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In thispaperwe presentinew analyticalmacro-modeling
techniqueor high-level power estimation.Our technique
is basedon a parameterizablanalyticalmodelthatrelies
exclusively on statisticalinformation of the circuit’s pri-
mary inputs. During estimation,the statisticsof the re-
quired metricsare extractedfrom the input streamanda
power estimatds obtainedby evaluatingamodelfunction
thathasbeencharacterizedh advance. Thus,our model
yields power estimateswithin secondssinceit doesnot
rely on the statisticsof the circuit’'s primary outputsand,
consequentlydoesnot performary simulationduringes-
timation. Moreover, our modelachievessignificantlybet-
ter accurag than previous macro-modelingapproaches,
becausét takesinto accountboth spatialand temporal
correlationsn theinput stream.

In experimentswith ISCAS-85combinationakircuits,
the averageabsoluterelative error of our power macro-
modelingtechniquewasat most3%. For all but onecir-
cuit in our test suite, the worst-caseerror was at most
19.5%. In comparisorwith power estimategor aripple-
carryadderfamily thatwereobtainedusingSpice the av-
erageabsoluteandworst-caseerrorsof our model’s esti-
mateswere5.1%and19.8%,respectiely.

In additionto power dissipation,our macro-modeling
techniquecan be usedto estimatethe statisticsof a cir-
cuit's primary outputs. Our experimentswith ISCAS-85
circuits yield very low averageerrors. Thus, our tech-
niqueis suitablefor fastand accuratepower estimation
in core-basedystemwith pre-characterizeblocks.Once
the metricsof the primary inputs are known, the power
dissipationof the entire systemcanbe estimatedoy sim-
ply propagatinghis informationthroughthe blocksusing
their correspondingnodelfunctions.

Abstract

2

Low power consumptionhas becomea primary objec-
tive in VLSI design,primarily dueto reliability concerns
and portability considerations. The core componentof
almost every low-power design methodologyis power
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estimation. Several power estimationtechniqueshave

beenproposedover the pastfew years[7, 9]. In gen-
eral, high-accurag estimationschemesre computation-
ally demandingwhereadastestimationschemegendto

sacrificeaccurag. As circuit size and compleity con-

tinueincreasingwith exponentialpace,however, thereis

agrowing needfor fastandaccuratgower estimatorghat
canbe usedat high abstractiorlevelsin the early design
stages.

High-level power estimationtechniquedfall into two
catgories. In the top-downapproacheghe circuit is de-
scribedasa setof Booleanfunctions. Informationabout
thecircuit'sactiity is usedto optimally decompos¢hese
functions and minimize power dissipation[10]. In the
bottom-upapproacheghe circuit is describedasa setof
blockswith known internalstructure. The power dissipa-
tion of eachblockis estimatedisinga macio-model

In this paper we presenta new analytical macro-
modelingtechniquefor bottom-uppower estimation.Qur
techniquedoes not use arny simulation during the es-
timation phaseand can thus provide power dissipa-
tion estimatesextremely fast. Moreover, our technique
takesinto accountspatialandtemporalinput correlations,
thus achiesing significantly better accurag than previ-
ous macro-modelingapproaches. In experimentswith
the ISCAS-85combinationalcircuits, the averageabso-
luterelative errorof ourmacro-modelingechniquevasat
most3%. For all but onecircuitin ourtestsuite theworst-
caseerrorwasatmost19.5%.For afamily of ripple-carry
adderswhosedissipationwasestimatedising Spicesim-
ulations,the averageandworst-caseerrorsof our model
were5.1%and19.8%,respectiely. Our modelis param-
eterizableandcanprovide accurateestimate®f a block’s
outputstatistics. It is thussuitablefor fastandaccurate
power estimationin core-basedesign.

Macro-modelingfor high-level power estimationhas
attractedconsiderableattentionover the pastfew years.
A look-uptable(LUT) modelwasintroducedin [3]. The
parameter®f that model were the average input signal
probability P;,,, the average inputtransitiondensityD,,,,
andthe average outputtransitiondensityD ;. The met-
ric D,,; wasevaluatedusingzero-delaysimulation. The
LUT reportedestimatedor equi-spacediscretized/alues



of the parameters.For input characteristicshat did not
correspondo ary LUT values,estimatesvere obtained
using an interpolationscheme. Several modificationsto
theLUT methodwereintroducedn [1] to improveits ac-
curag.

