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ABSTRACT
Thispaperpresentsnovel usesof functionalinterfacespecifications
for verifying RTL designs.We demonstratehow a simulationen-
vironment,acorrectnesschecker, anda functionalcoveragemetric
areall createdautomaticallyfrom a singlespecification.Addition-
ally, theprocessexploitsthestructureof aspecificationwrittenwith
simplestyle rules. The methodologywasusedto verify a large-
scaleI/O designfrom theStanfordFLASH project.

Categoriesand SubjectDescriptors
B.5.2[RTL Implementation]: DesignAids

GeneralTerms
Documentation,Performance,Design,Verification

Keywords
testbench,inputgeneration,BDD minimization,coverage

1. INTRODUCTION

1.1 Moti vation
Beforea verificationengineercanstartsimulatingRTL designs,

he mustwrite threeverificationaids: input testbenchesto stimu-
late the design,propertiesto verify thebehavior, anda functional
coveragemetricto quantifysimulationprogress.It would bemuch
easierif the threecanbe automaticallyderived from the interface
protocolspecification.Not only will thissave agreatdealof work,
but it will alsoresultin fewerbugsin thetestinputsandthecheck-
ing propertiesbecausethey aremechanicallyderived from a veri-
fied specification.Motivatedby theseadvantages,we developeda
methodologywherethethreeaidsareautomaticallygeneratedfrom
a specification.Furthermore,we demonstratehow a specification
structuredby certainstyle rulesallows for morememoryefficient
simulationruns.Theprimarycontributionsof thispaperare:
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� a presentationof how a bus protocol specificationcan be
usedfor simulationto automatically

– generate themostgeneral setof legal input sequences
to a design

– producepropertiesto check interfaceprotocolconfor-
mance.

– definea new functionalcoverage metric
– biasinputsto increasetheprobabilityof hitting uncov-

eredcases� a new input generation schemethat greatly reducesthesize
of theBDD (binary decisiondiagram)[1] used

– bydynamicallyselectingrelevantconstraintsonacycle-
by-cyclebasisandnot translatingtheentire specifica-
tion into a BDD

– andbyextractingoutthepure“constraining” logic and
discarding the conditional logic (“the guard”) when
building theBDD� a reporton thesuccessfulapplicationof themethodology to

verify a fabricatedworkingdesign,anda descriptionof the
new bugsfound

1.2 Background
Many of today’s digital circuit designsdependon the tight in-

tegration of multiple designcomponents.Thesecomponentsare
oftendesignedby differentengineerswho mayhave divergentin-
terpretationsof the interfaceprotocol that “glue” the components
together. Consequently, designsmay be incompatibleandbehave
incorrectlywhencombined. Thus, functional interfacespecifica-
tions arepivotal for successfulmoduleintegrationandshouldbe
accordinglysolid andprecise. However, specificationswidely in
usetodayarestill written informally, forfeiting anopportunityfor
automatedanalysisand logical clarity. In many cases,specifica-
tions suchas thoseof standardbus protocolsarebuggy, ambigu-
ous,andcontradictory:all problemsthatcanberesolvedby formal
specificationdevelopment.

Theadvantagesof formal specificationsseemclearbut they are
nonethelessavoidedduetoaperceivedcost-valueproblem;they are
often consideredtoo costly for the benefitsthey promise. Specif-
ically, they are criticized for their lengthydevelopmenttime and
the needfor formal verification training. For many, the valueof
a correctspecificationdoesnot justify thesecosts,and precious
resourcesareallocatedfor morepressingdesignneeds.Thus, to
counterthesedisincentives,we aredevelopinga formal specifica-
tion methodologythatattacksthiscost-valueproblemfrom two an-
gles.

