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Abstract

Finding thecauseof a bug canbeoneof themosttime-consumingactivitiesin design
veri�cation. Thisis particularly true in thecaseof bugsdiscoveredin thecontext of a ran-
domsimulation-basedmethodology, wherebug traces,or counterexamples,maybeseveral
hundred thousandcycleslong. In this work weproposeButramin,a bug traceminimizer.
Butramin considers a bug traceproducedby a randomsimulatoror a semi-formalveri-
�cation software and producesan equivalenttraceof shorterlength. Butramin appliesa
range of minimizationtechniques,deployingboth simulation-basedand formal methods,
with theobjectiveof producinghighly reducedtracesthatstill exposetheoriginal bug. We
evaluatedButramin on a range of designs,including the publicly availablepicoJava mi-
croprocessor, andbug tracesup to onemillion cycleslong. Our experimentsshowthat in
mostcasesButramin is able to reducetracesto a verysmall fractionof their initial sizes,
in termsof cyclelengthandsignalsinvolved. Theminimizedtracescangreatly facilitate
bug analysisandreduceregressionruntime.

Keywords– bug traceminimization,counterexampleminimization,errordiagnosis,veri�-
cation

1 Intr oduction

Modernintegratedcircuit designhasreachedunparalleledlevelsof sizeandoverallcomplexity.

In thiscontext, designveri�cation hasbecomeapivotalaspectof electronicdesignautomation.

In fact,variousestimatesindicatethatfunctionalerrorsarestill responsiblefor 40%of failuresat

�rst tape-out,andthatveri�cation accountsfor two thirdsof thedesigncycleandeffort [2, 17].

� Copyright (c) 2006IEEE.Personaluseof this materialis permitted.However, permissionto usethis material
for any otherpurposesmustbeobtainedfrom theIEEEby sendinganemailto pubs-permissions@ieee.org.
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Resolvingdesignbugs in the early developmentstagesis, at the sametime, a sophisticated

andtime-consumingactivity, aswell asa crucial taskfor theprojectdevelopmentandfor the

successof a designteam.With maskcostsapproachinga million dollarsperset,beingableto

�nd and�x bugsbefore�rst tape-outoffersasigni�cant economicadvantage.

Amongthetechniquesandmethodologiesavailablefor functionalveri�cation, simulation-

basedveri�cation is prevalentin the industrybecauseof its linearandpredictablecomplexity

andits �e xibility in beingapplied,in someform, to any design.A commonmethodologyin this

context is randomsimulation. Randomsimulationinvolvesconnectinga logic simulatorwith

stimuli comingfrom a constraint-basedrandomgenerator, that is, anenginethatcanautomat-

ically producerandomlegal input for thedesignat a very high rate,basedon a setof rules(or

constraints)derived from the speci�cationdocument.In orderto detectbugs,assertionstate-

ments,or checkers,areembeddedin thedesignandcontinuouslymonitorthesimulatedactivity

for anomalies.Whenabug is detected,thesimulationtraceleadingto it is storedandcanbere-

playedat latertimesto analyzetheconditionsthatledto thefailure.Becauseof therandomized

natureof thismethodology, andbecauseit is usuallyappliedin latedesignstages(whensimple

bugshave alreadybeen�ushed out), it is very commonfor thebug tracesgeneratedto bevery

complex, oftenasmuchashundredsof thousandsof cycleslong.

Anotherfamily of techniquesattractingincreasingattentionfrom industryis thatof semi-

formalveri�cation. Thesetoolscombineamix of formalandsimulation-basedtechniqueswith

thegoalof producinghigh-coverageveri�cation resultsoncomplex designs.Theseresultsmay

entailgeneratingteststhatcoveraspeci�c statecon�guration,proving or disproving aproperty

(or a checker),etc. Pureformal veri�cation techniques,suchassymbolicsimulation,Bounded

Model Checking(BMC) or reachabilityanalysis[13, 3], would be ideal to generatecompact

high-coveragetests,suchas,for instance,a minimum-lengthcounterexamplethatdisprovesa

property. Unfortunately, they do notscalewell, andcanonly beappliedto verysmalldesigns.

In themoregeneralcontext of semi-formaltechniques[1, 12, 10],heuristicsandrandomized

explorationallow designersto obtainhigh-coverageresultson designsof mediumand large

complexity, but they mustsacri�ce thegenerationof minimum-lengthcounterexamples.While

thesetoolsareapromisingdirectionin termsof high-qualityveri�cation, little concernhasbeen

givento thereductionof thecomplexity of thebug tracesgenerated.Theresultis that,oncea

bug is found,a copiousamountof effort is dedicatedto trackingit backto its cause:eitheran
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incorrectdesignimplementationor anerroneouspropertyde�nition.

Currenttrendsattemptto generatehigh-qualityresultswith lesseffort onthepartof thever-

i�cation engineer, suchasthepreviously mentionedrandomsimulationandsemi-formalveri-

�cation techniques.Thesetwo techniquesaremoreattractive whencomparedto a traditional

direct-testsimulationapproach,which canbeextremelydemanding,requiringthemanualde-

velopmentof entiresetsof speci�c teststimuli. However, thesetechniquestendto generate

extremelylongandcomplex bug traces,exasperatingthedebuggingphaseof veri�cation.

Contributions. We addresstheproblemof debuggingcomplex bug tracesby proposinga

techniquefor traceminimizationcalledButramin(“BUg TRAceMINimization”). Theobjec-

tive of Butramin is to considera bug traceand the checker (or property)that it triggersand

seeka muchshorterandsimplertraceto falsify thesameproperty. Previouswork in this area

hasbeenmostlycenteredon usingformal techniquesto simplify a property's counterexample

[18, 5]. Simulation-basedtechniquesto addressthis problemhave beenproposedin [4], a pre-

liminary versionof thiswork. In aseparatecontext, theproblemof traceminimizationhasalso

beenaddressedin softwareveri�cation [8, 11].

Butraminsimpli�es a traceby iteratively eliminatingredundantportionsof the trace. For

instance,it checksif thereareredundantsequentialsteps,or sequentialloopsthat canbe re-

moved. It alsochecksif combinationalinput eventsin a bug traceare redundant.For each

candidate,a simpli�ed traceis resimulatedto checkif it still exposestheoriginal bug. When

this mechanismis exhausted,Butraminfurther simpli�es a traceby usingX-valuesimulation

to evaluatewhich input signalsareessentialin exposingabug. Finally, a SATis�ability (SAT)-

based,�x ed-window boundedmodelchecker seeksadditional“shortcuts”in the reducedand

simpli�ed trace.Ourapproachto traceminimizationis novel in thefollowing aspects:

� It iteratively simpli�es thetraceby targetingthelength(total numberof clock cycles)as

well asthenumberof inputeventsof thetrace.

� It combinessimulationandformal techniques,which exploits the performanceof logic

simulationas far as possible,and only appliesformal techniquesto a greatly reduced

trace,requiringa muchsimpleranalysis.

� It is capableof classifyinginput variableassignmentsas essentialor nonessential,by

markingnonessentialassignmentwith anX valuein 3-valuesimulation.

� Experimentalresultsshow thatButramincangreatlysimplify counterexamplesgenerated
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by semi-formaland constrainedrandomveri�cation tools down to a small fraction of

their original sizes,andit producesconsistentresultsacrossa rangeof designsizesand

characteristics.The compacttraceslead to a mucheasierinterpretationof the activity

causingthebug.

In developingButramin,we gave top considerationto the quality of the results,sincethe

engineeringtime saved by the latter well outweighsthe executiontime of the software. We

envision a deploymentscenariowhereButraminis run overnightto preparesimpli�ed traces

to be analyzed,and found that all of our executiontimesare well within this limit. Within

this context, we additionallyevaluatedthepotentialof Butraminin minimizing high coverage

regressiontraces,thatis, traceswhich visit multiple coveragegoals.We foundthatevenin this

scenario,Butraminwascapableof exposinga lot of minimizationpotential.

Theremainderof this paperis organizedasfollows: Section2 describesrelevantprevious

work onbugtraceminimizationfor randomsimulationandboundedmodel-checking.Section3

analyzesthesourceof redundancy in bugtracesandpossiblewaysto identify andremovethem.

