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Executive Summar y

Thisdocumentcontainsthedescriptionof thework performedundertheeffort for
Deliverable3.2/9 for the improvementsof the NUSMV staticpropertychecking
tool basedon thealgorithmicframework reportedin [10] andin [12, 11].

Purpose

Thepurposeof this documentis to describethework performedundertheeffort
for Deliverable3.2/9aimingat theintegrationwithin theNUSMV staticproperty
checkingtool of theimprovedalgorithmsreportedin [10] andin [12, 11]. Thenew
functionalitiesof thetool arefully describedin theNUSMV usermanual[15] (also
in AppendixA). Thisdocumentis intendedto accompany theusermanual.
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Intended Audience

Thisdocumentis intendedfor individualswhowork with NUSMV andarefamil-
iar with BoundedModelChecking.It is assumedthatreadersarefamiliarwith the
functionalitiesandarchitectureof NUSMV.

Backgr ound

NUSMV wasborn asan openarchitecturefor modelchecking;it' s goal is that
of providing userswith an academictool that offers a wide rangeof veri�cation
techniques(e.g.BDD-based,BMC SAT-based,induction-based),andis amenable
to beextendedbasedon theusers'needs.NUSMV hashundredsof active instal-
lation worldwide,someof which in industrialsettings,andhasbeenusedbothto
facereallife problemsandto provide proofof conceptsfor new researchachieve-
ments.Seehttp://nusmv.irst.i tc .it for moreinformationon the NUSMV
systemandfor a list of known projectsrelatedto NUSMV.

In theframework of thePROSYDproject,ITC-irst committedto updateits tool to
someof the improvementsto SAT basedstaticpropertycheckingasdescribedin
D3.2/1andfurtherextensions.ITC-irst hasundertakenthis taskin thisdeliverable
(Deliverable3.2/9),andthis reportis a descriptionof theactivities carriedout to
ful�ll it.
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Glossar y

BDD

A binary decisiondiagram(BDD) is a datastructurethat is usedto representa
Booleanfunction. TheBooleanfunctionis representedin a BDD asa rooted,di-
rected,acyclic graphwhereeachnon-terminatingvertex is labeledby a variable
andhastwo directededgesconnectingto child nodes.Oneedgerepresentsavari-
able's assignmentto zeroandtheotherrepresentsanassignmentto one.A 1 or 0
labelsall terminalvertexes[3].

BE, BooleanExpression

In NUSMV this is anabstractionlayerbuilt over a RBC structure.In thecurrent
implementationaBE is avery thin wrapperaroundRBC,sothatspeakingof RBC
or BE is thealmostthesame.

BMC, BoundedModel Checking

BoundedModel Checkingis a veri�cation techniquebasedon the reductionof
model checkingto the satis�ability of a propositionalformula that representsa
boundedencodingof themodelcheckingproblem[2].

DIMA CS

A standardformatfor �les containingthedescriptionof asatis�ability problem.

LTL, Linear Time Temporal Logic

LinearTime TemporalLogic is a temporallogic for propertyspeci�cationin for-
mal veri�cation [17].

Model Checking

Modelcheckingis amethodfor formally verifying �nite-stateconcurrentsystems.
Speci�cationsaboutthesystemareexpressedastemporallogic formulas,andef-
�cient symbolicalgorithmsareusedto traversethemodelde�ned by thesystem
andcheckif thespeci�cationholdsor not [5].

NUSM V

An academictool that implementsan openarchitecturefor modelchecking,that
providesthe userswith a rich setof veri�cation techniques,andwhich hashun-
dredsof active installationsworldwide.NUSMV is developedby ITC-irst [16].

NUSM V language

Theinput languageof NUSMV [15].

Property

A collectionof logicalandtemporalrelationshipsbetweenandamongsubordinate
Booleanexpressions,regular expressions,andotherpropertiesthat in aggregate
representasetof behaviors.

PSL

PropertySpeci�cationLanguage,the languagefor speci�cationof designsupon
whichPROSYDis based[18].
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RBC

ReducedBooleanCircuits, are a representationof propositionallogic formulae
basedon directedacyclic graphsthat allows to reducethe size of the resulting
graphsby exploiting sub-formulasharing.

Regular expression

A regularexpressionis apatternor expressionthatdescribesasetof �nite words.

SERE

SequentialExtendedRegularExpressionsarethePSL versionof regularexpres-
sions[18].

SAT: Propositionalsatis�ability

PropositionalSatis�ability (SAT) is the problemof decidingwhethera boolean
formulain propositionallogic hasanassignmentthatevaluatesto true.

SAT Solver

An algorithmthatdecidesaSAT problemandreturnsasolutionif it exists.
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1 Intr oduction
Themajorgoalof PROSYD task3.2 is to enhancetheveri�cation enginesof the
partnersto be able to reliably and robustly deal with standarddigital and ana-
log blocksoccurringin today's andupcomingSoC's. In deliverableD3.2/1[10],
a comparisonof variousSAT enginesusingdifferentdecisionheuristicswasre-
ported.Moreover, it wasinvestigatedthepossibilitytouseIncrementalSAT solvers,
andIncrementalBoundedModelCheckingin theform of TemporalInduction[19,
9] asamethodfor reasoningaboutsafetypropertiesover theindividual timesteps
of a Finite StateMachine(FSM). The experimentalanalysiscarriedout in [10]
with NUSMV showedtheeffectivenessof thenew approachin tacklingSAT-based
modelcheckingof safetyproperties.In [19, 9] further improvementshave been
proposedto dealef�ciently with safetyproperties.In [12, 11] waspresentedthe
generalizationof [19, 9] to genericLTL properties.

Theimplementationwithin theNUSMV staticpropertycheckingtool of suchim-
provedalgorithmsrequireda signi�cant extensionof thetool itself. In this docu-
mentwe presenttheextensionsperformedto NUSMV to provide its userthenew
veri�cation capabilitiesdescribedin [19, 9, 10,12, 11].

This documentis organizedasfollows. In Section1.1 somebackgroundneeded
to understandthe documentis presented.In Section2 arepresentedthe exten-
sionsof theNUSMV modelchecker (i.e. thedevelopmentof agenericinterfaceto
incrementalSAT Solvers,the “layered” encodingto facilitatedeclarationof new
problemdependentvariables,andlastthenew softwarearchitectureof NUSMV).
In Section3 is provided an excerptof the NUSMV usermanualdescribingthe
new commandsaddedto theNUSMV shellto provide theuserwith thenew func-
tionalities. Last, in AppendixA is reportedtheusermanualof theversionof the
NUSMV staticpropertychecker tool asresultingfrom theactivity carriedout in
thisdeliverable.

1.1 Backgr ound

SAT Basis

SAT is the problemof determiningthe satis�ability of a Booleanformula. The
problemwas usedby Cook to de�ne NP-completeness[6]. Today, many im-
plementationsare available for solving the problem(e.g. zChaff [14] and Min-
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iSAT [8]). Most of themarebasedon thecompleteDPLL algorithm[7]. DPLL-
basedalgorithmswork in a loop that choosesa variable,assignsa value to this
variable(a stepalso called ”deciding” on a variable),and then propagatesthis
valuethroughtheformula. Whenever thecurrentassignmentcanbeshown not to
besatisfying,thealgorithmbacktracksto earlierdecisionsandchangesthem.An
high-level descriptionof thealgorithmasreportedin [14] is asfollows:

while(true) f

if (!decide())// if nounassignedvars

return(satis�able);

while (!bcp()) f

if (!resolveCon�ict())

return(notsatis�able);

g

g

bool resolveCon�ict() f

d=mostrecentdecisionnot ' triedbothways';

if (d==null) // nosuchd wasfound

return(false);

�ip thevalueof d;

markd astriedbothways;

undoany invalidatedimplications;

return(true);

g

Thefunctiondecide()choosesthenext variableaccordingto whichbranchingwill
occur. Therearemany heuristicsfor choosingthisnext variable,suchasDLIS (Dy-
namicLargestIndividual Sum)andVSIDS (VariableStateIndependentDecaying
Sum, as usedfor instanceby zChaff). The function bcp() detectsunit clauses
(clausesin which thereremainsonly oneunde�nedvariable)andassignsvaluesto
variablesaccordingly. As a result,bcp()detectscon¯icts,suggestingthat thereis
no satisfyingassignmentin thecurrentsearchbranch.Whena con¯ict is detected
the algorithmbacktracksandremovesoneor many assignments.It returnstrue
whenthebooleanconstraintpropagation(bcp)[14] �nishes without con¯ict.

Incremental SAT

StandardDPLL solvers which usecon¯ict analysisand clausereorderingtech-
niquestraditionallytakeacompletepropositionalformulaandstatewhetheror not
it is satis�able. If therearea numberof similar SAT instancesto besolved, then
thesolver will potentiallycarryout a high numberof inferencesthatarethesame
for eachinstance.IncrementalSAT addressesthis issueby allowing new clauses
to beaddedto thedatabaseso that futurerunsof thesolver will not have to start
the searchprocessfrom the beginning. The motivation behindthis functionality
is that learnedclausesmay not only be useful in that particularproblem,but in
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similaronestoo. Thisextensionis still quiterestrictive asthereis noprovision for
theremoval of clausesfrom thedatabase,a facility which would greatlyincrease
the rangeof problemsthat canbe tackled. A methodto remove, aswell asadd,
clausesto a modernstate-of-the-artDPLL basedsolver (onewhich usescon¯ict
clausesfor learningpurposes)wassuggestedby [21]. However, whenclausesare
to beremoved,decidingwhich con¯ict clausesalsohave to be removed requires
considerableanalysis,andthustime. Thereasonbeingthatthecon¯ictclausesare
dependenton otherclausesin the database- removing oneor moreclausesmay
thereforeinvalidatesomeof thecon¯ictclauses.

To avoid thisproblemEénandSörensson[9] proposedthatclausesshouldonly be
ableto beaddedbut thatwhenthesolver is calledit is passeda list of unit literals
which areassumedto betrue.Thesearethen”forgotten”whenthesolver returns.
Note, also, that the removal of addedclausescan be achieved in the following
manner:

1. augmenteachclauseto beaddedwith anew variable.

2. call thesolver with thatvariablesetto false.

3. to deletetheclauses,call thesolver with thenew variablesetto true.

Although this will introducea signi�cant numberof new variables,they will all
be passedasunit clausesto the solver, so will be removed by the simpli�cation
proceduresbeforethesearchbegins.

addClauses(Initial) – theinitial clauseset

for i 2 0..ndo – for eachprobleminstance

addClauses([Pn]pn) – addclausesspeci�c to thecurrentproblem

solve(LiteralList) – solvecurrentproblem(passingnecessaryassumptions)

Any clausewhich may needto be removed at somestageshouldbe augmented
with ade�nition variable,asdescribedabove. Thelist of assumptionliteralspassed
to thesolver is usedto determinewhich clausesto keepandwhich to discardfor
thatspeci�c probleminstance.Theadvantageof thismethodis thatall thelearned
clausescanbe kept in the databasesincecon¯ict clausesareindependentof the
assumptionsunderwhich they are made. This interfacehasbeenimplemented
in theMiniSAT [8] booleansatis�ability solver, availablefrom http://www.cs.
chalmers.se/Cs/Res ear ch /Fo rmalMe th ods /Mi niS at . A similar interface is
alsoprovidedby thezChaff [14] andis availablefrom http://www.princet on.
edu/˜chaff/ .

