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ABSTRACT

This paperpresentsa techniqueto estimatethe stochastic
cycle period (SCP),a performanceametric for timed asyn-
chronougircuits. Thistechniquausedimedstochasti®etri
nets(TSPN)which supportchoiceandarbitrarydelaydis-
tributions. The SCPis the delay of the averagepathin a
TSPNwhenrepresentedsa sumof weightedplacedelays.
A placedelayis the expectedvalue of its associatedlistri-
bution andits weightdenotests importancein the average
pathof the TSPN. The approachanalyzedfinite execution
tracesof the TSPNto derive an expressionfor the weight
valuesin the SCP The weightscan be analyzedwith ba-
sic statisticsto within anarbitraryerror bound. This paper
demonstrateshe use of the SCPto aggressiely optimize
timedasynchronousircuitsfor improvedaverage-casper
formanceby reducingtransistorcounts, reorderinginput
pinsatgatesandskewing transistoisizesto favorimportant
transitions.Eachoptimizationeffort is directedto improve
theaverage-casdelayin thecircuit atthe possibleexpense
of theworst-casalelay

1. INTRODUCTION

Asynchronousiesignstyleswereengenderedeforemary
synchronougechniqueshbut were left to the waysidebe-
causeof their perceveddifficulty of implementationCom-
ponentsin an asynchronousircuit operateasfastasthey
canandnotify othercomponentsvhenthey have complet-
ed their work. In this type of circuit, the traditional cost
metricmustberedefinedln synchronousircuits,onemust
optimize for the worst-casebehaior. It is the worst-case
thatis goingto setthe clock frequeng, regardlessof how
often that worst-caseactually occurs. When designingan
asynchronougircuit, the designermust optimize for the
average-casenottheworst-casescenario.

Circuits designedor average-casesingasynchronous
techniqueshave a potentialfor higher performance. This
potentialis harnessedsearly as1955in the designof an
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asynchronousdder[1]. Throughthe useof dualrail en-
coding and completiondetection,this simple ripple carry
adderhasanaverage-casperformanceearin N, where N
is thenumberof bits in the addition. Traditionalworst-case
designtechniquesboundthe performanceat N. A more
recentexample of exploiting average-cas@erformances
seenin [2]. This designof anasynchronou$A32 instruc-
tion decodeis aggressiely optimizedfor themostcommon
instructionlengths.Theresultis athreetimesimprovemen-
t in throughputat half the lateng, dissipatingonly half the
power, andrequiringaboutthe sameareaasanexisting syn-
chronoudA32 decoderunningat400MHz.

In orderto exploit average-casperformanceit is nec-
essanto have anappropriatesystematianethodto analyze
andoptimize circuits and specificationghroughoutthe de-
signprocessThis paperdevelopsthe stochasticcycleperi-
od (SCP)asone suchmethod. The SCPis a performance
analysismetricfor timedcircuits[3] whichis integratedinto
the CAD tool ATACS. The SCPanalysigechniqueoperates
on timed stodastic Petri nets (TSPN),which are capable
of modelingchoiceandarbitrarydelaydistributions. Given
atimedasynchronousircuit modeledoy a TSPN,the SCP
is asumof weightedplacedelaysshowving the average-path
in the TSPN. Eachplacedelayin the sumis the expected
valueof the delaydistribution on that place,andits weight
shavs its importancdan the average-delayf the TSPN.AN
expressiorfor theweightsis derivedby analyzingfinite un-
rollings of the TSPN.Theexpressiorcanbeevaluatedising
basicstatistics.Thevalueof the SCPusingtheplacedelays
representshe average-delapf acyclein the TSPN.

Many methodsfor asynchronougerformanceanalysis
do exist andthis work strivesto improve andextendthese
techniques.The SCPbuilds on the cycle periodin [4] by
incorporatingboundeddelayswith arbitrary distributions
and choiceconstructsin the specification. In [5], a tech-
niqueis presentedhat calculateghe averagetime sepaa-
tions of events(TSE) by analyzingfinite unrollings of s-
tochastictimed Petri nets. The analysisof the weightsin
the SCPusesthe finite unrolling methodsof [5]. Howev-
er, the SCPusesthe maxdiff algorithmfrom [3] to derive
the TSEsratherthana longestpathanalysis. The maxdiff



algorithm removes the needto maximize over all longest
pathsfound from eachinitially marked rule in the cut set
of the TSPNandreduceghe needto minimize the initially
marked placesin the cut set. Furthermorethe work in [5]
only presentsa single value that denoteshe averagetime
separatiorbetweertwo events.Although[5] doescalculate
the average-casdelayof a cycle in the system,it doesnot
presentary informationaboutthe pathsin the systemthat
constitutethatdelay This approachaugmentghe analysis
in [5] to extractthe constrainingpathfrom the TSPN.This
pathis usedto derive the weightvaluesin the SCP

