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ABSTRACT
Wedescribeacompletemethodfor thelatchmappingproblemthat
is basedon the efficient integrationof previously proposedtech-
niquesfor latchmappingaswell asnovel optimizationsfor further
improvement. The highlightsof the proposedapproachincludea
new methodof integratingcompletemethodsandincompletemeth-
odsfor latchmapping, theuseof incrementalreasoningto optimize
the overall algorithmandthe useof a conventional combinational
equivalencecheckingtool as the core engine. Experimentscon-
firm that the proposedmethodretainsmuchof the efficiency and
capacityof incompletemethods while providing thecompleteness
of completemethodsandderivessignificantperformance improve-
mentsfrom theproposedoptimizations.

Categoriesand Subject Descriptors
J.6[Computer-Aided Engineering]: formal verification

GeneralTerms
Algorithms,Verification

Keywords
Latchmapping, combinational equivalencechecking

1. INTRODUCTION
Combinationalequivalencechecking(CEC)isamatureandprac-

tical technology [2, 7, 8, 9, 11] that is commonly usedin cur-
rentverificationmethodology. Latch mappingis usedto transform
the problemof checkingsequentialequivalence into a combina-
tional equivalence checkingproblem. Recentwork on latch map-
ping [1, 3, 4, 5, 14] hasofferedsomepromisingsolutions. How-
ever, ascombinational equivalence checkingtechnology becomes
morepervasive in commercialverificationflows,thereis aneedfor
morepowerful andefficient latchmappersto complement them.

Methodsfor latchmappingcanbedividedinto incompletemeth-
ods and completemethods. Incompletemethodsuse heuristics
to grouppromisingmatcheswithout providing any guaranteeson
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the correctnessor completenessof the matching. They can be
function-basedor non-functionbased.Non-function basedincom-
plete methods[4] use nameor structuralcomparisonsto group
latches. Function-basedmethodssuch as thoseproposedin [1,
4] userandomsimulation[4] or ATPG-basedsearch[1] to gen-
erateinequivalence information, which is usedto group latches.
Completemethods,on the otherhand,areguaranteedto produce
a latch mappingif one exists, given sufficient computational re-
sources.Almostall completemethodsfor latchmapping, proposed
in the literature[3, 5, 14], employ a functional fixed-point itera-
tion to refinetheuniverseof all latchesinto a provably correctand
completegrouping. Also, relatedwork ongeneralsequentialequiv-
alencechecking[6, 12,13] usestechniquesthatmaybeapplicable
to latchmapping.

In this paperwe describea methodology for the latch mapping
problemthatis basedon theefficient integrationof previously pro-
posedtechniquesaswell asnovel optimizationsto furtherimprove
thesetechniques.This methodhasbeendeployed andextensively
testedin anindustrialsettingandhasprovedto bequitesuccessful.
Our methodology for latch mappingis premisedon the following
observations,basedin parton theexperiences of otherresearchers
who have workedon this topic.

Incompletemethodscanusuallymatcha largepercentageof the
latchesin practicaldesigns,efficiently andcorrectly[1]. Therefore,
any efficient methodology for latchmappingneedsto make useof
suchmethods. However, completemethodsare the only option
for difficult instancesof latchmapping,suchasthoseproduced by
heavy optimizationof a designby a tool which doesnot preserve
namecorrespondences[3] or caseswhereoneof thecircuitsunder
comparisonhassignificantredundanciesand/orreplicatedportions
of logic which thesecondcircuit doesnot have. This could leadto
matchingsinvolving groupsof morethantwo latchesor complex
intra-circuit groupings. Incompletemethodsareusuallydesigned
to detectsimple,pairwiseinter-circuit matchings.Thus,an effec-
tive methodfor latch mappingshouldbe onewhich combinesin-
completeandcompletemethodstogetherin a symbiotic manner.
Anotherbenefitof usinga completelatchmappingmethodis that
if thegivenproblemis nota latchmappingproblem(andhencenot
solvablethroughCEC)thecompletemethodcould returna partial
setof true latch equivalenceswhich cansubsequently be utilized
by a moregeneralsequential equivalenceverifier.

In the light of the above, the major contributionsof this paper
canbesummarizedasfollows:

� We formulateanddiscusstheproblemof combiningincomplete
andcompletemethodsfor latch mappingandproposea compre-
hensive andefficientsolutionto thisproblem.� Weuseanindustrial-strength,mixed-enginecombinational equiv-
alencechecker [9], to implementa completealgorithm for latch
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Figure1: Cir cuit Model # for Refinementof $&%'

mapping, similar to thefixed-pointiterationreportedin [3, 14]. We
notethat previous approacheshave eitherreportedresultsusinga
singleengine(BDDs in [14] andATPGin [1]) or not givendetails
of the engineused[3]. Thus,this is the first reportedapplication
andexperimental evaluationof aprovencombinational equivalence
checking technologyfor latchmapping.� We propose two novel techniquesto substantiallyimprove the
performanceof theabove completemethod.Thekey ideais to op-
timizetheuseof theCECtool within thelatchmappingframework,
ratherthanusingit asa blackbox.

