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Abstract

This paperdevelopsa novel approad for formally ver
ifying both safetyand livenesspropertiesof designsusing
sequentialATPG tools. The propertiesare automatically
mappedinto a monitor circuit with a target fault so that
findingatestfor thefault correspondso formally establish-
ing the property Themappingof the propertiesto themon-
itor circuitis describedn detailandtheprocesss shownto
be soundand complete Experimentatesultsshowthat the
ATPG-basedipproach performsbetterthan existing verifi-
cationtechniquesespeciallyfor large designs.

1. Intr oduction

As integratedcircuit designsontinueto increasen size,
validatingtheir correctness becomingnmoreandmoredif-
ficult. It hasbeenestimatedhatover 50% of the designef-
fortis now in verification,andthis percentagés expectedo
worsenin thefuture. Simulationof thedesignusingvalida-
tion testsis the maintechniqueusedin industryto validate
large designs.Unfortunately asdesignsbecomdarger, the
likelihoodthat the testswill uncover subtlebugsbecomes
smaller Although simulationis expectedto remaina key
techniqueo validatingcomplex designsthereis interestin
theuseof formaltechniquessa complementanapproach.

Unlike simulationwhich attemptsto discover the pres-
enceof bugsin alargedesignformaltechniquesregeared
toward establishingthe correctnes®f partsof the design.
Sincethe entire designspacehasto be searchedat least
implicitly) in orderto establishdefinitecorrectnessformal
approacheareonly applicableo smallportionsof adesign.
(A moduleof adesignwhich hasaround300stateelements

hasmore possiblestatesghanthe numberof protonsin the
universe!)

1.1 Formal verification in the designprocess

Formalverificationis, atpresentprimarily usedn estab-
lishing the equivalencebetweenthe registertransferlevel
(RTL) andthelogic level. Thewidely usedindustrytools
requirea correspondencketweerthe stateelementsn the
RTL descriptionandthelogic-level description essentially
dealingwith a combinationalequivalenceproblem.This is
still a very difficult problem (establishinghe equivalence
of two Booleanfunctionsis NP-complete) put the use of
goodheuristicsanda combinationof differenttechniques,
includingbinarydecisiondiagramgBDDs), ATPGandsat-
isfiability (SAT) solvers, allows industrytools to formally
verify the Booleanequialenceof combinationablocksin
realdesigns.

Verifying the equivalencebetweenthe RTL and logic
levelis sometimegalledimplementatiorverification since
both levels aredescribedormally andoneis a refinement
of the other Verifying the correctnes®f the RTL itself is
adifferentmatter sinceit hasto be verified againstthe be-
havioral level whichis usuallydescribedisinga naturallan-
guage In orderto dealwith thelack of aformaldescription,
designerausually generatdformal properties(discussedn
more detail in the next section)that the designmusthold
from thenaturallanguagedescription.The RTL is thenfor-
mally checledwhetherthe propertieshold, andthe process
is called designverification (This is similar to the devel-
opmentof testbenchedor simulation.) The focus of this
paperis on designverification,i.e., propertychecking.

It shouldbe notedthatthe primary benefitof formal ap-
proachesn industryhasbeentheirhelpin uncoveringbugs.



Unfortunately existing toolsfor formal analysisof designs
arelimited in thesizeof circuitsthey canhandle.Theobjec-
tive of this paperis to develop an approachthata designer
canuseto formally checkpropertiesof muchlarger mod-

ules,in aframework which is compatiblewith the existing

designflow.

2. Checking Properties

This sectionwill briefly describethe typesof properties
which canbe checledformally andthe techniquesisedby
theformal verificationcommunityto applythemto designs.

2.1 Safetyand Livenesgroperties

Propertiesvhich expresssystembehavior canbe classi-
fied assafetyandlivenesspropertieq1].

e A safety property expresseshe fact that something
badwill neverhappen

e A livenessproperty expresseghe behaior whereby
somethinggoodwill eventuallyhappen

Thesepropertiesare generallyspecifiedusingtempoal
logic and variations,following work in verifying reactve
programg?2], sincedigital systemgeceve inputsandpro-
duceoutputsin a continuousnteractionwith their erviron-
ment. For instancepsingthis logic onecanexpressthe as-
sertionthatif propositionp holdsin the presentthenpropo-
sition ¢ holdsat someinstantin thefuture.

