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Abstract

Thispaperdevelopsa novel approach for formally ver-
ifying both safetyand livenesspropertiesof designsusing
sequentialATPG tools. The propertiesare automatically
mappedinto a monitor circuit with a target fault so that
findinga testfor thefault correspondsto formallyestablish-
ing theproperty. Themappingof thepropertiesto themon-
itor circuit is describedin detailandtheprocessis shownto
besoundandcomplete. Experimentalresultsshowthat the
ATPG-basedapproach performsbetterthanexistingverifi-
cationtechniques,especiallyfor largedesigns.

1. Intr oduction

As integratedcircuit designscontinueto increasein size,
validatingtheircorrectnessis becomingmoreandmoredif-
ficult. It hasbeenestimatedthatover50%of thedesignef-
fort is now in verification,andthispercentageis expectedto
worsenin thefuture.Simulationof thedesignusingvalida-
tion testsis themaintechniqueusedin industryto validate
largedesigns.Unfortunately, asdesignsbecomelarger, the
likelihoodthat the testswill uncover subtlebugsbecomes
smaller. Although simulationis expectedto remaina key
techniqueto validatingcomplex designs,thereis interestin
theuseof formal techniquesasacomplementaryapproach.

Unlike simulationwhich attemptsto discover the pres-
enceof bugsin a largedesign,formal techniquesaregeared
toward establishingthe correctnessof partsof the design.
Sincethe entire designspacehasto be searched(at least
implicitly) in orderto establishdefinitecorrectness,formal
approachesareonlyapplicabletosmallportionsof adesign.
(A moduleof adesignwhichhasaround300stateelements

hasmorepossiblestatesthanthenumberof protonsin the
universe!)

1.1. Formal verification in the designprocess

Formalverificationis,atpresent,primarily usedin estab-
lishing the equivalencebetweenthe register-transferlevel
(RTL) andthe logic level. The widely usedindustrytools
requirea correspondencebetweenthestateelementsin the
RTL descriptionandthelogic-level description,essentially
dealingwith a combinationalequivalenceproblem.This is
still a very difficult problem(establishingthe equivalence
of two Booleanfunctionsis NP-complete),but the useof
goodheuristicsanda combinationof differenttechniques,
includingbinarydecisiondiagrams(BDDs),ATPGandsat-
isfiability (SAT) solvers,allows industry tools to formally
verify theBooleanequivalenceof combinationalblocksin
realdesigns.

Verifying the equivalencebetweenthe RTL and logic
level is sometimescalledimplementationverification, since
both levels aredescribedformally andoneis a refinement
of the other. Verifying the correctnessof the RTL itself is
a differentmatter, sinceit hasto beverifiedagainstthebe-
havioral levelwhichis usuallydescribedusinganaturallan-
guage.In orderto dealwith thelackof aformaldescription,
designersusuallygenerateformal properties(discussedin
moredetail in the next section)that the designmusthold
from thenaturallanguagedescription.TheRTL is thenfor-
mally checkedwhetherthepropertieshold,andtheprocess
is calleddesignverification. (This is similar to the devel-
opmentof testbenchesfor simulation.) The focusof this
paperis on designverification,i.e.,propertychecking.

It shouldbenotedthattheprimarybenefitof formal ap-
proachesin industryhasbeentheirhelpin uncoveringbugs.
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Unfortunately, existing toolsfor formal analysisof designs
arelimited in thesizeof circuitsthey canhandle.Theobjec-
tive of this paperis to developanapproachthata designer
canuseto formally checkpropertiesof muchlarger mod-
ules,in a framework which is compatiblewith theexisting
designflow.

2. CheckingProperties

This sectionwill briefly describethetypesof properties
which canbecheckedformally andthetechniquesusedby
theformalverificationcommunityto applythemto designs.

2.1. Safetyand Li venessproperties

Propertieswhich expresssystembehavior canbeclassi-
fiedassafetyandlivenessproperties[1].

� A safety property expressesthe fact that something
badwill neverhappen.

� A livenessproperty expressesthe behavior whereby
somethinggoodwill eventuallyhappen.

