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Abstract even small size, while the intermediate steps of the computations
produce inordinately large diagrams.
CTL model checking of complex systems often suffers from the ~ Symbolic guided search uses hints, which are assertions on the
state-explosion problem. We propose using Symbolic Guided primary inputs and state variables of the model, to direct the explo-
Search to avoid difficult-to-represent sections of the state space andation of the state space. Given enough time and memory, the entire
prevent state explosion from occurring. state space is explored, or, in other words, the fixpoints are com-
Symbolic Guided Search applies hints to guide the exploration Puted exactly. However, by disabling problematic sets of transi-
of the state space. In this way, the size of the BDDs involved tions, and by visiting regularly arranged sets of states, guided search
in the computation is controlled, and the truth of a property may May dramatically improve both runtime and memory requirements.
be decided before all states have been explored. In this work, we This is illustrated in Figure 3, which shows that the application of
show how hints can be used in the computation of nested fixpoints. hints reduces the BDD sizes for the intermediate results in a CTL
We show how to use hints to obtain overapproximations useful for model checking experiment by over one order of magnitude.
greatest fixpoints, and we present the first results for backward The main contribution of this paper is the extension of sym-
search. Our experiments demonstrate the effectiveness of our apbolic guided search to CTL model checking. CTL uses back-
proach. ward search and both greatest and least fixpoint computations to
decide the truth of a formula. The experimental results presented
in [RS99b, BRS99] are for non-nested least fixpoint computation
based on forward traversal. In this work we extend guided search to
allow for nested fixpoints, and we introduce the use of hints to ob-
o . ) . tain overapproximations which is essential for efficient evaluation
Model checking is becoming a popular technique for debugging of greatest fixpoints. We also discuss incremental model checking
[Kur97]. This is especially true of circuits with complex control, 553 ajternative to overapproximations. We present the first results
for which it is often difficult to design simulation stlml_Jll that_v_\nll _ for backward state space traversal. To tackle nested fixpoints, we
expose subtle bugs. On the other hand, the exhaustive verification;noqyce two approaches basedlocal andglobal application of
afforded by model checking is often accompanied by the so-called hins The global approach is only applicable to the ECTL/ACTL
state explosion problem. A combination of technlq.u_es, includ- fragment of the logic. We present a theory of symbolic guided
ing the use of BDDs [Bry86, CBM89, McM94] or efficient SAT  ggarch that encompasses not only the results of [RS99b, BRS99],
solvers [BCCZ99], the recourse to abstract interpretations [CC77] p it also those of [CCLQ97, NEB7]. In our experiments we ana-
and assume-guarantee reasoning [CGL92], have been employed tq ;¢ the effects of the application of hints and show that concrete

mitigate the problem. The purpose of these techniques is either t05qyantages derive from the deployment of the technique we pro-
reduce the complexity of the model subjected to verification, or to ,qcq

increase the size of the problems that can be successfully analyze
without further abstraction or decomposition. The most effective

1 Introduction

The rest of this paper is organized as follows. In Section 2 we re-
; ) call basic concepts and introduce the notation used in the sequel. In
model checking approaches combine both types of attack to the gection 3 we extend symbolic guided search to CTL model check-
state explosion problem. ing. Section 4 is devoted to the experimental results, while Sec-

Symbolic guided search has been recently proposed as a way tqion 5 presents conclusions and discusses future work.
reduce the time and memory requirements of BDD-based invari-

ant checking [RS99b, Rav99] and LTL model checking [BRS99].
Symbolic guided search is based on the observation that breadth2 Preliminaries
first search exploration of the state space of the model is often in-
efficient because it needs to represent sets of states that have n
compact BDDs. It is indeed often the case that the fixpoints com-
puted by model checking algorithms have BDDs of moderate or

%he logic CTL [CE81] is defined over an alphab®tof atomic
propositions: Any atomic proposition is a CTL property, and if
¢ andy are CTL properties, then so ageA Y, ¢ V @, =, and

E¢ Uy, EGo, andEX¢. The semantics of CTL are defined over
a Kripke structureK = (S T,S,A, L), whereSis the set of states,

