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ABSTRACT

This paperpresentsa techniqueto estimatethe stochastic
cycle period(SCP),a performancemetric for timed asyn-
chronouscircuits.ThistechniqueusestimedstochasticPetri
nets(TSPN)which supportchoiceandarbitrarydelaydis-
tributions. The SCPis the delayof the averagepath in a
TSPNwhenrepresentedasasumof weightedplacedelays.
A placedelayis theexpectedvalueof its associateddistri-
bution andits weightdenotesits importancein theaverage
pathof the TSPN.The approachanalyzesfinite execution
tracesof the TSPNto derive an expressionfor the weight
valuesin the SCP. The weightscan be analyzedwith ba-
sic statisticsto within anarbitraryerrorbound.This paper
demonstratesthe useof the SCPto aggressively optimize
timedasynchronouscircuitsfor improvedaverage-caseper-
formanceby reducingtransistorcounts, reorderinginput
pinsatgates,andskewing transistorsizesto favor important
transitions.Eachoptimizationeffort is directedto improve
theaverage-casedelayin thecircuit at thepossibleexpense
of theworst-casedelay.

1. INTRODUCTION

Asynchronousdesignstyleswereengenderedbeforemany
synchronoustechniques,but were left to the waysidebe-
causeof theirperceiveddifficulty of implementation.Com-
ponentsin an asynchronouscircuit operateas fastas they
canandnotify othercomponentswhenthey have complet-
ed their work. In this type of circuit, the traditional cost
metricmustberedefined.In synchronouscircuits,onemust
optimize for the worst-casebehavior. It is the worst-case
that is going to setthe clock frequency, regardlessof how
often that worst-caseactuallyoccurs. Whendesigningan
asynchronouscircuit, the designermust optimize for the
average-case,not theworst-casescenario.

Circuits designedfor average-caseusingasynchronous
techniqueshave a potentialfor higher performance.This
potentialis harnessedasearly as1955in the designof an
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asynchronousadder[1]. Throughthe useof dual rail en-
coding and completiondetection,this simple ripple carry
adderhasanaverage-caseperformancenear

�����
, where

�
is thenumberof bits in theaddition.Traditionalworst-case
designtechniquesboundthe performanceat

�
. A more

recentexampleof exploiting average-caseperformanceis
seenin [2]. This designof an asynchronousIA32 instruc-
tion decoderis aggressivelyoptimizedfor themostcommon
instructionlengths.Theresultis a threetimesimprovemen-
t in throughputat half the latency, dissipatingonly half the
power, andrequiringaboutthesameareaasanexistingsyn-
chronousIA32 decoderrunningat 400MHz.

In orderto exploit average-caseperformance,it is nec-
essaryto haveanappropriatesystematicmethodto analyze
andoptimizecircuitsandspecificationsthroughoutthede-
signprocess.This paperdevelopsthestochasticcycleperi-
od (SCP)asonesuchmethod. The SCPis a performance
analysismetricfor timedcircuits[3] whichis integratedinto
theCAD tool ATACS. TheSCPanalysistechniqueoperates
on timedstochasticPetri nets (TSPN),which arecapable
of modelingchoiceandarbitrarydelaydistributions.Given
a timedasynchronouscircuit modeledby a TSPN,theSCP
is asumof weightedplacedelaysshowing theaverage-path
in the TSPN.Eachplacedelayin the sumis the expected
valueof thedelaydistribution on thatplace,andits weight
shows its importancein theaverage-delayof theTSPN.An
expressionfor theweightsis derivedby analyzingfinite un-
rollingsof theTSPN.Theexpressioncanbeevaluatedusing
basicstatistics.Thevalueof theSCPusingtheplacedelays
representstheaverage-delayof a cycle in theTSPN.

Many methodsfor asynchronousperformanceanalysis
do exist andthis work strivesto improve andextendthese
techniques.The SCPbuilds on the cycle period in [4] by
incorporatingboundeddelayswith arbitrary distributions
and choiceconstructsin the specification. In [5], a tech-
niqueis presentedthat calculatesthe averagetime separa-
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.Themax diff



algorithm removes the needto maximizeover all longest
pathsfound from eachinitially marked rule in the cut set
of theTSPNandreducestheneedto minimizetheinitially
markedplacesin the cut set. Furthermore,the work in [5]
only presentsa singlevalue that denotesthe averagetime
separationbetweentwo events.Although[5] doescalculate
theaverage-casedelayof a cycle in thesystem,it doesnot
presentany informationaboutthe pathsin the systemthat
constitutethatdelay. This approachaugmentsthe analysis
in [5] to extract theconstrainingpathfrom theTSPN.This
pathis usedto derive theweightvaluesin theSCP.

