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Abstract

Ternarysystemmodelinginvolvesextendingthetraditionalsetof binaryvalues 0 1 with
athird valueX indicatingan unknownn or indeterminateondition. By makingthis extension,
we canmodela wider rangeof circuit phenomenaWe canalsoefciently verify sequential
circuitsin which the effect of a givenoperationdepend®n only a subsebf thetotal system
state.

This paperpresents formalmethodologyfor verifying synchronousligital circuitsusing
a ternarysystemmodel. The desiredbehaior of the circuit is expressedas assertionsn
a notationusing a combinationof Booleanexpressionsand temporallogic operators. An
assertionis veri ed by translatingit into a sequenceof patternsand checksfor a ternary
symbolicsimulator This methodologyhasbeenusedto verify a numberof full scalecircuit
designs.

1. Intr oduction

1.1. Ternary Modeling

Mostformal modelsfor hardwareveri®cationassumehatevery signalalwayshasawell-de®ned,
discretevalue.For example,abinary modelassumeshateachsignalmustbeeitherO or 1. In this
paperwe presenia methodologyfor formal veri®cationin which a third value X is addedto the
setof possiblesignalvalues,ndicatinganunknavn or indeterminatéogic value. By shiftingto a
ternarysystemmodel,we gainseveraladwantages.

As a ®rst advantage this extensionmakesit possibleto modelan increasedangeof circuit
phenomenaor example,we candealwith circuits in which nondigitalvoltagesare generated
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in the courseof normalcircuit operation. This occursfrequentlywhenmodelingcircuits at the
switch-level [6], dueto (generallytransientshortcircuitsor chagesharing.We canalsodealwith
circuitsin whichindeterminatéehaior occurgdueeitherto timing hazard®rto circuit oscillation.
In all of thesecasesthemodelingalgorithmexpresseshis uncertaintyby assigningralueX to the
offendingcircuit nodesjndicatingthattheactualdigital valuecannotbe determined8, 15].

As a secondadwantage we canef®ciently verify mary aspectof digital circuit behaior by
representinghe circuit with aternarysystemmodel. We do this by ternary symbolicsimulation
in which a simulationalgorithmdesignedo operateon scalarvaluesO, 1, and X, is extended
to operateon a setof symbolicvalues. Eachsymbolicvalueindicatesthe value of a signalfor
mary differentoperatingconditions parameterizeoh termsof asetof symbolicBoolearvariables.
Sincethevalue X indicatesthata signalcould be eitherO or 1 (or a non-digitalvoltage),we can
oftenrepresentnary differentoperatingconditionsby the constantvalue X, ratherthanwith a
morecomplex symbolicvalue. For example,we canverify thata particularsequencef actions
will yield a1 (or 0) on somenoderegardlesf theinitial stateby verifying thatthis valueresults
whenstartingfrom aninitial statewhereall nodesaresetto X. Thisrequiresfar lesseffort than
analyzingthe effect of theactionon all possiblenitial binarystates.

Simulatorsthat supportternarymodelingintentionally err on the side of pessimismfor the
sakeof ef®cieng. Thatis, they will sometimegproducea value evenwhereexhaustve case
analysiswould indicatethatthe valueshouldbe binary (i.e., 0 or 1). For example,mostternary
simulatorsevaluatelogic functionsin aternaryalgebracreatedy extendingthe standardBoolean
operatorsThis algebradoesnotobey thelaw of excludedmiddle,becaus&X X X, where
and™ areternaryextensionsof Booleansumandcomplementrespectrely. Onthe otherhand,
symbolicsimulationavoids this pessimismpecauset canresole the interdependencieemong
signalvalues,andcompute  ~— 1 (theBooleanfunctionthatalwaysyields1). By combining
the expressve power of symbolicvalueswith the computationakf®cieng of ternaryvalues,we
cantradeoff precisionfor easeof computation.

Whencreatingaternarysystemmodel,we imposethefollowing monotonicityrequirementin
the presencef X signalsas stimuli, no actionof the circuit shouldyield a binary value,unless
the samevalue would occurif ary subsetof thesestimuli had binary valuesinstead. Thatis,
whengivenincompletanformationaboutthe exactcircuit state we shouldnever producea signal
inconsistenwith one thatwould resultif more informationwere available. This monotonicity
conditionmakesit possibleto verify propertiesof circuit operationin the presencef potential
sourceof indeterminatéehaior by representinghis indeterminag with thevalue . It also
makest possiblego verify propertiesinderaternarysystemmodelasameanf proving properties
underabinarysystemmodel.

1.2. Contribution of Paper

In earlierwork, we demonstratethe utility of ternarymodelingfor verifying avarietyof circuits
[1, 7]. Ourmethodologys basednternarysimulation eitherscalaror symbolic. With asimulator
we canverify assertionspecifyingapostconditioronthecircuit statethatwouldresultgivensome
preconditioron the previous stateandsomeconditionimposedon theinput values.By restricting
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theform of thepreconditionpostconditionandinputconditionto specifyingthatsomeof thenodes
have particularbinary values,we canverify suchan assertiorby a single simulationsequence.
Thatis, we performasimulationin whichary nodethatis constrainedby thepreconditioror action
is setto its speci®edvalue,while all othernodesaresetto X. If theresultingnodestatessatisfy
thosespeci®edby the postconditionthenthe assertions proved. For someclassesf circuits,
e.g.,randomaccessnemorieswe canverify correctcircuit operationfor all possibleinputsand
initial statesby simulatingonly a polynomialnumberof scalarpatterns. For other circuits, we
canovercomethe combinatoriakompleity of consideringnary differentinitial statesandinput
actionsvia symbolicsimulation.

This earlierwork demonstratethe viability of circuit veri®cationby symbolicsimulation,but
it fell shortin termsof generalityeaseof use,anddegreeof automation We did not have aformal
notationfor specifyingthedesiredcircuit propertiesnor amethodto generatesimulationpatterns
directly from the speci®cation. Instead,we derived symbolic simulationpatternsby handand
arguedinformally thatthesepatternssenedto verify the desiredproperties.Furthermorejt was
particularlycumbersoméo verify operationsequiringmultiple statetransitionssuchasoccursin
pipelinedsystems.

In this paper we correctthis shortcomingoy presentinga formal statetransitionmodelfor a
ternarysystema formal syntaxfor expressingdesiredpropertiesof the systemandanalgorithm
to decidewhetheror not the systemobeys the speci®edproperty Our statetransitionsystemis
quitegeneralandis compatiblewith a numberof circuit modelingtechniques.

Our speci®cationgakethe form of symbolictrajectoryformulasmixing Booleanexpressions
and the temporalnext-time operator The Booleanexpressiongprovide a corvenientmeansof
describingmary differentoperatingconditionsin a compactform. For example,we canexpress
thedesiredbehaior of an ALU on all possibleinputs. By allowing only the mostelementaryof
temporaloperatorsthe classof propertiesve canexpressis relatively restricted ascomparedo
othertemporalogics[10, 17]. In particularwe canonly reasoraboutcircuit operationsnvolving
a boundednumberof statetransitions. Nonethelesswe have found that we canreadily express
mary aspectf synchronousligital systems. It is quite adequatdor expressingmary of the
subtletiesf systemoperationjncludingclockingconventionsandpipelining.