Section4 presentsour new bug traceminimization techniquethat relieson logic simulation,

anddescribesthe BMC-basedsearchfor counterexampleshortcuts.Sections5 and6 discuss

algorithmicaspectsof Butraminandexperimentalresults. Finally, Section7 summarizesthe

contributionsandconcludesthepaper.

2 Background and PreviousWork

Researchon minimizing propertycounterexamplesor, more generally, bug traces,hasbeen

pursuedboth in the context of hardwareandsoftwareveri�cation. In hardwareveri�cation,

existing solutionstypically minimize tracesgeneratedby boundedmodel-checking.Before

discussingthesetechniques,wegivesomepreliminarybackgroundandprovideabrief overview

of theBMC methodology.

2.1 Anatomy of a Bug Trace

A bugstateis anundesirablestatethatexposesabug in thedesign.Dependingon thenatureof

thebug, it canbeexposedby a uniquestate(aspeci�c bugcon�guration)or any oneof several

states(ageneralbugcon�guration),asshown in Figure1. In the�gure, supposethatthex-axis
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representsonestatemachinecalledFSM-X andthe y-axis representsanothermachinecalled

FSM-Y. If a bug occursonly whena speci�c statein FSM-X anda speci�c statein FSM-Y

appearsimultaneously, thenthebug con�guration will bea very speci�c singlepoint. On the

otherhand,if thebug is only relatedto a speci�c statein FSM-X but it is independentof FSM-

Y, thenthebug con�guration will beall stateson thevertical line intersectingtheonestatein

FSM-X. In this case,thebugcon�guration is verybroad.

Figure1: An illustration of two typesof bugs,basedon whether oneor many statesexposea given
bug. The x-axis representsFSM-X and the y-axis representsFSM-Y. A speci�c bug con�guration
containsonly onestate,while a generalbug con�guration containsmany states.

Givena sequentialcircuit andan initial state,a bug traceis a sequenceof testvectorsthat

exposesa bug, i.e.,causesthecircuit to assumeoneof thebug states.Thelengthof thetraceis

thenumberof cyclesfrom theinitial stateto thebug state,andaninput eventis a changeof an

input signalat a speci�c clock cycle of the trace.Oneinput event is consideredto affect only

a singleinput bit. An input variableassignmentis a valueassignmentto an input signalat a

speci�c cycle. The term “input variableassignment”is usedin the literaturewhentracesare

modeledassequencesof symbolicvariableassignmentsat thedesign's inputs.Thenumberof

input variableassignmentsin a traceis theproductof thenumberof cyclesandthenumberof

inputs.A checker signalis a signalusedto detecta violation of a property, that is, if thesignal

changesto a speci�c value,thenthepropertymonitoredby thechecker is violated,anda bug

is found. Theobjective of bug traceminimizationis to reducethenumberof input eventsand

cyclesin a trace,while still detectingthecheckerviolation.

Example1 Considera circuit with threeinputsa, b andc, initially setto zero. Supposethat

a bug traceis availablewhere a and c are assignedto 1 at cycle1. At cycle2, c is changed

to 0 and it is changed back to 1 at cycle3, after which a checker detectsa violation. In this

situationwecountfour inputevents,twelveinputvariableassignments,andthreecyclesfor our
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Figure2: A bug trace example. The boxesrepresentinput variable assignmentsto the circuit at
eachcycle,shadedboxesrepresentinput events.This trace hasthr eecycles,four input eventsand
twelve input variable assignments.

bug trace. Theexampletraceis illustratedin Figure2.

Anotherview of a bug traceis a path in the statespacefrom the initial stateto the bug

state,asshown in Figure3. By construction,formal methodscanoften�nd theminimal length

bug traceasshown in the dottedline. Thereforewe focusour minimizationon semi-formal

andconstrainedrandomtracesonly. However, if Butraminis appliedto a traceobtainedwith

a formal technique,it maystill be possibleto reducethe numberof input eventsandvariable

assignments.

Figure3: Another view of a bug trace. Thr eebug statesareshown. Formal methodsoften �nd the
minimal length bug trace, while semi-formal and constrained random techniquesoften generate
longer traces.

2.2 BoundedModel CheckingOverview

Boundedmodel checking[3] is a formal methodwhich can prove or disprove propertiesof

boundedlengthin a design,frequentlyusingSAT solving techniquesto achieve this goal. A

high-level �o w of the algorithmis given in Figure4. The centralideaof BMC is to “unroll”

a givensequentialcircuit k timesto generatea combinationalcircuit thathasbehavior equiva-

lent to k clock cyclesof theoriginal circuit. In theprocessof unrolling, thecircuit's memory
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elementsareeliminated,andthesignalsthat feedthemat cycle i areconnecteddirectly to the

memoryelements'outputsignalsatcyclei � 1. In ConjunctiveNormalForm(CNF)-basedSAT,

theresultingcombinationalcircuit is convertedto aCNF formulaC. Thepropertyto beproved

is alsocomplementedandconvertedto CNFform (p). Thesetwo formulasareconjointandthe

resultingSAT instanceI is fed into aSAT solver. If asatis�ableassignmentis foundfor I , then

theassignmentdescribesa counterexamplethat falsi�es the(bounded)property, otherwisethe

propertyholdstrue.

1 SAT-BMC(circuit, property, maxK) f
2 p=CNF(not(propert y) );
3 for k=1 to maxK do f
4 C = CNF ( unroll(circuit , k) );
5 I = C ^ p; //SAT instance
6 if ( I is satisfiable)
7 return (SAT solution);
8 g
9 g

Figure4: BoundedModel Checkingpseudo-code.

2.3 Known Techniquesin HardwareVeri�cation

Traditionally, a counterexamplegeneratedby BMC reportsthe input variableassignmentsfor

eachclock cycle andfor eachinput line of thedesign.However, it is possible,andcommon,

thatonly aportionof theseassignmentsarerequiredto falsify theproperty. Severaltechniques

thatattemptto minimizethetracecomplexity havebeenrecentlyproposed,for instance,Ravi et

al. [18]. To this endthey proposetwo techniques:brute-forcelifting (BFL), which attemptsto

eliminateonevariableassignmentat a time, andan improvedvariantthateliminatesvariables

in sucha way so asto highlight the primary eventsthat led to the propertyfalsi�cation. The

basicideaof BFL is to considerthe“free” variablesof thebug trace,that is, all input variable

assignmentsin every cycle. For eachfree variablev, BFL constructsa SAT instanceSAT(v),

to determineif v canprevent thecounterexample.If that is not thecase,thenv is irrelevant to

the counterexample,andcanbe eliminated. Becausethis techniqueminimizesBMC-derived

traces,its focusis only on reducingthe numberof assignmentsto the circuit's input signals.

Moreover, eachsingleassignmenteliminationrequiressolvinga distinctSAT problem,which

maybecomputationallydif�cult. More recentwork in [19] further improvestheperformance
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of BFL by attemptingthe eliminationof setsof variablessimultaneously. Our techniquefor

removing individualvariableassignmentsis similar to BFL asit seeksto removeanassignment

by evaluatinga traceobtainedwith theoppositeassignment.However, weapplythis technique

to longertracesobtainedwith semi-formalmethodsandweperformtestingvia resimulation.

Another techniqueappliedto modelcheckingsolutionsis by Gastinet al. [8]. Here the

counterexampleis convertedto aBüchi automatonandadepth-�rst searchalgorithmis usedto

�nd aminimalbugtrace.Minimizationof counterexamplesis alsoaddressedin [14], wherethe

distinctionbetweencontrolanddatasignalsis exploitedin attemptingto eliminatedatasignals

�rst from thecounterexample.

All of thesetechniquesfocuson reducingthenumberof input variableassignmentsto dis-

prove the property. Becausethecounterexampleis obtainedthrougha formal modelchecker,

thenumberof cyclesin thebugtraceis minimalbyconstruction.Butramin'sapproachconsiders

a moregeneralcontext wherebug tracescanbegeneratedby simulationor semi-formalveri�-

cationsoftwareattackingmuchmorecomplex designsthanBMC-basedtechniques.Therefore,

(1) tracesarein generalordersof magnitudelongerthantheonesgeneratedby BMC, and(2)

thereis muchpotentialfor reducingthe tracein termsof numberof clock cycles,asour ex-

perimentalresultsindicate.On thedownside,theuseof simulation-basedtechniquesdoesnot

guaranteethattheresultsobtainedareof minimal length.As theexperimentalresultsin Section

6 indicate,ourheuristicsprovide in practiceoptimalresultsfor mostbenchmarks.

