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Abstract— We presenta designstrategy to reducepower
demandsin application-specific, heterogeneousmultipr o-
cessorsystemswith interdependent subtasks. This power
reduction schemecan be usedwith 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 expandingeachprocessors
executiontime with a correspondingreductionin their re-
spective operating voltage. Lowest cost solutions achieve
averagereductionsof 24% while minimum power solutions
average58%.

|. INTRODUCTION

A. Motivation

As thelevels of systemintegrationcontinueto rise design-
ersof all typesof integratedcircuits are needingto dealwith
power consumptionNo longeris power consumptiorthebane
only of designerof battery-pavereddevices. For while low-
power consumptioncan obviously leadto longer batterylife
thereareothercompellingreasongo reducepower consump-
tion. Thesereasonsgncludeincreasedeliability, reducednan-
ufacturingcost(throughpackagingandheatsinksavings) and
reducedime to market (lessdemandingf power suppliesand
coolingsofewer difficultiesin development).

Therise of the system-on-a-chijs makingit possibleto in-
tegrate multiple processorcoresand peripheraldeviceson a
singlesilicon chip. Oneareaof system-on-a-chigesignis the
field of heterogeneousultiprocesso(HeMP)synthesisvhere
multiple processor®of differing functionality are selectedto
work togetherto achieve higherperformanceghana homoge-
neousmultiprocessomight.

Application-specific multiprocessorsystemsrange from
high-performancesignal processingsystemsand robot arm
controllersto video-cameraandautomobileengineandtrans-
missionmanagemengystems.Any embeddeaystemor sub-
systemwill have performancecostandpower considerations.
In this paperwe investigatea strateyy for reducingthe power
requirementsf application-specifitieMP systemsQOur strat-
egy canbeappliedto multiple processocoresystem-on-a-chip

TABLE |
CPU VOLTAGE AND POWER

| CPUType| M [ Viin | Vo | P(mW) [ Cost|

a 06| 15|50 180 2
b 07 ] 13|50 240 4
c 055 14|50 200 5

systemsor evento multiprocessosystemsausing off-the-shelf
components.

The power consumptiorof a CMOS processorcorecanbe
reducectonsiderablypy loweringtheoperatingvoltage.Since
power is proportionalto thevoltagesquaredvensmallreduc-
tionsin voltagecanprovide large power savings. The down-
side of voltagereductionis increasectircuit delayanda cor-
respondingeductionin clock speed.Thereforevoltagereduc-
tion techniqueganonly beappliedwhereaschedulédhasroom
to expandbeforeit meetsa deadline.

Our goal for the researctpresentedn this paperis to as-
sign a single optimal voltageto eachprocessopresentin an
application-specificHeMP system(where an applicationis
madeup of interdependensubtasks}suchthatinterprocessor
communicatiordependenciesgresatisfiedvithoutdisruptinga
previously determinedorocessoallocationandtask schedule
atthenominaloperatingvoltage.

B. MotivationalExample

To demonstratehe effectivenessof the voltage reduction
techniquewe presenta simple worked exampleof the power
minimisation stratgly. This exampleis an extensionof the
nine-subtaskproblem presentedby Prakashand Parker [1].
The extra dataconsistof nominalvoltage(Vo), thresholdvolt-
age () and nominal power dissipation(Py) and theseare
shavn in Tablel alongwith P&P’s original processorcosts.
Thevoltageandpower dataareestimatedrom embeddegbro-
cessoror microcontrollerdatasheets. The subtaskexecution
timesareshavn in Tablell while the task-dataflow-graphis
shavnin Fig. 1(a).

Givenatamgettime of tyy = 12, thesearcHor thelowestcost,
lowestpower solutionwill involve testinga numberof possi-
ble solutions. The allocationand schedulingof one possible
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Fig.1. pp2TaskDataFlow GraphandSchedule

solutionfor the taskis shavn in Fig. 1(c) which also shavs
on the time line the amountof slacktime (D =ty —tg). The
power minimisationprocesssimply aimsto stretchthe execu-
tion time of a task by reducingthe processooperatingvolt-
agesandclockssuchthatthe slacktime is soaled up but also
ensureshatsynchronisation/communicatigrointsremainre-
spectedTheallocationandrelative schedulingof the subtasks
thereforeremainthe samewhile the executionof thetasknow
coverstheinterval {0,12} insteadof the period{0,8}.

