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Abstract

Symbolictrajectoryevaluationisanewapproachtoformalhard-
wareverificationcombiningthecircuitmodelingcapabilitiesof
symboliclogicsimulationwithsomeoftheanalyticmethods
foundintemporallogicmodelcheckers.Wehavecreatedsuch
anevaluatorbyextendingthesymbolicswitch-levelsimulator
COSMOS.Thisprogramgainsaddedefficiencybyexploitingthe
abilityofCOSMOStoevaluatecircuitoperationoveraternary
logicmodel,wherethethirdvalueXrepresentsanunknownlogic
value.Thisprogramcanformallyverifysystemscontainingcom-
plexfeaturessuchasswitch-levelmodels,detailedtiming,and
pipelining.

1.Introduction

Formalverificationseekstoovercometheweaknessofinformal
designtestingbysimulation.Usingourverifier,onecanprove
thataswitch-levelmodelofthetransistorcircuitcorrectlyimple-
mentsaformaldescriptionofthedesiredbehaviorforallpossible
systemoperations.Formalverificationbecomesincreasinglyde-
sirableassystemdesignsbecomemorecomplex.Withtheintro-
ductionofpipeliningandconcurrently-operatingsubsystems,it
becomesincreasinglydifficultusinginformalmethodstoevaluate
themanysubtleinteractionsbetweenlogicallyunrelatedsystem
activities.

Inthispaperwedescribeanewapproachtoformalverifica-
tionthataugmentsthecircuitmodelingcapabilitiesofsymbolic,
switch-levelsimulationwithsomeoftheanalyticcapabilities
foundintemporallogicmodelcheckers.Withthisincreasedan-
alyticcapability,wecanexpresssuchtemporalaspectsofcircuit
behaviorasclockingmethodologyandtheskewingintimecaused
bypipelining.Thispaperdescribestheoperationandapplication
ofourevaluatorusinganumberofcircuitdesignexamples.A
detailedpresentationoftheformallogicispresentedin[2].

∗ThisresearchwassupportedbytheDefenseAdvancedResearchProject
Agency,ARPAOrderNumber4976,andbytheNationalScienceFoundationunder
grantnumberMIP-8913667.
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2.Heritage

Mostautomatedapproachestoformalverification(asopposedto
moremanualmethodsbasedontheoremproving)arebasedei-
theronsymbolicsimulationoronstatemachineanalysis.A
symbolicsimulatorevaluatescircuitbehaviorusingsymbolic
variables(typicallyBoolean-valued)toencodearangeofcircuit
operatingconditions.Inonesimulationrun,asymbolicsimu-
latorcancomputewhatwouldrequiremanyrunsofaconven-
tionalsimulator.Symbolicsimulationcansupportdetailedcir-
cuitmodelsandcanhandlelargecircuits.Inadditiontoamethod
forevaluatingcircuitoperation,however,formalverificationre-
quiresamethodologyforspecifyingthedesiredbehaviorandfor
checkingthecorrespondencebetweenthedesiredandrealized
behaviors.Straightforwardsymbolicsimulationisadequatefor
verifyingcombinationalcircuitsorthecombinationalportionof
sequentialcircuits[5].Forverifyingsequentialsystemswhere
thestatestorageelementsarenotidentified,orforwhichthebe-
havioralspecificationisnotbasedontheexplicitstateencoding,
however,amorepowerfulmethodologyisrequired.

Withstatemachineanalysis,theprogramcreatesafinitestate
machinerepresentationofthecircuit.Theprogramcanthenan-
alyzepropertiesofthemachine,suchasdecidingthetruthofa
temporallogicformula[1]ordeterminingwhethertwofinitestate
machinesareequivalent[4].Thesemethodsareverypowerful
intheiranalyticcapability.Theirmajorlimitationisintheirper-
formanceasthefinitestatemachinesbecomeverylarge.Recent
versionsoftheseprogramsencodethestatessymbolicallyand
hencecananalyzesystemshavingverylargenumbersofstates.
Forcircuitsinvolvinglargeamountsofstorage,suchasmemo-
ries,datapaths,andprocessors,theautomatabecometoolarge
torepresentevensymbolically.