In Linear Time temporallogic (LTL), the notion of time
is that of a linearly orderedset(this canbe thoughtof asa
possiblesequencef states)Four operatorareusedto de-
scribeLTL propertiesn dealingwith hardwareverification,
F, G, U andX.

e Fqistrueinthepresenif atsomemomentn thefuture
qistrue.

e Ggq expresseshefactthatg is trueatevery momentof
thefuture.

e pUq meanghatq will holdtrueatsomemomentn the
futureuntil whichtime p will hold atall moments.

e Xgq istruein thepresentif ¢ is truein the next instant
of time.

The U operatoris calleda weakuntil if ¢ doesnot nec-
essarilyhold in the future,anda strong until if ¢ definitely
holdsin thefuture.

Anothertemporallogic framewvork, Computationallree
Logic (CTL) is usedto expressthe factthat at eachinstant
of timethereexist mary possiblefutures[3]. Eachbranchis
definedasa maximallinearly orderedsetof states.Truth or
falsehoodf tenseformulasarethoughtof asbeingrelative
to a givenbranchof thetreeorderedframe.

e ¢ is necessarilftrueis representetby theformula Ag
(i.e.,alongall branches).

e g ispossiblytrueis representetly theformulaEq (i.e.,
alongsomebranch).

To illustratethe useof theseoperatordo expresssafety
andlivenesgropertiesconsiderthe designof a processar
It fetchesinstructionsdecodeshem,fetchesoperandsex-
ecutegheinstructionswritestheresultsbackandreturnsto
the fetch state. The designof the control for the processor
includestheabove sequencef statesandmayalsoinclude
illegal stateqdependingn the stateassignment).

A safetypropertycouldbethattheprocessoneverenters
anillegal state,say.S;. This canbe expressedasG—.S; in
LTL. If we wish to find a counter&ample(a bug), we can
checkfor the negative of the property expressedn CTL as
EFS;, i.e.,alongsomeexecutionpath,at sometime in the
future,the processoentersanillegal state.

A livenessproperty could be that the processomever
hangsi.e.,it will alwaysreturnto thefetchstate,S¢. This
canbe expressedn LTL asFSy. A countergamplefor
this would be aninfinite sequencef stateswvhich doesnot
includethe fetch state,expressedn CTL asEG—-Sy, i.e.,
alongsomeexecutionpath,for all future, the fetch stateis
notreached.

2.2 Model checking

The processof analyzinga designfor the validity of
propertiesstatedin temporallogic is called model check-
ing. Theinputto amodelchecleris aformal descriptionof
thedesign,andtheresultis a setof stateswhich satisfythe
given property or a withessof a sequencevhich violates
theproperty

McMillan [4] developedefficienttechniquego manipu-
late Booleanformulasin modelcheckingusingOrderedBi-
naryDecisionDiagramgqOBDDs). Clarke etal. [5] shaved
that LTL model checkingcan be reducedto CTL model
checkingwith fairnessconstraints.

2.3 Boundedmodel checking

The useof OBDDs allow the analysisof designswith-
out explicitly enumeratingheir states. However, OBDDs
arealsovulnerableto the stateexplosionproblemfor even
moderatelycomplex designs. In practice,designersknow
the boundson the numberof stepswithin which a prop-
erty shouldhold. This leadsto the ideaof boundedmodel
cheding wherethe propertyis determinedo hold within
a finite sequencef statetransitions. (This notionis very
familiarin the testgeneratiorcommunityasthe numberof
time framesexploredin finding a test.) Anotherdevelop-
mentwasthe useof SatisfiabilitySolving (SAT) algorithms



insteadof BDDs to addresghe problem. In the SAT ap-

proach,a setof propositionalkclauseds generatedrom the

designunderconsideratiorand this is checled for satisfi-

ability. Larrabeg[6] proposecdthe useof SAT techniques
for combinationaATPG,andKonuk[7] madeanextension

to sequentiaATPG. ThesequentiaATPG usingSAT tech-

niguesassumedhat the circuits had a resetstate,and the

experimentsonly comparedhe smallerbenchmarlcircuits

to otheracademiATPGtools.