T C Sx Sis the transition relatior§y C Sis the set of initial states,
Ais the set of atomic propositions, ahd S— 2* is the labeling
function. The semantics of CTL are defined in Figure 1. If fairness
constraints are specified, the path quantifiers are restrictéirto
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iff ¢ € L(so) forp € A
¢ iff § & L(so) ford € A
vy iffK,sof=¢ orK,so =W

AY iff K,s0 = ¢ andK,s0 = @
EX¢ iff thereexistsapathsy, 51, . - . in K suchthat

K,s1 = ¢

K,ss EEGO iff thereexistsapathsy, 51, . - . in K suchthat
fori>0,K,;s=¢

K,ssEEd Uy iff thereexistsapathsy,si, ... in K suchthat

thereexistsi > 0 for whichK,s = ¢, and
for0<j<i,K,sj=¢.

Figurel: Semanticof CTL.

negationof anECTL formula. A propertythatis neitherECTL nor
ACTL is amixedproperty.

Booleanoperatorsother than A, Vv, and -, and the operators
EF, AX, AG, AF, and AU canbe definedas abbreiations, e.g.,
EFO=E(¢V—-9) U ¢, AXd=-EX-d,AGd) =—-EF =), AFp =
-EG—¢,andAd¢ U p=-(E-p U —(¢VP)) A—EG—Y . Clearly,
the abbreiations should be expandedbefore checkingwhethera
formulais an ECTL or ACTL formula. We refer the interested
readerto [Eme90]for additionaldetailsand for a comparisonof
CTL to othertemporallogics.

The modelcheckingproblemfor CTL with fairnessconstraints
canbe translatednto the computationof fixpoints of appropriate
functionals]McM94]:

EQUY = pZYV(PAEXZ), 1)
EG) = VZ.OAEXZ, @)
EcGd = VZ.OAEXAcc(EZU(ZAC) ,  (3)

whereC is asetof setsof stateghatmustbetraversednfinitely of-
tenby afair path,andwherewith customaryakuseof notation,we
identify a formulaandthe setof stateswhereit is satisfied.When
identifying formulaewith their satisfyingset, we will sometimes
annotatehe formulawith the transitionrelationit is evaluatedun-
der, to avoid confusion.The abore formulationrelieson badkward
seach. Thoughmostof theresultspresentedh this paperapplyto
forward modelchecking[INH96] aswell, we will limit ourdiscus-
sionto the traditionalformulation. Most of the work in backward
searchs performedby the preimage computationwhich computes
all predecessorsf a given setof statesat eachiterationof the fix-
pointcomputation.

NotethatEU, EG, andEX aremonotonicbothin theiraguments
andin thetransitionrelation. Formally, let K be asbefore,andlet
K'=(ST',S,AL). f TCT, ¢ C¢', andy C Y/, thenK,s=
EX¢ impliesk’,sl= EX¢’, K,sl=EG¢ impliesK’,s=EG¢’, and
K,sl=E¢ U W impliesK’,s}= E¢’ U'. Sincethe operatorsh
andV arealsomonotonic,ary ECTL formula ¢ thatis true under
transitionrelation T is alsotrue undertransitionrelationT' D T,
anddually ary ACTL formula ¢ thatis falseunderT is alsofalse
undertransitionrelationT’ D T. Sincenegationis not monotonic,
the correspondingtatementannot be madefor mixed properties.

3 Guided Search for CTL

3.1 Guided Search

CTL modelcheckingalgorithmscomputea satisfyingsetfor each
formulaandsubformula.ln subformulaghat areexpressedsfix-
points,the symboliccomputationsiaturallyresultin a breadth-first
explorationof the stategraph.

A breadth-firssearchof the statespaceoften suffers BDD size
explosion. BDD sizesare dependenbn the setsof statesbeing
explored (iteratesof the fixpoint computation). Experimentalev-
idenceshaws thatthe BDD sizesat the beginning and end of the
computationare often much smallerthan the intermediatesizes.
(SeeFigure3.) This suggestshatthe sizeexplosionmaybe duein
partto the breadth-firsinatureof the search;morewer it suggests
thatthe BDD sizesmaybecontrolledby modifyingthesearctstrat-
egy [RS99a,CCLQY7,NI1J+97, RS99H.