Cost SideTheearlierpapers[9, 8] for this projectfocuson the
first half of theproblem:minimizingthecostbymakingthespecifi-
cationprocesseasier. Wehavedirectedourattentionto signal-level
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busprotocoldescriptionsfor thisaimsincethey arebothimportant
andchallengingto specify. Using thePCI (PeripheralComponent
Interconnect)busprotocolandtheIntel

�
Itanium™Processorbus

protocolasexamples,we developeda specificationstyle thatpro-
ducescorrect,readable,andcompletespecificationswith lesseffort
thanfree-form,ad hocmethods.Thesyntacticstructuringusedin
the methodologyis language-independentand can be applied to
many specificationlanguagesfrom SMV [6] to Verilog. This is
a reflectionof our belief that methodology, asopposedto tool or
languagedevelopment,is thekey to achieving thestatedgoal.

ValueSideAs thelatestwork in thisseries,thispaperfocuseson
the secondangleof the cost-valueproblem: to increasethe value
of a formal specificationbeyond its role asa documentation.It is
basedon theideathatoncea correct,well-structuredspecification
is developed,it canbeexploited in a way thata haphazardandin-
completespecificationcannotbe.In particular, weinvestigateways
to usethespecificationdirectly to generateinputs,checkbehavior,
andmonitorcoverage.Becauseour goal is to verify largedesigns
commonin industry, the methodologyis specificallytailored for
simulation-basedverification.

1.3 The Problem and Our Approach
GivenanHDL (hardwaredescriptionlanguage)componentde-

signto verify, anengineerneedsvariousadditionalmachinery(Fig-
ure1, right).

1. Input Logic Theremustbe logic to drive the inputsof the
design. Onemethodusesrandomsequences,which arenot guar-
anteedto complywith theprotocol,andconsequently, it is difficult
to gaugecorrectnessof the designbecauseits inputs may be in-
correct. A more focusedmethodis directedtestingwhereinput
sequencesare manuallywritten, but they are time-consumingto
write anddifficult to getcorrect.

2. Output Check Logic to determinethe correctnessof the
component’s behavior is neededif manualscrutiny is too cumber-
some.With themethodologypresentedhere,thescopeof correct-
nesscheckingis limited to interfaceprotocolconformance.It can-
not checkhigher-level propertiessuchaswhetherthe outputdata
from oneport correctlycorrespondsto anotherport’s input data.

3. CoverageMetric Becausecompletecoveragewith all possi-
ble inputsequencestestedis notpossible,theremustbesomemet-
ric that quantifiestheprogressof verificationcoverage.The veri-
ficationengineerwould like to know whetherthefunctionalitiesof
thedesignhave beenthoroughlyexercisedandall interestingcases
have beenreached.This is anopenareaof research,andcurrently,
mostpractitionersresortto methodswith little theoreticalbacking.

Our ApproachAt the foundationof our methodologyis a uni-
fiedframework approach wherethethreetoolsaregeneratedfrom
asinglesourcespecification(Figure1). This is possiblebecauseall
threearefundamentallybasedon the interfaceprotocol,andcon-

sequently, the interfacespecificationcanbeusedto automatically
createthe three. In currentpractice,theverificationaidsareeach
writtenfrom scratch;thisrequiresatremendousamountof timeand
effort to write anddebug. By eliminatingthis step,our methodol-
ogy enhancesproductivity andshortensdevelopmenttime.

Also,a thoroughlydebugged,solidspecificationinvariablyleads
to correctinputsequences,checkingproperties,andcoveragemet-
rics. Thecorrectnessof thecoredocumentguaranteesthecorrect-
nessof the derivatives. In contrast,with currentmethods,each
verificationaidneedsto beindividually debugged.Theadvantages
of this aremostpronouncedfor standardinterfaceswherethecor-
rectnesseffort canbeconcentratedin thestandardscommitteeand
not duplicatedamongthemany implementors.Furthermore,when
a changeis madeto the protocol(a frequentoccurrencein indus-
try), onechangein theprotocolspecificationis sufficient to reflect
this becausethe verificationaidscanbe regeneratedfrom the re-
viseddocument.Otherwise,theengineerwould have to determine
manuallytheeffect of thechangefor eachtool.

The derivation of a behavioral checker is the moststraightfor-
wardof thethree.Thechecker is on-the-fly;duringsimulations,it
flagsan errorassoonasthe componentviolatestheprotocol. As
addressedin thefirst paper[9],thespecificationis written in aform
very closeto a checker. Furthermore,the specificationis guaran-
teedto be executableby thestyle rules(describedin section2.1),
andso the translationfrom it to a HDL checker requiresminimal
changes[9].

