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ABSTRACT

This paperpresentsiovel usef functionalinterfacespecifications
for verifying RTL designs.We demonstraténow a simulationen-
vironment,a correctnesshecler, anda functionalcoveragemetric
areall createcautomaticallyfrom a singlespecification Addition-
ally, theproces®xploitsthestructureof aspecificatiorwrittenwith
simple style rules. The methodologywas usedto verify a large-
scalel/O designfrom the StanfordFLASH project.
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1. INTRODUCTION

1.1 Motivation

BeforeaverificationengineercanstartsimulatingRTL designs,
he mustwrite threeverificationaids input testbencheso stimu-
late the design,propertiesto verify the behaior, anda functional
coveragemetricto quantify simulationprogresslit would bemuch
easierif thethreecanbe automaticallyderived from the interface
protocolspecificationNot only will this save agreatdealof work,
butit will alsoresultin fewerbugsin thetestinputsandthe check-
ing propertiesbecausdhey are mechanicallyderived from a veri-
fied specification.Motivatedby theseadwantageswe developeda
methodologywherethethreeaidsareautomaticallygeneratedrom
a specification.Furthermorewe demonstratdnow a specification
structuredby certainstyle rulesallows for more memoryefficient
simulationruns. The primary contrikutionsof this paperare:
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e a presentationof how a bus protocol specificationcan be

usedfor simulationto automatically
— geneate the mostgenerl setof legal input sequences

to adesign
— producepropertiesto ched interfaceprotocol confor
mance
— definea new functionalcoverage metric
— biasinputsto increasethe probability of hitting uncor-
eredcases
e anew input geneation schemethat greatly reduceshe size

of theBDD (binary decisiondiagram)[1] used
— bydynamicallyselectingelevantconstaintsona cycle-

by-cyclebasisand not translatingthe entire specifica-
tioninto a BDD
— andbyextractingoutthepure “constraining” logic and
discading the conditional logic (“the guard”) when
building theBDD
e areportonthesuccessfuapplicationof the methodolgy to
verify a fabricatedworking design,and a descriptionof the
new bugsfound

1.2 Background

Mary of todays digital circuit designsdependon the tight in-
tegration of multiple designcomponents.Thesecomponentsare
often designeddy differentengineersvho may have divergentin-
terpretationf the interfaceprotocolthat “glue” the components
together Consequentlydesignsmay be incompatibleand behae
incorrectly when combined. Thus, functionalinterface specifica-
tions are pivotal for successfumoduleintegrationand shouldbe
accordinglysolid and precise. However, specificationsvidely in
usetodayarestill written informally, forfeiting an opportunityfor
automatedanalysisand logical clarity. In mary casesspecifica-
tions suchasthoseof standardous protocolsare buggy ambigu-
ous,andcontradictory:all problemshatcanberesohedby formal
specificatiordevelopment.

The adwantagef formal specificationseemclearbut they are
nonethelesavoideddueto apercevedcost-\alueproblem;they are
often consideredoo costly for the benefitsthey promise. Specif-
ically, they are criticized for their lengthy developmenttime and
the needfor formal verificationtraining. For mary, the value of
a correctspecificationdoesnot justify thesecosts,and precious
resourcesare allocatedfor more pressingdesignneeds. Thus, to
counterthesedisincentves, we are developinga formal specifica-
tion methodologythatattacksthis cost-\alueproblemfrom two an-
gles.

Cost Side The earlierpaperd9, 8] for this projectfocuson the
first half of theproblem:minimizingthecostby makingthe specifi-
cationprocessasier We have directedour attentionto signal-level
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Figure 1: The Trio of Verification Aids

busprotocoldescriptiondor this aim sincethey arebothimportant
andchallengingto specify Usingthe PCI (PeripheralComponent
Interconnectpus protocolandthe Intel® Itanium™ Processobus
protocolasexamples,we developeda specificationstyle that pro-
ducescorrectreadableandcompletespecificationsvith lesseffort
thanfree-form,ad hoc methods.The syntacticstructuringusedin
the methodologyis language-independerind can be appliedto
mary specificationlanguagedfrom SMV [6] to Verilog. This is
a reflectionof our belief that methodology as opposedo tool or
languageadevelopmentjs thekey to achieving the statedgoal.

