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ABSTRACT

We describea completemethodfor thelatchmappingproblemthat
is basedon the efficient integration of previously proposedtech-
niquesfor latchmappingaswell asnovel optimizationsfor further
improvemen. The highlights of the proposedapproachinclude a
new methodof integratingcompletemethodsandincompletemeth-
odsfor latchmappirg, theuseof incrementateasoningo optimize
the overall algorithmandthe useof a corverntional combinadional
equivalence checkingtool asthe core engine. Experimentscon-
firm thatthe proposedmethodretainsmuch of the efficiengy and
capacityof incomgete method while providing the completeress
of completemethodsandderivessignificantperformane improve-
mentsfrom the propcsedoptimizations.

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

General Terms
Algorithms, Verification

Keywords

Latchmapping combinatioral equivalencechecking

1. INTRODUCTION

Combinationakquivalencechecking(CEC)is amatureandprac-
tical technolay [2, 7, 8, 9, 11] thatis commonly usedin cur
rentverificationmethodolay. Latch mappingis usedto transform
the problem of checkingsequentialequivalerce into a combina-
tional equivalen@ checkingproblem. Recentwork on latch map-
ping [1, 3, 4, 5, 14] hasoffered somepromisingsolutions. How-
ever, ascombinatioral equivalence checkingtechndogy becones
morepenasie in commercialerificationflows, thereis a needfor
morepowerful andefficientlatchmapperdo complementhem.

Methodsfor latchmappingcanbedividedinto incompletemeth-
ods and completemethod. Incompletemethodsuse heuristics
to group promisingmatcheswithout providing ary guarareeson
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the correctnessr completenes®f the matching. They can be
function-baedor non-functionbased.Non-fundion basedncom-
plete methods[4] use nameor structuralcomparisongo group
latches. Function-basednethodssuch as those proposedin [1,

4] userandomsimulation[4] or ATPG-basedsearch[1] to gen-
erateinequivalene information, which is usedto group latches.
Completemethods,on the other hand, are guaranteedo produce
a latch mappingif one exists, given suficient compuational re-

sourcesAlmostall completemethoddor latchmapping proposed
in the literature[3, 5, 14], employ a functional fixed-pointitera-

tion to refinethe universeof all latchesinto a provably correctand
completegrouping Also, relatedwork on generakequentiabquiv-

alencechecking[6, 12, 13] usestechniqesthatmaybe applicable
to latchmapping.

In this paperwe describea methodolagy for the latch mapping
problemthatis basedn theefficientintegrationof previously pro-
posedtechniquesaswell asnovel optimizationgto furtherimprove
thesetechniques.This methodhasbeendeplo/ed and extensvely
testedn anindustrialsettingandhasprovedto be quite successful.
Our methodolog for latch mappingis premisedon the following
obsenations, basedn parton the experience of otherresearchers
who have worked on this topic.

Incompletemethodscanusuallymatcha large percentag of the
latchedn practicaldesignsefficiently andcorrectly[1]. Therefore,
ary efficient methodolog for latchmappingneedsto make useof
suchmethods. However, completemethodsare the only option
for difficult instance®f latchmapping,suchasthoseproducel by
heavry optimizationof a designby a tool which doesnot presere
namecorrespodenceq3] or casesvhereoneof thecircuitsunder
comparisorhassignificantredundagiesand/orreplicatedportions
of logic which the seconctircuit doesnot have. This could leadto
matchingsinvolving groupsof more thantwo latchesor complex
intra-circuitgroupings. Incompletemethodsare usually designed
to detectsimple, pairwiseinter-circuit matchings.Thus,an effec-
tive methodfor latch mappingshouldbe onewhich combinesin-
completeand completemethodstogetherin a symbidic manner
Anotherbenefitof usinga completelatch mappingmethodis that
if thegivenproblemis notalatchmappingproblem(andhencenot
solvablethroughCEC)the completemethodcould returna partial
setof true latch equivalenceswhich can subsegantly be utilized
by amoregenerakequetial equivalerce verifier.