In majority of modelcheckingruns,large BDDs arisein preim-
age computation.Thekey factorsin preimagecomputationarethe
stateswhosepredecessorare being computedand the transition
relation.By modifying either thenatureof thesearchmaybemod-
ified. Theflexibility availablein modifyingthetransitionrelationis
capturedby thefollowing definitionandtheorems.

Definition 1 Let L be a finite lattice and let T = {14,...,1«} be
a finite setof monotonicfunctionsL — L. For I1,l> € L, letl; Ul»
(I1.n1) betheleastupperbound(greatestowerbound)ofl; andls.
For o afinitesequenceverT, letts bethefunctionL — L obtained
by composingall the functionsin o in the order specifiedby the
sequenceWe saythat o is 0-closed(1-closeq if, for 1 <i < k, we
haveti(15(0)) = 16(0) (ti(T6(1)) = T6(1)). Aninfinite sequence
o =(01,...,0n,...) over T is fairif, for n> 0 andfor 0 < j <k
ther existsi > n sud thatgj = 1.

Theorem1 Lety= J;c1 T bethe pointwiseleastupperboundof
all thefunctionsin T. LetT = {f1,..., T}, with 1 = AxxUT;. Let
o be a fair sequencever T. Theno hasa finite prefix p that is
0-closedandsud that 1, (0) = pxy.

Theorem2 Letf =Nt T bethe pointwisegreatestower bound
of all thefunctionsin T. LetT = {%1,..., T}, with 1 = AxxN ;.
Leto beafair sequencever T. Theno hasa finite prefix p thatis
1-closedandsud thattp(1) = vx.B.

Theoreml saysthat a setof underapproximationsf the tran-
sition relation of a systemcan be usedto computethe leastfix-
point underthe true transition relation, provided the approxima-
tions “add up” to the true relation. To ensureconvergenceto the
fixpoint, one can apply the approximatetransitionrelationsuntil
nooneyieldsary new states(Thisis, for instancetheapproactof
[CCLQ97,NI1J*97].) Alternatively, onecanapplyeachapproxima-
tion to corvergence aslong asthelastapproximationis theoriginal
transitionrelationitself. (Thisis theapproactof [RS99b,BRS99].)
For greatesfixpointswe candually useoverapproximationsf the
transitionrelation. Notice that computingthe leastfixpoint under
the original transition relation starting from the resultsobtained
with the approximationamay be dramaticallymore efficient than
computingit from scratch.

Theoreml andTheorem2 do not dictate(or even suggesthow
the underapproximationshouldbe derived from the transitionre-
lation of a system.In our applicationwe mostly apply the method
of [Rav99, BRS99]. This methodtendsto corverge rapidly to the
fixpoint without suffering a BDD sizeexplosion,in spiteof apply-
ing the original transitionrelation at the end of the computation.
Theapproximationsppliedbeforerestoringthe original transition
relationguidethe statesearchin the fixpoint computation—hence
thetermguidedseach.

Symbolicguidedsearchis accomplishedwvith hints Hints are
assertion®n the statesor primary inputsof the system.Hints can
beappliedto restrictthebehaior of thecircuit by allowing only be-
havior thatis consistentith the hint: transitionsout of a statethat
violatesthe hint aredisabled. This resultsin an underapproxima-
tion of thetransitionrelation. Thesamehint canbe appliedto allow
morebehaior by allowing ary transitionfrom a statethatviolates



the hint, resultingin an overapproximation.This dual useof the
hint parallelsthedualcharacteristicef leastandgreatesfixpoints.

Thestrength®f guidedsearcharethreefold,addressinghemost
importantbottlenecksn modelchecking.

1. Hints simplify thetransitionrelation, makingpreimagecom-
putationmoreefficient.

2. Guidedsearchis gearedto exploring regular subsetf the
statespaceavoiding BDD blowup.

3. The resultsobtainedin a simple systemusing one hint are
employed towardsthe exactresult,requiringlesswork in the
morecomplicatedexactsystem.