Thebulk of thecurrentwork addressestheissueof automatically
generatinginputsequences.Ourmethodproducesaninputgenera-
tor which is dynamicandreactive; thegeneratedinputsdependon
thepreviouscycle outputsof thedesignunderverification. In ad-
dition, theseinputsalwaysobey theprotocol,andthegenerationis
a one-passprocess.Themechanismrelieson solvingbooleancon-
straintsby building andtraversingBDD structureson every clock
cycle. Althoughinput generationusingconstraintsolversis not by
itself novel, our approachis thefirst to useandexploit a complete
andstructuredspecification.

Finally, a new simulationcoveragemetricis introduced,andthe
automaticinput biasingbasedon this metric is alsodescribed.Al-
thoughmore experimentsareneededto validatethis metric’s ef-
fectiveness,its mainadvantage(currently)is thatit is specification-
basedandsavestime: extrawork is notneededto write outametric
or to pinpointtheinterestingscenariosfor they aregleaneddirectly
from thespecificationdocument.

Previous Works Clarke et al. also researchedthe problemof
specificationsand generatorsin [3] but the methodologyis most
closelyrelatedto the SimGenprojectdescribedin the 1999paper
[11] by Yuanet al. As with theSimGenwork, we arefocusingon
practicalmethodsthat canbe usedfor existing complex designs.
Within thatframework, therearemainly two featuresthatdifferen-
tiateour approachfrom SimGen.

First, the SimGensoftware usesa statically-built BDD which
representstheentireinput constraintlogic; in contrast,our frame-
work dynamicallybuilds theappropriateBDD constrainton every
clock cycle. This resultsin a dramaticallysmallerBDD for two
reasons.One,only a smallpercentageof theprotocollogic is rele-
vantoneachcycle,andsothecorrespondingBDD is alwaysmuch
smallerthanthestaticBDD representingtheentireprotocol.Two,
theBDD containsonlythedesign’s inputvariablesanddonotcon-
tain statevariablesor thedesign’s outputs. Thus,for thePCI ex-
ample,insteadof a BDD on 161variables,we have a BDD on 15
variables,an order of magnitudedifference. Consequently, our in-
put generationusesexponentiallylessmemory. This reductionis
basedon the observation that the sole role of the statevariables



andthedesign’s outputsis to determinewhichpartsof theprotocol
arerele� vant (andthusrequiredin theBDD) for a particularcycle.
Otherwise,thesevariablesarenot neededto calculatethe inputs.
We believe that thesetwo reasonsfor smallerBDDs would hold
for many interfacesandthereforeallow inputgenerationfor a large
interfacethatmayotherwisebehinderedby BDD blowup.

A seconddifferencewith SimGenis that,unlike our framework,
it requirestheusersto provide theinputbiases.A uniquecontribu-
tion of our work is theautomatedprocessof determiningbiases.It
is notedthatall theseadvantagesarepossiblebecauseour method
exploits thestructureof astylizedspecificationwhereasSimGenis
applicablefor moregeneralspecifications.

2. METHODOLOGY

2.1 SpecificationStyle
Thespecificationstylewasintroducedin [9] andis summarized

herefor the reader. It is basedon using multiple constraints to
collectively define the signalling behavior at the interface. The
constraintsare short booleanformulaswhich follow certainsyn-
tactic rules. They arealsoindependentof eachother, rely on state
variablesfor historic information,andwhenAND-ed together, de-
fine exactly thecorrectbehavior. This is similar to using(linearor
branchingtime) temporallogic for describingbehavior. However,
ourmethodologyallowsandrequiresonly themostbasicoperators
for writing theconstraints,andit aimsfor a completespecification
asopposedto anadhoc list of propertiesthatshouldhold true.

