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ABSTRACT

Intra-taskvoltage scheduling(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-taskvoltage schedulingalgorithm for hard
real-time applicationsbasedon average-casexecutioninforma-
tion. Unlike the original IntraVS algorithmwherevoltagescaling
decisionsare basedon the worst-caseexecutioncycles, the pro-
posedalgorithmimprovesthe enegy efficieng/ by controllingthe
executionspeecasedn average-casexecutioncycleswhile still

meetingthe real-timeconstraints.The experimentalresultsusing
an MPEG-4 decoderprogramshav that the proposedalgorithm
reducesthe enegy consumptiorby up to 34% over the original
IntraVSalgorithm.

1. INTRODUCTION

Sinceenegy consumptiorE of CMOS circuits hasa quadratic
dependencon the supplyvoltageVpp, lowering the supplyvolt-
ageVpp is the mosteffective way of reducingenegy consump-
tion. However, loweringthesupplyvoltagealsodecreasetheclock
speedsincetheCMOScircuitdelayTp is givenby Tp OVpp /(Vbp —
Vr)® [6], whereVr is athresholdvoltage,anda is a velocity sat-
urationindex. This trade-of introducedvariousdynamicvoltage
scaling(DVS) techniquesDVS techniqueshangeheclock speed
andits correspondingupplyvoltagedynamicallyto thelowestpos-
siblelevel while meetingthetask’s performanceonstraint.

1.1 Dynamic Voltage Scaling

For hardreal-timesystemsthereexist two DVS approachede-
pendingon the scalinggranularity Inter-task voltage scheduling
(InterVS) [9, 2, 8, 5] determineghe supply voltage on task-by-
taskbasis while intra-taskvoltage scheduling(IntraVS)[4, 7] ad-
juststhe supplyvoltagewithin anindividual taskboundary Both
approachesanguaranteg¢he requiredperformanceonstraintsof
real-timesystems.
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Intra-taskvoltagescheduling/4, 7] hasbeenproposedasa so-
lution to overcomethe limitationsof inter-taskvoltagescheduling.
IntraVS algorithmsexploit all the slacktime from run-time vari-
ations of different execution paths;thereis no slack time when
the schedulecprogramcompletests execution,thus significantly
improving enepy efficiengy. FurthermoresincelntraVS doesnot
involve OS in adjustingthe clock speed,it canbe usedwith an
existing OS without ary modificationson a variablevoltagepro-
cessar

We proposeanenepgy-eficient IntraVS algorithmfor hardreal-
timeapplicationdasednaveliage-casexecutioninformation.Un-
like theoriginal IntraVS algorithm[7] wherevoltagescalingdeci-
sionsare basedon worst-caseexecutioncycles the proposedal-
gorithm controlsthe execution speedbasedon the average-case
executionpaths(ACEPs),which arethe mostfrequentlyexecuted
paths.Sincethe proposedlgorithmis optimizedfor theenegy re-
ductionin the ACEP(s)which arethe mostlikely path(s)thatwill
be executedat run time, the proposedalgorithmis more effective
thantheoriginalintraVSalgorithm[7] in reducingtheenegy con-
sumption. The novel aspeciof the proposedalgorithmis thatthe
timing constraint®f ahardreal-timeprogramis still satisfiedeven
if the ACEP(s)areusedfor voltagescalingdecisions.

2. ORIGINAL INTRA-TASK VOLTAGE
SCHEDULING ALGORITHM

Forahardreal-timetask thegoalof anintra-taskvoltageschedul-
ing algorithmis to assigna properclock speedo eachbasicblock
sothat enegy consumptioris minimized while satisfyingtiming
requirementsin this sectionwe briefly describeheoriginalintra-
task voltage schedulingalgorithm [7] as a shortintroductionto
intra-taskvoltagescheduling.

Throughoutthis paper we assumehe following aboutthe tar-
get variable voltage processor:The processoprovides a special
instructionchange_f _V( fc k) , whichchangeshecurrentclock
frequeny to fck andadjustshesupplyvoltageto thecorrespond-
ing voltageVpp. fcLk andVpp canbesetcontinuouslywithin the
operationatangeof theprocessonWhentheprocessochangeshe
clockioltage,thereis a clock/wltagetransitionoverhead.During
clock/iwltagetransition,the processostopsrunning.

Considerta hardreal-timeprogramP with the deadlineof 2 psec
shawvn in Fig. 1(a). The CFG Gp of the programP is shavn in
Fig. 1(b). In Gp, eachnoderepresents basicblock of P andeach
edgeindicatesthe control dependencbetweerbasicblocks. The
numberwithin eachnodeindicate<Cgc (b)) whichis thenumberof
executioncyclesof the correspondindpasicblock. The backedge
from bs to b, modelsthewhile loop of the programp.

