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Abstract— We presenta designstrategy to reducepower
demands in application-specific, heterogeneousmultipr o-
cessorsystemswith interdependent subtasks. This power
reduction schemecan be used with a randomised search
such as a geneticalgorithm where multiple trial solutions
are tested. The schemeis applied to eachtrial solution af-
ter allocation and schedulinghave beenperformed. Power
savingsareachievedby equally expandingeachprocessor’s
executiontime with a correspondingreduction in their re-
spective operating voltage. Lowest cost solutions achieve
averagereductionsof 24% while minimum power solutions
average58%.

I . INTRODUCTION

A. Motivation

As the levelsof systemintegrationcontinueto risedesign-
ersof all typesof integratedcircuits areneedingto dealwith
powerconsumption.No longeris powerconsumptionthebane
only of designersof battery-powereddevices. For while low-
power consumptioncanobviously lead to longerbatterylife
thereareothercompellingreasonsto reducepower consump-
tion. Thesereasonsincludeincreasedreliability, reducedman-
ufacturingcost(throughpackagingandheatsinksavings) and
reducedtimeto market (lessdemandingof powersuppliesand
coolingsofewerdifficultiesin development).

Theriseof thesystem-on-a-chipis makingit possibleto in-
tegratemultiple processorcoresand peripheraldevices on a
singlesiliconchip. Oneareaof system-on-a-chipdesignis the
field of heterogeneousmultiprocessor(HeMP)synthesiswhere
multiple processorsof differing functionality are selectedto
work togetherto achieve higherperformancethana homoge-
neousmultiprocessormight.

Application-specific multiprocessorsystemsrange from
high-performancesignal processingsystemsand robot arm
controllersto video-camerasandautomobileengineandtrans-
missionmanagementsystems.Any embeddedsystemor sub-
systemwill have performance,costandpowerconsiderations.
In this paperwe investigatea strategy for reducingthe power
requirementsof application-specificHeMPsystems.Ourstrat-
egycanbeappliedto multipleprocessorcoresystem-on-a-chip

TABLE I
CPU VOLTAGE AND POWER

CPUType Vt Vmin V0 P0(mW) Cost

a 0.6 1.5 5.0 180 2
b 0.7 1.3 5.0 240 4
c 0.55 1.4 5.0 200 5

systemsor evento multiprocessorsystemsusingoff-the-shelf
components.

Thepower consumptionof a CMOSprocessorcorecanbe
reducedconsiderablyby loweringtheoperatingvoltage.Since
power is proportionalto thevoltagesquaredevensmallreduc-
tions in voltagecanprovide largepower savings. The down-
sideof voltagereductionis increasedcircuit delayanda cor-
respondingreductionin clockspeed.Thereforevoltagereduc-
tion techniquescanonly beappliedwhereaschedulehasroom
to expandbeforeit meetsa deadline.

Our goal for the researchpresentedin this paperis to as-
sign a singleoptimal voltageto eachprocessorpresentin an
application-specificHeMP system(where an application is
madeup of interdependentsubtasks)suchthat interprocessor
communicationdependenciesaresatisfiedwithoutdisruptinga
previously determinedprocessorallocationandtaskschedule
at thenominaloperatingvoltage.

B. MotivationalExample

To demonstratethe effectivenessof the voltage reduction
techniquewe presenta simpleworked exampleof the power
minimisation strategy. This example is an extensionof the
nine-subtaskproblem presentedby Prakashand Parker [1].
Theextra dataconsistof nominalvoltage(V0), thresholdvolt-
age (Vt) and nominal power dissipation(P0) and theseare
shown in Table I alongwith P&P’s original processorcosts.
Thevoltageandpowerdataareestimatedfrom embeddedpro-
cessoror microcontrollerdatasheets.The subtaskexecution
timesareshown in TableII while the task-dataflow-graphis
shown in Fig. 1(a).