Aside from minimization of bug tracesgeneratedusing formal methods,techniquesthat

generatetracesby randomsimulationhave alsobeenexploredin thecontext of hardwareveri-

�cation. Onesuchtechniqueis by Chenet al. [5] andproceedsin two phases.The�rst phase

identi�es all the distinct statesof the counterexampletrace. The secondphaserepresentsthe

traceasa stategraph,it appliesonestepof forward statetraversal[6] to eachof the individ-

ual statesandaddstransitionedgesto thegraphbasedon it. Dijkstra's shortestpathalgorithm

is appliedto the �nal graphobtained.This approach,while very effective in minimizing the

tracelength(thenumberof clockcyclesin thetrace),(1) doesnotconsidereliminationof input

variableassignmentsand(2) makesheavy useof formal state-traversaltechniques,which are

notoriouslyexpensive computationallyandcanusuallybe appliedonly to small-sizedesigns,

asindicatedalsoby theexperimentalresultsin [5].
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2.4 Techniquesin SoftwareVeri�cation

Theproblemof traceminimizationhasbeenafocusof researchalsoin thesoftwareveri�cation

domain. Softwarebug tracesarecharacterizedby involving a very large numberof variables

andvery longsequencesof instructions.Thedeltadebuggingalgorithm[11] is fairly popularin

thesoftwareworld. It simpli�es acomplex softwaretraceby extractingtheportionof thetrace

thatis relevantto exposingthebug. Their approachis basedexclusively on resimulation-based

explorationandit attackstheproblemby partitioningthetrace(which in thiscaseis asequence

of instructions)andcheckingif any of thecomponentscanstill exposethebug. Thealgorithm

wasableto greatlyreducebug tracesin Mozilla, a popularwebbrowser. A recentcontribution

thatdrawsuponcounterexamplesfoundby modelcheckingis by Groceetal. [9]. Theirsolution

focusesonminimizinga tracewith respectto theprimitiveconstructsavailablein thelanguage

usedto describethehardwareor softwaresystemandon trying to highlight the causesof the

error in thecounterexample,soasto producea simpli�ed tracethat is moreunderstandableby

asoftwaredesigner.

3 Analysisof Bug Traces

In thissection,weanalyzethecharacteristicsof bug tracesgeneratedusingrandomsimulation,

point out the origins of redundancy in thesetracesand proposehow redundancy can be re-

moved. In general,redundancy existsbecausesomeportionsof thebug tracemaybeunrelated

to thebug, theremaybeloopsor shortcutsin thebug trace,or theremaybeanalternative and

shorterpathto thebug. Two examplesaregivenbelow to illustratetheidea,while thefollowing

subsectionsprovideadetailedanalysis.

Example2 In Intel's �r st generation Pentiumprocessor, there wasa bug in the �oating point

unit which affectedthe fdiv instruction. Thisbug occurredwhenfdiv wasusedwith a speci�c

setof operands. If there had beena checker testingfor the correctnessof the fdiv operation

during the simulation-basedveri�cation of the processor, it is very probablethat a bug trace

exposingthis problemcouldhavebeenmanycycleslong. However, only a smallportion of the

randomprogramwouldhavebeenusefulto exposethefdiv bug, while themajority of theother

instructionscouldhavebeeneliminated.Theredundancyof thebugtracecomesfromthecycles
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spenttestingotherportionsof thedesign,which are unrelatedto the �awed unit andcanthus

beremoved.

Example3 Supposethat thedesignundertestis a FIFO unit, anda bugoccurs everytimethe

FIFO is full. Also assumethat there is a pseudo-randombug tracecontainingboth readand

write operationsuntil thetracereachesthe“FIFO full” state. Obviously, cyclesthat readdata

fromtheFIFO canberemovedbecausethey createstatetransitionsthat bringsthetraceaway

fromthebug con�guration insteadof closerto it.

3.1 Making TracesShorter

In general,a tracecanbe madeshorterif any of the following situationsarise: (a) it contains

loops,(b) therearealternativepaths(shortcuts)betweentwodesignstates,or (c) thereis another

statewhichexposesthesamebugandcanbereachedearlier.

Figure5: A bug trace may contain sequentialloops,which can be eliminated to obtain an equiva-
lent but more compacttrace.

The�rst situationis depictedschematicallyin Figure5. In randomsimulation,a statemay

bevisitedmorethanonce,andsuchrepetitivestateswill form loopsin thebugtrace.Identifying

suchloopsandremoving themcanreducethelengthof thebug trace.

In thesecondcase,theremaybe a shortcutbetweentwo statesasindicatedby arrow 1 in

Figure6, which meansanalternativepathmayexist from a stateto anotherstateusinga fewer

numberof cycles. Suchsituationsmayarisein randomtracesfrequentlybecauseconstrained

randomsimulationoften selectstransitionsarbitrarily and it is possiblethat longerpathsare

generatedin placeof shorterones.

Thethird conditionoccurswhenmultiple designstatesexist thatexposethesamebug,and

someof themcanbereachedin fewer stepscomparedto theoriginal one,asshown by arrows
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Figure6: Arr ow 1 showsa shortcut betweentwo stateson the bug trace. Arr owsmarked“2” show
paths to easier-to-reachbug statesin the samebug con�guration (that violatesthe sameproperty).

marked “2” in Figure6. If a path to thosestatescanbe found, it is possibleto replacethe

originalone.

A heuristicapproachthat canbe easilydevised to searchfor alternative shortertracesis

basedon generatingperturbationson a given trace. A bug tracecanbe perturbedlocally or

globally to �nd shortcutsor a pathto an alternative bug state. In a local perturbation, cycles

or inputeventsareaddedor removedfrom anoriginal trace.As mentionedpreviously, random

simulationselectsstatetransitionsin a pseudo-randomfashion.By local perturbation,alterna-

tive transitionscanbe exploredandshorterpathsto a tracestateor to anotherstateexposing

thebug maybefound. In a global perturbation, a completelynew traceis generated,andused

to substitutethe original one if it is shorter. One reasonwhy perturbationhasthe potential

to work effectively on randomtracesis that a pseudo-randomsearchtendsto do a lot of lo-

cal exploration,comparedto a formal tracethatprogressesdirectly to a bug. Becauseof this,

opportunitiesof shortcutswithin a traceabound.

3.2 Making TracesSimpler

After all redundantcyclesareremoved, many input eventsmay still be left. For example,if

a circuit has100 inputs and a bug traceis 100 cycles long, thereare 10,000input variable

assignmentsin the trace. However, not all assignmentsarerelevant to exposethebug. More-

over, redundanteventsincreasethecomplexity of interpretingthetracein thedebuggingphase.

Thereforeit is importantto identify andremovesuchredundancy.

We envision two waysof simplifying the input assignmentsin a trace:by removing input

eventsandby eliminatingassignmentsthat arenot essentialto reachour goal. In this latter

11



approach,inputassignmentscanbemarkedasessentialornot,basedontheirimpactin exposing

the bug. By removing nonessentialinput variableassignments,the analysisof the bug trace

duringdebuggingcanbemademuchsimpler. For example,a tracewith two input eventswill

bemucheasierto analyzethana tracewith 10,000inputevents.

4 ProposedTechniques

Basedon ouranalysis,weproposeseveraltechniquesto minimizea bug trace.An overview of

thesetechniquesis givenbelow, they arediscussedin detail in thefollowing subsections.

1. Single-cycleeliminationshortensabug traceby resimulatingavariantof thetracewhich

includeslesssimulationcycles.

2. Alternativepathto bug is exploitedby detectingwhenchangesmadeon a traceproduce

analternative,shorterpathto thebug.

3. Stateskipidenti�es all theuniquestatecon�gurationsin a trace.If thesamestateoccurs

morethanonce,it indicatesthepresenceof a loop betweentwo states,andthetracecan

bereduced.

4. BMC-basedre�nementattemptsto furtherreducethetracelengthby searchinglocally for

shorterpathsbetweentwo tracestates.

In addition,weproposethefollowing techniquesto simplify traces:

1. Input eventeliminationattemptsto eliminateinput events,by resimulatingtracevariants

which involve fewer inputevents.

2. Essentialvariableidenti�cation usesthree-valuesimulationto distinguishessentialinput

variableassignmentsfrom nonessentialones,andmarksthenonessentialswith “X”.