In the light of the above, the major contributions of this paper
canbe summarizeasfollows:

e \We formulateanddiscussthe problemof combiningincomplete
and completemethodsfor latch mappingand propcse a compre-
hensve andefficient solutionto this problem.

e \Weuseanindustrial-strengthmixed-engineeombinationbequiv-
alencechecler [9], to implementa completealgorithm for latch
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Figure 1: Circuit Model P for Refinementof R,

mapping similarto thefixed-pointiterationreportedn [3, 14]. We
notethat previous approzheshave eitherreportedresultsusinga
singleengine(BDDs in [14] andATPGin [1]) or not givendetails
of the engineused[3]. Thus,this is thefirst reportedapplication
andexperimenal evaluationof aprovencombinatioral equivalene
checking technologyfor latchmapping

e \We propcse two novel techniquedo substantiallyimprove the
performarce of the abose completemethod.Thekey ideais to op-
timize theuseof the CECtool within thelatchmappingframework,
ratherthanusingit asablackbox.

The restof the paperis organizedasfollows. The next section
reviews somenotationandbasicalgorithmsusedin the restof the
expodtion. In Section3 we describethe detailsof our latch map-
ping methodolog. Section4 presentsan experimenal validation
of our approachWe presenbur conclusionsin Section5.

2. PRELIMIN ARIES

Sequentiakircuits can be representeds finite statemachines
(FSMs). An FSM, M is a 6-tuple, M = (1,0, L, So,A,}N),
whereI = (z1,z2,...,T») is an orderedsetof inputs, 0 =
(21, 22,..., 2p) is an orderedset of outputs, L is an orderedset
of statevariables(denotinglatches),Sy C B!*! is anon-emptyset
of initial statesA : B/X! x B™ — B!Zl is the next-statefunction
and\ : B'L' x B™ — BP is the outputfunction. A stateS of M
is a Booleanvaluationto the statevariablesL. In the sequelthe
presenstateandnext statevariablescorrespadingto alatchl are
dended! andé; respectiely.

2.1 The Latch Mapping Problem

Let the two sequetial circuits being checled for equvalene
be representedby FSMs Mgy (specificationFSM) and M,
(implementationFSM). Further to simplify the expositionwe as-
sumethe circuits have a single clock, the sameinputs and out-
puts, and exactly one initial state,denotedSo, spec and So, rmpi
respectiely. We notethatthe methodspresentedn this pape can
be extendedfor the caseof multiple initial statesusingthe treat-
mentin [3] Thus:MSpec = (Ia Oa LSpeca SO,Spec, ASpec, )\Spec)
and Mimp = (I, 0, Limpi, So,1mpts Dimpt, Aimpt). L€t L =
Lspec U Limp denotethe combinedstatevariablesof Mgye. and
Mimpi- Furtherif Sspec and Simp; arestatesin the state-spaces
of Mspee and My, respectiely, i.e. Sspec € BlEspeel and
Stmpt € BErmrtl we useS = Sspec U Simpi to denotethe
combinel state. Similarly, the combinedtransitionfunction A is
obtainedoy combiningAspe. andA ., andthecombinednitial
stateSy = So,spec U S0, 1mpi -

Thelatchmappirg problemis posedonthecombinal setof latch
variablesL = Lgpec U Limp andon the combinedstatesin the
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state-spacef thesevariables.In the sequelwe will dropthecom-
binedprefix whenreferringto theselatchvariablesandstatesstat-
ing otherwise,explicitly, whenever required. A latch mappingis
denotedby alatch correpondenerelation, Rr whichis anequi-
alencerelationonthelatches,L. Thus, Ry : L x L — B. Further
the variable correspomlencecondition[14], 77, : Bl — Bis
a predicatethat defineswhethera state S conformsto Rz, i.e,,
whetherequialentlatchvariablesassumedenticalvaluesin S:

Fr(S) & Vi, 12(Rr(l1,12) = S(h) = S(12)) 1)

TherelationR 1, is designedo grouptogethellatchegshatareequi-
alent,undersomenotion of sequentiakquialence.

2.2 Van Eijk’ s Algorithm for Latch Mapping

VanEijk [14] propcsedthefollowing definitionof R, basedn
a sufficient (but not necessarygonditionfor latchequialence.