The restof the paperis organizedasfollows. The next section
reviews somenotationandbasicalgorithmsusedin therestof the
exposition. In Section3 we describethe detailsof our latchmap-
ping methodology. Section4 presentsan experimental validation
of our approach.We presentour conclusionsin Section5.

2. PRELIMIN ARIES
Sequentialcircuits can be representedas finite statemachines

(FSMs). An FSM, ( is a 6-tuple, ( )+*-,�.0/".012.4365�.879.4:<; ,
where ,=)>*-?6@A.B?<C�.ADEDADA.F?<GH; is an orderedset of inputs, /I)
*�J @ .8J C .KDADADA.8JKLM; is an orderedsetof outputs, 1 is an orderedset
of statevariables(denotinglatches),3 5ONQPSR ' R is a non-emptyset
of initial states,7UT P R ' RWV P GYX P R ' R is thenext-statefunction
and :ZT P R ' R[V P GYX P L is theoutputfunction. A state3 of (
is a Booleanvaluationto the statevariables1 . In the sequel,the
presentstateandnext statevariablescorrespondingto a latch \ are
denoted \ and ]8^ respectively.

2.1 The Latch Mapping Problem
Let the two sequential circuits being checked for equivalence

be representedby FSMs (`_ LAacb (specificationFSM) and (`d G L ^
(implementationFSM). Further, to simplify the expositionwe as-
sumethe circuits have a single clock, the sameinputs and out-
puts, and exactly one initial state,denoted 3e5Kf _ LEacb and 3 5Kf d G L ^
respectively. We notethat themethodspresentedin this paper can
be extendedfor the caseof multiple initial statesusing the treat-
mentin [3]. Thus, (g_ LAacb )Y*-,�.B/".81h_ LAacb .43W5Kf _ LAacb .87i_ LEa�b .4:<_ LAacb ;
and (`d G L ^j)k*-,�.F/".81ld G L ^c.83 5Kf d G L ^c.87"d G L ^c.8:�d G L ^�; . Let 1U)
1 _ LEa�bnmo1 d G L ^ denotethecombinedstatevariablesof ( _ LAacb and
(`d G L ^ . Furtherif 3 _ LEacb and 3<d G L ^ arestatesin the state-spaces
of (Z_ LEa�b and (pd G L ^ respectively, i.e. 3W_ LEacbrq P R 'esEtKucv R and
3[d G L ^ q P R 'xwFy tKz R we use 3{)I3W_ LAacb m|3Wd G L ^ to denotethe
combined state. Similarly, the combinedtransitionfunction 7 is
obtainedby combining 7 _ LAacb and 7 d G L ^ andthecombinedinitial
state3[5�)}3[5Kf _ LAacb mo3 5Kf d G L ^ .

Thelatchmapping problemis posedonthecombined setof latch
variables1Y)~1n_ LAacb m`1nd G L ^ andon the combinedstatesin the

state-spaceof thesevariables.In thesequel,we will dropthecom-
binedprefix whenreferringto theselatchvariablesandstates,stat-
ing otherwise,explicitly, whenever required. A latch mappingis
denotedby a latch correspondencerelation, $ ' which is anequiv-
alencerelationon thelatches,1 . Thus, $ ' T�1gV"1 X P . Further,
the variable correspondencecondition [14], � ' T P�R ' R X P is
a predicatethat defineswhethera state 3 conformsto $ ' , i.e.,
whetherequivalentlatchvariablesassumeidenticalvaluesin 3 :

� ' *	3n;��{�[\	@K.0\�CM*-$ ' *�\	@E.B\�CA;���3�*�\�@4;n)�3�*�\�CE;B; (1)

Therelation$ ' isdesignedtogrouptogetherlatchesthatareequiv-
alent,undersomenotionof sequentialequivalence.

2.2 Van Eijk’ s Algorithm for Latch Mapping
VanEijk [14] proposedthefollowing definitionof $ ' , basedon

a sufficient (but not necessary)conditionfor latchequivalence.