Thesepropertiesaregenerallyspecifiedusing temporal
logic and variations,following work in verifying reactive
programs[2], sincedigital systemsreceive inputsandpro-
duceoutputsin a continuousinteractionwith their environ-
ment.For instance,usingthis logic onecanexpresstheas-
sertionthatif proposition� holdsin thepresent,thenpropo-
sition � holdsat someinstantin thefuture.

In Linear Time temporallogic (LTL), thenotionof time
is thatof a linearly orderedset(this canbethoughtof asa
possiblesequenceof states).Four operatorsareusedto de-
scribeLTL propertiesin dealingwith hardwareverification,
F, G, U andX.

��� � is truein thepresentif atsomemomentin thefuture� is true.

��� � expressesthefactthat � is trueateverymomentof
thefuture.

� �
	�� meansthat � will holdtrueatsomemomentin the
futureuntil which time � will hold atall moments.

��� � is truein thepresentif � is truein thenext instant
of time.

TheU operatoris calleda weakuntil if � doesnot nec-
essarilyhold in thefuture,anda stronguntil if � definitely
holdsin thefuture.

Anothertemporallogic framework, ComputationalTree
Logic (CTL) is usedto expressthefact thatat eachinstant
of timethereexist many possiblefutures[3]. Eachbranchis
definedasamaximallinearlyorderedsetof states.Truthor
falsehoodof tenseformulasarethoughtof asbeingrelative
to a givenbranchof thetreeorderedframe.

� � is necessarilytrue is representedby theformula 
��
(i.e.,alongall branches).

� � is possiblytrueis representedby theformula ��� (i.e.,
alongsomebranch).

To illustratetheuseof theseoperatorsto expresssafety
andlivenessproperties,considerthedesignof a processor.
It fetchesinstructions,decodesthem,fetchesoperands,ex-
ecutestheinstructions,writestheresultsbackandreturnsto
the fetchstate.Thedesignof thecontrol for theprocessor
includestheabovesequenceof states,andmayalsoinclude
illegalstates(dependingon thestateassignment).

A safetypropertycouldbethattheprocessorneverenters
an illegal state,say ��� . This canbeexpressedas ��� ��� in
LTL. If we wish to find a counterexample(a bug), we can
checkfor thenegativeof theproperty, expressedin CTL as� � � � , i.e., alongsomeexecutionpath,at sometime in the
future,theprocessorentersanillegalstate.

A livenessproperty could be that the processornever
hangs,i.e., it will alwaysreturnto thefetchstate,��� . This
can be expressedin LTL as � ��� . A counterexamplefor
this would bean infinite sequenceof stateswhich doesnot
includethe fetch state,expressedin CTL as � ��� � � , i.e.,
alongsomeexecutionpath,for all future, the fetchstateis
not reached.

2.2. Model checking

The processof analyzinga designfor the validity of
propertiesstatedin temporallogic is calledmodelcheck-
ing. Theinput to amodelchecker is a formaldescriptionof
thedesign,andtheresultis a setof stateswhich satisfythe
given property, or a witnessof a sequencewhich violates
theproperty.

McMillan [4] developedefficient techniquesto manipu-
lateBooleanformulasin modelcheckingusingOrderedBi-
naryDecisionDiagrams(OBDDs).Clarkeetal. [5] showed
that LTL model checkingcan be reducedto CTL model
checkingwith fairnessconstraints.

2.3. Boundedmodelchecking

The useof OBDDs allow the analysisof designswith-
out explicitly enumeratingtheir states.However, OBDDs
arealsovulnerableto thestateexplosionproblemfor even
moderatelycomplex designs. In practice,designersknow
the boundson the numberof stepswithin which a prop-
erty shouldhold. This leadsto the ideaof boundedmodel
checking wherethe propertyis determinedto hold within
a finite sequenceof statetransitions. (This notion is very
familiar in thetestgenerationcommunityasthenumberof
time framesexploredin finding a test.) Anotherdevelop-
mentwastheuseof SatisfiabilitySolving(SAT) algorithms
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insteadof BDDs to addressthe problem. In the SAT ap-
proach,a setof propositionalclausesis generatedfrom the
designunderconsiderationand this is checked for satisfi-
ability. Larrabee[6] proposedthe useof SAT techniques
for combinationalATPG,andKonuk[7] madeanextension
to sequentialATPG.ThesequentialATPGusingSAT tech-
niquesassumedthat the circuits hada resetstate,and the
experimentsonly comparedthesmallerbenchmarkcircuits
to otheracademicATPGtools.