This decompositionof theprotocolinto multiple constraintshas
many advantages.For one,thespecificationis easierto maintain.
Constraintscanbeaddedor removedandindependentlymodified.
It is alsobelieved that it is easierto write anddebug. Sincemost
existingnatural-languagespecificationsarealreadywrittenasalist
of rules, the translationto this type of specificationrequiresless
effort andresultsin fewer opportunitiesfor errors.For debugging,
a symbolicmodelchecker canbeeasilyusedto explore thestates
allowedby theconstraints.

Style Rule 1 The first style rule requiresthe constraintsto be
written in thefollowing form.

prev � signal0 �������	� signalj ������
 variable0 �������	� variablek �
 signali 
��������	� signaln

where“ 
 ” is the logical symbol for “implies”. The antecedent,
theexpressionto the left of the“ 
 ”, is a booleanexpressioncon-
taining the interfacesignalvariablesandauxiliary statevariables,
and the consequent,the expressionto the right of the “ 
 ”, con-
tainsjust the interfacesignalvariables. Theallowedoperatorsare
AND, OR, andNEGATION. The prev constructallows the value
of a signal(or thestateof a statemachine)a cycle beforeto beex-
pressed.Theconstraintsarewrittenasanimplicationwith thepast
expressionastheantecedentandthecurrentexpressionasthecon-
sequent.In essence,thepasthistory, whenit satisfiestheantecedent
expression,requiresthe currentconsequentexpressionto be true;
otherwise,theconstraintis not “activated”andtheinterfacesignals
do not have to obey the consequentin the currentcycle. In this
way, theactivating logic andtheconstraining logic areseparated.
For example,thePCIprotocolconstraint,prev � trdy � stop� 
 stop
means“if thesignalstrdy andstop weretruein thepreviouscycle
(the“activating” logic), thenstop mustbetruein thecurrentcycle
(the “constraining”logic)” wherea “true” signalis assertedanda
“f alse” signal is deasserted.This separationis what identifiesthe
relevant (i.e.“activated”)constraintson a particularcycle. Also, it
allows the BDD to be an expressionpurely of the “constraining”
logic (asexplainedin thenext section,2.2.1).
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Figure2: The Input GenerationAlgorithm

StyleRule 2 Thesecondstylerule,theseparability rule,requires
each constraint to constrain only the behaviorof onecomponent.
Equivalently, becausetheconstrainingpart is isolatedfrom theac-
tivatingpart(dueto thefirst stylerule), therule requirestheconse-
quentto containonly outputsfromonecomponent.

StyleRule 3 Thethird rulerequiresthatthespecificationis dead
statefree.This rule effectively guaranteesthatanoutputsatisfying
all of theconstraintsalwaysexistsaslongastheoutputsequenceso
farhasnotviolatedtheconstraints.Thereis auniversaltestthatcan
verify this propertyfor a specification.Usinga modelchecker, the
following CTL (computationtreelogic)[2] propertycanbechecked
againstthe constraints,andany violationswill pinpoint the dead
state:AG � all constraints havebeentrueso f ar 

EX � all constraints aretrue���

Althoughabidingby thestylerulesmayseemrestrictive,it promises
many benefits. Furthermore,the style is still powerful enoughto
specify the signal-level PCI and Intel

�
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protocols.

2.2 Deriving an Input Generator

2.2.1 BasicAlgorithm
Basedon the following algorithm, input vectorsaregenerated

from thestructuredspecification(Figure2).

1. Groupthe constraintsaccordingto which interfacecompo-
nentthey specify. (This is possiblebecauseof style rule 2,
the separabilityrule.) If thereare n interfacecomponents,
therewill ben groups.

2. Remove thegroupwhoseconstraintsarefor thecomponent
underverification.Thesewill not beneeded.Now, thereare
n � 1 groupsof constraints.

3. For eachgroup of constraints,do the following on every
clock cycle of the simulationrun. Thegoal is to choosean
inputassignmentfor thenext cycle.

(a) For eachconstraint,evaluatejust the antecedenthalf.
Theantecedentvaluesaredeterminedby internalstate
variablesandobserved interfacesignalvalues.For an-
tecedentswhichevaluateto true, thecorrespondingcon-
straintsaremarkedasactivated.