DEFINITION 2.1 (LATCH CORRESPONDENCE RELATION). A
latch correspondencerelationis anequivalencerelation $ ' T�1`V
1 X P which satisfiesthefollowing conditions:

� It is true in the initial state, 3W5 of the combinedmachine:
� ' *	3 5 ;�)=� ,

� It is invariantunderthenext statefunction: �[3 q PhR ' R .B� qP G TM$ ' *	3�;���$ ' *	7&*	3�.F��;B;
Further, vanEijk notedthattheremayexist severalcorrectlatch

correspondencerelationsfor agivenFSMandthereexistsaunique
maximumlatch correspondencerelation $ Gh�E�' , which is thefixed-
point computedby thefollowing iterativeprocedure[14].

Algorithm 1 vanEijk’sAlgorithm

1: Computethefirst approximation$ 5 ' of $ ' as: $ 5 '�*�\ % .0\ ��;l�*	3W5M*�\ % ;�)�3[5M*�\ � ;B;
2: Given $ % ' , refine it to compute $j%�� @' as: $�%�� @' *�\ % .B\ � ;��$�%'�*�\ % .B\ � ;p���W3 q P R ' R�.F� q P G T��"%'�*	3�;��
� %�� @' *	79*	3�.B��;B;

3: If $ %�� @' )r$�%' stop. $ Gl�E�' )�$�%' .

Sincethis is a completealgorithm, the maximumlatch corre-
spondencerelation $ Gh�E�' is a completeandcorrectsolutionto the
latchmappingproblemon (�_ LAacb and (pd G L ^ .

In practise[14] thisalgorithmis implementedonthecircuitmodel
# shown in Figure1. The relation $ % ' is representedasa setof
equivalenceclassesover thevariables1 , which arerefinedin each
iteration,usingStep2 of the algorithm. The refinedequivalence
relation $ %�� @' is computed througha seriesof equivalencechecks
on # . In iteration ���Y� equivalencesin $ % ' are imposedon the
present-statelatchvariables1 andthesameequivalencesthenveri-
fiedonthenext-statelatchvariables7 , undertheaboveconstraints.
The equivalencesthat hold, form the refinedrelation $ %�� @' . Note
thattheprimaryoutputs/ of ( _ LAacb and ( d G L ^ areignoredwhen
solvingthelatchmappingproblem.

As mentionedin [3, 14], the overall efficiency of theprocedure
canbesignificantlyimprovedby refining $ 5 ' throughrandomsim-
ulation,beforeenteringthefixed-pointiteration.

3. PROPOSEDMETHOD
Webelieve thata latchmappingmethodology needsto employ a

combinationof incompleteandcompletemethodsin orderto pro-
vide acomprehensive but efficient solutionto industriallatchmap-
ping problems. Our methodis basedon sucha combination.Our
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Figure2: A Hybrid Flow for Latch Mapping

tool includesasetof efficientstructuralandfunctional,incomplete
methodsfor latch mapping. We believe thesemethodsarecom-
petitive with thestate-of-the-artin incompletemethods.However,
thesemethodsarenot thecontribution of this paperandhencewill
not be discussedhere. Our contributionsare1.) a novel method
of combining incompleteandcompletemethodsfor latchmapping
(discussedin Section3.1) and2.) an optimizedcompletemethod
for latchmapping(describedin Section3.2). Thecompletemethod
is a variantof van Eijk’s algorithm[14], implementedusingpow-
erful enginesandfurtherenhancedwith novel pruningtechniques.

3.1 A Hybrid Method for Latch Mapping
Previousworkson latchmappinghaveproposedeithercomplete

methods[3, 5,14] or incompletemethods[1, 4] for theproblem. In
the following we formulateanddiscusstheproblemof combining
thesetwo kinds of approachesandproposea comprehensive and
efficient solution. To the bestof our knowledge, this is the first
reportedwork to explicitly addressthis aspectof latchmapping.

Figure2 shows a possibleflow in which incompleteandcom-
pletemethodscouldbeusedtogether. If $ @ and $ C arethepartial
matchesproducedby incompleteand completemethods,respec-
tively, thefinal matchcanbecomputedas �-$j@��o$9CA  , where �-$9 
denotesthetransitive closureof relation $ . Thekey elementis in
generatingthemodifiedcircuit model(denoted#S¡ ) to besupplied
asinputto thecompletemethod. Moreconcretely, thisproblemcan
beformulatedasfollows. Suppose$ '£¢�¤¦¥ is apartiallatchmapping
given to us, i.e. $ ' ¢�¤¦¥ is an equivalencerelationover the setof
latches1n§c¨�© N 1 . In practise,thepartialmatchmaybegenerated
by a combinationof incompletemethodsandconstraintsspecified
by thedesigner. Further, we assumethat $ '£¢�¤¦¥ is a true relation,
i.e. $ ' ¢�¤¦¥ N $ Gh�A�' . In otherwords, the equivalencesspecified
in $ ' ¢�¤¦¥ aretruein any correctandcompletesolutionto thegiven
latchmappingproblem.Our objective is to usea completemethod
to find a completelatch correspondence,taking advantageof the
informationprovidedby $ ' ¢	¤¦¥ .