Biere et al. [8] introduceda boundedmodel checking
procedurefor LTL properties,usingSAT algorithmsinstead
of BDDs. This paperis basedon the fact that bounded
model checkingfor LTL can be reducedto propositional
satisfiability in polynomial time; the “universal” model
checkingproblemof the type ���������! canbe translated
into the“existential” modelcheckingproblem � �"����#�$�! 
by negating the formula. Then, a checkis madewhether
thereis an executionsequencethat fulfills �"�%�&#�'�! , re-
stricting thesearchto pathsthathave at most (*),+ states.
Thesuggestionin thepaperis to initially restrictthebound( , and progressively increaseit, looking for longer and
longerpossiblecounterexamples.Coptyetal. [9] described
the benefitsof model checkingat Intel, on designstaken
from thePentium4 processor. A BMC checkerwith a SAT
solveris reportedto besuperiorto onewith aBDD package.

3. Previous work in using ATPG for property
checking

A counterexampleto a safetypropertyis a casewhere
somethingbadhappensin the circuit. Using our previous
example,the bug (the “bad” event) is the processorgoing
into anillegalstate.An ATPGtool couldbeusedto find the
counterexample,by justifying the illegal stateto a starting
state(or the X-state). Therehasbeensomework in this
direction.

Keller [10] suggestedthe useof ATPG enginesto per-
form an examinationof searchspaces,but did not men-
tion the applicationto verification. The useof sequential
ATPGfor modelcheckingwasproposedby Boppana[11].
This work focusedonly on safetyproperties,and studied
theefficiency of sequentialATPGalgorithmsfor state-space
exploration. They noted that the main benefit of ATPG
was the fact that there is no explicit storageof statesat
eachtime-frame,and its strengthis a balancebetweena
purely breadth-firstsearch(usedby modelcheckers),and
purelydepth-firstsearch(inefficientfor exploringlargestate
spaces).

Cheng[12] discussedthe useof ATPG for verification,
including combinationalequivalencecheckingand “prop-
erty checking”. The propertiessuggestedincludedtristate
buscontentionandasynchronousfeedbackloops. The so-
lution was to map the propertyto a combinationalcircuit
andtestfor a stuck-atfault at the outputof the circuit, es-

sentiallycheckingasafetyproperty( -.� , that � is truesome
time in thefuture).

ATPG and SAT algorithms were compared by
Parthasarathy[13]. This work identified some of the
tradeoffs betweenthe two, including the fact that ATPG
could deal naturally with real-world primitives such as
tri-state busesand high-impedancelogic values. Their
resultson combinationalcircuits from industry and static
circuit propertiesshowed that there was no performance
gap betweenSAT and ATPG solvers. Our results on
benchmarkcircuits for temporallogic propertiesshows a
clear advantagefor ATPG techniquesfor small circuits,
with modelcheckingbasedon SAT unableto dealwith the
biggestdesigns.

Huan[14] proposeda combinationof structural,word-
level sequentialATPG andmodulararithmeticconstraint-
solving techniquesfor checkingsafetypropertiessuchas
buscontentionchecking,internaldon’t-carevalidationand
invariant checking. Thesewere transformedinto a coun-
terexamplegenerationproblemto be solved by a custom
ATPGengine.

Hsiao[15] alsosuggestedtheuseof sequentialATPGfor
verifying safetypropertiesof the type /0-.� andcompared
this with OBDD-basedapproachesusing a simulation-
basedATPG (with a geneticalgorithm). They alsonoted
that ATPG could perform the state-spacesearchwithout
needingthe completestate-spaceinformationat onetime.
They found that,althoughonly justificationwasneededto
checkthesafetypropertiesusingATPG,theincompletebut
usefulinformationlearnedvia propagationcanimprovethe
performanceof ATPGfor thepropertychecking.

