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ABSTRACT

Traditionally at early designstages]eakagepower is associated
with thenumberof transistorsn adesign.Hencejntuitively anim-
plementatiorwith minimumresourceusagevould be bestfor low
leakage Suchanallocationwould generallybefollowedby switch-
ing optimalresourcebindingto achiere a low power design. This
treatmenbf leakagepoweris unavareof operatingconditionssuch
astemperatureln this paperwe proposeatechniqueo reducethe
total leakagepower of a designby identifying the optimal num-
ber of resourcegluring allocationand binding. We demonstrate
that, contraryto the generaltendeng to minimize the numberof
resourcesthebestsolutioncanactuallybeachieredif acertainde-
greeof redundang is allowed. Thisis dueto thefactthatleakagas
stronglydependentntheon-chiptemperaturgrofile. Distributing
activity over a highernumberof resourcesanreducepowner den-
sity, remove potentialhotspotsaandsubsequentlyninimizethermal
inducedeakage Ontheotherhand,usinganarbitrarily high num-
ber of resourcewvill notyield the bestsolution. In this paper we
shaw thatthereis apower density hencetemperatureatwhichthe
total leakagepower will reachits optimal value. Suchan optimal
resourcenumbercanbe a betterstartingpoint for the subsequent
switching-drven low power binding. We alsopresent high-level
power density-avareleakagenodel. Basedntheestimatedy this
model,we optimizethe total leakagepower by 53.8%o0n average
comparedo theminimumresourcéinding,and35.7%o0n average
comparedo atemperaturesgareresourcebindingtechnique.

1. INTRODUCTION

Dueto technologyscaling,the shareof leakagepowerin theto-
tal powver budgetis on therise. Supplyvoltagelevels arelowered
with eachtechnologygenerationyhichin turn necessitatelewer-
ing of thethresholdvoltagelevels of devicesin orderto maintain
low delay Leakagencreasesxponentiallywith decreasinghresh-
old voltagelevels. As aresult,leakagepower startsto becomesig-
nificant, sometimesven dominantin total powver budgets,which
couldbeupto 50%of thetotal power [5].

A plethoraof techniquego reduceleakagepower have been
proposedn literature. Majority of thesetechniquefocuson the
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gateor transistotlevel optimizations. Assigningdifferentthresh-
old and/orsupplyvoltagesto transistoror gatestogethemith si-
multaneougatesizing [6, 11,14,16] is one of the mostpopular
techniquedor bothstandbyandoperatingnodeleakageoptimiza-
tion. Othertechniquessuchasusingsleeptransistorgo put the
circuit into sleepmodewheneer it idles for a certainperiod [5]
arealsousedfor reducingstandbystateleakagepower. All these
techniquesare derived from the obsenration that the subthreshold
leakagecurrent,which is the mostsignificantoneamongthe four
main sourcef leakagecurrent[12], canbe expressedy the fol-
lowing equation[15]:

lsup= VTVHVE 20 ypelVes—Vr+nVos)/ () (1- e*VDS/Vl) 1)
Therefore subthreshol@urrentis afunctionof device size,supply
voltage temperatureandotherprocesgparameterssuchasthresh-
old voltage (\t). Most of the above techniquegrade-of leakage
power with thedesigncompleity to manipulatehethresholdvolt-
ageandsupplyvoltageby addingextrapower controlcomponents.

Anotheraspecbf leakagds relatedto dynamicconditionssuch
astemperatureLeakagehasa superlineadependencon tempef
ature. Fallah et al. reportedthat the shareof leakagepower can
increasdrom 6% at the ambienttemperaturgo ashigh as56% of
total power at 11(PC [5]. Anotherstudyreportedthatthe leakage
powerin anembeddegrocessocanincreaseby about30%dueto
thermal-inducedeakag€8].