A simplemethodof producing the modifiedcircuit model, # ¡
from # and $ '£¢�¤¦¥ is thefollowing. Theequivalencesrepresented
by $ '£¢�¤¦¥ areimposedonthepresent-statevariablesin # by merg-
ing all specifiedequivalentlatches.Further, thenext-statefunctions
of thelatches1�§F¨�© andtheconesof logic exclusively feedingthem
areremoved from # . The following exampleillustratesthe prob-
lem with thisapproach.

EXAMPLE 3.1. Supposethe exact latch correspondence solu-
tion haslatches \ % and \ � from (g_ LEacb mapped togetherwith latch
\�ª from (gd G L ^ . Further, supposethat the suppliedpartial match
$ '£¢�¤¦¥ is such that *�\ % .0\�ª�; q $ '£¢�¤¦¥ but \ �9«q 1n§F¨�© .
Then, the #�¡ producedasabove will not have latches\ % and \ ª .
Hencethe completemethodwill not be able to matchlatch \ � to
anything. Consequently, the overall solution(final match)will be
missingpart of the equivalence \�@g¬\ � ¬\�ª and thereforebe
incomplete.

Our methodis a modificationof the above solution. The con-
straints$ '£¢�¤¦¥ areimposedon thepresent-statevariablesin # , as
above. Let $ '£¢�¤¦¥ be comprisedof ® equivalence classes̄£@K.F¯°C�.
DADADK.B¯e± . Foreachequivalenceclass̄ % , oneof theconstituentlatches
\ %² a	L is chosenasits representative. Thenext statefunctionsof all
latchesin theset 1n§c¨�©�³�´ ±%�µ @ \�%² a	L aswell asconesof logic exclu-
sively feedingthemareremovedfrom # . Thisgivesusthereduced
model #¶¡ . Let $ Gh�E�² a�L be the final relationcomputed by the com-
pleteprocedurerunon #H¡ . Thenourclaimis that �-$ ' ¢�¤¦¥ ��$ Gh�E�² a	L  
is preciselythemaximumlatchcorrespondence$ Gh�A�' thatwould
becomputedby vanEijk’salgorithmexecutedontheoriginalprob-
lem, # .

THEOREM 3.1. Given a latch mappingproblem on a circuit
model # and a partial, true latch equivalence relation $ 'e¢	¤¦¥ , if
$ Gh�E�² a	L is the latch equivalencerelation computedusingtheabove
construction, then �-$ ' ¢�¤¦¥ �&$ Gh�A�² a	L  �)�$ Gl�E�' .

Thus,theabovecombinedmethodisprovably acompletemethod
for latchmapping.TheproposedconstructionallowsvanEijk’sal-
gorithm to efficiently andcorrectlyusethe informationcontained
in $ ' ¢	¤¦¥ . The problemsolved by van Eijk’s algorithmis signifi-
cantly smallerthanthe initial problem. Further, noneof the rela-
tionshipsspecifiedin $ '£¢�¤¦¥ arere-verified during the run of van
Eijk’salgorithm.

3.2 Efficient Implementation of VanEijk’ sAl-
gorithm

Asdescribedin Section2.2,vanEijk’salgorithminvolvesafixed-
point iteration. In eachiteration latch equivalences of the cur-
rent latch mappingrelationare imposedon the inputs of the cir-
cuit model # and the sameequivalencesverified at the outputs.
This computationcanbeeasilyreduced to a combinationalequiv-
alencechecking problem. Additionally, the two circuits (�_ LAacb
and (pd G L ^ often exhibit a lot of structuralsimilarity. Therefore,
we have chosento implementthis computation by a state-of-the-
art, industrialstrengthcombinational equivalence checking(CEC)
tool [9]. This tool implementsa well-tunedcombinationof ran-
dom simulation,BDDs, ATPG and structuralpruning techniques
and compares very favorably to the state-of-the-artin combina-
tional equivalencechecking.

Like mostindustrialcombinational equivalencecheckers today,
our CECtool exploits thestructuralsimilarity betweenthetwo cir-
cuits undercomparison. The generalapproachis to partition the
overall equivalencecheckinto a setof smallerequivalence checks.
A setof candidate equivalences(referredto aspotentiallyequiv-
alent nodes(PENs) in the sequel)is initially composedfrom in-
ternalnodesof the two circuits. Thenthe algorithmsweepsfrom
theprimaryinputstooutputssuccessively resolvingthesecandidate
equivalences,takingadvantageof internalequivalencesprovedthus
far, till theoutput equivalencesareresolved.