DEFINITION 2.1 (LATCH CORRESPONDENCE RELATION). A
latch correspadencerelationis anequivalenerelation Ry, : L x
L — B which satisfieghefollowing condtions:

e |t is true in the initial state Sy of the combinedmadine:
Fr(So) =1,

e Itisinvariantunderthenext statefunction: VS € BIX, X €
B™ : RL(S) = RL(A(S, X))

Further vanEijk notedthattheremay exist several correctlatch
correspodencerelationsfor agivenFSMandthereexistsaunique
maximumlatch correspndenceelation R7**, whichis thefixed-
point computedby thefollowing iterative procedire [14].

Algorithm 1 vanEijk’s Algorithm

1: Computethefirst approximatiorRy of Rz as:R2 (li,1;) <
(So(l:) = So(l;)) . ,

2: Given R%, refineit to compue R as: REF(1;,1;) <
Ry (i, l;) AYS € BH X ¢ B™ Fi(S) =
Fr(A(S, X))

3 If REM = RY stop. RT*® = RY,.

Sincethis is a completealgorithm, the maximum/latch corre-
spondencerelationR7'** is acompleteand correctsolutionto the
latchmappingproblemon Mspee and My ppi .

In practisg14] thisalgorithmis implementednthecircuit model
P shawn in Figure1l. Therelation R} is representedisa setof
equivalerte classesver thevariablesL, which arerefinedin each
iteration, using Step2 of the algorithm. The refinedequialence
reIationR"L+1 is compued througha seriesof equivalencechecks
onP. In iterationi + 1 equialercesin R} areimposedon the
present-statlatchvariablesL andthesameequivalenceghenveri-
fiedonthenext-statdatchvariablesA, undertheabore constraints.
The equivalenesthat hold, form the refinedrelationR;"*. Note
thatthe primary outputsO of Mspec and My, areignoredwhen
solvingthelatchmappingproblem.

As mentionedn [3, 14], the overall efficiency of the procedue
canbesignificantlyimprovedby refiningR?, throughrandomsim-
ulation, beforeenteringthe fixed-pointiteration.

3. PROPOSEDMETHOD

We believe thatalatchmappingmethoddogy needso employ a
combinationof incompete andcompletemethodsin orderto pro-
vide a compréhensve but efficient solutionto industriallatchmap-
ping problems Our methodis basedon sucha combination.Our
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tool includesa setof efficient structuralandfunctional,incomplete
methodsfor latch mapping We believe thesemethodsare com-
petitive with the state-of-the-arin incompletemethods.However,

thesemethodsarenot the contribution of this paperandhencewill

not be discussecdhere. Our contritutionsare1.) a novel method
of combinirg incompleteandcompletemethodsor latchmapping
(discussedn Section3.1) and?2.) anoptimizedcompletemethod
for latchmapping(describedn Section3.2). Thecompletemethod
is a variantof van Eijk’s algorithm[14], implementedusing pow-

erful enginesandfurtherenhancedvith novel pruningtechniques.

3.1 A Hybrid Method for Latch Mapping

Previousworkson latchmappinghave propcsedeithercomplete
methodq3, 5, 14] orincompletemethod[1, 4] for theproblem In
the following we formulateanddiscussthe problemof combining
thesetwo kinds of approackesandpropcse a comprehesive and
efficient solution. To the bestof our knowledge, this is the first
reportedwork to explicitly addresghis aspecbof latchmapping.

Figure 2 shaws a possibleflow in which incompleteand com-
pletemethodscould beusedtogetherIf R, andR. arethepartial
matces producedby incompleteand completemethods,respec-
tively, thefinal matchcanbe computedas(R; V R2), where(R)
dendesthe transitve closureof relationR. The key elements in
generatinghe modifiedcircuit model(denotedP*) to be supplied
asinputto thecompletemethod More concretelythis problemcan
beformulatedasfollows. SupposéR ., ,, is apartiallatchmapping
givento us,i.e. Rr,,, is anequivalencerelationover the setof
latchesL;,, C L. In practise the partialmatchmay be generaed
by a combinationof incompletemethodsandconstraintspecified
by the designer Furthey we assumehatRr_,, is atrue relation,
ie. Rr,,, € RT*. In otherwords,the equivalencesspecified
inRrz,,, aretruein ary correctandcompletesolutionto thegiven
latchmappingproblem.Our objective is to usea completemethod
to find a completelatch correspondnce,taking advantage of the
informationprovidedby Rz, , .