Temperatureon a chip is itself a function of various parame-
ters,wherethe foremostfactorsarethe powver densityon the chip
andthe propertiesof the package.The power density hencetem-
peraturewill continueincreasingn futuretechnologiesccording
to a-power law [13]. The aborementionedechniquedor leak-
ageoptimizationgenerallydo not addresghe power densityon a
chip. Oftentimes,they canin factexacerbatehe effectsof power
densitywhile aimingto consolidateactiity on fewer localizedre-
sourcegfor instancean aneffort to placepartsof the chipin sleep
modeandchannelcomputatiortowardsa selectedsubsef com-
ponents).

In this work, we investigatea techniqueto considerthe impact
of resourceselectiorontheoverall poverdensityandconsequently
on thermal-inducedeakagein futuretechnologynodes.Resource
allocationandbinding is a properstageduring high-level synthe-
sisto considerthe potentialimpactof areaon power density At
thatstageit is decidedhow mary resourcegandwhich type of re-
sourcewill beutilizedin thedesign.Moreresourcesvill resultin
larger areaandmostlikely in lower power density In this paper
we aretrying to establishan effective tradeof betweenthe num-
ber of resourcesandthe total leakagepower. Thereexists an op-
timal point wherethe amountof resourcesaisedyields the most
favorablepower density whichin turn resultsin theleastthermal-



inducedleakagepower. Our studyrevealsthatoftentimesin order
to reachthis point the amountof resourceshouldbe higherthan
the amountwhich would be suficient to satisfythe sameperfor
manceconstraint.A judiciousintroductionof redundantesources
whenthereis needto relieve power density will ultimately help
reducethermal-inducedeakageandtotal leakagesignificantly

Themajordifferencebetweerourwork andotherhotspot-maing
resourceallocation techniquess that in almostall the hotspot-
moving techniques [9, 10] a thresholdtemperaturds assumed.
Basedon this given constraint,they aretrying to make surethat
thereare no placeson the chip wherethe static temperaturewill
exceedthatthresholdvalue. However, our work is to decidewhat
this thresholdtemperaturds, in orderto optimize performance,
e.g., to optimizeleakagepower in our work. Otherlow power re-
sourcebinding techniqueg2-4] which considerswitching power
can be supportedby our initial allocation. In this way, the low
power resourceévindingwould addresswo componentsvithin two
stages.Thefirst stageis to find the optimal resourcenumbey re-
sultingin bestpower densityandtemperaturesuchthat the leak-
agepower will be minimized. The secondstageis to optimizethe
dynamicpower andmaintaincontrolover thermalbehaior by ex-
isting thermal-drven techniquesand switching-driven techniques
basedon theresultsof thefirst stage.

Onereasorrenderingthis distinctionfeasibleis thatwith differ-
entstartingpoints (differentnumberof resourceandtemperature
constraints)the optimaldynamicpower consideringswitchingac-
tivity doesnotvary significantly[2]. Experimentaltesultsreported
in pastwork [2] shaw thatfor a given designexamplethe opti-
mal dynamicpower for five resourcess 70.882,for six resources
67.872,andfor seven resourcest is 65.514. Only lessthan5%
changeis obsered whenaddingmoreresourcesOftentimes,in-
troductionof redundang to the resourcesetmight in facthelpre-
ducethe impactof conflictsdueto dependencieand scheduling
compatibility and createmore opportunitiesfor the switchingop-
timal bindingto find a slightly lower switchingassignmentwhich
reducesthe dynamicpower. Therefore,we can safely conclude
that the optimal dynamic power of functional units will not in-
creasewhenwe add resourceredundang to achieve the optimal
leakagepowver. Ontheotherhand theleakagegpoweris muchmore
sensitve to the selectionof the resourcesetthan dynamicpower.
Even addingone moreresourcemay probablyreducethe leakage
power by morethan50%, becausdeakagepower is stronglycou-
pledwith power densityandin turn the chip temperature There-
fore, the two-stageoptimizationis meaningfuland effective. We
will addressnainly thefirst stagej.e. power densityandresulting
thermal-inducedeakageoptimizationduringallocation.

Therestof thispapeiis organizedasfollows. Section2 describes
theleakagepower estimatiormodelwe will usein this paper Main
ideasof ourlow powerresourcéindingtechniquearediscussedh
Section3. Section4 presentour experimentalflow and results.
Conclusiongsaregivenin Section5.