3. Indirectly, all cycle removal techniquesmayalsoremoveredundantinputevents.

A bugtracecanbeperturbedby eitheraddingor removing cyclesor inputevents.However,

trying all possibilitiesis unfeasible.Sincethepurposeof minimizationis to reducethenumber

of cyclesandinput events,we only useremoval in thehopeto �nd shorterandsimplertraces.

Our techniquesareappliedin thefollowing order:Butramin�rst triesto shortena traceby re-

moving certainclockcyclesandsimulatingsuchtracevariants,afterwhich it triesto reducethe

numberof inputevents.While analyzingeachperturbedtrace,thetwo techniquesof alternative
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pathto bug andstateskip monitor for loopsandshorterpaths.Oncethesetechniquesrun out

of steam,Butraminappliesa seriesof BMC re�nements.TheBMC searchis localizedsothat

we never generatecomplex SAT instancessolvingwhich couldbecomethebottleneckof Bu-

tramin. If our SAT solver timesout on someBMC instances,we simply ignoresuchinstances

andpotentialtracereductionssincewedo notnecessarilyaim for shortesttracespossible.

4.1 Single-CycleElimination

Single-cycleeliminationis anaggressivebut ef�cient way to reducethelengthandthenumber

of input eventsin a bug trace. It tentatively removesa whole cycle from the bug traceand

checksif thebug is still exposedby thenew tracethroughresimulation,in which casethenew

shortertracereplacesthe old one. This procedureis appliediteratively on eachcycle in the

trace,startingfrom cycle 1 andprogressingto the endof the trace. The reasonwe startfrom

the�rst simulationcycle is thatthisperturbationhasthebestchanceto movefaraway from the

original trace,becauseit perturbsthe early stagesof a trace. The later a removal the lessthe

opportunityto visit statesfar away from theoriginal trace.

Example4 Considerthe traceof Example1. During the �r st step,single-cycleelimination

attemptsto removecycle1. If thenew tracestill exposesthebug, weobtaina shorterbug trace

which is only two cycleslong and hastwo input events,as shownin Figure 7. Notethat it is

possiblethatsomeinputeventsbecomeredundantbecauseof cycleelimination,asit is thecase

in this examplefor theeventon signalc at cycle2. This is becausetheprevioustransitionon

c wasat cycle1, which hasnowbeenremoved.After eventswhich havebecomeredundantare

eliminated,single-cycleeliminationcanbeappliedto cycle2 and3, iteratively.

Figure7: Single-cycleelimination attempts to remove individual trace cycles,generatingreduced
traces which still exposethe bug. This exampleshows a reducedtrace where cycle 1 has been
removed.

To reduceButramin's runtime, we extend single-cycle elimination to work with several

cyclesat once.Whenthreeconsecutive cyclesareeliminatedoneby one,Butraminwill try to
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eliminatepairsof consecutive cycles. If thatsucceeds,thenext attemptwill considertwice as

many cycles. If it fails, thenumberof cyclesconsideredat oncewill behalved. This adaptive

cycleeliminationtechniquecandynamicallyextendits “window size”toquickly eliminatelarge

sequencesof cycleswhenthis is likely, but will roll backto single-cycle removal otherwise.

Note that,whendependency existsbetweenblocksof cycles,removing a singlecycle at a

time may invalidatethe bug trace. For example,removing any cycle within a PCI-X transac-

tion will almostalwayscorruptthe transaction,renderingthebug traceuseless.This problem

can be addressedby removing whole transactionsinsteadof cycles. With someextra input

from theuserto helpidentify transactionboundaries,Butramincanbeeasilyadaptedto handle

transaction-basedtraces.

4.2 Input Event Elimination

Inputeventeliminationis thebasictechniqueto removeinputeventsfrom atrace.It tentatively

generatesa variant tracewhereone input event is substitutedwith the complementaryvalue

assignment. If the variant tracestill exposesthe bug, the input event can be removed. In

addition,the event immediatelyfollowing on the samesignalbecomesredundantandcanbe

removedaswell.

Figure8: Input event elimination removes pair of events. In the example, the input events on
signal c at cycle1 and 2 are removed.

Example5 Consideronceagain thetraceof Example1. Theresultafter eliminationof input

eventc at cycle1 is shownin Figure8. Notethat theinputeventonsignalc at cycle2 becomes

redundantandit is alsoeliminated.

4.3 Alter nativePath to Bug

An alternative pathto bug occurswhena varianttracereachesa statethat is differentfrom the

�nal stateof thetrace,but it alsoexposesthesamebug. Thealternativestatemustobviouslybe
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reachedin fewer simulationstepsthanin theoriginal trace.As shown in Figure9, if statesj2,

reachedat time t2 by thevarianttrace(shown at thebottom)exposesthebug, thenew variant

tracereplacestheoriginalone.

Figure9: Alter native path to bug: the variant trace at the bottom hits the bug at stept2. The new
trace replacesthe old one,and simulation is stopped.

4.4 StateSkip

Thestateskip rule is usefulwhentwo identicalstatesexist in a bug trace.This happenswhen

there is a sequentialloop in the traceor when, during the simulationof a tentative variant

trace,an alternative (andshorter)path to a statein the original traceis found. Considerthe

exampleshown in Figure10: if statessj2 andsi4 areidentical,thena new, morecompacttrace

can be generatedby appendingthe portion from stept5 and on of the original trace,to the

pre�x extractedfrom thevarianttraceup to andincludingstept2. This techniqueidenti�es all

reoccurringstatesin a traceandremovecyclesbetweenthem,guaranteeingthatall thestatesin

the �nal minimizedtraceareunique.Statesarehashedfor fastlook-upso thatstateskip does

notbecomeabottleneckin execution.

Figure10: Stateskip: if statesj2 = si4, cyclest3 and t4 canberemoved,obtaining a newtrace which
includesthe sequence“... sj1, sj2, si5, ...”.
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4.5 EssentialVariable Identi�cation

Wefoundthat,afterapplyingourminimizationtechniques,bugtracesareusuallymuchshorter.

However, many input variableassignmentsmay still be part of the trace,andtheir relevance

in exposingthe bug may vary – somemay be essential,while othersare not. Butramin in-

cludesan“X-mode” featurefor �ltering out irrelevantinput variableassignments,whereinput

variableassignmentsareclassi�ed asessentialor not, basedon a 3-value(0/1/X) simulation

analysis.To implementthis technique,two bits areusedto encodeeachsignalvalue,andeach

input assignmentin eachcycle is assignedin turn thevalueX: if theX input propagatesto the

checker's outputandanX is sampledon thechecker's outputsignal,thenthe input is marked

essential,andtheoriginal inputassignmentis kept.Otherwise,theinput assignmentis deemed

irrelevant for the purposeof exposingthe bug. The setof input assignmentsthat aremarked

irrelevant contribute to simplify the debuggingactivity, sincea veri�cation engineerdoesnot

needto taketheminto considerationwhenstudyingthecauseof thesystem'sincorrectbehavior.

We presentexperimentalresultsindicatingthatthis analysisis capableof providing substantial

simpli�cations to thesignalsinvolvedin analreadyreducedbug trace.

Note,�nally , thatour simpli�cation technique,which relieson 3-valuesimulation,is over-

conservative, �agging irrelevant input assignmentsas essential. Consider, for instance,the

simulationof amultiplexerwherewepropagatedanX valueto theselectinputanda1 valueto

bothdatainputs. A 3-valuedlogic simulatorwould generateX at theoutputof thesimulator,

however, for our purposes,thecorrectvalueshouldhave been1, sincewe considerX to mean

“don't care”. If moreaccuracy is desiredfor this analysis,a hybrid logic/symbolicsimulator

canbeusedinstead[15, 20].

Alternatively, essentialvariableidenti�cation couldbeperformedusingaBMC-basedtech-

niquewith apseudo-BooleanSAT solver, for instance[22,23]. SuchsolverssatisfyagivenSAT

formula with the smallestpossiblenumberof assignedvariables(maximalnumberof don't-

cares).Asidefrom thesesolvers,evenmainstreamBooleanSAT solverscanbespecializedto

dothis,assuggestedin [18]. Sinceassignmentsin theSAT solutioncorrespondto inputvariable

assignmentsin thebugtrace,thoseinputvariableassignmentsareobviouslyessential.Essential

variableidenti�cation naturallyfollows by markingall otherinput variableassignmentsasir-

relevant.A similar ideahasbeendeployedalsoby Lu etal. [16] to �nd aminimal three-valued

solutionwhichminimizesthenumberof assignmentsto statevariables.
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4.6 BMC-basedRe�nement

Thistechniquecanbeusedaftersimulation-basedminimizationto furtherreducethelengthof a

bugtrace.Becauseof state-skip,afterapplyingsimulation-basedminimization,notwo statesin

a tracewill bethesame.However, thedistancebetweenany pair of statesmaynotbeminimal.

