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Abstract— We presenta satisfiability basedmulti-clock path
analysis method. The method uses propositional satisfiability
(SAT) in the detection of multi-clock paths. We showv a method
to reducethe multi-clock path detection problemsto SAT prob-
lems. We alsoshow heuristics on the corversion from multi-le vel
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 using SAT.

|. INTRODUCTION

Theclock frequeny of a sequentialogic circuit is decided
basedon the maximumdelaytime of the combinationaparts
in the circuit. The preciseestimationof the maximumdelay
timeis importantin decidingthe properclock frequeng[14].

In logic circuits,theremayexist pathswherethesignalprop-
agationcanuse2 or moreclock cycles,which arecalledmulti-
clock paths(ormulti-cycle paths)[4,[2],[3]. In otherwords,
eachpathin the circuit hasthe numberof allowableclock cy-
clesto propagatesignals,andif the numberis 2 or more,then
thedelaytime of the pathcanbe greaterthanthe clock period.
Hencemulti-clock pathsshouldbe consideredn the decision
of clock frequeng, timing verification,andlogic optimization.

Therehave beenproposediwo multi-clock path detection
methods[4[2]. Oneis basedntheanalysisof statetransition
graphsof the controllersof microprocessors|4 the otheris
basedon the symbolic statetraversalof finite statemachines
(FSMs)[3. Both of them detectmulti-clock pathsbasedon
statetraversalof finite statemachinesandcanonly beapplied
to rathersmallcircuits.

Propositionakatisfiability (SAT) is a methodto decidethe
satisfiability of Booleanformulae,andhasbeenusedin logic
comparisonandtest patterngeneration[h Recently SAT is
appliedto the analysisof sequentiatircuits, suchassymbolic
modelcheckingverification[] andtiming analysisof combi-
nationalcircuits[1(.

In this paperwe presenti SAT-basednulti-clock pathanal-
ysis method. The methodgenerates propositionalformula
which is satisfiabldf andonly if the pathis not a multi-clock
path,andchecksthe satisfiabilityof the formulawith a propo-
sitionalprover. Weintroduceheuristicsonthecorversionfrom

multi-level circuitsto CNF formulae.

We have implementedur methodandtestedt on ISCAS89
benchmarks[Bandothersamplecircuits. Experimentatesults
shaw theimprovementon the manipulatableircuit size.

This paperis organizedasfollows. In the next section,we
shaw preliminaries.In Sectionlll, we presenmulti-clock path
analysis. In SectionlV, we presentmulti-clock path analy-
sis using propositionalsatisfiability In SectionV, we present
heuristicson the translationfrom a multi-level circuit into a
CNF formulawith taking the level of a gateinto account.In
SectionVI, we shaw the experimentakesults.

Il. PRELIMINARIES

In this sectionwe shav definitionsof sequentiatircuitsand
propositionakatisfiability

A. Finite StateMachine(FSM)

We shaw adefinitionof anFSM.

Definition 1 An FSMM is a6-tuple(S,Z,I",8,A,qo) where

¢ Sis afinite setof states,

e X isaninputalphabet,

o [ isanoutputalphabet,

¢ 0: Sx X — Sis astatetransitionfunction,

e A\ : Sx X — T isanoutputfunction,

e go(€ S) is theinitial state.

The behaior of M with respectto an input sequence
aja2...an (g € ¥) is asequencef statesgods ... 0n (G € S)
anda sequenc®f outputso,02...0, (0; € '), whereeachof
the statesand the outputssatisfiesgi = d(gi_1,&) and o =
Adi-1,&).

Let =* be the setof all input sequencesver 2, andlet ¢
be a setof input sequencesvith lengthk. We usee¢ asthe
sequenceavhoselengthis 0.

To representhebehaior of M, thedomainof & is extended,
andd* : Sx 2* — Sisintroduced.

Definition 2 &*: Sx * — Sis definedasfollows:
o d (q7 8) =q
b 6*(q7 Wa) = 6(6*(qa W)a a)a (ae Zwe Z*)

The set RS of reachablestatesfrom the initial stateqp is
definedasfollows.
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Fig. 1. Exampleof amulti-clock path.
Definition 3 (Reachablstatedrom theinitial state)
RS= {q [Iwe Z*, q= 0"(qo, w)}

Note thata symbolg € X correspondso a tuple of values
of primaryinputsof sequentiatircuits,anda stateqj € Scor
responddo atuple of valuesof registersin the circuit.