Value SideAs thelatestwork in this seriesthis paperfocuseson
the secondangleof the cost-\alue problem: to increasethe value
of a formal specificatiorbeyond its role asa documentationlt is
basedon the ideathatoncea correct,well-structuredspecification
is developed,it canbe exploitedin a way thata haphazardndin-
completespecificatiorcannotbe. In particular we investigatevays
to usethe specificatiordirectly to generatenputs,checkbehaior,
andmonitor coverage.Becauseour goalis to verify large designs
commonin industry the methodologyis specificallytailored for
simulation-basederification.

1.3 The Problemand Our Approach

GivenanHDL (hardware descriptionlanguage)componentle-
signto verify, anengineeneedsvariousadditionalmachineryFig-
urel,right).

1. Input Logic Theremustbe logic to drive the inputs of the
design. Onemethodusesrandomsequencesyhich are not guar
anteedo complywith the protocol,andconsequentlyit is difficult
to gaugecorrectnes®f the designbecauseéts inputs may be in-
correct. A more focusedmethodis directedtestingwhereinput
sequencesire manually written, but they are time-consumingto
write anddifficult to getcorrect.

2. Output Check Logic to determinethe correctnesf the
componens behaior is neededf manualscrutiry is too cumber
some.With the methodologypresentedhere,the scopeof correct-
nesscheckingis limited to interfaceprotocolconformancelt can-
not checkhigherlevel propertiessuchaswhetherthe outputdata
from oneportcorrectlycorresponds$o anothemport’s input data.

3. CoverageMetric Becauseompletecoveragewith all possi-
bleinputsequencetesteds not possible theremustbe somemet-
ric that quantifiesthe progressof verificationcoverage. The veri-
ficationengineemwould like to knov whetherthe functionalitiesof
thedesignhave beenthoroughlyexercisedandall interestingcases
have beenreachedThis is anopenareaof researchandcurrently
mostpractitionergesortto methodswith little theoreticabacking.

Our ApproachAt thefoundationof our methodologyis a uni-
fied framevork appioac wherethe threetools aregeneratedrom
asinglesourcespecification(Figurel). Thisis possiblebecauseall
threeare fundamentallybasedon the interfaceprotocol,and con-

sequentlythe interfacespecificationcanbe usedto automatically
createthe three. In currentpractice,the verificationaidsareeach
writtenfrom scratchthisrequiresatremendouamountof time and
effort to write anddelug. By eliminatingthis step,our methodol-
ogy enhancegroductvity andshortensievelopmentime.

Also, athoroughlydehugged solid specificatiorinvariablyleads
to correctinput sequencessheckingpropertiesandcoveragemet-
rics. Thecorrectnessf the coredocumeniguaranteethe correct-
nessof the derivatives. In contrast,with currentmethods,each
verificationaid needgo beindividually detugged.The advantages
of this aremostpronouncedor standardnterfaceswherethe cor
rectneseffort canbe concentratedéh the standardeommitteeand
not duplicatedamongthe mary implementors Furthermorewhen
a changeis madeto the protocol(a frequentoccurrencen indus-
try), onechangen the protocolspecifications sufficient to reflect
this becausehe verification aids can be regeneratedrom the re-
viseddocument.Otherwise the engineemwould have to determine
manuallythe effect of the changefor eachtool.