We proposehereanapproachbasedon modelcheckingto �nd theshortestpathbetweentwo

states.Thealgorithm,alsooutlinedin Figure11,considerstwo states,saysi andsj , which are

k cyclesapartin thetraceandattemptsto �nd theshortestpathconnectingthem.Thispathcan

thenbe found by unrolling the circuit from 1 to k � 1 times,assertingsi andsj asthe initial

and�nal states,andattemptingto satisfythe correspondingBooleanformula. If we refer to

the CNF formula of the unrolledcircuit asCNFc, thenCNFc ^ CNFsi ^ CNFsj is the Boolean

formulato besatis�ed. If a SAT solvercan�nd a solution,thenwe have a shortcutconnecting

si to sj . Notethat theSAT instancesgeneratedby our algorithmaresimpli�ed by thefact that

CNFsi andCNFsj areequivalentto apartialsatisfyingassignmentfor theinstance.An example

is givenin Figure12.

1 Select two states si and sj , k cycles apart
2 for l = 1 to k� 1 do f
3 C = circuit unrolled l times;
4 Transform C into a Boolean formula CNFc;
5 I=CNFc ^ CNFsi ^ CNFsj

6 if ( I is satisfiable)
7 return (shortcut si ! sj , l steps);
8 g

Figure11: BMC-basedshortcut detectionalgorithm.

Figure12: BMC-basedre�nement �nds a shortcut betweenstatesS1 and S4, reducingthe overall
trace length by onecycle.

Thealgorithmdescribedin Figure11 is appliediteratively on eachpair of statesthatarek

stepsapartin the bug trace,andusingvarying valuesfor k from 2 to m, wherem is selected
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experimentallyso that the SAT instancecanbe solved ef�ciently . We thenbuild an explicit

directedgraphusingtheshortcutsfoundby theBMC-basedre�nementandconstructthe �nal

shorterpathfrom the initial stateto thebug state.Figure13 shows anexampleof suchgraph.

Eachvertex in thegraphrepresentsastatein thestartingtrace,edgesbetweenverticesrepresent

theexistenceof a pathbetweenthecorrespondingstates,andtheedge's weight is thenumber

of cyclesneededto go from thesourcestateto thesink. Initially, thereis anedgebetweeneach

two consecutive vertices,andtheweight labelsare1. Edgesareaddedbetweenverticeswhen

shortcutsarefoundbetweenthecorrespondingstates,andthey arelabeledwith thenumberof

cyclesusedin theshortcut.A single-sourceshortestpathalgorithmfor directedacyclic graphs

is thenusedto �nd theshortestpathfrom theinitial to thebugstate.While someof theshortcuts

discoveredby BMC maybeincompatiblebecauseof thepartialconstraintsin CNFsi andCNFsj ,

theshortest-pathalgorithmwedescribeselectsanoptimalsetof compatibleshortcutswithin the

selectedwindow sizem.

Although simulation-basedtechniquesareeffective, they areheuristicin natureandmay

misslocal optimizationopportunities.BMC-basedre�nementhasthepotentialto improve on

local optimizationsby performingshort-rangeoptimalcycleelimination.

Figure13: A shortest-pathalgorithm is usedto �nd the shortestsequencefrom the initial stateto
the bug state. The edgesare labeledby the number of cyclesneededto go from the sourcevertex
to the sink. The shortestpath from state0 to state4 in the �gur euses2 cycles.

5 Implementation Insights

We built a prototypeimplementationof the techniquesdescribedin the previous sectionto

evaluateButramin's performanceand traceminimizationcapabilityon a rangeof digital de-

signs.Our implementationstrivesto simplify a traceasmuchaspossible,while providing good

performanceat the sametime. This sectiondiscussessomeof the insightswe gainedwhile

constructinga Butramin'sprototype.
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5.1 SystemAr chitecture

The architectureof Butraminconsistsof threeprimary components:a driver program,com-

merciallogic simulationsoftware,anda SAT solver. Thedriver programis responsiblefor (1)

readingthe bug trace,(2) interfacingto thesimulationtool andSAT solver for the evaluation

of thecompressedvarianttraces,and(3) �nding simpli�cations introducedin theprevioussec-

tions. The logic simulationsoftwareis responsiblefor simulatingtestvectorsfrom thedriver

program,notifying the systemif the tracereachesthe bug understudy, and communicating

backto thedriver eachvisitedstateduring thesimulation.BMC-basedminimizationwasim-

plementedusingMiniSAT [7] which analyzesthe SAT instancesgeneratedby converting the

unrolledcircuits to CNF form usinga CNF generator. The systemarchitectureis shown in

Figure14.

Figure14: Butramin systemarchitecture.

5.2 Algorithmic Analysisand PerformanceOptimizations

In the worst casescenario,the complexity of our simulation-basedtechniquesis quadraticin

the lengthof the traceunderevaluation,andlinear in the sizeof the primary input signalsof

the design. In fact, consideran m-cycle long bug tracedriving an n-input design. The worst

casecomplexity for our cycle eliminationtechniqueis O(m2), wheretheoneof theinput event

elimination techniqueis O(n � m2). All the othersimulation-basedtechniqueshave simpler

complexity or are independentfrom the sizeof the traceor design. In order to improve on
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the wall clock pro�le of Butramin,we developedan extra optimization,asdescribedbelow.

Experimentalresultsshow that theworstcasesituationdid not occurdueto our optimization,

adaptivecycleeliminationandthenatureof practicalbenchmarks.

The optimizationfocuseson identifying all multiple occurrencesof a stateso thatwe can

identify whenthesimulationof avarianttracefalls into theoriginal trace,andavoid simulating

the last portion of the variant. To achieve this, we hashall statesvisited by a traceand tag

themwith theclockcycle in whichthey occur. During thesimulationof varianttraceswenoted

that,in somespecialconditions,we canimprove theperformanceof Butraminby reducingthe

simulationrequired:after the time whentheoriginal andthe varianttracesdiffer, if a variant

statematchesastatein theoriginal tracetaggedby thesameclockcycle,thenwecanterminate

thevariantsimulationandstill guaranteethatthevarianttracewill hit thebug. In otherwords,

simulationcanbeterminatedearlybecausetheresultof applyingthesametestvectorsafterthe

matchedstatewill not change.We call this anearly exit. As illustratedin Figure15,earlyexit

pointsallow thesimulationto terminateimmediately. Oftensimulationscanalsobeterminated

early by stateskip optimizationbecausethe destinationstateis alreadyin the tracedatabase.

Experimentalresultsshow thatthisoptimizationis crucialto theef�ciency of simulation-based

minimizationtechniques.

Figure15: Early exit. If the current statesj2 matchesa statesi2 fr om the original trace, we can
guaranteethat the bug will eventually behit.

5.3 UseModel

To runButramin,theusermustsupplyfour inputs:(1) thedesignundertest,(2) abugtrace,(3)

thepropertythatwasfalsi�ed by thetrace,and(4) anoptionalsetof constraintson thedesign's

input signals.TracesarerepresentedasValueChangeDump(VCD) �les, a commoncompact
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formatthatincludesall top-level inputevents.Similarly, theminimizedbugtracesareoutputas

VCD �les.

Removing input eventsfrom thebug traceduring traceminimizationmaygenerateillegal

input sequences,which in turn coulderroneouslyfalsify a propertyor make the traceuseless.

For example,removing theresetevent from a bug tracemayleadthedesigninto anerroneous

state,generatinga spurioustracewhich doesnot re�ect a possiblelegal activity of thedesign

underveri�cation, even if the simulationof suchtracedoesexposethe original design�a w.