Markovian analysishasalsobeenappliedto the perfor
manceanalysisof asynchronousircuits[6, 7]. SCPanaly-
sisavoidsthecomputationatompleity of Markoviananal-
ysisandreduceghe numberof statisticalmetricsto a man-
ageableset. Moreover, the methodsn [6, 7] eitherpresent
ametricfor every edgeor statein the reachablesystem,or
they reducethe information down to a single value. The
SCPpresentsa greatly reducedset of metrics—onthe or-
derof thenumberof placesn the TSPN—whichdenotethe
relative importanceof differentpathsin the asynchronous
circuit.

This paperis organizedasfollows. Section2 presents
the systemmodel, describegshe SCP andbriefly discusses
how it is derived. Section3 givesan exampleof the SCP
analysisfor asimpleenhancediatchcontrolleranddiscuss-
eshow it canbe usedto analyzeand optimize circuit per
formance.Finally, Section4 demonstratesuntimesfor the
SCPon variousdesignsandproposesareaof futurework.

2. THE STOCHASTIC CYCLE PERIOD

The SCPusesa TSPNrepresentationf timed circuits. S-
incedelayin atimedcircuitis acomplec functionof process
variationand ervironment,delaysfor placesin the TSPN
are modeledas boundedstochastiadistributions. In prac-
tice,the TSPNbehaesmuchlike a 1-safemarked Petrinet
or Signal Transition Graph (STG), except that transition-
s cannotimmediatelyfire whenthey becomeenabledin a
marking. Rather whena tokenentersa place,it undegoes
adelaythatis prescribedy its stochastidistribution. Once
the tokenhascompletedts prescribeddelay the token be-
comesavailableto waiting transitions.If enoughtokensare
availableto a waiting transitionto enableit to fire, it fires
instantaneously A trigger is definedas the last placeto
becomeavailableto a transitioncausingit to fire [8]. The
TSPNmodelforcesinterlearing semanticandonly allows
asingletokento becomeavailableatatime.

The SCR p, is definedasa sumof weighteddelaysgiv-
enasp = E(W T W T is the setof all possible
transitionsallowedin the TSPN.Theplacedelay «,,, is the
expectedvalueof the delayfor the distribution at the place
betweentransitionsu andv. This delaycanbe relatedto

the circuit by settingit to be the averagemeasuredielay
betweena transitionof » anda transitionof v on the gate
implementingv whenthe gateis triggeredby u (i.e., u is
the last signal transitionneededfor v to transition). The
Wy, Valueis amultiplier thatdetermineghe importanceof
a,, in anaverage-gcle of the circuit. A w,, valueator n-
earl impliesthatthe associatedelayis often contributing
to the average-delayf the circuit. A w,,, ator near0 im-
pliesthatthe associatedielayrarely, if ever, contributesto
the average-delayf the circuit. This meansthatthe tran-
sition happensn parallelwith someotherslower transition
(or transitions).

Following notationin [5], the expressionfor the w,,
valuesdevelopsasfollows: let a timed execution(r) of a
TSPNbeanagyclic eventgraphor anunfoldingof the TSP-
N with all choiceresohedandplacesassignedielayvalues.
An events(®) is definedasthe k" instanceof thetransitions
in thetimed executionw. Formally 7 = (T, Fy,7) where
T, is the setof all events,F. : T, x T, is theflow rela-
tion, andr : T, — R is amappingfunctionwherer(s*))
returnsthetime of the k™ firing of s.

To generat@timedexecutioniit is firstassumedhatall
initially marked placesin the TSPNreceve tokensat time
zero. Eachtoken is then assigneda randomdelay value
sampledrom its associategblacedistribution. The system
clock is theniteratively advancedto the earliesttokentime
thatis to becomeavailableto waiting transitions. If when
atokenbecomeswvailableit enablesawaiting transitionto
fire, thenthe transitionis fired, tokensare moved to new
places,andthey areassignedandomdelaysfrom their re-
spectve placedistributions.