(b) Within eachgroup,AND togetherjust theconsequent
halvesof theactivatedconstraintsto form theinput for-
mula. As a result,thereis oneinput formula for each



interfacecomponent.The formulashave disjoint sup-
port(becauseof rule2),whichgreatlyreducesthecom-
plexity of findinga satisfyingassignment.

(c) A booleansatisfiability solver is usedto determinea
solutionto eachof the input formulas. A BDD-based
solver is usedinsteadof a SAT-basedone in order to
control the biasingof the input variables. Since the
specificationis nondeterministicandallows a rangeof
behaviors, therewill mostlikely bemultiple solutions.
(In section2.3, we discusshow a solution is chosen
sothat interestingsimulationrunsaregenerated.)The
chosensolutionsform theinputvectorfor thiscycle.

(d) Gobackto step3(a)on thenext clockcycle.

The significanceof the style rules becomeclear from this al-
grotihm. The “activating” – “constraining”division is key to al-
lowing for a dramaticallysmallerexpression(just the consequent
halves) to solve (rule 1). The separabilityrule also allows for
smallerexpressionsby enforcingstrict orthogonalityof the spec-
ification alongthe interfacecomponents(rule 2). Finally, the lack
of deadstatesguaranteestheexistenceof a correctinputvectoras-
signmentfor everyclock cycle (rule 3).

2.2.2 Implementation
A compilertool, which readsin a specificationandoutputsthe

correspondinginputgenerationmodule,hasbeendesignedandim-
plemented.Therearetwo partsto theinput generator:theVerilog
modulewhichactsasthefrontendandtheC moduleasthebackend
(Figure3).

TheVerilogmodulecontainsall theantecedentsof theconstraints,
and basedon its inputs (the component’s outputs)and its inter-
nal statevariables,determineswhich constraintsareactivatedfor
that clock cycle. Then,the indicesof theactivatedconstraintsare
passedto thebackendC module.TheC modulewill returnaninput
assignmentthat satisfiesall the activatedconstraints,andtheVer-
ilog modulewill output this to the componentunderverification.
Thechoiceof Verilogasafrontendallowsmany designsto beused
with this framework.

TheC modulecontainstheconsequenthalvesof theconstraints.
It formsconjunctions(ANDs) of theactivatedconsequents,solves
the resulting formula, and returnsan assignmentto the Verilog
module. It is initialized with an arrayof BDDs whereeachBDD
correspondsto aconstraintconsequent.Oneveryclockcycle,after
theactivationinformationis passedto it, it formsoneBDD perin-
terfacecomponentby performingrepeatedBDD AND operations
on activatedconsequentsin the samegroup. The resultingBDD
representsan(aggregated)constrainton thenext stateinputsfrom
onecomponent,andby traversingthe BDD until the “1(TRUE)”
terminalnodeis reached,anassignmentcanbefound.Onceanas-
signmentis determinedfor eachinterfacecomponent,thecomplete
input assignmentto thecomponentunderverificationhasbeenes-
tablished. The CUDD (ColoradoUniversity DecisionDiagram)
package[10] version2.3.1wasusedfor BDD representationand
manipulation,andVerilog-XL wasusedto simulatethesetup.

2.3 Biasing the Inputs

2.3.1 CoverageMetric
We usethespecificationto definecornercases, scenarioswhere

the requiredactionsarecomplex. Thesestatesaremoreproblem-
atic for componentimplementations,andthus,simulationsshould
drivethecomponentthroughthesescenarios.Consequently, whether
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C
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Figure3: Implementation Detailsof the Input Generator

a cornercasehasbeenreachedor not canbeusedto measuresim-
ulationprogress,andmissedcornercasescanbeusedto determine
thedirectionof furthersimulations.

As afirst orderapproximationof cornercases,theantecedentsof
theconstraintsareused.This is becauseonly whentheantecedent
clauseis truedoestheimplementationhaveto complywith thecon-
straintclause.As anexample,considerthePCI constraint,“master
mustraiseirdy within 8 cyclesof theassertionof frame.” Thean-
tecedentis “the counterthat startscountingfrom the assertionof
framehasreached7 andirdy still hasnot beenasserted”andthe
consequentis “irdy is asserted.” Unlessthis antecedentcondition
happensduringthesimulation,compliancewith thisconstraintcan-
notbecompletelyknown. For asimulationrunwhichhastriggered
only 10%of theantecedents,only 10%of theconstraintshavebeen
checked for the implementation.In this sense,the numberof an-
tecedentsfiredduringa simulationrun is a roughcoveragemetric.