3.SymbolicTrajectoryEvaluation

Symbolictrajectoryevaluationextendssymbolicsimulationwith
someoftheanalyticcapabilityoffinitestatesystemanalyzers.
Theuserspecifiesthedesiredbehaviorofthesystembyassertions
expressedastemporallogicformulas.Ourtemporallogicisquite
restricted;itallowsustoexpresspropertiesofthecircuitover
trajectories:bounded-lengthsequencesofcircuitstates.Our
programverifiestheseformulasbyamodifiedformofsymbolic
simulation,avoidingtheneedtoextractafinitestatemachine
representation.Furthermore,weexploitthe3-valuedmodeling
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capabilityofthesimulator,wherethethirdlogicvalueXindicates
anunknownorindeterminatevalue.ByjudicioususeofXas
“don’tcare”values,wecanreducethecomplexityofthesymbolic
manipulationsconsiderably.Forexample,aswillbeshown,we
canverifythecorrectnessofadatapathcontainingmregisters
ofnbitseachbyperformingasymbolicevaluationinvolvingjust
O(n+logm)variables,whereasapproachesbasedonsymbolic
finitestatemachineanalysisrequiremanipulationsoffunctions
involvingO(nm)Booleanvariables.Finally,sinceourverifier
isbasedonsimulation,wecanmoreeasilymodeltimingdetails
thatarenormallyabstractedawaybystatemachinemodels.

Ourverifiersupportsamethodologyinwhichtheuserexpresses
thedesiredsystembehaviorasasetofassertionsaboutthestate
transitionsofanabstractstatemachine.Inaddition,theuser
providestemporalformulasdefiningsuchcircuitdetailsasthe
clockingmethodology,thetimingofinputandoutputsignals,
andhowthecircuitrealizestheabstractstatebothspatiallyand
temporally.Thisformofspecificationworkswellforcircuitsthat
arenormallyviewedasstatetransformationsystems,i.e.,where
eachoperationisviewedasupdatingthecircuitstate.Examples
ofsuchsystemsincludememories,datapathsandprocessors.For
suchsystems,thecomplexanalysispermittedbystatemachine
analyzersisnotrequired.

4.SpecifyingCircuitBehavior

4.1.SpecificationLogic

Wemodelacircuitasoperatingoverlogiclevels0,1,andathird
levelXrepresentinganindeterminateorunknownlevel.These
valuescanbepartiallyorderedbytheir“informationcontent”
asXv0andXv1,i.e.,Xconveysnoinformationaboutthe
nodevalue,while0and1arefullydefinedvalues.Theonly
constraintweplaceonthecircuitmodel—apartfromtheobvi-
ousrequirementthatitaccuratelymodelthephysicalsystem—is
monotonicityovertheinformationordering.Intuitively,chang-
inganinputfromXtoabinaryvalue(i.e.,0or1)mustnotcause
anobservednodetochangefromabinaryvaluetoXortothe
oppositebinaryvalue.Inextendingtosymbolicevaluation,the
circuitnodescantakeonarbitraryternaryfunctionsoverasetof
BooleanvariablesV.

Symboliccircuitevaluationcanbethoughtofascomputingcir-
cuitbehaviorformanydifferentoperatingconditionssimultane-
ously,witheachpossibleassignmentof0or1tothevariablesin
Vindicatingadifferentcondition.Formally,thisisexpressedby
defininganassignmentφtobeaparticularmappingfromtheel-
ementsofVtobinaryvalues.AformulaFinourlogicexpresses
somepropertyofthecircuitintermsofthesymbolicvariables.It
mayholdforonlyasubsetDofthepossibleassignments.Sucha
subsetcanberepresentedastheBooleandomainfunctiondover
Vyielding1forpreciselytheassignmentsinD.Theconstant
functions0and1,forexample,representtheemptyanduniversal
sets,respectively.

Ourverifieranalyzesthetemporalbehaviorofthecircuitata
phaselevel,whereonephaserepresentsaperiodoftimeinwhich
allexternalinputsareheldfixedandthecircuitoperatesuntilit
reachesastablestate.Thistiminglevelwaschosentoallowmore
detailedanalysisthantraditionalstatemachinemodels,which

Figure1:AddressableSerialParityCircuit.Parityismain-
tainedfortwomultiplexedsignals.

representanentireclockcycleasasinglestatetransition.Poten-
tially,ourmethodcouldbeextendedtoevenmoredetailedtiming
models,includingonesmodelingrealtime.