Hints are provided by the user basedon the knowledge of the
designathand butrequirelesseffort onthepartof thedesignethan
detailedsimulationstimuli, while retainingthe completecoverage
of modelchecking.

Hints may be property-depender(ivhenthey directthe search
towards statesthat will prove the property either true or false),
system-dependeifivhenthey exploit knovledge of the designto
addresghebottleneckf computation)pr both. By contrastonly
property-dependentints are applicableto non-symbolicguided
searcHYD98].

Hintsareofteneasyto find; [RS994 identifiestypesof hintsthat
canbeusedto avoid difficult computationsThesencludechoosing
asimplemodeof operationof acomple circuit (e.g.,anALU), or
sequencingheuseof registersin abankto avoid BDD blowup due
to symmetries. We will illustrate the use of hints for under and
overapproximatiorwith anexample.

3.1.1 Example

Gcd is a circuit implementinga variation of Euclid’'s algorithm
[EucBC] for 8-bit numbers. We have two propertiespertaining
to the terminality of the algorithm. Oneis of the form AG (p —
EXEXEXQ), stating that a computationcan always terminate
within threeclock ticks. The other of the form p — AF g, states
that a computationhasto terminateeventually The first property
is falseandthe seconds true,becausealthoughthe algorithmmay
take morethanthreeiterations,t doesterminate.

Both propertiesarerelatively hardto computedueto the wide
datapath. Gcd hastwo eight-bitnumbersstoredat ary time. The
two numbersarestronglyinterdependentyeingthe resultof mul-
tiple iterationsof Euclid’s algorithm. The setsof statesgenerated
duringanexplorationof the statesspacearequitecomple andhard
to representisingBDDs.

Hence,we explore the circuit with a narrov datapatkfirst, and
thenwidenthe datapattonebit atatime until we have includedall
eightbits. Thus, we fully explore the part of the statespacethat
usesonly the lower order bits, beforewe startexploration of the
partsthatalsousethe higherorderbits. As evidentfrom Table1,
this sequencef hintsis quite successfufor both properties.The
exploration of the statespaceis very regular, and we avoid BDD
blowup.

We discusshe effectsof the hints on the leastand greatesfix-
pointcomputationsn moredetailin Section3.2.1.

3.2 Under- and Overapproximations

When we compareCTL model checkingto invariant checking
[RS99Db], or to the languageemptinesscheckfor terminal Biichi
automataBRS99], one finds three major differences:Both least
andgreatesfixpoints mustbe computed nestedfixpoints may be
present,and state-spacexplorationis usually donebackward in-
steadof forward. In this sectionwe will discusshow to useguided

in: Kripke structure(S T, S, A, L),
hintshy,...,hy € S with h, = S and
setsof statesp andq.

out: thesetof statessatisfying[Ep U q]r.

iterate= q;
forh=hy,...,hydo
T =Tn(hxS9);

while iteratechangeslo
iterate= iterateU (pN [EX (iteratg)] )
od
[l invariant:[Ep U g7+ C iterateC [Ep U qJt
od
Il invariant:iterate= [Ep U g]t
return iterate

Figure2: Pseudo-codéor computingE (p U g) with (local) hints.
Formulaeareannotatedvith the transitionrelationthey pertainto.
Notethatwe do notrequireh; C hj 1.

searchfor both leastand greatestfixpoints. In Section3.3 we
will discussnestedfixpoints. We will illustrate the effectiveness
of guidedsearchon backwardstraversalin the examples.

Theuseof hintsfor leastfixpointsis well knowvn from [RS99b,
BRS99]. Oneway to usehintsfor greatesfixpoints relieson the
dualnatureof leastandgreatesfixpoints.

For leastfixpoints, we limit the stateshatareacquiredat every
iteration. Givena Kripke structure(§ T, S, A,L) andahint h, we
computethe underapproximatio’ = T N (h x ) that consistsof
thetransitionsin T out of a statethatsatisfiesh. SinceT’ contains
no transitionsfrom stateshatdo not satisfyh, the iterateof Equa-
tion 1 doesnot acquirestateghatcanonly reachy via atransitions
onwhichhis false.In particular stateghatviolate h arenever vis-
ited. We shaw the pseudo-codéor computationof a leastfixpoint
usinghintsin Figure2.

