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Abstract— We presenta satisfiability basedmulti-clock path
analysis method. The method usespropositional satisfiability
(SAT) in the detection of multi-clock paths. We show a method
to reducethe multi-clock path detection problemsto SAT prob-
lems. We alsoshow heuristics on the conversion fr om multi-level
circuits into CNF formulae. We have applied our method to IS-
CAS89benchmarksand other samplecircuits. Experimental re-
sults show the impr ovementon the manipulatable sizeof circuits
by usingSAT.

I . INTRODUCTION

Theclock frequency of a sequentiallogic circuit is decided
basedon the maximumdelaytime of thecombinationalparts
in the circuit. The preciseestimationof the maximumdelay
time is importantin decidingtheproperclock frequency[14].

In logiccircuits,theremayexist pathswherethesignalprop-
agationcanuse2 or moreclockcycles,whicharecalledmulti-
clock paths(ormulti-cycle paths)[4],[2],[3]. In other words,
eachpathin thecircuit hasthenumberof allowableclock cy-
clesto propagatesignals,andif thenumberis 2 or more,then
thedelaytimeof thepathcanbegreaterthantheclockperiod.
Hencemulti-clock pathsshouldbeconsideredin thedecision
of clockfrequency, timing verification,andlogic optimization.

Therehave beenproposedtwo multi-clock path detection
methods[4],[2]. Oneis basedontheanalysisof statetransition
graphsof the controllersof microprocessors[4], the other is
basedon the symbolicstatetraversalof finite statemachines
(FSMs)[2]. Both of them detectmulti-clock pathsbasedon
statetraversalof finite statemachines,andcanonly beapplied
to rathersmallcircuits.

Propositionalsatisfiability(SAT) is a methodto decidethe
satisfiabilityof Booleanformulae,andhasbeenusedin logic
comparisonand testpatterngeneration[5]. Recently, SAT is
appliedto theanalysisof sequentialcircuits,suchassymbolic
modelcheckingverification[1] andtiming analysisof combi-
nationalcircuits[10].

In thispaper, wepresentaSAT-basedmulti-clockpathanal-
ysis method. The methodgeneratesa propositionalformula
which is satisfiableif andonly if thepathis not a multi-clock
path,andchecksthesatisfiabilityof theformulawith a propo-
sitionalprover. Weintroduceheuristicsontheconversionfrom

multi-level circuitsto CNF formulae.
Wehaveimplementedourmethodandtestedit onISCAS89

benchmarks[8] andothersamplecircuits.Experimentalresults
show theimprovementon themanipulatablecircuit size.

This paperis organizedasfollows. In thenext section,we
show preliminaries.In SectionIII, wepresentmulti-clockpath
analysis. In SectionIV, we presentmulti-clock path analy-
sisusingpropositionalsatisfiability. In SectionV, we present
heuristicson the translationfrom a multi-level circuit into a
CNF formula with taking the level of a gateinto account. In
SectionVI, weshow theexperimentalresults.

I I . PRELIMINARIES

In thissection,weshow definitionsof sequentialcircuitsand
propositionalsatisfiability.

A. Finite StateMachine(FSM)

We show a definitionof anFSM.
Definition 1 An FSM M is a6-tuple � S� Σ � Γ � δ � λ � q0 � where� S is a finite setof states,� Σ is aninput alphabet,� Γ is anoutputalphabet,� δ : S � Σ � S is a statetransitionfunction,� λ : S � Σ � Γ is anoutputfunction,� q0 �	� S� is theinitial state.
The behavior of M with respect to an input sequence
a1a2 
�
�
 an � ai � Σ � is a sequenceof statesq0q1 
�
�
 qn � qi � S�
anda sequenceof outputso1o2 
�
�
 on � oi � Γ � , whereeachof
the statesand the outputssatisfiesqi 
 δ � qi � 1 � ai � and oi 

λ � qi � 1 � ai � .

Let Σ � be the setof all input sequencesover Σ, and let Σk

be a set of input sequenceswith length k. We useε as the
sequencewhoselengthis 0.