Markoviananalysishasalsobeenappliedto theperfor-
manceanalysisof asynchronouscircuits[6, 7]. SCPanaly-
sisavoidsthecomputationalcomplexity of Markoviananal-
ysisandreducesthenumberof statisticalmetricsto a man-
ageableset. Moreover, themethodsin [6, 7] eitherpresent
a metric for every edgeor statein thereachablesystem,or
they reducethe information down to a single value. The
SCPpresentsa greatly reducedsetof metrics—onthe or-
derof thenumberof placesin theTSPN—whichdenotethe
relative importanceof differentpathsin the asynchronous
circuit.

This paperis organizedasfollows. Section2 presents
thesystemmodel,describestheSCP, andbriefly discusses
how it is derived. Section3 givesan exampleof the SCP
analysisfor asimpleenhancedlatchcontrolleranddiscuss-
eshow it canbe usedto analyzeandoptimizecircuit per-
formance.Finally, Section4 demonstratesruntimesfor the
SCPon variousdesignsandproposesareasof futurework.

2. THE STOCHASTIC CYCLE PERIOD

The SCPusesa TSPNrepresentationof timed circuits. S-
incedelayin atimedcircuit is acomplex functionof process
variationandenvironment,delaysfor placesin the TSPN
aremodeledasboundedstochasticdistributions. In prac-
tice, theTSPNbehavesmuchlike a 1-safemarkedPetrinet
or Signal Transition Graph (STG), except that transition-
s cannotimmediatelyfire whenthey becomeenabledin a
marking. Rather, whena tokenentersa place,it undergoes
adelaythatis prescribedby its stochasticdistribution. Once
the tokenhascompletedits prescribeddelay, thetokenbe-
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
TSPNmodelforcesinterleaving semanticsandonly allows
a singletokento becomeavailableat a time.

TheSCP, � , is definedasa sumof weighteddelaysgiv-
en as ���	��

��� ��������� uv � uv. � is the set of all possible
transitionsallowedin theTSPN.Theplacedelay, � uv, is the
expectedvalueof thedelayfor thedistribution at theplace
betweentransitions� and � . This delaycanbe relatedto

the circuit by settingit to be the averagemeasureddelay
betweena transitionof � anda transitionof � on the gate
implementing� whenthe gateis triggeredby � (i.e., � is
the last signal transitionneededfor � to transition). The� ��� valueis a multiplier thatdeterminesthe importanceof� uv in anaverage-cycle of thecircuit. A � ��� valueat or n-
ear1 implies that theassociateddelayis oftencontributing
to theaverage-delayof the circuit. A � ��� at or near0 im-
plies that theassociateddelayrarely, if ever, contributesto
the average-delayof the circuit. This meansthat the tran-
sition happensin parallelwith someotherslower transition
(or transitions).

Following notationin [5], the expressionfor the � ���
valuesdevelopsas follows: let a timedexecution( � ) of a
TSPNbeanacyclic eventgraphor anunfoldingof theTSP-
N with all choiceresolvedandplacesassigneddelayvalues.
An event  
�!�� is definedasthe " th instanceof thetransition 
in thetimedexecution � . Formally �#�%$&�('*),+-'.)0/21 where�.' is the setof all events, +-'435�.'768�.' is the flow rela-
tion, and /839�.';:=< is a mappingfunctionwhere />$? 
@!�� 1
returnsthetimeof the " th firing of  .

To generateatimedexecution,it is first assumedthatall
initially markedplacesin the TSPNreceive tokensat time
zero. Eachtoken is then assigneda randomdelay value
sampledfrom its associatedplacedistribution. Thesystem
clock is theniteratively advancedto theearliesttokentime
that is to becomeavailableto waiting transitions. If when
a tokenbecomesavailableit enablesa waiting transitionto
fire, then the transitionis fired, tokensare moved to new
places,andthey areassignedrandomdelaysfrom their re-
spectiveplacedistributions.

Foragiventimedexecutionpair $A 
�!B� )DC 
�!BE.FD� 1 , theirtime
separationis definedas G 
�!�� $A �)0C�)IH�1J�K/>$LC 
�!�E>FD� 1NM8/>$A 
�!B� 1 .
Thecritical pathfunction, O , returnsthesequenceof events
thatdeterminethevalueof G 
�!�� $A �)0C�)IH�1 . Formally, O is de-
finedas O 
@!�� $LC0PQ)DCIR()DH�1S��$LC 
@!��P )UTVTUTV)DC 
�!�E>FD�R 1 suchthatW $IXZY\[J]_^`1�) W $A"aY8bcYd"�efH�1�) W $&ghYdi-YjX�1k3

$LC 
ml0�n )0C 
ml0E.op�n E P 1kqr+ ' (1)s
G 
ml0� $LC n )DCIR()IH�eK$?"tMrbu1D1v�G 
wl0� $LC n )DC n E P�),iA1>eG 
wl0E.op� $&C n E P )DC R )DHxey$A"hMzb�M{iA101 (2)