Our decisionalgorithmis basedon ternarysymbolic simulation. It teststhe validity of an
assertionof the form [ ], whereboth and aretrajectoryformulas. Thatis, it
determinesvhetheror not every statesequenceatisfying (the “antecedent”mustalsosatisfy

(the“consequent”) It doesthis by generatinga symbolicsimulationsequenceorrespondingo
theantecedentindtestingwhetherthe resultingsymbolicstatesequencsatis®eghe consequent.

An importantpropertyof our algorithmis that it requiresa comparatrely small amountof
simulationand symbolic manipulationto verify an assertion. The restrictionswe imposeon
the formula syntaxguarantedhat thereis a unique weakestsymbolic sequencesatisfyingthe
antecedentFurthermorethe symbolicmanipulationsnvolve only variablesexplicitly mentioned
in the assertion. Unlike other symbolic circuit veri®ers[3], we do not needto introduceextra
variablesdenotingthe initial circuit stateor possibleprimary inputs. Finally, the length of the
simulationsequencelepend®nly on the depthof nestingof temporalnext-time operatorsn the
assertion.



Somaensightinto theexpressve powerof ourspeci®catiotanguageanbegainedoy reviewing
thedifferentclasse®f propertiesexaminedoy Pnueliin his original paperontemporallogic [17].
In particulay our notationis adequatéor expressingnary invariantpropertie®f thesystem.That
is, weformulateanassertiorwheretheantecedengxpresses setof guaranteedonstraint®nthe
circuitinputsandstateover multipletimeintervals,while theconsequergxpressesomeadditional
desiredconstraintson the state. Thesedesiredconstraintgenerallyincludethe stateguarantees
of theantecedenghiftedto alatertime. By verifying suchanassertionye prove thatthedesired
propertiesof the consequenhold over the entireoperationof the circuit aslong asthe inputsare
suppliedcorrectly Ontheotherhand,propertieshatrequirereasoningabouteventualitycannot
beexpressedavith our notation,unlesshedesiredoropertyis guaranteetb hold within abounded
time.

1.3. Overview of Implementation

By modifying the cosmossymbolicsimulator[3, we have beenableto implementthe algorithm
describedn this paperandto verify sereralfull scalecircuit designs.Cosmosrepresentsat MOS
circuit at the switch level as a networkof transistorswitchesconnectingchage storagenodes.
The simulatorpreprocessethe circuit to transformit into a Booleanrepresentatio6]. Using
this Booleanrepresentatiorthe switch-level behaior of the circuit canbe computedoy simply
evaluatinga seriesof Booleanoperationsmuchasonewould in a gate-leel circuit model. The
preprocessais quite generalandaccurate.Theresultingrepresentatiors guaranteedo produce
theexactsameresultsasmoretraditionalswitch-level simulators.

Simulatinga circuit symbolicallyinvolvesevaluatingtheseBooleanoperation®verthealgebra
generatedy a setof Booleanvariables. Thatis, eachelementof the algebracorrespondso a
Booleanfunctionover thevariables.By representinghesefunctionsasOrderedBinary Decision
Diagramg4], complec functionscanberepresentedndmanipulatecef®ciently. Of courseall of
theveri®cationpropertiesve wish to deciderequiresolvingNP-hardproblems.Our approacthas
a worst casetime and spacerequirementhat grows exponentiallywith the size of the formulas
expressingthe circuit propertyto be decided. Nonethelesswe have beensuccessfubit avoiding
exponentialblow-up for mary useful cases. Our systemmodel and checkingalgorithmis not
stronglytied to the useof BDDs. In this work, we view our BDD codeassimply a packagedor
representingndmanipulatingBooleanfunctionssymbolically

Cosmossupportsaternarymodelof switch-level circuit operationwhereX indicateseitheran
unknaown or potentiallynon-digitalnodevoltage. It doesthisby encodingeachnodestateasa pair
of binaryvaluesaccordingo a“dual rail” codingof thecircuit state. Theexcitationfunctionfor a
nodeis givenby a pair of Booleanexpressionspecifyinghow the encodechew stateof thenode
shouldbe computedrom theencodedld stateg6]. Thisimplementatiordecisiongreatlyhelped
thedevelopmenibf our symbolicsimulator Whensimulatingthe circuit symbolically we simply
representhe stateof eachnodeby pointersto therootsof two BDDs,andcomputethe new states
of anodeby evaluatingthe excitationexpressionsymbolically

Thefollowing tableindicatesthe performancef our veri®er on several differentcircuits. All
CPUtimesweremeasure@n a DEC 3100(a 10-20MIPS machine).We alsolist the maximum
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memoryrequiremendf theprocessasthisis moreoftenthelimiting factorin BDD-basedsymbolic
manipulatiorthanis CPUtime.

Circuit Transistorss CPUTime | Memory

64 32bit moving datastack 16,470 1.25min. | 3.1 MByte
64 32bit stationarydatastack| 15,873 7.5min. | 5.7MByte
1K staticRAM 6,875 3.7min. | 9.5MByte

The two stackexamplesdemonstratéhe abstractiorcapabilityof our approach.Both started
with thesamehighlevel speci®cation—de®ninthebehaior of PUSH POR, andHOLD operationsn
anabstracstack.We thende®nehow thecircuit representtheabstractnachinestateby trajectory
formulas,examplesof whichwill beshawvn later Thetwo differentcircuitsrepresenthe abstract
statein totally differentfashions.In the moving datastack,bit (countingfrom the top of stack)
of theabstracmachiness storedin cell of thecircuit. In the stationarydatastack,bit is stored
in location of astaticRAM, where is thecurrentdepthof thestack.As aconsequencéhe
symbolicvaluesmanipulatedn verifying the stationarydatastackare more complex thanthose
for themoving datastack.In bothcaseshowever, the performancevasacceptable.

The staticRAM exampleindicatesjust how ef®cient symbolicveri®cationcanbe. We have
alreadydemonstratethatthis classof circuit canbeveri®edby simulatingjust log scalar
patterng7]. By exploiting the bit-level parallelismof the logical instructionsin a corventional
machinewewereableto simulate32 of thesepatternsatatime. Evenso,thesymbolicveri®cation
outperformsthe scalarveri®cationby a factorof 4. Furthermoregcreatingthe assertiongor the
symbolicveri®cationwasfar morestraightforwardhanwasgeneratinghe patterndor the scalar
veri®cation.For thescalawveri®cation,we hadto considedetailsof thememorysrow andcolumn
addressingtructureto avoid errorscausedy the pessimistianodelingof X. No suchtuningwas
requiredfor thesymbolicveri®cation.

We are now applying our veri®er to more complex circuits suchas pipelineddatapathsand
simplemicroprocessorsiVe have foundtheexpressie power of our notationandthe performance
of theveri®eracceptablén mostof thecasesve have considered.

1.4. RelatedWork

Our approachto veri®cation relatesmost closely to the symbolic model checkingalgorithms
devised by Boseand Fisher(BF) [2, 3], and by Burch, Clarke, McMillan, and Dill (BCMD)
[9]. In fact,all of theseapproacheareimplementedisingthe sameBooleanmanipulationcode!
Furthermore Boseand Fisherimplementedheir checkerby extendingcosmos Despitethese
internalsimilarities,however, therearesigni®cantdifferencesn the capabilitiesandcomplexities
of thealgorithms.In particular ourmethodis themostrestrictedn termsof theclassof properties
thatcanbeveri®ed. Boththe BF andBCMD algorithmscandecidea classof formulasconsisting
of a completebranchingtime, propositionaltemporallogic undera binary systemmodel. Our
methodcan only be usedto verify propertiesof boundedstatesequences.What we loosein
expressive power, however, we makeup for in computationaéf®ciengy. Thecomputationaéffort
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requiredoy ourmodelcheckers considerablyessthantheirs. Onecanview thecombineceffectof
theseresearclprojectsasproviding a spectrunof checking-basederi®ersthattradeoff between
expressvenessandperformance.