Biere et al. [8] introduceda boundedmodel checking
procedurdor LTL propertiesusingSAT 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 F(z = 0) canbe translated
into the “existential” modelcheckingproblemEG (z # 0)
by negatingthe formula. Then, a checkis madewhether
thereis an executionsequencehat fulfills G(z # 0), re-
stricting the searchto pathsthathave at mostk + 1 states.
The suggestionn the paperis to initially restrictthe bound
k, and progressiely increaseit, looking for longer and
longerpossiblecountergamples.Coptyetal. [9] described
the benefitsof model checkingat Intel, on designstaken
from the Pentium4 processarA BMC checlerwith a SAT
solveris reportedo besuperiorto onewith aBDD package.

3. Previous work in using ATPG for property
checking

A countergampleto a safetypropertyis a casewhere
somethingbad happensn the circuit. Using our previous
example,the bug (the “bad” event)is the processogoing
into anillegal state. An ATPGtool couldbeusecdto find the
countergample,by justifying theillegal stateto a starting
state(or the X-state). Therehasbeensomework in this
direction.

Keller [10] suggestedhe useof ATPG enginesto per
form an examinationof searchspacesbut did not men-
tion the applicationto verification. The useof sequential
ATPG for modelcheckingwasproposedy Boppang11].
This work focusedonly on safety properties,and studied
theefficiengy of sequentiaATPGalgorithmsfor state-space
exploration. They notedthat the main benefitof ATPG
was the fact that there is no explicit storageof statesat
eachtime-frame,andits strengthis a balancebetweena
purely breadth-firstsearch(usedby model checlers), and
purelydepth-firsisearch(inefficientfor exploring largestate
spaces).

Cheng[12] discussedhe useof ATPG for verification,
including combinationalequivalencecheckingand “prop-
erty checking”. The propertiessuggestedncludedtristate
bus contentionand asynchronougeedbackoops. The so-
lution wasto mapthe propertyto a combinationalcircuit
andtestfor a stuck-atfault at the outputof the circuit, es-

sentiallycheckinga safetyproperty(F'p, thatp is truesome
timein thefuture).

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

Huan[14] proposeda combinationof structural,word-
level sequentialATPG and modulararithmetic constraint-
solving techniquedor checkingsafety propertiessuchas
bus contentionchecking,internaldon’t-carevalidationand
invariantchecking. Thesewere transformednto a coun-
terexample generationproblemto be solved by a custom
ATPGengine.

Hsiao[15] alsosuggestetheuseof sequentiahTPGfor
verifying safetypropertiesof the type £ F'p andcompared
this with OBDD-basedapproachesusing a simulation-
basedATPG (with a geneticalgorithm). They alsonoted
that ATPG could perform the state-spaceearchwithout
needingthe completestate-spacénformationat onetime.
They found that, althoughonly justificationwas neededo
checkthe safetypropertieusingATPG, theincompletebut
usefulinformationlearnedvia propagatiorcanimprove the
performancef ATPGfor the propertychecking.

Althoughcheckingfor a safetyproperty(moreprecisely
finding a countergampleto a safetyproperty)canbe eas-
ily doneusing ATPG techniquesit is not clearhow live-
nesspropertiescan be checled. A livenessproperty can
be checleddirectly (examiningall stateso ensurethatthe
propertyholds),or we canlook for a countergample(a se-
guenceof stateswvhich contradictghe property).Usingthe
processoexampleabove, a countergampleto the property
thattheprocessowill eventuallygoto thestartstateis ase-
guenceof stateswhich doesnotincludethe startstate.lt is
notobvioushow ATPG canbeusedto find suchasequence.
We developa solutionbelow.

4. Our approach

A key requiremenfor a techniqueto be usableby de-
signersis that it fit seamlesslywithin the normal design
flow. We useary existing ATPG tool, without modifica-
tions, with a circuit descriptionwhich is compatiblewith
thetool, andadda smallcircuit which will guidethe ATPG
tool into checkingfor adesiredproperty

We will considemropertiesstatedastemporallogic for-
mulasof thetype Ap, wherep is arestrictedpath formula



in which the only statesub-formulasare atomic proposi-
tions[5]. Ourapproachautomaticallymapsbothsafetyand
livenesgpropertiesaswell asaboundonthenumberof steps
to be verified into a monitor circuit with a target fault, so
thatany existing ATPGtool canbeusedto testfor thefault.