2. LEAKAGE ESTIMATION MODEL

Beforewe startto find the optimalnumberof resources$or leak-
agepower, it is necessarto establisHirst asimplemodelfor leak-
ageestimation. It is importantto emphasizeéhat the intention of
this modelis notto computeexacttemperaturdevels. This model
intendsto establisithe prevailing trendlinking power densityand
temperatureand subsequenéxpectedrate of increasean leakage.
Oncewe establishthis trendit will be a reasonabléool for usto
searchfor the bestresourceallocation. Most importantly it will
help us identify the point wherethe rate of increasein leakage
power dueto additionof redundantesourcesvill finally counter

balanceghedecrease thermal-induceteakagedueto reductionof
power densityafter additionof eachredundantesource.Up until
thatpointadditionof redundantesourcesnddistribution of oper
ationsontothemwill be expectedto progressiely improve power
densityandhencethetotal leakage.

We needto establishthe following in orderto achieve this goal.
First, we needto have the meansto comparethe relative leakage
of differentmodulesat ambienttemperatureFor this purposewe
have usedtransistofevel (HSpice)simulationof simple building
blocks encounteredvithin the resourcesn our library to obtain
leakagepawer valuesfor eachresource After simulatingthe leak-
agepower for a simplestructure suchasatransistoror a gate,we
scaleit to obtain ambientleakagepower for individual modules.
Eachmoduleimplementatiorin our library requiresa customized
scalingfactor The scalingfactornot only dependn the number
of transistorsn the module,but alsoon the sizing of individual
transistorsandthe actualthresholdvoltageusedin the design.We
usedempiricaldata[12] to derive the leakagepower scalingfac-
torsof eachmoduletype, underthe basicideathatleakagepower
becomes certainfractionof total powver ata giventemperature.

Next, we establishthe trendsto representherateof increasen
leakagein responsdo a changein temperatureanalytically In-
steadbf usingEquationl directly, we useLagrange’s interpolation
formulato implementthe curve fitting, asshavn in Equation(2),
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where(x;,Yi) is the leakagepoint obtainedfrom the Hspicesimu-
lation. UsinganalyticleakagformulasuchasEquationl directly
is alsofeasible.However, we preferto let the simulationengineto
decidethe physicsdetailsandthenfit the experimentdataexactly
by Lagrange’s interpolation.

Having obtainedthe analyticalform of theleakagepawer trend,
we can usea numericalmethodto establishthe relationshipbe-
tweenpower densityandtemperature At this point, we turn our
attentiontowardsthetwo mostimportantfactorghataffectthether
mal behaior: the powver densityP/A andthe heattransfercoefi-
cient.

Equation3 [7] illustratestherelationshibetweerpower density
heattransfercoeficient (i.e. thermalpropertiesof packaging)and
temperature.

T:Ta+h<;\> ©)

whereT; is the ambienttemperatureP is the total power dissipa-
tion, A is the areaof design,andh is the heattransfercoeficient
asusedin the heattransfertheory Thevalueof h representfiow
well the chip packagecan dissipatethe heat. A large value of h
alwaysimplies poor cooling package. An exampleof h valueis
4.75cn?-°C/W, basedbn the operatingchip temperaturef 120°C
degreefor the 180nmtechnology[7]. We will shav that for ev-
ery power densitylevel, thereis alwaysa maximumpackageheat
coeficient (thuspoorestacceptablg@ackage).Using a packaging,
which hasanevenlargerheatcoeficient thanthis will belikely to
causehermalrun-avay.

Figurel illustratestherelationshipbetweeraveragepower den-
sity acrossa givenchip, theheatcoeficient of the packageandthe
expectedsteadystatetemperatureln this figure, the lines starting
from the origin representhe heattransferability of the package.
It is proportionalo the chip temperatureHigh temperatureesults
in needfor fastheatdissipationby the package.The otherthree
cunesrepresenthedifferentpowver densitylevelsof thechip. The



bendingof the cune reflectsthe fact that the leakagepower has
becamea significantpartof total power consumptiorandtheleak-
age power hasa superlineardependenc on temperature.When
the heatgeneratiorequalsthe heatdissipation,the chip tempera-
turewill becomesteady Therefore the intersectiornpoint of both
power densitycurve andpackageheatcoeficient curve represents
the steadystatepoint. It canbe seenfrom Figure 1 thatfor power
density the higherit is, the highersteadytemperaturét will reach
with respecto the samepackagingconfiguration.
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—a— power density 3
package cooling level

leakage power(W)
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temperature(°C)

Figure 1: Establishing the relationship between temperature
and power density.