UsingaWCET analysigool, we canfind the pathpworst = (b1,bwh,
b3,b4,bs,biwn,b3,b4,b5,bwn,03,b4,bs,byn,bi 1,06, b7) astheworstcase



executionpath(WCEP)for the exampleprogramP, assuminghat
the maximumnumberof while loop iterationsis setto 3 by user
The predictedexecutioncyclesof pworg is, therefore, 160 cycles,
which is the worst caseexecutioncycles (WCEC) of programP.
If atamet processoioperatesat the maximal 80-MHz clock fre-
qgueng, the programP completests executionin 2 psec,resulting
in no slacktime.

S1,

if (condl) S2; the maximum
number of

loop iterations = 3

else
while (cond2) {
S3;
if (cond3) S4;
S5;

}
if (cond4) S6;
S7;

(a) (b)

Figure 1: An exampleprogram; (a) an examplereal-time pro-
gram P and (b) its CFG Gp.

The key obseration behindthe IntraVS approachs thatthere
arelargeexecutiontime variationsamongdifferentexecutionpaths.
For shortexecutionpaths,if we wereableto identify themin the
earlyphaseof its execution,we canlower theclock speedsubstan-
tially, thussaving a significantamountof enegy consumption.

For the speedadjustment,intra-taskvoltage schedulingtech-
nique usesan adaptve approactwith the help of a staticprogram
analysistechniqueon worst caseexecutiontimes. Assumethat
Crwec(bi) representshe remainingworst caseexecutioncycles
(RWEC) amongall the executionpathsthat startfrom bj. Using
a modified WCET analysistool, for eachbasicblock b;, we can
computeCryec(bi) in compiletime In Fig. 1(b), the symbol| ]
containsthe Cryec(bi) valuesof eachbasicblock. For the ba-
sic blocksrelatedto the while loop (i.e., by, bs,bs,bs), the cor-
respondingnodesare associateavith multiple Cryec(bi) values,
reflectingthe maximumthreeiterationsof the while loop.

With the Cryec(bi) valuescomputed,we can statically iden-
tify anedge(bi,bj) (of a CFGG) where[Crwec (bi) —Cec(bi)] #
Crwec(bj). For example,in Fig. 1(b), we canidentify four such
edges,i.e., (by,0b2), (bwn,bif), (bif,b7) and (bs,bs), which are
marked by the symbole. Thesemarked edgesorm a setof candi-
dateVoltageScalingEdgeqVSEs).If anedge(by, bj) is selecteds
aVSE, it meanghatthe clock speedwill changewhenthethread
of executioncontrolbrancheso bj from b;. For example theclock
speedwill be loweredwhenthe basicblock b, is executedafter
b; becausehe remainingwork is reducedby 1/5 (i.e., theratio of
Crwec(b2) to [Crwec(b1) — Cec(b1)]).-

At the selectedVSEs, the new clock speedis determinedby
hov much the remainingwork is reduced. For example, when
the thread of execution control meetsa VSE (b, bj), the clock
speedcan be loweredbecauseahe remainingwork is reducedby
[R—Crwec(bj)] whereR= Crwec(bi) —Cec (). After by is exe-
cutedattheclockspeeds, theclockspeedcanbechangedo reflect
the reductionin the remainingwork. The new clock speedfor b;

is setto Sx QLFg(b"). We call QLFg(b") asthe speedupdateratio

(SUR)for theedgeb; — bj, denotecby UR(bj — bj).

By the original IntraV'S algorithm, the clock speedis changed
from 80MHz to 16 MHz (= 80MHz x 1552r5) attheedge(by, by).
Assumingthatno enepgy is consumedn anidle stateandE 0O C; -

Neycle -Vbp?, whentheexecutionfollows thepathp; = (b1,bo, bit,
be, b7), theoriginalIntraVSalgorithmreducesheenegy consump-
tion by 69%.

Sincethereexiststhetransitionoverheadduring speecchanges,
notall thecandidate/SEsareselectechsVSEs.A candidate/SE
is selectedasa VSE whenthe numberof saved cyclesat the can-
didate VSE is larger thana given thresholdvalue. The threshold
valueis determinedy a VSE selectionpolicy, whichis a function
of thetransitiontime overheadthetransitionpower overheadand
the codesizeincreasd€by theaddedscalingcode).