The derivation of a behaioral checler is the most straightfor
ward of thethree. The checler is on-the-fly;during simulations jt
flagsan error assoonasthe componentwiolatesthe protocol. As
addresseth thefirst paper[9] the specificatioris writtenin aform
very closeto a checler. Furthermorethe specificationis guaran-
teedto be executableby the style rules(describedn section2.1),
andso the translationfrom it to a HDL checler requiresminimal
changeg9].

Thebulk of thecurrentwork addressetheissueof automatically
generatingnputsequenceOur methodproducesaninputgenera-
tor which is dynamicandreactve; the generatednputsdependon
the previous cycle outputsof the designunderverification. In ad-
dition, theseinputsalwaysobey the protocol,andthe generatioris
aone-pasprocessThemechanisnrelieson solvingbooleancon-
straintsby building andtraversingBDD structureson every clock
cycle. Althoughinput generatiorusingconstrainsolversis not by
itself novel, our approachs thefirst to useandexploit a complete
andstructuredspecification.

Finally, a new simulationcoveragemetricis introduced andthe
automaticinput biasingbasedon this metricis alsodescribed Al-
thoughmore experimentsare neededo validatethis metric’s ef-
fectivenessits mainadwantage/currently)is thatit is specification-
basedandsarestime: extrawork is notneededo write outametric
or to pinpointtheinterestingscenariogor they aregleanedirectly
from the specificatiordocument.

Previous Works Clarke et al. also researchedhe problemof
specificationsand generatorsn [3] but the methodologyis most
closelyrelatedto the SimGenprojectdescribedn the 1999 paper
[11] by Yuanetal. As with the SimGenwork, we arefocusingon
practicalmethodsthat can be usedfor existing comple designs.
Within thatframework, therearemainly two featureghatdifferen-
tiateour approactrom SimGen.

First, the SimGensoftware usesa statically-hiilt BDD which
representshe entireinput constraintiogic; in contrast,our frame-
work dynamicallybuilds the appropriateBDD constrainton every
clock cycle. This resultsin a dramaticallysmallerBDD for two
reasonsOne,only a smallpercentagef the protocollogic is rele-
vanton eachcycle, andsothecorrespondind®dDD is alwaysmuch
smallerthanthe staticBDD representinghe entireprotocol. Two,
theBDD containsonly thedesignsinputvariablesanddonotcon-
tain statevariablesor the designs outputs Thus,for the PCI ex-
ample,insteadof a BDD on 161 variables,we have a BDD on 15
variables,an order of magnitudedifference Consequentlyour in-
put generatiorusesexponentiallylessmemory This reductionis
basedon the obsenration that the sole role of the statevariables



andthedesigns outputsis to determinewhich partsof the protocol
arerelevant (andthusrequiredin the BDD) for a particularcycle.
Otherwisethesevariablesare not neededo calculatethe inputs.
We believe that thesetwo reasondor smallerBDDs would hold
for mary interfacesandthereforeallow inputgeneratiorfor alarge
interfacethatmay otherwisebe hinderedoy BDD blowup.

A secondlifferencewith SimGenis that, unlike our framework,
it requirestheusergo provide theinputbiases A uniquecontribu-
tion of ourwork is theautomategrocesof determiningbiasest
is notedthatall theseadvantagesare possiblebecaus®ur method
exploits the structureof a stylizedspecificatiorwhereasSimGenis
applicablefor moregeneralkspecifications.

2. METHODOLOGY
2.1 SpecificationStyle

The specificatiorstyle wasintroducedin [9] andis summarized
herefor the reader It is basedon using multiple constaints to
collectively definethe signalling behaior at the interface. The
constraintsare short booleanformulaswhich follow certainsyn-
tacticrules. They arealsoindependentf eachother rely on state
variablesfor historicinformation,andwhenAND-ed togetherde-
fine exactly the correctbehaior. Thisis similarto using(linearor
branchingtime) temporallogic for describingbehaior. However,
our methodologyallows andrequiresonly themostbasicoperators
for writing the constraintsandit aimsfor a completespecification
asopposedo anad hoclist of propertieghatshouldhold true.