A simple methodof prodicing the modified circuit model, P*
from P andR,,, is thefollowing. Theequivalen@srepreseted
by R.,,, areimposedonthepresent-stateariablesn P by memg-
ing all specifiedequivalentlatches Further thenext-statefunctions
of thelatchesL;,, andtheconesof logic exclusively feedingthem
areremoved from P. The following exampleillustratesthe prob-
lemwith this approah.

ExamMPLE 3.1. Supmsethe exact latch correspndene solu-
tion haslatches!l; andl; from Msp.. mappel togetherwith latch
I, from M;,p. Further suppsethat the suppliedpartial matd
Rz, issudthat(l;,l) € Rr,,, butl; & Lays.

Then, the P* prodwced as above will not have latchesl; and .
Hencethe completemethodwill not be ableto matchlatchl; to
anything. Consequetly, the overall solution (final match)will be
missing part of the equivalencel; = I; = [} andthereforebe
incomplete.

Our methodis a modificationof the abore solution. The con-
straintsR ., areimposedon the present-statgariablesin P, as
above. Let Rr,,, becomprisedof ¢ equivalen classe<s, Ca,
..., Cq. Foreachequialerceclas<C;, oneof theconstituentatches
liep is chosenasits representatie. The next statefunctionsof all
latchesin thesetLgys — U7, lie,, aswell asconesof logic exclu-
sively feedingthemareremovedfrom P. Thisgivesusthereduced
model P*. Let R7:;° bethefinal relationcompued by the com-
pleteproceduregunon®*. Thenourclaimisthat(Rz,,, VR 5"
is preciselythe maximumlatch correspodenceR7*® thatwould
becompuedby vanEijk’ salgorithmexecutedontheoriginal prob-
lem,P.

sub

THEOREM 3.1. Given a latch mapping problemon a circuit
modelP and a partial, true latch equivalene relation Rz ,,,,, if
R is the latch equivalerce relation computedusingthe above
constructionthen(Rz,,, V Riep’) = RT*".

sub

Thus,theabore combinedmethods provably acompletemethod
for latchmapping.The propcsedconstructiorallows vanEijk’ s al-
gorithmto efficiently and correctly usethe information contained
inRr,,,.- Theproblemsolved by van Eijk’s algorithmis signifi-
cantly smallerthanthe initial problem. Further noneof therela-
tionshipsspecifiedin R, ,, arere-verified duringthe run of van
Eijk’ s algorithm.

3.2 Efficient Implementation of Van Eijk’ sAl-
gorithm

Asdescribedn Section2.2,vanEijk’ salgorithminvolvesafixed-
point iteration. In eachiteration latch equialerces of the cur
rent latch mappingrelation areimposedon the inputs of the cir-
cuit model P and the sameequialencesverified at the outputs.
This compuation canbe easilyreducea to a combinationakequi-
alencecheckirg problem. Additionally, the two circuits Mspec
and M, often exhibit a lot of structuralsimilarity. Therefore,
we have chosento implementthis compuation by a state-of-the-
art, industrialstrengthcombinaional equivalene checking(CEC)
tool [9]. This tool implementsa well-tuned combinationof ran-
dom simulation,BDDs, ATPG and structuralpruning technique
and compars very favorably to the state-of-the-arin combira-
tional equivalerce checking

Like mostindustrialcombinatioral equivalerce checlers today
our CECtool exploits the structuralsimilarity betweerthetwo cir-
cuits undercomparison The generalapproachis to partition the
overall equivalencecheckinto a setof smallerequivalene checks.
A setof candidde equialerces(referredto as potentially equiv-
alent nodes(PENS)in the sequel)is initially compcedfrom in-
ternalnodesof the two circuits. Thenthe algorithm sweepsfrom
theprimaryinputsto outpus successiely resolvingthesecandichte
equivalencestakingadwantageof internalequivalercesprovedthus
far, till theoutpu equivalencesareresoled.

