignificantly
improving energy efficiency. Furthermore,sinceIntraVSdoesnot
involve OS in adjustingthe clock speed,it can be usedwith an
existing OS without any modificationson a variablevoltagepro-
cessor.

Weproposeanenergy-efficient IntraVSalgorithmfor hardreal-
timeapplicationsbasedonaverage-caseexecutioninformation.Un-
like theoriginal IntraVSalgorithm[7] wherevoltagescalingdeci-
sionsare basedon worst-caseexecutioncycles, the proposedal-
gorithm controlsthe executionspeedbasedon the average-case
executionpaths(ACEPs),which arethemostfrequentlyexecuted
paths.Sincetheproposedalgorithmis optimizedfor theenergy re-
ductionin theACEP(s),whicharethemostlikely path(s)thatwill
be executedat run time, the proposedalgorithmis moreeffective
thantheoriginal intraVSalgorithm[7] in reducingtheenergy con-
sumption. The novel aspectof the proposedalgorithmis that the
timing constraintsof ahardreal-timeprogramis still satisfied,even
if theACEP(s)areusedfor voltagescalingdecisions.

2. ORIGIN AL INTRA-T ASK VOLTAGE
SCHEDULING ALGORITHM

Forahardreal-timetask,thegoalof anintra-taskvoltageschedul-
ing algorithmis to assigna properclock speedto eachbasicblock
so that energy consumptionis minimizedwhile satisfyingtiming
requirements.In thissection,webriefly describetheoriginal intra-
task voltageschedulingalgorithm [7] as a short introductionto
intra-taskvoltagescheduling.

Throughoutthis paper, we assumethe following aboutthe tar-
get variablevoltageprocessor:The processorprovides a special
instruction,change f V( fCLK), whichchangesthecurrentclock
frequency to fCLK andadjuststhesupplyvoltageto thecorrespond-
ing voltageVDD. fCLK andVDD canbesetcontinuouslywithin the
operationalrangeof theprocessor. Whentheprocessorchangesthe
clock/voltage,thereis a clock/voltagetransitionoverhead.During
clock/voltagetransition,theprocessorstopsrunning.

Considerahardreal-timeprogramP with thedeadlineof 2 µsec
shown in Fig. 1(a). The CFG GP of the programP is shown in
Fig. 1(b). In GP, eachnoderepresentsa basicblock of P andeach
edgeindicatesthecontroldependency betweenbasicblocks. The
numberwithin eachnodeindicatesCEC

�
bi � which is thenumberof

executioncyclesof thecorrespondingbasicblock. Thebackedge
from b5 to bwh modelsthewhile loopof theprogramP.

UsingaWCETanalysistool,wecanfindthepathpworst = (b1,bwh,
b3,b4,b5,bwh,b3,b4,b5,bwh,b3,b4,b5,bwh,bi f ,b6,b7) astheworstcase



executionpath(WCEP)for theexampleprogramP, assumingthat
the maximum� numberof while loop iterationsis setto 3 by user.
The predictedexecutioncyclesof pworst is, therefore,160 cycles,
which is the worst caseexecutioncycles(WCEC) of programP.
If a target processoroperatesat the maximal80-MHz clock fre-
quency, theprogramP completesits executionin 2 µsec,resulting
in no slacktime.
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Figure 1: An exampleprogram; (a) an examplereal-time pro-
gram P and (b) its CFG GP.

The key observation behindthe IntraVS approachis that there
arelargeexecutiontimevariationsamongdifferentexecutionpaths.
For shortexecutionpaths,if we wereableto identify themin the
earlyphaseof its execution,wecanlower theclockspeedsubstan-
tially, thussaving asignificantamountof energy consumption.