For overapproximationsthe iterateis monotonicallyshrinking.
We hencelimit the statesthat are removed at every iteration: To
obtainanoverapproximatiorfrom hint h, we changethe transition
relationof our systemto T’ = T U ((S\ h) x S), addingtransitions
from statesviolating h to all states.In particular thesestateshave
a self loop. If we considerEquations2 and 3, we seethat this
prevents statesviolating h from being removed from the iterate.
Also, it preventstheremoval of stateghathave a pathwithin ¢ to a
statethatviolatesh.

For the leastfixpoint, we preventstatesfrom beingaddedto the
iterateif they satisfy—E (h U hA ). Ontheotherhand for greatest
fixpoints, we prevent statesfrom being removed from the iterate
if they satisfyE(¢ U ¢ A—h). Sincethe latter propertyis clearly
wealerthantheformer (it only requiresthe existenceof onepath),
hints for overapproximatiommay; if not chosencarefully impede
progressof the greatesffixpoint computation. In particular hints
that refer to primary inputs are of no usefor overapproximation:
They donotallow ary statedo beremovedfrom theiterate.

3.2.1 Example

In gcd we usethe samehints for leastandgreatesfixpoints. For
thefirst propertywe computea leastfixpoint. Herethe algorithm
approximateghetransitionrelationby deletingary transitiondrom
stateswith ary of the higherorderbits set. This restrictsthe states
thatareaddedto theiterateto thosewith the higherorderbits set
to zero.For thesecondoroperty we useanoverapproximatiorthat
addstransitionsfrom stateswith a higherorderbit setto ary state.
This, dually, preventssuchstatesfrom beingremaedfrom theit-
erateof the greatesfixpoint.



Notethatin this casethehintscombinequitewell with backward
exploration. in Figure 3, we seethe BDD sizesduringthe compu-
tationof p — AF . Notethe sevenhumpsin the computatiorwith
hints. Eachone correspondso the breadth-firstexplorationusing
onehint. Theexplorationusingthefirst hint (computingthegcd of
one-bitnumbersjs tootrivial to beapparentn thegraph.

3.2.2 Incremental Fixpoint Update

An alternatve to using underapproximationgor least fixpoints
and overapproximationgor greatesfixpointsis to useincremen-
tal modelchecking.Incrementatechnique$SS94 Swa9q address
the problemof reevaluatinga fixpoint after a changein the transi-
tion relation. In particular supposeve wishto evaluatethegreatest
fixpoint EcG p, in theKripke structure(S T, S, A, L), usingunder
approximationslefinedby hintsh, andh,. Fromthesehintswe ob-
taintwo transitionrelationsTy = TN (hy x S), andT, =TN(h2 x ).
Note thatin general, T, may containedgesthatarenotin T,, and
vice-versa.

First, we computeS; = [EcG pl1,, the exactfixpoint usingtran-
sitionrelationT;. Then,to obtainthesetS, = [EcG pt,, we could
computethis valuedirectly usingT,. Thisis wasteful,sinceit does
notmalke useof theinformationobtainedusinghint h;. Insteadwe
will computean overapproximatior8’ of S, with help of S;, and
useit asa startingpoint of our greatesfixpoint computation.Let
D bethesetof destinatiorstatesof thetransitionsthatarein T but
notin Ty, andlet

F = [EcGtruey,

g = [ECG S_L]TlﬂTza

S" = [EpU(pAFA(SVD)),,and
S = [EcGYy,.

Here, F is the setof fair statesof T,. It is easilyseenthatS =

[EcG plt1nT2 (T1 N T2 hasall the edgeshatappeaiin both T; and
T,), becauses; is an overapproximatiorof this set. Also, S C S,.

Usingtechniquedrom [SS94,Swa96] onecanprove thatS’ is an
overapproximatiorof S,. The basicunderlyingfactis thata cycle
within p eitherexistsin Ty N T, or hasanedgein it thatisin T, but

notin T;. FromS’ O S it follows thatS” = S,. A dualtechnique
canbe usedfor leastfixpointsandoverapproximations.