Consequently, whentestingsub-componentsof a designwith constrainedinputs, it becomes

necessaryto validatethe input sequencesgeneratedduring traceminimization. Therearesev-

eralwaysto achieve this goal. Onetechniqueis to markrequiredinputssothatButramindoes

not attemptto remove the correspondingeventsfrom the trace. This approachis a viable so-

lution to handle,for instance,resetandtheclock signals.For complex setsof constraints,it is

possibleto convert theminto anequivalentcircuit block connectedto theoriginal design,such

asthetechniquesdescribedin thework by Yuanet al. [21]. This extra circuit block takesran-

dominput assignmentsandconvertstheminto a setof legal assignmentswhich satisfyall the

requiredenvironmentconstraints.We deployedtheformerapproachfor simplesituations,and

we adaptedthe latter to the context of our solutionfor benchmarkswith morecomplex envi-

ronments.Speci�cally, sinceButraminstartsalreadywith a valid input tracewhich it attempts

to simplify, we wroteour constraintsasa setof monitorswhich observe eachinput sequence

to thedesign.If themonitors�ag an illegal transitionduringsimulation,theentire“candidate

trace” is deemedinvalid andremoved from consideration.For BMC-basedre�nement, these

environmentalconstraintsaresynthesizedandincludedasadditionalconstraintsto theproblem

instance.Note,however, thatthis limits BMC-basedtechniquesto beappliedto designswhose

environmentalconstraintsaresynthesizable.On the otherhand,this requirementis lifted for

thesimulation-basedminimizationtechniques.Fromour experimentalresults,we observe that

mostminimizationis contributedby simulation-basedtechniques,which rendersthis require-

mentoptionalfor mostpracticalbenchmarks.

We alsodevelopedanalternative usemodelto applyButraminto reducingregressionrun-

time. In this context, theapproachis slightly differentsincethegoalnow is to obtainshorter

tracesthat achieve the samefunctionalcoverageastheir longercounterpart.To supportthis,

coveragepointsareencodedby properties:eachof themis “violated” only when the corre-
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spondingpoint is coveredby thetrace.Butramincanthenbecon�guredto generatetracesthat

violateall of theproperties,insteadof justone,sothatthesamecoverageis maintained.

6 Experimental Results

Benchmark Inputs Latches Gates Description
S38584 41 1426 20681 Unknown
S15850 77 534 10306 Unknown
MULT 257 1280 130164 Wallacetreemultiplier
DES 97 13248 49183 DESalgorithm
B15 38 449 8886 Portionof 80386
FPU 72 761 7247 FloatingPointUnit
ICU 30 62 506 PicoJava Instr. cacheunit
picoJava 53 14637 24773 PicoJava full design
VGALCD 56 17505 106547 VGA/LCD controller

Table1: Benchmark characteristics.The benchmark setupfor VGALCD involvesduplicating this
designand modifying oneconnectionin oneof the copies.Butramin then must minimize the trace
exposingthe difference.It follows that the sizeof the benchmark wework with is actually twice as
the onereported for this design.

Circuit Bug injected Assertionused
S38584 None Outputsignalsforcedto aspeci�c value
S15850 None Outputsignalsforcedto aspeci�c value
MULT AND gatechangedwith XOR Computethecorrectoutputvalue
DES Complementedoutput Timing between receive valid, out-

put readyandtransmitvalid
B15 None Coverageof apartialdesignstate
FPU divide on zero conditionally

complement
Assertdivide on zerowhendivisor=0

ICU Constraintsrelaxed Buffer-full condition
picoJava Constraintsrelaxed AssertSMU'sspill and�ll
VGALCD Circuit duplicatedwith one Outputsmismatchcondition

wire changedin onecopy

Table2: Bugs injected and assertionsfor trace generation. For ICU and picoJava, no bugswere
injected but the constraints for random simulation were relaxed.

We evaluatedButraminby minimizing tracesgeneratedby a rangeof commercialveri�-

cationtools: a constrainedrandomsimulator, a semi-formalveri�cation software,andagaina

semi-formaltool wherewe speci�ed to useextra effort in generatingcompacttraces.We con-

sideredninebenchmarkdesignsfrom OpenCores(FPU),ISCAS89(S15850,S38584),ITC99
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(B15), IWLS2005(VGALCD), picoJava (picoJava, ICU), aswell astwo internallydeveloped

benchmarks(MULT, DES), whosecharacteristicsarereportedin Table1. We developedas-

sertionsto befalsi�ed whennot alreadyavailablewith thedesign,andwe insertedbugsin the

designthat falsify theassertions.Table2 describesassertionsandbugsinserted.Thechecker

for VGALCD is a correctduplicateof theoriginal design(which we modi�ed to containone

designerror),hencethecircuit sizewe workedwith is twiceastheonereportedin Table1. Fi-

nally, experimentswereconductedon aSunBlade1500(1 GHz UltraSPARC IIIi) workstation

runningSolaris9.

6.1 Simulation-basedExperiments

Our �rst setof experimentsattemptsto minimize tracesgeneratedby runninga semi-formal

commercialveri�cation tool with the checkersspeci�ed, andsubsequentlyapplyingonly the

simulation-basedminimizationtechniquesof Butramin,describedin Sections4.1 to 4.4. We

werenot able to completethe generationof traceswith the semi-formalveri�cation tool for

VGALCD, thereforeweonly reportresultsrelatedto constrainedrandomtracesfor thisbench-

mark. Table3 shows the absolutevaluesof cyclesandinput eventsleft in eachtraceandthe

overall runtimeof Butraminusingonly simulation-basedtechniques.Figures16 and17 show

thepercentagesof cyclesandinput eventsremovedfrom theoriginal bug traceusingdifferent

techniques.Notethatfor all benchmarksweareableto removethemajorityof cyclesandinput

events.

Circuit Cycles Inputevents Runtime
Original Remaining Removed Original Remaining Removed (seconds)

S38584 13 8 38.46% 255 2 99.22% 19
S15850 59 1 98.31% 2300 3 99.87% 5
MULT 345 4 98.84% 43843 2 99.99% 35
DES 198 154 22.22% 3293 3 99.91% 254
B15 25015 11 99.96% 450026 15 99.99% 57
FPU 53711 5 99.99% 1756431 17 99.99% 27
ICU 6994 3 99.96% 62740 3 99.99% 5
picoJava 30016 10 99.97% 675485 11 99.99% 3359

Table3: Cyclesand input events removed by simulation-basedtechniquesof Butramin on traces
generatedby semi-formal veri�cation.

With referenceto Figure16 andFigure17, we observe that the contribution of different

minimization techniquesvariesamongbenchmarks.For example,almostall the cyclesand
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Figure16: Percentageof cyclesremoved using different simulation-basedtechniques.For bench-
marks lik e B15 and ICU, state skip is the most effective technique becausethey contain small
numbers of statevariables and staterepetition is more lik ely to occur. For largebenchmarkswith
long traceslik e FPU and picoJava, cycleelimination is the mosteffective technique.

input eventsareremovedby cycle eliminationin FPUandpicoJava. On theotherhand,state

skip removesmorethanhalf of the cyclesandinput eventsin B15 andICU. This difference

canbeattributedto thenatureof thebenchmark:if therearefewerstatevariablesin thedesign,

stateskip is morelikely to occur. In general,stateskip hasmoreopportunitiesto provide trace

reductionsin designsthatarecontrol-heavy, suchasICU, comparedtodesignsthataredatapath-

heavy, suchasFPUandpicoJava. Althoughinput eventeliminationdoesnot remove cycles,it

hasgreatimpactin eliminatinginputeventsfor somebenchmarks,suchasS38584.Overall,we

foundthatall thesetechniquesareimportantto compactdifferenttypesof bug traces.

Our secondsetof experimentsappliesButraminto a new setof traces,alsogeneratedby a

semi-formaltool, but this timewecon�guredthesoftwareto dedicateextraeffort in generating

shorttraces,by allowing moretime to bespenton theformal analysisof thechecker. Similarly

to Table3 discussedearlier, Table4 reportsthe resultsobtainedby applyingthe simulation-

basedminimizationtechniquesof Butraminto thesetraces.We still �nd that Butraminhasa

high impact in compactingthesetraces,even if, generallyspeaking,they presentlessredun-

dancy, sincethey arecloserto be minimal. Note in particular, that the longerthe traces,the

greaterthebene�t from theapplicationof Butramin.Evenif theoverall impactis reduced,we
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Figure17: Number of input eventseliminated with simulation-basedtechniques.The distributions
aresimilar to cycleelimination becauseremoving cyclesalsoremovesinput events.However, input
event elimination works the most effectively for somebenchmarkslik e S38584and DES,showing
that someredundant input eventscanonly be removed by this technique.

still observea61%reductionin thenumberof cyclesand91%in inputevents,onaverage.