This decompositiorof the protocolinto multiple constrainthas
mary adwantages.For one,the specifications easierto maintain.
Constraintcanbe addedor remored andindependentlynodified.
It is alsobelieved thatit is easierto write anddehug. Sincemost
existing natural-languagspecificationgrealreadywritten asalist
of rules, the translationto this type of specificationrequiresless
effort andresultsin fewer opportunitiesor errors.For detugging,
a symbolicmodelchecler canbe easilyusedto explore the states
allowedby theconstraints.

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

prev(signab... A —signal;... v variablep... A —variabley)
— signal V... A—signah

where“—" is the logical symbolfor “implies”. The antecedent,
the expressiorto the left of the“—", is a booleanexpressioncon-
taining the interfacesignalvariablesand auxiliary statevariables,
andthe consequentthe expressionto the right of the “—”, con-
tainsjusttheinterfacesignalvariables The allowed operatorsare
AND, OR, andNEGATION. The prev constructallows the value
of asignal(or the stateof a statemachine)a cycle beforeto be ex-
pressedTheconstraintarewritten asanimplicationwith the past
expressiorastheantecedenandthe currentexpressiorasthe con-
sequentln essencehepasthistory, whenit satisfiegsheantecedent
expressionrequiresthe currentconsequenéxpressionto be true;
otherwisetheconstrainis not“activated”andtheinterfacesignals
do not have to obey the consequenin the currentcycle. In this
way, the activatinglogic andthe constaining logic areseparated.
For example thePCl protocolconstraintprev(trdy A stop) — stop
means'if thesignalstrdy andstop weretruein thepreviouscycle
(the“activating” logic), thenstop mustbetruein the currentcycle
(the “constraining”logic)” wherea “true” signalis assertecanda
“false” signalis deassertedThis separatioris what identifiesthe
relevant (i.e.“activated”) constraintson a particularcycle. Also, it
allows the BDD to be an expressionpurely of the “constraining”
logic (asexplainedin the next section,2.2.]).
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Figure2: The Input Generation Algorithm

StyleRule 2 Thesecondstylerule,thesepanbility rule,requires
ead constaint to constain only the behaviorof onecomponent.
Equivalently, becausehe constrainingpartis isolatedfrom the ac-
tivating part(dueto thefirst stylerule), therule requireshe conse-
quentto containonly outputsfromonecomponent.

Style Rule 3 Thethird rule requiresthatthe specificatioris dead
statefree. This rule effectively guaranteethatanoutputsatisfying
all of theconstraintalwaysexistsaslong astheoutputsequencso
farhasnotviolatedtheconstraintsThereis auniversaltestthatcan
verify this propertyfor a specification.Usingamodelchecler, the
following CTL (computatiortreelogic)[2] propertycanbechecled
againstthe constraintsandary violationswill pinpoint the dead
state:AG(all congraints havebeentrueso far —

EX(all congraints aretrue))

Althoughabidingby thestylerulesmayseenrestrictive, it promises
mary benefits. Furthermorethe style is still powverful enoughto
specify the signal-level PCI and Intel® Itanium™ Processobus
protocols.

2.2 Deriving an Input Generator

2.2.1 BasicAlgorithm

Basedon the following algorithm, input vectorsare generated
from the structuredspecificationFigure2).

1. Groupthe constraintsaccordingto which interfacecompo-
nentthey specify (This is possiblebecausef stylerule 2,
the separabilityrule.) If thereare n interface components,
therewill ben groups.

2. Remwe the groupwhoseconstraintsarefor the component
underverification. Thesewill notbeneededNow, thereare
n— 1 groupsof constraints.

3. For eachgroup of constraints,do the following on every
clock cycle of the simulationrun. The goalis to choosean
inputassignmentor the next cycle.