BothLUT-basedpproachearegenerahndcanbeeas-
ily usedfor differentkinds of circuits without ary modi-
fication of the modelitself. They suffer from two poten-
tially seriousdisadwantageshowever. First, alarge LUT
mayberequiredto ensuregoodaccurag. If nisthenum-
berof equi-spacedalueschoserfor P;,, andD;,, andm
is the numberof simulationsrequiredto obtainD,,,;, the
sizeof theLUT is approximatelym x n? [1]. Secondthe
LUT schemedo not considerinput correlationswhich
have beenfound to severely influencethe overall power
consumption5, 6]. Furthermorethey both requirethe
useof simulationduring the estimationphaseto obtain
D,,;. Evenif thesesimulationsareperformedwith zero-
delaymodelsthey aretime-consumingparticularlywhen
circuit sizeis large.

An analyticalmodelfor power estimationhasbeenin-
troducedin [4]. This modelavoidsthe requirementsf a
large LUT. Moreoverit usesa fourth input parameterthe
average input spatial correlation coeficient SC;,,, to ac-
countfor spatialcorrelationof the inputs. A zero-delay
estimationis still requiredduring the estimationphase,
however, to obtainD,.;. Moreover, temporalcorrelations
arenottakeninto account.

The remainderof this paper has four sections. In
Section3 we give the input parameterof our analyt-
ical macro-model. In Section4 we describea proce-
dure for building the macro-modelof ary given circuit.
Experimentalresultsfrom the applicationof our macro-
modelingtechniqueon ISCAS-85 circuits and a family
of ripple-carryaddersaregivenin Section5. Our results
shaw thatour analyticalmacro-modetanprovide excel-
lent power dissipationestimateswithin a few seconds.
Section6 concludesour papemwith on-goingresearch.

3 Macro-Model Metrics

Oneof themostchallengingaspectsn the constructiorof
a power macro-models the choiceof the model's input
parametersyr metrics. Thesemetricsshouldbe capturing
the featuresthat are primarily responsibldor a systems
dissipationandcanthushelpin obtaininggoodestimates
of its pawerconsumptiorandoutputstatistics.In this sec-
tion, we describethe metricsof our macro-model.
Similar to the approache [1, 3, 4], our modeluses
the average input probability P;,, and the average in-
put transition density D;,,. Given an input streamzx

((.1'11,.’[}12, . ,mlM), (1’21,11,‘22, PN ,.CL'QM), Ly (.Z’Nl,
TN2,---,TNM)), thesemetricsaredefinedas:
M N
p. = Zj:l 2 i=1 Tij
m MN ?

Zjﬂi1 d;
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where M is the numberof primary inputsto the circuit,

N is the lengthof the streamof input vectors,andd; is

the transitiondensityof the jth input bit. Thetransition
densityd; is definedasthenumberof 0—+1 and1—0tran-

sitionsperunit time for bit j. P;, correspondso anav-

erageprobability only if the 0's and1’s at eachinput are
uniformily distributed. Neverthelessthis metric captures
theinputfeatureseffectively evenif theinputdistribution

is notuniform.

Input correlationplaysasignificantrole in power dissi-
pation,especiallywhenthe circuit is partof awide data-
path.We have thereforedecidedto incorporatenput cor-
relationto the metricsof our model. Specifically we use
two correlationmetricssS;,, andT;,, to capturespatialand
temporalcorrelationsrespectiely, of theinputs.

The spatial correlation metric S;,, is definedas the
average of the bit-wise XNOR between all possible
channel steamsz; = (z1;,z2,...,zn;) and z;
(@15, 225,...,2N;) inthestreame:

M M N
S. = Ej=1 Zk:l Zi:l ZTij D Tik
" NxMx(M-1)

Din

This choicewas motivatedby the following obsenation.
Themetric SC;, in [4] wasdefinedasthe averageof the
bit-wise AND betweenall pairsof input channelstreams
z; and z;. According to this definition, two channel
streamse; andx will be highly correlatedonly if they
comprisematchingl’s in thetwo streamsTherefore the
AND operatorwill miss correlatedchannelstreamsthat
comprisematching0’s. The choiceof the XNOR captures
correlationsof both1'sand0’s.

ThetemporalcorrelationmetricT;,, capturesnputfea-
turesthat aremissedby S;,,. Givena channelstreamof
length N, we take a windowof length L from the stream
andcorvolvethemtogether Eachtermin thecorvolution
representshe numberof timesthat two signalsare both
simultaneoushhigh. Eachterm indicateshow well the
chosersubsets reproducedhn thesequenceandtherefore
providesan estimateof the signal's temporalcorrelation.
Themainissuein thedefinitionof Tj,, is thechoiceof L,
sincea valuethatis eithertoo big or too small may re-
sultin missingcorrelationinformation. In [2] the authors
usea similar window techniqueto estimatethe temporal
correlationof input streamswith arbitrary distributions.
Their study shawvs that a suitablevaluefor L is 10. The
final valueof T}, is the averageover all theinputsof the
cornvolutionmeans:

M <~N-L+1
_2mira (W)

Tin - N x M )
wherew; is anarbitrarywindow of length L in the chan-
nelstreame;.