In the BF algorithm, the underlyingcircuit is assumedo be synchronousnd deterministic.
Nondeterministicequentiabehaior arisesdueonly to the differentsignalsthatmay be applied
to the inputs (expresseds existentially quanti®edBooleanvariables). Their algorithmrequires
creatinganexplicit representationf the next statefunctionfor every statevariablein the system.
They createthisrepresentatioby symbolicsimulation. Thatis, theuseridenti®eseachplacestate
is storedin the system eitheraschage on a node,or asa pair of complementaryalueswithin
a staticmemoryelement. They thensymbolically simulatea single systemcycle, whereeach
statevariableandeachinput signalis representedly a distinctBooleanvariable. Oncethey have
obtainedthis Booleanrepresentationf the next statebehaior, thevalidity of atemporalformula
canbe derived by (ratherextensve) symbolicBooleanmanipulation. This processof extracting
the explicit next statefunction canbe quite costly In contrast,our methodrepresentshe next
statefunctionimplicitly asa combinationof circuit structureandsimulationalgorithm. We only
computdhenext statebehaior for theparticulampatternsequiredo verify agivenassertionThese
patterngnvolve far fewer variableghanis requiredoy BoseandFishers functionalextraction.

In theBCMD algorithm,theunderlyingsystemcanbe nondeterministicandthe usercaneven
imposefairnessconstraintson the model. To supportthis greatexpressve power, they requirean
explicit representatioaf thenext staterelationfor theentiresystem.Thatis, for eachstatevariable
in the systenthey have oneBooleanvariablerepresentingts “old” valueandonerepresentingts
“new” value. Thenext staterelationis representedsa Booleanfunctionof all of thesevariables,
wherethe functionyields 1 whenthe old andnew statearerelated,and0 otherwise.Generating
this characteristiéunctionis evenmoredif®cult thangeneratingepresentationsf theindividual
next statefunctionsfor eachstatevariable.

Most otherautomatecapproacheso sequentiakircuit veri®cationare basedon testingstate
machineequialencg11, 13]. Suchmethodsareusefulfor comparingwo different(but hopefully
equialent)representationsf the system suchasoneat a registertransferlevel andoneata gate
level. However, they do not work well for verifying the correctnes®f incompletelyspeci®ed
systemspor for reasoningaboutsystemghat employmethods suchaspipelining, that shift the
sequencin@f actvitiesin time. Furthermoremostof thesemethodsassumehatthesystenmstarts
in someknown initial state.In actualcircuits,theinitial stateusuallycannotbe predicted.

Otherresearchernsave suggestedymbolicsimulationasameanf circuit veri®cation[12, 18].
Noneof thiswork haspresente@ clearmethodologyfor sequentiatircuit veri®cation,however.

2. Ternary System

Let 0 1 bethesetof thebinaryvaluesandlet 0 1 X . ThevalueXisintroducedo
denotean“unknown”, or “don't care”value.

De®nethe partialorder on  asfollows: for all , X 0,andX 1. The
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X = O
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Tablel: TernaryExtensionof , ,and™.

partial orderingordersvaluesby their “information content. Thatis, X indicatesan absencef
informationwhile 0 and1 represenspeci®c fully-de®nedvalues.

We saythatternaryvalues and arecompatible denoted , whenthereis somevalue
suchthat and . In otherwords,two scalarvaluesarecompatibleunlessoneis 0
andtheotheris 1.

Themeet denoted , of two ternaryvalues and is de®nedasthe largestelement in
the partial ordersuchthat and . For scalarvalues,if , then , While if
then X. Furthermoregiventwo compatiblegernaryvalues and , thejoin between
them,denoted ,isde®nedo bethesmalleselement in the partialordersuchthat
and

It is corvenientto de®nean algebraover  with operators , , aswell asthe operators,
,and™ , wherethelatterarede®nedn Table1l. Theseoperationsaresimply extensionf the
correspondin@ooleanoperations (product), (sum),and™ (complement).

Let 1, denotethe set of all possiblevectorsof ternaryvaluesof length | i.e.,
1 1 . Thepartialorder is extendedto pointwise: iff
for 1 . Similarly, if and , we say iff thereexists a vector
suchthat and . In otherwords,two vectorsof scalarternaryvaluesare not
compatiblewhenonevectorhasa 1 in somepositionandthe othervectorhasa 0 in the same
position. Finally, the operations and areextendedpointwise. Notethat is de®nedonly
when
A ternaryfunction, : , IS saidto be monotonavhenfor ary and we
have

This de®nitionis extendedpointwiseto vectorfunctions, :

The abore monotonicity de®nition is consistentwith our use of information content. If a
functionis monotonewe cannot‘gain” ary informationby reducingthe informationcontentof
theargumentdo thefunction. In otherwords,changingsomesignalsfrom binaryvaluesto X will
eitherhave no effecton the outputvalues.or it will changesomebinaryvaluesto X.

To expressthe behaior of a circuit operatingover time, we mustreasonaboutsequencesf
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states.Conceptuallywewill considethestatesequencew bein®nite, althoughthepropertiesve
will expresscanalwaysbedeterminedrom someboundedengthpre®xof thesequenceDe®nea
theset toconsistof all sequencesy 3 whereeach . Therelations and are
extendedfrom vectorsto sequencepointwise. Thatis, two sequences ¢ 1 and o 1
areorderedcompatible)f andonly if eachpair and is ordered/compatible)for all 0.

For vector andsequence , theexpression denoteghe sequenceonsistingthe vector
followedby thevectorsin

3. Circuit Model

Theunderlyingmodelof a circuit we useis quitesimple,aswell asgeneral A circuit is atriple
, Where

: iIs asetof nodes.Let

. IS avectorof excitationfunctions.

. Isasetof symbolicBooleanvariableswith which parameterizegropertieof thecircuit areto
beexpressed.

In the mathematicapresentatiorwe will referto thenodesas ; - , whereadn our
exampleswe oftenwill usemoredescriptve names.In logic gatecircuitsthenodescorrespondo
the primaryinputsandthe outputsof the gates. In switch-level circuits the nodescorrespondo
electricalnodesn thecircuit.

The excitation functionsare de®nedin a non-traditionalway. We view them as expressing
“constraints”on the valuesthe nodescantake on onetime unit later giventhe currentvalueson
the nodes. By constraintwe meanspeci®cbinary values,whereaghe value X indicatesthat no
constraintis imposed. Sincethe valueof aninputis controlledby the externalernvironment,the
circuit itself doesnotimposeary constrainton the value;hencethe excitation of an“input node”
is X. More formally, if node corresponds$o aninput to the circuit then X for every

. Nodesthatdo not correspondo inputsare calledfunctionnodes For a function node

the excitationfunctionis a monotongernaryfunction determinedy the circuit

topologyandfunctionality For example,if the currentinputto a unit delayinverteris 0, thenthe
outputof theinverteronetime unit lateris constrainedo be 1.