(a) For eachconstraint,evaluatejust the antecedenhalf.
The antecedentaluesare determinedy internalstate
variablesandobsenred interfacesignalvalues.For an-
tecedentsvhichevaluateto true, thecorrespondingon-
straintsaremarked asactivated

(b) Within eachgroup, AND togetherjust the consequent
halvesof theactivatedconstraintgo form theinputfor-
mula As aresult,thereis oneinput formulafor each



interfacecomponent.The formulashave disjoint sup-
port(becausef rule 2), whichgreatlyreduceshecom-
plexity of finding a satisfyingassignment.

(c) A booleansatisfiability solver is usedto determinea
solutionto eachof the input formulas. A BDD-based
solver is usedinsteadof a SAT-basedonein orderto
control the biasing of the input variables. Sincethe
specificatioris nondeterministi@andallows a rangeof
behaiors, therewill mostlikely be multiple solutions.
(In section2.3, we discusshow a solutionis chosen
sothatinterestingsimulationrunsaregenerated.)The
chosersolutionsform theinput vectorfor this cycle.

(d) Gobackto step3(a)onthenext 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
smallerexpressiongy enforcingstrict orthogonalityof the spec-
ification alongthe interfacecomponentgrule 2). Finally, the lack
of deadstategyuaranteethe existenceof a correctinputvectoras-
signmentfor every clock cycle (rule 3).

2.2.2 Implementation

A compilertool, which readsin a specificationand outputsthe
correspondingnputgeneratiormodule hasbeendesignedandim-
plemented.Therearetwo partsto theinput generatorthe Verilog
modulewhichactsasthefrontendandthe C moduleasthebaclend
(Figure3).

TheVerilogmodulecontainsall theantecedentsf theconstraints,
and basedon its inputs (the componens outputs)and its inter
nal statevariables,determinesvhich constraintsare activatedfor
thatclock cycle. Then,the indicesof the activatedconstraintsare
passedo thebaclendC module.TheC modulewill returnaninput
assignmenthat satisfiesall the activatedconstraintsandthe Ver
ilog modulewill outputthis to the componentunderverification.
Thechoiceof Verilogasafrontendallows mary designgo beused
with this framework.

The C modulecontainsthe consequenhalvesof the constraints.
It formsconjunctiongANDSs) of the activatedconsequentsolves
the resulting formula, and returnsan assignmento the Verilog
module. It is initialized with an array of BDDs whereeachBDD
correspondso aconstraintconsequentOn every clock cycle, after
theactivationinformationis passedo it, it formsoneBDD perin-
terfacecomponenty performingrepeatedBDD AND operations
on activatedconsequent the samegroup. The resultingBDD
representan (aggrgated)constrainton the next stateinputsfrom
one componentand by traversingthe BDD until the “1(TRUE)”
terminalnodeis reachedanassignmentanbefound. Onceanas-
signments determinedor eachinterfacecomponentthecomplete
input assignmento the componentinderverificationhasbeenes-
tablished. The CUDD (ColoradoUniversity Decision Diagram)
packagg10] version2.3.1wasusedfor BDD representatiomnd
manipulationandVerilog-XL wasusedto simulatethe setup.

2.3 Biasingthe Inputs

2.3.1 Coverage Metric

We usethe specificatiorto definecornercasesscenariosvhere
therequiredactionsarecomple. Thesestatesaremore problem-
atic for componentmplementationsandthus,simulationsshould
drivethecomponenthroughthesescenariosConsequentlywhether
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Figure 3: Implementation Details of the Input Generator

acornercasehasbeenreachedr not canbe usedto measuresim-
ulationprogressandmissedcornercasesanbe usedto determine
thedirectionof furthersimulations.