Givenatargettimeof tM � 12,thesearchfor thelowestcost,
lowestpower solutionwill involve testinga numberof possi-
ble solutions. The allocationandschedulingof onepossible



TABLE II
PP2 SUBTASK TIMES

CPUType 1 2 3 4 5 6 7 8 9

a 1 1 2 - 3 1 4 1 3
b 2 2 1 1 1 1 3 - 1
c 3 1 1 3 1 2 1 2 1

7 8 9

654

1 2 3

(a) TDFG

td 8
tM 12

Cost 7
P0(mW) 420
Pt (mW) 124.4

(b) Results
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Fig. 1. pp2TaskDataFlow GraphandSchedule

solution for the task is shown in Fig. 1(c) which also shows
on the time line the amountof slacktime (D � tM � td). The
power minimisationprocesssimply aimsto stretchtheexecu-
tion time of a taskby reducingthe processoroperatingvolt-
agesandclockssuchthat theslacktime is soakedup but also
ensuresthatsynchronisation/communicationpointsremainre-
spected.Theallocationandrelativeschedulingof thesubtasks
thereforeremainthesamewhile theexecutionof thetasknow
coverstheinterval {0,12} insteadof theperiod{0,8}.

The two processorshave different thresholdvoltages,Vt ,
so will also have different reducedoperatingvoltages. The
voltagerequiredto stretchthe executiontime of the subtasks
on p1 is 3.533Volts which correspondsto a power level of
53.33mWatts. Similarly processorp2 will be operatingat
3.566Voltsanddissipating71.11mWatts.Thusbothprocessors
are operatingabove their minimum reliable operatinglevel.
Thus the total reducedoperatingpower, Pt , is 124.44mWatts
which is a 70% reduction. A summaryof the time, costand

power consumptionlevels beforeandafter power minimisa-
tion areshown in Fig. 1(b).

What if we were to shut down the processorsduring the
slack time insteadof reducingtheir operatingvoltages? Let
usassumethatduringshutdown no power is dissipated.Then
for this examplewe would be operatingwith a duty cycle of
66.7%.Sotheaveragepower consumptionwould be0 � 667P0

or 280mWatts.This resultsin over twice thepowerdissipation
of operatingat reducedvoltagelevels with 100%duty cycle.
Sofor powerreductionit is betterto reduceoperatingvoltages
thanto shutdown providedthereis slacktimeavailablefor ex-
pansionof theexecutiontime.

C. Definitions

To make the rest of the papera little easierto understand
somedefinitionsareprovidedbelow:
V0 thenominaloperatingvoltageof thedevice
Vt the thresholdvoltageof the transistorsmakingup the

device
Vmin the minimum usableoperatingvoltageof the device.

This voltage is dependenton the noise margins re-
quired for reliable operationand, in the caseof off-
the-shelfcomponents,will also be influencedby the
needto connectto externaldevicesif the I/O portsdo
not haveseparatesuppliesfrom thecore

P0 powerdissipationat nominalvoltage
Ppi powerdissipationof processorpi

Pt totalpowerdissipationof themultiprocessorsystemat
reducedoperatingvoltages

td taskexecutiontimeat nominalvoltagelevel
tM targetexecutiontimeof periodictask
t �M the actualexecutiontime of the task on the reduced

voltagesystem

D. PaperOrganisation

The remainderof the paperis organisedas follows. Sec-
tion II discussesrelatedwork. SectionIII presentsbackground
material on reduced-voltagesystems. The power reduction
methodologyis discussedin SectionIV andsomeexperimen-
tal resultsof theapplicationof thismethodologyarepresented
in SectionV. Someareasof future researcharediscussedin
SectionVI andthepaperis concludedin SectionVII.

I I . RELATED WORK

Most power minimisationresearchhasso far beenlimited
to VLSI andASIC design[2]. GuoandParameswaranderived
new CMOScircuit delayequations[3] which formedthebasis
for their power minimisationmethodology[4] which operates
on voltage-reductionin system-level pipelines.Their work is
usedhereasthebasisfor our power reductionscheme.