We notethat previous implementationsof van Eijk’s algorithm
andrelatedwork havebeenreportedusingasingleengine[1, 14] or
adedicatedcombination of engines[3, 6]. By usinganoff-the-shelf
CECtool we hopeto seamlesslyleveragethepowerful technology
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Algorithm 2 Updatechangedflag andaffectedpointerin Iteration
� , �l·��

for all ¸ q�¹ and \ q 1 do
Resetchangedflag
Clearaffectedpointer

end for
for all \ q 1�T�ºH»B¼�*�\ %-½ @ ;�)�\ do

if ��)=� then
affected*�\-;�¾�\

elseif Equiv Class*-] ^ .0$ %-½ @' ; «) Equiv Class*-] ^ .0$ %-½ C' ; then
affected*�\-;�¾�\

end if
end for
for all \ q 1�T�*�ºH»B¼�*�\ %-½ @ ;�)�\-;W�p* affected*�\�; «) NULL ; do

for all ¸ q TFO*�\-; do
if affected*-¸H; «) NULL then

changed*-¸¿;�¾À�
else

affected*-¸¿;n¾�\
end if

end for
end for

built into currentCECtoolsandalsobypassthedevelopmenteffort
requiredto build adedicatedtool of comparableperformance.

In our CEC tool PENsaremaintainedandmanipulatedas fol-
lows. Initially, PENsarecomposedby simulatingthe circuit with
randomvectors. Internal nodeswith the samesimulationsigna-
ture are groupedtogether. Eachsuchgroup is a PEN set. The
interpretationhereis that nodesin the samegrouparepotentially
equivalent, hencePENs. Nodesfalling in different groupscan-
not be combinationally equivalent. Theseclassesare refinedby
successively validatingPEN pairsfrom eachgroup,till finally all
PENshave beenresolved (i.e. eitherproved equivalent or proved
inequivalentandsplit apartby awitnessvector).Whenusedin van
Eijk’s algorithm,thePENsetsarepopulatedby the internalnodes
¹ ) � ¸ @ .B¸ C .ADADADK.B¸ÂÁ<� of thecircuit model # . In eachiteration
� , the latch inputs 1 areconstrained by thecorresponding relation
$ %-½ @' . We will denotethis instanceof # as #H% . Further, if ¸ is an
arbitraryinternalnodein # , ¸�% denotesits instancein #H% . Given
an internalnode ¸ in # , TFI *-¸H; and TFO*-¸H; denote the setof
nodes in thetransitive faninandtransitive fanoutof ¸ respectively.
In practise,the applicationof the constraints$�%' on the present-
statelatch inputs 1 is implementedas follows. As mentionedin
Section2.1, $ % ' is representedasa setof equivalence classes.For
eachsuchclass ¯ � , one latch \ � ² a	L is chosenas the representative
andall fanoutsof otherlatchesin ¯ � arere-routedfrom \ � ² a	L .

In the sequelwe describetwo novel optimizationsto substan-
tially improve theperformanceof theCECtool, for latchmapping.
Although, theseoptimizationsaredescribedin the context of our
CECtool, they areequallyapplicableto otherCECtools.

3.2.1 IncrementalReasoning
As pertheabovedescription,in eachiterationof vanEijk’salgo-

rithm, theCECtool createsandverifiesa numberof internalnode
PENs. Thenotion of incremental reasoningseeksto reducesome
of thiseffort. It is motivatedby thefollowing observationswemade
while usingvanEijk’salgorithmin anindustrialsetting:� For complex, industrial circuits, van Eijk’s algorithm usually
takesseveraliterationsto converge(typically ÃS³ZÄ ).� Usually, therelation $�%' changesonly graduallyfrom iteration �
to �<�r� .

From the above it is plausiblethat a large fraction of the PEN
equivalences(andinequivalences)thatweretruein iteration� would
alsohold in iteration �£�|� . Therefore,ourproposal is to efficiently
extractPENequivalences(andinequivalences)that remaininvari-
ant undertherefinementof $ %-½ @' to $ % ' , performedin iteration � .
This informationis thensuppliedasaxiomsto theCECtool in iter-
ation �£�Å� , which canbypasstheverificationof thesePENsin this
iteration.In thismanner, theCECtool only re-verifiesinformation
thathaspotentiallychangedsincethelastiteration.

Our methodhastwo aspects,1.) Using PEN inequivalencein-
formation,2.) UsingPENequivalenceinformation.