As afirst orderapproximatiorof cornercasestheantecedentsf
theconstraintsaareused.This is becaus@nly whenthe antecedent
clausds truedoestheimplementatiorhave to complywith thecon-
straintclause.As anexample,considetthe PCl constraint,'master
mustraiseirdy within 8 cyclesof the assertiorof frame” Thean-
tecedenis “the counterthat startscountingfrom the assertiorof
framehasreached? andirdy still hasnot beenasserted’andthe
consequenis “irdy is asserted. Unlessthis antecedentondition
happensluringthesimulation,compliancewith thisconstraintan-
notbecompletelyknown. For asimulationrun which hastriggered
only 10%of theantecedent®inly 10%of theconstrainthave been
checled for the implementation.In this sensethe numberof an-
tecedentdired duringa simulationrun is aroughcoveragemetric.

Thereis onemajordravbackto usingthis metric for coverage.
The problemis intimately relatedto the generalrelationshipbe-
tweenimplementatiorandspecification By the procesof design,
for every state,a designerchoosesan actionfrom the choicesof-
feredby thenondeterministispecificatiorto createa deterministic
implementationAs aresult,theimplementatiorwill notcoverthe
full rangeof behaior allowed by the specification. Thus, some
of the antecedent@ the specificationwill never be true because
theimplementatiomprecludesary pathsto sucha state.Unlessthe
verificationengineeis familiar with theimplementatiordesign he
cannotknow whetheranantecederttasbeenmissedbecausef the
lack of appropriatesimulationvectorsor becauset is structurally
impossible.

2.3.2 Deriving Biasesfor MissedCornerCases

Toreachinterestingcornercasesyerificationengineerftenap-
ply biasingto inputgenerationlf problematicstatesarecausedy
certaininputsbeingtrue often, the engineemprogramsthe random
input generatorto setthe variabletrue n% insteadof the neutral
50%of thetime. For exampleto verify how acomponenteactso
anenvironmentwhich delaysits responseen/_response the engi-
neercansetthebiasingsothattheinput, en/_responseis trueonly
5% of thetime. 0% is not usedbecausét may causethe interface
to deadlock. With prevailing methods the userneedsto provide
the biasingnumbersto the randominput generatar This requires
expertknowledgeof thedesign,andthebiasesmustbedetermined
by hand. In contrast by targetingantecedentdnterestingbiasing
canbederived automatically Thealgorithmworks asfollows:

1. Gathertheconstraintshatspecifythe outputsof thecompo-
nentto be verified. The goal: the antecedentsf thesecon-
straintsshouldall becometrue duringthe simulationruns.

2. Sethiasesfor all input signalsto neutral(50% true) in the
inputgeneratodescribedn section2.2. (Exactlyhow thisis
donewill beexplainedin thefollowing subsection.)
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3. Runthesimulationfor somenumberof cycles.
4. Determinewhich antecedentbave notfired sofar.

5. Pickonemissedantecedentanduseit to determinethe vari-
ablebiasing.If, for example,antecedentaA bA —c hasnot
beentrue, setthe following biases:a is true 2% of thetime,
b for 98%,c for 2%.

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

Thereare a numberof interestingconclusions. First, although
effort wasinvestedin determiningoptimal bias numbersexactly,
biaseghatsimply allowedasignalto betrue (or false)“often” was
suficient. Empirically, interpreting“often” as49 out of 50 times
(98%) seemso work well. Secondanantecedengxpressioncon-
tainsnotonly interfacesignalvariablesbut alsocountervaluesand
other variablesthat cannotbe skaewed directly. Justskewing the
input variablesin the antecedents primary biasing,and a more
refined, secondarybiasing can be done by dependenc analysis.
This wasdonemanually For example,mary hard-to-reaclcases
are stateswherea counterhasreacheda high value, and by de-
pendeng analysis,biasesthat will allow a counterto increment
frequentlywithout resettingweredetermined.