BMC and Incremental BMC

We assumewe aregiven a Finite StateMachine(FSM) expressedin somehigh
level languagelike e.g. Verilog or VHDL. Statesof the FSM are given by the
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assignmentof truthvaluesto thestatevariables.Transitionsof theFSMarerepre-
sentedby a propositionalformulaT(s;s0) andthesetof initial statesby a formula
I(s), andthevalueof thestatevariablesat timen aredenotedby sn. Theshorthand
notationsIn, Pn andTn areusedin placeof I (sn), P(sn) andT(sn;sn+ 1) respectively.

Themainideaof BoundedModelChecking[2] is to searchfor boundedwitnesses
(or boundedcounterexamplesfor a temporalproperty. A boundedwitness(coun-
terexample)is an in�nite pathon which the propertyholds(doesnot hold), and
which canberepresentedby a �nite pathof lengthk. A �nite pathcanrepresent
in�nite behavior in the following sense:eitherit is �nite andit representsall its
in�nite extensions,or it is in�nite sinceit formsa loop from thelaststateto some
previous state. More formally, an in�nite pathp = s0s1s2::: of statescontainsa
(k; l )-loop,or justak-loop, if p = (s0s1:::sl � 1)(sl :::sk)w.

s0 sk s0 sksl sk�1 = s l�1sl�1

no loop (k,l) loop

Figure1: Thetwo possiblecasesfor aboundedpath.

In BMC all possiblek-lengthboundedwitnessesof thenegationof thespeci�ca-
tion areencodedasaSAT problem.Theboundk is increaseduntil eitherawitness
is found (the instanceis satis�able)or a suf�ciently high valueof k to guarantee
completenessis reached.

For instance,theformulageneratedby BMC accordingto theencodingdescribed
in [2] in thecaseof G(P) (globallyP), is asfollows:

F : I (s0) ^
k� 1^

i= 0

T(si ;si+ 1) ^

 
k_

i= 0

: P(si)

!

I (s0) is theinitial state,T(si ;si+ 1) is thetransitionbetweencyclesi andi + 1, and
P(si) is thepropertyat time instanti. If this propositionalformulais provento be
satis�able, the satisfyingassignmentprovided by the SAT solver is a counterex-
ampleto thepropertyG(P). Similar considerationsapplyfor all theotherkind of
properties.

A promisingtechniquefor improving theperformanceof BMC is theuseof incre-
mentalSAT solving. Whena solver is facedwith a sequenceof relatedproblems,
learningclausesfrom thepreviousproblemscandramaticallyimprovethesolution
time for thenext problemandthusfor thewholesequence.BMC appearsto bea
naturalcandidatefor incrementalsolvingastwo BMC instancesfor boundk and
k+ 1 areverysimilar.

In [20, 21] it waspresenteda framework for transforminga BMC SAT problem
at k to the correspondingoneat k+ 1 by addingandremoving clausesfrom the
BMC SAT instanceat k. In [9] andremindedin [10] waspresentedanapproach
combiningincrementalSAT solving with inductive temporalinductionto tackle
the veri�cation of invariants. This was achieved by using the specialsyntactic
structureof theBMC encodingfor invariantsto forwardall learnedclauses,thus
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avoiding any potentialcon¯ict analysisbetweenthe two consecutive instances.
In [1] waspresentedanframework for incrementalSAT basedon theoriginal en-
codingdescribedin [2]. Recently, in [11] waspresenteda framework for ef�cient
BMC encodingspeci�cally adaptedto an incrementalsetting. The encodinghas
beendesignedto allow for an easyseparationof constraintsthat remainactive
over all SAT instancesandconstraintsthatshouldberemovedwhentheboundis
increased,trying alsoto minimizetheamountof constraintsthatmustberemoved
to allow for maximallearningin asolver independentfashion.

In the following we remind the framework presentedin [11]. The encodingis
structuredin two parts: thek-dependentandk-invariant parts. The informations
learnedby thek-invariantpart canbe reusedwhentheboundis increased,while
the k-dependentconstraintsneedto be discarded.Given an LTL propertyj , the
variablesof thesystemsaresplit ateachtime i to theactualstatevariablessi of the
system,to thesetof all sub-formulasj[sj ]j i (onefor eachsub-formulay 2 cl(j ),
beingcl(j ) thesetof all sub-formulasfor theformulaj ), andoneto theauxiliary
translationhhsj ii . Moreover, theencodingwill containadditionalvariables.The
rulesfor theencodingaregivenasa setof Booleanconstraints.

Pathsof lengthk areencodedusingmodelconstraintsasfollows:

I (s0) ^
k� 1^

i= 0

T(si ;si+ 1)

Theloop constraintsemploy k+ 2 freshloop selectorvariablesl0; : : : ; lk+ 1. They
areusedto constrainthe�nite pathto beeithera �nite path,in whichcasenoneof
thel0; : : : ; lk+ 1 is true,or a (k; i)-loop, in whichcasethevariablel i is truewhile all
theothersarefalse.

j[LoopConstraints]jk
Base l0 $ ?

InLoopi $ ?
k-invariant l i ! (si� 1 = sE)
i � i � k InLoopi $ InLoopi� 1 _ l i

InLoopi� 1 ! : l i
k-dependent lk+ 1 $ ?

sE $ sk

LoopExists$ InLoopk

In theabovede�nition of loopconstraintsaspecialsystemstatesE hasbeenintro-
duced,with freshunconditionedstatevariablesactingasproxystatefor represent-
ing theendpointof thepath.In thek-dependentpart,sE is forcedto beequalto sk.
ThevariableInLoopi is trueiff thestatesi belongsto thelooppartof a (k; l )-loop.
ThevariableLoopExistsis k-dependentandtruewhenp is a (k; l )-loop,andfalse
otherwise.

The LTL constraints restrictsthe boundedpathde�ned by the modelconstraints
and loop constraintsto witnessesof the given LTL formula j . In the de�nition
of suchconstraintsit is for eachtime point i andfor eachsub-formulay 2 cl(j )
onestatevariabledenotedby j[y ]jdi . Similarly to thecaseof the loop constraints,
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aproxystatesL, with associatedstatevariablesj[j ]jdL, hasbeenintroducedto sim-
plify theencoding.This statewill be forcedto falsein theno-loopcase,while it
will pick thetruthvaluefor eachsub-formulain theloopstatesL (i.e. thesuccessor
stateof sE). Thek-dependentrulesbind thetruth valuesof j[j ]jdE to j[j ]jdk andthe

truth valuesof j[j ]jdk+ 1 to j[j ]jmin(d+ 1;d(j ))
L . Whered(j ) is thepastoperatordepth

for the formula j (see[11] for detailsof the de�nition). For all y 2 cl(j ) the
following constraintsarecreated:

0 � d � d(y )
Base : LoopExists! (j[y ]jdL $ ? )
k-invariant,0 � i � k l i ! (j[y ]jdL $ j[y ]jdk)
k-dependent j[y ]jdE $ j[y ]jdk

j[y ]jdk+ 1 $ j[y ]jmin(d+ 1;d(y ))
L )

Theencodingfor temporalsub-formulafollows the recursive semanticde�nition
of LTL temporalsub-formulas,andcanbedescribedasfollows:

y j[y ]jdi
Base Fy LoopExists! (j[Fy ]jd(y )

E ! hhFy ii d(y )
E )

Gy LoopExists! (j[Gy ]jd(y )
E  hhGy ii d(y )

E )

y 1Uy 2 LoopExists! (j[y 1Uy 2]jd(y )
E ! hhFy 2ii d(y 2)

E )

y 1Ry 2 LoopExists! (j[y 1Ry 2]jd(y )
E  hhGy 2ii d(y 2)

E )
k� invariant p j[p]jdi $ pi

: p j[: p]jdi $ : pi

0 � i � k y 1 ^ y 2 j[y 1 ^ y 2]jdi $ j[y 1]jdi ^ j[y 2]jdi
0 � d � d(y ) y 1 _ y 2 j[y 1 _ y 2]jdi $ j[y 1]jdi _ j[y 2]jdi

Xy j[Xy ]jdi $ j[y ]jdi+ 1
Fy j[Fy ]jdi $ j[y ]jdi _ j[Fy ]jdi+ 1
Gy j[Gy ]jdi $ j[y ]jdi ^ j[Gy ]jdi+ 1

y 1Uy 2 j[y 1Uy 2]jdi $ j[y 2]jdi _ (j[y 1]jdi ^ j[y 1Uy 2]jdi+ 1)
y 1Ry 2 j[y 1Ry 2]jdi $ j[y 2]jdi ^ (j[y 1]jdi _ j[y 1Ry 2]jdi+ 1)

Theauxiliaryencodinghhy ii d
i is usedtoenforceeventualities.In thecasehhFy ii d

E
is trueiff Fy holdsin thestatesE. hhy ii d

E is implementedby requiringthatj[y ]jdi
holdsin at leastonestatein theloop. Similar considerationscanbethoughof for
Gy .

y hhy ii d
i

Base Fy hhFy ii d(y )
0 $ ?

Gy hhGy ii d(y )
0 $ >

k-invariant Fy hhFy ii d(y )
i $ hhFy ii d(y )

i� 1 _ (InLoopi ^ j[f ]jd(f )
i )

1 � i � k Gy hhGy ii d(y )
i $ hhGy ii d(y )

i� 1 ^ (: InLoopi _ j[f ]jd(f )
i )

k-dependent Fy hhFy ii d(y )
E $ hhFy ii d(y )

k

Gy hhGy ii d(y )
E $ hhGy ii d(y )

k
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Thus,combiningall the componentsthe encodingfor any LTL formula j is the
following:

j[M; j ]jk := j[M]jk ^ j[LoopConstraints]jk ^ j[j ]j00

Intuitively, theLTL formulaj hasa boundedwitnessof lengthk in M iff j[M; j ]j k

is satis�able.Moreover, whenmoving from aninstancewith boundk = i to anin-
stancewith boundk = i + 1 only thek-dependentconstraintsneedto bediscarded.

Similarly to thecaseof temporalinductionfor invariants(see[9] andthediscussion
in [10]), completenesscanbeachieved.

j[SimplePath]jk :=
^

0� i< j� k

(si 6= sj _ InLoopi 6= InLoopj _ j[sy ]j0i 6= j[sy ]j0j _

(InLoopi ^ InLoopj ^ (j[sy ]j i 6= j[sy ]j j _ hhy ii i 6= hhy ii j )))

Given the above additionalconstraint,in [11] hasbeenshown that, for any LTL
formula y , M j= y iff for somek j[M;: y ;k]j ^ j[SimplePath]jk is unsatis�able
and j[M;: y ]j i is unsatis�ablefor all 0 � i < k. Wherej[M; : y ;k]j is obtained
from j[M;: y ]jk by removing all thek-dependentconstraints.Any witnessformula
for bound> k will containall constraintsin j[M;y ;k]j, and thus if j[M;y ;k]j is
unsatis�ableall moreconstrainedformulasaregoing to be unsatis�ableaswell.
j[SimplePath]j codi�es only andthosepathswhichdonotcontaintwo “equivalent”
states:two statessi andsj areequivalentif either(i) they bothdonotbelongto the
loop andagreeon the systemstatesi = sj andthe formulastaterestrictedto the
�rst virtual unrolling j[sy ]j0i = j[sy ]j0j , or (ii) they bothbelongto theloopandagree
onthesystemstatesi = sj , ontheformulastateonall unrolling j[sy ]j i = j[sy ]j j and
on theauxiliary formulastatehhsy ii i = hhsy ii j .

This representsa completemodelSAT basedboundedmodelcheckingalgorithm
for LTL, alternative to theBDD one.For moredetailswe referthereaderto [11].
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2 Incremental BMC within the
NUSMV model checker

The algorithmsdescribedin the previous sectionshave beenintegratedinto the
modelchecker NUSMV [4]. SAT-basedBoundedModel Checkingroutinescan
now take advantageof incrementality, andin particular, it cannow beshown that
any LTL formulais true,not just false,by usingincrementaltemporalinduction.