To representthebehavior of M, thedomainof δ is extended,
andδ � : S � Σ ��� S is introduced.
Definition 2 δ � : S � Σ ��� S is definedasfollows:� δ ��� q� ε � 
 q� δ ��� q� wa� 
 δ � δ ��� q� w � � a � ��� a � Σ � w � Σ � �

The set RSof reachablestatesfrom the initial stateq0 is
definedasfollows.
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Fig. 1. Exampleof amulti-clock path.

Definition 3 (Reachablestatesfrom theinitial state)

RS 
 q ��� w � Σ � � q 
 δ � � q0 � w �
Note thata symbolai � Σ correspondsto a tuple of values

of primaryinputsof sequentialcircuits,anda stateq j � Scor-
respondsto a tupleof valuesof registersin thecircuit.

B. PropositionalSatisfiability

Let xi bea propositionalvariable,andxi bethenegationof
xi . A variableandits negationarecalledliterals. Thedisjunc-
tion (OR, � ) of literals suchas x1 � x2 andx1 � x2 � x3 is a
clause. The conjunctionof clausessuchas � x1 � x2 ��� � x1 �
x2 � x3 � is a conjunctivenormalform (CNF) formula. A CNF
formula f overx1 � 
�
�
 � xl is aCNF formulaincludingonly liter-
als x1 � x1 � x2 � x2 � 
�
�
 � xl � xl .

Let (x1 � 
�
�
 � xl ) bea tupleof propositionalvariablesand f be
aCNFformulaoverx1 � 
�
�
 � xl . WecanassignT(true)or F(false)
for xi . If xi is assignedT(F), thenxi is assignedF(T). A clause
hasvalueT, if oneof literals in theclauseis assignedT. A CNF
formulahasvalueT, if all clauseshavevalueT. A CNFformula
f is satisfiableif f hasvalueT with somevalueassignments
for variables.

I I I . MULTI-CLOCK PATH ANALYSIS

In this sectionwe definemulti-clock pathsandshow a de-
tectionmethod.

A. Multi-Clock Path

Multi-clock pathsarethepathswherethepropagationof sig-
nalscanuse2 or moreclock cycles. Fig.1 shows anexample
of multi-clock paths. The upperpart of Fig.1 shows the data
path, and the lower part is the control registers. The initial
stateof thecontrolregistersaftertheresetsignalis � r q3 � r q4 �
r q5 � 
 � 1� 0� 0 � , andthestateof registerschangesas � 0� 1� 0 �
��� 0� 0� 1 � ��� 1� 0� 0 � ��� 0� 1� 0 � � 
�
�
 synchronizedwith the
clock signal.

At thedatapath,“r in” is setto “indata” whenr q3 
 1, and
“r out” is setto thevalueof theoutputof “Multi-clock Oper-
ation” whenr q5 
 1. Sincethestatetransitionis � 1� 0� 0 � �
� 0� 1� 0 � ��� 0� 0� 1 � , “r out” is setafter2 clockswith respectto
the time when“r in” is set. Thuswe canuse2 clock cycles
for the computationof “Multi-clock Operation”, and there-
fore the timing constraintof the path from “r in” to “r out”
is � thepathdelay�! 2 �"� clockperiod� .

In general,we have the following constraintfor eachpath

betweenregisters.

� thepathdelay�
 � allowableclockcycles� �"� clockperiod�

Thenumberof allowableclockcyclescanbe2 or more.
Note that the reachablestateset plays a key part on the

multi-clock pathdetection. For example,the reachablestate
setof theaboveexampleis

� � 1� 0� 0 � �#� 0� 1� 0 � �$� 0� 0� 1 � � , andif
all statescanbereached,thenthesignalbetweenr in andr out
shouldbepropagatedwithin 1 cyclewhen � 1� 1� 1 � �%� 1� 1� 1 � .
B. DetectionMethodBasedon SymbolicExecutionof FSM

Givena circuit, multi-clock pathsaredetectedby analyzing
FSM modelof thecircuit. At first, we computethe setRSof
reachablestatesfrom theinitial state.