2.3.3 Implementingiasing

Theactualskewing of theinputvariabless doneduringtheBDD
traversal stageof the input generation. After the input formula
BDD for acomponenhasbeenbuilt, the structureis traversedac-
cordingto 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 branchingforcesthe expressiorto evaluateto
false(i.e. the traversalinevitably leadsto the “ZERO” leaf), the
algorithmwill backtrackandthe ELSE branchwill betaken. As a
result,evenif b is biasedto be true 49 out of 50 occurrencesthe
protocollogic canforce b to be falsemostof the time. Whatis
guaranteedby the biasingschemas thatwheneer b is allowed to
betrueby theconstraintjt will mostlikely betrue.

An extra stepis addedto the input generatioralgorithmto ac-
commodatehebiasing.Thevariablesneedto bere-orderedsothat
thebiasedvariablesareatthetop of theBDD, andtheirtruth value
arenot determinecby the othervariables. In Figure5, variablec
is intendedto be true mostof thetime. However, sincec is buried
towardsthe bottomof the BDD, if {a =0, b =1} is chosengc is

! 50%

“
oY
500~
2/8/

Figure5: Incorr ect Ordering

forcedto befalseto satisfythe constraint.In contrastjf cis atthe
top of the BDD, the true branchcanbe taken aslong asthe other
variablesare set accordingly (for example,a = 1). Fortunately
sincethe numberof BDD variablesis kept small, reorderingfor
this purposedoesnotleadto BDD blowup problems.

Comparedo the biasingtechniqueusedin SimGen,the biasing
usedin this framework is coarse.With SimGen,branchingprob-
abilities, which take into accountvariableordering,arecalculated
from the desiredbiases.In contrastthis methoddirectly usesthe
biasingasthe branchingprobabilities;it requiresno calculations
andcompensatefor possibledistortionsby reordering.Although
implementingthe SimGencalculationsis not difficult, the adwan-
tagesof achiering more precisebiasingarenot clearfrom the ex-
amplesattempted.

3. EXPERIMENTAL RESULTS

To demonstratehe methodologyon a meaningfuldesign,we
chosethel/O componenfrom the StanfordFLASH [5] projectfor
verification. The I/O unit, alongwith the restof the project, had
beenextensiely dehugged,fabricated andtestedandis partof a
working systemin operation. The methodsare evaluatedon the
PClinterfaceof the component.

The designis describedby 8000 lines of Verilog and contains
283 variableswhich rangefrom 1-bit to 32-bit variables:a com-
plexity which rendersstraightforvard modelcheckingunsuitable.
Approximatemodelcheckingwasusedby Govindarajuetal [4] to
verify thisdesignbut nobugswerefoundbecaus¢hedesigninputs
wereoverly constrainechindonly a small statespacevasexplored.
Our simplerand more flexible simulation-basedheckingproved
to be moreeffective by finding new bugs.

The Setup A formal PCl specificationwasusedto constrairthe
inputsandcheckthe outputsat the PCl interfaceof the design. A
simulationchecler thatflagsPCl protocolviolationswasgenerated
from the specificationusing a compiler tool written in OCAML
[7]. Thesamecompilertool wasmodifiedto outputtheconstrained
randomsimulationgeneratomvhich controlsthe PCl interfacein-
putsof the /O unit. The I/O unit (the designunderverification),
checler, andinput generatoareconnectedndsimulatedogether
andresultsareviewed usingthe VCD (Value ChangeDump)file.
The inputswere skewed in different configurationdfor eachsim-
ulationrun in orderto producevariousextremeenvironmentsand
stresghel/O unit.

Verification ResultsUsingthe 70 assertionprovided by thein-
terface specification,nine previously unreportedbugs have been
foundin the I/O unit. Most aredueto incorrectstatemachinede-
sign. For example,onebug manifestedtself by violating the pro-
tocol constraint,'oncetrdy hasbeenassertedit muststayasserted
until the completionof a dataphasé€. Becausef anincorrectpath
in the statemachine,in somecasesthe designwould assertrdy
andthen, beforethe completionof the dataphase deassertrdy.
This candeadlockthe bus if the counterpartyinfinitely waits for
the assertiorof trdy. The bug was easily correctedby remoring
the problematicandmostlikely unintendecpath. The setupmales
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the verificationprocessnucheasier;ithe procesof finding signal-
level bugsis now nearlyautomatedandso, mostof the effort can
focusonreasoningaboutthe bug onceit is found.