Gu and Elmasry [5] have derived equationsthat consider
bothstaticanddynamicpowerfor deepsubmicroncircuitsand
giveupperandlowerboundsonthevalueof Vdd corresponding



to theminimumof thepower-delayproduct(PDP).Theirwork
concludedthattheminimumpower-delayproductoccurswhen
Vdd is threetimesthe thresholdvoltage,Vt , andthe dynamic
power is dominant.ThusVdd shouldonly bereducedasfar as
3Vt .

Techniquesfor maintaining throughputdespitethe lower
clock rate resultingfrom reducedoperatingvoltagesinclude
architecture-level pipeliningandparallelism[6] andtheuseof
variable-thresholdCMOS[7] in which thethresholdvoltageis
scaledalongwith the supply. Application of both techniques
howeverhasbeenlimited to thefield of digital signalprocess-
ing [8].

On-chip variable-voltagesuppliesare becomingavailable
suchas the DC-DC switching regulator developedby Nam-
goonget al [9]. Theseareallowing dynamically-variablevolt-
agereductiontechniquesto bedeveloped.Honget al [10] de-
velopeda powerminimisationmethodologyfor singleproces-
sor coresystemswhich alsoincorporatesinstructionanddata
cacheselection.Their schemeutilisesa variablevoltagesup-
ply. Multiple independenttasksare scheduledon the single
processorcore. Supply voltagesfor eachtask are allocated
to minimisethepowerconsumptionwhile still meetingarrival
anddeadlinetimes.

Within the HeMP synthesisfield power minimisationhas
thus far consistedof selectingcomponentswith lower power
requirementsthatwill still meetperformanceor costrequire-
ments. HeMP Synthesispackages[11], [12], [13], [14] have
not actively manipulatedtheoperatingconditionsof thecom-
ponentsthey choosein orderto minimisepowerconsumption.
This paperdescribesthe first useof voltagereductionin the
field of HeMPsynthesis.

I I I . POWER M INIMISATION BY VOLTAGE REDUCTION

Thepowerdissipationof anelectricalcircuit is proportional
to theoperatingvoltagesquared.Thereforea small reduction
in operatingvoltagecan result in large power savings. The
work by Guo and Parameswaran [4] derives a set of equa-
tions relatingpower andoperatingvoltageto propagationde-
lay of electroniccircuitsconsistingof a system-level pipeline
of lengthm. We’ll begin with a brief introductionto the the-
ory of theirwork andthenderiveourown equationswhichare
simplificationsof theirwork.

Thepowerdissipationof anelectroniccircuit is madeup of
dynamicor switchingpowerandstaticpower. Thestaticpower
is dueto short-circuitcurrentsandleakagecurrents.The dy-
namicpowerdominatesthestaticpowerin CMOStechnology.
Thedynamicpowerdissipatedby acircuit is givenby

P � CLV 2
dd f

whereVdd is thesupplyvoltageandCL theloadingcapacitance.
Thevoltageis inverselyproportionalto thecritical pathdelay
or executiontime, td , of the circuit. At the limit of operation
theclock frequency of thecircuit, f , will berelatedto 1� td. If
the frequency is to besomepercentageof 1� td then f ∝ 1� td .
The power canthenbe saidto be proportionalto the voltage

cubedor inverselyproportionalto thecritical pathdelaycubed.
Therefore,at thelimit of operation,powercanbeevaluatedby

P � k

t3
d

wherek is a constant.Assumingthe pathexecutiontime, td ,
is limited by the maximal executiontime of the stagesin a
pipeline,tM, thenthedifference

D � tM � td

calledslack time canbeusedto reducethepowerconsumption
by loweringthesupplyvoltagessincethe resourcesat normal
voltagelevelsareunderutilised.Theequationsderivedfor the
minimum power dissipationof a pipeline,Pmin, andthe oper-
atingvoltageof theith pipelinestage,Vddi , areshown below.