B. PropositionaGatisfiability

Let x; be a propositionalvariable,andx; be the negationof
Xi. A variableandits negationarecalledliterals. Thedisjunc-
tion (OR, V) of literals suchasx; V x2 andx; VX2 V X3 is a
clause The conjunctionof clausessuchas (X1 V x2) A (X1 V
X2V X3) is a conjunctve normalform (CNF) formula. A CNF
formulaf overxy,...,x is aCNFformulaincludingonly liter-
als X1,%X1, X2, %2, ..., X1, X

Let (xq,...,X) beatuple of propositionalvariablesand f be
aCNFformulaoverxy,...,x . We canassignT (true)or F(false)
for x;. If x is assigned (F), thenx; is assigned~(T). A clause
hasvalueT, if oneof literalsin theclauseis assigned’. A CNF
formulahasvalueT, if all clausedavevalueT. A CNFformula
f is satisfiableif f hasvalueT with somevalueassignments
for variables.

I1l. MULTI-CLOCK PATH ANALYSIS

In this sectionwe definemulti-clock pathsand showv a de-
tectionmethod.

A. Multi-Clock Path

Multi-clock pathsarethepathswherethepropagatiorof sig-
nalscanuse?2 or moreclock cycles. Fig.1 shovs anexample
of multi-clock paths. The upperpart of Fig.1 shavs the data
path, and the lower part is the control registers. The initial
stateof the controlregistersaftertheresetsignalis (r-gs, r-ga,
rgs) = (1,0,0), andthe stateof registerschangesas (0, 1,0)
— (0,0,1) — (1,0,0) — (0,1,0) — ... synchronizedvith the
clock signal.

At thedatapath,“r _in” is setto “indata” whenr_gs = 1, and
“r_out” is setto the valueof the outputof “Multi-clock Oper
ation” whenr_gs = 1. Sincethe statetransitionis (1,0,0) —
(0,1,0) — (0,0,1), “r_out” is setafter2 clockswith respecto
the time when“r_in” is set. Thuswe canuse?2 clock cycles
for the computationof “Multi-clock Operation”, and there-
fore the timing constraintof the pathfrom “r_in” to “r_ou”
is (thepathdelay) < 2 x (clockperiod).

In general,we have the following constraintfor eachpath

betweerregisters.

(thepathdelay)
< (allowableclock cycles) x (clockperiod)

Thenumberof allowableclock cyclescanbe2 or more.

Note that the reachablestate set plays a key part on the
multi-clock path detection. For example,the reachablestate
setof theabove exampleis {(1,0,0), (0,1,0), (0,0,1)}, andif
all statecanbereachedthenthesignalbetweerr_in andr_out
shouldbe propagateavithin 1 cyclewhen(1,1,1) — (1,1,1).

B. DetectionMethodBasedon SymbolicExecutionof FSM

Givenacircuit, multi-clock pathsaredetectedy analyzing
FSM modelof thecircuit. At first, we computethe setRSof
reachablestaterom theinitial state.

Let rip andrqy be registers,andtherebe a path from rj,
to rou. If thevalueof roy doesnot changeat the next clock
of the clock whenthe value of ri, hasjust changedthenthe
propagatiorof signalscanuse2 or more clock cycles. Note
thatthe changeof r;, doesnot contributeto the value of roy.
We obtainthe following conditionspecifyingthe multi-clock
propertyon apathfrom riy to roy:

va,d,q’ € RS Va,a € %,
(0 =3(a. @) A (a" =3(q. &)
= ((alrin) # (i) = (d (Four) = 0" () )|

Formula(A) denoteghatif thevalueof ri, changestthestate
transitionfrom g to ¢, thenthevalueof ro doesnotchangeat
the statetransitionfrom o to g”, whereq, o andq” arereach-
ablefrom theinitial state.Similarly, the conditionspecifying
the path canuse 3 or more clock cycles can be obtainedby
extendingFormula(A).