For the new routines,NUSMV can make use of zChaff or MiniSAT, both of
which supportincrementality. Theinterfaceto thesesolvers(andthebuilt-in non-
incrementalsolver Sim) hasbeencompletelyredesignedto facilitatethenew rou-
tines.It hasbeenmadehighly genericsoasto allow for potentiallyeasierintegra-
tion of otherSAT solversata futuredate.

In thefollowing we describethegenericinterfaceto incrementalSAT solverswe
designed,the“layered”encoding,andthenew NUSMV softwarearchitecture.

2.1 Generic Interface to Incremental SAT Solver s
In orderto integratetheboundedmodelcheckingalgorithmsexploiting incremen-
tality of theSAT solver to speed-upthesearch,thegenericinterfaceprovidedby
NUSMV to SAT solvershasbeenredesigned.This processstartedwith the fol-
lowing requirementsin mind.

� the interfaceshouldprovide thepossibilityto addandremove clausesfrom
differentcallsof aSAT solver;

� the interfaceshouldbe independentto the underlyingSAT solver, which
shouldsupportincrementalSAT solving.

Clause Groups

At eachstepof theincrementalalgorithms,new clausesareaddedto thesolver that
in certaincaseshave to beremovedfor futuresteps.Sucha scenarioariseswhen
for instancein the caseof the Zig-Zag algorithm[10, 9] is beingusedto check
invariants;clausesrepresentingthe initial stateareonly includedin the formula
to besolvedwhenthebasecaseis beingextended,andhave to beremovedwhen
checkingthestepcase.
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To facilitate the addition and subsequentremoval of setsof relatedclausesin
NUSMV we introducedtheconceptof group. In NUSMV we distinguishamong
two typesof groups,permanentandtemporary. Moreover, we requireall clauses
beingassociatedwith aparticulargroup.

Permanent Group Thereis only onepermanentgroupfor any givenmodel.The
clausesaddedto this group cannotbe removed. Clausesin this group will be
includedin the formula submittedto the SAT instancefor all future attemptsto
�nd asolution.

Temporar y Groups Therecanbe any numberof temporarygroups. They are
usedto facilitatetheremoval of clauseswhichhave beenaddedto thesolver. This
is achievedby augmentingeachclausewith anextra literal, uniqueto thatgroup,
beforeaddingall theclausesto thesolver. Whentheclausesin thegroupareto be
includedin the formula to besolved, theextra literal is forcedto be false.When
thegroupis to beremoved,theextra literal is forcedto betrue.

At any stageof execution,any combinationof temporarygroupscanbeincluded
in theformulathatis beingsolved,aswell asthepermanentgroupwhichis always
included.

Sub-f orm ula Polarity NUSMV hasalsobeenextendedto allow for the spec-
i�cation of the polarity for a particularsub-formula. For example, the clauses
representingasafetypropertyatagiventimestep.Thesub-formulahasapolarity
literal associatedwith it which, in theexample,meansthatit is possibleto specify
thatthesafetypropertyholdsat thetime step,or thatit doesn't.

Integration with zChaff and MiniSAT

In this sectionwe describethedetailsof theinterfaceof thezChaff [14] andMin-
iSAT [8] incrementalSAT solversthat have beenintegratedwithin the NUSMV
modelchecker.

zChaff Thelatestversionof zChaff [14], which providessupportfor incremen-
tality, is usedby NUSMV. It incorporatesthe ideaof groups,with the ability to
addandremove them. However, it is not possibleto have a groupwhich is re-
addedafter it hasbeenremoved. The reasonfor this is that removed groupsare
destroyed and areunableto be usedagain. As such,we have had to represent
groupswithin NUSMV, althoughthis mustbe donewhenMiniSAT is used(see
thenext section).As with NUSMV, zChaff hasa notionof apermanentgroup,as
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well astemporarygroups.NUSMV addsall of its groupsinto zChaff ' permanent
group,andtheliterals thatdeterminewhich of themareto beused,into a tempo-
rarygroup.Hereweremind,thatagroupcanbe'disabled'by settingthecommon
literal in thegroup's clausesto true.

This temporarygroupis subsequentlydestroyedoncetheformulahasbeensolved.
The only drawbackto this workaroundis that in the casewherea groupis only
usedonce.Theclausesrepresentingsucha groupwill still remainwithin zChaff
whentheir commonliteral is set to true. In practicehowever, this scenarioonly
occurswith theincrementalLTL checkingroutine.Thetableauthatis generatedat
eachstepis only usedfor thecurrentbound,anddoesnotplayapartin any future
formulaeto besolved. It shouldbenotedthat,if weusezChaff 'sbuilt in grouping
mechanismwhichdestroyeda groupuponremoval, this problemwould not occur
sincetheclauseswouldbe'forgotten'by thesolver.

MiniSA T MiniSAT [8] doesnot have a notion of groups,so sucha mechanism
hasto be implementedby NUSMV. It doeshowever have theability to specifya
list of unit literalsthatareto bemadetruefor thecurrentcall to thesolver. When
thesolver is invoked,a list of unit literalscanbepassedwhich areassumedto be
truefor thatcall only.

As with zChaff, all groupswithin NUSMV areaddedto MiniSAT, however the
unit literalswhichdeterminewhichgroupsto usearepassedexplicitly to MiniSAT
usingthemechanismmentioned.

MiniSAT alsosuffers from the sameproblemthat zChaff doeswith incremental
LTL checking.Groupswhich will never beusedagaindo not get removed from
thesolver, andunlike zChaff, thereis no built-in mechanismto doso.

Two example of use

In the following we report two examplesof useof suchgenericinterfaceas it
is usedin the specializedcaseof the incrementalinvariant checkingalgorithms
presentedin [9, 10].

Zig-Zag Algorithm The clausesrepresentingthe initial statesof the modelare
addedto a temporarygroup(hereinreferredto asgroup1). For eachtime stepk,
the following procedureis carriedout (recall that the stepcaseis extended�rst,
thenthebasecase):

� Clausesrepresentingthe invariantat the currenttime stepareaddedto the
permanentgroup,anda secondtemporarygroup(group2) containsasingle
unit clausethatforcestheinvariantto befalsefor thecurrenttimestep.
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� The formula is solved without group1, andif it is unsatis�ablethenthere
arenopathsof thecurrentlengthto astatewheretheinvariantdoesnothold,
thereforethepropertyis true.

� Otherwise,thebasecasehasto beextended.This is doneby solvingall the
groups,andthis timeasolutioncorrespondsto abug in thesystem.

� If thereis no solution,thenthe invariant is forcedto be true at the current
time steppermanently(by removing theclausefrom group2 andaddingits
negationto thepermanentgroup).

� Finally clausesrepresentingthetransitionsto thenext states,andclausesthat
forceall statesto beuniqueareaddedto thepermanentgroup.

Dual Algorithm Thisalgorithmusestwo instancesof thesolver, onefor extend-
ing thebasecaseandonefor extendingthestepcase.Extendingthebasecaseis
handledasfollows:

� Clausesrepresentingtheinitial statesareaddedto thepermanentgroup.For
eachtimestepk, thefollowing procedureis carriedout:

� Clausesrepresentingtheinvariantat time stepk areaddedto thepermanent
group. Theseclausesaresuchthat the invariant canbe set to hold at the
giventimestep,or notdependingon thevalueof aspeci�c literal.

� This literal is addedto the temporarygroupandis setso that the invariant
doesnothold.

� All thegroupsaresolvedandasolutionrepresentsabug in thesystem.

� If the formula is unsatis�able, the unit clausein the temporarygroup is
deleted,andits negationis addedto thepermanentgroup,thusmakingthe
invarianttrueat thecurrenttime stepfrom thispointonwards.

� Clausesrepresentingthe transitionsto the next statesareaddedto the per-
manentgroup.

Extendingthe stepcaseis doneas describedin the following. This part of the
algorithmonly hasapermanentgroup,andinitially, clausesrepresentingthestates
wherethesafetypropertydoesnot hold areaddedto it. Then,for eachtime step
k (recall that this part works backwardsfrom a �nal badstate),the following is
done:

� Theformulais solved,andif thereis nosolutionthenthepropertyis true.A
solutionmeansthatthereis apathof thecurrentlength,k, from astatein the
modelto astatewherethepropertydoesnothold.

� If thereis a solution, thenclausesrepresentingthe transitionsto previous
statesare addedto the permanentgroup, as well as clausesthat force all
statesto beunique.Clausesrepresentingthefactthattheinvariantmusthold
in all previousstatesareaddedto thepermanentgroup.
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2.2 Layered Encoding

Theincrementalboundedmodelcheckingalgorithmsdescribedin Section1.1 re-
quirefor declarationof additionalmodelvariablesthatareproblemdependent(i.e.
their numberdependson the propertyto checkandon the currentboundfor the
problemsubmittedto the SAT solver). Let j be an LTL propertyto verify, the
encodingfor the incrementalboundedmodelcheckingalgorithmspreviously de-
scribed,requirethe declarationof the following additionalstatevariables: loop
selectorvariables l i , sE and sL, j[y ]jdi for any sub-formulay 2 cl(j ), hhsj ii ,
LoopExists, andInLoopi .

NUSMV hasbeenextendedto allow for the dynamiccreationand destruction
of variablesto �t the requirementsof the incrementalalgorithms.This hasbeen
achievedstructuringtheencodingin layers.

Encoding

Theencodingin NUSMV is theprocessof conversionof a givensymbolinto an
underlyingsupporttechnology(e.g.BDD or RBC).

Dependingon the speci�c technology, thereexists differentkind of encodingin
NUSMV, andtheentitiesthatareresponsiblefor theencodingprocessarecalled
Encoders.

Currentlyin NUSMV wesupportthreedifferentclassesof encoding:theboolean
encoding, theBE(BooleanExpression)encoding, andtheBDD encoding.

Boolean Encoding Thebooleanencodingconvertsscalarsymbolsintoaboolean
representation,possiblyaddinga setof new booleansymbols. The ideaof this
encodingis to provide anabstractlevel betweenthescalarsymbolsandotheren-
codingsbasedon speci�c technologies.

BE Encoding The BE Encodingmapsthe booleanencodingprovided by the
BooleanEncodingdirectly down to a booleanrepresentationbasedon BEs. The
BEencoderprovidessemanticsabouttimeto thebooleansymbols,andautonomously
managesthemappingbetweena booleanvariableandits instancein termsof BE
over thetime.

BDD Encoding Similarly to the BE Encoding,the BDD Encodingmapsthe
scalarlevel down to the booleanlevel, but the result of the encodingis based
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on BDD structures.Like the BE Encoding,the BDD Encodingusesa Boolean
Encoderto encodescalarsymbolsinto asetof booleansymbols.

Layers

Symbolslike variables,DEFINEs,constants,etc.,arekeptin aSymbolTable.

Thesymbolsareorganizedin layers thatde�ne partitionsamongthesymbolsde-
claredwithin asymboltable.A layerde�nesapartialorderingamongthesymbols
it contains,andthe layersarestackedwithin thesymboltablethey belongsto, so
thatanorderingamongthelayersexistsaswell. After a layeris createdandadded
to asymboltable,andsymbolsaredeclaredwithin it, a layercanbecommittedto
oneor moreencoders.Whena layer is committedto an encoder, the symbolsit
containswill beconvertedto a form thatdependson thespeci�c encodertype(for
instance,BDDs or BEs). During the encodingprocess,the encodersmay create
new layersto containthosesymbolsthatarecreatedby theencodingprocess.This
is thecaseof theBooleanEncoder, thatneedsto declarenew booleanvariablesto
encodescalarvariables.After the symbolswithin a layer areno longerneeded,
thelayercanberemovedfrom theencodersit hadbeencommittedto, and�nally
removedfrom thesymboltableanddestroyed.