Ouralgorithmchecksonlyonebasicform,theassertion,inthe
formofanimplication[A=⇒C];theantecedentAgivesthe
stimulusandcurrentstate,andtheconsequentCgivesthedesired
responseandstatetransition.Systemstatesandstimuliaregiven
astrajectoriesoverfixedlengthsequencesofphases.

Wedescribeeachofthesetrajectorieswithatemporalformula.
PrimitiveformulasspecifyBooleanvaluesforcircuitnodes,i.e.,
n=1orn=0,andexpressthepropertythatnodenhasthe
specifiedvaluefortheentirephase.Theonlycombiningformis
conjunctionF1∧F2,andtheonlytemporaloperatoristhe“next-
phase”operatorPF,statingthatFmustholdinthefollowing
phase.Thisoperatorissimilartothenext-timeoperatorXfound
inlineartemporallogic[6].Inaddition,arestrictionoperator
createsaformulaB→Fstatingthatthepropertyrepresented
byformulaFneedonlyholdforthoseassignmentssatisfying
BooleanexpressionB.

Thetemporallogicsupportedbyourevaluatorisfarweakerthan
thatofothermodelcheckers.Itlackssuchbasicformsasdis-
junctionandnegation,alongwithtemporaloperatorsexpressing
propertiesofunboundedstatesequences.Thelogicwasdesigned
asacompromisebetweenexpressivepowerandeaseofevalua-
tion.Itispowerfulenoughtoexpressthetimingandstatetransi-
tionbehaviorofcircuits,whileallowingassertionstobeverified
byanextendedformofsymbolicsimulation.

4.2.SpecificationExample

Weillustrateourmethodologywiththeaddressableserialparity
circuitshowninFigure1,designedtomaintaintheparityof
twochannelsmultiplexedontoasingleline.Oneachcycle,the
channeltobeupdatedisspecifiedbytheAddrinput.Setting
inputClearto1hastheeffectofsettingthepreviousparity
valueforthechannelto0.Internally,thecircuitconsistsofsome
combinationallogic,plusatwo-bitregisterfile.Circuitnodes
Odd[0]andOdd[1]areidentifiedasrepresentingtheparity
valuesforthetwochannels.

Page2



Phi1

State

Phi2

Input

Output

OldNew

Current CycleNext Cycle

Phase01234

          

Figure2:CircuitTiming.Eachclockcycleismodeledasfour
phases,withthestate,input,andoutputdatavalidinthephasesin-
dicated.Verificationrequiresevaluatingatrajectoryof5phases.

Thedesiredbehaviorofthiscircuitcanbeexpressedbyasingle
assertionstatingthateachregistershouldbeupdatedappropri-
atelywhenitisaddressedandshouldholditsvaluewhenitis
not.Indevelopingthisassertion,weincorporatethetimingin-
formationillustratedinFigure2.Eachcycleconsistsof4phases
includingthenonoverlappingperiodsoftheclocknodes.Inputs
areappliedduringtheinitialphase,andtheoutputisguaranteed
tobevalidtwophaseslater.Furthermore,theinternalstateisheld
stableduringtheinitialphase.Thus,wemustevaluatecircuitop-
erationoveratrajectoryof5phases—onefullclockcycleplus
thefirstphaseofthenext.Thesephasesarenumberedfrom0to4
tomatchthenestingofnext-phaseoperatorsinthespecification.

Informally,theassertionstates:

•Given:

–Theclocksarecycledcorrectly.

–Inputsvaluesa,c,anduareappliedduringphase0
toIn,Clear,andAddr,respectively.

–NodeOdd[v]hasvaluebduringphase0

•Then,forthecasewhereu=v:

–Valuea⊕bcwillappearonOutduringphase2

–NodeOdd[v]willhavethissamevalueintheinitial
phaseofthefollowingcycle(phase4).

•Otherwise(u6=v):

–NodeOdd[v]willhavevaluebintheinitialphase
ofthefollowingcycle.

Throughtheuseofsymbolicvariablesa,b,c,u,andv,wehave
expressedtheeffectofmanydifferentoperationswithasingle
assertion.Notethatwedonotattempttospecifythecircuit
behaviorwhentheclocksarenotcycledproperly,wheninputs
arenotappliedatthecorrecttimes,etc.