For the speedadjustment,intra-taskvoltage schedulingtech-
niqueusesanadaptive approachwith thehelpof a staticprogram
analysistechniqueon worst caseexecution times. Assumethat
CRWEC

�
bi � representsthe remainingworst caseexecutioncycles

(RWEC) amongall the executionpathsthat start from bi . Using
a modifiedWCET analysistool, for eachbasicblock bi , we can
computeCRWEC

�
bi � in compiletime. In Fig. 1(b), the symbol 	�


containsthe CRWEC
�
bi � valuesof eachbasicblock. For the ba-

sic blocksrelatedto the while loop (i.e., bwh, b3 � b4 � b5), the cor-
respondingnodesareassociatedwith multiple CRWEC

�
bi � values,

reflectingthemaximumthreeiterationsof thewhile loop.
With the CRWEC

�
bi � valuescomputed,we can statically iden-

tify anedge
�
bi � b j � (of a CFGG) where 	CRWEC

�
bi � � CEC

�
bi � 
��

CRWEC
�
b j � . For example,in Fig. 1(b), we canidentify four such

edges,i.e.,
�
b1 � b2 � , �

bwh � bi f � , �
bi f � b7 � and

�
b3 � b5 � , which are

markedby thesymbol � . Thesemarkededgesform a setof candi-
dateVoltageScalingEdges(VSEs).If anedge(bi � b j ) is selectedas
a VSE, it meansthat theclock speedwill changewhenthethread
of executioncontrolbranchesto b j from bi . For example,theclock
speedwill be loweredwhen the basicblock b2 is executedafter
b1 becausetheremainingwork is reducedby 1/5 (i.e., theratio of
CRWEC

�
b2 � to [CRWEC

�
b1 � � CEC

�
b1 � ]).

At the selectedVSEs, the new clock speedis determinedby
how much the remainingwork is reduced. For example,when
the threadof executioncontrol meetsa VSE

�
bi � b j � , the clock

speedcanbe loweredbecausethe remainingwork is reducedby
[R � CRWEC

�
b j � ] whereR � CRWEC

�
bi � � CEC

�
bi � . After bi is exe-

cutedattheclockspeedS, theclockspeedcanbechangedto reflect
the reductionin the remainingwork. Thenew clock speedfor b j

is setto S � CRWEC � bj �
R . We call CRWEC � bj �

R asthespeedupdateratio
(SUR)for theedgebi � b j , denotedby SUR

�
bi � b j � .

By the original IntraVS algorithm,the clock speedis changed
from 80MHz to 16MHz (= 80MHz � 30

160� 10) at theedge
�
b1 � b2 � .

Assumingthatno energy is consumedin anidle stateandE ∝ CL �

Ncycle � VDD
2, whentheexecutionfollowsthepathp1

� �
b1 � b2 � bi f �

b6 � b7 � , theoriginalIntraVSalgorithmreducestheenergyconsump-
tion by 69%.

Sincethereexists thetransitionoverheadduringspeedchanges,
notall thecandidateVSEsareselectedasVSEs.A candidateVSE
is selectedasa VSE whenthenumberof savedcyclesat thecan-
didateVSE is larger thana given thresholdvalue. The threshold
valueis determinedby a VSE selectionpolicy, which is a function
of thetransitiontimeoverhead,thetransitionpower overhead,and
thecodesizeincrease(by theaddedscalingcode).

3. PROFILE-B ASEDINTRA-T ASK VOLTAGE
SCHEDULING

3.1 Moti vation
Beforetheprofile-basedIntraVSalgorithmis presented,wefirst

generalizetheoriginalIntraVSalgorithmdescribedin Section2. In
orderto adjusttheclockspeedatVSEs,IntraVSfirst selectsa(pre-
dicted)referenceexecutionpathsuchastheWCEP. Oncethe ref-
erenceexecutionpathis decided,IntraVSsetstheinitial operating
voltageand its correspondingclock frequency assumingthat the
taskexecutionwill follow thepredictedreferenceexecutionpath.

Whenthe actualexecutiondeviatesfrom the (predicted)refer-
enceexecutionpath(say, by a branchinstruction),theclock speed
canbeadjusteddependingonthedifferencebetweenthenumberof
remainingexecutioncyclesof thereferenceexecutionpathandthe
numberof remainingexecutioncyclesof the newly deviatedexe-
cutionpath.If thenew executionpathtakessignificantlylongerto
completeits executionthanthereferenceexecutionpath,theclock
speedshouldberaisedto meetthedeadlineconstraint.Ontheother
hand,if thenew executionpathcanfinish its executionearlierthan
the referenceexecutionpath, the clock speedcan be lowered to
save the energy consumption.Oncethe actualexecutiontakesa
differentpathfrom thereferencepath,anew referencepathis con-
structedstartingfrom thedeviatedbasicblock.