Vddi
� Vt � kti

k3� 4
i � ∑m

j � 1 k1� 4
j �

t3� 4
M � ∑m

j � 1 td j � D � 1� 4
(1)

Pmin
� � ∑m

j � 1 k1� 4
j � 4

t3
M

(2)

We haveappliedtheseequationsto MPU coreswhich we treat
asapipelineof lengthone,thatis m � 1. Thuswecansimplify
the above equationsby substitutingthe definition of tM. This
substitutionreducesequation1 for Vddi to

Vddi
� Vt � ktiki

tM
(3)

andsimilarly if tM � td (thereis no slacktime) we canderive
anequationfor thenominaloperatingvoltage,V0.

V0
� Vt � ktiki

td

If we now transformthis equationwe cangetthedefinitionof
kti as:

kti
� td � V0 � Vt �

ki

whenthis is substitutedbackinto equation3 weget:

Vddi
� td

tM � V0 � Vt � � Vt

By a similar processof substitutionwe can determinea re-
ducedequationfor the minimum power. Whenm � 1 equa-
tion 2 becomes:

Pmin
� ki

t3
M

(4)

WhentM � td (no slacktime)we canderiveanequationfor
thenominalpowerdissipationP0:

P0
� ki

t3
d

whichcanbetransformedinto adefinitionof ki andsubstituted
backinto equation4 to give:

Pmin
� P0 � td

tM � 3



IV. POWER REDUCTION STRATEGY

In this section we will formulate the problem and pro-
vide an outline of the proposedpower reductionalgorithm
anda suitableobjective functionfor synthesisinga low-power
application-specificHeMP system from a given task flow
graphandsetof designconstraints.

A. ProblemFormulation

Thepowerreductionprocesstakesasinputastatictaskexe-
cutionschedule,anallocationof processorsandasetof design
constraints.Theconstraintsincludea library of processorsand
otherdevicesandtheir respective nominalvoltages,threshold
voltagesandpower consumptionanda target executiontime
tM.

Thepowerreductionprocessthenreducestheprocessorsup-
ply voltagesif possibleto slow theexecutionof thecircuits to
thetargetexecutiontime tM. Theoutputis thusastaticvoltage
assignmentfor eachprocessorandthe total power consump-
tion with thatassignment.

B. ObjectiveFunction

Thereare n processorsin the system. Eachprocessorpi

hasanassociatedcostCpi andif a communicationlink exists
betweenprocessorspi and p j it hasa costCc � i � j � . Thus the
total implementationcost,Ct , is shown in equation5. Thetotal
executiontime is representedby td .

Ct
� n

∑
i � 1

Cpi �
n

∑
i � 1

n

∑
j � 1

Cc � i � j � (5)

Each processoror communicationdevice has an associated
power dissipation,Ppi , andthetotal power, Pt , is thusthesum
of thesepowercosts.

Pt
� n

∑
i � 1

Ppi (6)

A target time, tM, canbe set. The synthesispackagethenat-
temptsto optimisethesystemto matchthis targetvalue.Thus
the effective objective functionsareshown in equation7 be-
low. This representssearchingfor the lowestcost,low-power
systemwith thegiventargetperformanceof tM.

td � tM � Ct � 0 � Pt � 0 (7)

C. Algorithm Outline

The power minimisationmethodologycanbe incorporated
into most existing heuristic-basedHeMP synthesispackages
which producestatic subtaskallocationsandschedules[11],
[12], [14]. The power minimisationstrategy is appliedafter
theschedulinghasbeendoneat thenominaloperatingvoltage.
Theaugmentedoutputfrom thescheduleris thenusedby the
searchalgorithm. A genericevolutionary/geneticalgorithmis

Generate initial population
Get target execution time tM
repeat

foreach trial solution
Allocate and schedule task at nominal
voltage
Apply voltage reduction strategy
Record total cost, power and time

endfor
Update record of best solutions
Generate new population

until convergence or loop limit

Fig. 2. GenericEvolutionarySearchAlgorithm

(Allocation and schedule data are passed from
scheduling heuristic)
td = total execution time
P0

� ∑i P0i

if td � tM then
t �M � tM
foreach processor pi

if
td � V0i  Vti !
Vmini  Vti

� t �M then

t �M � td � V0i  Vti !
Vmini  Vti

endif
endfor
foreach processor pi

Vi
� Vti � td

t �M � V0i � Vti �
endfor
Pt

� P0 � td
t �M � 3

else
t �M � td
Pt

� P0

foreach processor pi

Vi
� V0i

endfor
endif
return (t �M, Pt)

Fig. 3. Powerminimisationalgorithm

shown in Fig. 2 to demonstratehow thepower reductionstrat-
egy canbeused.We will concentrateon thepower minimisa-
tion algorithmwhich is in Fig. 3.