Althoughcheckingfor asafetyproperty(moreprecisely,
finding a counterexampleto a safetyproperty)canbe eas-
ily doneusingATPG techniques,it is not clearhow live-
nesspropertiescan be checked. A livenesspropertycan
becheckeddirectly (examiningall statesto ensurethat the
propertyholds),or wecanlook for acounterexample(ase-
quenceof stateswhich contradictstheproperty).Usingthe
processorexampleabove,acounterexampleto theproperty
thattheprocessorwill eventuallygoto thestartstateis ase-
quenceof stateswhich doesnot includethestartstate.It is
notobvioushow ATPGcanbeusedto find suchasequence.
We developa solutionbelow.

4. Our approach

A key requirementfor a techniqueto be usableby de-
signersis that it fit seamlesslywithin the normal design
flow. We useany existing ATPG tool, without modifica-
tions, with a circuit descriptionwhich is compatiblewith
thetool, andaddasmallcircuit whichwill guidetheATPG
tool into checkingfor adesiredproperty.

We will considerpropertiesstatedastemporallogic for-
mulasof thetype 
1� , wherep is a restrictedpath formula

3
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in which the only statesub-formulasare atomic proposi-
tions[5]. Ourapproachautomaticallymapsbothsafetyand
livenesspropertiesaswell asaboundonthenumberof steps
to be verified into a monitor circuit with a target fault, so
thatany existingATPGtool canbeusedto testfor thefault.
A testfor thefaultbecomesawitnessfor theproperty. If the
fault is determinedto beuntestable,thepropertyis guaran-
teedto hold within the bound. If ATPGaborts,we cannot
sayanythingabouttheproperty.

Property monitorsOriginal
Design

Property1 Property2 Property3

Sequential
    ATPG

Property n

Testability of Fault fi

property i is satisfied
determines whether

and
Monitor1

and
fault f1

Monitor2

fault f2
and

Monitor3

fault f3

Monitor n

fault fn
and

Figure 1. Approachto propertyverification using
ATPG

Figure1 illustratestheessentialfeaturesof ourapproach.
Wegeneratepropertymonitorsfor thepropertiesof interest
(theseusethe relevant signalnamesfrom the original de-
sign), but the original designis not modified. The design
andthemonitorswith the target faultsaregivento any se-
quentialATPGtool, andtheresultof thetestgenerationfor
the faultsdeterminewhetherthecorrespondingpropertyis
satisfied.

The advantageof suchan approachis that we candeal
with any designwithout direct modificationsto the circuit
implementingit (we usean externalmonitor circuit which
justobservescircuit nodesto guidetheATPG).We arealso
ableto exploit thepowerof existing ATPGtools.Otherap-
proachesto usingATPGfor validationrequiretheuseof a
custom(non-commercial)ATPG [15] aswell asmodifica-
tionsto theATPGtool [14]. Giventheextremecomplexity
of commercialATPGtools,very few organizationswill be
ableto makemodificationsto them.

Eachof thestepsin therefinementof thedesigninvolves
heuristicsandoptimizations,so a verificationat onestage
in the designprocessdoesnot meanthat the next stageof
thedesignwill remaincorrect.Anotheradvantageof using
ATPGis thattheverificationis performedonamodelwhich
is muchcloserto thefinal hardware(at thelogic gatelevel).
In addition,thefact that theATPGtool is usedto generate
the final testson the hardwarewill give a high degreeof
credibility to ATPG-basedverification.

5. Mapping propertiesto stuck faults

This sectiondescribesthe mappingof the formal prop-
ertiesinto monitor circuits with target faults. Many orga-

nizationsusemonitorsto checkthe outputsof simulation,
so this conceptis familiar to designers.We first describe
the framework in which ATPG will be used,thenprovide
detailsof themonitorsandestablishtheir validity.

5.1. Framework for property checkingusingATPG

SinceATPGis well suitedto searchingfor atest(acoun-
terexample),wewill usethefactthat“universal”properties
canbereducedto “existential” properties[8]. Thus,in or-
der to testfor the LTL propertywith a boundof 2 , � � (at
sometime in thefuturewithin 2 cycles,� will betrue),we
useATPGto find asequenceof length 2 where� is not true
(i.e., we attemptto find a witnessfor � ��� � . The finite-
statemachinesrepresentingthemonitorcircuitsfor eachof
the properties,� � � , � � � , � � and �3	4� 1, aredescribed
below for a boundof 2 . If the final (absorbing)stateis
reached,thepropertywill besatisfied.Thefault to betested
for wouldsimplybetheoutputof agatewhichdecodesthis
final state.