We notethat previous implementation®f van Eijk’s algorithm
andrelatedwork have beenreportedusingasingleenging[1, 14] or
adedicatedombindion of engineg3, 6]. By usinganoff-the-shelf
CECtool we hopeto seamlesslyeveragethe powerful technology

sub



Algorithm 2 Updatechangd flag andaffectedpointerin Iteration
4,1 >1
forallw € W andl € L do
Resetthangedflag
Clearaffectedpointer
endfor
foralll € L: Rep(I'™") =1do
if i = 1then
affectedl) < 1 _ '
elseif Equiv_Clasgd;, R: 1) # Equiv_Clasgd;, R:?) then
affected?) « 1
endif
endfor
foralll € L: (Rep(I*') = 1) A (affected!) # NULL) do
for all w € TFO(!) do
if affectedw) # NULL then
changdw) « 1
else
affecteqw) « 1
endif
end for
endfor

built into currentCECtoolsandalsobypasghedevelopmenteffort
requiredto build a dedicatedool of compaableperformance.

In our CEC tool PENsare maintainedand manipulatedas fol-
lows. Initially, PENsare composeddy simulatingthe circuit with
randomvectors. Internal nodeswith the samesimulationsigna-
ture are groupedtogether Eachsuchgroupis a PEN set. The
interpretationhereis that nodesin the samegroup are potentially
equivdent, hencePENs. Nodesfalling in different groupscan-
not be combinatiorally equivalent. Theseclassesare refined by
successiely validating PEN pairsfrom eachgroup, till finally all
PENshave beenresohed (i.e. eitherproved equialert or proved
inequivalentandsplit apartby a witnessvector). Whenusedin van
Eijk’s algorithm,the PEN setsarepopulatedby theinternalnodes
W = {w1,ws,...,w,} of thecircuit modelP. In eachiteration
i, thelatchinputs L areconstraine by the correspading relation
RY'. Wewill denotethisinstanceof P asP’. Further if w is an
arbitraryinternalnodein P, w* denotests instancein P*. Given
an internalnodew in P, TFl(w) and TFOQ(w) dende the setof
nodesin thetransitive faninandtransitve fanoutof w respectiely.
In practise,the applicationof the constraintskR%, on the present-
statelatch inputs L is implementedasfollows. As mentionedin
Section2.1,R%, is represetedasa setof equivalenc classesFor
eachsuchclassC;, onelatch liep is chosenasthe representatie
andall fanous of otherlatchesin C; arere-routedfrom liep.

In the sequelwe describetwo novel optimizationsto substan-
tially improve the performancef the CECtool, for latchmapping.
Although, theseoptimizationsare describedn the context of our
CECtool, they areequallyapplicableto other CECtools.

3.2.1 IncrementalRea®ning

As pertheabove descriptionjn eachiterationof van Eijk’ salgo-
rithm, the CECtool createsandverifiesa numberof internalnode
PENSs. The notion of incremertal reasoningseeksto reducesome
of thiseffort. It is motivatedby thefollowing obserationswe made
while usingvanEijk’ s algorithmin anindustrialsetting:

e For comple, industrial circuits, van Eijk’s algorithm usually
takesseveraliterationsto converge (typically 2 — 5).

e Usually, therelationR%, changesonly graduallyfrom iterations
tos + 1.
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Fromthe above it is plausiblethat a large fraction of the PEN
equialencegandinequivalencesjhatweretruein iterations would
alsoholdin iterationi + 1. Therefore pur proposais to efficiently
extract PEN equivalerces(andinequivalenes)thatremaininvari-
ant undertherefinemenf R, ! to RY,, performedin iterations.
Thisinformationis thensuppliedasaxiomsto the CECtool in iter-
ationz + 1, which canbypassthe verificationof thesePENSsin this
iteration. In thismanne, the CECtool only re-verifiesinformation
thathaspotentiallychargedsincethelastiteration.

Our methodhastwo aspects;l.) Using PENinequialencein-
formation,2.) Using PENequivalenceinformation.

THEOREM 3.2. Giveninternal nodes w; and wz in modelP
andsomei > 0, wi # wh = w] # wj foranyj > .