The two processordave different thresholdvoltages,\,
so will also have different reducedoperatingvoltages. The
voltagerequiredto stretchthe executiontime of the subtasks
on p; is 3.533\Wlts which correspondgo a power level of
53.33mWatts. Similarly processorp, will be operatingat
3.566\bltsanddissipating71.11mWatts. Thusbothprocessors
are operatingabove their minimum reliable operatinglevel.
Thusthe total reducedoperatingpower, R, is 124.44mV¥tts
which is a 70% reduction. A summaryof the time, costand

power consumptionlevels beforeand after power minimisa-
tion areshavn in Fig. 1(b).

What if we wereto shutdown the processorsluring the
slacktime insteadof reducingtheir operatingvoltages? Let
usassumehatduring shutdavn no power is dissipated.Then
for this examplewe would be operatingwith a duty cycle of
66.7%. Sothe averagepower consumptionvould be 0.66 7P
or 280mW\Atts. Thisresultsin overtwice the power dissipation
of operatingat reducedvoltagelevels with 100%duty cycle.
Sofor powerreductionit is betterto reduceoperatingvoltages
thanto shutdavn providedthereis slacktime availablefor ex-
pansionof the executiontime.

C. Definitions

To make the restof the papera little easierto understand
somedefinitionsareprovidedbelow:

Vo thenominaloperatingvoltageof the device

\Y the thresholdvoltageof the transistoramakingup the
device

Virin  the minimum usableoperatingvoltage of the device.
This voltage is dependenbn the noise mamgins re-
quired for reliable operationand, in the caseof off-
the-shelfcomponentswill also be influencedby the
needto connectto externaldevicesif thel/O portsdo
not have separatesuppliesfrom thecore

Po power dissipationat nominalvoltage

Pp, power dissipationof processop;

R total power dissipationof the multiprocessosystemat
reducedbperatingvoltages

tg taskexecutiontime atnominalvoltagelevel

tm targetexecutiontime of periodictask

ty the actualexecutiontime of the task on the reduced

voltagesystem

D. PaperOrganisation

The remainderof the paperis organisedas follows. Sec-
tion Il discusseselatedwork. Sectionlll presentdackground
material on reduced-wvltage systems. The power reduction
methodologyis discussedn SectionlV andsomeexperimen-
tal resultsof theapplicationof this methodologyarepresented
in SectionV. Someareasof future researcharediscussedn
SectionVI andthepaperis concludedn SectionVII.

Il. RELATED WORK

Most power minimisationresearcthasso far beenlimited
to VLSI andASIC design[2]. GuoandParameswranderived
newv CMOScircuit delayequationg3] which formedthebasis
for their power minimisationmethodology{4] which operates
on voltage-reductionn system-lgel pipelines. Their work is
usedhereasthebasisfor our power reductionscheme.

Gu and Elmasry[5] have derived equationsthat consider
bothstaticanddynamicpowerfor deepsubmicrorcircuitsand
give upperandlowerboundsonthevalueof Vyq corresponding



to theminimumof the power-delayproduct(PDP).Theirwork
concludedhattheminimumpower-delayproductoccursvhen
Vyq Is threetimesthe thresholdvoltage,V;, andthe dynamic
power is dominant. ThusVyq shouldonly bereducedasfaras
3.

Techniquesfor maintaining throughputdespitethe lower
clock rate resultingfrom reducedoperatingvoltagesinclude
architecture-leel pipeliningandparallelism[6] andthe useof
variable-threshol€MOS|[7] in which thethresholdvoltageis
scaledalongwith the supply Application of bothtechniques
however hasbeenlimited to thefield of digital signalprocess-
ing [8].

On-chip variable-wltage suppliesare becomingavailable
suchasthe DC-DC switching regulator developedby Nam-
goongetal [9]. Theseareallowing dynamically-\ariablevolt-
agereductiontechniquegdo be developed.Hongetal [10] de-
velopeda power minimisationmethodologyfor singleproces-
sor coresystemswhich alsoincorporatesnstructionand data
cacheselection.Their schemautilisesa variablevoltagesup-
ply. Multiple independentasksare scheduledon the single
processoicore. Supply voltagesfor eachtask are allocated
to minimisethe power consumptiorwhile still meetingarrival
anddeadlingtimes.

Within the HeMP synthesisfield power minimisation has
thusfar consistedof selectingcomponentswith lower power
requirementghatwill still meetperformanceor costrequire-
ments. HeMP Synthesigpackageg11], [12], [13], [14] have
not actively manipulatedhe operatingconditionsof the com-
ponentghey choosdn orderto minimisepower consumption.
This paperdescribeghe first useof voltagereductionin the
field of HeMP synthesis.