Weconstructtheantecedentbyfirstdefiningtheoperationofthe
clocks.Asshorthand,defineformulasrepresentingthepossible
signalsappliedtotheclocks:

Clk10
def
=Phi1=1∧Phi2=0

Clk00
def
=Phi1=0∧Phi2=0

Clk01
def
=Phi1=0∧Phi2=1

DefineClocksasdescribingtheclockingbehaviorovertheentire
trajectory:

Clocks
def
=Clk10∧PClk00∧P

2
Clk01∧P

3
Clk00∧P

4
Clk10

whereP
i

denotesirepetitionsofthenext-phaseoperator.

Wecanthenwritethespecificationas:

Clocks∧(In=a)∧(Clear=c)∧(Addr=u)∧
(Odd[v]=b)

=⇒
u=v→

(
P

2
(Out=a⊕bc)∧P

4
(Odd[v]=a⊕bc)

)
∧

u6=v→
(
P

4
(Odd[v]=b)

)

Weuseseveralabbreviationstokeepthespecificationconcise.
Thenotationn=astandsfortheformula:(a→n=1)∧(a→
n=0).ThenotationOdd[v]=bstandsfor:(v→Odd[0]=
b)∧(v→Odd[1]=b).

5.VerifyingCircuits

5.1.EvaluationAlgorithm

Theconstraintsweplaceonassertionsmakeitpossibletoverify
anassertionbyasingleevaluationofthecircuitoveranumber
ofphasesdeterminedbythedeepestnestingofthenext-phase
operators.Inessence,wesimulatethecircuitovertheunique
weakest(ininformationcontent)trajectoryallowedbythean-
tecedent,whilecheckingthattheresultingbehaviorsatisfiesthe
consequent.InthisprocesswecomputeaBooleanfunctionOK
expressingthoseassignmentsforwhichtheassertionholds.For
acorrectcircuit,thisfunctionshouldequal1;otherwise,wecan
determinewhichcasesfailedbyexaminingit.

Moreprecisely,wefirstrewritetheantecedentintoaform
A0∧PA1∧P

2
A2∧···∧P

k
Ak,whereeachcomponentAiis

instantaneous,i.e,itdoesnotcontainanynext-phaseoperators.
Werewritetheconsequentsimilarly.Duetoourrestrictedfor-
mulasyntax,eachsuchinstantaneousformulaobeystheproperty
thatforanyassignmentφ,oneofthefollowingcasesmusthold:

1.Theformulahasaninternalinconsistency(e.g.,n=a∧n=
bforassignmentswherea6=b).

2.Thereexistsauniquecircuitstate,minimalininformation
content,satisfyingtheformula.

Wecancombinethisinformationforallpossibleassignments
symbolicallybyassociatingwitheachinstantaneousformulaF
aBooleanfunctionOKFdenotingthoseassignmentswherethe
formulahasnointernalinconsistencies,andasymbolicstate
vector~aFwhichforagivenassignmentdescribestheminimal
circuitstateiftheformulaisconsistent,andhasallelementsequal
toXotherwise.

Asanexample,considertheinstantaneousformulaFdefinedas
Odd[u]=a∧Odd[v]=b.Theassociateddomainfunction
isOKF=(a⊕b)+(u⊕v),i.e.,theformulaisconsistentso
longaswedonottrytoassignoppositebinaryvaluestothesame
node.TheminimalstatevaluesassignedtonodesOdd[0]and
Odd[1]wouldbeternaryfunctionsoverthevariablesa,b,u,
andvgivenbythetables:
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ObservethatsomeoftheXentriesinthesetablesarisedueto
overconstrainedcases,whereOKFyields0.Othersarisedueto
unspecifiedcases.Forexample,whenu=v=1,novalueis
specifiedfornodeOdd[0].

Startingfromasettingoftheinputsandaninitialstateofthe
internalnodes,asimulatorsuchasCOSMOSsimulatesonephase
ofcircuitoperationbyrepeatedlyupdatingtheinternalnodes
accordingtotheirstateexcitationvaluesuntilastablestateis
reached.Thisprocesscanbeviewedasthecyclingofafinitestate
automatonwiththenewvaluesoftheinternalnodescomputed
accordingtotheirexcitationfunctions,andthenewvaluesofthe
inputnodesequaltotheiroldvalues.

