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ABSTRACT
This paperdiscussesa statisticaleffect of performanceop-
timizationto uncertaintyin circuit delay. Performanceopti-
mizationhasaneffectof balancingthedelayof eachpathin
a circuit, i.e. thedelayof long pathsareshortenedandthe
delayof shortpathsarelengthened.In thesepath-balanced
circuits, the uncertaintyin circuit delay, which arecaused
by delaycalculationerror, manufacturingvariability, fluc-
tuation of operatingcondition, etc., becomesworse by a
statisticalcharacteristicof delay. Thus,a highly-optimized
circuit maynot satisfydelayconstraints.In this paper, we
demonstratesomeexamplesthatuncertaintyin circuit delay
is increasedby path-balancing,andwe then raisea prob-
lem that performanceoptimization increasesstatistically-
distributedcircuit delay.

1. INTRODUCTION

In VLSI design,many techniquesfor reducingcircuit delay
are utilized at eachdesignphasein order to satisfy given
timing constraints. For example, division into pipeline
stages,clock scheduling,logic composition, technology
mapping,gate/transistorsizing,buffer insertion,wire sizing
andtiming drivenlayoutsynthesisareused.Thesemethods
detectthe longestpathandoptimize the circuit for reduc-
ing the longestpathdelay. Recently, reducingpower dissi-
pationbecomesoneof the mostprincipal subjectin VLSI
design.Many performancetechniques,includingthemeth-
odsmentionedabove, arehenceutilized not only for delay
reductionbut alsofor reducingpower dissipation.In some
of thesemethods,blocks/cells,wheretiming constraintsare
not tight, areslowed down to reducepower consumption.
Therefore,performanceoptimizationcanbe regardedasa
operationthatshortenslongpathsandlengthensshortpaths
in a circuit. Thedelaytimesof many pathsin a circuit are
equalizedby performanceoptimization. This equalization
is calledpath-balance.

Thereareseveral sourcesthat causeuncertaintiesin cir-
cuit delaytime,suchaserrorin delaycalculation,manufac-
turing variability, and fluctuationof operatingconditions.
Theerrorin delaycalculationincludeserrorof delaymodel,
diversity in signalwaveforms,extractionerror of wire ca-
pacitance,andsoon. Themanufacturingvariability consists
of fluctuationsin transistorcharacteristicsandwire shapes.
Also the operatingcondition,i.e. supplyvoltageandtem-
perature,varies.Dueto thesesourcesof delayuncertainty,

the delaytime of eachgateandwire is not a deterministic
value.It necessarilyhasa certainprobabilitydistribution.

In the circuits optimizedfor performanceenhancement,
thedelayuncertaintyof eachgateinfluencesthecircuit de-
lay strongly. It is becausea path-balancingoperationin-
creasesthe numberof long pathsthat have possibilitiesto
becomethe longestpath. Due to thestatisticalcharacteris-
tic of delay, theaveragevalueof statistically-distributedcir-
cuit delaybecomeslargewhenthenumberof longpathsin-
creases.Thisstatisticaleffect is discussedin detailin Sec.2
usingasimpleexample.Sofar, this increaseof statistically-
distributed circuit delaycausedby path-balancinghasnot
beenwell discussed.Unlessthestatisticaldelayincreaseis
consideredproperly, optimizedcircuitsmaynot work well.
In order to guaranteethe circuit speed,we have to under-
standandhandlethestatisticaleffect of path-balancingop-
eration.

In this paper, we examinetheeffect of path-balancingto
uncertaintyin circuit delay. The influenceon circuit de-
lay is experimentallyevaluatedundersomesourcesof de-
lay uncertainty. We raisea notice that performanceopti-
mizationincreasesstatistically-distributedcircuit delay, and
hencegive a cautionthatwe have to paymoreattentionto
thestatisticaleffect of path-balancingin orderto guarantee
circuit delay time, whencircuits areoptimizedfor perfor-
manceimprovement. We finally introduceandevaluatea
statisticalstatic timing analysismethodthat can calculate
statistically-distributedcircuit delay[1].

This paperis organizedas follows. Section2 explains
thestatisticalcharacteristicof circuit delaytime. Section3
shows the reasonwhy performanceoptimizationincreases
statistically-distributed circuit delay. Section 4 demon-
stratessomeexperimentalresultsof statisticaldelayanal-
ysisanddiscussesthestatisticaleffect of path-balancingto
circuit delayuncertainty. Finally, Section5 concludesthe
discussion.

2. STATISTICAL CHARACTERISTIC OF CIRCUIT
DELAY TIME

Thecircuit delay, which is themaximumpathdelaytime in
a circuit, �������	��
��� is representedasfollows.