Usingastaticprogram-analysistechnique,IntraVSidentifiesthe
appropriateprogramlocationswhere the clock speedshouldbe
raisedor loweredrelative to thecurrentclock speed.For theclock
speedadjustmentat run time, IntraVS algorithm insertsvoltage
scalingcodeto theselectedprogrampositions.Thecandidateposi-
tionsfor insertingvoltagescalingcodearethebranchingedgesof
theCFG,whichcorrespondto thebranchor loopstatements.

We call the original IntraVS as the remainingworst-caseexe-
cutionpath(RWEP)-basedIntraVS,becausetheremainingworst-
caseexecutionpath(RWEP) is usedasthe referencepath. In the
RWEP-basedIntraVS,theclockspeedis monotonicallydecreasing
at all theVSEs. Dependingon how thereferencepathis selected,
however, theclock speedmaybeincreasedaswell at someVSEs.
Therefore,we divide VSEsinto Up-VSEsandDown-VSEs. The
clock speedis increasedat an Up-VSE while the clock speedis
decreasedat aDown-VSE.

AlthoughtheRWEP-basedIntraVSreducestheenergyconsump-
tion significantly while guaranteeingthe deadline,this is a pes-
simistic approachbecauseit alwayspredictsthat the longestpath
will beexecuted.A moreoptimisticapproachis to usetheaverage
caseexecutionpath(ACEP)asa referencepath.TheACEPis de-
finedto beanexecutionpaththatis mostlikely to beexecuted.The
ACEPcanbedecidedby theexecutionprofile information.

Themainmotive of usingtheACEPinsteadof theWCEPis to
make the commoncasemoreenergy-efficient. For a typical pro-
gram,about80 percentof theprogram’s executionoccursin only
20 percentof its code,which is calledthehot paths[1]. For anIn-



traVSalgorithmto beenergy-efficient,it shouldbeenergy-efficient
when� the hot pathsareexecuted. If we useoneof hot pathsasa
referencepathfor intra-taskvoltagescheduling,thespeedchange
graphfor thehot pathswill bea nearflat curve with little changes
in the clock speed,which gives the bestenergy efficiency under
a given amountof work [3]. Even for the pathsthat arenot the
hot paths,if we take one of hot pathsas a referencepaths,they
aremoreenergy-efficient becausethey canstartwith a lowerclock
speedthanwhentheWCEPis usedasa referencepath.

In the profile-basedIntraVS, we take the ACEP, which is the
bestrepresentative of thehot paths,asthereferencepath. We call
suchanIntraVSalgorithmastheremainingaverage-caseexecution
path (RAEP)-basedIntraVS becausethe remainingaverage-case
executionpath(RAEP)is usedasthereferencepath.

Figure 2 shows an RAEP-basedCFG GRAEP
P with CRAEC

�
bi �

valuesthat representthe remainingaverage-caseexecutioncycles
amongall the pathsthat start from bi . The bold edgesin GRAEP

P
meansthat it hasa higherprobability to be followed at run time
betweentwo branchingedges.In Fig. 2, the initial referencepath
is (b1 � bwh � b3 � b5 � bwh � b3 � b5 � bwh � bi f � b7). With thereferencepath,
CRAEC

�
bi � is computed.For example,CRAEC

�
bi f � � CEC

�
bi f ���

CRAEC
�
b7 � . At theRAEP-basedIntraVS,thereareUp-VSEs(marked

by � in Fig. 2) aswell asDown-VSEs(markedby � in Fig. 2). Fig-
ure3 showshow thespeedandvoltagechangeby theRAEP-based
scheduling.Thespeedis changedfrom 14 MHz to 21 MHz at the
edge(bi f � b6) becausethis is an Up-VSE with the SUR valueof
1.5( � 15