Using PEN Inequivalencelnformation: Using Theorem3.2,in

our implementationtheinternalnodePEN sets(for the CECtool)

arenot built from scratchbut ratherthe final internal PEN setsat
theendof iterations areusedasthe startingpointfor iterationi +1.

This simple obsenration allows the computationof iterationi + 1

to seamlesslyeveragethe entireeffort spentin iterationsl through
1 in detectingnequivdencesbetweerinternalPENs.

LEMMA 3.1. Giveninternal nodes w1, w2 in P, if for someit-

erationi, w} = wj andVl,ls € (LN TFl(w1)) RT™ (1, 1) <
Rq'L (l1,12) and Viy, 1> € (LNTFI(w2)) RiL-H (l, 1) & R7'L (l1,12)
thenwit! = witt,
UsingPEN Equivalencelnformation: Lemma3.1providesaway
of leveragirg equivalencesproved in previous iterationsto bypas
somesuchchecksin the currentiteration. However, the condtions
statedn Lemma3.1 arecomputationallydifficult to check There-
fore, we have implementeda safe approximationof them which
can be representedmaintainedand checled by simple structural
operationson the circuit. The implementationrequirestwo data
entitiesto be maintainedor eachnode w in P, namelya single-bit
Booleanflag, changed(w) anda nodepointeraffectedw). At the
beginning of eachiterations (¢ > 1) of vanEijk’s algorithm,these
areupdatedasperAlgorithm 2.

THEOREM 3.3. Giveninternal nodesw; and wz in P, given
someiteration i, if wi~" = wi~' andafter updaing changed and

affecteddataasper Algorithm2 if:

1. affectedw?) = NULL A

2. affectedwi) = NULL A changed(w?)

3. changed(wi) =0 A changedws) = 0
(affectedw?) = affectedw}) # NULL)

thenw? = wh.

or

changed(ws)
1 or

=0
=0
A

Theorem3.3 and Algorithm 2 form the basisfor our methodto
bypasscertainPEN equivalerce checls during a run of our CEC
tool in vanEijk’ salgorithm. Algorithm 3 describesurincremental
versionof vanEijk’ s algorithm.

3.2.2 PENRejectionduring CEC

We have developedthe following simple, but useful optimiza-
tion to furtherenharce the performancef the CECtool duringvan
Eijk’s algorithm. This is applicalie whenvan Eijk’s algorithmis
usedin ahybrid flow asin Section3.1.

As describedin Section3.1 the latches(Ls,,) comprisingthe
partial matchR . ,,, are condersedinto a setof represertatives
Liep = {Beps l2ep, - - -, 14, } @ndsuppliedalongwith the latches
L — L, to van Eijk’s method. For a given iteration: of van



Algorithm 3 IncrementaNMersionof vanEijk’ s Algorithm

1. Compute R} using Definition 2.1 as: R%(L;,l;) <
(So(l;) = So(l;)). Refinethis with randomvector simu-
lation on circuit modelP.

. For eachiterations, (initialize ¢ to 1):

i. Constructcircuit model P by applying conditionsR: "
on PSlatchvariables.

ii. If 4 =1, construcinitial internalPENsetsQ;,, .,

' through
randomvectorsimulationon P* elseQ?,;; = Q

-1

7;‘ina,l

iii. UpdateaffectedandchangedfieldsusingAlgorithm 2.

iv. RunCECtool on queIPi to resolwe internal PEN sets
Q' andrefineRi~!.

v. For eachinternal PEN pair w1, w2 € Q! if wi andws
satisfythe conditiors of Theorem3.3 infer wi = w»

elsecheckw; < we. If w1 # w2 simulateP? with the
obtaineddistinguishingvector(to refineQ* andR’~1).
Thefinal PENsetsobtainedafterthis stepconstitutethe
relationQ%,;,,,:

vi. Verify RiL‘l at the NS latch variables,checkingequiv-
alencespair by pair, aswith internal PENsin the last
step.Therelationobtainedafterthesecheclsis R

. If Ry, = Ri! stopandreturn R7*® = RY elseiterate
Step2 with 7 < 7 + 1.