This relationshipbetweerpower densityandpackageheatcoef-
ficientis thebasefor our leakageestimatiormodel. Theanalytical
formulafor calculatingthe steadystatetemperaturés,

0 n;é;
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whereA is thetotal areaof resources is the numberof resources,
andf is theleakagepower scalingfactor In our experimentsf is
250for a 16-bit multiplier moduleand80 for a 32-bitaddermod-
ule. It is approximatelyproportionalto the areaof the module.
P4 representshe dynamicpower. Our purposeis to solwve for the
steadystatetemperaturdy from this equation Beforethat, we first
shaw thatit is the superlinearelationshipbetweerleakagepower
and temperaturahat leadsto our conclusionthat there exists an
optimalnumberof resourcegcorrespondingo anoptimaltemper
ature).
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LEMMA 1. Thesteadystatetempeature Ty monotonicallyde-
creaseswith theincreasingnumberof resoucesn if the Lagrange
formulais linear.

PrROOF. After rearrangingequatiord, we have

Pa Ll(Tx)
Tx=Ta+h- 5
= Tathe (ot ) (5)

wherePy is the dynamicpower, whichis constantaswe discussed
above. nis thenumberof resourcegy is the areaof oneresource.
UsinglinearLagrangenterpolationwe substitutel (Ty) = ax+b
into equation(5) andsolve for Ty,
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it canbeseerthatTy decreasesonotonicallywhennincreases. [(J

LEMMA 2. Theleakaye powerin theform of n- L1(Tx) mono-
tonically increaseswith increasingnumberof resouces.

THEOREM 1. Theleakage powerin theformof n- Lp(Tx), p #
1, is not a monotonicfunction. It obtainsa minimalvalueat some
resouce numbem®.

Proor. Weonly analyzethesituationwherep= 2 here.Higher
order Lagrangeinterpolationcan be analyzednumericallyin the
similarway. Supposé (Ty) = ax + bx+c, substitutet into Equa-
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tion (5),
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Thereforethetotal leakagepowerin theform of n-Lo(Tx) becomes,

Vs +spn+tin+to (8)

wheresy, sp,t1,to aresomecoeficients. The optimal solutioncan
be found by settingthe deriative to zero. It is in the form of a
quadraticequation. [

A=n-Lx(Tx) =

We proved theoreticallythat thereexists an optimal numberof
resourcesvhichminimizesthetotalleakagepower. In thenext sec-
tion wewill shawv how to reachtheoptimalsolutionby anumerical
method.

3. REDUNDANT RESOURCEALLOCATION
FOR LEAKAGE OPTIMIZATION

Our maingoalis to achieve low power densityby introduction
of redundantesourceén the searclof theoptimal pointwherethe
reductionin thermal-inducedeakagestill bringsa higherbenefit
comparedo theadditionalleakagedueto theredundantesources.

However, deriving ananalyticformulafor the optimalnumberof
resourcess only possiblefor 2-degreeLagrangeinterpolation.in
reality, we will useat leasta 10-dgyreeLagrangeformula (there-
fore atleast10 experimentdatapoints)in orderto maintaingood
accurag. Anotherwayto solwvethis problemis to performanincre-
mentalsearchn the solutionspace Thisis feasiblebecaus®f the
numberof resourcesvill take discretevalues.The mainalgorithm
isillustratedin Figure2.