The setF may be expensve to compute but we canuseincre-
mentaltechniquesto computethis set, too, or we canreplaceit
with anoverapproximatiorthatis moreeasilycomputed Onesuch
overapproximatioris true.

Notethatif S’ = p, which cannotalwaysbe prevented we have
wastedour effort, andour computatiorof S” is equivalentto com-
puting [EcG p]y, directly. Althoughresultspublishedn theincre-
mentalsearcHiteraturearepromising we have notyetexploredthe
practicalbenefitsof this approachn the settingof guidedsearch.

3.3 Nested Fixpoints

Guidedsearchcan be appliedto nestedfixpoint computationsn
severalways: Hints canbe appliedin sequencéo eachfixpoint in
theformulauntil thefixpoint is computedlocally) or eachhint can
appliedin successiorio the formula as a whole (globally). The
formerapproactcomputeghe exactsatisfyingsetof eachfixpoint
subformulawith the help of approximationf the fixpoints com-
putedwith eachhint. Applying hints globally initially createsap-
proximationsof eachsubformulaandwith successie hintsrefines
thesesatisfyingsets.Whereadocal hintscanbe appliedto all CTL
formulae globalhintsareapplicableo ECTL andACTL properties
only.

Consideithe ECTL fragmentandunderapproximatiorner adis-
cussionof global hints. We apply the hints in sequencepneat a

time, to the original transitionrelationto createa subset.We then
evaluatetheentireformulaunderthistransitionrelation,storingthe
satisfyingsetsof eachsubformula. The satisfyingsetof anECTL

subformula,computedwith a subsebf thetransitionrelationsis a
subsetof the exact satisfyingset. (SeeSection2.) Hence,if the
satisfyingsetof the top formula containsall initial statesthenthe
formulais true. If it doesnot,we applythenext hint, andreevaluate
theformulausingthenew transitionrelation. The satisfyingsetsof

the subformulaethat have beencomputedduring evaluationwith

the previous hint areusedto startthe next fixpoint computation.

The presenceof negationson subformulaeother than proposi-
tional formulaepreventsthe useof globalhints,becausave cannot
mix under andoverapproximationsHence globalhintscannotbe
appliedto mixed properties. For suchproperties,we apply hints
locally at every subformula.We thuscomputethe exact satisfying
setfor every subformula.

In ourimplementationyve allow for earlyterminationof thefix-
point computationsassoonasit is clearthatall initial stateswill
satisfytheformula,or thatsomeinitial statewill violateit. Thiscri-
terionis only usedfor the outerfixpoint of a CTL formula. Guided
searchcombineswell with early terminationbecauseve may be
ableto decidethetruth of a formulabasedon a simplified system,
without having to computethe exactresultsof thefixpoints.

3.4 Analysis and Comparison to Prior Work

Somepropertiesareinherentlybettersuitedto guidedsearchthan
others. They malke betteruseof the two importantfactors: Reuse
of previouscomputationsandearlytermination.

Typically, leastfixpoint computationcanmake gooduseof re-
sultscomputedundera previous approximation.A notableexcep-
tionisanEU formulawith anemptysatisfyingset. Evaluatingsuch
aformulain anunderapproximategystemwill yield anemptyset,
causingno simplificationin thenext computation.This meanghat
the evaluationunderthe hints is wastedeffort. Suchpropertiesdo
occurin practice(SeeSection4), often asinvariants. They area
specialcaseof the robust propertiesof [Eis99]. Theseproperties
aretypically easyto prove without hints.