In the following, we focus on Formula (A) specifyingthe
allowable clock cyclesto be 2 or more. At presentthe sym-
bolic statetraversalof the FSMis the bestway to computeRS
anda BDD-basedmulti-clock pathdetectionrmethodhasbeen
proposed[?2 However, the methodis hardto apply to large
circuits. Hence werelaxtheabove conditionalittle andcheck
therelaxed conditionusingpropositionakatisfiability

(A)

IV. MULTI-CLOCK PATH ANALYSIS USING
SATISFIABILITY

In this section,we describeanalgorithmthat detectamulti-
clock pathshasedon propositionakatisfiability

SAT is not suitablefor computingthe reachablestateset.
Thuswe abandonthe computationand assumethat all states
arereachabldrom theinitial state. The following formulais
usedin the multi-clock pathanalysisinsteadof Formula(A).

va,q.,q" €S Vaa €3,
[ (0 =3(a, @) A (0" = 3(d, &)
— ((alrin) # 4/ (1)) = (@ (Fou) = " (row)) ) |
SinceFormula(B) takesinto accountall statesthereis a pos-

sibility that several multi-clock pathscan not be detectedby
theanalysisaswe describedn IIl.A.

(B)
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Fig. 2. Time expansionof a sequentiatircuit

A. Time Expansion

Theanalysisstartsfrom thetime expansiorof sequentiatir-
cuits,wherea sequentiatircuit is translatednto a multi-level
combinationalcircuit. Fig.2 shavs the idea of the time ex-
pansion:(a) is a sequentiakircuit and(b) is a time expanded
combinationaktircuit. Sincewe considerf~ormula(B), thedu-
plicationof acircuit asshovn in Fig.2(b)is enough.Symbols
in Fig.2(b)correspondo thosein Formula(B), where“C” im-
plementghe statetransitionfunction d.

B. PropositionaFormulafor Multi-Clock PathAnalysis

Basedon Formula(B), we definea propositionaformulaF
for detectingmulti-clock paths.

Let rip and roy be the input and output registersto be
checled. Thefollowing propositionaformulaF becomedrue
if the pathfrom ri, to rox canuse2 clockcycles:

F 2 Taad)AT@ . o)
— ((a(rin) £ ¢ (1) = (¢ (row) =" (rou)))

(©)

whereT(a, q, ) =1iff d =0(q,a) andT(d, ¢, q") =1

iff " = 8(d,a), andq(r) denotesthe value of a registerr

underthe stateq. NotethatT(a, q, ) represents logic for-

mulawhichis implementedy a multi-level circuit asin Fig.2,
wherea, g andq arebinary codedandpropositionalvariables
havebeenassignedAlso notethatq(riy) andq(roy ) arepropo-
sitional variablescorrespondingdo ri, andrqy in thetuple of

the statevariablesfor the stateq.

If F is unsatisfiablethenF is alwaystrue for ary g, a and
a, andthereforewe candecidethatthe allowableclock cycle
is 2 or more. We translateF into CNF formulae,andcheckthe
unsatisfiabilityof F usinga SAT prover. We canobtainCNF
of F usingatranslationrulea# b= (avb) A (avb):

F = T(aqd)ATE@,d,q")

A(Q(rin) V' (rin)) A (Q(rin) V& (Fin))
AT (rou) VA" (Fou)) A (A (Fou) V A" (Four))-

(D)

NotethatT(a, g, ) andT (&, ¢, q") arethe samelogic for-
mula with differentvariables. In the following we discussa
methodto generateCNF of T(a, g, ).

V. CONVERSION TO CNF FORMULA

In this sectionwe shav a methodto translatefrom multi-
level combinationakircuitsinto CNF formulae.

In general CNFformulaecanbegeneratedrom multi-level
combinationalcircuits using the following translationrules:
(aZb)= (avb)A(avb), (a=b)= (avb)A(avb) and

(aAb)vec= (avc)A(bvc). Thesizeof resultingCNFformu-
laemaygrow exponentially andwe shouldintroduceheuristic
techniquesn the corversion. For example,let f; and f, be
sub-formulaewhich arenot CNF, andwe considera formula
(fy # f2). Theformulais translatednto (f; Vv f2) A (fy Vv )
usingtheaboverules,andthe sizeof theformulacanbetwice.
If fpis fa1 A fap, then f1 shouldbe duplicatedandthe size of
CNF canbeexponentialwith respecto thesizeof theoriginal
formulain theworstcase.