ATPGalgorithmsgenerallyassumethatthecircuit starts
in an unknown state(all “Xs”), thenfinds a resetor syn-
chronizationsequenceto a known state. In the checking
framework, we startthe circuit in the all “X” stateandthe
monitor in its startingstate.If a testis found for thetarget
fault correspondingto a property, therewill bea sequence,
startingin the all-X state,which is a witnessto the prop-
erty. The state(or setof states)which is within 2 cycles
from thefinal statesatisfiestheproperty. As we will seein
the results,this framework is consistentwith the oneused
in classicalmodelchecking,which tries to find the setof
stateswhichsatisfya property. If ATPGdeterminesthetar-
get fault correspondingto a propertyto beuntestable,then
it is guaranteedthatthereis no sequenceof statesof length5 2 whichwill satisfytheproperty. Finally, if ATPGaborts,
wecannotsayanythingabouttheproperty.

5.2. Monitors for existentialproperties

Figure2 shows the monitor for the � � � property. The
searchstartsin the stateindicated(state1), and if at any
time p is satisfied,we go to the final state, 2 . The target
fault for theATPGwould bea stuckfault on theoutputof
a gatedecodingthe state 2 . If ATPG finds a test for the
fault, we will know that thepropertyis satisfied,andif the
fault is untestable,then � will not betruefor any sequence
sequenceof length

5 2 .
Notethatif wedid notneedto includeabound( 2 ), then� � � could be checked by creatinga combinationalsub-

circuit which is trueif � is true,andaskingATPGto gener-
atea testfor a stuck-at-0at theoutputof this circuit. This
is theapproachtakenby previoussolutionsto checkingfor

1Patentapplicationsarebeingsubmittedfor thesecircuits andfor the
processof usingthemto verify propertieswith anATPGengine

4
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safetyproperties.Ourstatemachineincorporatesthebound
and is consistentwith the statemachinesfor the liveness
properties.

p p p

p

0 1 2
start

n−1 n
p

p

p

p

Figure 2. Monitor for � � �
Figure3 shows the monitor for theproperty � � � for a

boundof 2 . Let us look at this finite-statemachine(FSM)
in moredetail,sinceit wasnot known previouslyhow such
a livenesspropertycould be checked usingATPG. In this
FSM,weprogressfrom thestartstatefor 2 stepsto thefinal
statelabeled2 , only if � is trueat eachstep.If at any step,
we are in a statewhere � is not true, we go back to the
startingstate.

In orderto seewhy this monitorwill forcetheATPGto
generatea witnessfor � � � , let us look at thecaseswhere
ATPGfindsa testfor a fault on thegatedecodingthefinal
state(labeled2 ) andwhereit cannotfind a test.

SupposeATPG finds a test for the fault. Then the test
will includea sequenceof 2 stateswhereat eachstate� is
true,whichis indeedawitnessfor � � � . If thetestfrom the
all-”X” stateis longerthan2 steps,thelast 2 stepswouldbe
thewitnesssequence,andthesetof statesat thebeginning
of thesequencesatisfy � � � .

SupposeATPGdeterminesthatthefault is untestable.In
thatcase,it hasdeterminedthat thereis no sequenceof in-
putswhichwill produceasequenceof 2 stepswhere� holds
at eachstepof thesequence,indicatingthat thepropertyis
notsatisfiablein 2 steps.

p

p

p

p

0 1
start p p p p p

n−1 n2

Figure 3. Monitor for � � �
Figure3 is themonitorfor theproperty � � � . It is quite

easyto seethatthetestproducedby theATPGwill indicate
astatewhere� is truein thenext state.

Finally, figure5 shows theFSM for the �6�
	�� property.
This implementsthe“stronguntil” whichwouldbemoreof
interestto circuit designers.Theargumentfor why this cir-

p

n1
start p

Figure 4. Monitor for � � �
cuit would guideATPGinto finding a witnessfor theprop-
erty is similar to theonefor the � � � propertyabove.

n

0 1
start

n−1

p  q ,

p q

p  q
p  q

p q

p q

p q

p q

p q

p q

p q
p qp  q

2

Figure 5. Monitor for �7�3	4�
It is interestingthatthetwo non-trivial FSMsarefor the

livenessproperties,andrepresentthemajorcontributionof
this paper.