It shouldbe pointedout that the “time unit” referredto above is the smallestperiod of time
thatis distinguishablen the circuit model. The minimumdelayin ary individual componenbf
the circuit canbe signi®cantlylarger Thuswe arenot limited to unit delaycircuit models. For
example by usingthetransformationechniquedescribedn [19], bothnominaldelayandbounded
delaycircuit modelscanbe used.

The excitation functionfor a function nodeis oftena ternaryextensionof a binary excitation
function. Note thatsuchan extensioncanbe donein mary ways. However, we requirethatthe
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extendedfunctionagreeswith the binary on binaryinputs,andthatthe ternaryfunctionobtained
is monotone.Theserequirementsimply ensurehatwe do not“loose” informationby extending
abinaryexcitationfunctionto theternarydomain.In othercaseslike in switch-level modelsthe
excitationfunctionsderived arealreadyternary sinceeven binary signalscangenerataondigital
voltageson somenodes.

3.1. Circuit Trajectories

Statesequenceareusefulwhenreasonin@boufcircuitbehaiors. However, notall statesequences
represenpossiblebehaiors of a circuit. The excitationfunctionsgenerallyrestrictthe possible
statesequencesigni®cantly We formalizethis propertyby introducingthe conceptof a circuit
trajectory Givenacircuit andanarbitrarysequence o 1 we saythatthesequence
is acircuit trajectoryif andonly if

1 for 0

Thesetof all trajectoriesf circuit is denoted . Theaborve rule for trajectoriess consistent
with our de®nitionof anexcitationfunction,i.e.,afunctioncomputinga constrainbnthepossible
valueof anodeonetime unit later. Thusif the currentexcitation of a nodeis binary, say , then
thenodemusttakeon thevalue in the next statein avalid trajectory Onthe otherhand,if the
excitationis X, thenthe nodevalueis notconstrained.

On ®rstreading,it may seemstrangeto de®nea circuit modelwherea nodewith excitation X
may spontaneouslghangeo either0O or 1. Thisis ourway of capturingthe propertythata circuit
may exhibit a variety of differentbehaiors dueto variationsin theinitial state the primaryinput
values.andthe outcomeof mamginal operatingconditions.An inputnodemaychangeo O or 1 on
every step,re ecting thefactthatits valueis determinedsolely by the operatingenvironment.An
uninitializedinternalnodemay changeto O or 1 to re ect thefactthatit could have hadeitherof
theseasinitial values.An internalnodethatwassetto X dueto mamginal operatingconditionscan
changeo 0 or 1 to re ect thattheactualnodestatecouldresolein eitherdirection.

To illustratetrajectoriesconsidera unit delayinverter Assumethe circuit containgwo nodes:

theinverterinput ; andtheinverteroutput ,. Theexcitationfunctionsare X1 .ltis
easytoaccepthat,forexample,0 1 01 01 and01 11 10 10 arevalid
circuit trajectories.Lessintuitive is thata sequencédke X 0 X1 X0 X1 Is alsoa

valid circuit trajectory Our methodologyeri®espropertiedor all circuit trajectorieghatsatis®es
someconditions,including degeneratdrajectoriesas this one. Consequentlyt will performa
strongewveri®cationthanabsolutelynecessaryAgain, this pessimisnstemsfrom our useof X as
acompletelyunknowvn value.

4. Specication Language

Ourspeci®catiotanguagelescribeapropertyof thecircuitasanassetion of theform| 1,
whereboth and aresymbolidrajectoryformulasexpressingonstraint®nthecircuittrajectory
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4.1. SymbolicExpressions

Beforewe cande®neourlanguagewe needo introducesomenotationandde®nitions.If isaset
of symbolicBooleanvariableghenaninterpretation ,isafunction : assigninga binary
valueto eachvariable. Let F bethesetof all p033|ble|nterpretat|on3|,e F : A

domainconstaint, F, de®nesarestrictionon the valuesassignedo the variables.We WI||

denotesuchdomainconstraintdy Booleanexpressions.Thatis, let  be a Booleanexpression
overelementof ! This expressionde®nesa Booleanfunction :F andthusdenoteghe
domainconstraint 1 . Thesetof all interpretation$- is denotedby the Boolean
functionl, de®nedasyielding 1 for all interpretationsExpressinglomainconstraint®y Boolean
expressionsllowsusto compactlyspecifymary differentcircuit operatingconditionswith asingle
formula.

4.2. SymbolicTrajectory Formulas

A trajectoryformulaexpressesasetof constraint®nacircuittrajectory Whentheformulacontains
Booleanexpressionseachinterpretatiorof thevariablesyieldsa differentsetof constraints.

A step-level symbolictrajectoryformulais de®nedrecursvely as:

1. Constants TRUE is atrajectoryformula.

2. Atomic propositions for thefollowing aretrajectoryformulas:
(a) 1
(b) 0.

3. Conjunction: ;  , isatrajectoryformulaif ; and ; aretrajectoryformulas.

4. Domain restriction: Is atrajectoryformulaif  is a Booleanexpressiorover
and isatrajectoryformula.

5. Nexttime: X is atrajectoryformulaif is atrajectoryformula.
We saythataformulais instantaneousvhenit doesnotcontainary next time operatorX . For
corveniencewe oftendrop parenthesewhentheintendedprecedences clear

Thetruth of aformula is de®nedrelative to a circuit, aninterpretation of thevariablesin
, anda circuit trajectory Thetruth of , written , Is de®nedrecursvely. In the
following,assuméhatboth and aretrajectoriesof

1. TRUE holdstrivially.

LFor thesakeof brevity, we omit a formal syntaxof BooleanexpressionsAny standardxpressiorsyntaxsuf®ces.
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2. (a) 1iff 1.
(b) 0iff O

3. 1 2 iff 1 and 2

4, iff Oor , where is theBooleanfunctiondenoted
by the Booleanexpression .

5. X iff

For aninstantaneou®rmula,its truthcanbede®nedelativeto asinglestate.For instantaneous
formula , thenotation indicatesthat holdsunderinterpretation for state . A
formalde®nitionof thisnotationcanbederivedby a straightforwarddaptatiorof rules1-4above.

4.3. Assertions

Ourveri®cationmethodologyentailsprovingassertionsbouthemodelstructue. Thesessertions
areof theform| ], wheretheantecedent andtheconsequent aretrajectoryformulas.
Thetruthof anassertions de®nedelatveto acircuit andaninterpretation . Unlike aformula,
however, an assertionis consideredrue only if it holdsfor all trajectories. That is,

[ ], whenfor every we have that implies that

Given a circuit andan assertionthe task of our checkingalgorithmis to computethe Boolean
functionexpressinghesetof interpretationsinderwhichtheassertions true. For mostveri®cation
problems this shouldsimply be the constanfunction 1, i.e., the assertiorshouldhold underall
variableinterpretations.

4.4. Properties

We have intentionallychoserto introduceonly a heavily restrictedtrajectoryformula syntaxfor
ourbasdogic. As discussegbreviously, we do not supportmoresophisticatedemporaloperators
suchas“Until,” “Globally,” or “Eventually’ Furthermorewe do notevenpermitsuchelementary
logic operatorsuchasdisjunction,negation,or quanti®cation.