3. PROFILE-BASEDINTRA-T ASKVOLTAGE
SCHEDULING

3.1 Motivation

Beforetheprofile-basedntraVSalgorithmis presentedywe first
generalizeheoriginal IntraVSalgorithmdescribedn Section?2. In
orderto adjusttheclock speedat VSEs, IntraVSfirst selectsa (pre-
dicted)reference=xecutionpathsuchasthe WCER Oncethe ref-
erenceaxecutionpathis decidedIntraVSsetstheinitial operating
voltageandits correspondingclock frequeng assumingthat the
taskexecutionwill follow the predictedreferencexecutionpath.

Whenthe actualexecutiondeviatesfrom the (predicted)refer
enceexecutionpath(say by a branchinstruction),the clock speed
canbeadjustediependingnthedifferencebetweerthenumberof
remainingexecutioncyclesof thereferencesxecutionpathandthe
numberof remainingexecutioncyclesof the nevly deviated exe-
cutionpath. If thenew executionpathtakessignificantlylongerto
completeits executionthanthe referencesxecutionpath,the clock
speedshouldberaisedto meetthedeadlineconstraintOntheother
hand,if thenew executionpathcanfinishits executionearlierthan
the referenceexecution path, the clock speedcan be lowered to
save the enegy consumption. Oncethe actualexecutiontakes a
differentpathfrom thereferencepath,a new referencepathis con-
structedstartingfrom the deviatedbasichlock.

Usinga staticprogram-analysitechniquelntraVSidentifiesthe
appropriateprogramlocationswhere the clock speedshould be
raisedor loweredrelative to the currentclock speed For the clock
speedadjustmentat run time, IntraVS algorithm insertsvoltage
scalingcodeto theselectegrogrampositions.The candidatgosi-
tionsfor insertingvoltagescalingcodearethe branchingedgesof
the CFG,which correspondo the branchor loop statements.

We call the original IntraVS asthe remainingworst-casesxe-
cution path(RWEP)-basedntraVS, because¢he remainingworst-
caseexecutionpath (RWEP) is usedasthe referencepath. In the
RWEP-basedintraVS,theclock speeds monotonicallydecreasing
atall the VSEs. Dependingon how the referencepathis selected,
however, the clock speedmaybeincreasecswell at someVSEs.
Therefore we divide VSEsinto Up-VSEsand Down-VSEs. The
clock speedis increasedat an Up-VSE while the clock speedis
decreasedtaDown-VSE.

AlthoughtheRWEP-basethtraVSreducesheenegy consump-
tion significantly while guaranteeinghe deadline,this is a pes-
simistic approactbecauset always predictsthat the longestpath
will beexecuted A moreoptimisticapproachs to usethe average
caseexecutionpath(ACEP)asa referencepath. The ACEPis de-
finedto beanexecutionpaththatis mostlik ely to beexecuted.The
ACEPcanbedecidedby the executionprofile information.

The main motive of usingthe ACEPinsteadof the WCEPis to
malke the commoncasemore enegy-eficient. For a typical pro-
gram,about80 percentof the programs executionoccursin only
20 perceniof its code, which is calledthe hot paths[1]. ForanlIn-



traVSalgorithmto beenegy-eficient, it shouldbeenegy-eficient
whenthe hot pathsare executed. If we useoneof hot pathsasa
referencepathfor intra-taskvoltageschedulingthe speedchange
graphfor the hot pathswill be a nearflat curve with little changes
in the clock speed,which givesthe bestenegy efficiency under
a given amountof work [3]. Even for the pathsthat are not the
hot paths,if we take one of hot pathsas a referencepaths,they
aremoreenepgy-eficient becaus¢hey canstartwith alower clock
speedhanwhenthe WCEPIs usedasa referencepath.

In the profile-basedntraVs, we take the ACER which is the
bestrepresentate of the hot paths,asthe referencepath. We call
suchanlintraVSalgorithmastheremainingaverage-casexecution
path (RAEP)-basedntraVS becausehe remainingaverage-case
executionpath(RAEP)is usedasthereferenceath.

Figure 2 shavs an RAEP-basedCFG GEAF with Cragc(bi)
valuesthat representhe remainingaverage-casexecutioncycles
amongall the pathsthat startfrom bj. The bold edgesin GRAF
meansthatit hasa higherprobability to be followed at run time
betweerntwo branchingedges.In Fig. 2, theinitial referencepath
is (b1, byh, b3, bs, bywh, b3, bs, bwh, bi £, b7). With the referencepath,
Crarc(bi) is computed. For example,Craec(bit) = Cec(bif) +
Crarc(b7). AttheRAEP-basethtraVs,thereareUp-VSEs(marked
by o in Fig. 2) aswell asDown-VSEs(markedby e in Fig. 2). Fig-
ure 3 shawvs how the speedandvoltagechangeby the RAEP-based
scheduling.The speeds changedrom 14 MHz to 21 MHz atthe
edge(b;t,bg) becausehis is an Up-VSE with the SUR value of
1.5(= 12%). Comparedo the enegy consumptiorof the RWEP-
basedntraVSalgorithm theRAEP-basethtraVSalgorithmachiees
55% moreenegy reduction.

the average
number of
loop iterations = 2

Figure2: A RAEP-basedCFG GEAF.
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Figure 3: Speedand voltage changesby the RAEP-basedIn-
traVs.