Our modeldoesnotuseD,,,;, thusavoiding any time-
consumingsimulationsduringthe estimatiorphase D,
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Figure2: Pawer dissipationof C1908with respecto the four
input metricsof our macro-model.

providesvaluableinformationabouta circuit's dissipation
andhasbeenincludedin all previousmacro-modelsFig-

urel shovs D,,,; versugpowerdissipatiorfor theISCAS-

85 becnhmarlcircuitswe usedin ourtests.In mostcases,
thetwo quantitiesarerelatedextremelywell. Eventhough
our macro-modeldoesnot use D, it still achievesre-

markableaccurag, superiorto that of previous macro-
models.

4 Macro-Mode Characterization

To avoid the large memoryrequirement®f a large look-
up table,our macro-modelisesa nonlinearfunction

P-Davg = f(Pzn;Dzn;Szn;Tzn) (1)

to estimatethe averagedissipatedpower. For the sale of
efficiency in the estimationphasewe optedfor the useof

simplefunctions.Figure2 givesthedissipationof the cir-

cuit C1908from the ISCAS-85benchmarkand provides
evidencesupportinga low-orderpolynomialdependeng
of PD,,, with respectto the four input metricsof our
macro-model.For example,it is evidentthat the depen-
deng with respecto P;,, is quadratic-lile,while thatwith

respecto D;, seemsxalmostlinear We thereforeuseda
3rd degree completepolynomial as a templatefunction
for our model. Sucha function requiresthe calculation
of 35 coeficients. A similar function canbe usedto es-
timatethe outputstatisticSPyy¢, Douts Sout, @Nd Ty Of

eachblock.

The characterizationphase of our model is quite
straightforvard. Given a circuit, we first specifya value
for the metrics P;,, and S;;, in therange[0.1, 0.9]. A
sequencef inputsstreamsds subsequentlgeneratedis-
ing a randomnumbergeneratar Unlessthe circuit has
very few inputs,it is very difficult to controlall four met-
rics simultaneouslyWe thusgenerateé sufiiciently high
numberof streamdo ensurethatresultsare collectedfor
a reasonablesubsetof valuesfor D;, andT;,. To that
effect, we used650 streamsgachconsistingof 200input
vectors.

Thereferencepower valuesare obtainedusinga zero-
delay model simulation. Since the simulation of large
circuits with accurate Jow-level simulatorsis computa-
tionally demandingwe built our proposednacro-model
following this approach,althoughit doesnot take into
accountphenomendik e glitchesand short-circuitpower
dissipation.As shavn by the Spicesimulationsn Section
5, our macro-models neverthelessery accurate.In [4],
characterizationwas performedusing Monte Carlo sim-
ulationwith generaldelay models,thusresultingin very
accuratereferencevalues. During the estimationphase,
however, zero-delaysimulationwas usedfor the sake of
efficiency. Thus, the estimationpotential of the model
wascompromisedsincetheinput datawerenotaccurate
enough.

Oncethe referencevalueshave beenobtained,a stan-
dard nonlinearfitting algorithm canbe usedto compute
the coeficientsof the model. The total time requiredfor
the characterizatiorof eachmodel from the ISCAS-85
circuits is lessthan 2 minutes,including simulationand
coeficientcomputation.

The main advantageof our modelis that it doesnot
needary simulationsduringestimation.For the designof
highly-comple systemswith severaldifferentpre-defined
blocks, our techniquecanprovide fastand accurateesti-
matesthusenablingdesignergo explore differentblock
arrangementi real time. Alternative macro-modeling
techniqueghat require even zero-delaysimulation dur-
ing estimationareprohibitively time-demandinghecause
they must perform a completesimulation eachtime a
block is moved. In our method,all we needto know is
themetricsof theprimaryinputs. Thisinformationcanbe
propagatedxtremelyfastthroughthe systemby evaluat-
ing simplefunctions.



Circuit | G Pl | PO | Maxe | Avge | o(e)
C432 160 | 36 7 28.7% | 3.0% | 8.6
C880 | 383 | 60 | 26 | 10.0% | 1.5% | 1.8
C1355| 546 | 41 | 32 | 195% | 1.3% | 25
C1908 | 880 | 33 | 25 | 12.0%| 15% | 2.3
C3540 | 1669 | 50 | 22 | 9.2% | 15% | 2.1
C5315 | 2307 | 178 | 123 | 55% | 0.9% | 0.6

Tablel: Accurag of power estimates.

5 Reaults

This sectionpresentgesultsfrom the applicationof our
macro-modelto several ISCAS-85 benchmarkcircuits
andto afamily of ripple-carryadders.