Let r in and rout be registers,and therebe a path from r in

to rout . If the valueof rout doesnot changeat the next clock
of the clock whenthe valueof r in hasjust changed,thenthe
propagationof signalscanuse2 or moreclock cycles. Note
that the changeof r in doesnot contribute to the valueof rout .
We obtainthe following conditionspecifyingthe multi-clock
propertyon apathfrom r in to rout :&
q� q'(� q' '�� RS� & a� a'�� Σ �

q' 
 δ � q� a � � q' ' 
 δ � q' � a' � � A �
� q � r in �*)
 q' � r in � �+� q' � rout � 
 q' ' � rout ��� 


Formula(A) denotesthatif thevalueof r in changesat thestate
transitionfrom q to q' , thenthevalueof rout doesnotchangeat
thestatetransitionfrom q' to q' ' , whereq, q' andq' ' arereach-
ablefrom the initial state.Similarly, theconditionspecifying
the path canuse3 or more clock cycles canbe obtainedby
extendingFormula(A).

In the following, we focuson Formula (A) specifyingthe
allowableclock cyclesto be 2 or more. At present,the sym-
bolic statetraversalof theFSMis thebestway to computeRS,
anda BDD-basedmulti-clock pathdetectionmethodhasbeen
proposed[2]. However, the methodis hard to apply to large
circuits.Hence,werelaxtheaboveconditionalittle andcheck
therelaxedconditionusingpropositionalsatisfiability.

IV. MULTI-CLOCK PATH ANALYSIS USING

SATISFIABIL ITY

In this section,we describeanalgorithmthatdetectsmulti-
clock pathsbasedon propositionalsatisfiability.

SAT is not suitablefor computingthe reachablestateset.
Thuswe abandonthe computationandassumethat all states
arereachablefrom the initial state. The following formula is
usedin themulti-clock pathanalysisinsteadof Formula(A).&
q� q'(� q' '�� S� & a� a'�� Σ �

q' 
 δ � q� a � � q' ' 
 δ � q',� a' � � B �
� q � r in �-)
 q' � r in � ��� q' � rout � 
 q' ' � rout ��� 


SinceFormula(B) takesinto accountall states,thereis a pos-
sibility that several multi-clock pathscannot be detectedby
theanalysisaswe describedin III.A.



C C

a a’
Ca(t)

reg

q(t+1)
q(t)

q’ q’’q

(a)A sequentialcircuit (b) A time expansion
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A. Time Expansion

Theanalysisstartsfromthetimeexpansionof sequentialcir-
cuits,wherea sequentialcircuit is translatedinto a multi-level
combinationalcircuit. Fig.2 shows the idea of the time ex-
pansion:(a) is a sequentialcircuit and(b) is a time expanded
combinationalcircuit. Sincewe considerFormula(B), thedu-
plicationof a circuit asshown in Fig.2(b)is enough.Symbols
in Fig.2(b)correspondto thosein Formula(B), where“C” im-
plementsthestatetransitionfunctionδ.

B. PropositionalFormulafor Multi-Clock PathAnalysis

Basedon Formula(B), we definea propositionalformulaF
for detectingmulti-clockpaths.

Let r in and rout be the input and output registers to be
checked.Thefollowing propositionalformulaF becomestrue
if thepathfrom r in to rout canuse2 clockcycles:

F . 
 T � a� q� q' �$� T � a' � q' � q' ' � � C �
� � q � r in �*)/ q'0� r in ��� ��� q'1� rout � / q' '1� rout ��� �

whereT � a� q� q' � 
 1 iff q' 
 δ � q� a � andT � a' � q' � q' ' � 
 1
iff q' ' 
 δ � q' � a' � , and q � r � denotesthe value of a register r
underthestateq. Note thatT � a� q� q' � representsa logic for-
mulawhich is implementedby amulti-level circuit asin Fig.2,
wherea, q andq' arebinarycodedandpropositionalvariables
havebeenassigned.Alsonotethatq � r in � andq � rout � arepropo-
sitional variablescorrespondingto r in androut in the tuple of
thestatevariablesfor thestateq.

If F is unsatisfiable,thenF is alwaystrue for any q, a and
a' , andthereforewe candecidethat theallowableclock cycle
is 2 or more.WetranslateF into CNFformulae,andcheckthe
unsatisfiabilityof F usinga SAT prover. We canobtainCNF
of F usinga translationrule a )/ b 2+� a � b �$� � a � b � :
F 
 T � a� q� q' �$� T � a',� q'(� q' ' � � D �

� � q � r in � � q' � r in ���$� � q � r in � � q' � r in ���
� � q'3� rout � � q' '1� rout ���$� � q' � rout � � q' ' � rout ��� 


NotethatT � a� q� q' � andT � a' � q' � q' ' � arethesamelogic for-
mula with differentvariables. In the following we discussa
methodto generateCNFof T � a� q� q' � .