By imposingtheserestrictionswe canguarante¢hefollowing key property:

Proposition1 For anytrajectoryformula , andanyinterpretation , oneof thefollowing cases
musthold:

1. Theeis notrajectory for which , or
2. Thee exists a unique trajectory sud that for every we have
if andonly if
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In the®rst caseabore, we saythattheformula is notsatis®ableinderinterpretation . In the
secondcase,we referto thesequence  astheweakestrajectorysatisfyingformula under
interpretation .

This theoremcanbe proved by inductionon the formulastructure. Ratherthanprove it here,
however, we will shawv in a later sectionhow the checkingalgorithm can computea Boolean
function describingthe set of interpretationdor which the formulais satis®ableaswell asa
symbolicsequenceepresentingheweakestrajectoryfor every satis®ablaenterpretation.

Notethatthistheoremexpressea very strongpropertyof ourlogic. It demonstratethereason
why we canverify anassertiorby simulatinga singlesymbolicsequencejamelytheoneencoding
theweakestrajectoriesallowedby the antecedenfor every interpretation.lt is strongerthanthe
simplemonotonicityconditionthatif and , then

Obsere that this propertywould not hold if our formula syntaxpermitteddisjunction. For
example, given a circuit with two nodes ; and », the two formulas ; 1and 0
have weakestrajectoriesvherethe ®rst elementsaarethevectors 1 X and X 0, respectiely.
Furthermoretheformula ; 1 , 0 hasaweakestrajectorywherethe®rstelemenis the
vector 1 0 . Ontheotherhand,thereis noweakestrajectorysatisfying 1 1 > 0. Only
thevector X X islessthanboth 1 X and X 0, andatrajectoryhaving this asits initial vector
satis®eseither ; 1nor » O.

If our syntaxpermittednegation,thenwe would lose even the monotonicitypropertyof our
logic. For example,in thecircuit describedabore,theformula ;1 wouldbesatis®edoy a
trajectoryhaving ®rstelement X X , but notby onehaving ®rstelement 0 X .

Disjunctionis a useful extensionto our languageand can be implementedusing quanti®ed
Booleanvariables.Negation,on the otherhand,seemgo run contraryto the principlesof ternary
modeling.

5. Extensions

The logic, asdescribedabove, is convenientfor derving the underlyingtheory Unfortunately
expressing“interesting” assertionsabout real circuits using only the constructsabove is very
tedious. Two shortcomingsnakeusingthelogic cumbersomethe ®ne granularityof thetiming,
andthelack of morepowerful logical constructslt is corvenientto addextensionghatdo notadd
ary expressve power, but makeit easierto write assertions.

This basicstructureof startingwith a minimal basiclogic and then addingmore elaborate
structuresas extensionsalso mirrors our currentimplementation. The implementatiorconsists
of two parts. The underlyinglogic, with somefew extensionsjs takencareof by our modi®ed
versionof thecosmossymbolicswitch-level simulator Thesyntacticextensionsaresupportedy
afront-endwrittenin SCHEME TheuserwritessSCHEME codethat,whenevaluatedgeneratea®le
of low-level simulationcommandsvhich arethenevaluatedoy the simulator
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5.1. Timing Extensions

Our maininterests in verifying synchronousircuits. Hence we would like to reasorabouttime

onamoreabstractevel thanbasictime units. For mary VLSI circuitsit is naturalto describethe

desiredbehaior in termsof phasdevel behaior. Let a phasebe a periodof time duringwhich

no inputs(includingclocks)change.For simplicity, we will assumehatall phasehave thesame

duration.For example,f phasesre basictimeunitslongandwewanttheinstantaneou®rmula
to hold for theentirephasethenthis canbetranslatednto

1
X

0

where,for 0, X denotes repetitionsof the next time operato,randX0 is de®nedas

A “next phase’operatorX canthenbede®nedsimply asX . Thusaformulain alogic based
on the next-phaseoperatorcan be translateddirectly into a formulain the logic basedon the
next-stepoperator In our currentimplementationthelogic we supportonly allows thenext-phase
operator Thetransformationnto the next-steplogic is takencareof by the cosmossimulatorso
thatevent-schedulinganbe usedto achieve goodperformance.

If we are usinga nominalor boundeddelay circuit model, the basictime stepcorresponds
directly with someexactamountof time. Hence,in thesecasest is easyto de®nethe lengthof
a phase.At othertimeswe arenotinterestedn the exacttiming of the circuit. For example,if
we do not have delayvaluesavailable (pre-layout)or if we usea very inexactdelaymodel(say
unit-delay)it is somaevhatmeaninglesso saythataphasas time unitslong. In thesesituations
we often wantto expressthe behaior in termsof “stable” phases.In otherwords,a phasemay
de®nedo beaslongasneededor thecircuit to stabilize.Of coursewe mustalsotakecareof the
casewherethe circuit never stabilizes put oscillates. The solutionto this is to “force” the circuit
simulatorto stabilizeafter somereasonablyarge numberof steps.This canbe accomplishedby
runninga normalsimulationfor thatmary stepsandthenforcing oscillatingnodedo X. We leave
thedetailson how to do this symbolicallyto theinterestedeader

5.2. Logic Extensions

As alreadyalludedto above, it is very tediousto write assertionsisingonly the basiclogic. Thus
in our SCHEME translatorwe provide a numberof syntacticextensions.In the following we will
outlinesomeof these.

An obviousextensionto thelogic is to allow the userto write , where and is

someBoolearexpressiorover . Themeaningf thisis simply 1 0,
where denoteghe Booleancomplemenbf

Our next additionis to allow the userto specifya domainrestrictionfor a completeassertion,
i.e.,weallow theuserto write [ ], meaninghattheassertioronly needgo holdfor
interpretations  F suchthat 1,where istheBooleanfunctiondenotedby . Thisis
simply a short-handor theassertion
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Thefollowing extensionto the logic, dealingwith ®nite integer domains,is perhapshe most
usefulof themall. Let beavectorof Boolearexpression®ver . Givenaninterpretation F
onecanview asthebinaryencodingof anumber Denotethis numberas . Let denote
avectorof Booleanexpression®ver . Whatwe wouldlike to doistouse to selectoneof the
Booleanexpressionsn . Assumethevectorcontains expressionsThevalueof isde®ned
as:

O 0 1 1
where if 1 2 o, and 1 2 o Is the binary encodingof , the
expression is the Booleanexpression . It is easyto

seethat given aninterpretation F this de®nitioncapturesour intuition of whatit meansto
selectoneof the expressions.

Finally, we would alsolike to do a similar selectioramongcircuit nodes.Let N denotea vector

of  circuit nodes. The expressionN , Where is someBooleanexpressionover , is
simply a shorthandor thetrajectoryformula

0 Ny 1 Ny 1 N 1
where is de®nedasabove.

Giventhatthefront-endis embeddedn scHEME andthe useractuallywrites SCHEME code,it
is easyto de®nenew extensions.In fact, by writing SCHEMEprocedure# becomewery naturalto
expresghecircuitassertiong ahierarchicalvay, improving thereadabilityof—andconsequently
thecon®dencen—theassertions.

6. Examples

Theextensionglescribedn theprevioussectiomprovideaphasdevel timing modelandanassertion
languagewvith morepowerful abstractiorcapabilities. Giventheseextensionswe claim thelogic
is both suf®ciently powerful andeasyto useto expressa wide variety of veri®cationtasks. We
supportthis claimwith someillustrative examples.