2.3 NUSMV new Software Architecture
Herewe describethepackagesaffectedandthenew packagesaddedto NUSMV
to integratethe incrementalSAT basedboundedmodelcheckingalgorithmsde-
scribedin thisdocument.

NUSMV is organizedin packages,eachproviding severalmodules.Figure2 pro-
videsanexcerptof thepackagespresentsin theNUSMV distribution thatlater in
thepresentationwill bedescribed.Thecompletelist of thepackagesis presentin
theNUSMV programmermanualavailablewithin theNUSMV distribution.

The enc sub-pac kage

Theenc packageprovidesa setof classesthat implementall theencodersneeded
and manipulatedby the NUSMV engines. The packageis structuredin sub-
packages,onefor eachtypeof encodingneededby theNUSMV modelchecking
routines,plussomeadditionalutility packages.

enc.h This �le containsthepublic interfacesof thefunctionsprovidedby theenc
package.Speci�cally it providestheavailableencoderinstances,andother
packageinitialization/deinitialization functions.
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Figure2: Excerptof theNUSMV SoftwareArchitecture.

encInt.h This �le containstheprivateinterfacesof theenc package.

enc.c This �le containstheimplementationof thepackagefunctionswhoseinter-
facesaredeclaredby enc.h andencInt.h .

The enc/base package

Thissub-packagecontainstheimplementationof the“base”encoderclasseswhich
all thespeci�c encoderclassesderive from.

Thesub-packageis organizedasfollows:

BaseEnc.f h,cg This is theimplementationof thebaseclass“BaseEnc ”, which is
thebaseclasswhichall theotherclassesof theenc moduleinheritsfrom.

BaseEncpri vate.h Private interfacefor the classBaseEnc . Privateclassinter-
facescontainmethodsand typesdeclarationthat canbe usedonly by the
classitself, andits derivedclasses.

BoolEncClient.f h,cg This classis derived from the BaseEnc class,andit is in-
tendedto beusedasbaseclassfor thoseencodersthatmayneeda boolean
encoderto work properly. Speci�cally, this is thebaseclassfor theBddEnc
andBeEnc encoders.

BoolEncClient pri vate.h Privateinterfacefor theclassBoolEncClient .

The enc/bool sub-pac kage

This sub-packagecontainsthe de�nition of the booleanencoderclass,and it is
organizedasfollows:

BoolEnc.f h,cg This is a specializationof the BaseEnc classto deal explicitly
with booleanvariables.Hereit is performedthebooleanencodingof scalar
variables,and the mappinginto booleanexpressionsof all the operations
amongnon-booleanexpressions(e.g.sum/divsion/equality/disequality,. . . ).
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BoolEnc pri vate.h Privateinterfacefor theclassBoolEnc .

The enc/bdd sub-pac kage

This sub-packagecontainsthede�nition of theBDD encoderclass,andit is orga-
nizedasfollows:

bdd.h Thepublic interfaceof theBDD encodingsub-package.

bddInt.h Theinternalinterfaceof theBDD encodingsub-package.

BddEnc.f h,cg De�nition of theclassBddEnc, thatderivesfromtheBoolEncClient
class.

This classis responsiblefor the encodingof booleanvariablesinto BDDs
variables.In particularhereis maintainedthemappingamongtheboolean
variablesstoredin theBoolEnc andthecorrespondingBDD variables.

BddEnc pri vate.h Privateinterfacefor theclassBddEnc.

BddEncCache.f h,cg De�nition of the classBddEncCache for memoizationof
complex and expensive operationsperformedby a BddEnc instanceover
BDDs.

This featurehasbeenintroducedto avoid re-computingcomplex and ex-
pensive operationsover andover by storingtheresultof theoperationthus
achieving improvedperformances.TheclassBddEncCache is usedandman-
agedautonomouslyandtransparentlyby a BddEnc instance,andit is never
useddirectlyby theotherpartsof thesystem.

The enc/be sub-pac kage

This sub-packagecontainstheimplementationof theBE encoderclass.Thesub-
packageis organizedasfollows:

BeEnc.f h,cg De�nition of theclassBeEnc, thatderivesfrom theBoolEncClient
class.

This classis responsiblefor theencodingof booleanvariablesinto BE vari-
ables.In particularhereis maintainedthemappingamongbooleanvariables
storedin theBoolEnc andthecorrespondingBE variables,usedby theSAT
basedBoundedModel Checkingalgorithms.

BeEnc pri vate.h Privateinterfacefor classBeEnc.
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The enc/utils sub-pac kage

Thissub-packagecontainsall theutility featuresusedby theotherpartsof theenc
package.

AddArray .f h,cg This classrepresentsanarrayof ADD. Theclassis usedto in-
ternallyrepresentWordexpressionsduringencodingin enc/bdd module.

OrdGr oups.f h,cg This classrepresentssetof variablesto bekeptgrouped.It is
usedby theBddEnc classto dealwith constraintsto beforcedover theorder
of BDD variablesto achieve memoryef�ciency.

WordNumber.f h,cg ThisclassimplementsWordarithmetics(whichincludesbit-
wise and integer arithmetic). This classaims to hide the implementation
detailsof thetypeWord.

operators.f h,cg The implementationof the featuresneededto interpret arith-
meticoperationsover booleans.

utils.c Basicroutinesto parsean ordering�le wherevariablegroupshave been
speci�ed.

The compile/symb table sub-pac kage

The compile packagecontainsroutinesto traversethe parsetreeof a NUSMV
�le andextractand�ll all theinformationrequiredby thefurthersteps(encoding,
model checking,. . . ). Within the compile package,the compile/symb table
sub-packagehasbeenadded.This sub-packageprovidesa classimplementinga
symbol table. This classkeepsthe mappingbetweena symboland its internal
representations.Speci�cally, the symboltablecontainsa setof symbolsordered
andgroupedin layers,andassociateseachsymbolto its type.

symb table.f h,cg Thepublic interfaceof thesymb type sub-package.

symb table int.c Implementationof the internal functions of the sub-package
symb type .

SymbTable.f h,cg Thesystemwide SymbTable classdeclarationandde�nition,
thatimplementsthesystemsymboltable.

SymbTable pri vate.f h,cg Theprivateinterfaceandimplementationfor theSymbTable
class.

SymbType.f h,cg The declarationandde�nition of the classSymbType usedto
specifywithin theSymbolTablethetypeof eachsymbol.

SymbType pri vate.f h,cg The privateinterfaceandimplementationof the class
SymbType.

SymbLayer.f h,cg Thedeclarationandde�nition of theSymbLayer class,which
representsan orderedgroupof symbols. Its instancesareusedwithin the
SymbTable class,andto commit the setof symbolsthat containto the en-
coders.
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SymbLayer pri vate.f h,cg Theprivateinterfaceandimplementationof theclass
SymbLayer .

SymbCache.f h,cg Thedeclarationandde�nition of theSymbCacheclass,used
within theSymbLayerto associateasymbolto its typeplusadditionalinfor-
mations.

SymbCachepri vate.f h,cg Theprivateinterfaceandimplementationof theclass
SymbCache.

The sat package

sat.h Thepublic interfaceof thesat package.

satInt.h Theinternalinterfaceof thesat package.

SatSolver.f h,cg Thede�nition anddeclarationof theclassSatSolver , that im-
plementsthegenericinterfaceof anon-incrementalSAT solver.

SatSolver pri vate.f h,cg Privateinterfaceandimplementationof theclassSatSolver .

SatIncSolver.f h,cg The de�nition and declarationof the classSatIncSolver ,
thatimplementsthegenericinterfaceof anincrementalSAT solver.

SatIncSolver pri vate.f h,cg Privateinterfaceandimplementationof theclassSatIncSolver .

satUtils.h This �le containsthe implementationof generalutilities for the sat
package.

The sat/solvers sub-pac kage

This sub-packagecontainsspeci�c solver dependentcode. For eachSAT solver
which NUSMV is interfacedwith, there is a correspondingclassin this sub-
package. Eachclassimplementsa stub to isolatethe systemfrom the speci�c
SAT solvers,thatarelinkedthroughtheir respective libraries.

SatSim.f h,cg Public interfaceandimplementationof theclassSatSim , thestub
for the internalSAT solver Sim. As this classdoesnot provide incremental
capabilities,it derivesfrom thebaseclassSatSolver .

SatSim pri vate.h Privateinterfacefor theclassSatSim .

SatMinisat.f h,cg Public interfaceandimplementationof theclassSatMinisat ,
thestubfor theexternalSAT solver MiniSat . As MiniSat is anincremental
satsolver, theclassSatMinisat derivesfrom theclassSatIncSolver .

SatMinisat pri vate.h Privateinterfacefor theclassSatMinisat .

satMiniSatIfc.h PublicC interfaceof theMiniSat solver's library.
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SatZchaff.f h,cg Publicinterfaceandimplementationof theclassSatZchaff , the
stub for the external SAT solver zChaff . Like MiniSat, zChaff is an in-
crementalsatsolver, thereforethe classSatZchaff derives from the class
SatIncSolver .

SatZchaff pri vate.h Privateinterfacefor theclassSatZchaff .

satZChaffIfc.h PublicC interfaceof thezChaff solver's library.

The bmc package

Herewereportonly theadded�les to implementthenew functionalitiesdescribed
in this deliverable.However, a large setof �les hasbeenmodi�ed to includethe
new datastructureswe have introducedto integrateincrementalsolving.

bmcCmd.c This modulecontainsthe de�nition of all the Bmc commandspro-
videdthroughtheNUSMV interactive shell.

All the newly introduced�les have beenlocalizedwithin this �le. All the
commandsde�ned hereat �rst parsethe respective commandline options,
thanthey invoke therespective high-level BMC functionality.

bmcBmcInc.f h,cg In this modulehave beenimplementedall the functionsthat
performincrementalBMC modelcheckingof safetyproperties,andthatex-
ploit incrementalityin thepath(i.e. thosedescribedin [10] andin [9]).

bmcBmcNonInc.f h,cg Herehave beenimplementedall the functionsthat per-
form classicalBMC modelcheckingof safetyandLTL properties.

bmcSBMC.f h,cg Thismoduleprovidesall thefunctionsperformingthesocalled
“SimpleBoundedModelChecking”for LTL properties[13].

bmcSBMCInc.f h,cg This modulecontainsthe implementationof all the func-
tionsperformingthesocalled“IncrementalBoundedModel Checking”for
LTL propertiesdescribedin Section1.1andin [11].

bmcNodeStack.f h,cg This modulecontainsthe implementationof basicfunc-
tionsneededin bmcSBMCandin bmcIncSBMC.
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3 NUSMV New Commands
In this sectionis listed the list of the new commandsandoptionsthat have been
addedto NUSMV to dealwith incrementalboundedmodelchecking.

check ltlspec bmc inc - Checks thegivenLTL speci�-
cation,or all LTL speci�cationsif no formula is given,
usingan incrementalalgorithm. Checking parameters
are themaximumlengthandtheloopback value

Command

check ltlspec bmc inc [-h | -n idx | -p "formula [IN context]"]
[-k max length] [-l loopback]

For eachproblemthis commandincrementallygeneratesmany satis�ability
subproblemsandcalls the SAT solver on eachoneof them. The incremen-
tal algorithmexploits the fact that subproblemshave commonsubparts,so
informationobtainedduring a previous call to the SAT solver canbe used
in the consecutive ones. Logically, this commanddoesthe samething as
check ltlspec bmc but usually runs considerablyquicker. A SAT solver
with an incrementalinterfaceis requiredby this command,thereforeif no
suchSAT solver is providedthenthiscommandwill beunavailable.