Symbolictrajectoryevaluationisimplementedbymodifyingthis
algorithm.Foreachphaseiofthetrajectory,theantecedentcom-
ponentAidefinessomeconstraintsontheinputandinternalnode
states.Theseconstraintsareimposedbysettingeachelementof
thecircuitstatetotheleastupperbound(denotedbyt)ofthe
currentvalueandthecorrespondingelementof~aAi,wherethis
operationhasthefunctiontable:

t01X
00−0
1−11
X01X

Entrieslabeled‘−’indicatecaseswheretheoperationisovercon-
strained,i.e.,weareattemptingtoassignoppositebinaryvalues
toasinglenode.Astheevaluationprogresses,theprogramkeeps
trackoftheassignmentsthatdonothaveoverconstrainedbehav-
ior,representedbyaBooleanfunctionTraj.

Unlikeasimulator,theevaluatorwillsetaninputnodetoX
wheneveritisnotconstrainedbytheantecedent.Inthisway,the
evaluatormakesnoassumptionsaboutinputvaluesexceptthose
explicitintheantecedent.

TheconsequentcomponentCidefinessomechecksthatshould
bemadeofthecircuitstateduringphasei.Werequirethateach
componentoftheobservedcircuitstateremaingreaterorequalto
thecorrespondingelementof~aCithroughoutthephase.Thus,the
programkeepstrackoftheassignmentsthatsatisfythesechecks,
representedbyaBooleanfunctionCheck.Theprogramalso
computesfunctionOKA(respectively,OKC),representingthe
assignmentswheretheantecedent(resp.,consequent)containsno
inconsistencies.Oncethecircuithasbeenevaluatedforitsentire
trajectory,theprogramcomputesthefunctionOK=OKA+
Traj+(OKC·Check),representingthesetofassignmentsfor
whichtheentireassertionisvalid,i.e.,wheretheconsequent
holdswhenevertheantecedentcanbeestablished.

Onekeypropertyofourevaluationalgorithmisthatitinvolves
symbolicmanipulationonlyoverthosevariablesexplicitinthe
assertion.Incontrast,symbolicstatemachineanalyzersmust
performmanipulationsinvolvingasmanyvariablesasthereare
bitsofstateinthecircuit.Thisdifferencecanbequitesignificant.

Figure3:AddressableAccumulator.Sumscanbeaccumulated
inmdifferentregisters.

5.2.Implementation

WeconstructedourverifierbyextendingtheCOSMOSsymbolic
switch-levelsimulator[3].Thesimulatorsupportsathree-valued
circuitmodelbyencodingthevalues0,1,andXaspairsofbinary
values.TernaryvaluesarerepresentedbypairsofOrderedBinary
DecisionDiagrams(OBDDs),accordingtothisencoding;ternary
operationsareimplementedsimilarly.

Theassertionsyntaxwehaveintroducedisratherprimitive.To
facilitategeneratingmoreabstractnotations,wehavedevelopeda
frontendtotheevaluatorbyembeddingaspecificationlanguage
inScheme,adialectofLisp.Thislanguageallowstheuserto
writeformulasintermsofvectorsofBooleanvalues,applyop-
erationssuchasbinaryarithmeticandbitwiselogicaloperations,
andextendthelanguage.Theseformulasarethenexpandedinto
Booleanoperationsautomatically,generatingacommandfilefor
theevaluator.

6.VerifyingComplexCircuits

Wenowillustrateverificationofmorecomplexsequentialcir-
cuits,includingpipelining.Considertheaddressableaccumu-
latorshowninFigure3.Thiscircuitcanmaintainthesumof
signalsformdifferentchannels,storingthesumsinitsregister
array.Timingissimilartothatoftheparitycircuit.

Aspecificationofthiscircuithasthesamegeneralformasthe
specificationfortheserialparitycircuit.Insteadofusingsingle
Booleanvariables(e.g.,u,a)toindicatepossibleaddressanddata
values,however,weusevectorsofBooleanvariables(e.g.,~u,~a).
Thedesiredoutputandnewstatevaluesaredefinedinterms
ofthebinaryrepresentationoftheadditionfunction.Finally,
ratherthanfixingthenodesrepresentingthestoredvaluesin
theabstractspecification,wewritetheassertionsintermsof
anabstractpredicateReg,whereReg[~u,~a]statesthatvalue~a
isheldinsomeabstractregister~u.Themappingbetweenthe
abstractstateandtheactualcircuitstateisspecifiedbydefining
thispredicateintermsofvaluesonthecircuitnodes.