V. CONVERSION TO CNF FORMULA

In this sectionwe show a methodto translatefrom multi-
level combinationalcircuitsinto CNF formulae.

In general,CNFformulaecanbegeneratedfrom multi-level
combinationalcircuits using the following translationrules:
� a )/ b � 24� a � b �5� � a � b� , � a / b � 24� a � b ��� � a � b � and

� a � b � � c 26� a � c �7� � b � c � . Thesizeof resultingCNFformu-
laemaygrow exponentially, andweshouldintroduceheuristic
techniquesin the conversion. For example,let f1 and f2 be
sub-formulaewhich arenot CNF, andwe considera formula
� f1 )/ f2 � . The formula is translatedinto � f1 � f2 �8� � f1 � f2 �
usingtheaboverules,andthesizeof theformulacanbetwice.
If f2 is f21 � f22, then f1 shouldbeduplicatedandthesizeof
CNFcanbeexponentialwith respectto thesizeof theoriginal
formulain theworstcase.

To avoid this problem,weapplyamethodwhich introduces
new propositionalvariablesandreducesthe sizeof CNF for-
mulaewithout affectingthesatisfiabilityof formulae[13]. For
example,if we introducenew variablesx1 andx2 for f1 and
f2, then we obtain an equivalent formula � x1 )/ x2 �9� � x1

/
f1 �#� � x2

/ f2 � . In thetranslationof x1
/ f1 into CNF, thesize

of CNF formulaedoesnot grow exponentially, sincex1 is a
propositionalvariable.Notethatx is manipulatedasaprimary
inputvariable.

In [13], new variablesare insertedfor all logic gates. We
adaptthetranslationmethod,andimprovethemethodby intro-
ducingnew heuristictechniqueson the insertionof new vari-
ablesbasedon the depthof logic gatesfrom primary output
andnewly introducedvariables.In the following, we assume
that multi-level combinationallogic circuits consistof AND,
OR,NOT andXOR( )/ ) gates.

To control the numberof introducedvariablesandthe size
of generatedCNFformulae,weintroduceheuristictechniques.
Fig.3 shows the idea. We classify 4 casesas shown in the
figure, and introduce4-level parameters. In Fig.3, “v” de-
noteslogic gateswhich we focuson, “Var” denotenew vari-
ableswhich we introduced.“XOR-level”, “OR-level”, “AND-
level” and “NOT-level” are thresholdsthat denotethe maxi-
mumdepthfrom introducedvariables.We introducenew vari-
ablesat the focusinggatev whenthenumberof levelsof “v”
from thenearestvariablesexceedsthethresholds.By this, the
circuit is divided into sub-circuitswith almostthesamelevel.
For example,theORgatein Fig.3(b)is considered.If thelevel
of theORgatefrom thenearestvariableis over“OR-level” and
“pre v” is notaNOT gate,thenweintroducenew variablesfor
fan-insof theOR gate.We show theeffect of this methodon
reducingCNFsizein Sect.VI.

Fig.4showsanalgorithmfor introducingnew variables.The
analysisstartsfromtheprimaryoutputsof multi-level logiccir-
cuits,andgoesbackward towardprimary inputsbasedon the
depthfirst searchalgorithm.At first lev is setto 1, andthenlev
is incrementedfor every recursive calls of DepthFirst().
If thevalueof lev exceedsthethresholddecidedby thetypeof
gates,thennew variablesareinsertedfor fan-insby :$;8<8=8>8?@� � .

VI . EXPERIMENTAL RESULTS

We have implementeda SAT-basedmulti-clock path ana-
lyzer in C languageandcomparedit with asymbolicexecution
basedmulti-clockpathanalyzerusingBDD’s[2]. Wehavealso
implementedBDD-basedanalyzerwithout reachability. The
SAT-basedanalyzerreadscircuit descriptionsin SLIF[16], and
producesCNF formulaein DIMACS format[9] for detecting
multi-clock paths.Thesatisfiabilityof theformulais checked
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with H. Zhang’sSATO[6] / J.Silva’sGRASP[15]. Bothof the
SAT proversarebasedon Davis-Putnammethod[7].