CommandOptions:

-n index index is thenumericindex of a valid LTL speci-
�cation formulaactuallylocatedin theproperties
database.

-p "formula [IN
context]"

Checksthe formula speci�ed on thecommand-
line. context is themoduleinstancenamewhich
thevariablesin formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundmust
be reached.Only naturalnumbersarevalid val-
uesfor this option. If no value is given the en-
vironmentvariablebmc length is consideredin-
stead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A pos-

itive sign (`+') can be also usedas pre�x of
thenumber. Any invalid combinationof length
andloopbackwill beskippedduring thegener-
ation/solvingprocess.
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� a negative numberin (-1, -bmc length). In this
caseloopback is considereda valuerelative to
max length. Any invalid combinationof length
andloopbackwill beskippedduringthegener-
ation/solvingprocess.

� thesymbol`X', whichmeans“no loopback”.
� thesymbol`* ', whichmeans“all possibleloop-

backfrom zeroto length-1” .

check invar bmc inc - Generatesandsolvesthegiven
invariant, or all invariantsif no formulais given,using
incrementalalgorithms

Command

check invar bmc inc [-h | -n idx | -p "formula" [IN context]] [-a
algorithm]

This commanddoesthe samething ascheck invar bmc but usesan incre-
mentalalgorithmandthereforeusuallyrunsconsiderablyquicker. Theincre-
mentalalgorithmsexploit the fact that satis�ability problemsgeneratedfor
a particularinvarianthave commonsubparts,soinformationobtainedduring
solving of oneproblemcanbe usedin solving anotherone. A SAT solver
with an incrementalinterfaceis requiredby this command.If no suchSAT
solver is providedthenthiscommandwill beunavailable.

Therearetwo incrementalalgorithmswhichcanbeused:“Dual” and“ZigZag”.
Both algorithmsareequallypowerful, but may show differentperformance
dependingon a SAT solver usedandan invariantbeingproved. At themo-
ment, the “Dual” algorithmcannotbe usedif thereare input variablesin a
givenmodel.For additionalinformationaboutalgorithms,consider[9].

CommandOptions:

-n index index is thenumericindex of avalid INVAR spec-
i�cation formulaactuallylocatedin theproperty
database.Thevalidity of index valueis checked
outby thesystem.

-p "formula [IN
context]"

Checksthe formula speci�ed on thecommand-
line. context is themoduleinstancenamewhich
thevariablesin formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundthat
canbe reached.Only naturalnumbersarevalid
valuesfor thisoption. If novalueis giventheen-
vironmentvariablebmc length is consideredin-
stead.

-a alg alg speci�esthealgorithmto use.Thevaluecan
bedual or zigzag . If no valueis giventheenvi-
ronmentvariablebmc inc invar alg is considered
instead.
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check ltlspec bmc sbmc- ChecksthegivenLTL speci-
�cation, or all LTL speci�cationsif no formulais given.
Checking parameters are the maximumlengthand the
loopback value

Command

check ltlspec bmc sbmc [-h | -n idx | -p "formula [IN context]"]
[-k max length] [-l loopback] [-o filename]

Thiscommandgeneratesoneor moreproblems,andcallsSAT solverfor each
one. TheBMC encodingusedis theoneby of Latvala,Biere,Heljanko and
Junttilaasdescribedin [12]. Eachproblemis relatedto a speci�c problem
bound,which increasesfrom zero(0) to thegivenmaximumproblemlength.
Heremax length is the boundof the problemthat systemis going to gen-
erateandsolve. In this context themaximumproblemboundis represented
by the -k commandparameter, or by its default valuestoredin theenviron-
mentvariablebmc length . The singlegeneratedproblemalsodependson
theloopback parameteryoucanexplicitly specifyby the-l option,or by its
default valuestoredin theenvironmentvariablebmc loopback .

The property to be checked may be speci�ed using the -n idx or the -p
"formula" options. If you needto generatea DIMACS dump �le of all
generatedproblems,youmustusetheoption-o "filename" .

CommandOptions:

-n index index is thenumericindex of a valid LTL speci-
�cation formulaactuallylocatedin theproperties
database.

-p "formula [IN
context]"

Checksthe formula speci�ed on thecommand-
line. context is themoduleinstancenamewhich
thevariablesin formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundto be
checked. Only naturalnumbersarevalid values
for this option. If no valueis given theenviron-
mentvariablebmc lengthis consideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A pos-

itive sign (`+') can be also usedas pre�x of
thenumber. Any invalid combinationof length
andloopbackwill beskippedduring thegener-
ation/solvingprocess.

� a negative numberin (-1, -bmc length). In this
caseloopback is considereda valuerelative to
max length. Any invalid combinationof length
andloopbackwill beskippedduring thegener-
ation/solvingprocess.
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� thesymbol`X', whichmeans“no loopback”.
� thesymbol`* ', whichmeans“all possibleloop-

backsfrom zeroto length-1” .
-o �lename �lename is the nameof the dumpeddimacs�le.

It may contain specialsymbolswhich will be
macro-expandedto form thereal �le name.Pos-
siblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain

thepropertydatabase.
� @@:the`@' character.

check ltlspec bmc sbmc inc - Checks the given LTL
speci�cation,or all LTL speci�cationsif no formula is
given. Checking parameters are the maximumlength
andtheloopback value

Command

check ltlspec bmc sbmc inc [-h | -n idx | -p "formula [IN context]"]
[-k max length] [-l loopback] [-o filename]

This commandgeneratesone or more problems,and calls SAT solver for
eachone. The IncrementalBMC encodingusedis the oneby of Heljanko,
JunttilaandLatvala, asdescribedin [11]. For eachproblemthis command
incrementallygeneratesmany satis�ability subproblemsand calls the SAT
solver on eachoneof them. Eachproblemis relatedto a speci�c problem
bound,which increasesfrom zero(0) to thegivenmaximumproblemlength.
Heremax length is the boundof the problemthat systemis going to gen-
erateandsolve. In this context themaximumproblemboundis represented
by the -k commandparameter, or by its default valuestoredin theenviron-
mentvariablebmc length . The singlegeneratedproblemalsodependson
theloopback parameteryoucanexplicitly specifyby the-l option,or by its
default valuestoredin theenvironmentvariablebmc loopback .

The property to be checked may be speci�ed using the -n idx or the -p
"formula" options. If you needto generatea DIMACS dump �le of all
generatedproblems,youmustusetheoption-o "filename" .

CommandOptions:

-n index index is thenumericindex of a valid LTL speci-
�cation formulaactuallylocatedin theproperties
database.

-p "formula [IN
context]"

Checksthe formula speci�ed on thecommand-
line. context is themoduleinstancenamewhich
thevariablesin formula mustbeevaluatedin.
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-k max length max lengthis themaximumproblemboundto be
checked. Only naturalnumbersarevalid values
for this option. If no valueis given theenviron-
mentvariablebmc lengthis consideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A pos-

itive sign (`+') can be also usedas pre�x of
thenumber. Any invalid combinationof length
andloopbackwill beskippedduring thegener-
ation/solvingprocess.

� a negative numberin (-1, -bmc length). In this
caseloopback is considereda valuerelative to
max length. Any invalid combinationof length
andloopbackwill beskippedduring thegener-
ation/solvingprocess.

� thesymbol`X', whichmeans“no loopback”.
� thesymbol`* ', whichmeans“all possibleloop-

backsfrom zeroto length-1” .
-o �lename �lename is the nameof the dumpeddimacs�le.

It may contain special symbolswhich will be
macro-expandedto form thereal �le name.Pos-
siblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain

thepropertydatabase.
� @@:the`@' character.

Manual for Impr oved NUSMV Static
Proper ty Checking Tool

NUSMV New Commands � 25



26 � NUSMV New Commands Manual for Impr oved NUSMV Static
Proper ty Checking Tool



4 References

[1] MarcoBenedettiandSaraBernardini.IncrementalCompilation-to-SAT Procedures.In
SAT, 2004.

[2] A. Biere, A. Cimatti, E. M. Clarke, and Y. Zhu. Symbolic model checkingwithout
BDDs. In W.R. Cleaveland, editor, Tools and Algorithmsfor the Constructionand
Analysisof Systems.5th InternationalConference, TACAS'99, volume1579of Lecture
Notesin ComputerScience, pages193±207.Springer-Verlag,July1999.

[3] R. E. Bryant. Graph-basedalgorithmsfor booleanfunctionmanipulation.IEEE Trans-
actionson Computers, C-35(8):677±691,August1986.

[4] A. Cimatti, E. M. Clarke, F. Giunchiglia,andM. Roveri. NUSMV: a new Symbolic
Model Veri�er . In N. HalbwachsandD. Peled,editors,Proceedingsof the Eleventh
Conferenceon Computer-AidedVeri�cation (CAV'99), number1633in LectureNotes
in ComputerScience,pages495±499,Trento,Italy, July1999.Springer-Verlag.

[5] E. M. Clarke, E. A. Emerson,, andA. P. Sistla. Automaticveri�cation of �nite state
concurrentsystemsusingtemporallogic. ACM Trans.onProgrammingLanguagesand
Systems, 8(2):244±263,1986.

[6] S.A. Cook. Thecomplexity of theoremproving procedures.In 3rd AnnualACM Sym-
posiumon theTheoryof Computation, pages151±158,1971.

[7] M. Davis, G. Longemann,andD. Loveland. A machineprogramfor theoremproving.
Journalof theACM, 5(7),1962.
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Chapter 1

Intr oduction

NUSMV is asymbolicmodelcheckeroriginatedfrom thereengineering,reimplemen-
tationandextensionof CMU SMV, theoriginalBDD-basedmodelcheckerdeveloped
at CMU [McM93]. TheNUSMV projectaimsat thedevelopmentof a state-of-the-art
symbolicmodelchecker, designedto beapplicablein technologytransferprojects:it
is a well structured,open,�e xible anddocumentedplatformfor modelchecking,and
is robustandcloseto industrialsystemsstandards[CCGR00].

Version1 of NUSMV basicallyimplementsBDD-basedsymbolicmodelcheck-
ing. Version2 of NUSMV (NUSMV2 in thefollowing) inheritsall thefunctionalities
of the previousversion,andextendthemin several directions[CCG+ 02]. The main
novelty in NUSMV2 is theintegrationof modelcheckingtechniquesbasedonproposi-
tionalsatis�ability (SAT) [BCCZ99]. SAT-basedmodelcheckingis currentlyenjoying
a substantialsuccessin severalindustrial�elds, andopensupnew researchdirections.
BDD-basedandSAT-basedmodelcheckingareoftenableto solvedifferentclassesof
problems,andcanthereforebeseenascomplementarytechniques.

Starting from NUSMV2, we are also adoptinga new developmentand license
model. NUSMV2 is distributed with an OpenSourcelicense1, that allows anyone
interestedto freely usethe tool and to participatein its development. The aim of
the NUSMV OpenSourceproject is to provide to the modelcheckingcommunitya
commonplatform for the research,the implementation,and the comparisonof new
symbolicmodelcheckingtechniques.Sincethe releaseof NUSMV2, the NUSMV
teamhasreceivedcodecontributionsfor differentpartsof thesystem.Severalresearch
institutesandcommercialcompanieshave expressinterestin collaboratingto thede-
velopmentof NUSMV. Themainfeaturesof NUSMV arethefollowing:

� Functionalities. NUSMV allows for the representationof synchronousand
asynchronous�nite statesystems,andfor theanalysisof speci�cationsexpressed
in ComputationTree Logic (CTL) and Linear TemporalLogic (LTL), using
BDD-basedand SAT-basedmodel checkingtechniques.Heuristicsare avail-
ablefor achieving ef�ciency andpartially controlling the stateexplosion. The
interactionwith theusercanbecarriedon with a textual interface,aswell asin
batchmode.