Coverage Results Unfortunately the original intendeduse of
the coveragemetric provedto be fruitlessfor this experiment.Us-
ing antecedentsf the constraintsthat specifythe componentvas
meaninglesdecausahe FLASH PCI designis conserative and
implementsa very small subsebf the specification.For example,
the designonly initiates single dataphasetransactionsand never
initiates multiple dataphasetransactions.Thus, most of the an-
tecedentsemainedalsebecausdt wasstructurallyimpossiblefor
themto becometrue.

However, usingthemetricto ensurehattheervironmentis max-
imally flexible provedto be muchmorepowerful. The motivation
is to ensurethatthe designis compatiblewith any componenthat
complieswith the interfaceprotocol. The designshouldbe stimu-
latedwith the mostgeneralsetof inputs,andso, usingthe missed
antecedentérom the constraintsthat specifythe ervironment(in
Figure6, “a0, al,..") to determinebiaseswasextremelyfruitful;
mostof the designbugswereunearthedvith thesebiasings.

Performance Results Performancessues,such as speedand
memoryusagedid not poseto be problems,andso, we werefree
to focuson generatingnterestingsimulationinputs. However, to
demonstratéhe scalability of the methodfor larger designs per
formanceresultsweretabulated. The simulationswvererun on a 4-
ProcessoSunUltra SFARC-1l 296 MHz Systemwith 1.28Gbytes
of mainmemory Thespecificatiorprovided63 constraintdo model
theervironment.Theseconstraintsequiredl61boolearnvariables,
but becauseof the “activating” — “constraining” logic separation
techniqueonly 15 were neededn the BDDs. Consequentlythe
BDDs usedwere very small; the peak numberof nodesduring
simulationwas 193, and the peakamountof memory usedwas
4Mbytes.

Furthermorespeedvasonly slightly sacrificedn orderto achieve
this spaceefficiengy. The executiontimesfor differentsettingsare
listedin Table2. With no constraintsolving, whereinputsareran-
domly set, the simulationtakes 0.64sfor 12,000 simulatortime
steps.If theinputgeneratois used theexecutiontimeincreasedy
57%to 1.00s;thisis nota debilitatingincreaseandnow theinputs
areguaranteedb becorrect. Thetablealsoindicateshow progres-
sively addingsignal value dumps,a correctnesshecler module,
andcoveragemonitormodules addsto the executiontime.

4. FUTURE WORK

Bettercoveragemetricscanprobablybededucedrom thespeci-
fication. A straightforvardextensionwould beto seewhetherpairs
of antecedentbecomerue during simulations.Exploiting a struc-
turedformal specificatiorfor otherusess alsoof interest.Perhaps
incompletedesignscan be automaticallyaugmentedy specifica-
tion constraintdor simulationpurposesOr, usefulsynthesisnfor-
mationcanbe extractedfrom the specification.Also, experiments
to determinewhetherdesignghataretoo big for SimGen-typeal-

Number
BooleanVarsin Spec 161
BooleanVarsin BDD 15

Constrainton Env 63
Assertionson Design 70
PeakNodesin BDD 193

BDD MemoryUse | 4 Mbytes
BugsFoundin Design 9

Table 1: Interface Specification Based Generation 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

Table 2: Time Performanceof the Methodology on FLASH Ex-
ample (for 12000simulator time steps)

gorithmscanbehandledy ourswouldfurthervalidatethemethod-
ology. Furthermoremore extensve experimentsto quantify the
speedbenaltyfor thedynamicBDD building shouldbedone.
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