� �������
������������� � ������������ !�#""�"�%$'&(� (1)

where�)� is thepathdelaytimeof the � -th path,and $ is the
numberof thepathsin thecircuit.
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Figure1: Effect of ����� operation($ is varied)
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Figure2: Effect of ���*� operation(+ is varied)

Let us show a simple example of the statisticaleffect
causedby the ����� operation., �-���*��/. �0�����1�2�	 3�4"�""��5$'&6" (2)

Supposethat . � is distributedaccordingto a normaldistri-
butionN(6, 1). We examinethedistribution of , undersev-
eral valuesof $ . Fig. 1 shows the distribution of , . When
$ increases,the averageof , becomeslarge and the stan-
darddeviation of , becomessmall. The increaseof $ cor-
respondsto theincreaseof thenumberof long pathswhose
pathdelaytimesarecloseto themaximumpathdelay. From
this example,we can seethat the distribution of ���������
����
shifts to theright, i.e. in thedirectionthat thecircuit delay
increases,whenthenumberof thelongpathsincreases.

We show anotherexample.We fix $ to 100,andvary the
standarddeviation + of . � . Fig. 2 shows thedistribution of, . Whenthe standarddeviation of . � increases,the aver-
ageandthestandarddeviation of , becomeslarge. We can
seethat the averageandthe standarddeviation of ���������
����
becomelarge,whenthestandarddeviationof . � increases.

3. INCREASE IN CIRCUIT DELAY UNCERTAINTY
BY PERFORMANCE OPTIMIZATION

Performanceoptimizationgenerallyconsistsof delay and
power/areaoptimization. The delayoptimizationmethods
find long pathsand optimize the circuit for reducingthe
longestpathdelay. Conversely, someof power/areaopti-
mization methodsslow down the blocks/cells,where the
given timing constraintsare not tight, in order to reduce
powerdissipation,suchasgate/transistorsizing[2–6], mul-
tiple supplyvoltagetechnique[7], multiple thresholdvolt-
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Figure 3: Path-BalancingEffect Causedby Performance
Optimization

agetechnique[8] andso on. Therefore,circuits aremod-
ified by performanceoptimizationsuchthat long pathsare
shortenedand short pathsare lengthened.This operation
that thedelaytimesof many pathsin thecircuit areequal-
izedis calledapath-balancingoperation.Fig.3 explainsthe
conceptof path-balancing.

Thepath-balancingoperationincreasesthenumberof the
pathswhosepathdelaysarecloseto themaximumpathde-
lay(Fig. 3). Theselong pathshave the possibilitiesof be-
comingthe longestpathin the circuit. So, the increaseof
the numberof long pathscorrespondsto the increaseof
$ in Fig. 1. Performanceoptimizationthereforeincreases
statistically-distributeddelayby thestatisticalphenomenon
shown in Fig. 1.

4. EXPERIMENTAL ANALYSIS

This sectionshows someexperimentalresultsof statistical
delayanalysis. We reveal that statistically-distributedcir-
cuit delayincreasesby path-balancingoperation.

We usetheALU partof a vectorprocessor(dsp alu) [9]
andthecircuit(des) includedin LGSynth93benchmarkset
for the experiments. Thesecircuits are synthesizedand
mappedby a commerciallogic synthesistool [10] under
tight delayconstraints.Thetarget library is a standardcell
library usedfor actualfabricationin a 0.357 m processwith
threemetallayers.Thesecircuitsareplacedandrouted,and
the wire capacitancesare extractedfrom the layouts. We
usethesecircuitsasinitial(not path-balanced)circuits. The
numberof gatesusedin dsp alu and des are 14370and
3837,respectively.

In order to obtain the path-balancedcircuits, we utilize
a transistorsizing methodfor performanceoptimization.
We optimizetheinitial circuitsby continuoustransistorsiz-
ing for minimizing power dissipationunderthe delaycon-
straintsuchthat thedelaydoesnot increasefrom theinitial
value.Theoptimizationmethodusedfor theexperimentsis
a heuristicmethodthat reducespower dissipationgreedily
basedon theresultof sensitivity analysis[6]. Figs.4 and5
representthedistributionsof pathdelayin theinitial andop-
timizedcircuits.Thenumberof pathswhosepathdelaysare
closeto the longestpathdelayincreasesdrastically, which
correspondsto theincreaseof $ in Fig. 1.
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Figure4: Distributionsof PathDelay(des)
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4.1. Analysis of Delay Uncertainty
Wefirst evaluatetheimpactof delaycalculationerrorto the
circuit delayuncertaintyin theinitial andoptimizedcircuits.
We assumeanerrormodelof gatedelaysuchthat theerror
of eachgateis distributedaccordingto anormaldistribution
with 8�+ =10%of its typical(noerror)delay. Thedistribution
of circuit delay is obtainedby a Monte Carlo analysisas
follows. We assigndelayfluctuationto eachgatein thecir-
cuit randomlyaccordingto the given normal distribution,
andevaluatethe circuit delayusinga static timing analy-
sis technique. The numberof delayevaluationis 10,000.
The resultsare shown in Figs. 6 and 7. The bar labeled
“Typical” representsthedelaytimecalculatedusingthetyp-
ical(no error) delay time for eachgate. The statistically-
distributed delay of the optimizedcircuit increasesas we
expected. In des circuit(Fig. 6), the averagedelayof the
optimizedcircuit is 2.98ns,whereastheaverageof the ini-
tial circuit is 2.90ns.Theaveragedelayincreasesby 3%by
path-balancingalthoughthe circuit delay calculatedfrom
the typical delay for eachgatedoesnot changeafter the
optimization.Also, thedelaydistribution of path-balanced
circuit movesfar to theright of thetypicaldelay. Therefore,
in thecasethatthecircuit is optimizedconsideringonly the
typical delay, the statistically-distributeddelayof the opti-
mizedcircuit hardlysatisfythedelayconstraints.