Table1 givesthe accuray of the power estimateb-
tainedwith our modelfor severalISCAS-85circuits. The
first two columnsgive the namesof the circuits andtheir
correspondingyatecounts. Columnsthreeandfour give
thenumberof primaryinputsandprimaryoutputs respec-
tively. The lastthreecolumnsgive the maximum,aver
age,andstandarddeviation of the absoluterelative error
e for the estimate®btainedwith our macro-modelApart
from C432,themaximumerrorwasno morethan19.5%.
Moreover, for all circuits, the averageerror was at most
3%. Averagesverecomputedover 500 datapoints,each

of whichwascollectedby applyingarandomlygenerated

streamof length200.

Table 2 givesthe accurag with which our model es-
timated the output characteristicof the circuits in our
testsuite. Theseresultsmirror thoseobtainedfor power
dissipation shaving thatthe techniquecould be usedef-
fectively to achieve fastand accurateresultsin the early
stagef systemdesign.

In additionto the benchmarkeircuits, we appliedour
modelto simpleripple-carryaddercircuits whosedissi-
pation was estimatedseparatelyusing Spice. Our sim-
ulationswere performedusing the samecriteria for the
input vectorsaswith the benchmarlcircuits. Our model
wasappliedon threecircuits: a 1-bit adder a 2-bit adder
and a 4-bit adder Our goalwasto demonstrateéhat the
proposednethodis highly reliable evenwith moreaccu-
ratemodelsfor the gatesandthatit canbe easilyusedto
describevery regular circuits, thatis, circuits comprising
severalreplicasof a basictemplateblock.

To encompasgarameterizationa fifth metric n must
beincludedto thefunctionof our model,which identifies
the numberof replicas(or numberof input bits) in the
circuit:

P-Davg = f(napznaDznaSznaTzn) (2)

Table3 givestheaccurag of our macro-modeWwith re-
specto SpiceestimatesTheestimategrenotasaccurate
asin the caseof zero-delayestimation. They arenever
thelessquite closeto Spiceand were obtainedwithin a
few secondsWorst-casebsoluterelative error never ex-

Circuit | Metric | Maxe | Avge | o(e)
C432 Pyt 29.4% | 3.0% | 11.0
Sout | 6.6% | 1.3% | 1.2
Dou: | 38.7% | 3.9% | 13.8
Tout 27.1% | 3.5% | 9.4
C880 | P,y | 46% | 7.8% | 0.4
Sout 23% | 04% | 0.1
Doy | 14.0% | 2.2% | 3.7
Tout 12.7% | 1.7% | 2.5
C1355 | Pout 6.8% | 0.5% | 0.5
Sout | 1.1% | 0.2% | 0.0
Doyt 50% | 0.7% | 0.5
Tout 53% | 0.5% | 0.3
C1908 | Pout 47% | 0.9% | 0.7
Sout 1.9% | 05% | 0.1
Doyt | 101% | 1.7% | 2.3
Tout 9.1% | 1.5% | 1.6
C3540 | Pout 54% | 1.3% | 1.1
Sout 22% | 04% | 0.1
Doy | 19.7%| 2.8% | 5.9
Tour | 9.0% | 1.9% | 25
C5315| P, | 42% | 0.6% | 0.2
Sout | 1.0% | 0.2% | 0.0
Doyt 9.7% | 1.7% | 2.3
Tout 53% | 1.2% | 1.0

Table2: Accurag of outputstatistics.

Circuit | PI | PO | Maxe | Avge | o(e)
1 bit 3 2 | 155% | 3.1% | 6.6
2 bit 5 3 | 147% | 29% | 7.0
4 bit 9 5 | 19.8% | 51% | 10.3

Table3: Accurag of adderpower estimatesn compatri-
sonwith Spice.

ceeded0%. Averageabsoluterelative errorwasat most
5.1%. The circuits usedin this experimentwere particu-
larly glitchy, becausexor gateshadbeenreplacedwith

their NAND equivalent. Furtherimprovementscould be
achievedby modifying the templatefunction.

6 Conclusion

We presente@ new analyticalmacro-modelingechnique
for high-level power estimation.Dueto its speedandac-
curagy, our macro-modelin@pproachs suitablefor real-
time exploration of architecturalalternatves using pre-
definedblocks. Themetricsof theproposednodelareob-
tainedexclusively from input statistics. Therefore there
is no needof simulationsduring estimation. Our tech-
niguewasevaluatedon combinationabenchmarlcircuits
demonstratingvery good accurag in comparisonwith

zero-delayand Spice simulation estimates. Preliminary
resultswith sequentiatircuitsareequallypromising.
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