I11. POWER MINIMISATION BY VOLTAGE REDUCTION

Thepower dissipationof anelectricalcircuit is proportional
to the operatingvoltagesquared.Thereforea small reduction
in operatingvoltage canresultin large power savings. The
work by Guo and Parameswaran[4] derives a set of equa-
tions relating power and operatingvoltageto propagatiorde-
lay of electroniccircuits consistingof a system-lgel pipeline
of lengthm. We’ll begin with a brief introductionto the the-
ory of theirwork andthenderive our own equationsvhichare
simplificationsof their work.

The power dissipationof anelectroniccircuit is madeup of
dynamicor switchingpowerandstaticpower. Thestaticpower
is dueto short-circuitcurrentsand leakagecurrents. The dy-
namicpowerdominateghestaticpowerin CMOStechnology
Thedynamicpower dissipatedy acircuit is givenby

P = CLVdZd f

whereVyq is thesupplyvoltageandC; theloadingcapacitance.

The voltageis inverselyproportionalto the critical pathdelay
or executiontime, tq, of the circuit. At thelimit of operation
theclock frequengy of thecircuit, f, will berelatedto 1/ty. If
the frequeng is to be somepercentagef 1/tq thenf O 1/ty.
The power canthenbe saidto be proportionalto the voltage

cubedor inverselyproportionato thecritical pathdelaycubed.

Thereforeatthelimit of operationpower canbeevaluatedoy
k

P == 3

Ly

wherek is a constant. Assumingthe path executiontime, ty,
is limited by the maximal executiontime of the stagesin a
pipeline,ty, thenthedifference

D=ty—1tyg

calledslack time canbe usedto reducethe power consumption
by lowering the supplyvoltagessincethe resourcest normal
voltagelevelsareunderutilised.The equationglerivedfor the
minimum power dissipationof a pipeline, Pyin, andthe oper
atingvoltageof theith pipelinestage Vyq,, areshovn below.

3/4 1/4
i/ (ZT:lkj/ )
tl\3A/4(ZT=ltdj + D)1/4

Vddi = Vt + kti (1)
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We have appliedtheseequationgo MPU coreswhich we treat
asapipelineof lengthone,thatis m= 1. Thuswe cansimplify
the above equationdy substitutingthe definition of ty. This
substitutionreducesequationl for Vyq, to

Vdd; :Vt+%

3
@ 3)
andsimilarly if ty = tq (thereis no slacktime) we canderive
anequationfor thenominaloperatingvoltage,Vp.

Vo=W+ ﬁ
tq
If we now transformthis equationwe cangetthe definition of
k; as:

Prin =

kti = tdi(volgvt)

whenthis is substitutedackinto equation3 we get:

Vag = —(Mo—W) +M

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

- (4

Whenty =ty (no slacktime) we canderive anequationfor
thenominalpower dissipationPy:

ki

=3
ty

Prmin

Po

which canbetransformednto a definitionof k; andsubstituted
backinto equatior4 to give:

t
Prin = Po(=)°
tm



V. POWER REDUCTION STRATEGY

In this sectionwe will formulate the problem and pro-
vide an outline of the proposedpower reductionalgorithm
anda suitableobjective functionfor synthesising low-power
application-specificHeMP systemfrom a given task flow
graphandsetof designconstraints.

A. ProblemFormulation

Thepowerreductionprocesgakesasinput a statictaskexe-
cutionscheduleanallocationof processoranda setof design
constraintsTheconstraintsncludealibrary of processorand
otherdevicesandtheir respectie nominalvoltages threshold
voltagesand power consumptiorand a target executiontime
LIVE

Thepowerreductionprocesshenreducesheprocessosup-
ply voltagesif possibleto slow the executionof the circuitsto
thetargetexecutiontimety . Theoutputis thusa staticvoltage
assignmenfor eachprocessolndthe total power consump-
tion with thatassignment.

B. Objective Function

Thereare n processorsn the system. Eachprocessorp;
hasan associatedostCy, andif a communicatiorlink exists
betweenprocessorg; and p; it hasa costCe ;). Thusthe
totalimplementatiorcost,C, is shavn in equatiorb. Thetotal
executiontime is representedy tgy.

n n n
“= i;Cpi i i;;CC(i’j)

Each processoror communicationdevice has an associated
power dissipation Py, andthe total power, R, is thusthe sum
of thesepower costs.