Using approximationsof the transitionrelationto increaseef-
ficiengy of model checkingis a well-known technique. The au-
thorsof [CGL92, Kur94, LPJ"96, KMP98, CHM*96] have exper
imentedwith approximationssabstraction®f the system.These
approximationsare constructecbasedon someinformation of the
design.OtherresearcherfCCLQ97,NIJ*97, RS99h PH97 have
experimentedvith techniquedasedon controllingthe BDD sizes.
Guidedsearchakesadwantageof the knowvledgeof the systemand
applieshintsthatreducethe BDD sizes. The combinedadwantage
offered may greatly benefitmodel checkingin termsof effective-
nessandapplicability

4 Experimental Results

All experimentswvererunonanIBM machinewith a400MHzPen-
tium Il processoand1GB of RAM. The memoryusewaslimited
to 750MB andrunswerelimited to onehourof CPUtime. For ev-
ery example,we performedmodelcheckingbothwith andwithout
precedingeachabilityanalysis.We reportthe besttimesfor every
instance.

Vsais a scaled-den modelof a DLX-style processar It has
four registers,of which register0 alwaysholds0, andits datapath
is five bits wide. The processohasthe usualload, store,branch,
arithmetic,andlogicaliinstructions.We checkatrue propertyof the
form EF p. The hintsthatwe usearedesignedo explorethe state
spacein a mannerthat is asregular as possible. First, we allow
only loadsto oneregister goingfrom register1 to 3 in order Then
we do the branchesandthe storesandfinally we usethe original
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Figure 3: BDD size for model checkingusing breadth-firstand
guidedsearchpn Gced for the greatest-fixpoinpropertyp — AF q.

Thesizesreportedarethe maximumsizefor intermediateroducts
in eachpreimagecomputation.

transitionrelation. The hints sequenc¢he useof the dataregisters
to breaksymmetrybetweenthe registers,insteadsaturatingthem
one by one[RS99b]. The hints successfullyforce the backward

model checkingalgorithmto only considerstatesthat could have

beencausedy certaininstructions preventingit from strayinginto

partsof thestatespacahathave complicatediependencidgsetween
variouslatchessuchastheregistersandthe ALU inputandoutput.
This significantly reducegime, and especiallymemoryconsump-
tion.

The secondpropertywe tried on this designwasa mixed prop-
erty of theform AGEF g. The propertypassesandalthoughearly
terminationdoesnot help here,hints reducetime andmemoryuse
by about25 and30 percentrespectiely.

Soapis amodelof atoken-passinglgorithmfor distributedmu-
tual exclusion[DK98], in which processorgan be resetwith an
externalinput. Thetokenis passedilonga spanningreeof a net-
work of processors.We usea propertythat passespf the form
EF(pAEXEqU r). The propertyis quite localized: It only per
tainsto two processorsandtheonesin betweerthem,thatpasshe
token from oneto the other The sequencef hints we useturns
on two processorat a time, leaving the restdisabledby keeping
their resetinput high. In thisway, the algorithmexploresa smaller
instanceof the soapmodelbeforemaving onto a modelwith more
processorsEarlyterminationis crucial. It allows usto finishbefore
everturningonall processors.

Our third designis Vsp, a pipelinedversionof Vsa For Vsp
we have aninvariant (AG p), that holds. This is a good example
of a propertythat doesnot allow for speedupusinghints. In this
designthe preimageof —p underthe exacttransitionrelationis the
empty set. Therefore,the preimageof —p also equalsthe empty
setunderary subsetof the relation. We have onehint here,plus
the exacttransitionrelation,andsincetheresultof modelchecking
usingonehint cannothelpthenext one, we dothesamework twice.

We have discussedscd in Section3.1.1. Notethatfor thefirst,
falseproperty early terminationworkswell by finding the shortest
possiblecountergample.

Rcnumis animplementatiorof the“rollercoastemumbers”.We
aregiventhefunction

[ n/2 if nis even,
f(”)—{ an+1 if nisodd

Tablel: Performancef guidedsearch.

experiment procedure time(s) peakBDD nodes
Vsa standard 140 5.5M
EFp earlyterm. 79 5.3M
hints 24 0.8M

hints+ e.t. 24 0.8M

Vsa standard 58 4.7M
AGEFq earlyterm. 58 4.7M
hints 44 3.2M

hints+ e.t. 44 3.2M

Soap standard >3600 N/A
EF (pA earlyterm.  >3600 N/A
EXEqUr) hints >3600 N/A
hints+ e.t. 38 4.1M