If a solution’s normalexecutiontime, td , is greaterthanthe
targetexecutiontime,tM, its powerdissipationandcostarestill
calculated.If no solutionis found that cansatisfytheperfor-
mancerequirementsthenext bestsolutioncanstill berecorded.

If theexecutiontimeof thesolution,td , is lessthanthetarget
executiontime, tM, we have theopportunityto reducethesup-
ply voltagesto theprocessorsandtherebyslow theirexecution
to soakup the extra time available. After the allocationand
schedulingstage,the power minimisationstageis entered.A
checkis madeto determineif all theprocessorswill still beop-



erationalif theirsupplyvoltageis reducedto thelevel required
to matchtM. Therearetwo waysto do this. Thefirst way is to
testwhetherthe operatingvoltageat tM is lessthanVmini (the
minimumreliableoperatingvoltage).Thesecondway, which
we use,is to testwhetherthe executiontime whenoperating
at Vmin is lessthantM. By usingthis secondmethodwe have
calculatedthe longestwe canstretchthe executiontime of a
givenprocessor. If this valueis lessthantM thenwe must re-
ducethetargetexecutiontime,now calledt �M, in orderto have
a workablesystemfrom this trial solution. Thenew valuefor
thetarget time is thenusedto determinewhatthenew operat-
ing voltage,Vi, of eachprocessor, pi, shouldbe.

All processorsare therebyslowed uniformly so that any
interprocessorcommunicationdependenciesarestill met and
don’t causeadditionaldelays. The power dissipationis also
calculatedusingthis new valueof t �M. Note that this meansa
processoris slowed for its entireoperationnot for eachindi-
vidual subtask.

As thesynthesispackageiteratestowardafinal solutionsev-
eral trial solutionsare tested. Fastersolutionsare slowed to
meetthetiming requirement,resultingin apowerreductionfor
thesesolutions.Thentheobjectivefunctionchoosesthecheap-
est,low-powersolutionthatmeetsthetiming requirement.

V. EXPERIMENTAL RESULTS

In orderto testourexperimentalpoweroptimisationscheme
four very differentproblemswereselected.All experiments
usethe sameprocessortypes,costsandoperatingvoltagesas
shown in TableI. pp2 is PrakashandParker’s[1] secondpoint-
to-point interconnectionexperiment,while robot is from the
work by Dhodi et al [11]. The remainingtwo problemsare
jpeg, still-imagecompression,andmpeg, moving picturecom-
pression,asdescribedby GuoandParameswaran[4]. Thedata
in TableIII arearrangedin pairsof resultsfor eachexperiment.
The first result is the leastexpensive low-power implementa-
tion andthesecondresultis thelowestpower implementation
irrespectiveof cost.A bargraphof theseresultsis providedin
Fig. 4.

The pp2 exampleshave known optimaat td � 5 � 6 � 7 � 8 � 15.
Testing with tM equal to those optimum values results in
lowest-costimplementationsidentical to previous literature
andlowest-powersystemsthathave td � 5 andthis is demon-
stratedby thefirst pair of resultsfor pp2. Testingwith values
of tM other than the optima times resultsin lowest-costsys-
temsbasedon the td � 8 solutionandlowest-power systems
againbasedonthetd � 5 solution.Similarobservationscanbe
drawn for theothertestcases.