(5)

n
R = lepi (6)
=

A tamgettime, ty, canbe set. The synthesigpackagethenat-
temptsto optimisethe systemto matchthis targetvalue. Thus
the effective objective functionsare shaovn in equation7 be-
low. Thisrepresentsearchindgor the lowestcost,low-power
systemwith the giventargetperformancef ty.

tg—->tm,G—-0,R—>0 (7

C. Algorithm Outline

The power minimisationmethodologycanbe incorporated
into most existing heuristic-basedHeMP synthesispackages
which producestatic subtaskallocationsand scheduleg11],
[12], [14]. The power minimisationstrat@y is appliedafter
theschedulindhasbeendoneatthenominaloperatingvoltage.
The augmentedutputfrom the scheduleiis thenusedby the
searchalgorithm. A genericevolutionary/genetialgorithmis

Generate initial population
Get target execution time ty
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)
ty = total execution time

Po=73iPy
if tg<tu then
ty =t
foreach processor p;
it Speuil <ty then
= ta(Vo, — V)
M Vmini —Vti
endif
endfor

foreach processor p;
Vi=W + :’A(Voi _Vti)
M

endfor
R = Po(i#)?
tw

else
ty = tg
R=FP
foreach processor p;
Vi =V0i
endfor
endif

return (t,'vl, R)
Fig. 3. Powver minimisationalgorithm

shavn in Fig. 2 to demonstratéow the power reductionstrat-
egy canbe used.We will concentraten the power minimisa-
tion algorithmwhichis in Fig. 3.

If asolution's normalexecutiontime, tg, is greaterthanthe
targetexecutiontime, ty;, its powerdissipatiorandcostarestill
calculated.If no solutionis found that cansatisfythe perfor
mancerequirementshenext bestsolutioncanstill berecorded.

If theexecutiontime of thesolution,ty, is lessthanthetarget
executiontime, ty, we have the opportunityto reducethe sup-
ply voltageso the processorandtherebyslow their execution
to soakup the extra time available. After the allocationand
schedulingstage the power minimisationstageis entered.A
checkis madeto determinef all theprocessorsvill still beop-



erationalif their supplyvoltageis reducedo thelevel required
to matchty. Therearetwo waysto do this. Thefirst wayis to

testwhetherthe operatingvoltageat ty is lessthanVmn, (the
minimum reliableoperatingvoltage). The secondway, which

we use,is to testwhetherthe executiontime when operating
at Vmin is lessthanty. By usingthis secondmethodwe have
calculatedthe longestwe canstretchthe executiontime of a
givenprocessarlf this valueis lessthanty thenwe must re-

ducethetargetexecutiontime, now calledty,, in orderto have
aworkablesystemfrom this trial solution. The new valuefor

thetargettime is thenusedto determinewhatthe new operat-
ing voltage Vi, of eachprocessarp;, shouldbe.

All processorsare thereby slowed uniformly so that any
interprocessocommunicatiordependenciearestill metand
don't causeadditionaldelays. The power dissipationis also
calculatedusingthis new valueof t,,. Note thatthis meansa
processois slowed for its entire operationnot for eachindi-
vidual subtask.

Asthesynthesipackagsateratestowardafinal solutionser-
eral trial solutionsare tested. Fastersolutionsare slowed to
meetthetiming requirementresultingin apowerreductionfor
thesesolutions.Thentheobjectivefunctionchooseshecheap-
est,low-power solutionthatmeetsthe timing requirement.

V. EXPERIMENTAL RESULTS

In orderto testour experimentapoweroptimisationscheme
four very different problemswere selected. All experiments
usethe sameprocessotypes,costsandoperatingvoltagesas
shavnin Tablel. pp2is PrakaslandParker's[1] secondoint-
to-point interconnectiorexperiment,while robot is from the
work by Dhodi et al [11]. The remainingtwo problemsare
jpeg, still-imagecompressionandmpeg, moving picturecom-
pressionasdescribedy GuoandParameswran[4]. Thedata
in Tablelll arearrangedn pairsof resultsfor eachexperiment.
Thefirst resultis the leastexpensve low-power implementa-
tion andthe secondresultis the lowestpower implementation
irrespectve of cost. A bargraphof theseresultsis providedin
Fig. 4.

The pp2 exampleshave known optimaatty = 5,6,7,8,15.
Testing with ty; equal to those optimum values results in
lowest-costimplementationsidentical to previous literature
andlowest-paver systemghathave ty = 5 andthisis demon-
stratedby thefirst pair of resultsfor pp2. Testingwith values
of ty otherthanthe optimatimesresultsin lowest-costsys-
temsbasedon the ty = 8 solution and lowest-paver systems
againbasednthety = 5 solution. Similar obsenationscanbe
drawn for the othertestcases.