We have analyzedthe ISCAS89benchmarks[8] and other
samplecircuits designedby our laboratoryon a PC (CPU
PentiumII 500MHz,Main memory512MB).

A. Applicationto ISCASBenchmarks

We haveapplied3 analysismethodsto 30 ISCAS89bench-
marks. (1) Method1: BDD-basedalgorithmwhich takesinto
accountthe reachablestateset[2]. (2) Method2: BDD-based
algorithm which assumesthat all statesare reachable,(3)
Method3: SAT-basedalgorithmwhich assumesthatall states
arereachable.We usedSATO asaSAT prover.

TableIshows thestatistics.In the table,“#In”, “#Reg” and
“#R-pair” arethenumberof primaryinputs,registersandcon-
nectedpairs of registersin the circuit respectively. “#Rep”,
“#M-pair” and“Time” arethe numberof repetitionsin com-
puting reachablestatesof the circuit, the numberof pairsof
registerswhosepath is a multi-clock path(2-cycle), and the
elapsedCPU secondsobtainedby the time commandrespec-
tively. “#Var”, “#Cl” and “#Lit” are the maximumnumber
of propositionalvariables,clausesandliterals of the formula
which is usedin our method. Multi-clock pathson 21 cir-

DepthFirst (v,pre v,lev)
v: a gate;
pre v: the previous gate of v;
lev: a level from v to variable;
v1 A v2: the next gate of v;
XOR-level, OR-level,
AND-level, NOT-level: thresholds;

begin
switch (v)
case (v == Var) : return;
case (v == XOR): /*Fig.3(a)*/
if (XOR-level <= lev)
NewVar(v1); NewVar(v2); lev = 1;

else
lev = lev + 1;

DepthFirst(v1,v,lev); DepthFirst(v2,v,lev);
return;

case (v== OR and pre v BC NOT): /*Fig.3(b)*/
if (OR-level <= lev)
NewVar(v1); NewVar(v2); lev = 1;

else
lev = lev + 1;

DepthFirst(v1,v,lev); DepthFirst (v2,v,lev);
return;

case (v== AND and pre v== NOT): /*Fig.3(c)*/
if (AND-level <= lev)
NewVar(v1); NewVar(v2); lev = 1;

else
lev = lev + 1;

DepthFirst(v1,v,lev); DepthFirst(v2,v,lev);
return;

case (v == NOT) : /* Fig.3(d) */
if (NOT-level <= lev)
NewVar(v1); lev = 1;

else
lev = lev + 1;

DepthFirst (v1,v,lev);
return;

end switch;
end

Fig. 4. An algorithmfor introducingnew variables.

cuits arefound by Method1[2]: ex2, ex3, ex4, ex5, ex6, ex7,
s208,s298,s344,s349,s382,s386,s420,s444,s510,s526,
s526n,s641,s713,s838,s953. Multi-clock pathson only 16
circuits can be found by Method2and Method3: ex2, ex3,
ex4, ex5, ex6, ex7, s298,s344,s349,s382,s386,s444,s510,
s526,s526n,s953.Becauseof theeffectof unreachablestates,
multi-clock pathsin s208,s420,s641,s713ands838cannot
be found by Method2andMethod3,andthe total numberof
pathsis smallon Method2andMethod3for detectedcircuits.
The total numberof “#M-pair” in Method1is 1101, that in
Method2andMethod3is only 590and636. Note that s1423
hasmemoryoverflow on BDD-basedmethods,andMethod3
candetects1423. The elapsedCPU time of Method3is the
smallest.

B. Applicationto SampleCircuits

WehaveappliedourSAT-basedmethodandtheBDD-based
methodin [2] to severalcircuitswhicharedesignedin our lab-
oratory:prime250(aprimenumbergeneratorwhichcomputes
prime numberslessthan250, about400 gates),s-div8 (an 8-
bit sequentialdivider, about500 gates),prime999(a prime
numbergeneratorwhich computesprime numbersless than
999, about400 gates),bezier8(an 8-bit beziercurve genera-
tor, about900gates),forsen(anedgedetectioncircuit for im-



TABLE I
RESULT OF MULTI -CLOCK PATH ANALYSIS OF ISCAS BENCHMARK CIRCUITS.