Thoughthe RAEP-basedchedulings moreeffective in reduc-
ing the enegy consumptiorthanthe RWEP-basedchedulingthe
pureRAEP-basedpproacttannoimeetthetiming requirementsf
hardreal-timeapplications.This is becausét dosenot satisfythe
timing constrainfor all theexecutionpaths.For example,consider
the casewhen the WCEP and ACEP take significantly different
numberof executioncycles. Whenthe executiontakesthe WCEP
at themiddle of programexecution,it is possiblethatthe program
cannotmeetits deadlineevenif the remainingpathexecuteswith
the maximumclock speed.The next sectiondescribes novel ap-

proachthatis still basedntheRAEC but canguaranteg¢hetiming
constraintor all theexecutionpaths.

3.2 ReferencePath Modification

To overcomethedeadlinemissproblemof thepureRAEP-based
IntraVSalgorithm,we modify thereferencgathwheneerthedead-
line misssituationsareidentified. Assumehatthereferenceathis
pref = (b1,---,bi,bi+1,- - ,bn), bi isabranchingnodewhosechil-
drenbasicblocksareb; 1 andbpiss andthecurrentclock speedat
b is S If theclock speedat bmiss givenby Sx SUR(b; — bmisg),
is largerthanthe maximalclock speedMax§ of the processaqrit
indicatesthatif the currentexecutionbranchego bniss the dead-
line will be missed. This is becausehe remainingtime Tg to the

deadlineis Tr = CRAECiS(,bi“) andMaxSx Tr < Craec(bmiss). There
areM = [Cragc(Pmiss — MaxSx Tg] cyclesthatmissthedeadline.
In orderto avoid thedeadlinemiss,we incremenCragc (bx) by M
for all k <i. Thatis, we modify thereferencgpathby addinganew
virtual basicblock by betweenb; andbj;;. Cegc(by) is setto M.
The virtual basicblock is usedonly to prevent the deadlinemiss
duringthe speedassignmenandnot executedat runtime.

Figure4 illustrateshow the referencepath modificationworks.
Givenanoriginal GRAF, the ACER (b, bs, b), is usedastheref-
erencepath. (The bold edgesindicatehigherprobability edgesto
be selectedat run time.) With the 100-MHz maximal clock fre-
queng, the path(by, bs,bs) misseshe 0.5qusecdeadline because
thespeedat(bs, bs) shouldberaisedto 120MHz (i.e.,60MHz x 2).
Because%0 cycles: aremissedirom the deadlinewe adda virtual
block by betweerbz andby, asshavn in Fig. 4(b). Cec(by) is set
to4 (= [¥)).

With theaddedby, Crarc(b1) andCrarc(bz) aremodifiedto 34
and?24, respectrely, andthe speedupdateratiosarerecalculated.
For example the SURat (bs, bs) is modifiedto 1.43(= 22) from 2.

Figures4(c) and4(d) comparahe speecchangedor the RWEP-
basedntraVs,the RAEP-basedntraVS andthe modified RAEP-
basedntraVSfor thepathg(by, bz, bs) and(by, b3, bs), respectiely.
ThemodifiedRAEP-basedchedulinds moreenepgy-eficientthan
theRWEP-basedchedulingor thehot paths(Fig. 4(c)), which af-
fectmostontheoverall enegy efficiengy. It alsosatisfiegshedead-
line requiremen(Fig. 4(d)), unlike the pure RAEP-basedchedul-
ing algorithm.

4. EXPERIMENTAL RESULTS

We have extendedthe existing voltage scalingtool, the Auto-
matic Voltage Scaler(AVS) [7], to evaluatethe enegy efficiency
of the proposedntraVsS over the original IntraVS. AVS takes as
inputsanoriginal DVS-unawag programP andits timing require-
ments,andproduces low-enegy DVS-awae programPpy s that
satisfiegthesametiming requirementsf P. Thecorvertedprogram
Ppvs containsvoltagescalingcodethathandlesll theidiosyncrasy
of scalingspeed/eltageon a variablevoltageprocessor The ex-
tendedAVS canconvert a programusing eitherthe RWEP-based
IntraVSor theRAEP-basedntraVs.