A testfor thefaultbecomeswitnessfor theproperty If the

faultis determinedo be untestablethe propertyis guaran-
teedto hold within the bound. If ATPG aborts,we cannot
sayarything aboutthe property

Propertyl

Property2 Property3 Property n

Property monitors
Monitor n\ /
and !

fault fn ///

Testability of Fault fi
determines whether

property i is satisfied

ATPG

[ Sequential

Figure 1. Approachto property verification using
ATPG

Figurelillustratesheessentiafeatureof ourapproach.
We generatgropertymonitorsfor the propertieof interest
(theseusethe relevant signalnamesfrom the original de-
sign), but the original designis not modified. The design
andthe monitorswith the targetfaultsaregivento ary se-
quentialATPGtool, andtheresultof thetestgeneratiorfor
the faultsdeterminewhetherthe correspondingpropertyis
satisfied.

The advantageof suchan approachs thatwe candeal
with ary designwithout direct modificationsto the circuit
implementingit (we usean externalmonitor circuit which
justobsenescircuit nodeso guidethe ATPG).We arealso
ableto exploit the power of existing ATPGtools. Otherap-
proachego using ATPGfor validationrequirethe useof a
custom(non-commercial ATPG [15] aswell asmodifica-
tionsto the ATPGtool [14]. Giventhe extremecomplexity
of commercialATPGtools, very few organizationswill be
ableto make modificationsto them.

Eachof thestepsn therefinemenbf thedesigninvolves
heuristicsand optimizations,so a verificationat one stage
in the designprocessdoesnot meanthat the next stageof
thedesignwill remaincorrect. Anotheradvantageof using
ATPGis thattheverificationis performedonamodelwhich
is muchcloserto thefinal hardware(atthelogic gatelevel).
In addition,the factthatthe ATPGtool is usedto generate
the final testson the hardware will give a high degreeof
credibility to ATPG-basederification.

5. Mapping propertiesto stuck faults

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

nizationsuse monitorsto checkthe outputsof simulation,
so this conceptis familiar to designers.We first describe
the framework in which ATPG will be used,then provide
detailsof themonitorsandestablisttheir validity.

5.1 Framework for property checkingusing ATPG

SinceATPGis well suitedto searchindor atest(acoun-
terexample),we will usethefactthat“universal’properties
canbe reducedo “existential” propertieq8]. Thus,in or-
derto testfor the LTL propertywith a boundof n, Fp (at
sometime in thefuturewithin n cycles,p will betrue),we
useATPGto find asequencef lengthn wherep is nottrue
(i.e., we attemptto find a withessfor EG—p. The finite-
statemachinegepresentinghe monitor circuitsfor eachof
the properties EFp, EGp, Xp andpUgq !, aredescribed
below for a boundof n. If the final (absorbing)stateis
reachedthepropertywill besatisfied.Thefaultto betested
for would simply bethe outputof a gatewhich decodeshis
final state.

ATPGalgorithmsgenerallyassumehatthecircuit starts
in an unknown state(all “Xs”), thenfinds a resetor syn-
chronizationsequencdo a known state. In the checking
framework, we startthe circuit in the all “X” stateandthe
monitorin its startingstate.If atestis found for thetarget
fault correspondingo 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 n cycles
from thefinal statesatisfieghe property As we will seein
the results,this framawork is consistenwith the oneused
in classicalmodel checking,which tries to find the set of
stateswhich satisfya property If ATPGdetermineshetar-
getfault correspondingo a propertyto be untestablethen
it is guaranteedhatthereis no sequencef statesof length
< nwhichwill satisfytheproperty Finally, if ATPGaborts,
we cannotsayarything aboutthe property

5.2 Monitors for existential properties

Figure 2 shawvs the monitor for the EFp property The
searchstartsin the stateindicated(statel), andif at ary
time p is satisfied,we go to the final state,n. The target
fault for the ATPG would be a stuckfault on the outputof
a gatedecodingthe staten. If ATPG finds a testfor the
fault, we will know thatthe propertyis satisfiedandif the
faultis untestablethenp will notbetruefor any sequence
sequencef length< n.