To avoid this problem,we applya methodwhich introduces
new propositionalvariablesandreduceghe size of CNF for-
mulaewithout affecting the satisfiabilityof formulae[13. For
example,if we introducenew variablesx; andx, for f; and
f2, thenwe obtain an equivalentformula (x; # Xx2) A (X1 =
f1) A (x2 = f2). In thetranslationof x; = f; into CNF, thesize
of CNF formulaedoesnot grow exponentially sincex; is a
propositionalvariable.Notethatx is manipulatedhsa primary
inputvariable.

In [13], new variablesare insertedfor all logic gates. We
adapthetranslatiormethod 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 generated@NFformulae weintroduceheuristictechniques.
Fig.3 shaws the idea. We classify 4 casesas showvn 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 whenthe numberof levels of “v”
from the nearestariablesexceedghethresholdsBy this, the
circuit is divided into sub-circuitswith almostthe samelevel.
For example the OR gatein Fig.3(b)is consideredIf thelevel
of theOR gatefrom thenearestariableis over“OR-level” and
“pre_v” isnotaNOT gate thenwe introducenew variablegor
fan-insof the OR gate. We show the effect of this methodon
reducingCNF sizein Sect.VI.

Fig.4shavsanalgorithmfor introducingnew variables.The
analysisstartsfrom theprimaryoutputsof multi-levellogic cir-
cuits, andgoesbackward toward primary inputsbasedon the
depthfirst searchalgorithm. At firstlev is setto 1, andthenlev
is incrementedor every recursve calls of Dept hFi rst ().
If thevalueof lev exceedghethresholddecidedby thetype of
gatesthennew variablesareinsertedfor fan-insby NewVar().

VI. EXPERIMENTAL RESULTS

We have implementeda SAT-basedmulti-clock path ana-
lyzerin C languageandcomparedt with asymbolicexecution
basednulti-clock pathanalyzemusingBDD’s[2]. We have also
implementedBDD-basedanalyzerwithout reachability The
SAT-basedhnalyzereadscircuit descriptionsn SLIF[16], and
producesCNF formulaein DIMA CS format[9 for detecting
multi-clock paths.The satisfiabilityof the formulais checled
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with H. Zhangs SATO[6] / J. Silva’s GRASP[1]. Both of the
SAT proversarebaseddn Davis-Putnanmmethod[7.

We have analyzedthe ISCAS89benchmarks[Band other
samplecircuits designedby our laboratoryon a PC (CPU
Pentiumll 500MHz,Main memory512MB).

A. Applicationto ISCAS Benchmarks

We have applied3 analysismethodgo 30 ISCAS89bench-
marks. (1) Method1: BDD-basedalgorithmwhich takesinto
accountthe reachablestateset[d. (2) Method2: BDD-based
algorithm which assumeghat all statesare reachable,(3)
Method3: SAT-basedalgorithmwhich assumeshatall states
arereachableWe usedSATO asa SAT prover.

Tablel shavs the statistics.In the table,“#In”, “#Reg” and
“#R-pair” arethenumberof primaryinputs,registersandcon-
nectedpairs of registersin the circuit respectiely. “#Rep”,
“#M-pair” and“Time” arethe numberof repetitionsin com-
puting reachablestatesof the circuit, the numberof pairs of
registerswhosepath is a multi-clock path(2-gcle), and the
elapsedCPU secondbtainedby the time commandrespec-
tively. “#Vvar”, “#CI" and "#Lit" are the maximumnumber
of propositionalvariables,clausesand literals of the formula
which is usedin our method. Multi-clock pathson 21 cir-