6. Results

We now provide experimentalresultsof applying the
novel technique. We automaticallymappedthe existen-
tial propertiesinto the monitor circuit which wasattached
to the design. A commercialsequentialATPG tool [16]
wasusedto generatethewitnesses.Theresultswerecom-
paredwith a free researchversion of a boundedmodel
checker(originally from Carnegie-MellonUniversity)from
CadenceBerkeley Labs[17]. We generateda setof simple
propertieson the sequentialISCAS 89 benchmarkcircuits
for thecomparisonof thetwo approaches.

All experimentswereperformedonaSunMicrosystems
UltrasparcII systemwith dual processorsrunning at 450
MHz, andwith 1 GByteof memory.

6.1. Safetyproperties

For eachof the benchmarkcircuits, we chosethe LTL
property �"�8�:9<;�=>9<;�=?9A@1=3BCBDB
=?9FEF ��G�> , where 9 � is theH

th output of the circuit, i.e., we wantedto check if for
all times in the future the circuit would have at leastone
outputwhich is zero. ATPG is usedto find a witnessfor� ���I��9<;J=K9<;L=K9A@M=?BCBCB>=A9FEF J� +  , i.e., it tries to find a state
whereall outputsare1 simultaneously. Table1 givesthe
resultsof this experiment.The first four columnsgive the

5
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Table 1. EF proper ty for AND of all outputs (Bound = 15)

EF AND 1
Circuit Primary Comb. Seq. Counter- ATPG BMC
Name In + Out Gates Elem. Example? CPU(s) CPU(s)
s27 6+1 10 3 Yes 0.1 0.22
s820 20+19 289 5 No 0.1 1.52
s832 20+19 287 5 No 0.1 1.49
s1488 10+19 653 6 No 0.2 2.61
s1494 10+19 647 6 No 0.1 2.73
s386 9+7 159 6 No 0.1 0.72
s510 21+7 211 6 No 0.1 0.82

s208.1 12+1 104 8 Yes 0.1 0.73
s298 5+6 119 14 No 0.2 0.96
s344 11+11 169 15 No 0.1 3.32
s349 11+11 170 15 No 0.1 4.64

s420.1 20+1 218 16 Yes 0.1 1.53
s1196 16+14 529 18 No 0.1 3.17
s1238 16+14 508 18 No 0.1 3.27
s641 37+24 380 19 No 0.1 2.68
s713 37+23 393 19 No 0.1 2.43
s382 5+6 158 21 No 0.2 1.25
s400 5+6 164 21 No 0.1 1.26
s444 5+6 181 21 No 0.1 1.44
s526 5+6 193 21 No 0.2 1.68
s953 18+23 395 29 No 0.2 3.4

s838.1 36+1 446 32 Yes 0.1 3.48
s1423 19+5 657 74 Yes 2.2 5.15
s5378 37+49 2779 179 No 0.3 10.22

s9234.1 38+39 5597 211 No 0.3 24.5
s9234 21+22 5597 228 No 0.3 24.29

s15850.1 79+150 9772 534 No 1.1 78.23
s15850 16+87 9772 597 No 0.9 76.85

s13207.1 64+152 7951 638 No 0.7 65.63
s13207 33+121 7951 669 No 0.7 64.14

s38584.1 40+304 19253 1426 No 3.6 -
s38584 14+278 19253 1452 No 2.9 -
s38417 30+106 22179 1636 No 28 -

circuit nameandits details(numberof I/O pins,combina-
tional gatesandsequentialelements).Thenext columnin-
dicateswhetheror not a counterexampleexists; the prop-
erty is satisfiedfor somecircuitsbut not for others.Thelast
two columnsshow theCPUtimesin secondsfor ATPGand
BMC, respectively. BMC wasunableto generatethe SAT
clausesfor the largestcircuits (indicatedby a “-” in theta-
ble).