� Ar chitecture. A softwarearchitecturehasbeende�ned. Thedifferentcompo-
nentsandfunctionalitiesof NUSMV have beenisolatedandseparatedin mod-

1(seehttp://www.opensource.org )
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ules. Interfacesbetweenmoduleshave beenprovided. This reducesthe effort
neededto modify andextendNUSMV.

� Quality of the implementation. NUSMV is written in ANSI C, is POSIXcom-
pliant,andhasbeendebuggedwith Purify in orderto detectmemoryleaks.Fur-
thermore,the systemcodeis thoroughlycommented.NUSMV usesthe state
of theart BDD packagedevelopedat ColoradoUniversity, andprovidesa gen-
eralinterfacefor linking with state-ofthe-artSAT solvers.ThismakesNUSMV
very robust,portable,ef�cient, andeasyto understandby peopleotherthanthe
developers.

Thisdocumentis structuredasfollows.

� In Chapter2 [Input Language],page6 wede�ne thesyntaxof theinput language
of NUSMV.

� In Chapter3 [Running NuSMV interactively], page39 the commandsof the
interactionshellaredescribed.

� In Chapter4 [RunningNuSMV batch],page79 we de�ne the batchmodeof
NUSMV.

NUSMV is availableat http://nusmv.irst.itc.it .
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Chapter 2

Input Language

In thischapterwe presentthesyntaxandsemanticsof theinput languageof NUSMV.
Beforegoinginto thedetailsof thelanguage,let usgivea few generalnotesabout

the syntax. In the syntaxnotationsusedbelow, syntacticcategories(non-terminals)
areindicatedby monospace font , andtokensandcharactersetmembers(terminals)
by bold font. Grammarproductionsenclosedin squarebrackets(`[] ') areoptional
while averticalbar(`| ') is usedto separatealternativesin thesyntaxrules.Sometimes
one of is usedat thebeginningof a rule asa shorthandfor choosingamongseveral
alternatives.If thecharacters| , [ and] arein boldfont, they losetheirspecialmeaning
andbecomeregulartokens.

In thefollowing, an identifier maybeany sequenceof charactersstartingwith
a characterin thesetf A-Za-z g andfollowedby a possiblyemptysequenceof char-
actersbelongingto thesetf A-Za-z0-9 $#n- g. All charactersandcasein anidenti�er
aresigni�cant. Whitespacecharactersarespace(<SPACE>), tab (<TAB>) andnew-
line (<RET>). Any stringstartingwith two dashes(`-- ') andendingwith anewline is
a commentandignoredby theparser.

Thesyntaxrule for an identifier is:

identifier ::
identifier_first_character

| identifier identifier_consecutive_character

identifier_first_character :: one of
A B C D E F G H I J K L M N O P Q R S T U V W X Y Z
a b c d e f g h i j k l m n o p q r s t u v w x y z _

identifier_consecutive_character ::
identifier_first_character

| digit
| one of $ # n -

digit :: one of 0 1 2 3 4 5 6 7 8 9

An identifier is alwaysdistinctfrom theNUSMV languagereservedkeywords
whichare:

MODULE, DEFINE, VAR, IVAR, INIT , TRANS, INVAR, SPEC, LTLSPEC,
COMPUTE, INVARSPEC, FAIRNESS, JUSTICE, COMPASSION, ISA ,
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ASSIGN, CONSTRAINT, SIMPWFF, CTLWFF, LTLWFF, COMPWFF, IN , MIN,
MAX, process , array , of , boolean , integer , real , word , word1 ,
bool , EX, AX, EF, AF, EG, AG, E, F, O, G, H, X, Y, Z, A, U, S, V, T, BU, EBF,
ABF, EBG, ABG, case , esac , mod, next , init , union , in , xor , xnor ,
self , TRUE, FALSE

To representvariousvalueswe will use integer numbers which areany non-
emptysequenceof decimaldigitsprecededby anoptionalunaryminus

integer_number ::
- digit

| digit
| integer_number digit

andsymbolic constants whichareidentifiers

symbolic_constant :: identifier

Examplesof integer numbers and symbolic constants are 3, -14,
007, OK, FAIL, waiting, stop . Thevaluesof symbolic constants and
integer numbers do not intersect,with the exceptionsof the reserved symbolic
constants TRUEandFALSEwhich areequalto the integer numbers 1 and0 respec-
tively.

2.1 TypesOverview
This sectionprovidesanoverview of thetypesthatarerecognisedby NUSMV.

2.1.1 Boolean
Theboolean typecomprisestwo integer numbers 0 and1, or their symbolicequivalents
FALSEandTRUE.

2.1.2 Integer
Thedomainof the integer type is simply any wholenumber, positive or negative. At themo-
ment,thereareimplementation-dependentconstraintsonthethistypeandinteger numbers
canonly bein therange� 232 + 1 to 232 � 1 (moreaccurately, thesevaluesareequivalentto the
C/C++macrosINT MIN andINT MAX).

2.1.3 Enumeration Types
An enumeration typeis atypespeci®edby full enumerationsof all thevaluesthatthetypecom-
prises.For example,theenumerationof valuesmaybef stopped, running, waiting,
finished g, f 2, 4, -2, 0g, f FAIL, 1, 3, 7, OKg, etc.All elementsof anenumer-
ationhave to beuniquealthoughtheorderof elementsis not important.

However, in theNUSMV typesystem,expressionscannotbeof actualenumeration types,
but of their simpli®edandgeneralisedversionsonly. Suchgeneralisedenumeration typesdo
notcontaininformationabouttheexactvaluesconstitutingthetypes,but only the¯agwhetherall
valuesareinteger numbers , symbolic constants or both. Below only generalised
versionsof enumeration typesareexplained.

Thesymbolic enum typecoversenumerationscontainingonly symbolic constants .
For example,theenumerationsf stopped, running, waiting g andf FAIL, OKg be-
long to thesymbolic enum type.
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There is also a integers-and-symbolic enum type. This type comprisesenumerations
which containboth integer numbers and symbolic constants , for example,f -1,
1, waiting g, f 0, 1, OKg, f running, stopped, waiting, 0g.

Anotherenumeration typeis integer enum. Exampleof enumerationsof integersaref 2,
4, -2, 0g and f -1, 1g. In the NUSMV type systeman expressionof the type integer
enum is alwaysconvertedto thetypeinteger. Explainingthetypeof expressionwewill always
usethetypeinteger insteadof integer enum.

Thevaluesin anenumerationmaypotentiallycontainonly thebooleanvalues,for example,
f 0, 1g or f FALSE, TRUEg. In thiscasethetypewill beboolean (seeSection2.1.1[Boolean
Type],page7).

To summarise,we actuallydealonly with two enumeration types: symbolic enum and
integers-and-symbolic enum. Thesetypesaredistinguishableandhave differentoperations
allowedon them.

2.1.4 Word
Theword[� ] typesareusedto modelarraysof bits (booleans)which allow bitwise logical and
arithmeticoperations.Thesetypesaredistinguishableon their width. For example,the type
word[3] representsarraysof threebits, and the type word[7] representsarraysof seven bits.
Notethatthewidth hasto begreaterthanzero.

2.1.5 Array
Arraysaredeclaredwith a lower andupperboundfor theindex, andthetypeof theelementsin
thearray. For example,

array 0..3 of boolean;
array 10..20 of f OK, y, zg;
array 1..8 of array -1..2 of word[5];

The type array 1..8 of array -1..2 of word[5] meansan array of 8 ele-
ments(from 1 to 8), eachof which is anarrayof 4 elements(from -1 to 2) thatare5-bits-long
words.

2.1.6 WordArray
Theword-array[� ][� ] typesareusedto modelarrayswhosesizeandelementsarespeci®edwith
word[� ] types.For example,

array word[5] of word[3];
array word[4] of word[9];
The type array word[4] of word[9] , i.e. word-array[4][9], meansanarrayof 16

elements(from 0d4 0 to 0b4 15), eachof which is word[9]. word-array[� ][� ] typesaredistin-
guishableontheirsizeandwidth of elements.Notealsothatboththesizeandwidth of elements
have to begreaterthanzero.

word-array[� ][� ] areveryspeci®ctypseandveryfew operatorscanbeappliedto expressions
of thesetypes.See... only WAREAD, WAWRITE, := , = operators.

2.1.7 SetTypes
set typesareusedto identify expressionsrepresentinga setof values.Therearefour set types
: boolean set, integer set, symbolic set, integers-and-symbolic set. Theset typescanbe
usedin very limited numberof ways. In particular, a variablecannotbe of a set type. Only
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range constant andunion operatorcanbeusedto createanexpressionof aset type,and
only in , case andassignment1 expressionscanhave imediateoperandsof a set type.

Everyset typehasacounterpartamoungothertypes.In particular,

thecounterpartof a boolean set typeis boolean,

thecounterpartof a integer set typeis integer,

thecounterpartof a symbolic set typeis symbolic enum,

thecounterpartof a integers-and-symbolic set typeis integers-and-symbolic enum.

Sometypessuchasword[� ] andword-array[� ][� ] donot have a set typecounterpart.

2.1.8 TypeOrder
Figure2.1depictstheorderexistingbetweentypesin NUSMV.

boolean
#

integer symbolic enum
# #

integers-and-symbolic enum

word[1]

word[2]

word[3]
. . .

boolean set
#

integer set symbolic set
# #

integers-and-symbolic set

word-array[1][1]

word-array[1][2]

word-array[1][3]
. . .

Figure2.1: Theorderingon thetypesin NUSMV

It means,for example,that boolean is lessthan integer, integer is lessthan integers-and-
symbolic enum, etc. The word[� ] andword-array[� ][� ] typesarenot comparablewith any
othertypeor betweeneachother. Any typeis equalto itself.

Notethatenumerationscontainingonly integer numbers havethetypeinteger (unless
theonly elementsare1 and0 in whichcasethetypeis boolean).

2.2 Expressions
Thepreviousversionsof NuSMV (prior to 2.4.0)did not have the typesystemandassuchex-
pressionswereuntyped.In thecurrentversionall expressionsaretypedandthereareconstraints
on thetypeof operands.Therefore,anexpressionmaynow potentiallyviolatethetypesystem,
i.e. beerroneous.

To maintain backward compatibility, there is a new system variable called
type checking backward compatibility . If this system variable is set then
type violations causedby expressionsof old types (i.e. enumeration type, boolean and
integer) will be ignoredby the type checker, instead,warningswill be output. If additionally
thesystemvariabletype checking warning on is unsettheneventhesewarningwill not
beoutput.

1For moreinformationon theseoperatorsseepages11,17,17,17and22, respectively.
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2.2.1 Implicit Type Conversion
In certainexpressionsNUSMV canimplicitly convert operandsfrom onetypeto another. Such
implicit conversioncanbe performedfrom a smallertype to a biggerone(in accordancewith
theorderingdepictedin Figure2.1).Thismeans,for example,thatword[� ] typescannotbecon-
vertedto othertypesor eachotherimplicitly, while thetypeboolean canbeimplicitly converted
to integer or integers-and-symbolic enum.

Also in someexpressionsoperandsmaybeconvertedfrom onetypeto its set typecounter-
part(see2.1.7).For example,integer canbeconvertedto integer set type.