Thisstatesthatgivenany pairof adjacentevents$&C 
ml0�n )0C 
ml0E.op�n E P 1
in the critical path O , $&C 
ml0�n )DC 
wl0E.op�n E P 1 mustbe in the flow re-

lation asrequiredby (1), and $LC 
ml0�n )DC 
ml0E>op�n E P 1 mustsatisfythe
backtracerequirementof (2). (2) statesthatthetimesepara-
tion of C 
ml0�n andtheendof thesequenceC 
�!�E.F0�R mustbeequal



to thetime separationof $LC 
ml0�n , C 
ml0E>op�n E P 1 plus thetime separa-

tion of $LC 
ml0E.o
�n E P , C 
�!�E.F0�R 1 . The i term accountsfor adjacent
eventson a new cycle boundary, sinceit is possibleto haveC n in cycle b and C n E P in cycle b-e|X . Let }~3Q� ' 6�� ' 6�O�:< bethevaluefunctiondefinedas

}�$? 
 n � )0C 
ml0� )�O�1S� �� � PF if �� 
 n � )DC 
ml0� q|O s$? 
 n � )DC 
ml0� 1kqz+5' )g otherwise.

} returns PF if theevents 
 n � andC 
ml0� arefoundin thecritical
path O , andthereis a $A 
 n � )DC 
wl0� 1 pair in theflow relation +5' .

Givenapairof transitions$L�5)D�91 , aneventtrace� , anda

critical path O 
@!�� $? �)0C�)IH�1 , theweightvalue � 
�!����� cannow be
definedas

� 
�!����� � �!�� n � lB�(!BE.F }�$L� 
 n � )D� 
ml0� ),O 
@!�� $A �)0C�)IH�1D1B)
which statesthat the weight of a given transitionpair is e-
qualto thesumof PF for everygivenadjacentinstanceof the
events � 
 n � and � 
ml0� in thecritical path O 
�!�� $A �)DC�)DHQ1 . Let �
representthe setof all possibletimed executionsof a giv-
en TSPN.If � is randomlysampledfrom � , then � 
�!����� is
a randomvariablewith somemeananddistribution. Thus,
thesequence��� 
�!����� 3�"r��X�)��9),��)UTVTUTm� is a randomprocess.
Therefore,the averagevalueof the weight sequenceis the�
��� 
 R���� � PR � R !�� P � 
�!����� which is definedas � ��� .

3. EXAMPLE

Figure 1 shows the signal transition graph (STG) for the
enhancedlatch controller from [9] and the circuit synthe-
sizedby ATACS. TheSTGis translatedto theTSPNmodel
by makingthetransitiondelaysuniformly distributedacross
boundsthat are set to be �Z��g�� of the delayvaluesfrom
SPICE shown in [9]. Beforegeneratingthe circuit, the s-
tochasticcycle period for the enhancedlatch controller is
comparedwith analternative latchcontrollerdesignwhich
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Figure 1: The STG and circuit implementationof an en-
hancedlatchcontrollercourtesyof [9].

is thesimplelatchcontrollerfrom [9]. This is doneby us-
ing the expecteddelaysof placesin the TSPN as the � uv

delaysin theSCP. Thissimpleanalysisshowstheenhanced
latchcontrollerto haveanaverage-caseperformancethatisX�T ��� timesfasterthanthesimplelatchcontroller. Thisnum-
ber correlateswell to the X�T �u� timesspeedupshown in the
SPICE resultsfrom [9]. Theslight differenceis attributed
to the fact that resultsfrom theSPICE simulationarede-
pendentonasingleinput tracewith fixedtimesfor thingsto
happen,aswell asthefactthatSPICE cannotconsiderpro-
cessandenvironmentvariations. It producesa fixeddelay
that is determinedby the inputsandthe modelusedin the
simulation.

The weights on the arcs of the STG in Figure 1 de-
note the � uv valuesfrom the SCP. The larger the weight,
the greaterthe amountof delay the arc contributesto the
average-caseperformanceof the circuit. Therefore,if a
trigger-dependentdelayhasthevalue � uv, thenthe amount
of timethatdelaycontributesto theaverage-cycleof thecir-
cuit is � uv � � uv, where � uv is theweightmultiplier from the
SCP. Usingtheseweights,furtheroptimizationto thecircuit
canbeapplied.Accordingto theweights,thedelayfor the
transition �Ze is largely controlledby the trigger  ae and
both  ae and ��e make significantcontributionsto thecy-
cle period.Therefore, ae shouldbeneartheoutputof the
gateimplementing�Ze to optimizeits performance.For the
falling transitionof �¡M ,  |M controlsthe delay, andthus, zM shouldbe nearthe outputof the gate. The transition¢ e is triggeredby Rine and �¡M , but �¡M is not directly
on the critical path, so Rine is moved nearthe output of
the gateimplementing

¢ e . Accordingly,
¢ M is triggered

by RinM andLt e , but RinM hasnegligible weight,andit is
thus,not a contributor to the cycle period. Therefore,Lt e
shouldbemovedneartheoutputof thegatefor

¢ M .