ForthecircuitillustratedinFigure3,thecircuitregisterar-
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Figure4:PipelinedAddressableAccumulatorCircuit.Reg-
isteraccessandadderoperationoccursimultaneously.Bypass
logichandlesthecasewherethesameaddressisusedonconsec-
utiveoperations.

rayRMemisinexactcorrespondencewiththeabstractsys-
temregisters.Thus,wecandefinethestatemappingas

Reg[~u,~a]
def
=(RMem[~u]=~a),usingavectorextensionof

theindexingnotationintroducedearlier.

6.1.PipelinedCircuits

Pipeliningenhancescircuitperformancebyincreasingthe
amountofconcurrentactivity.Mostpipelinedsystemsarede-
signedtobetransparenttotheoutside.Thatis,interlockand
bypasscircuitrymakesthesystemappeartobeunpipelined.The
difficultyofdesigningsuchsystemsmakesthemanimportant
classforformalverification.Inverifyingsuchasystem,wewant
toprovethatthepipelinedsystemrealizesanunpipelinedspeci-
fication,andhencethebehaviorspecificationintermsofabstract
systemstateshouldnotreflectthepipelinestructure.Instead,we
includethisinformationinthestatemapping.

Consider,forexample,apipelinedversionoftheaddressable
accumulatorillustratedinFigure4.Thiscircuitexhibitsthesame
externalbehaviorastheoneillustratedinFigure3,butachieves
greaterperformancebyoverlappingtheadderandregisterwrite
operations.Thatis,oneachcycleavalueisfirstreadfromthe
registerfile.Then,whiletheadderiscomputingthesumforthe
currentcycle,thevaluefromthepreviouscycleiswritteninto
theregisterarray.Whenthesameaddressisusedinsuccession,
thepreviousadderoutput,storedinregisterHold,istransferred
directlytotheadderinput.Thisbypassingisimplementedby
controllogicthatincludesaregisterOldAddrstoringtheaddress
fromthepreviouscycle.

Theabstractspecificationforthiscircuitisidenticaltothatof
theunpipelinedcircuit.Thestatemapping,however,isquite
different.Thecontentsofabstractregister~umaybeineitherthe

Num.ofWordNum.ofCPUMega-
CircuitRegs.SizeTrans.Secs.bytes

Adder–32118670.2
SRAM32326666921.0
Accum.2322352220.3

321646032901.0
163256652671.8
323283328831.9

Pipelined2322823210.4
Accum.323288755911.9

Table1:Verifierperformanceforexamplecircuits.Measured
onSUN-4/110.

registerfileorinHold,dependingonthepreviousaddress.This
isexpressedbydefiningtheregisterpredicateReg[~u,~a]as:

∃~w
[
OldAddr=~w∧(~u=~w→Hold=~a)

∧(~u6=~w→RMem[~u]=~a)

]

Inthismapping,weuseavectorofexistentiallyquantifiedvari-
ables~wtoindicatethatregisterOldAddrmayholdanarbitrary
addressindependentofthecurrentoperation.Givensuchan
address,abstractregister~umapstoeithertheholdingregister
(~u=~w),ortoregister~uintheregisterfile(~u6=~w).Adding
quantifiedvariablestoourassertionlogicisstraightforward.The
quantifiersmapdirectlyintooperationsontheOBDDs.

7.ExperimentalResultsandObservations

Table1showstheperformanceofourverifierrunningonaSUN-
4/110forsomeofthecircuitsdiscussedabove.Asthetable
indicates,weseparatelyverifiedtheadderandregisterfile(im-
plementedwithastaticRAM)beforeassemblingtheaccumula-
tors.Inourexperience,verificationismuchmoremanageable
whenconductedasthedesignsareconstructed.Attemptingto
verifyexistingdesignscreatedbyotherpeoplewithoutprecise
informationaboutinterfacetimingandstateencodingtendstobe
time-consumingandfrustrating.Often,afairamountofreverse
engineeringisrequired.