Circuits
Method1

(Reachability, BDD)
Method2
(BDD)

Method3
(SAT)

Name #In #Reg #R-pair #Rep #M-pair Time #M-pair Time #M-pair #Var #Cl #Lit Time
daio 1 4 6 5 0 0.8 0 2.8 0 18 46 124 0.7
ex2 2 19 342 6 306 1.0 238 2.1 238 195 1250 3554 4.6
ex3 2 10 90 5 80 0.8 45 1.7 45 102 570 1626 1.2
ex4 6 14 169 14 135 0.9 135 1.7 135 116 436 1172 1.5
ex5 2 9 72 4 48 0.8 30 1.5 30 93 488 1380 1.0
ex6 5 9 61 1 61 0.5 9 1.6 9 99 638 2032 0.9
ex7 2 10 90 5 77 0.8 53 1.8 53 102 614 1816 1.2
s27 4 3 4 3 0 0.6 0 1.5 0 23 48 124 0.5
s208 11 8 28 17 18 0.9 0 1.6 0 78 240 700 0.5
s298 3 14 56 19 4 0.7 3 1.7 3 112 468 1438 0.9
s344 9 15 74 7 1 1.9 1 1.7 1 155 480 1296 1.3
s349 9 15 74 7 1 1.8 1 1.6 1 155 484 1312 1.3
s382 3 21 131 151 13 11.6 13 9.9 13 175 622 1738 2.0
s386 7 6 30 8 4 0.9 4 1.5 4 78 500 1824 0.9
s420 19 16 72 17 62 0.9 0 1.7 0 158 496 1420 1.1
s444 3 21 131 151 13 13.3 13 6.3 13 221 844 2392 2.6
s510 19 6 30 47 7 0.9 2 1.6 2 192 814 2588 1.4
s526 3 21 123 151 8 10.3 7 20.1 7 207 1030 3344 2.5
s526n 3 21 123 151 8 10.5 7 37.7 7 203 1024 3338 2.5
s641 35 19 100 7 38 9.3 0 5.3 0 259 656 1818 1.9
s713 35 19 100 7 38 10.2 0 6.0 0 293 844 2344 2.6
s820 18 5 20 11 0 0.9 0 1.5 0 221 1504 5768 1.7
s832 18 5 20 11 0 0.8 0 1.7 0 217 1538 5902 1.6
s838 35 32 160 17 150 1.1 0 101.1 0 318 1008 2860 3.0
s953 16 29 150 11 29 19.9 29 6.2 29 469 1702 4848 6.2
s1196 14 18 20 3 0 253.4 0 10.9 0 318 1290 3856 2.2
s1238 14 18 20 3 0 200.2 0 12.6 0 322 1338 4030 2.4
s1423 17 74 1694 — Mem D 1G — Mem D 1G — 46 654 2238 6298 60.4
s1488 8 6 30 23 0 0.9 0 1.6 0 222 1576 5836 2.0
s1494 8 6 30 23 0 0.8 0 1.7 0 222 1608 5980 2.0
Totalnumberof M-pair 1101 590 636

Mem E 1G:wehave analyzedonaDECAlphaServer8400(CPUalpha21164A617MHz F 10,Main memory8GB).

ageprocessing,about900 gates),pcpu16(a 16-bit pipelined
processor, about9,000gates),mul64(a circuit includinga 64-
bit combinationaladderarraymultiplier, about47,000gates),
SpchRecog(a HMM-basedspeechrecognitioncircuit, , about
40,000gates).They havebeendesignedto includemulti-clock
paths:thoseof forsenareto meettheclock constraints,those
of SpchRecogarefor memoryaccessconstraints,andthoseof
othersarefor experiments.

We have found multi-clock registerpairson all circuits by
Method3. TableII shows the statistics. Almost all circuits,
BDD-basedmethodssuffer from memoryoverflow or time-
overflow. We usedSATO as a SAT prover if not specified.
For only SpchRecog,we shoulduseGRASPto overcomethe
numberof registersmorethan1000.