Eijk’s algorithm, and an arbitrary equivalenceclass,C of RiRep,
the optimizationis asfollows:

Optimization: If C C L,p, i.e. all thelatchesof this classare
representativdatches,discad C remavefromP all internal nodes
that fan-outonly to latchesin C.

This optimization simplifies the problem being solved by the
CECtool. It is derived from our practicalexperien@ with thetypi-
cal anatomyof partialmatchesRr,, ,. Our experiencds thatpar
tial matchespecifiedn Rz,,, areeithercompleteto begin with or
they areto be matchedwith latchesthatareunmatche sofar (i.e.
not partof Lg,;). Matchings betweenlatchesin L., are either
notobsered (otherthantheonesstatedn Rz, ) or notimportant
from the point of view of the latchmappirg problem.

Note that while in theory this optimization makes the overall
methodincomplete,in practise,in extensie experimentswe have
never found this to be the case. On the contrarythis simple opti-
mization provides significantruntimeimprovementsin mary (but
notall) casesln ary casethisis aninnocwusoptimizationwhich
can easily be omitted from the method,for a particularproblem,
if thereareary concernsof completenessyithout impactingthe
correctnessf therestof thealgorithm.

4. EXPERIMENT AL RESULTS
In the following we preseniexperimentalesultson somerepre-
sentawe circuitsto validatethefollowing two claimsregardingthe
technigesproposedn this paper
1. The hybrid methodof Section3.1 is an improvementover
individua incompleteor completemethods.
2. Theoptimizationsproposedn Sections3.2.1and3.2.2sub-
stantiallyimprove the completemethod.

Our benchmarksuiteconsistsof severallargeindustrialcircuits
(few hundredsto few thousandatches)aswell asthelargestof the
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ISCAS89sequentiakircuits. In the caseof the ISCAS89exam-
plesthe two circuits (to be verified) were obtainedby optimizing
theoriginalbenchnarkwith thescri pt . r ugged combinatioral
optimizationscriptin SIS [10]. The industrial examplesare ob-
tainedfrom a wide variety of designscenariosncluding1.) com-
binationaloptimizationof onegate-leel designby handand/orby
aCAD tool, and2.) two designggeneratedrom differentsynthesis
pathsfrom RTL (e.g. oneby handandthe otherby a CAD tool).
All experimentsarereportedon a450MHz SunUltraSparc-Ilima-
chine,usingimplementation®f the algorithmsandtechniqesde-
scribedin Section3.

It is notevorthy thatthe time taken to solve a given latch map-
ping problemdepens not only on the size (in termsof numter
of latches)of the problembut also on the difficulty of the prob-
lem. As in combination& equivalerce checkingthis depands on
how differentthe two sequentiadesigrs being comparedare. In
our experiencealmost50-60%of typical latch mappingproblems
arerelatively simplebecausthetwo designshavethesamenumber
of latchesandarestructurallyvery similar. In suchcaseghelatch
mappingsolutionconsistsof a pairwise matchingof latchesfrom
thetwo circuits,which canbeefficiently andcorrectlyobtainedby
incompletemethod alone[1, 4]. Our contributions are aimedat
theremaining40-50%o0f latchmappingproblems.

Figure 3(a) presentsa comparisornof the latch mappingresults
betweernncompletemethodqasetof proprietaryin-houseincom-
plete methodsasmentionedn Section3), our implementatiorof
acompletemethod(seeSection3.2) andthe combindion of these
two asexplainedin Section3.1. Note thatin almostall the exam-
plesthe two designshave differentnumker of latches.Columns2
and3 shav the numberof latchesin the 2 designsheingmatched.
Columns4,5 and6 shav the matchtimesfor the threemethods.
The numberof matcheshave beennotedin parenthees wheneer
the methodwas unsucessfulin obtaininga completematch. In
all but 2 of the examplesthe incompletemethodwas unsuccss-
ful in finding a completematch. In all but onecase the complete
methodis ableto find the completematchbut is computatiomlly
muchmoreexpensve. Our proposechybrid schemepn the other
handi,is ableto find a completematchin all casesandmuchfaster
thanthe individual completemethod. In the two caseswherethe
incompletemethodfinds a completematch,the combired scheme
doesnot incur ary additionalcost. The exampleBench 1 pro-
videsaninterestingcasewherethe completemethodcannotfind a
completematchwhereaghe combinedmethoddoes. In this case
someof the equivalerce checksin the completemethodaborted
due to resourceconstraints. When using the combinedmethod,
theseequivalene checkswere circumvented by the partial match
suppliedby theincompdete methods.