Thereis onemajordrawbackto usingthis metric for coverage.
The problemis intimately relatedto the generalrelationshipbe-
tweenimplementationandspecification.By theprocessof design,
for every state,a designerchoosesan actionfrom the choicesof-
feredby thenondeterministicspecificationto createadeterministic
implementation.As a result,theimplementationwill not cover the
full rangeof behavior allowed by the specification. Thus, some
of the antecedentsin the specificationwill never be true because
theimplementationprecludesany pathsto sucha state.Unlessthe
verificationengineeris familiarwith theimplementationdesign,he
cannotknow whetheranantecedenthasbeenmissedbecauseof the
lack of appropriatesimulationvectorsor becauseit is structurally
impossible.

2.3.2 Deriving Biasesfor MissedCornerCases
To reachinterestingcornercases,verificationengineersoftenap-

ply biasingto input generation.If problematicstatesarecausedby
certaininputsbeingtrueoften, theengineerprogramstherandom
input generatorto set the variabletrue n% insteadof the neutral
50%of thetime. For example,to verify how acomponentreactsto
anenvironmentwhich delaysits response,env response, theengi-
neercansetthebiasingsothattheinput,env response, is trueonly
5% of thetime. 0% is not usedbecauseit maycausetheinterface
to deadlock. With prevailing methods,the userneedsto provide
the biasingnumbersto the randominput generator. This requires
expertknowledgeof thedesign,andthebiasesmustbedetermined
by hand. In contrast,by targetingantecedents,interestingbiasing
canbederivedautomatically. Thealgorithmworksasfollows:

1. Gathertheconstraintsthatspecifytheoutputsof thecompo-
nentto beverified. Thegoal: theantecedentsof thesecon-
straintsshouldall becometrueduringthesimulationruns.

2. Setbiasesfor all input signalsto neutral(50% true) in the
inputgeneratordescribedin section2.2. (Exactlyhow this is
donewill beexplainedin thefollowing subsection.)
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3. Runthesimulationfor somenumberof cycles.
4. Determinewhichantecedentshave notfired sofar.
5. Pickonemissedantecedent,anduseit to determinethevari-

ablebiasing.If, for example,antecedent� a � b �	� c hasnot
beentrue,setthefollowing biases:a is true2% of thetime,
b for 98%,c for 2%.

6. Re-runthesimulationandrepeatfrom step4. Continueuntil
all antecedentshave beenconsidered.

Therearea numberof interestingconclusions.First, although
effort was investedin determiningoptimal biasnumbersexactly,
biasesthatsimplyallowedasignalto betrue(or false)“often” was
sufficient. Empirically, interpreting“often” as49 out of 50 times
(98%)seemsto work well. Second,anantecedentexpressioncon-
tainsnotonly interfacesignalvariablesbut alsocountervaluesand
other variablesthat cannotbe skewed directly. Justskewing the
input variablesin the antecedentis primary biasing,and a more
refined,secondarybiasingcan be doneby dependency analysis.
This wasdonemanually. For example,many hard-to-reachcases
are stateswherea counterhasreacheda high value, and by de-
pendency analysis,biasesthat will allow a counterto increment
frequentlywithout resettingweredetermined.

2.3.3 ImplementingBiasing
Theactualskewing of theinputvariablesisdoneduringtheBDD

traversal stageof the input generation. After the input formula
BDD for a componenthasbeenbuilt, thestructureis traversedac-
cording to the biases.If variableb is biasedto be true 49 out of
50 times, the THEN branchis taken 49 out of 50 times (Figure
4). If this choiceof branchingforcestheexpressionto evaluateto
false(i.e. the traversalinevitably leadsto the “ZERO” leaf), the
algorithmwill backtrackandtheELSEbranchwill betaken. As a
result,even if b is biasedto be true 49 out of 50 occurrences,the
protocol logic can force b to be falsemostof the time. What is
guaranteedby thebiasingschemeis thatwhenever b is allowedto
betrueby theconstraint,it will mostlikely betrue.