Foragiventimedexecutionpair (s(¥), t(k+¢)), theirtime
separatioris definedasy(®) (s, t,e) = 7(t++9)) — 7(s(F),
Thecritical pathfunction C, returnshesequencef events
thatdeterminethe valueof v(*) (s, ¢, ¢). Formally, C is de-

finedasC® (t1,tn,¢) = (1), ..., ¥} suchthat
V1<i<n)V(k<j<k+e)V0<I<1):
1, 5") € Fy (2)

A

’Y(]) (tza tz'-l—la l) +
YD (tigr, tn,e + (k=5 = 1)) )

Thisstateghatgivenary p'airo'f adjacena/ents(tgj ), tz(ﬂl))
in the critical path C, (tz@,t,(f{”) mustbein the flow re-
lation asrequiredby (1), and (tz(j) , tgfgl)) mustsatisfythe
badtracerequirementf (2). (2) statedhatthetime separa-

tion of tgj) andtheendof thesequencde%k“) mustbeequal



to thetime separatiorof (¢, t7*")) plusthetime separa-

tion of (t91", #f*)). Thel term accountsfor adjacent
eventson a new cycle boundarysinceit is possibleto have
t;incyclejandt;; incyclej+1. LetV : Ty x T xC —

¥ bethevaluefunctiondefinedas

m =

if 3s(), ¢ € CA
(s, 49) € Fy)
0 otherwise.

V(s(i),t(j), C) =

V returnst if theeventss(? andt(?) arefoundin thecritical
pathC, andthereis a (s(%), () pairin theflow relationF.

Givenapair of transitions(u, v), aneventtracer, anda
critical pathC'(®) (s, £, £), theweightvaluew'®) cannow be
definedas

Z V(u(i)av(j)ac(k) (S,t,E)),
k<i,j<k+e

wih) =

which statesthatthe weight of a giventransitionpair is e-

gualto thesumof % for every givenadjacentnstanceof the

eventsu(d andv®) in thecritical pathC*) (s, t,¢). LetII

representhe setof all possibletimed executionsof a giv-

en TSPN.If 7 is randomlysampledfrom TI, thenw,(jf,) is

arandomvariablewith somemeananddistribution. Thus,
thesequencé(wffﬁ,) :k=1,2,3,...} isarandomprocess.
Therefore the averagevalue of the weight sequences the

M, e0) 2 30y wi® whichis definedasws,.

3. EXAMPLE

Figure 1 shows the signal transition graph (STG) for the
enhancedatch controllerfrom [9] andthe circuit synthe-
sizedby ATACS. The STGis translatedo the TSPNmodel
by makingthetransitiondelaysuniformly distributedacross
boundsthat are setto be £20% of the delay valuesfrom
SPI CE shavn in [9]. Beforegeneratinghe circuit, the s-
tochasticcycle period for the enhancedatch controlleris
comparedvith analternatie latch controllerdesignwhich
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Figure 1: The STG and circuit implementationof an en-
hancedatchcontrollercourtesyof [9].

is the simplelatch controllerfrom [9]. Thisis doneby us-
ing the expecteddelaysof placesin the TSPN asthe «,
delaysin the SCP This simpleanalysisshovstheenhanced
latch controllerto have anaverage-casperformancehatis
1.35 timesfasterthanthesimplelatchcontroller Thisnum-
ber correlateswell to the 1.47 timesspeedugshowvn in the
SPI CE resultsfrom [9]. Theslight differenceis attributed
to the fact that resultsfrom the SPI CE simulationare de-
pendenbnasingleinputtracewith fixedtimesfor thingsto
happenaswell asthefactthatSPI CE cannotconsiderpro-
cessandervironmentvariations. It producesa fixed delay
thatis determinedby the inputsandthe modelusedin the
simulation.

The weights on the arcsof the STG in Figure 1 de-
note the w,, valuesfrom the SCP The larger the weight,
the greaterthe amountof delay the arc contributesto the
average-casgerformanceof the circuit. Therefore,if a
triggerdependentlelay hasthe value o, thenthe amount
of timethatdelaycontributesto theaverage-gcle of thecir-
cuitis w,, - ay,, Wherew,, is theweightmultiplier from the
SCP Usingtheseweights furtheroptimizationto thecircuit
canbeapplied. Accordingto theweights,the delayfor the
transition A+ is largely controlledby the trigger D+ and
both D+ and A+ male significantcontributionsto the cy-
cle period. Therefore, D+ shouldbe nearthe outputof the
gateimplementing4+ to optimizeits performanceFor the
falling transitionof A—, D— controlsthe delay andthus,
D— shouldbe nearthe output of the gate. The transition
E+ is triggeredby Rin+ and A—, but A— is not directly
on the critical path, so Rin+ is moved nearthe output of
the gateimplementingE+. Accordingly, E— is triggered
by Rin— andLt+, but Rin— hasnegligible weight,andit is
thus, not a contributor to the cycle period. Therefore Lt+
shouldbe movednearthe outputof the gatefor E—.