THEOREM 3.2. Given internal nodes ¸S@ and ¸2C in model #
andsome�n·ÅÆ , ¸ % @ «)�¸ %C ��¸ � @ «)r¸ � C for any Çi·|� .
Using PEN InequivalenceInf ormation: Using Theorem3.2, in
our implementation,theinternalnodePENsets(for theCECtool)
arenot built from scratchbut ratherthe final internalPEN setsat
theendof iteration � areusedasthestartingpoint for iteration �K�o� .
This simpleobservation allows the computationof iteration ���}�
to seamlesslyleveragetheentireeffort spentin iterations� through
� in detectinginequivalencesbetweeninternalPENs.

LEMMA 3.1. Giveninternal nodes ¸ @ , ¸ C in # , if for someit-
eration � , ¸S%@ )}¸S%C and �[\-@A.0\�C q *�1�È TFI *-¸É@8;B;�º %�� @' *�\	@K.0\�CE;��
ºH%'�*�\	@K.0\�CE; and �<\�@K.8\�C q * L È TFI *-¸¿CK;B;°º %�� @' *�\�@A.8\�CK;���ºH%'�*�\	@A.B\�CE;
then ¸ %�� @@ )r¸ %�� @C .

UsingPEN EquivalenceInf ormation: Lemma3.1providesaway
of leveraging equivalencesproved in previous iterationsto bypass
somesuchchecksin thecurrentiteration.However, theconditions
statedin Lemma3.1arecomputationallydifficult to check. There-
fore, we have implementeda safeapproximationof them which
canbe represented,maintainedandchecked by simplestructural
operationson the circuit. The implementationrequirestwo data
entitiesto bemaintainedfor eachnode ¸ in # , namelyasingle-bit
Booleanflag, changed *-¸¿; anda nodepointeraffected*-¸¿; . At the
beginningof eachiteration � ( �l·Ê� ) of vanEijk’s algorithm,these
areupdatedasperAlgorithm 2.

THEOREM 3.3. Given internal nodes ¸S@ and ¸ÂC in # , given
someiteration � , if ¸ %-½ @@ )Ê¸ %-½ @C andafter updating changedand
affecteddataasper Algorithm2 if:

1. affected*-¸ % @ ;n) NULL � changed*-¸ %C ;�)}Æ or
2. affected*-¸ %C ;n) NULL � changed*-¸ % @ ;�)}Æ or
3. changed *-¸ % @ ;�)�Æ � changed*-¸ %C ;�)�ÆË�
* affected*-¸S%@ ;l) affected*-¸S%C ; «) NULL;

then ¸ % @ )r¸ %C .
Theorem3.3 andAlgorithm 2 form the basisfor our methodto

bypasscertainPEN equivalence checks during a run of our CEC
tool in vanEijk’salgorithm.Algorithm 3 describesour incremental
versionof vanEijk’salgorithm.

3.2.2 PENRejectionduringCEC
We have developedthe following simple,but useful optimiza-

tion to furtherenhancetheperformanceof theCECtool duringvan
Eijk’s algorithm. This is applicable whenvan Eijk’s algorithmis
usedin ahybrid flow asin Section3.1.

As describedin Section3.1 the latches( 1 §c¨�© ) comprisingthe
partial match $ 'e¢	¤¦¥ are condensedinto a set of representatives
1 ² a�L ) � \ @² a	L .0\ C² a	L .ADKDADA.0\ ±² a�L � andsuppliedalongwith the latches
1}³}1n§F¨�© to van Eijk’s method. For a given iteration � of van
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Algorithm 3 IncrementalVersionof vanEijk’sAlgorithm

1. Compute $ 5 ' using Definition 2.1 as: $ 5 '�*�\ % .0\ �M;Ì�
*	3[5M*�\ % ;&)�3W5�*�\ � ;B; . Refinethis with randomvector simu-
lation on circuit model # .

2. For eachiteration � , (initialize � to � ):
i. Constructcircuit model # % by applyingconditions $ %�½ @'

on PSlatchvariables.

ii. If ��)=� , constructinitial internalPENsetsÍ @% Á %ÏÎ , through
randomvectorsimulationon # @ else Í %% Á %ÏÎ )YÍ %-½

@Ð % Á � ^
iii. UpdateaffectedandchangedfieldsusingAlgorithm 2.

iv. RunCECtool on model #H% to resolve internalPENsets
Í %% Á %ÏÎ andrefine $i%�½ @' .

v. For eachinternalPEN pair ¸ @ .B¸ C q Í % , if ¸ @ and ¸ C
satisfythe conditions of Theorem3.3 infer ¸ @ )~¸ C
elsecheck ¸ @�Ñ)r¸ C . If ¸ @ «)�¸ C simulate# % with the
obtaineddistinguishingvector(to refine Í % and $j%�½ @' ).
ThefinalPENsetsobtainedafterthisstepconstitutethe
relation Í % Ð % Á � ^

vi. Verify $ %�½ @' at the NS latch variables,checkingequiv-
alencespair by pair, aswith internalPENsin the last
step.Therelationobtainedafterthesechecks is $�%' .