Algorithm Redundant Resource Allocation

Input: Resource library with power

characterization, resource schedul ed DFG

m ni num required | eakage power reduction a%
Nunber of resources after redundant

al | ocation

Output:

For each resource type
Do
find_avg_dynami c_power ();
find_resnumbounds();
find_package_paraneter();
n = mn_resour cenunber;
Wile (AR > a%
add_resour ce_r edundancy(n);
steady_tenperature = secant(n, F(Ty));
AR = A(T'x)-A(TX).
R(Mx) '
Ty=Tx
End
Ret urn nunber of resources n in new allocation;
End

Figure 2: Pseudocode of the redundant resource allocation al-
gorithm.

Thebasicideaof thisalgorithmis to incrementhenumberof re-
sourceauntil the benefitsof leakagepower reductionbecomeess
thansomeexpectationconstraint. In eachiteration, we usea nu-
mericalmethodto solve equation(4). In this equation,Ty is the
variable. Before we cansolwe it, we have to know the dynamic



power value Py and packageheatcoeficient h. Leakagepower
scalingfactor f is derivedempirically[12].

Thereforepasedntheinformationgivenby theschedule®FG,
we first calculatethe averagedynamic power for eachresource
type. At sucha high level, we have to ignorethe thermalcoupling
betweendifferentresourcesecausave have no physicalposition
informationavailable. However, our methodologyis still applica-
ble if thermalcouplinginformationis available. The new steady
statetemperatureean be calculatedby combiningour resultsand
theinformationof thermalcoupling. Moreover, ignoring coupling
only underestimatethe total leakagepower, becausewvhen one
resourcetemperaturaeducesdue to resourceredundany, other
resourcexan alsoreducetheir temperaturehroughthermalcou-
pling. In otherwords,we canat leastgetasmuchleakagereduc-
tion asour resultshavs. Higher benefitscanbe expectedif ther
mal couplingis introducednto theleakageestimationrmodel. The
lower boundandupperboundfor thenumberof resourcesanalso
be derived from theseDFG files andincorporatednto the search.
The next stepis to decidethe packageheatcoeficient according
to differentpower densitylevels. Using a very low packageheat
coeficient h is alwaysgood,becausehe chip temperatureanbe
controlledeffectively. However, suchvery low h alwaysimplies
high packagingcost. Thereforewe will find thelowestcost(high-
esth) feasiblepackagedor eachbinding basedon the relationship
betweerpower densityandpackagéeheatcoeficient. This packag-
ing characteristicsvill beusedin our experiments.

We will discussestimatingthe averagedynamicpower in sub-
section 3.1. Thealgorithmfor identifying the lowestcostpackage
is presentedh subsectiorB8.2. In subsectior8.3we will shav how
to usea numericalmethodto obtainthe expectedsteadystatetem-
peratureandrelateit to theleakagerends.

3.1 Average Resource Dynamic Power

We assumethat eachresourcewill consumea typical average
dynamicpaower for executingone operation. In otherwords, the
total dynamic power will be representedyy a constantafter the
scheduledDFG is given. The total power will be decidedby the
total numberoperationghatwill be executedn a givennumberof
control steps. This approximatiorhelpsus focuson the contriku-
tion of leakagepower. Thisis areasonablassumptioraswe have
discussedn Sectionl. Also, at the high-level synthesisstagein-
putswitchingprobabilitiesarehighly unpredictablelndividual dy-
namicpower consumptionsf operationcanbe weightedwith re-
spectveinputswitchingbehaior if anappropriatestatisticaimodel
is provided.

We first derive a typical dynamic power value of the module
Py by someexisting power estimationtechnique. We have used
the power estimationsobtainedafter synthesizingdifferent mod-
ulesusing SynopsysesignCompiler Assumethe signaltoggle
rateis TR. It representhiov mary logic transitionsthereare per
unit time whenthe dynamicpower is Py. GivenascheduledFG,
which spanstotal of mcontrolstepsandwith theclock cycletime
of thedesignbeings, we cancalculatethe dynamicpower of each
operationas:

Po
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Dynamicpowerconsumptiorperoperatiorcorrespondto thepower
consumptiorwhenthereis only oneoperatiorschedulednthere-
sourcewithin m control steps.By usingthis metric, we canscale
the dynamicpower of ary resourceby the total numberof opera-
tionsassignedo it.