Vsp standard 41 2.1M
AGp earlyterm. 41 2.1M
hints 72 2.5M

hints+ e.t. 72 2.5M

Ged standard 1600 20.5M
AG(p— earlyterm. 12 1.7M
EXEXEXq) hints 130 9.1M
hints+ e.t. 12 1.7M

Gced standard 1100 21.5M
p— AFq earlyterm. 1100 21.5M
hints 22 2.0M

hints+ e.t. 22 2.0M

Rcnum standard 2400 26.9M
AFp earlyterm. 2400 26.9M
hints 1000 15.0M

hints+ e.t. 1000 15.0M

Ethernet standard 99 4.2M
EFEGp earlyterm. 99 4.2M
hints 88 6.2M

hints+ e.t. 88 6.2M

The questionis whetherfor every naturalnumbern thereis ani
suchthat f'(n) = 1. Thisis anopenproblem.Ourimplementation
uses25 hit numbersandchangesf to return0 whenan overflow
occurs. Thetrue propertythat we checkis that every computation
eventuallyendswith thenumberO or 1, or in otherwords,thatthere
is a pathfrom ary numberto 0 or 1. Our hintsaremuchlike the
hintsfor gcd They keeptheb higherorderbits of the datapathset
to O for decreasindp. Thuswe first computeall numberghathave
a pathto 1 in arestrictedsystem. Thenwe usethesenumbersto
computethenumbergeachingl in amorerelaxed systemmaking
useof theinformationwe have gainedon thesmallerdatapati{ary
pathwill endwith atail of smallnumbers) Early terminationdoes
nothelphere,sinceevery stateis aninitial state.

Ethernetmodelscommunicatiorbetweera setof processorsis-
ing the Ethernetprotocol. This circuit hasthreeprocessorsEach
processorequestslatanon-deterministicallandmustreceve data
whena requestis asserted.The transmittermoduleis responsible
for transmittingdatato the channel. A requestis resetwhenthe
transmittemodulesignalssucces®r failure. The propertychecks
whetheraprocessocanstayin arequesassertedtateforever. This
propertyfails on this circuit, i.e., it is never possibleto remainin
arequeststateforever. The original modelcheckingrun takes99
seconds.The property-dependeritint in this caseassertshe con-
ditionswheretherequesmustberesetto forcethepropertyto fail.
Thesecondition are characterizedy the transmittermodule sig-
naling succes®r failure. The hint is appliedto obtainan overap-
proximation,sothatwhenthe processois waiting for success#il
acknavledgefrom the transmittertransitionsto ary stateis possi-



ble. The modelcheckingrun with hintsis aidedby the simplified
tranditionrelationandtheresultingrun takes88 seconds.

5 Conclusions

We have presentedan approachto efficient symbolic CTL model
checkingthat relies on userprovided hints. The approachallows
an exact evaluationof CTL formulaswhile avoiding BDD explo-
sion and can be effectively combinedwith the detectionof early
terminationconditions.

We have introducedhe useof guidedsearcHor overapproxima-
tion, andshawn thefirst resultsfor backwardsmodelcheckingand
greatesfiixpoint computations.We have discussedhe possibility
of usingincrementalmodelcheckingin combinationwith guided
searchhut we have not experimentedvith this option.

Guided searchworks well in avoiding BDD size explosion
by simplifying the transition relation, and avoiding difficult-to-
represensubsetof the statespace.Employing hints provided by
the user the searchconcentratesn specificpartsof the statespace
that are easyto representind supply a good startingpoint for ex-
plorationof theentirestatespace.

Symbolicguidedsearchspeedsip CTL modelcheckingandhas
beenshavn elsavhereto benefitLTL modelcheckingaswell as
w-regularlanguagecontainmenfBRS99]. Combiningthe two ap-
proacheyieldsaguidedsearchalgorithmfor CTL* [EL87], which
we planto implement.

More work remainsto bedonein theintegrationof ourapproach
with existing techniguedor abstractionln particular we areinter-
estedin the combinationof guidedsearchwith theiterative refine-
mentscheme®f [PH97,Jan99.
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