2.2.2 ConstantExpressions
A constant canbeaboolean,integer, symbolic,word or rangeconstant.

constant ::
boolean_constant

| integer_constant
| symbolic_constant
| word_constant
| range_constant

BooleanConstant

A boolean constant is oneof theinteger numbers 0 and1 or their symbolicequiv-
alentsFALSEandTRUE. Thetypeof a boolean constant is boolean.

boolean_constant :: one of
0 1 FALSE TRUE

Integer Constant

An integer constant is aninteger number with theexceptionof 0 and1 which are
takento beboolean constants . Thetypeof aninteger constant is integer.

integer_constant :: integer_number

SymbolicConstant

A symbolic constant is syntacticallyanidentifier andindicatesa uniquevalue.

symbolic_constant :: identifier

Thetypeof a symbolic constant is symbolic enum. SeeSection2.3.13[Namespaces],
page27for moreinformationabouthow symbolic constants aredistinguishedfrom other
identifiers , i.e. variables,de®nes,etc.

Word Constant

Word constants begin with digit 0, followed by oneof the charactersb/B (binary), o/O
(octal),d/D (decimal)or h/H (hexadecimal)which givesthebasethat theactualconstantis in.
Next comesan optional decimalinteger giving the numberof bits, character and lastly the
constantvalueitself. Thetypeof a word constant is word[N], whereN is thewidth of the
constant.For example:
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0b5 10111 hastypeword[5]
0o6 37 hastypeword[6]
0d11 9 hastypeword[11]
0h12 a9 hastypeword[12]

The numberof bits canbe skipped,in which casethe width is automaticallycalculatedfrom
thenumberof digits in theconstantandits base.It maybenecessaryto explicitly give leading
zeroesto make the type correct— the following areall equivalentdeclarationsof the integer
constant11 asa wordof typeword[8]:

0d8 11
0b8 1011
0b 00001011
0h 0b
0h8 b

Thesyntacticruleof theword constant is thefollowing:

word_constant ::
0 word_base [word_width] _ word_value

word_width ::
integer_number -- a number greater than zero

word_base ::
b | B | o | O | d | D | h | H

word_value ::
hex_digit

| word_value hex_digit
| word_value

hex_digit :: one of
0 1 2 3 4 5 6 7 8 9 a b c d e f A B C D E F

Notethat

� Thewidth of a word mustbea numberstrictly greaterthan0.

� Decimalword constants mustbedeclaredwith thewidth speci®er, sincethenumber
of bits neededfor anexpressionlike 0d 019 is unclear.

� Digits arerestricteddependingon thebasetheconstantis givenin.

� Digits can be separatedby the underscorecharacter(º º) to aid clarity, for example
0b 0101 1111 1100 which is equivalentto 0b 010111111100 .

� The numberof bits in word constant hasan implementationlimit which for most
systemsis 64 bits.

RangeConstant

A range constant speci®esa set of consecutive integer numbers. For example,a con-
stant-1..5 indicatesa setof numbers -1, 0, 1, 2, 3, 4 and5. Anotherexamplesof
range constant canbe1..10 , -10..-10 , 1..300 . Thesyntacticrule of therange
constant is thefollowing:

range_constant ::
integer_number .. integer_number

with an additionalconstrainthat the ®rst integer numbermustbe lessor equalto the second
integernumber. Thetypeof a range constant is integer set.
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2.2.3 BasicExpressions
A basicexpressionis themostcommonkind of expressionusedin NUSMV.

basic_expr ::
constant -- a constant

| variable_identifier -- a variable identifier
| define_identifier -- a define identifier
| ( basic_expr )
| ! basic_expr -- logical or bitwise NOT
| basic_expr & basic_expr -- logical or bitwise AND
| basic_expr | basic_expr -- logical or bitwise OR
| basic_expr xor basic_expr -- logical or bitwise exclusive OR
| basic_expr xnor basic_expr -- logical or bitwise NOT exclusive OR
| basic_expr -> basic_expr -- logical or bitwise implication
| basic_expr <-> basic_expr -- logical or bitwise equivalence
| basic_expr = basic_expr -- equality
| basic_expr != basic_expr -- inequality
| basic_expr < basic_expr -- less than
| basic_expr > basic_expr -- greater than
| basic_expr <= basic_expr -- less than or equal
| basic_expr >= basic_expr -- greater than or equal
| basic_expr + basic_expr -- integer addition
| basic_expr - basic_expr -- integer subtraction
| basic_expr * basic_expr -- integer multiplication
| basic_expr / basic_expr -- integer division
| basic_expr mod basic_expr -- integer remainder
| basic_expr >> basic_expr -- bit shift right
| basic_expr << basic_expr -- bit shift left
| basic_expr :: basic_expr -- word concatenation
| basic_expr [ integer_number : integer_number ]

-- word bits selection
| word1 ( basic_expr ) -- boolean to word[1] convertion
| bool ( basic_expr ) -- word[1] to boolean convertion
| basic_expr union basic_expr -- union of set expressions
| f set_body_expr g -- set expression
| basic_expr in basic_expr -- inclusion in a set expression
| case_expr -- a case expression
| basic_next_expr -- a next expression

Theorderof parsingprecedencefor operatorsfrom high to low is:

!
[ : ]
::
* /
+ -
mod
<< >>
union
in
= != < > <= >=
&
| xor xnor
<->
->
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Operatorsof equalprecedenceassociateto the left, except-> thatassociatesto the right. The
constantsandtheir typesareexplainedin Section2.2.2[ConstantExpressions],page10.

Variablesand De�nes

A variable identifier and define identifier are expressionswhich identify a
variableor a de®ne,respectively. Their syntaxrulesare:

define_identifier :: complex_identifier

variable_identifier :: complex_identifier

Thesyntaxandsemanticsof complex identifiers areexplainedin Section2.3.10[Ref-
erencesto Module Components],page26. All de®nesandvariablesreferencedin expressions
shouldbedeclared.All identi®ers(variables,de®nes,symbolicconstants,etc)canbeusedprior
its de®nition, i.e. thereis no constrainton order suchas in C wherea declarationof a vari-
ableshouldalwaysbeplacedin text above thevariableuse.Seemoreinformationaboutde®ne
andvariabledeclarationsin Section2.3.2 [DEFINE Declarations],page21 andSection2.3.1
[VariableDeclarations],page19.

A de®neis akind of macro.Everytimeade®neis metin expressions,it is substitutedby the
expressionassociatedwith thisde®ne.Therefore,thetypeof ade®neis thetypeof theassociated
expressionin thecurrentcontext.

variable identifier representsstateandinput variables. The type of a variableis
speci®edin its declaration. For more information aboutvariables,seeSection2.3 [De®ni-
tion of the FSM], page19, Section2.3.1 [StateVariables],page20 andSection2.3.1 [Input
Variables],page20. Sincea symbolic constant is syntacticallyindistinguishablefrom
variable identifiers anddefine identifiers , a symbol table is usedto distin-
guishthemfrom eachother.

Parentheses

Parenthesesmaybeusedto groupexpressions.Thetypeof thewholeexpressionis thesameas
thetypeof theexpressionin theparentheses.

Logical and Bitwise !

Thesignature of thelogicalandbitwiseNOT operator! is:

! : boolean ! boolean
: word[N] ! word[N]

This meansthat the operationcan be appliedto boolean or word[� ] operands.The type of
thewhole expressionis thesameasthe typeof the operand.If theoperandis not boolean or
word[� ] thentheexpressionviolatesthetypesystemandNUSMV will throw anerror.

Logical and Bitwise &, | , xor , xnor , -> , <->

Logical andbitwise binary operators& (AND), | (OR), xor (exclusive OR), xnor (negated
exclusive OR), -> (implies) and <-> (if and only if) are similar to the unary operator! ,
exceptthatthey take two operands.Their signatureis:

&, | , xor , xnor , -> , <-> : boolean * boolean ! boolean
: word[N] * word[N] ! word[N]

theoperandscanbeof boolean or word[� ] type,andthetypeof thewholeexpressionis thetype
of theoperands.Notethatbothword[� ] operandsshouldhave thesamewidth.
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Equality (=) and Inequality (!= )

Theoperators= (equality)and!= (inequality)have thefollowing signature:

=, != : boolean * boolean ! boolean
: integer * integer ! boolean
: symbolic enum * symbolic enum ! boolean
: integers-and-symbolic enum * integers-and-symbolic enum

! boolean
: word[N] * word[N] ! boolean
: word-array[N][M] * word-array[N][M] ! boolean
: boolean * word[1] ! boolean
: word[1] * boolean ! boolean

Beforecheckingthe expressionfor beingcorrectlytyped,implicit type conversioncanbe
carriedouton oneof theoperands.For example,in theexpression

TRUE = 5

the left operandis of typeboolean andthe right oneis of type integer. Thoughthesignature
of theoperationdoesnot have a boolean * integer rule, theexpressionis correct,becauseafter
implicit typeconversionon theleft operandthetypesof theoperandswill beinteger * integer
which is a valid signaturefor the= operator.
Thisis alsotrueif oneof theoperandsis of typeword[1] andtheotheroneis of thetypeboolean.
In this case,oneof theoperandsis convertedto thetypeof theotheroneandthentheequalityis
checked2.

Relational Operators >, <, >=, <=

The relationaloperators> (greaterthan),< (lessthan),>= (greaterthanor equalto) and<=
(lessthanor equalto) have thefollowing signature:

>, <, >=, <= : boolean * boolean ! boolean
: integer * integer ! boolean
: word[N] * word[N] ! boolean
: boolean * word[1] ! boolean
: word[1] * boolean ! boolean

Beforecheckingtheexpressionfor beingcorrectlytyped,implicit typeconversioncanbecarried
outon oneof theoperands.

boolean andword[� ] typesareimplicitly convertedto their integer equivalentsbeforethe
resultof theseoperationsis calculated.

Arithmetic Operators +, - , * , /

Thearithmeticoperators+ (addition),- (subtraction),* (multiplication)and/ (division) have
thefollowing signature:

+, - , * , / : boolean * boolean ! integer
: integer * integer ! integer
: word[N] * word[N] ! word[N]

Beforecheckingthe expressionfor beingcorrectly typed,the implicit type conversioncanbe
appliedto oneof theoperands.Theboolean operandsareconvertedto theinteger typebefore
performingthe arithmeticoperation. If the operatorsareappliedto a word[N] type, then the
operationsareperformedmodulo2N .

2It is doesnotmatterwhichoperandis converted— theresultwill bethesame.
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The result of the / operatoris the quotientfrom the division of the ®rst operandby the
second.Whenintegersaredivided, the resultof the / operatoris the algebraicquotientwith
any fractional part discarded(this is often called ªtruncationtowardszeroº). If the quotient
a/b is representable,theexpression(a/b)*b + (a mod b) shallequala. If thevalueof
thesecondoperandis zero,thebehavior is unde®nedandanerror is thrown by NUSMV. The
semanticsis equivalentto thecorrespondingoneof C/C++languages.

In theversionsof NUSMV priori 2.4.0thesemanticsof divisionwasdifferent.Seepage15
for moredetail.

RemainderOperator mod

The resultof the mod operatoris the algebraicremainderof the division. If the valueof the
secondoperandis zero,thebehavior is unde®nedandanerroris thrown by NUSMV.

Thesignatureof theremainderoperatoris:

mod: integer * integer ! integer
: word[N] * word[N] ! word[N]
: integer * 2 ! boolean

Notethatwhentheleft operandis anintegerandtheright oneis aconstant2 thenthetypeof the
expressionis Boolean.In sucha way ªmod2º expressionscanbeusedasbooleanexpressions
to checkwhetherthe left operandis even or odd. In all other respects,the semanticsof mod
operatoris equivalentto thecorrespondingoperator%of C/C++languages.Thusif thequotient
a/b is representable,theexpression(a/b)*b + (a mod b) shallequala.