3.2 Estimatingthe Package Properties

The chip temperaturehenceleakagepower, is highly relatedto
the cooling package.Using an arbitrarily low h packagewill al-
ways guaranteea low temperature. However, it also meansthe
packagecostwill increase.We shav thatfor eachpower density
level, thereis a maximumh (minimum cost) package. If the h
exceedsthis maximumvalue, the packageheatdissipationcurve
andthe chip heatgeneratiorcurve will not have ary intersection,
which meansthat the heatdissipationis always slower than heat
generation. Eventually the chip temperaturewill increaseto an
uncontrolledhigh level. This phenomenoris calledthermalrun-
away. Mathematicallywe cangetthe minimumcosth valuewhen
Equation(4) hasonly oneroot.

We usea binary searchalgorithmto find the maximumpackage
coeficient. The basicideain this algorithmis to find a point on
thepower densitycurve suchthatits tangentine intersectshezero
point of the x-axis. We canselectary two points asour initial
valuesaslong as one of themintersectsthe x-axis at a negative
value andthe otherintersectsat a positive value. The algorithm
runs recursvely, andfinally stopswhenthe intersectionpoint is
closeenoughto the zeropoint.

After gettingthemaximumpackageoeficient,wewill decrease
its by someconstantalue,e.g., 10%,in orderto make surethatit is
safelyfar away from thethermalrun-avay condition,but still very
low cost. This may alsobe neededo identify the applicablesafe
andlowestcostcoeficientamonga discretesetof values.We will
usethis packageparametein the procesof estimatingthe steady
statetemperaturdevel.

3.3 Steady State Temperature

The calculationof steadystatetemperaturds basicallyto find
thesolutionof anonlinearequation.Newton-Raphsomethodcan
beagoodcandidateHowever, this methods only applicablevhen
theorderof Lagrangenterpolationis nottoo high.

Therefore,we usethe secantmethod,which hasthe iteration
expressiorasshavn below.

ot N X —Xie1

It substituteshe derivative valueby a secanestimation.The con-
vergencespeeddepend®n how fartheinitial pointis from thereal
solution. Thereforefindingagoodstartingpointis critical in order
to guarante¢herunningtime of our algorithm.

Onesuchgoodstartpoint canbe obtainedby finding the inter-
sectionof two lines. Oneis the heatpackagedissipationline, the
otheris the simplified heatgeneratiorine by assuminghatthere
is noleakagepower.

It canbe seenanalyticallythatthis pointis very nearthe solution.

Startingfrom this initial pointandsearchingn the positive direc-

tion, we canfind the solutionwithin afew iterations.

Having obtainedhesteadystatetemperaturéy thesecantnethod,

P (Te=X

weuseR (Tx) =n- Z?:o %%yi to calculatethetotal leakage
i X%

power for agivenresourcellocation thatis, for certainnumberof

resources.

4. EXPERIMENTAL RESULTS
4.1 Experimental Flow
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Figure 3: (a)Leakage power of our redundancy resource allocation technique compared with thermal-aware resource allocation
technique and minimum resource number allocation; (b)Total power of our technique and other resource allocation techniques;
(c)Average temperature of adders in three different resource allocation schemes; (d)Average temperature of multiplier in three

different resource allocation schemes.

We usedtwo typesof functionalunits (addersandmultipliers)to
bind operationsn a setof scheduledFGs.Theminimumnumber
of resourcesequiredis determinecby the compatibility between
operationsasdictatedby the schedule.The maximumnumberof
operationof the sametype, which arescheduledn the samecon-
trol stepcorrespondo the minimumnumberof resourcesequired
of thattype.

The areavalueandthe averagedynamicpower consumptiorof
eachmoduletypeis obtainedaftersynthesizinghemusingSynop-
sysDesignCompilerwith thetsmc180nmlibrary. We scaledown
thesevaluesto 70nmtechnologyby full-scale methodologyafter
synthesis.