To evaluatethe power reductioneffect of the proposedexten-
sionsto theoriginal IntraVSalgorithm,we have experimentedvith
an MPEG-4video decoderusingan enegy simulator[7]. We as-
sumethatboth DVS-avareandDVS-unavaresystemsenterinto a
power-dovn modewhenthe systemis idle. The enegy consump-
tion of a powerdovn modeis assumedo be 0. The supplyvolt-
agefor a given clock frequeny is obtainedfrom fc x = 1/Tp O
(Voo — Vr)®/Vop [6] whereVpp, Vr, anda are assumedo be
2.5V, 0.5V, and1.3,respectiely. FortheRAEP-basedintraVs,the

120 cycles- 100MHz x 35%¢les — 10 cycles
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Figure 4. Modified RAEP-based IntraVS: (a) an original

GEA®, (b) a modified GRAF, and (c)-(d) the speedchange
graphsofthreelntraVS algorithms for the paths (b1, bs,bs) and
(by,bs,bs), respectvely.

probability of branchedgesandthe averagenumberof loop itera-
tionsin a CFG of the MPEG-4videodecoderareestimatedusing
the profiled information. A probability of 0.5 is assignedo the
branchedgesfor which we cannotcollect the execution profiles
with sampletestbitstreams.For the experimentsthe slew rate of
the clock/woltagetransitionis assumedo be 1.0V/20Qusec,which
is typical for state-of-the-arDbC-DC corverters.
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Figure 5: Normalized starting speedchangesof the RWEP-
basedintraVS andthe RAEP-basedintraVS (varying the slack
factor).

Figure5 shavs how the normalizedstartingspeedshangeover
variousslackfactorvalues Theslackfactor definecby 9eadine WCET
representshe fraction of time thata processobecomesdle after
WCET. Theexecutiontimesof modified ACEPs(by the procedure
describedn Section3.2) for the MPEG-4 decoderis up to 35%
smallerthanthe WCET. This meansthat the processorcan start
initially 35% moreslowly thanthe speedrequiredby the RWEP-
basedntraVSalgorithm.

Figure6 comparesheenegy consumptiorof two IntraVSschedul-
ing algorithms,varyingthe slackfactor (All theresultswerenor
malizedover the enegy consumptiorof the original programrun-
ning on a DVS-unavare system.) For the MPEG-4 decoder the
modified RAEP-basedntraVS algorithmreduceghe enegy con-
sumptionup to 34% over the RWEP-basedintraVSalgorithm.

Note that thereis a large gap betweenenegy consumptionof
RWEP-base@ndRAEP-basedntraVSalgorithms gvenwhenthe
slackfactoris O (i.e. deadline= WCET). Thisis becausealthough
the startingspeedis setto the samespeedasin the RWEP-based
IntraVS, thereare mary executionpathsthatstill cantake advan-

03 T T T T
Modified RAEP-based—+—
RWEP-based - o

Normalzed Energy Consumption

I I I
0 01 02 03 04 05 06 07 08 09 10
Slack Factor

Figure 6: Normalized energy consumptionof the RWEP-based
IntraVS and RAEP-basedintraVS (varying the slackfactor).

tageof theRAEP-basedpeedsettings.Thatis, in orderto meetthe

timing constraintyirtual blocksareaddedsothattheinitial speed
is setto the samespeedasin the RWEP-basedntraVS algorithm.
However, the (partial) pathsfollowing the virtual blocks cantake

adwantageof the ACEP-basedpeedsettings. As the slackfactor
increasesthe enegy consumptiongap decreasebecausesupply
voltagesof both IntraVS algorithmsget lower. Sincethe enegy

consumptioris proportionalto Vpp?2, the lower voltagevaluesre-

sultin asmallerdifferencein theenegy consumption.

5. CONCLUSION

Wehave presentednovel IntraVSalgorithmbasedntheRAEP
information.Theproposealgorithmexploitsthefactthattheaverage-
caseexecution pathsare more likely to be followed at run time
thanthe WCER andoptimizethe enegy consumptiorfor suchhot
paths. The main contrikution of the proposedalgorithmis that it
enhancetheoriginal IntraVSalgorithmby exploiting the probabil-
ity of eachexecutionpath,while guaranteeinghe worst-casdim-
ing constraints.The experimentalresultsusingan MPEG-4video
decodershav thatthe RAEP-basedntraVS improvesthe enegy
efficiengy up to 34%overthe RWEP-basedntraVs.
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