6.2. Li venessproperties

Thelivenesspropertywedevisedfor thebenchmarkcir-
cuits was ���I��9<;N=�9<;O=P9A@�=QBDBCBR=P9FE< S�T�> , where 9 � is
the

H
output; i.e., there is a sequenceof statesof length

2 , the bound chosen,within which someoutput will be
zero. ATPG tries to find a witnessto the counterexam-
ple, � �"�8��9<;O=39<;U=39A@O=RBCBDBV=39FEF �� +  , i.e., a sequence
of statesof length 2 for which all outputsare simultane-
ously 1. It doesthis by attemptingto generatinga testfor
s-a-0on the propertymonitor circuit, which ensuresthat� �W9<;X=Y9<;X=C9A@Z=!BCBDBF=C9FE1� + ateverystatealongthepath.

The resultsarepresentedin Table2 for differentvalues
of thebound,2 , from 5 through25. For eachbound,thefirst
columnindicateswhethera counterexampleto theproperty
exists, and the next two columnsgive the times taken by
ATPGandBMC, respectively. Again, BMC wasunableto
dealwith thelargestcircuits.

6
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Table 2. EG AND proper ty for various bounds

Bound= 5 Bound= 10 Bound= 15 Bound= 20 Bound= 25
Circuit Ctr.- ATPG BMC Ctr.- ATPG BMC Ctr.- ATPG BMC Ctr.- ATPG BMC Ctr.- ATPG BMC
Name Ex. sec. sec. Ex. sec. sec. Ex. sec. sec. Ex. sec. sec. Ex. sec. sec.
s27 Yes 0.1 0.21 Yes 0.1 0.19 No 0.2 0.21 No 0.2 0.25 No 0.2 0.31
s820 No 0.1 0.91 No 0.2 1.05 No 0.1 1.21 No 0.1 1.45 No 0.2 1.75
s832 No 0.1 0.92 No 0.2 1.06 No 0.1 1.34 No 0.1 1.44 No 0.1 1.73
s1488 No 0.1 1.54 No 0.2 1.79 No 0.2 2.02 No 0.1 2.38 No 0.2 2.95
s1494 No 0.2 1.51 No 0.2 1.85 No 0.1 2.05 No 0.1 2.37 No 0.2 3.1
s386 No 0.1 0.46 No 0.2 0.53 No 0.1 0.58 No 0.1 0.69 No 0.1 0.88
s510 No 0.2 0.54 No 0.1 0.65 No 0.2 0.8 No 0.2 0.88 No 0.1 1.09

s208.1 Yes 0.1 0.4 Yes 0.01 0.59 No 0.3 0.65 No 0.2 0.86 No 0.3 1.08
s298 No 0.5 0.42 No 0.4 0.49 No 0.4 0.59 No 0.4 0.79 No 0.4 0.93
s344 No 0.1 0.86 No 0.1 1.27 No 0.1 1.73 No 0.1 2.2 No 0.2 4.73
s349 No 0.1 0.89 No 0.1 1.29 No 0.1 1.91 No 0.1 2.48 No 0.1 4.39

s420.1 Yes 0.2 0.71 Yes 0.1 1.09 No 0.3 1.47 No 0.3 1.85 No 0.4 2.73
s1196 No 0.1 1.2 No 0.1 1.43 No 0.1 1.73 No 0.1 1.91 No 0.01 2.35
s1238 No 0.2 1.24 No 0.2 1.51 No 0.1 1.74 No 0.1 1.99 No 0.1 2.54
s641 No 0.1 0.91 No 0.1 1.07 No 0.1 1.24 No 0.1 1.56 No 0.1 1.86
s713 No 0.2 0.94 No 0.1 1.08 No 0.1 1.19 No 0.1 1.36 No 0.1 1.57
s382 No 0.2 0.56 No 0.1 0.55 No 0.1 0.68 No 0.2 0.77 No 0.1 0.98
s400 No 0.1 0.52 No 0.1 0.59 No 0.1 0.71 No 0.1 0.86 No 0.1 0.98
s444 No 0.2 0.51 No 0.1 0.64 No 0.1 0.69 No 0.1 0.82 No 0.1 1.01
s526 No 3.6 0.64 No 3.3 3.65 No 4.2 3.94 No 3.6 40.45 No 3.5 168.6
s953 No 0.1 1.16 No 0.1 1.32 No 0.2 1.68 No 0.2 1.83 No 0.2 2.16