Thusimplementationswhoseallocationandscheduleresults
in a Pareto point (highestperformancefor a given cost) in
the designspacearebeingchosenby the searchalgorithmas
the bestsolutions. The lowest-power irrespective-of-costso-
lution is one of the fastestParetopoint solutionswhosere-
ducedvoltagelevelsarestill within its reliableoperatingvolt-
agerange.Thelowest-costlow-powersolutionis theleastex-
pensiveParetopoint solutionwith a td " tM.
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Fig. 4. Power dissipationof minimum cost and minimum
powersolutions.

The averagepower reductionof the least-expensive imple-
mentationsis 24% with a high of 70%. This is a very en-
couragingresultbecauseit shows that sizeablepower reduc-
tionsareachievablefor thecostof onefixedsupplyvoltageper
processortype. While the lowest-power implementationsare
achievedwith thefaster, moreexpensivesystems,they demon-
stratetheverylargepowersavingsthatcanbeachievedbyvolt-
agereduction.Theaveragepower reductionbeing58%with a
highof 93%.Theirpowerdissipationis onaverage40%lower
thanthelowest-costimplementations.

VI . FUTURE WORK

Ourcurrentwork hasbeenlimited to wholetasksratherthan
at thesubtasklevel. Themainreasonfor this is thattheoppor-
tunitiesfor slowing individual subtasksis limited by commu-
nicationdependencieswhichwouldtherebyaffect theschedul-
ing of othersubtasks.Theremaythereforebeperiodsof pro-
cessorinactivity that canonly be exploited for power reduc-
tion by shuttingdown a processor. Using voltagereduction
on a per-subtaskbasisshouldprovide similar resultsto those
we have obtainedby processor-wide voltagereduction.Such
a schemecouldbeappliedto a taskthathasalreadybeenallo-
catedandscheduled.Greaterflexibility maybeachievedby in-
corporatingpower-reductionconsiderationsin the scheduling
andallocationheuristic.This would alsoallow for compensa-
tion for the quantisedvoltagelevelsavailablefrom a variable
supplyor fine-tuningthevariablesupply’sdesignfor thegiven
application.

Furtherinvestigationof the combinationof voltagereduc-
tion andpower-saving modesof processoroperationis being
conducted.Anotherareaof investigationis the estimationof
power-supplycostandany additionalpower-supplypowerdis-
sipation.



TABLE III
RESULTS ON A SET OF PROBLEMS.

Prob. subtasks tM td Cost CPUTypes Va Vb Vc P0(mW) Pt(mW) %

pp2 9 7 7 8 a,b 5.0 5.0 - 420 420 0
5 15 a,b, c 3.74 3.77 3.73 620 225.95 64

12 8 7 a,b 3.53 3.57 - 420 124.44 70
5 15 a,b, c 2.43 2.49 2.40 620 44.85 93

robot 25 25 22 8 a,b 4.47 4.48 - 420 286.22 32
22 9 a,c 4.47 - 4.47 380 258.96 32

30 27 5 a,a 4.56 - - 360 262.44 27
22 8 a,b 3.83 3.85 - 420 165.64 61

jpeg 34 400 384 15 a,c, c 4.82 - 4.82 580 513.15 12
326 20 c, c, c - - 4.18 600 324.81 46

600 541 8 a,c 4.87 - 4.87 380 346.82 9
326 20 c, c, c - - 2.97 600 96.24 84

mpeg 50 700 644 19 c, c, c - - 4.64 600 467.21 22
643 20 c, c, c - - 4.64 600 465.04 22

1000 920 8 a,c 4.65 - 4.64 380 295.90 22
703 12 c, c - - 3.68 400 138.97 65

VII . CONCLUSIONS

In this paper, we havepresenteda strategy for power reduc-
tion in thesynthesisof application-specificheterogeneousmul-
tiprocessorswith interdependentsubtasks.This simplestrat-
egy canbeusedwith heuristicor randomisedsearchmethods.

The effectivenessof our approachwas demonstratedwith
least-expensive implementationsaveraginga 24% reduction
in power dissipation.The lowest-power solutionsaverageda
58% reductionat a higherimplementationcost. Our strategy
for voltagereductioncanprovide significantpower savingsat
the small costof separatesupplyvoltagesfor eachprocessor
type.
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