Dept hFirst (v, prew, lev)
V. a gate;
pre.v:  the previous gate of v,

lev.. a level fromv to variable;
vi,Vp: the next gate of v,
XOR-1evel, OR-1evel,
AND- | evel , NOT-Ievel: threshol ds;
begin
switch (v)
case (v == Vvar) return;
case (v == XOR): /*Fig.3(a)*/
if (XOR-level <= lev)
Newvar (vq) ; Newvar (vo); lev = 1;
el se
lev = lev + 1;
Dept hFirst (v, v, lev); DepthFirst(vy, v, lev);
return;
case (v==0R and prev#NOT): /*Fig.3(b)*/
if (ORlevel <= lev)
Newvar (vq) ; Newvar (vo); lev = 1;
el se
lev = lev + 1;
Dept hFirst (v, v, lev); DepthFirst (v, v, lev);
return;
case (v==AND and prev==NOT): /*Fig.3(c)*/
if (AND-level <= lev)
Newvar (vq) ; Newvar (vo); lev = 1;
el se
lev = lev + 1;
Dept hFirst (v, v, lev); DepthFirst(vy, v, lev);
return;
case (v == NOT) /[* Fig.3(d) */
if (NOT-level <= lev)
Newvar (vq); lev = 1;
el se
lev = lev + 1;
Dept hFirst (vi,v, lev);
return;
end switch;
end

Fig. 4. An algorithmfor introducingnew variables.

cuits arefound by Method1[23: ex2, ex3, ex4, ex5, ex6, ex7,
$208,5298,5344,5349,5382,5386,5420,5444,s510,5526,
s526n,s641,s713,s838,5953. Multi-clock pathson only 16
circuits can be found by Method2 and Method3: ex2, ex3,
ex4, ex5, ex6, ex7, s298,5344,5349,s382,5386,5444,s510,
s$526,5526n,5953.Becausef the effect of unreachablstates,
multi-clock pathsin s208,s420,s641,s713ands838cannot
be found by Method2and Method3,and the total numberof
pathsis smallon Method2and Method3for detectectircuits.
The total numberof “#M-pair” in Methodlis 1101, thatin
Method2and Method3is only 590 and636. Note thats1423
hasmemoryoverflov on BDD-basedmethods,and Method3
candetects1423. The elapsedCPU time of Method3is the
smallest.

B. Applicationto SampleCircuits

We have appliedour SAT-basednethodandthe BDD-based
methodin [2] to severalcircuitswhich aredesignedn ourlab-
oratory: prime250(a primenumbergeneratokhich computes
prime numberdessthan 250, about400 gates),s-div8 (an 8-
bit sequentialdivider, about500 gates),prime999 (a prime
numbergeneratomwhich computesprime numberslessthan
999, about400 gates),bezier8(an 8-bit beziercurve genera-
tor, about900 gates) forsen(an edgedetectioncircuit for im-



TABLE |
RESULT OF MULTI-CLOCK PATH ANALY SIS OF ISCASBENCHMARK CIRCUITS.

Circuits Method1 Method2 Method3
(ReachabilityBDD) (BDD) (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 21 238 | 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
e5 (2| 9 72 4 48 0.8 30 15 30 93 | 4881380 1.0
ex6 | 5] 9 61 1 61 0.5 9 1.6 9 99 | 6382032 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 15 0 23 | 48 | 124| 0.5
s208| 11| 8 28 17 18 0.9 0 16 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 16 1 155| 4841312 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 15 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 16 2 192|814 (2588 1.4
s526| 3| 21 | 123 || 151 8 10.3 7 20.1 7 207|1030/3344| 2.5
s526rf 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 15 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 | 46917024848 6.2
s119¢ 14| 18 20 3 0 253.4 0 10.9 0 318|1290(3856| 2.2
s1234 14| 18 20 3 0 200.2 0 12.6 0 32213384030 2.4
s1423 17| 74 | 1694 || — |Mem>1G| — ||Mem>1G| — 46 | 654(2238/6298| 60.4
s1484 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
Total numberof M-pair 1101 590 636

Mem > 1G:we have analyzedbn a DEC AlphaSerer8400(CPUalpha21164A617MHz x 10, Main memory8GB).

ageprocessingabout900 gates),pcpul6(a 16-bit pipelined
processarabout9,000gates) mul64 (a circuit including a 64-
bit combinationaladderarray multiplier, about47,000gates),
SpchRecoda HMM-basedspeechrecognitioncircuit, , about
40,000gates).They have beendesignedo includemulti-clock
paths:thoseof forsenareto meetthe clock constraintsthose
of SpchRecogrefor memoryaccesgonstraintsandthoseof
othersarefor experiments.

We have found multi-clock register pairson all circuits by
Method3. Tablell shows the statistics. Almost all circuits,
BDD-basedmethodssuffer from memoryoverflow or time-
overflov. We usedSATO asa SAT prover if not specified.
For only SpchRecogwe shoulduseGRASPto overcomethe
numberof registersmorethan1000.