An extra stepis addedto the input generationalgorithmto ac-
commodatethebiasing.Thevariablesneedto bere-orderedsothat
thebiasedvariablesareat thetopof theBDD, andtheir truthvalue
arenot determinedby the othervariables. In Figure5, variablec
is intendedto betruemostof the time. However, sincec is buried
towardsthebottomof the BDD, if � a � 0, b � 1� is chosen,c is

ONE ZERO

a

b

c

50%

50%
50%

50%

2% 98%

Figure5: Incorr ectOrdering

forcedto befalseto satisfytheconstraint.In contrast,if c is at the
top of theBDD, the truebranchcanbe takenaslong astheother
variablesare set accordingly(for example,a � 1). Fortunately,
sincethe numberof BDD variablesis kept small, reorderingfor
this purposedoesnot leadto BDD blowup problems.

Comparedto thebiasingtechniqueusedin SimGen,thebiasing
usedin this framework is coarse.With SimGen,branchingprob-
abilities,which take into accountvariableordering,arecalculated
from thedesiredbiases.In contrast,this methoddirectly usesthe
biasingas the branchingprobabilities;it requiresno calculations
andcompensatesfor possibledistortionsby reordering.Although
implementingthe SimGencalculationsis not difficult, the advan-
tagesof achieving moreprecisebiasingarenot clearfrom theex-
amplesattempted.

3. EXPERIMENT AL RESULTS
To demonstratethe methodologyon a meaningfuldesign,we

chosetheI/O componentfrom theStanfordFLASH [5] projectfor
verification. The I/O unit, alongwith the restof the project,had
beenextensively debugged,fabricated,andtestedandis part of a
working systemin operation. The methodsareevaluatedon the
PCI interfaceof thecomponent.

The designis describedby 8000 lines of Verilog andcontains
283 variableswhich rangefrom 1-bit to 32-bit variables:a com-
plexity which rendersstraightforward modelcheckingunsuitable.
Approximatemodelcheckingwasusedby Govindarajuet al [4] to
verify thisdesignbut nobugswerefoundbecausethedesigninputs
wereoverly constrainedandonly asmallstatespacewasexplored.
Our simplerandmoreflexible simulation-basedcheckingproved
to bemoreeffective by findingnew bugs.

The SetupA formal PCI specificationwasusedto constrainthe
inputsandchecktheoutputsat thePCI interfaceof thedesign.A
simulationchecker thatflagsPCIprotocolviolationswasgenerated
from the specificationusing a compiler tool written in OCAML
[7]. Thesamecompilertool wasmodifiedto outputtheconstrained
randomsimulationgeneratorwhich controlsthe PCI interfacein-
putsof the I/O unit. The I/O unit (the designunderverification),
checker, andinput generatorareconnectedandsimulatedtogether,
andresultsareviewedusingtheVCD (ValueChangeDump)file.
The inputswereskewed in differentconfigurationsfor eachsim-
ulation run in orderto producevariousextremeenvironmentsand
stresstheI/O unit.

Verification ResultsUsingthe70assertionsprovidedby thein-
terfacespecification,nine previously unreportedbugs have been
found in the I/O unit. Most aredueto incorrectstatemachinede-
sign. For example,onebug manifesteditself by violating thepro-
tocol constraint,“oncetrdy hasbeenasserted,it muststayasserted
until thecompletionof a dataphase.” Becauseof anincorrectpath
in the statemachine,in somecases,the designwould asserttrdy
andthen,beforethe completionof the dataphase,deasserttrdy.
This candeadlockthe bus if the counterpartyinfinitely waits for
the assertionof trdy. The bug waseasilycorrectedby removing
theproblematicandmostlikely unintendedpath.Thesetupmakes
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Figure 6: The Two Typesof Simulation CoverageMetric and
their Effectiveness

theverificationprocessmucheasier;theprocessof findingsignal-
level bugsis now nearlyautomated,andso,mostof theeffort can
focuson reasoningaboutthebugonceit is found.