C. Effectsof Thresholdsfor IntroducingNew Variables

We have testedpropertiesof thresholdswhich areusedto
introducenew variablesin ouralgorithm.

TableIII shows statisticsof multi-clock path detectionof
s1423and mul16. In the table, “Threshold: a, b, c, d” de-
note“XOR-level”, “OR-level”, “AND-level” and“NOT-level”
in Fig.3. Note that our algorithmwith (1, 1, 1, 2) introduces
variablesfor all logic gates.Fromthesetables,thenumberof

literalsbecomesthesmallestwhenthe‘Threshold”is (1, 4, 4,
5), andtheelapsedCPUtimeis theshortestwhenthe“Thresh-
old” is (1, 9, 9, 10). The statisticsshow that the reductionof
thesizeof CNF formuladoesnot alwayscontribute to reduc-
ing thetime for analysis.Notethat thestatisticsin TableIand
TableII areobtainedby using(1, 4, 4, 5) becausethe sizeof
CNF is moreimportantin themanipulation.

VI I . CONCLUSIONS

In this paper, we have presentedmulti-clock pathanalysis
methodbasedon propositionalsatisfiabilityandshown exper-
imentalresults.

The methodreducesmulti-clock path detectionproblems
into SAT problemsusingthe time expansion.TheSAT-based
algorithmenablesusto applymulti-clockpathanalysisto large
circuits that cannot be analyzedwith the symbolicexecution
basedalgorithm.

We have appliedour methodto ISCAS89benchmarksand
othersamplecircuits. Experimentalresultsshow theimprove-
menton themanipulatablesizeof circuitsby usingsatisfiabil-
ity.

The problemis that the SAT-basedalgorithmcanonly de-
tect a subsetof multi-clock pathsdetectableby the symbolic



TABLE II
RESULTS OF MULTI -CLOCK PATH ANALYSIS OF SAMPLE CIRCUITS

Circuits
Method1

(Reachability, BDD)
Method2
(BDD)

Method3
(SAT)

Name #In #Reg #R-pair #Rep #M-pair Time #M-pair Time #M-pair #Var #Cl #Lit Time
prime250 2 35 718 11959 570 774.3 413 116606.6 413 435 1662 4768 17.4

s-div8 10 47 514 — MemE 1G — — TimeE 48h 33 557 2000 5620 20.5
prime999 2 44 1219 — MemE 1G — — TimeE 48h 480 550 2258 6498 37.1
bezier8 34 64 684 — MemE 1G — MemE 1G — 58 2121 9074 27264 37.1
forsen 187 255 1739 — MemE 1G — MemE 1G — 1739 2547 956 24922 199.9
pcpu16 40 779 6744 — MemE 1G — MemE 1G — 0 4675 22462 71762 16292.9
mul64 259 258 12866 — MemE 1G — MemE 1G — 12480 39666 160114 451304 97560.6

SpchRecog37 1316 134443 — MemE 1G — MemE 1G — 57573 22256 105252 328272 547.5h†

MemE 1G:wehave analyzedonaDECAlphaServer8400(CPUalpha21164A617MHz F 10,Main memory8GB).
SpchRecog:wehaveanalyzedon6 SunUltra2workstations(UltraSPARC-IIi 333MHz,Main memory512MB) in parallel.
†: Thetotal CPUtimeusingGRASP.

TABLE III
THE INFLUENCE OF THE THRESHOLD ON MULTI -CLOCK PATH ANALYSIS.

Threshold
Method3

(SAT)
a,b, c ,d #Var #Cl #Lit Time

1, 14,14,15 414 4604 25222 95.7
1, 9, 9, 10 460 2248 7896 47.5
1, 4, 4, 5 654 2238 6290 57.8
1, 1, 1, 2 1256 3232 7500 83.1

(a)Statisticsfor s1423

Threshold
Method3

(SAT)
a,b, c, d #Var #Cl #Lit Time

1, 14,14,15 2324 44034 440910 799.8
1, 9, 9, 10 2398 11164 35570 138.6
1, 4, 4, 5 2824 10890 30800 179.4
1, 1, 1, 2 4714 14084 35168 369.3

(b) Statisticsfor mul16

executionbasedalgorithm.WeshoulddevelopSAT-basedma-
nipulationsof reachablestates.
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