15� 5). Comparedto theenergy consumptionof theRWEP-
basedIntraVSalgorithm,theRAEP-basedIntraVSalgorithmachieves
55%moreenergy reduction.
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ThoughtheRAEP-basedschedulingis moreeffective in reduc-
ing theenergy consumptionthantheRWEP-basedscheduling,the
pureRAEP-basedapproachcannotmeetthetiming requirementsof
hardreal-timeapplications.This is becauseit dosenot satisfythe
timing constraintfor all theexecutionpaths.For example,consider
the casewhen the WCEP and ACEP take significantly different
numberof executioncycles.WhentheexecutiontakestheWCEP
at themiddleof programexecution,it is possiblethattheprogram
cannotmeetits deadlineeven if the remainingpathexecuteswith
themaximumclock speed.Thenext sectiondescribesa novel ap-

proachthatis still basedontheRAECbut canguaranteethetiming
constraintfor all theexecutionpaths.

3.2 ReferencePath Modification
To overcomethedeadlinemissproblemof thepureRAEP-based

IntraVSalgorithm,wemodify thereferencepathwheneverthedead-
line misssituationsareidentified.Assumethatthereferencepathis
pref

� �
b1 � ����� � bi � bi � 1 � ����� � bN � , bi is abranchingnodewhosechil-

drenbasicblocksarebi � 1 andbmiss, andthecurrentclockspeedat
bi is S. If theclock speedat bmiss, givenby S � SUR

�
bi � bmiss� ,

is largerthanthemaximalclock speed(MaxS) of theprocessor, it
indicatesthat if the currentexecutionbranchesto bmiss, the dead-
line will be missed.This is becausethe remainingtime TR to the

deadlineis TR
� CRAEC � bi � 1 �

S andMaxS� TR � CRAEC
�
bmiss� . There

areM � 	CRAEC
�
bmiss� � MaxS� TR
 cyclesthatmissthedeadline.

In orderto avoid thedeadlinemiss,we incrementCRAEC
�
bk � by M

for all k  i. Thatis, wemodify thereferencepathby addinganew
virtual basicblock bv betweenbi andbi � 1. CEC

�
bv � is set to M.

The virtual basicblock is usedonly to prevent the deadlinemiss
duringthespeedassignmentandnotexecutedat run time.

Figure4 illustrateshow the referencepathmodificationworks.
GivenanoriginalGRAEP

P , theACEP, (b1 � b3 � b4), is usedastheref-
erencepath. (The bold edgesindicatehigherprobabilityedgesto
be selectedat run time.) With the 100-MHz maximalclock fre-
quency, thepath(b1 � b3 � b5) missesthe0.5-µsecdeadline,because
thespeedat(b3 � b5) shouldberaisedto 120MHz (i.e.,60MHz � 2).
Because10

3 cycles1 aremissedfrom thedeadline,we adda virtual
block bv betweenb3 andb4, asshown in Fig. 4(b). CEC

�
bv � is set

to 4 (= ! 10
3 " ).

With theaddedbv, CRAEC
�
b1 � andCRAEC

�
b3 � aremodifiedto 34

and24, respectively, andthespeedupdateratiosarerecalculated.
For example,theSURat (b3 � b5) is modifiedto 1.43(= 20

14) from 2.
Figures4(c)and4(d)comparethespeedchangesfor theRWEP-

basedIntraVS,theRAEP-basedIntraVSandthemodifiedRAEP-
basedIntraVSfor thepaths(b1 � b3 � b4) and(b1 � b3 � b5), respectively.
ThemodifiedRAEP-basedschedulingismoreenergy-efficientthan
theRWEP-basedschedulingfor thehotpaths(Fig. 4(c)),whichaf-
fectmostontheoverallenergy efficiency. It alsosatisfiesthedead-
line requirement(Fig. 4(d)),unlike thepureRAEP-basedschedul-
ing algorithm.

4. EXPERIMENT AL RESULTS
We have extendedthe existing voltagescalingtool, the Auto-

matic VoltageScaler(AVS) [7], to evaluatethe energy efficiency
of the proposedIntraVS over the original IntraVS.AVS takesas
inputsanoriginal DVS-unaware programP andits timing require-
ments,andproducesa low-energy DVS-aware programPDVS that
satisfiesthesametiming requirementsof P. Theconvertedprogram
PDVS containsvoltagescalingcodethathandlesall theidiosyncrasy
of scalingspeed/voltageon a variablevoltageprocessor. The ex-
tendedAVS canconvert a programusingeitherthe RWEP-based
IntraVSor theRAEP-basedIntraVS.