C. Effectsof Thresholddor IntroducingNew Variables

We have testedpropertiesof thresholdswhich are usedto
introducenew variablesin our algorithm.

Tablelll shavs statisticsof multi-clock path detectionof
s1423and mull6. In the table, “Threshold: a, b, ¢, d” de-
note“XOR-level”, “OR-level”, “AND-level” and“NOT-level”
in Fig.3. Note thatour algorithmwith (1, 1, 1, 2) introduces
variablesfor all logic gates.Fromthesetables,the numberof

literalsbecomeghe smallestwhenthe ‘Threshold”is (1, 4, 4,
5), andtheelapsedCPUtimeis theshortestvhenthe“Thresh-
old" is (1, 9, 9, 10). The statisticsshav that the reductionof
the sizeof CNF formula doesnot alwayscontribute to reduc-
ing the time for analysis.Notethatthe statisticsin Tableland
Tablell are obtainedby using (1, 4, 4, 5) becausehe size of
CNFis moreimportantin the manipulation.

VIl. CONCLUSIONS

In this paper we have presentednulti-clock path analysis
methodbasedon propositionalksatisfiabilityandshovn exper
imentalresults.

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

We have appliedour methodto ISCAS89benchmarksand
othersamplecircuits. Experimentaresultsshov theimprove-
menton the manipulatablesizeof circuits by usingsatisfiabil-
ity.

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



TABLE Il
RESULTS OF MULTI-CLOCK PATH ANALY SISOF SAMPLE CIRCUITS

Circuits Method1 Method2 Method3
(ReachabilityBDD) (BDD) (SAT)
Name |#In|#Reg|#R-pair| #Rep| #M-pair | Time|| #M-pair Time ||#M-pair| #Var | #ClI #Lit | Time
prime250| 2 | 35 | 718 ||11959 570 |774.3| 413 116606.6|| 413 | 435 | 1662 | 4768 | 17.4
s-dv8 | 10| 47 | 514 — |[Mem>1G| — — Time>48h|| 33 557 | 2000 | 5620 | 20.5
prime999| 2 | 44 | 1219 || — [(Mem>1G| — — Time>48h|| 480 | 550 | 2258 | 6498 | 37.1
bezier8 | 34| 64 | 684 — |Mem>1G| — ||Mem>1G — 58 | 2121| 9074 | 27264| 37.1
forsen |187| 255 1739 || — |Mem>1G| — ||Mem>1G — 1739 | 2547| 956 | 24922| 199.9
pcpul6 | 40| 779| 6744 || — |Mem>1G| — ||Mem>1G — 0 4675| 22462 | 71762|16292.9
mulé4 [259| 258 | 12866|| — |Mem>1G| — |/Mem>1G — 12480 |39666(160114 451304 97560.6
SpchRecog37|1316/134443] — |Mem>1G| — ||Mem>1G — 57573 | 22256 105252328274 547.5H
Mem>1G: we have analyzecbn a DEC AlphaSerer8400(CPUalpha21164/617MHz x 10, Main memory8GB).

SpchRecogwe have analyzedon 6 SunUltra2 workstationgUItraSRARC-Ili 333MHz,Main memory512MB)in parallel.

t: Thetotal CPUtime usingGRASP

TABLE 1lI
THE INFLUENCE OF THE THRESHOLD ON MULTI-CLOCK PATH ANALYSIS.

Method3

(SAT)
#Cl | #Lit [Time
4604| 25222 95.7
460 (2248 7896 | 47.5
1,4,4,5 | 6542238 6290(57.8
1,1,1,2 [1256/3232 7500( 83.1

(a) Statisticsfor s1423

Threshold

a,b,c,d
1,14,14,15
1,9,9,10

#Var
414

Method3
Threshold (SAT)
a,b,c,d |#Var| #Cl | #Lit |Time
1,14,14,15|2324/ 44034440910 799.8
1,9,9,10 |2398/11164 35570(138.6
1,4,4,5 |2824/1089(Q 30800|179.4
1,1,1,2 |4714/14084 35168|369.3
(b) Statisticsfor mul16

executionbasedalgorithm.We shoulddevelop SAT-basedna-
nipulationsof reachablestates.
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