s838.1 Yes 0.1 1.57 Yes 0.2 2 No 0.3 2.88 No 0.4 3.77 No 0.5 5.28
s1423 No 2.2 1.75 No 2.1 2.18 No 2.3 2.63 No 2.2 3.2 No 2.2 3.65
s5378 No 0.2 7.13 No 0.3 7.75 No 0.3 8.77 No 0.2 9.46 No 0.3 11.75

s9234.1 No 0.5 10.83 No 0.6 11.2 No 0.5 12.53 No 0.5 13.67 No 0.5 14.95
s9234 No 0.4 10.49 No 0.5 11.66 No 0.5 12.34 No 0.4 13.23 No 0.5 14.82

s15850.1 No 0.9 32.08 No 1 35.87 No 1 36.77 No 1 40.77 No 0.9 45.55
s15850 No 1 32.81 No 0.9 35.51 No 0.799 36.87 No 0.9 41.19 No 1 46.41

s13207.1 No 0.6 25.99 No 0.7 28.95 No 0.6 30.95 No 0.6 33.67 No 0.7 38.68
s13207 No 0.6 25.67 No 0.6 28.45 No 0.699 30.73 No 0.6 33.37 No 0.5 38.6

s38584.1 No 3.4 - No 3.4 - No 3.3 - No 3.3 - No 3.2 -
s38584 No 2.8 - No 3.1 - No 2.9 - No 2.9 - No 2.7 -
s38417 No 3 - No 2.8 - No 2.9 - No 2.8 - No 2.8 -

6.3. Memory usage

The peak memory usagefor BMC (SMV + the SAT
solver(Zchaff)) is around150MBfor thelargestcircuit that
it could handle(s13207). The programcould not handle
the larger designs.On the contrary, the peakmemoryre-
quirementfor ATPG (including the largestdesign)is only
about50MB. However, for thesmallestdesign(s27)ATPG
usesabout34 MB, while BMC takesonly around1 MB.
Thoughthe SAT-basedapproachrequireslessmemoryfor
very small circuits, the memory requirementgrows very
quickly sincethe numberof clausesgeneratedgrows with
thesizeof thecircuit andthebound,2 . On theotherhand,
thememoryrequirementfor ATPGgrowsvery slowly with
increasingsizeof design,sinceit is neededprimarily for the
representationof thecircuit andthevaluesof thenodes.

6.4. Selectingbounds

Table2 alsogivessomeinterestingtrendsin thebehav-
ior of the two approachesas the bound, 2 , is increased.
As mentionedearlier, therecommendedapproachwhenus-
ing boundedmodelcheckingis to startwith a smallbound,
lookingfor acounterexample,andto progressively increase
theboundto checkwhetherthepropertyholdsfor largerand
largerbounds.Thetime requiredby BMC doesincreaseas
the boundis increased.In particular, for circuit s526,the
time increasesfrom lessthana secondfor 2 �\[ to over
150secondsfor 2 �^]![ . In contrast,the time requiredby
ATPG staysaboutthe same,independentof the boundfor
this circuit. In realdesignswith largesequentialdepths,it
is not alwayseasyto guessanaccuratevaluefor thebound.
An ATPG-basedapproachcanstartwith a relatively large
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boundfor 2 without incurringmuchpenaltyin CPUtime.

7. Conclusions

We have presentedan approachfor formal verification
which fits within the normaldesignflow, andwhich does
not requireany modificationsto the designto be verified.
To our knowledge,this is the first time that the important
classof livenesspropertieshave beencheckedusingATPG
techniques.

Ourresultsshow thatATPG-basedsearchtechniquesare
superiorto conventionalSAT-basedsearcheven for small
problems,andthattheATPG-basedapproachis ableto deal
with muchlarger designsthanis possiblewith SAT-based
approaches.The ATPG-basedapproachis able to prove
propertiesin designswith “real” artifactssuchas tri-state
buffers,andcanbeinsertedseamlesslyinto thenormalde-
signflow, makingit easyto apply to real designs.Finally,
we believe thatour techniqueswill helpverify muchmore
complex circuits in practice,andhopethat moreattention
will befocusedon this new andbroaderapplicationfor se-
quentialATPG.

We arecontinuingto generateresultsfor morecomplex
designs,includingprocessors,andfor otherproperties,in-
cluding �
	�� . Thesewill beincludedin thefinal versionof
thepaper.
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