3. If $�%'Ò)Ó$ %�½ @' stop and return $ Gh�E�' )Ó$�%' elseiterate
Step2 with ��¾��<�r� .

Eijk’s algorithm, and an arbitrary equivalenceclass, ¯ of $�%Ô a	L ,
theoptimizationis asfollows:
Optimization: If ¯ N 1 ² a	L , i.e. all the latchesof this classare
representativelatches,discard ¯ removefrom # all internal nodes
that fan-outonly to latchesin ¯ .

This optimization simplifies the problem being solved by the
CECtool. It is derivedfrom our practicalexperiencewith thetypi-
cal anatomyof partialmatches$ ' ¢	¤¦¥ . Our experienceis thatpar-
tial matchesspecifiedin $ ' ¢�¤¦¥ areeithercompleteto begin with or
they areto bematchedwith latchesthatareunmatched so far (i.e.
not part of 1�§F¨�© ). Matchings betweenlatchesin 1�§F¨�© areeither
notobserved(otherthantheonesstatedin $ ' ¢�¤¦¥ ) or not important
from thepoint of view of thelatchmapping problem.

Note that while in theory this optimizationmakes the overall
methodincomplete,in practise,in extensive experimentswe have
never found this to be the case.On the contrarythis simpleopti-
mizationprovidessignificantruntimeimprovements in many (but
not all) cases.In any case,this is aninnocuousoptimizationwhich
caneasilybe omitted from the method,for a particularproblem,
if thereareany concernsof completeness,without impactingthe
correctnessof therestof thealgorithm.

4. EXPERIMENT AL RESULTS
In thefollowing we presentexperimentalresultson somerepre-

sentativecircuitsto validatethefollowing two claimsregardingthe
techniquesproposedin this paper.

1. The hybrid methodof Section3.1 is an improvementover
individual incompleteor completemethods.

2. Theoptimizationsproposedin Sections3.2.1and3.2.2sub-
stantiallyimprove thecompletemethod.

Our benchmarksuiteconsistsof several large industrialcircuits
(few hundredsto few thousandlatches)aswell asthelargestof the

ISCAS89sequentialcircuits. In the caseof the ISCAS89exam-
plesthe two circuits (to be verified) wereobtainedby optimizing
theoriginalbenchmarkwith thescript.rugged combinational
optimizationscript in SI S [10]. The industrial examplesareob-
tainedfrom a wide varietyof designscenariosincluding1.) com-
binationaloptimizationof onegate-level designby handand/orby
aCAD tool, and2.) two designsgeneratedfrom differentsynthesis
pathsfrom RTL (e.g. oneby handandthe otherby a CAD tool).
All experimentsarereportedona 450MHzSunUltraSparc-IIIma-
chine,usingimplementationsof thealgorithmsandtechniquesde-
scribedin Section3.

It is noteworthy that the time taken to solve a given latch map-
ping problemdepends not only on the size (in termsof number
of latches)of the problembut also on the difficulty of the prob-
lem. As in combinational equivalence checkingthis depends on
how different the two sequentialdesigns beingcomparedare. In
our experiencealmost50-60%of typical latch mappingproblems
arerelatively simplebecausethetwo designshavethesamenumber
of latchesandarestructurallyvery similar. In suchcasesthe latch
mappingsolutionconsistsof a pair-wisematchingof latchesfrom
thetwo circuits,which canbeefficiently andcorrectlyobtainedby
incompletemethods alone[1, 4]. Our contributionsareaimedat
theremaining40-50%of latchmappingproblems.