4.2 Resaults

The relevantinformationregardingour benchmarkss givenin
Table1. Our benchmarkDFGs are extractedfrom popularDSP
andmultimediakernels[1]. Theirnamesarelistedin thefirst col-
umn. Thesecondcolumnis thetotal numberof operationf each
typein theseDFGs. Thethird columnpresentshe minimumnum-
ber of resourcegequiredby the scheduleof eachDFG. The re-
mainingcolumnspresenthe averagedynamicpower consumption
estimatedperadderandmultiplier moduleduringthe executionof
theseDFGs,usingthe methoddescribedn Section3.

Table1: Propertiesand Relevant I nfor mation on the Scheduled
DFGs

Schedule || Num.of | Minimum Dyn. Dyn.
Name Nodes Resources| PowerpyW | PowerpW
[add,mul] | [add,mul] | perADD perMUL
arf [12,16] [2,2] 534.19 3446.26
ewf [26,8] [3,2] 659.89 4257.15
fdct [26,16] [4,4] 934.84 6030.96
ft [26,16] [3,3] 747.87 4824.77
jctransl [13,2] [3,2] 801.29 5169.40
jdmegel [23,4] [3,3] 659.89 4257.15
jdmege3 [30,4] [3,3] 487.74 3146.59
jdmeges4 || [18,12] [3,3] 509.91 3289.62
motion2 [26,14] [4,3] 467.42 3015.48
motion3 [26,14] [5,3] 467.42 3015.48
noiseest [17,9] [3,2] 659.89 4257.15

Figure 4 illustratesthe trendsfor total leakagepower of one
resourcetype (multiplier in this case)with allocationsof the re-
sourcein the samedesign. The mostimportantobserationis that
there exists an optimal numberof resourcesvhich achieves the
leasttotal leakagepower. We have obsered similar trendsfor all
testcases.As we mentionedbefore,addingextra resourcess not

free. Thetotalleakagepower will startto increaseftersomepoint
with furtherincreasen numberof resources.The sharpesteak-
agepowerreductionhappensthightemperatures,e., whenusing
few resourcest high power densities At thatpointallocatingone
moreresourcémpactshepaowerdensityandthermal-induceteak-
agemost. As we introducemoreandmoreredundang thereturn
diminishes. This is expected,sincethe thermal-inducedeakage
power only becomesignificantat hightemperaturdevels.

Whentherearemorethanoneresourcaypein a DFG, we first
addredundang for the modulewith highestpower density Be-
causesuchamodulewill beverylikely to containahotspoteading
to highthermal-inducedeakagepower.

In practice we setalower boundon leakagepower reductionto
acceptheadditionof anew resourceOnly if addingfurtherredun-
dany canreducethe leakagepower by a percentagéargerthana
predefinedevel, we addanextra resource.ln our experiment,we
setthe valueto be 20% for every additionalresource.This value
playstherole of judginghow importantpower is comparedo area.
However, asseenfrom our results,thereis an optimal numberof
resourceswhich can achieze minimum total leakagepower. In
the power-critical design,we canperformafull searchanduseas
mary resourcessthatoptimalnumberindicates.Otherwisejf we
chooseto stopthe searchearlierwe might not have reachedhat
optimalnumbetyet.

" )

total leakage power

4 5 6 7 8 9 10 1 12 13 14 15
resource number

Figure4: Trendsin leakagefor different allocationsof themul-
tiplier modulefor FFT design.

Figure3illustratesour results.We comparedur resultsagainst
thethermal-avareresourcevindingtechnique$9, 10]. Thesetech-
niguestry to meeta temperatureonstraintwhile usingminimum
numberof resourcesluringbinding. Thetemperatureonstraints
100°C, exactly the sameaswhathasbeenusedin theseworks. As
we can seefrom the results,we achieved at most56.5%, on av-



erage35.7%,leakagepower reductioncomparedo thermal-avare
resaurcebindingtechnique. Thedifferenceils moredramaticif we

compareour resultswith non-thermal-aare single stagedynamic
power optimization(labeledas min-resourcellocationin our fig-

ure). The maximumleakagereductionis 71.0%,andthe average
reductionis 53.8%comparedo non-thermal-avare resourceallo-

cation and binding. We also depictthe total power of all these
benchmarkén Figure3(b).