Notethatif we did notneedto includeabound(n), then
EFp could be checled by creatinga combinationalsub-
circuit whichis trueif p is true,andaskingATPGto gener
ateatestfor a stuck-at-Oat the outputof this circuit. This
is theapproachakenby previoussolutionsto checkingfor

Ipatentapplicationsare being submittedfor thesecircuits and for the
procesof usingthemto verify propertiesvith anATPGengine



safetyproperties Our statemachineincorporateshebound
andis consistentwith the statemachinesfor the liveness
properties.

Figure 2. Monitor for EFp

Figure 3 shows the monitor for the propertyEGp for a
boundof n. Let uslook at this finite-statemachine(FSM)
in moredetail, sinceit wasnotknown previously how such
a livenessropertycould be checled using ATPG. In this
FSM,we progresdrom the startstatefor n stepgto thefinal
statelabeledn, only if p is true ateachstep. If atary step,
we arein a statewherep is not true, we go backto the
startingstate.

In orderto seewhy this monitorwill forcethe ATPGto
generatea witnessfor EGp, let uslook at the caseswvhere
ATPGfinds atestfor afault on the gatedecodingthe final
state(labeledn) andwhereit cannoftfind atest.

SupposeATPG finds a testfor the fault. Thenthe test
will includea sequencef n statesvhereat eachstatep is
true,whichis indeedawitnessfor EGp. If thetestfrom the
all-"X" stateislongerthann stepsthelastn stepsvouldbe
thewitnesssequenceandthe setof statesat the beginning
of thesequencesatisfyEGp.

SupposATPGdetermineshatthefaultis untestableln
thatcase,t hasdeterminedhatthereis no sequencef in-
putswhichwill produceasequencef n stepsvherep holds
at eachstepof the sequenceindicatingthatthe propertyis
notsatisfiablein n steps.

Figure 3. Monitor for EGp

Figure3 is the monitorfor the propertyEXp. It is quite
easyto seethatthetestproducedoy the ATPGwill indicate
astatewherep is truein thenext state.

Finally, figure 5 shavs the FSM for the EpUq property
Thisimplementghe“stronguntil” which would be moreof
interestto circuit designersThe argumentfor why this cir-

start P

Figure 4. Monitor for EXp

cuit would guide ATPGinto finding a witnessfor the prop-
erty is similar to theonefor the EGp propertyabove.

Figure 5. Monitor for EpUgq

It is interestingthatthe two non-trivial FSMsarefor the
livenesgropertiesandrepresenthe major contribution of
this paper

6. Results

We now provide experimentalresultsof applying the
novel technique. We automaticallymappedthe existen-
tial propertiesinto the monitor circuit which was attached
to the design. A commercialsequentialATPG tool [16]
wasusedto generateghe withesses.The resultswerecom-
paredwith a free researchversion of a boundedmodel
checler (originally from Carngjie-MellonUniversity)from
CadenceBerkeley Labs[17]. We generatedh setof simple
propertieson the sequential SCAS 89 benchmarlcircuits
for the comparisorof thetwo approaches.

All experimentavereperformedon a SunMicrosystems
Ultrasparcll systemwith dual processorsunning at 450
MHz, andwith 1 GByte of memory

6.1 Safetyproperties

For eachof the benchmarlkeircuits, we chosethe LTL
propertyG((o1 - 01 - 02 - ... - o) = 0), whereo; is the
i th outputof the circuit, i.e., we wantedto checkif for
all timesin the future the circuit would have at leastone
outputwhich is zero. ATPG is usedto find a witnessfor
EF((o; -01-02-...-0r) = 1), i.e.,it triesto find a state
whereall outputsare 1 simultaneously Table 1 givesthe
resultsof this experiment. The first four columnsgive the



Table 1. EF property for AND of all outputs (Bound = 15)