Coverage Results Unfortunately, the original intendeduseof
thecoveragemetricprovedto befruitlessfor this experiment.Us-
ing antecedentsof the constraintsthat specifythe componentwas
meaninglessbecausethe FLASH PCI designis conservative and
implementsa very small subsetof thespecification.For example,
the designonly initiatessingledataphasetransactions,andnever
initiates multiple dataphasetransactions.Thus, most of the an-
tecedentsremainedfalsebecauseit wasstructurallyimpossiblefor
themto becometrue.

However, usingthemetricto ensurethattheenvironmentis max-
imally flexible proved to bemuchmorepowerful. Themotivation
is to ensurethatthedesignis compatiblewith any componentthat
complieswith theinterfaceprotocol. Thedesignshouldbestimu-
latedwith themostgeneralsetof inputs,andso,usingthemissed
antecedentsfrom the constraintsthat specifythe environment(in
Figure6, “a0, a1, ...”) to determinebiaseswasextremelyfruitful;
mostof thedesignbugswereunearthedwith thesebiasings.

Performance Results Performanceissues,suchas speedand
memoryusage,did not poseto beproblems,andso,we werefree
to focuson generatinginterestingsimulationinputs. However, to
demonstratethe scalabilityof the methodfor larger designs,per-
formanceresultsweretabulated.Thesimulationswererun on a 4-
ProcessorSunUltra SPARC-II 296MHz Systemwith 1.28Gbytes
of mainmemory. Thespecificationprovided63constraintstomodel
theenvironment.Theseconstraintsrequired161booleanvariables,
but becauseof the “activating” – “constraining” logic separation
technique,only 15 wereneededin the BDDs. Consequently, the
BDDs usedwere very small; the peaknumberof nodesduring
simulationwas 193, and the peakamountof memoryusedwas
4Mbytes.

Furthermore,speedwasonlyslightly sacrificedin orderto achieve
this spaceefficiency. Theexecutiontimesfor differentsettingsare
listedin Table2. With no constraintsolving,whereinputsareran-
domly set, the simulation takes 0.64sfor 12,000simulator time
steps.If theinputgeneratoris used,theexecutiontimeincreasedby
57%to 1.00s;this is nota debilitatingincrease,andnow theinputs
areguaranteedto becorrect.Thetablealsoindicateshow progres-
sively addingsignalvaluedumps,a correctnesschecker module,
andcoveragemonitormodules,addsto theexecutiontime.

4. FUTURE WORK
Bettercoveragemetricscanprobablybededucedfrom thespeci-

fication.A straightforwardextensionwouldbeto seewhetherpairs
of antecedentsbecometrueduringsimulations.Exploiting a struc-
turedformalspecificationfor otherusesis alsoof interest.Perhaps
incompletedesignscanbe automaticallyaugmentedby specifica-
tion constraintsfor simulationpurposes.Or, usefulsynthesisinfor-
mationcanbeextractedfrom thespecification.Also, experiments
to determinewhetherdesignsthataretoo big for SimGen-typeal-

Number
BooleanVarsin Spec 161
BooleanVarsin BDD 15
ConstraintsonEnv 63

AssertionsonDesign 70
PeakNodesin BDD 193
BDD MemoryUse 4 Mbytes

BugsFoundin Design 9

Table 1: Interface SpecificationBasedGeneration Details for
the FLASH Example

Settings UserTime SystemTime Total
Random 0.53s 0.11s 0.64s

Constrained 0.77s 0.23s 1.00s
with Dump 0.77s 0.26s 1.03s

with Monitor 1.33s 0.29s 1.62s
with Coverage 1.54s 0.25s 1.79s

Table2: Time Performanceof the Methodologyon FLASH Ex-
ample (for 12000simulator time steps)

gorithmscanbehandledbyourswouldfurthervalidatethemethod-
ology. Furthermore,more extensive experimentsto quantify the
speedpenaltyfor thedynamicBDD building shouldbedone.
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