6.1. Moving Data Stack

Firstwe will demonstratéhe utility of the temporalnotationin expressingohasdevel circuit
timing and pipelining. The exampleis the nMOS stackcircuit describedoy Meadand Conway
[16]. Figurel shaws the block diagramfor the circuit. The circuit operateswith a two-phase
nonoverlappingclock. Thestackcommands speci®edoy a pair of signals,OP1andOP2,which
aremultiplexed onto a singlecircuit input Op. The controlsignalis pipelinedhalf a clock cycle
aheadf thedatasignals.Thatis, thecommandor clock cycle is speci®edyy supplyingOP1lon
thePhi2 phaseof cycle 1,andOP2onthePhil phaseof cycle , asillustratedin Figure2.
Theinputdatamustbe suppliedduringthe Phil phaseandtheoutputis valid duringthe Phi2
phase For eachstackcell, wewill considethe“state” of thecell to bethevalueheldthereduring
thePhil phaseof thecycle.
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OmittedFigure: stack-block

Figurel: Block Diagram of Mead and Conway Stack Bit of the stackis storedaschageon
node (neyativelogic).

OmittedFigure: stack-timing

Figure2: Timing Diagram Stack. Thetwo controlsignalsfor agivenclock cycle aremultiplexed
onthesingleline Op.
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To illustratea possibleassertiorfor this circuit, considercheckingthata PusHoperationcanbe
carriedoutcorrectly ThepusHoperations performedvhenOP1 1andOP1 O. Informally, a
PUsHoperatiorshouldputthe pushedvalueinto cell 0 andmove thecontentof cell tocell 1
for every lessthan 1, where is thenumberof cellsin thecircuit. For convenience]et
beavectorof the  nodes.Let and betwo Booleanvariablesand 1 o bea
vectorof Booleanvariableswhere 2.

First, we mustincludein our assertionsa speci®catiorof how the clocksshouldbe operated.
We usethe shorthandClod1 to denotethetrajectoryformula

1 X 0o X o X° 0
Clodk2to denote
0 X 0o X 1 X 0
andCyclesto denote
Clokl Clok2 X®Clokl Clok2 X° 1

TheformulaCyclesde®negheoperationof theclocksoverthetime periodillustratedin Figure2.

Sincengyative logic is usedinternally, let Stoed be a shorthandor ~. Let Push
denoteX? 1 X* 0.

We cannow expressour assertioras:

1
Cycles Push X* Stoed X® Stoed 0 Stoed 1
Note that 1 denotesa Booleanfunctionover that,for a giveninterpretation , is 1
iff 1. Similarly, 1 denotesa vectorof Booleanfunctionssuchthat, for a given
interpretation , 1 1.

In this example,verifying the correctoperationof a singlestackoperationrequiresreasoning
aboutthe behaior of the circuit over partsof 3 clock cycles. Suchis oftenthe casein pipelined
systems.

6.2. StaticRAM

Oursecondxampleis astaticRAM, asillustratedin Fig. 3. Thedatafor eachmemorylocation
arestoredonnode . Within the RAM cell thereis a nodeholdingthe complementaryalue.
Unlike in theveri®cationdescribedhn [7] basednscalasimulationwedonotneedo explicitly set
or checkthiscomplementaryalue. The phasdevel timing abstractiorhandleghis automatically
Thatis, assertingavalueonnode for 2 unit stepsorcesthecomplementaryalueontotheother
nodein the RAM cell.
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OmittedFigure: ram-block

Figure3: Block diagram of Static RAM. Stateis storedin location asa pairof complementary
valuesonnodes and

The only information we needto know aboutthe designof the RAM is the namesof the
input/outputsignals,and the namesof the storagenodesof eachmemorycell, as well asthe
interfacetiming. For easeof exposition,we expressthe speci®catiorat the clodk cyclelevel in
termsof a cycle-level next-time operatorX . Givena speci®catiorof the clocking patternsand
interfacetiming for the circuit, we could translateheseassertiongnto phase-leel assertionsn a
similar fashionaswe did for themoving datastack.

It is easyto corvince oneselfthata correctmemorymustsatisfythreeproperties:1) thatwe
canwrite successfullyinto eachcell , 2) thatwe cannondestructiely readthe contentof each
cell , and3) that, unlesswe are writing into somecell , the valuestoredin cell shouldnot
change.Let beavectorofthe nodes.Furthermorelet , ,and beBooleanvariablesand

1 o and 1 o bevectorsof Booleanvariableswhere is thewidth

of theaddressnput. We usethe shorthandOpeiate to denotetheformula
1 1 0 0

Similarly, let Stoed denotethe formula . With this notation,we canexpressall
threeconditionsmentionedabove with asingleassertion.

Stoed Opelate
X Stoed
- Dout
- Stoed
where denotegheBooleanexpression  ; 1 o o and denotes

thecomplemenbf this expression.
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6.3. Discussion

Astheseexamplesllustrate,ournotationworkswell for expressinghestatetransitionpropertieof
acircuit. For circuits,suchasmemoriesanddatapathsthisis afairly naturafform of speci®cation.
Thatis, onethinks of eachoperationof the systemasupdatingsomeportionof the storedsystem
state.

In theseexampleswe constructedhespeci®catiorassertionn a hierarchicalvay, startingwith
low level timing informationandworking up to moreabstractsystemoperations.This seemgo
beafairly corvenientway to view the systemat differentabstractiorievels. Becauseve actually
write our speci®cationassSCHEMEprogramsye canusethe procedurabbstractiorcapabilitiesof
SCHEMEt0 expressthe speci®catiorhierarchically

7. Symbolic Simulation

As we have shavn, symbolicformulasprovide a concisemeanso specifydesiredpropertiesof
the circuit undermary differentoperatingconditions.We arenow readyto introducea methodof
verifying theassertiongia symbolicsimulation. Thekey ideais to preserethesymbolicstructure
of the formulasin the veri®cationalgorithm. By doing so, we can replacethe needfor large
amountof caseanalysiswith algebraiamanipulation.

7.1. SymbolicAlgebras

In creatingasymbolicmodel,we extendthescalaimodelde®nedn termsof thebinaryandternary
domains and ,toonede®nedn termsof binary-andternary-\aluedfunctionsoverthevariables

. De®nethesymbolicdomain (respectrely, ) asdenotinghesetof functionsmapping
aninterpretationsn F to  (resp., ). Moreformally

'F

and
F
We thenextendthe operationgsle®nedover scalarvaluesto createa symbolicalgebra.

We canalsoextendthevectorandsequencalgebrade®nedover scalarvaluesto their counter
partsde®nedover symbolicvalues.Thatis, de®nethevectordomain as

1

Inimplementingasymbolicsimulator wein effectextendtheexcitationfunction tothesymbolic

domainas : . For ,let denotdhevectorwith eachelement
equalto . In this way, we canview the symbolicvector eitherasa vectorof

symbolicelementsor asa symbolicvaluewhichfor agiveninterpretatioryieldsa scalarvector
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We extendmostoperationdrom scalarto symbolicdomainsin a uniform way. Consideran

operation : 1 2 3, de®nedover vectors,singleelementspr a combinationof the two.
Its symboliccounterpart : 1 2 3 Isde®nedsuchthatfor all 1 and
>, we have . We usethis methodto extendthe ternary
algebraicoperations, ,and™ , aswell astheoperation .
Whenextendingarelation symbolically we de®netheresultto beafunctionspecifyingthe
interpretationsinderwhichits agumentsrerelated.Thatis, givenabinaryrelation 1 2
de®ne : ; 2 as 1if andonly . Weusethismethod

to de®neoperations and overbothsingleelementsandvectors.