Thusimplementationsvhoseallocationandscheduleesults
in a Pareto point (highestperformancefor a given cost) in
the designspaceare beingchosenby the searchalgorithmas
the bestsolutions. The lowest-paver irrespectve-of-costso-
lution is one of the fastestPareto point solutionswhosere-
ducedvoltagelevelsarestill within its reliableoperatingvolt-
agerange.Thelowest-costow-power solutionis the leastex-
pensve Paretopoint solutionwith aty < ty.
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Fig. 4. Power dissipationof minimum cost and minimum

power solutions.

The averagepower reductionof the least-e&pensve imple-
mentationsis 24% with a high of 70%. This is a very en-
couragingresultbecauset shaws that sizeablepower reduc-
tionsareachiesablefor thecostof onefixedsupplyvoltageper
processotype. While the lowest-paver implementationsare
achievedwith thefaster moreexpensve systemsthey demon-
stratetheverylargepowersavingsthatcanbeachiezedby volt-
agereduction.Theaveragepower reductionbeing58%with a
high of 93%. Their powerdissipations on average40%lower
thanthelowest-cosimplementations.

V1. FUTURE WORK

Ourcurrentwork hasbeenlimited to wholetasksratherthan
atthesubtasKevel. Themainreasorfor thisis thatthe oppor
tunitiesfor slowing individual subtaskss limited by commu-
nicationdependencieswhichwould therebyaffecttheschedul-
ing of othersubtasks.Theremay thereforebe periodsof pro-
cessorinactivity that canonly be exploited for power reduc-
tion by shuttingdown a processar Using voltage reduction
on a persubtaskbasisshouldprovide similar resultsto those
we have obtainedby processomide voltagereduction. Such
aschemecouldbeappliedto ataskthathasalreadybeenallo-
catedandscheduledGreatefflexibility maybeachievedby in-
corporatingpower-reductionconsiderationsn the scheduling
andallocationheuristic. This would alsoallow for compensa-
tion for the quantisedvoltagelevels availablefrom a variable
supplyor fine-tuningthevariablesupply’s designfor thegiven
application.

Furtherinvestigationof the combinationof voltagereduc-
tion and power-saving modesof processooperationis being
conducted.Anotherareaof investigationis the estimationof
power-supplycostandary additionalpower-supplypowerdis-
sipation.



TABLE IlI
RESULTS ON A SET OF PROBLEMS.

| Prob | subtasks] tv |

tg | Cost| CPUTypes| Va | Vb | Ve | Po(mW) [ R(MW) | % |

pp2 9 7 1 7] 8 a,b 50 50 | - 420 420 | 0
5 | 15 ab,c |374|377|373| 620 | 225.95| 64

12 | 8 | 7 a,b 353|357 - 420 | 124.44 | 70

5 | 15 ab,c |243|249|240| 620 | 44.85 | 93

robot| 25 25 | 22 | 8 a,b 447 448 - 420 | 286.22 | 32
22| 9 a,c 447 - |447| 380 | 258.96 | 32

30 [ 27| 5 aa 456 - - 360 | 262.44 | 27

22| 8 a,b 3.83| 3.85| - 420 | 165.64 | 61

jpeg 34 | 400 | 384 15 ac,c |482] - |482| 580 | 513.15] 12
326 | 20 c,c,cC - - | 418| 600 | 324.81| 46

600 | 541| 8 a,c 487 - |487| 380 | 346.82 9

326 | 20 c,c,C - - | 297| 600 | 96.24 |84

mpey | 50 700 | 644] 19 c.c,C - — | 464 600 | 467.21] 22
643 | 20 ¢,c,c - - | 464| 600 | 465.04| 22

1000 | 920| 8 a,c 465 - |464| 380 | 295.00 | 22

703 | 12 c,c - - | 368| 400 | 138.97 |65

VII. CONCLUSIONS

In this paperwe have presented stratgy for powerreduc-
tionin thesynthesiof application-specifibeterogeneousnul-
tiprocessorswith interdependensubtasks.This simple strat-
egy canbeusedwith heuristicor randomisedearchmethods.

The effectivenessof our approachwas demonstratedvith
least-&pensve implementationsaveraginga 24% reduction
in power dissipation. The lowest-paver solutionsaverageda
58% reductionat a higherimplementationcost. Our stratgy
for voltagereductioncanprovide significantpower savings at
the small costof separatesupply voltagesfor eachprocessor

type.
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