Next, weexaminetherelationshipsbetweentheaccuracy
of gatedelayandthe distribution of circuit delay. We as-
sumethreemodelsof gatedelayuncertaintiessuchthateach
gatedelayfluctuatesnormallywith 3+ =5,10and15%of its
typical delay. In thecaseof a convex gatedelaymodelfor
continuoustransistorsizing,it is reportedthat3+ of thees-
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Figure 6: Circuit delay distributions under a delay error
modelof 3+ =10%(des)
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Figure 7: Circuit delay distributions under a delay error
modelof 3+ =10%(dsp alu)

timationerror in simplegatesis 5 to 23%[11]. In this gate
delaymodel,theerrormodelof 3+ =15%mightbeareason-
ableassumption.We guessthatthemodelof 3+ =5%corre-
spondsto thedelaycalculationusingwell-designedlook-up
tablescharacterizedat many points(capacitive load, input
transitiontime, transistorsizes). Fig. 8 expressesthe dis-
tributionsof circuit delayunderthreeerrormodels.As the
valueof 3+ increases,the averageandstandarddeviation
of thecircuit delaydistribution becomeslarge,which is the
samephenomenonshown in Fig. 2. Comparedwith theini-
tial circuits,theincreaseof thestatistically-distributeddelay
in theoptimizedcircuit is large.Evenwhentheaccuratede-
lay modelwith 3+ =5%is usedin performanceoptimization,
thereis a distinctdelaydifferencebetweenthestatistically-
distributeddelayandthetypical delayin theoptimizedcir-
cuit.

4.2. Worst-Case Delay Calculation
The increaseof statistically-distributed circuit delay is
different betweenthe initial and the path-balancedcir-
cuits(Figs.6, 7, 8). So, settinga designmargin to avoid
the delayviolation is difficult andseemsnot to be a good
way. Toavoid thisproblem,statisticaldelaycalculation[12]
and the performanceoptimizationbasedon statisticalde-
lay model [1, 13] are desired. We then apply the statisti-
cal static timing analysis(SSTA) method[1] to the initial
andoptimizedcircuits. The circuits and the error models
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Table1: Accuracy of StatisticalStaticTiming Analysis in
Worst-CaseDelayCalculation

39 of MonteCarlo SSTA
Circuit GateDelay Worst-Case Worst-Case Error

Error (%) Delay(ns) Delay(ns) (%)
5 2.93 2.93 0.0

Initial 10 2.97 2.97 0.0
15 3.01 3.02 0.3
5 2.96 2.96 0.0

Optimized 10 3.02 3.02 0.0
15 3.09 3.10 0.3

Average - - - 0.1

of gatedelayarethe samewith thoseusedin the previous
experiment.We evaluatetheworst-casedelay �;:=<%��>�� . The
worst-casedelay �):=<%�	>�� is definedsuchthattheprobability
of �)��������
?��A@B�):=<5��>�� becomes99.87%,whichcorresponds
to thevalueof CEDF8�+ in a normaldistribution.

Table1 shows theaccuracy of thestatisticalstatictiming
analysis(SSTA) method[1]. The column“3 + of GateDe-
lay Error” representsthe value3+ of gatedelayuncertain-
ties. SSTA methodcomputesthe worst-casedelay �):=<%�	>G�
within 0.3% error, and the averageerror is 0.1%. SSTA
methodcancalculatethe worst-casedelayaccuratelyirre-
spective of the initial and the optimizedcircuits. Table 2
representsthecomparisonof CPUtimeneededto derivethe
worst-casedelay. The column“Monte Carlo” corresponds
to theMonteCarlosimulationwhosenumberof delayeval-
uationis 10,000.EachCPUtimeis theaverageCPUtimeof
six calculationsshown in Table1. SSTA methodcalculates
the worst-casedelayasmorethanthreethousandtimesas
fastastheMonteCarlosimulationwith 10,000delayeval-
uations. SSTA methodrequiresonly threefoldCPU time
of theMonteCarlosimulationwhoseevaluationnumberis
one.In otherwords,SSTA needsthreefoldCPUtimeof the
usualstatic timing analysis,althoughthe averageerror of
SSTA is 0.1%.

5. CONCLUSION

This paperexaminesthestatisticaleffect of path-balancing
operationto uncertaintyin circuit delay. We demonstrate

Table2: CPUTimeof Worst-CaseDelayAnalysis.
MonteCarlo StatisticalStatic

#evaluation:10k #evaluation:1 Timing Analysis
6044s 0.6s 1.9s

someexamplesthatuncertaintyin circuit delayis increased
by path-balancing.Weraiseanoticethatpath-balancingin-
creasesuncertaintyin circuit delay, anddemonstrateaprob-
lem that a highly-optimizedcircuit may not satisfy delay
constraints.
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