Figure 3(c) and 3(d) demonstratahe steadystatetemperature
whichthreedifferentpover optimizationtechniquesvill reach.As
seenin both figures, the chip temperaturewill probablyincrease
to anarbitrarily high level in non-thermal-aareresourcebinding
technique. On the other hand, for thermal-avare resourcebind-
ing techniquesit guaranteethatnotemperaturexceedshegiven
constraint,i.e., 100°C in our experiments. This constraintis as-
sumedo begivenin theirtechniquesOurtechniqueactuallyfinds
one of suchconstraintghat minimize the total leakagepower. In
otherwords,if we give this constraint(e.g., 85°C) to the thermal-
awaretechniquejt will eventuallygive outthe sameresultsasour
technique Thereforepurleakageoptimalresourceallocationtech-
nique is a good guide for other thermal-drven resourcebinding
techniquedo achieze anoptimaltotal power reduction.

Of coursethesesignificantleakagepower reductionis achieved
by trading off area. The sametrade-of occursfor the thermal-
awareresourcebindingtechniquesswell. They alsoaddnew re-
sourceswhen someresourcetemperatureexceedsthe given con-
straint. However, they stopaddingmoreoncethetemperatureon-
straintis satisfied.We claim thatwe shouldnot stopuntil thetotal
leakagepower reachests absoluteminimum pointandour results
presentedbove concurwith our claims. The numberof resources
usedfor non-thermal-avare thermal-avare,andourleakage-optimal
resourcallocationandbindingtechniquesreshavn in Table2.

Table 2: Number of resourcesfor threeresource allocation and
binding techniques

Benchmark || minimum | thermal | leakage
resource | aware | optimal
arf 2.7 [2.3] [3.4]
ewf [3,2] [4,3] [5, 4]
fdct [4, 4] [5,5] (5. 5]
fft [3,3] [4, 4] [4, 4]
jctrans1 [3,2] [3,2] [4,2]
jdmegel [3,3] [3,3] [5, 4]
jdmege3 [3,3] [4,3] [5,4]
jdmege4 [3,3] [3,3] [4,5]
motion2 [4,3] [4,3] [5, 5]
motion3 [5, 3] [5,3] [6, 5]
noiseest [3,2] [3,3] [5, 4]

In this set of results,we obsere that leakageoptimal alloca-
tion usesthe a maximumof 67% moreresourcesn comparisorto
thermal-avare resourcebinding. On average,our techniqueuses
33% more resources. We only considerthe areaof multipliers
becauset is dominantin comparisonto adders. In our experi-
ments thelargestincreasen numberof resourcegor thethermal-
driven techniqueis 50%, while it is 20% on average. Compared
to thermal-divenresourceallocationandbinding, our overheads
still within areasonableange.lt worthsnotingthatthat33%more
resourcegloesnot meanthat the areaof the designwill increase
asmuchas33%. In fact,moreareais occupiedby memory com-
municationresourcesand controllercomparedo the datapathin
modernchips. Thesecomponentsnay requireasmuchas50-80%
of total areacost. However, dueto the high actvity of the datap-
ath, it consumesnuchmore power per unit areathanotherparts
of the circuit. Thatis the reasonwhy mosthotspotsoccurwithin

the datapathandthe leakageimplicationsof the datapathat high
temperaturebecomesignificant.

5. CONCLUSION

It is necessaryo budgetandoptimizefor the leakagepower as
early aspossiblein the designflow of future technology In this
paper we claim thatthe low power high-level resourceallocation
andbindingtechniqueshouldimplementedn two stagesThefirst
stageis for optimizing the leakagepower, becausdeakagepower
is highly sensitie to thenumberof resourcesillocated hencetem-
perature).On the secondstage dynamicpower optimizationcon-
sideringswitchingactuwity is implementedtakingtheresultsin the
first stageasits initial condition. We presentechniquedor opti-
mizingthetotal leakagepower by addingresourceedundang On
average,our techniquecansave 35.7%total leakagepower com-
paredto otherthermal-avaretechniquesand53.8%comparedo
non-thermal-aaretechniques.
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