A moreaggressive optimizationof this circuit involves
tighteningtiming boundsto restrictout triggersin theactu-
al implementation.Theweightsfrom theSCPcanbeused
to identify triggersignalsthatdo not contributeto thecycle
period.In this example,it is extremelyunlikely thatAoute
triggers �¡M . If the boundeddelay for Aoute is tightened
by 0.5%,thesignalAoute is no longerneededin theimple-
mentationof �¡M . Similarly, a tighteningof about0.5%re-
movesRinM from thegatefor

¢ M . Thisshowshow theSCP
canbe usedto restrictout triggersthat have low weights.
Althoughthis typeof optimizationmayseemaggressive, it
is importantto notethatthedelayassumptionsin thebegin-
ningaretypically veryconservative.As thedesignmatures,
thetiming assumptionsarebroughtcloserto theiractualde-
lay ranges.Moreover, at this point thecircuit designerhas
a betterunderstandingof the amountof slackfound in the
system.TheSCPis designedto betterutilize this slack.

Anotherpossibleoptimizationis transistorsizing. For
example,looking at theSTG,transitionsthatmake signifi-



cantcontributionsto thedelayof thecircuit canbereadily
identified. With this information, it is possibleto sizethe
transistorsin the gateimplementationsto favor transitions
that fall in the critical cycle. Considerthe signalLt. The
high goingphaseof Lt is on thecritical pathwith a weight
valueof 0.99,andthelow goingtransitionfallsoff thecriti-
cal pathwith a weightvalueof 0.15.With this information,
it is possibleto skew thegateimplementingLt to favor the
risingtransition,sincethatis thecritical edge.Thiscaneas-
ily beaccomplishedby increasingthewidthsof thetransis-
torsinvolvedin therisingtransitionof Lt, with thetransistor
nearthepower rail having thelargestwidth.

4. RESULTS AND CONCLUSIONS

Early resultsfor the SCPare promising. We have deter-
minedthat we cando performanceanalysison larger sys-
tems.To show this,we analyzeanumberof enhancedlatch
controllersconnectedin serieson a 550 MHz PentiumIII
processorwith ��£Q� MB of memory. For a 4 stageenhanced
latch,ATACS finds2416statesin 222seconds.Thevalueof
theSCPconvergesto X�X¤�¤¥2T ¥¦�jX�X�T ¥�X at a 95%confidence
interval with a1.0%relativeerrorin 132seconds.Thiscor-
relateswith thecomputedTSE,reportedat thesameconfi-
denceinterval, to be X�X�§��uT �S�z£2T
X . In fact,ATACS is unable
to find thestatespacefor a5 stageenhancedlatchcontroller.
However, theSCPis foundin 150seconds.Thisshowshow
theSCPscalesto largersystems.

In [2], anasynchronousinstructionlengthdecoderis p-
resentedthatmakesextensiveuseof timedcircuits. Oneof
the principle timed circuits is the tag unit shown in Figure
2. Tag units arearrangedin a matrix, andeachcolumnof
the matrix is connectedto a lengthdecoder. Whena col-
umnis thefirst byteof aninstruction,its tagunit is alerted.
The tag unit looksat the lengthof the instructionandthen
forwardsthe tag to the columnof the first byteof the next
instruction.This exampleillustratesour methodappliedto
specificationscontainingchoiceconstructssincethesystem
mustchoosebothaninstructionlengthandanincomingtag.
For this example,theSCPis determinedin 35 secondsand
reflectsthefrequency of instructionlengthsasdescribedby
thespecification.

ThispaperhaspresentedtheSCPasaperformancemet-
ric for timedsystems.It presentedanexpressionfor directly
calculatingthe � uv valuesin the SCPthatdoesnot require
statespaceexploration. Thenew methodis basedon finite
unrollings of the TSPN modeland is fasterthanprevious
simulationmethodsin [8]. This paperhaspresentedmeth-
odsof optimizingcircuitsfor average-caseperformanceus-
ing the SCP. Thesemethodsare: pin ordering, transistor
count reductionthroughtrigger signal restriction,andun-
balancedsizingto favor importanttransitionsin theSCP.

Futurework for thisresearchincludestheautomationof
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Figure2: Intel RAPPIDtagunit.

transistorsizingandpin ordering,aswell asaidingthede-
signerin identifyingtriggersto restrictfrom gateimplemen-
tations. We alsoplan to developmethodsfor finding good
boundeddelaysto usein theTSPNmodelanda methodof
sizingtransistorsto meetthespecifieddelays.
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