A moreaggressie optimizationof this circuit involves
tighteningtiming boundsto restrictouttriggersin the actu-
al implementation.The weightsfrom the SCPcanbe used
to identify trigger signalsthatdo not contrituteto the cycle
period. In this example,it is extremelyunlikely that Aout+
triggers A—. If the boundeddelayfor Aout+ is tightened
by 0.5%,thesignalAout+ is nolongerneededn theimple-
mentationof A—. Similarly, atighteningof about0.5%re-
movesRin— fromthegatefor E—. Thisshovshow theSCP
can be usedto restrictout triggersthat have low weights.
Althoughthis type of optimizationmay seemaggressie, it
is importantto notethatthe delayassumptioni thebegin-
ning aretypically very consenrative. As thedesignmatures,
thetiming assumptionarebroughtcloserto theiractualde-
lay ranges.Moreover, at this point the circuit designethas
a betterunderstandingf the amountof slackfoundin the
system.The SCPis designedo betterutilize this slack.

Anotherpossibleoptimizationis transistorsizing. For
example,looking at the STG, transitionsthat make signifi-



cantcontributionsto the delayof the circuit canbe readily
identified. With this information, it is possibleto sizethe
transistordan the gateimplementationgo favor transitions
thatfall in the critical cycle. Considerthe signalLt. The
high going phaseof Lt is on the critical pathwith a weight
valueof 0.99,andthelow goingtransitionfalls off thecriti-
cal pathwith aweightvalueof 0.15. With this information,
it is possibleto skew the gateimplementingLt to favor the
rising transition sincethatis thecritical edge.This caneas-
ily beaccomplishedby increasinghewidths of thetransis-
torsinvolvedin therising transitionof Lt, with thetransistor
nearthe power rail having the largestwidth.

4. RESULTSAND CONCLUSIONS

Early resultsfor the SCP are promising. We have deter
minedthat we cando performanceanalysison larger sys-
tems.To show this, we analyzea numberof enhancedatch
controllersconnectedn serieson a 550 MHz Pentiumlll
processowith 384 MB of memory For a4 stageenhanced
latch,ATACS finds2416statesn 222secondsThevalueof
the SCPcorvergesto 1176.6 + 11.61 ata 95% confidence
interval with a 1.0%relative errorin 132secondsThis cor-
relateswith the computedT SE, reportedat the sameconfi-
dencenterval,to be1197.3 £8.1. In fact, ATACS is unable
tofind thestatespacdor a5 stageenhancedatchcontroller
However, the SCPis foundin 150secondsThis shavs how
the SCPscalego largersystems.

In [2], anasynchronoustructionlengthdecodeliis p-
resentedhat makesextensive useof timed circuits. Oneof
the principle timed circuits is the tag unit shavn in Figure
2. Tagunitsarearrangedn a matrix, andeachcolumnof
the matrix is connectedo a lengthdecoder Whena col-
umnis thefirst byte of aninstruction,its tagunit is alerted.
Thetag unit looks at the length of the instructionandthen
forwardsthe tagto the column of thefirst byte of the next
instruction. This exampleillustratesour methodappliedto
specificationgontainingchoiceconstructsincethe system
mustchoosebothaninstructionlengthandanincomingtag.
For this example,the SCPis determinedn 35 secondsand
reflectsthefrequeng of instructionlengthsasdescribedy
the specification.

This paperaspresentedhe SCPasaperformancenet-
ric for timedsystemslt presenteénexpressiorfor directly
calculatingthe w,, valuesin the SCPthat doesnot require
statespaceexploration. The new methodis basedon finite
unrollings of the TSPN modeland s fasterthan previous
simulationmethodsn [8]. This paperhaspresenteaneth-
odsof optimizingcircuitsfor average-casperformancais-
ing the SCP Thesemethodsare: pin ordering, transistor
countreductionthroughtrigger signalrestriction,and un-
balancedsizingto favor importanttransitionsin the SCP

Futurework for this researchncludestheautomatiorof
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Figure2: Intel RAPPIDtagunit.

transistorsizing andpin ordering,aswell asaidingthe de-
signerin identifyingtriggersto restrictfrom gateimplemen-
tations. We alsoplanto develop methodsfor finding good
boundeddelaysto usein the TSPNmodelanda methodof
sizingtransistorgo meetthe specifieddelays.
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