7.2. SpecialOperations

Werequireoneoperatiorthatis extendedo vectorsn anonstandaravay. De®nethein®x operator

?: as ? equals if isl,andequals otherwise.Whenextendingthisoperation
to vectors,only the secondargumentis vectorvalued. Thatis the operation?: IS
de®nedas *? ? . Thisoperationis thenextendedsymbolicallyin themannerdescribed
above.

As a®naloperationwe de®neavariantof thejoin operatiorthatis de®nedevenwhenfor some

F, we have . Whenusingthis operation,we will separateljkeeptrack of the
conditionsunderwhichtheagumentsarecompatible.De®netheoperation :
as
otherwise

where denotesavectorwith all elementsequalto

7.3. Translating InstantaneousFormulas to Symbolic Vectors

Giventheabove de®nitionswe ®rstgive aprocedurehatfor aninstantaneourmula dervesa
BooleanfunctionOK andavector . ThefunctionOK canbeviewedasa“domain”function

of in thesensehat OK 1 iff underthis interpretation canhold true in somestate.
Furthermore we will alsoshav that is “weakest”in the sensethat if OK 1, then
for every statevector for which  holdsunderthis interpretation.Thefunction

OK andthevector arede®nedrecursvely as:

1. If isTRUEthenOK 1,and X X.
2. @If is 1 thenOK 1, and X X1X X, wherethelisin
position .
(b) If is 0 thenOK 1, and X X0X X, wheretheO is in
position .
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3.1f is 1  thenOK OK,K OK, L , »and L .

4. 1f is 1 thenOK = OK ,,and ? ., where istheBooleanfunction
denotedoy the expression .

Proposition2 Givenacircuit ,let beaninstantaneouormulaandOK and bederivedas
above ThenOK 1 iff there existssomestate sud that . Furthermoe,

if OK 1, then iff

This propositioncanbe proved by inductionon the formulastructure.

7.4. CheckingAssertions

Our ®rst stepin verifying an assertioris to rewrite the antecedenand consequeninto a normal
form whereall next-time operatorsare collectedtogether It is easyto shov that a trajectory

formula canberewritteninto o X 1 X® X ', for some 1, where
each isinstantaneousNotethatsomeof the 'smightbethetrivial formulaTRUE. Notealso
that sucha sequenceanbe extendedby appendingX TRUE for . Hence,without ary loss

of generalitywe will henceforttassumehattheantecederdndtheconsequent anassertiorare
trajectoryformulasin normalform containingthe samenumberof terms.

Givenanassertior] ] of theform
1 1
o X 1 X 1 o X 1 X 1
de®nea sequencef symbolicternaryvectors g 1 asfollows:

0
1 0

De®nethe BooleanfunctionOK 0 OK ,where denoteBooleanproduct.Thisfunc-
tionyieldsOfor thosenterpretation$or whichtheantecedentontainsomeinternalinconsisteng
For example theformula wouldhave ~, becaus¢hisformula
cannobesatis®edvhen . De®netheBoolearfunctionTraj 1 1
ThisfunctionyieldsO for thoseinterpretationsvhereanincompatibilityarisesn thetrajectory

Wecanshavthat issatis®ableindersomenterpretation if andonlyif OK Traj 1.
Furthermorewe canextendthesequence 1 to beanin®nite sequencéy de®ning
1 forall . It canthenbeshawvn thatfor interpretation thesequence g 1
is the weakestirajectorysatisfying underinterpretation . This constructionthen providesa
proof of Propositionl. This demonstratebow our symbolic simulatorcan setup the weakest
allowableconditionsallowedby theantecedeninderall possibleinterpretations.

To checkthe consequentde®nethe Booleanfunction OK 0 OK . This function
yields O for thoseinterpretationgor which the consequentontainssomeinternalinconsisteng
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Finally, de®nethe Booleanfunction Ched 0 . This functionyieldsO for those
interpretationsvheresometrajectorysatisfyingthe antecedentnay violatetheconsequent.

Now de®neOk ] as:
OK Traj OK Chek

Informally, this equationstateghatthe assertionis true underthoseinterpretationgor which the
antecedenis unsatis®abl€due eitherto internalinconsistenciesr to anincompatibility in the
trajectory),aswell asthosefor whichtheconsequentolds(i.e, it is bothinternallyconsistenand
is satis®ed.)

Themainresultof this papers capturedn thefollowing theorem:

Theorem1 Givenacircuit andanassertion ] let OK; ] bederivedas
above Then

[ ] ifandonlyif OK; ] 1
Hence,determiningwhethera circuit satis®eg ] is reducedto determiningwhether
OK; 1 L

7.5. Summary of Checking Algorithm

In practice we encodeheternaryvaluesaspairsof Booleanvalues.Thuswe expresstheternary
functionsover aspairsof Booleanfunctionsover . It is straightforwardo implementall of
theoperationgle®nedabore usingsuchanencoding.Thus,to verify anassertior ] we
wouldproceedasfollows: Firstcorvert and into normalformscontaininghesamenumbetrof
terms.Now computethesequencef states asde®nedabove. Althoughtheabore presentation
used 1 distinctvectors,the implementatiomeedonly retainthe mostrecentvector In fact,
the vector can be viewed as the currentcircuit state. Hence,step in this veri®cationwould
entail: 1) run the simulatorone“step” to derive 1,2)computeOK and , 3) compute

1 , 4) compute , 5) compute , and6) compute . As we go along,
we alsomaintainBooleanfunctionsrepresentinghe 4 constituentomponent®f the expression
for OK; 1 shavn aborve. In the endwe simply combinethesetogetherand checkthatthe
derivedfunctionis theconstantunctionl. If thetestfails, thederivedfunctionprovidesdiagnostic
informationindicatingwhich casesncountedif®culties.

7.6. Example

Considera 4-bit memoryof the structurallustratedin Figure3. In verifying thecorrectnessf
aREAD operationoneaspecbf the desiredbehaior is thatafterreadingwith the addressnputs
setto , thevaluedstoredin memorylocation shouldappeaiontheoutput. Thiscanbeexpressed
by theassertior(in our extendedsyntax):

Stoed write 0 A X Dout
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OmittedFigure: sram-pattern

Figure4: Veri cation of 4-bit RAM ReadOperation.

OmittedFigure: pseudo-xor

Figure5: PseudoXOR Circuit. This circuit satis®eghe assertiorfor an XOR circuit, because
theantecedentrajectoryfails wheneer the outputshouldbe nonzero.

Theantecedenis corvertedinto the simulationpatternoutlinedon the left handsideof Figure4.
Thatis, theaddressnputsaresetto Booleanvariablesencodingthe possibleaddressesThe cells
aresetto morecomplex symbolicvalues.For eachpossiblanterpretatiorof theaddreswariables,
we seethatonecellis setto value , whiletheotherthreecellsaresetto . Verifying theassertion
involvessimulatingthis singlepatternandthencheckingthatthe resultingvalueon Dout equals

This exampleillustrateshow our methodologycombinessymbolicand ternaryvalueswhen
encodingthe differentpossiblecircuit states. In a binary modelof the circuit, thereare 16 (in
general2 ) differentinitial binary statesof the memory Thesecasescanbe coveredby 8 (in
general2 ) differentinitial statesn aternarymodel—eacthaving onecell setto O or 1 andthe
restsetto . Thesedifferentcasescanthenbe encodedy a singlesymboliccasein termsof
3 (in generall log ) Booleanvariables.As the sizeof the memory grows, the reductionin
compleity werealizebecomesiramatic.