Circuit Cycles Inputevents Runtime
Original Remaining Removed Original Remaining Removed (seconds)

S38584 13 8 38.46% 255 2 99.22% 21
S15850 17 1 94.12% 559 56 89.98% 4
MULT 6 4 33.33% 660 2 99.70% 34
DES 296 17 94.26% 3425 3 99.91% 17
B15 27 11 59.26% 546 5 99.08% 6
FPU 23 5 78.26% 800 17 97.88% 1
ICU 19 14 26.32% 142 80 43.66% 1
picoJava 26 10 61.54% 681 11 98.38% 39

Table4: Cyclesand input events removed by simulation-basedtechniquesof Butramin on traces
generatedby a compact-modesemi-formal veri�cation tool.

Thethird setof experimentsevaluatedtracesgeneratedby constrainedrandomsimulation.

Resultsaresummarizedin Table5. As expected,Butraminproducedthe mostimpacton this

setof traces,sincethey tendto includea lot of redundantbehavior. Theaveragereductionis

99%in termsof cyclesandinputevents.
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Circuit Cycles Inputevents Runtime
Original Remaining Removed Original Remaining Removed (seconds)

S38584 1003 8 99.20% 19047 2 99.99% 16
S15850 2001 1 99.95% 77344 3 99.99% 2
MULT 1003 4 99.60% 128199 2 99.99% 34
DES 25196 154 99.39% 666098 3 99.99% 255
B15 148510 10 99.99% 2675459 9 99.99% 395
FPU 1046188 5 99.99% 36125365 17 99.99% 723
ICU 31992 3 99.99% 287729 3 99.99% 5
picoJava 99026 10 99.99% 2227599 16 99.99% 5125
VGALCD 36595 4 99.99% 1554616 19 99.99% 28027

Table5: Cyclesand input events removed by simulation-basedmethodsof Butramin on traces
generatedby constrainedrandom simulation.

6.2 PerformanceAnalysis

Table6 comparesButramin's runtimewith andwithout differentoptimizationtechniques.The

tracesaregeneratedusingsemi-formalmethodsin this comparison.The executionruns that

exceeded40,000secondsweretimed-out(T/O in the table). The runtimecomparisonshows

that early exit and stateskip have great impactson the executiontime: early exit can stop

resimulationearly, andstateskip may reducethe lengthof a traceby many cyclesat a time.

Althoughthesetwo techniquesrequireextra memory, thereductionin runtimeshows they are

worthwhile. In ICU, stateskip occurred4 times,removing 6977cycles,which resultedin a

very shortruntime. The comparisonalsoshows that adaptive cycle eliminationis capableof

reducingminimizationtime signi�cantly. This techniqueis especiallybene�cial for long bug

traces,suchasFPUandpicoJava.

A comparisonof Butramin's impactandruntimeon the threesetsof tracesis summarized

in Figure 18. The result shows that Butramin can effectively reduceall threetypesof bug

tracesin reasonableamountof time. Note,in addition,that in somecasestheminimizationof

a tracegeneratedby randomsimulationtakessimilar or lesstime thanapplyingButraminto a

tracegeneratedby a compact-modesemi-formaltool, even if the initial traceis muchlonger.

That is thecasefor S38584or S15850.We explain this effect by thenatureof thebug traces:

tracesgeneratedby randomsimulationtendto visit statesthat areeasilyreachable,therefore

statesare likely to be repetitive, and state-skipoccursmore frequently, leadingto a shorter

minimizationtime. On theotherhand,statesvisited in a compact-modegeneratedtracemode

aremorefrequentlyproducedby formal enginesandcanbehighly speci�c, makingstate-skip
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Benchmark Runtime(seconds)
[1]: cycleelimination+ [2]: [1]+stateskip+ [3]: [2]+adaptive
inputeventelimination earlyexit cycleelimination

S38584 21 19 19
S15850 11 5 5
MULT 48 43 35
DES 274 256 254
B15 T/O 58 57
FPU T/O 235 27
ICU 8129 5 5

picoJava T/O T/O 3359

Average 1697 66 64

Table6: Impact of the various simulation-basedtechniqueson Butramin' s runtime. Benchmarks
that exceededthe time limit (40,000s)arenot included in the average.Eachof the runtime columns
reports the runtime using only a subsetof our techniques: the �rst cycle elimination and input-
event elimination. The secondincludesin addition early exit and stateskip, and the third addsalso
adaptive cycleelimination.

a rareevent. The casesof FPU andpicoJava arerelevant in this context: herestate-skipsdo

not occur, andthe minimizationtime is highly relatedto the original tracelength. They also

demonstratethebene�tsof Butraminin veri�cation methodologies.

Figure18: Comparison of Butramin' s impact when applied to traces generatedin thr eediffer -
ent modes. The graph shows the fraction of cyclesand input events eliminated and the average
runtime.

6.3 EssentialVariable Identi�cation

We alsoappliedthe techniquefrom Section4.5 to identify essentialvariablesfrom the min-

imized traceswe generated.Table 7 shows that after this techniqueis applied,many input
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variableassignmentsaremarkednonessential,furthersimplifying thetrace.Notethatthecom-

parisonis now betweeninput variableassignments,not input events. Sinceall nonessential

input variableassignmentsare simulatedwith X, the simulationwill propagateX valuesto

many internalsignalsaswell. As a result,it will beeasierto understandtheimpactof essential

variableassignmentson violatedproperties.

Circuit Input variables Essentialvariables
S38584 320 2
S15850 76 2
MULT 1024 1019
DES 14748 2
B15 407 45
FPU 355 94
ICU 87 21
picoJava 520 374

Table7: Essential variable assignmentsidenti�ed in X-mode. The table compares the number
of input variable assignmentsin the minimized traces with the number of assignmentsclassi�ed
essential. All the remaining assignmentsare nonessentialand can be substituted by X values in
simulation. The initial traceswere generatedby semi-formal veri�cation software.

6.4 Generationof High CoverageTraces

In orderto evaluatethe effectivenessof Butraminappliedto reducingregressionruntime,we

selectedthreebenchmarks,DES,FPUandVGALCD, asour multi-propertybenchmarks.The

original propertiesin thepreviousexperimentswerepreserved,andthesametracesgenerated

by constrainedrandomsimulationwereused.In addition,weincludedafew extraproperties,so

thatouroriginal traceswouldexposethembeforereachingtheir lastsimulationstep,whichstill

exposestheoriginal propertywe used,asdescribedin Table2. Thoseextra propertiesspecify

a certainpartial stateto be visited or a certainoutputsignalto be asserted.Butraminis then

con�gured to produceminimizedtracesthatviolateall properties.Theresultsaresummarized

in Table8. Comparedwith Table5, it canbeobservedthat in orderto cover extra properties,

thelengthof theminimizedtracesarenow longer. However, Butramincontinuesto beeffective

for thesemulti-propertytraces.Wealsofoundthattheorderof propertyviolationsis preserved

beforeandafterminimization,suggestingthatButraminminimizessegmentsof bug tracesin-

dividually. Fromanalgorithmiccomplexity pointof view, minimizingamulti-propertytraceis
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similar to minimizingmany single-propertytraceswith differentinitial states.

While theoriginaltracesof FPUandVGALCD require20-30minutesto besimulated,post-

Butramintracesareshortenoughto besimulatedin just a few seconds.Thebene�tsof adding

theminimizedtraceto a regressionsuite,insteadof theoriginalone,areobvious.

Circuit Numberof Cycles Inputevents Runtime
properties Original Remaining Removed Original Remaining Removed (seconds)

DES 2 25196 184 99.27% 666098 17 99.99% 549
FPU 3 1046188 9 99.99% 36125365 264 99.99% 580
VGALCD 3 36595 5 99.98% 1554616 22 99.99% 25660

Table8: Cyclesand input events removed by simulation-basedmethodsof Butramin on traces
that violate multiple properties.