Asthefiguresindicate,thesecircuitsarewellwithinthecapabil-
itiesofourprogram.Asthecircuitsgrowlargerbyincreasing
eitherthewordsizeorthenumberofregisters,thetimerequired
scaleslessthanquadratically,whilethememoryrequiredscalesat
mostlinearly.Itisinterestingtonotethatthepipelinedaccumu-
latorcanbeverifiedmorequicklythantheunpipelinedaccumu-
lator.Thisisduetoparticularfeaturesoftheassertionandstate
mapping.Moretypically,complexpipelinesrequiresomewhat
moreCPUtimetoverifythandosimplercircuits.

Togainanunderstandingofhowthisformofverificationscales
tolargerdesigns,weverifiedswitchlevelimplementationsofa
familyofpipelineddatapathscontainingaregisterfile,ALU,pipe
registers,andasimplecontroller.

1
Thedatapathprocesseseach

instructioninfourpipestages:instructionread,operandread,
execute,andwriteback.Suchapipelinehasaread-after-write

1K.McMillandesignedthedatapath,andR.Luthiimplementeditattheswitch
level.
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WordRegisters
Size2481632

260s109s120s178s320s
0.5M0.5M0.7M0.8M1.1M

4196s274s288s449s669s
1.0M1.1M1.1M1.8M1.9M

8323s398s514s704s1116s
1.7M1.8M1.8M3.2M3.3M

161119s1289s1827s2290s
5.9M6.0M6.0M6.1M

Table2:VerifierPerformanceforPipelinedDataPaths.Mea-
suredonDECstation3100.

datahazard.Whenaninstructionireadsaregisterwhichisthe
destinationregisterofinstructioni−1ori−2,thoseinstructions
i−1andi−2havenotyetwrittenbacktheirresultsintothe
registerfile.Thecontrollerdetectsthishazardandcompensates
usingtwofeatures.First,theregisterfilewriteoperationsoccur
inthefirsthalfofaclockcycle,whilereadoperationsoccurinthe
secondhalf,sothecontrollercanwriteavalueintoaregisterand
readthenewlywrittenvaluefromthesameregisterinoneclock
cycle.Second,thedatapathcontainsaregisterbypasstopass
theresultofoneinstructiondirectlytothefollowinginstruction
viatheappropriatepiperegister.Thecontrolleralsoincludes
logictodetectano-operationopcodeandinhibittheappropriate
writebackpipestage.TheALUimplements10operations.

Ourspecificationofthedatapathconsistsoftwokindsofasser-
tions.First,weseparatelyspecifiedeachALUoperation,and
second,wespecifiedthattheNO-OPinstructionshouldpreserve
registerstate.Spaceprecludesamoredetaileddescriptionofthis
specification.

Performanceofourprototypeverifieronthedatapathexam-
pleisshowninTable2.Notethatexecutiontimescalesless
thanquadraticallywithwordsizeandlessthanlinearlywiththe
numberofregisters.Thememoryrequirementscalesevenmore
gradually.Attemptingtoverifylargerdatapathsoverloadedthe
Schemeinterpreterwewereusingtoimplementthefrontend
interface.

8.Conclusions

Ourexperiencetodateindicatesthatthisisapromisingapproach
forverifyingcircuitsviewedasstatetransformationsystems.It
canoperateondetailedswitch-levelmodelsandverifytiming
atthephaselevel.Itcanbeusedtoverifypipelinedsystems
usinghigh-levelspecificationsthatexpressthedesiredbehavior
withoutexplicitlyreferencingthepipelinestructure.Itrequires
thedefinitionofbothassertionsandimplementationmappings.

Forfuturework,weplantoextendourprogram,improveits
performance,andtestitonmoreambitiouscircuitdesignssuch
asmicroprocessors.Althoughwehavefoundanembeddedlan-
guagetoprovidepowerfulabstractionmechanismsforconstruct-
ingbehavioralspecificationsandstatemappingshierarchically,
ourcurrentconfigurationofrunningtwoseparateprogramsis
notideal.Thecommandfilesproducedbythefrontendcanbe

extremelylarge,anditisdifficulttorelateerrorsfromtheverifier
backtothepartoftheoriginalspecificationthatfailed.Fur-
thermore,someformofgraphicalinterfacetospecifytheinput,
output,andclocktimingwouldbehelpful.
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