8. Areasfor FutureInvestigation

Thecheckedescribedereprovidesausefultool for reasoningboutdigital circuits. However,
somequestiongemainasto exactly how it canandshouldbe used. In particular we muststill
devisea comprehensi theoryon how to prove thatacircuit fully realizedts speci®cation.
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To illustrate one subtlety of this task, considertrying to shawv that a circuit with inputs A
and B andoutputOut implementsthe exclusie-or function. Intuitively, it seemshatit would
be suf®cientto prove thatcircuit obeys the assertion X
Unfortunatelythisis notthecase.For example thisassertions obeyed bytherathemselesmrcwt
of Figure5, wherethetwo inputsaretied togetherandthe outputis always0. Any interpretation
of thevariables for which will causdheantecedentajectoryto fail, becausenputs
A andB areelectricallyequialent. Theonly interpretationgor which thetrajectorysucceedsare
onesfor whichthe outputshouldbe0, in which casethe consequeris alsosatis®ed.

Any checkingbasedurelyontestingimplicationsis proneto this sortof “false positve” error.
Problemof thissorthave beenencounterelly peopleusingothersystemdgor hardwareseri®cation
suchasHOL [14] andEMC [10]. We believe thatshortcoming®f this sortcanbe correctecby
morecarefulattentionto the casesvhereanimplication succeedsluea failure of its antecedent.
In all of the veri®cationexampleswe have performed,we make sure that the speci®cationis
formulatedin suchaway thattheantecedentrajectoryshouldneverfail. We checkthis aspartof
theveri®cationprocess.

9. Conclusions

In termsof mathematicasophisticationthe problemsolved by our algorithmis far lessambitious
thanwhatis attemptedy full- edged temporallogic modelcheckers.However, we believe that
our languagas rich enoughto be ableto describemary importantpropertiesof a circuit andto

provideadirectpathby whichsuchpropertiesnaybeautomaticallyweri®ed. By keepinghegoals
of our veri®ersimple,we obtainanalgorithmthatis capableof dealingwith muchlargercircuits.

One interestingproperty of our algorithm, in fact, is that its computationalcompleity is
relatively insensitve to the circuit size. Thatis, the compl«ity is determinedargely by the
compl«ity of theassertiorio beveri®ed,measuredh termsof the numberof symbolicvariables,
andthe depthof nestingof next time operators.We have foundthatin mary circuits, properties
canbeexpressedn termsof a surprisinglysmallnumberof variables.For example,our formulas
providing a completespeci®catiorof of a -bit staticRAM involve only 2  2log variables.
Thus,we canperformtheveri®cationin polynomialtime irrespectve of the heuristicef®ciengy of
theBooleanmanipulator

References

[1] D.L.BeattyR.E.Bryant,andC.-J.H. Sger, “Synchronou<ircuit Veri®cationby Symbolic
Simulation:An lllustration; SixthMIT Confeenceon AdvancedReseash in VLS, 1990.

[2] S.BoseandA. L. Fisher“Verifying PipelinedHardwardJsingSymbolicLogic Simulation;
InternationalConfeenceon ComputerDesign IEEE, 1989.

[3] S.Bose,andA. L. Fisher “AutomaticVeri®cationof Synchronou€ircuits usingSymbolic
Logic Simulationand TemporalLogic;,” IMEC-IFIP International Workshopon Applied

23



Formal Methodgor CorrectVLSIDesign 1989,pp. 759—-764.

[4] R. E. Bryant,“Graph-Basedlgorithmsfor BooleanFunctionManipulation”, [IEEE Trans-
actionson ComputersVol. C-35,No. 8 (August,1986),677—691.

[5] R.E.Bryant,D. Beatty K. Brace K. Cho,andT. Shefer, “COSMOS:aCompiledSimulator
for MOS Circuits] 24thDesignAutomationConfeence 1987,9-16.

[6] R.E.Bryant,“BooleanAnalysisof MOS Circuits; IEEE Transactionon ComputerAided
Designof IntegratedCircuitsand Systemsvol. CAD-6, No. 4 (July, 1987),634—649.

[7] R. E. Bryant, “Formal Veri®cationof Memory Circuits by Switch-Level Simulation] To
appeain IEEE Transaction®n ComputerAidedDesignof IntegratedCircuitsand Systems
1990.

[8] J.A. Brzozawski,andM. Yoeli. “On aTernaryModelof GateNetworks’ IEEE Transactions
on Computer<-28 3 (March1979),178-183.

[9] J.R.Burch,E. M. Clarke,K. L. McMillan, andD. L. Dill, “SequentialCircuit Veri®cation
Using SymbolicModel Checking, 27th DesignAutomationConfeence 1990.

[10] E. M. Clarke,E. A. EmersonandA. P. Sistla,“AutomaticVeri®cationof Finite-StateCon-
currentSystemgJsing TemporalLogic Speci®cation$,ACM Transaction®n Programming
LanguagesVol. 8, No. 2 (April, 1986),pp.244—263.

[11] O.CoudertC. BerthetandJ.C. Madre,“Veri®cationof SequentiaMachinesusingBoolean
FunctionalVectors, IMEC-IFIP International Workshopon Applied Formal Methodsfor
CorrectVLSIDesign 1989,pp.111-128.

[12] J.A. Darringer “The Applicationof ProgramVeri®cationTechniqueso HardwareVeri®ca-
tion,” 16thDesignAutomationConfeence 1979,375-381.

[13] S.DevadasH.-K. T. Ma, andA. R. Newton, “On the Veri®cationof SequentiaMachinesat
Differing Levelsof Abstractior, 24thDesignAutomationConfeence 1987,271-276.

[14] M. Gordon,“Why higherorderlogic is agoodformalismfor specifyingandverifying hard-
ware; Formal Aspectsof VLSI Design G. Milne andP. A. Subrahmayam, eds, North-
Holland,1986,pp.153-177.

[15] J. S.JephsonR. P. McQuarrie,andR. E. Vogelsbeg, “A Three-Lael DesignVeri®cation
Systent, IBM SystemsournalVol. 8, No. 3 (1969),178-188.

[16] C. A. Mead,andL. Conway Introductionto VLSISystemsAddison-Wesley, 1980.

[17] A. Pnueli, “The TemporalLogic of Programs, 18th Symposiunon the Foundationsof
ComputerSciencelEEE, 1977,pp. 46-56.

[18] D.S.Reeves,andM. J.Irwin, “FastMethodsor Switch-Level Veri®cationof MOS Circuits”,
IEEE Transactionson CAD/IC, Vol. CAD-6, No. 5 (Sept.,1987),pp. 766—779.

24



[19] C-J.Sger, andR. E. Bryant,“Modeling of Circuit Delaysin SymbolicSimulation”,IMEC-
IFIP InternationalWbrkshopon Applied Formal Methodsfor Correct VLSI Design 1989,
pp.625-639.

25