To evaluatethe power reductioneffect of the proposedexten-
sionsto theoriginal IntraVSalgorithm,wehaveexperimentedwith
an MPEG-4videodecoderusinganenergy simulator[7]. We as-
sumethatbothDVS-awareandDVS-unawaresystemsenterinto a
power-down modewhenthesystemis idle. Theenergy consump-
tion of a power-down modeis assumedto be 0. Thesupplyvolt-
agefor a given clock frequency is obtainedfrom fCLK

� 1
�
TD ∝�

VDD � VT � α � VDD [6] whereVDD, VT , and α are assumedto be
2.5V, 0.5V, and1.3,respectively. For theRAEP-basedIntraVS,the

120 cycles- 100MHz � 10 cycles
60 MHz

� 10
3 cycles
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probabilityof branchedgesandtheaveragenumberof loop itera-
tions in a CFGof theMPEG-4videodecoderareestimatedusing
the profiled information. A probability of 0.5 is assignedto the
branchedgesfor which we cannotcollect the executionprofiles
with sampletestbitstreams.For theexperiments,theslew rateof
theclock/voltagetransitionis assumedto be1.0V/200µsec,which
is typical for state-of-the-artDC-DCconverters.
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Figure5 shows how thenormalizedstartingspeedschangeover
variousslackfactorvalues.Theslackfactor, definedby deadl ine� WCET

deadl ine ,
representsthe fractionof time thata processorbecomesidle after
WCET. Theexecutiontimesof modifiedACEPs(by theprocedure
describedin Section3.2) for the MPEG-4decoderis up to 35%
smallerthan the WCET. This meansthat the processorcan start
initially 35% moreslowly thanthe speedrequiredby the RWEP-
basedIntraVSalgorithm.

Figure6comparestheenergyconsumptionof two IntraVSschedul-
ing algorithms,varyingtheslackfactor. (All theresultswerenor-
malizedover theenergy consumptionof theoriginal programrun-
ning on a DVS-unaware system.) For the MPEG-4decoder, the
modifiedRAEP-basedIntraVSalgorithmreducestheenergy con-
sumptionup to 34%over theRWEP-basedIntraVSalgorithm.

Note that thereis a large gapbetweenenergy consumptionof
RWEP-basedandRAEP-basedIntraVSalgorithms,evenwhenthe
slackfactoris 0 (i.e. deadline= WCET).This is because,although
the startingspeedis setto the samespeedasin the RWEP-based
IntraVS,therearemany executionpathsthatstill cantake advan-
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Figure6: Normalized energy consumptionof the RWEP-based
IntraVS and RAEP-basedIntraVS (varying the slack factor).

tageof theRAEP-basedspeedsettings.Thatis, in orderto meetthe
timing constraint,virtual blocksareaddedsothat theinitial speed
is setto thesamespeedasin theRWEP-basedIntraVSalgorithm.
However, the (partial) pathsfollowing the virtual blockscantake
advantageof the ACEP-basedspeedsettings.As the slackfactor
increases,the energy consumptiongapdecreasesbecausesupply
voltagesof both IntraVS algorithmsget lower. Sincethe energy
consumptionis proportionalto VDD

2, the lower voltagevaluesre-
sult in asmallerdifferencein theenergy consumption.

5. CONCLUSION
Wehavepresentedanovel IntraVSalgorithmbasedontheRAEP

information.Theproposedalgorithmexploitsthefactthattheaverage-
caseexecutionpathsare more likely to be followed at run time
thantheWCEP, andoptimizetheenergy consumptionfor suchhot
paths. The main contribution of the proposedalgorithmis that it
enhancestheoriginalIntraVSalgorithmby exploiting theprobabil-
ity of eachexecutionpath,while guaranteeingtheworst-casetim-
ing constraints.TheexperimentalresultsusinganMPEG-4video
decodershow that the RAEP-basedIntraVS improves the energy
efficiency up to 34%over theRWEP-basedIntraVS.
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