The secondsetof results,presentedn Figure3(b), demorstrate
the speedup obtainedby usingthe optimizationspresentedn Sec-
tions 3.2.1and3.2.2. The speedp numkber is a ratio of runtimes,
of our implementationof the completemethod,with and without
the optimizations.The experimenis cover two scenariosl.) where
the completemethodis run on the modified circuit model P* (as
it would be in the caseof the combinedmethod),2.) whenthe
completemethodis run on theoriginal problem?P (thesecasesare
marled as (full). In all casegexceptonewherethereis a slight
slow-down) the optimizationsprovide a speedp of 1.5 — 2.5X.
TheexampleBench 11 is acasewherethetwo circuitswerenot
equialent. Theresultsshav thattheproposel optimizationscanbe
usefulin avarietyof contexts. Theimprovementsobtainedaresig-
nificant consideringthe factthatthe proposedoptimizationscarry
virtually no compuational overheadand provide a speed-p even
whenthe completealgorithm hasasfew as2 — 3 iterations(this
wasthe casefor mostbenchmarks,with the combinal method).



Circuit # Latches Match Time [# latchesMatched Spec.impl.]

Spec.] Impl. Incomgdete | Complete | Combined
Benchl | 181 | 181 | 62s[137/137] | 1837s179/1P@]| 742s [ Circuit [ Speed-up)
Bench2 | 478 478 19.5s 23.97s 19.5s Benchl 2.32
Bench3 | 497 497 11.4s5[471/471] 10.4s 16s Bench6 2.50
Bench4 | 1256 | 1294 | 81s[1136/1162] 302s 247s Bench7 1.43
Bench5 | 1592 | 1592 302s 1328s 302s Bench9 0.98
Bench6 | 1607 | 2134 | 183s[1410/141] 1261s 945s Bench10 1.76
Bench7 | 2287 | 2494 | 160s[2151/218] 899s 571s Benchl1* 2.19
Bench8 | 3018 | 2543 | 231s[2053/205] 1713s 1218s Bench4 (full) 1.65
Bench9 | 3006 | 3070 | 531s[2828/2838] 7320s 3263s Bench8 (full) 1.80
sb378 164 163 2.55[162/162] 2.8s 4.2s s$38417(full) 1.66
s9234 211 135 5.5s[108/108] 11.3s 13.8s
s384T | 1636 | 1464 | 57.5s[1278/128] 150s 116.5s (b) Speed-up due to

(a) Proposedybrid MethodVs. Complete& IncompleteMethods

Optimizations of Sec-
tions3.2.1and3.2.2

Figure 3: Experimental Results

5. CONCLUSIONS

Combinationalequivalerce checlersarewidely deplosedin in-
dustry today However their applicationis often plaguedby in-
effective solutionsto the latch mappingproblem. We recognze
that incompletemethodsfor latch mappingare inadequatefor a
large percentag of suchproblemsarisingin industry Our experi-
enceindicatesthatcompletemethod, whenappliedaloneto such
problems,areunduy expensve. In this work we have proposel a
completeand efficient methoddogy that seamlesslyintegratesan
efficientandscalabléncompletemethodwith apowerful complete
methodbasedn anin-house state-of-the-at€CECtool. Wefurther
recogrize thatthe applicationof the completemethodas a black
box is unable to utilize theinformationthattheunderlying problem
is latchmapping.We have proposedseveralinexpersive, yet effec-
tive optimizationswhich furthertunethe completemethodto latch
mappingandextractsignificantperformancegains.

We have provedtheefficacy of ourapproahwith resultsonlarge
andcomple industrialdesignghathave undegore extensive man-
ualandautomatedptimization.In addition,we have presentede-
sultson severallarge public domainbenchmark. We believe that
themethodolay presentedn this paperalongwith previouscom-
plementarytechniques[1, 4] canprovide effective latch mapping
suppat to CEC-basederificationflows.
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