6.5 BMC-basedExperiments

We appliedour BMC-basedtechniqueto tracesalreadyminimizedby simulation-basedmeth-

ods to evaluatethe potential for further minimization. For VGALCD, we report only data

relatedto the minimizationof randomtracesincesemi-formaltracesarenot available. The

resultsaresummarizedin Table9, whereOrig is the original numberof cycles in the trace,

andRemovedis thenumberof cyclesremovedby this method.We useda maximumwindow

of 10 cycles(m = 10). Themain observation that canbe madeis that simulation-basedtech-

niquesareveryeffective in minimizingbugtraces.In fact,only in two cases,ICU andB15,our

BMC-basedtechniquewasableto extract additionalminimizationopportunities.Potentially,

we couldrepeattheapplicationof simulation-basedtechniquesandBMC-basedmethodsuntil

convergence,whennoadditionalminimizationcanbeextracted.

In ordertocomparetheperformanceof theBMC-basedtechniquewith oursimulation-based

methods,weappliedtheformerdirectly, to minimizetheoriginalbugtracesgeneratedby semi-

formal veri�cation andby constrainedrandomsimulation. For this experiment,the time-out

limit wassetto 40,000seconds.Resultsaresummarizedin Table10, wherebenchmarksthat

timed-outaremarkedby “T/O”. The�ndings reportedin thetablecon�rm thatourBMC-based

methodshouldonly be applied,if at all, after the simulation-basedtechniqueshave already

greatlyreducedthetracecomplexity.
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Circuit Semi-formal Compact-trace Constrainedrandom
Orig Removed Time Orig Removed Time Orig Removed Time

S38584 8 0 55s 8 0 55s 8 0 55s
S15850 1 0 2s 1 0 2s 1 0 2s
MULT 4 0 20s 4 0 20s 4 0 20s
DES 154 0 23h3m 17 0 357s 154 0 23h3m
B15 11 1 121s 11 1 121s 10 0 97s
FPU 5 0 5s 5 0 5s 5 0 5s
ICU 3 1 1s 14 2 1s 3 1 1s
picoJava 10 0 70s 10 0 70s 10 0 104s
VGALCD N/A N/A N/A N/A N/A N/A 4 0 985s

Table9: Cyclesremovedby the BMC-basedmethod: ICU and B15canbeminimized further after
Butramin' ssimulation techniques.

6.6 Evaluation of Experimental Results

We attemptedto gainmoreinsightsinto the resultsobtained,by evaluatingtwo additionalas-

pectsof theminimizedtraces.We �rst checkedhow closetheminimizedtracesareto optimal-

length tracessuchas thosegeneratedby formal veri�cation. To do so, we run full-�edged

SAT-basedBMC onourminimizedtraces.Theresultsshow thatourtechniquesfoundminimal-

lengthbug tracesfor all benchmarksexceptDES(bothtracesgeneratedby randomsimulation

andsemi-formalveri�cation). For thosetwo traces,theSAT solver ranoutof memoryafterwe

unrolledthedesignby 118cycles,andcouldnot �nish theexperiment,while no shortertraces

werefoundbetween1 and118cycleslong.

We alsotried to evaluateif the potentialfor simulation-basedtracereductionwasmostly

dueto a largenumberof bug states,thatis, a high numberof designcon�gurationsthatexpose

a givenbug (anexampleof this situationis provided in Figure1). To evaluatethis aspect,we

consideredtheoriginal non-minimizedtracesin our experimentalresults,we sampledthe�nal

stateof thedesignaftersimulatingthetraces,andwe �x edthegoalof Butraminto generatea

minimizedtracethatreachesthatexactsame�nal state.Theresultsof thisexperimentaresum-

marizedin Table11. Thetableshows that,for mostbenchmarks,thedifferencein thenumber

of input eventsandcyclesremovedis small,showing thatthesizeof thebug con�gurationhas

a minimal impacton theability of Butraminto reduceandsimplify a givenbug trace,andour

proposedsolutionremainseffectiveevenwhenthebugcon�gurationis veryspeci�c.
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Circuit Original Remained Runtime(s)
S38584 13 9 403
S15850 59 59 338
MULT 345 T/O T/O
DES 198 T/O T/O
B15 25015 T/O T/O
FPU 53711 T/O T/O
ICU 6994 700 856
picoJava 30016 T/O T/O

FPU 1046188 T/O T/O
picoJava 99026 T/O T/O
VGALCD 36595 T/O T/O

Table10: Analysis of a pure BMC-basedminimization technique. This table shows the potential
for minimizing tracesusingour BMC-basedtechniquealone.Column “Original” showsthe length,
in cyclesof the original trace, and column “Remained” shows the length of the minimized trace
obtained after applying the BMC-basedmethod. Tracesin the top-half were generatedby semi-
formal veri�cation, the onesin the bottom-half weregeneratedby constrainedrandom simulation.
Experiments are timed-out at 40,000seconds.The resultsof this table should be compared with
Table3 and 5.

7 Conclusions

This work presentedButramin, a bug traceminimizer that combinessimulation-basedtech-

niqueswith formal methods.Butraminappliessimplebut powerful simulation-basedbug trace

reductions,suchas cycleelimination, input event elimination, alternativepath to bug, state

skipandessentialvariableidenti�cation. An additionalBMC-basedre�nementmethodis used

after thesetechniques,to exploit the potentialfor furtherminimizations.Comparedto purely

formal methods,Butraminhasthefollowing advantages:(1) it canreduceboththelengthof a

bug traceandthenumberof its input events,(2) it leveragesfastlogic-simulationenginesfor

bug traceminimizationandit canscaleto industrialsizedesigns,(3) it leveragestheexisting

simulation-basedinfrastructure,which is currentlyprevalentin theindustry. This signi�cantly

lowersthebarriersfor industrialadoptionof automaticdesignveri�cation techniques.

Our experimentalresultsshow thatButramincanreducea bug traceto justa small fraction

of its original length and complexity (estimatedas numberof input events in the trace)by

usingonly simulation-basedtechniques.In fact, for mostof the benchmarksconsidered,we

foundthatButraminfoundanalternative traceof minimumlength.In additionwe showedthat

theseresultsarelargely independentof theveri�cation methodologyusedto generatethetrace,

whetherbasedon simulationor semi-formalveri�cation techniques.The impactof Butramin
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Circuit Cycles Inputevents
Original Same Same Original Same Same

trace bug state trace bug state
S38584 13 8 9 255 2 41
S15850 59 1 1 2300 3 3
MULT 345 4 4 43843 2 380
DES 198 154 193 3293 3 1022
B15 25015 11 11 450026 15 40
FPU 53711 5 5 1756431 17 112
ICU 6994 3 5 62740 3 6
picoJava 30016 10 75 675485 11 1575

FPU 1046188 5 6 36125365 17 120
picoJava 99026 10 22 2227599 16 42
VGALCD 36595 4 199 1554616 19 2068

Table11: Analysis of the impact of a bug radius on Butramin effectiveness.The table compares
number of cyclesand input eventsin the original tracesto the samevaluesfrom minimized traces
that hit the samebug, and to minimized tracesthat reachthe exactsamebug con�guration. Traces
in the top-half were generatedby semi-formal software and tracesin the bottom-half were gener-
atedby constrainedrandom simulation.

appearsto beuncorrelatedwith thesizeof thebug con�guration targetedby the trace,that is,

thenumberof distinctdesignstatesthatexposethebug.

References

[1] M. Aagaard,R. Jones,andC.-J.Seger, “Combiningtheoremproving andtrajectoryevaluationin
anindustrialenvironment,” in Proc.DAC, 1998,pp.538–541.

[2] JanickBergeron,Writing Testbenches:FunctionalVeri�cation of HDL Models, Kluwer Academic
Publishers,2ndedition,2003.

[3] A. Biere, A. Cimatti, E. M. Clarke, andY. Zhu, “Symbolic modelcheckingwithout BDDs,” in
TACAS- LNCS1579, 1999,pp.193–207.

[4] K.-H. Chang,V. BertaccoandI. L. Markov, “Simulation-basedbugtraceminimizationwith BMC-
basedre�nement,” Proc. ICCAD, 2005,pp.1045–1051.

[5] Y. A. ChenandF. S.Chen,“Algorithmsfor compactingerrortraces,” in Proc.ASPDAC, 2003,pp.
99-103.

[6] O. Coudert,C. BerthetandJ. C. Madre,“Veri�cation of synchronoussequentialmachinesbased
on symbolicexecution,” in Proc.AutomaticVeri�cation Methodsfor Finite StateSystems- LNCS
407, 1990,pp.365–373.
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