EFAND_1
Circuit | Primary | Comh | 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
51488 10+19 653 6 No 0.2 2.61
51494 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
$420.1 20+1 218 16 Yes 0.1 1.53
51196 16+14 529 18 No 0.1 3.17
51238 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
$382 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
51423 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
9234 21+22 | 5597 | 228 No 0.3 24.29
s$15850.1| 79+150 | 9772 | 534 No 11 78.23
s15850 | 16+87 | 9772 | 597 No 0.9 76.85
s13207.1| 64+152 | 7951 | 638 No 0.7 65.63
13207 | 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 -
s$38417 | 30+106 | 22179 | 1636 No 28 -

circuit nameandits details(humberof 1/O pins, combina-
tional gatesandsequentiaklements).The next columnin-

dicateswhetheror not a countergampleexists; the prop-
ertyis satisfiedfor somecircuitsbut notfor others.Thelast
two columnsshav the CPUtimesin secondg$or ATPGand
BMC, respectiely. BMC wasunableto generatehe SAT

clausedor the largestcircuits (indicatedby a“-” in theta-
ble).

6.2 Livenessroperties

Thelivenesgpropertywe devisedfor thebenchmarlcir-
cuitswas F((o1 - 01 - 02 - ... - o) = 0), whereo; is
the 7 output; i.e., thereis a sequenceof statesof length

n, the bound chosen,within which someoutputwill be

zero. ATPG tries to find a witnessto the countergam-

ple, EG((o1 - 01 - 03 - ... - 0r) = 1), i.e., a sequence
of statesof lengthn for which all outputsare simultane-
ously 1. It doesthis by attemptingto generatinga testfor

s-a-0on the property monitor circuit, which ensureghat

p=o01-01-09-...-0; = 1 ateverystatealongthe path.

The resultsare presentedn Table 2 for differentvalues
of theboundn, from 5 through25. For eachbound thefirst
columnindicateswhethera countergampleto the property
exists, andthe next two columnsgive the times taken by
ATPGandBMC, respectiely. Again, BMC wasunableto
dealwith thelargestcircuits.



Table 2. EG_AND property 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 35 168.6
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 34 - 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 (Zchaf)) is around150MB for 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
about50 MB. However, for thesmallesdesign(s27)ATPG
usesabout34 MB, while BMC takesonly around1l MB.
Thoughthe SAT-basedapproactrequireslessmemoryfor
very small circuits, the memory requirementgrows very
quickly sincethe numberof clausesggeneratedjyrows with
the sizeof the circuit andthe bound,n. Onthe otherhand,
thememoryrequiremenfor ATPG grows very slowly with
increasingsizeof designsinceit is needegrimarily for the
representatioof the circuit andthe valuesof thenodes.

6.4. Selectingbounds

Table2 alsogivessomeinterestingtrendsin the behar-

ior of the two approachess the bound, n, is increased.
As mentioneckarlier therecommendedpproactwhenus-
ing boundednodelcheckingis to startwith asmallbound,
lookingfor acountergample,andto progressiely increase
theboundto checkwhetherthepropertyholdsfor largerand
largerbounds.Thetime requiredby BMC doesincreaseas
the boundis increased.In particular for circuit s526,the
time increasegrom lessthana secondfor n = 5 to over
150seconddor n = 25. In contrastthe time requiredby
ATPG staysaboutthe same,independenof the boundfor
this circuit. In real designswith large sequentiablepthsiit
is not alwayseasyto guessanaccuratevaluefor thebound.
An ATPG-basedpproachcan startwith a relatively large



boundfor n withoutincurringmuchpenaltyin CPUtime.

7. Conclusions

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

Ourresultsshav thatATPG-basedearchechniquesre
superiorto corventional SAT-basedsearcheven for small
problemsandthatthe ATPG-basedpproachs ableto deal
with muchlarger designsthanis possiblewith SAT-based
approaches.The ATPG-basedpproachis able to prove
propertiesin designswith “real” artifactssuchastri-state
buffers,andcanbe insertedseamlesslynto the normalde-
signflow, makingit easyto applyto real designs.Finally,
we believe that our techniqueswill helpverify muchmore
comple circuitsin practice,and hopethat more attention
will befocusedonthis new andbroaderapplicationfor se-
quentialATPG.

We are continuingto generateesultsfor morecomplex
designsijncluding processorsandfor otherpropertiesjn-
cludingpUgq. Thesewill beincludedin thefinal versionof
thepaper
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