Figure3(a) presentsa comparisonof the latch mappingresults
betweenincompletemethods(asetof proprietary, in-houseincom-
pletemethods,asmentionedin Section3), our implementationof
a completemethod(seeSection3.2) andthecombination of these
two asexplainedin Section3.1. Note that in almostall theexam-
plesthe two designshave differentnumber of latches.Columns2
and3 show thenumberof latchesin the2 designsbeingmatched.
Columns Õe.0Ä and Ö show the matchtimesfor the threemethods.
Thenumberof matcheshave beennotedin parentheses,whenever
the methodwas unsuccessfulin obtaininga completematch. In
all but Ã of the examplesthe incompletemethodwasunsuccess-
ful in finding a completematch. In all but onecase,the complete
methodis ableto find the completematchbut is computationally
muchmoreexpensive. Our proposedhybrid scheme,on theother
hand,is ableto find a completematchin all cases,andmuchfaster
thanthe individual completemethod. In the two caseswherethe
incompletemethodfindsa completematch,thecombinedscheme
doesnot incur any additionalcost. The exampleBench 1 pro-
videsaninterestingcasewherethecompletemethodcannotfind a
completematchwhereasthe combinedmethoddoes. In this case
someof the equivalence checksin the completemethodaborted
due to resourceconstraints. When using the combinedmethod,
theseequivalence checkswerecircumvented by the partial match
suppliedby theincompletemethods.

Thesecondsetof results,presentedin Figure3(b), demonstrate
thespeed-upobtainedby usingtheoptimizationspresentedin Sec-
tions 3.2.1and3.2.2. The speedup number is a ratio of runtimes,
of our implementationof the completemethod,with andwithout
theoptimizations.Theexperimentscover two scenarios,1.) where
the completemethodis run on the modifiedcircuit model #�¡ (as
it would be in the caseof the combinedmethod),2.) when the
completemethodis run on theoriginal problem # (thesecasesare
marked as (full). In all cases(exceptonewherethereis a slight
slow-down) the optimizationsprovide a speedup of �MD Äj³�ÃxD Ä�� .
TheexampleBench 11 is a casewherethetwo circuitswerenot
equivalent. Theresultsshow thattheproposed optimizationscanbe
usefulin avarietyof contexts. Theimprovementsobtainedaresig-
nificant consideringthe fact that the proposedoptimizationscarry
virtually no computationaloverheadandprovide a speed-up even
whenthe completealgorithmhasasfew as Ã�³Å× iterations(this
wasthecasefor mostbenchmarks,with thecombined method).
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Circuit # Latches MatchTime [# latchesMatched: Spec./Impl.]
Spec. Impl. Incomplete Complete Combined

Bench1 181 181 62s[137/137] 1837s[179/179] 742s
Bench2 478 478 19.5s 23.97s 19.5s
Bench3 497 497 11.4s[471/471] 10.4s 16s
Bench4 1256 1294 81s[1136/1162] 302s 247s
Bench5 1592 1592 302s 1328s 302s
Bench6 1607 2134 183s[1410/1410] 1261s 945s
Bench7 2287 2494 160s[2151/2151] 899s 571s
Bench8 3018 2543 231s[2053/2053] 1713s 1218s
Bench9 3006 3070 531s[2828/2828] 7320s 3263s
s5378 164 163 2.5s[162/162] 2.8s 4.2s
s9234 211 135 5.5s[108/108] 11.3s 13.8s
s38417 1636 1464 57.5s[1278/1278] 150s 116.5s

(a) ProposedHybrid MethodVs. Complete& IncompleteMethods

Circuit Speed-up

Bench1 2.32
Bench6 2.50
Bench7 1.43
Bench9 0.98
Bench10 1.76
Bench11* 2.19

Bench4 (full) 1.65
Bench8 (full) 1.80
s38417(full) 1.66

(b) Speed-up due to
Optimizations of Sec-
tions3.2.1and3.2.2

Figure3: Experimental Results

5. CONCLUSIONS
Combinationalequivalencecheckersarewidely deployed in in-

dustry today. However their applicationis often plaguedby in-
effective solutionsto the latch mappingproblem. We recognize
that incompletemethodsfor latch mappingare inadequatefor a
largepercentage of suchproblemsarisingin industry. Our experi-
enceindicatesthatcompletemethods, whenappliedaloneto such
problems,areunduly expensive. In this work we have proposed a
completeandefficient methodology that seamlesslyintegratesan
efficientandscalableincompletemethodwith apowerful complete
methodbasedonanin-house, state-of-the-artCECtool. Wefurther
recognize that the applicationof the completemethodasa black
box is unable to utilize theinformationthattheunderlyingproblem
is latchmapping.Wehaveproposedseveralinexpensive,yeteffec-
tive optimizationswhich furthertunethecompletemethodto latch
mappingandextractsignificantperformancegains.

Wehaveprovedtheefficacy of ourapproachwith resultsonlarge
andcomplex industrialdesignsthathaveundergoneextensiveman-
ualandautomatedoptimization.In addition,wehavepresentedre-
sultson several largepublic domainbenchmarks. We believe that
themethodology presentedin thispaper, alongwith previouscom-
plementarytechniques[1, 4] canprovide effective latch mapping
support to CEC-basedverificationflows.
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