Note: in olderversionsof NUSMV (priori 2.4.0)thesemanticsof quotientandremainder
weredifferent. Having the division andremainderoperators= andmod be of the current,i.e.
C/C++'s,semanticstheoldersemanticsof divisionwasgivenby theformula:

IF (amod b < 0) THEN (a = b � 1) ELSE(a = b)
andthesemanticsof remainderoperatorwasgivenby theformula:

IF (amod b < 0) THEN (a mod b + b) ELSE(amod b)
Note that in bothversionstheequation(a/b)*b + (a mod b) = a holds. For example,
in thecurrentversionof NuSMV thefollowing holds:

7/5= 1 7 mod5 = 2
-7/5= -1 -7 mod5 = -2
7/-5=-1 7 mod-5 = 2
-7/-5=1 -7 mod-5 = -2

whereasin theolderversionsonNuSMV theequationswere
7/5= 1 7 mod5 = 2
-7/5= -2 -7 mod5 = 3
7/-5=-1 7 mod-5 = 2
-7/-5=0 -7 mod-5 = -7

When supplied,the commandline option -old div op switchesthe semanticsof division and
remainderto theold one.

Shift Operators <<, >>

Thesignatureof theshift operatorsis:

<<, >> : word[N] * integer ! word[N]
Beforecheckingthe expressionfor beingcorrectly typed, the right operandcanbe implicitly
convertedfrom boolean to integer type.

Left shift << andandright shift >> operationsshift bits to the left andright respectively.
A shift by N bits is equivalentto N shiftsby 1 bit. A bit shiftedbehindtheword boundis lost.
Duringshifting theword is paddedwith zeros.

For instance,
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0b3 001<< 2 is equalto
0b3 010<< 1 is equalto
0b3 100<< 0 is equalto
0b3 100

It hasto beremarkedthattheshiftingrequirestheright operandto begreateror equalto zero
andlessthenthewidth of theword it is appliedto. NUSMV raisesanerror if it is attempteda
shiftingnotsatisfyingthis restriction.

Bit SelectionOperator [ : ]

The bit selectionoperatorextracts consecutive bits from a word[� ] expression,resulting in
a new word[� ] expression. This operationalways decreasesthe width of word[� ] or leaves
it intact. The left expressionin the brackets is the high boundand the right one is the low
bound. The high boundmustbe greaterthanor equalto the low bound. The bits countfrom
0. The resultof the operationsis a word[� ] valueconsistingof the consecutive bits beginning
from the high boundof the operanddown to, andincluding, the low boundbit. For example,
0b7 1011001[4:1]extractsbits1 through4 (including1stand4thbits)andis equalto 0b4 1100.
0b3 101[0:0]extractsbit number0 andis equalto 0b1 1.

Thesignatureof thebit selectionoperatoris:

[ : ] : word[N] * integerhig h * integerlow ! word[integerhig h � integerlow + 1]

where 0 � integerlow � integerhig h < N

Word ConcatenationOperator ::

Theconcatenationoperatorjoins two wordstogetherto createa largerword type. Theoperator
itself is two colons(:: ), andits signatureis asfollows:

:: : word[M] * word[N] ! word[M+N]
: boolean * word[N] ! word[N+1]
: word[N] * boolean ! word[N+1]

Theleft-handoperandwill make up theupperbits of thenew word,andtheright-handoperand
will make up thelower bits. For example,giventhetwo wordsw1 := 0b4 1101 andw2 :=
0b2 00, thentheresultof w1:: w2 is 0b6 110100 .

Booleanand word[1] Explicit Conversions

bool convertsa word[1] to a boolean, while word1 convertsa boolean to a word[1].
Thesignaturesof theseconversionoperatorsare:

bool : word[1] ! boolean
word1 : boolean ! word[1]

Theconversionobeys thefollowing table:

bool (0b1 0) = 0
bool (0b1 1) = 1
word1 (0) = 0b1 0
word1 (1) = 0b1 1
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SetExpressions

The set expressionis an expressionde®ninga setof boolean, integer andsymbolic enum
values.A setexpressioncanbe createdwith theunion operator. For example,1 union 0
speci®esthesetof values1 and0. Oneor bothof theoperandsof union canbesets.In this
caseunion returnsa unionof thesesets.For example,expression(1 union 0) union 3
speci®esthesetof values1, 0 and-3 .

Notethat there cannotbea setof setsin NuSMV. Setscancontainonly singletonvalues,but
notothersets.

Thesignatureof theunion operatoris:
union : boolean set * boolean set ! boolean set

: integer set * integer set ! integer set
: symbolic set * symbolic set ! symbolic set
: integers-and-symbolic set * integers-and-symbolic set

! integers-and-symbolic set
Beforecheckingthe expressionfor being correctly typed, if it is possible,both operandsare
convertedto their counterpartset types3, which virtually meansconverting individual values
to singletonsets. Thenboth operandsare implicitly convertedto a minimal type that covers
bothoperands.If afterthesemanipulationstheoperandsdo not satisfythesignatureof union
operator, anerroris raisedby NUSMV.

Thereis alsoanotherway to write a setexpressionby enumeratingall its valuesbetween
curly brackets.Thesyntacticrule for thevaluesin curly bracketsis:

set_body_expr ::
basic_expr

| set_body_expr , basic_expr

Enumeratingvaluesin curly bracketsis semanticallyequivalentto writing themconnected
by union operators.For example,expressionf exp1, exp2, exp3 g is equivalentto exp1
union exp2 union exp3 . Note that accordingto the semanticsof union operator, ex-
pressionff 1, 2g, f 3, 4gg is equivalentto f 1, 2, 3, 4g, i.e. thereis no actuallysetof
sets.

Setexpressionscanbeuseonly asoperandsof union andin operations,andastheright
operandof case expressionandanassignment.In all otherplacestheuseof setexpressionsis
prohibited.

Inclusion Operator in

Theinclusionoperator̀ in ' teststheleft operandfor beingasubsetof theright operand.If either
operandis a numberor asymbolicvalueinsteadof a set,it is coercedto a singletonset.

Thesignatureof thein operatoris:

in : boolean set * boolean set ! boolean
: integer set * integer set ! boolean
: symbolic set * symbolic set ! boolean
: integers-and-symbolic set * integers-and-symbolic set ! boolean

Similarly to union operation,beforecheckingtheexpressionfor beingcorrectlytyped,if it is
possible,bothoperandsareconvertedto their counterpartset types4. Then,if required,implicit
typeconversionis carriedout ononeof theoperands.

CaseExpressions

A caseexpressionhasthefollowing syntax:

3See2.1.7for moreinformationabouttheset typesandtheir counterparttypes
4See2.1.7for moreinformationabouttheset typesandtheir counterparttypes
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case_expr :: case case_body esac

case_body ::
basic_expr : basic_expr ;

| case_body basic_expr : basic_expr ;

A case expr returnsthevalueof the®rst expressionon the right handsideof `: ', suchthat
thecorrespondingconditionon theleft handsideevaluatesto 1 (TRUE). For example,theresult
of theexpression

case
left_expression_1 : right_expression_1 ;
left_expression_2 : right_expression_2 ;
...
left_expression_N : right_expression_N ;

esac

is right expression k suchthatfor all i from 0 to k � 1, left expression i is 0, and
left expression k is 1. It is anerrorif all expressionson theleft handsideevaluateto 0.

Thetypeof expressionson theleft handsidemustbeboolean. If oneof theexpressionon
theright is of aset typethen,if it is possible,all remainingexpressionsontheright areconverted
to theircounterpartset types5. Thetypeof thewholeexpressionis suchaminimal type6 thatall
of theexpressionsontheright (afterpossibleconvertionto set types)canbeimplicitly converted
to this type. If this is impossibleNUSMV throws anerror.

BasicNext Expression

Next expressions referto next statevariables.For example,if a variablev is a statevari-
able,thennext(v) refersto thatvariablev in thenext timestep.A next appliedto acomplex
expressionis ashorthandmethodof applyingnext to all thevariablesin theexpressionsrecur-
sively. Example:next ((1 + a) + b) is equivalentto (1 + next (a)) + next (b) .
Notethatthenext operatorcannotbeappliedtwice, i.e. next ( next (a)) is not allowed.

Thesyntacticrule is:

basic_next_expr :: next ( simple_expr )

A next expression doesnot changethetype.

2.2.4 Simpleand Next Expressions
Simple expressions areexpressionsbuilt only from currentstatevariables.Therefore,the
simple expression cannothave a next operationinsideandthesyntaxof simple ex-
pressions is asfollows:

simple_expr :: basic_expr

with the alternative basic next expr not allowed. Simple expressions canbe used
to specifysetsof states,for example,the initial setof states.Thenext expression relates
currentandnext statevariablesto expresstransitionsin theFSM.Thenext expression can
have next operationinside,i.e.

next_expr :: basic_expr

with thealternative basic next expr allowed.

5See2.1.7for informationonset typesandtheir counterparttypes
6SeeSection2.1.8[TypeOrder],page9 for theinformationon theorderof types.
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2.3 De�nition of the FSM
We considera Finite StateMachine(FSM) describedin termsof statevariablesandinput vari-
ables, which mayassumedifferentvaluesin differentstates, of a transitionrelationdescribing
how inputs leadsfrom onestateto possiblymany differentstates,andof Fairnessconditions
thatdescribeconstraintson thevalid pathsof theexecutionof the FSM. In this document,we
distinguishamongconstraints(usedto constrainthebehavior of aFSM,e.g.a modulo4 counter
incrementsits valuemodulo4), andspeci®cations(usedto expresspropertiesto verify on the
FSM(e.g.thecounterreachesvalue3).

In thefollowing it is describedhow theseconceptscanbedeclaredin theNUSMV language.

2.3.1 Variable Declarations
A variablecanbeaninputor astatevariable.Thedeclarationof avariablespeci®esthevariable's
typewith thehelpof typespeci®er.

Type Speci�ers

A type specifier hasthefollowing syntax:

type_specifier ::
simple_type_specifier

| module_type_spicifier

simple_type_specifier ::
boolean

| word [ integer_number ]
| f enumeration_type_body g
| integer_number .. integer_number
| array integer_number .. integer_number

of simple_type_specifier
| array word [ integer_number ] of word [ integer_number ]

enumeration_type_body ::
enumeration_type_value

| enumeration_type_body , enumeration_type_value

enumeration_type_value ::
symbolic_constant

| integer_number

Therearetwo kinds of type specifier : a simple type specifier anda module
type specifier . The module type specifier is explainedlater in Section2.3.9
[MODULE Instantiations],page25. The simple type specifier comprisesboolean
type,integer type,enumeration types,word[], arraysandword-array types.

Theboolean typeis speci®edby thekeyword boolean .
A enumeration type is speci®edby full enumerationof all thevaluesthe type comprises.

For example, possibleenumeration type speci®ersare f 0,2,3,-1 g, f 1,0, OKg, f OK,
FAIL, running g. Thevaluesin thelist areenclosedin curly bracketsandseparatedby com-
mas.Thevaluesmaybeinteger numbers , symbolic constants or both. All values
in thelist shouldbedistinctfrom eachother, althoughtheorderof valuesis not important.Note
that the symbolic constants TRUEandFALSE arejust symbolicrepresentationsof the
integer numbers 1 and0, respectively.

If thelist of valuesin theenumeration typespeci®erconsistsof just thetwo values1 and0
thenthetype it representsis boolean. For example,type specifiers f TRUE, FALSEg
andboolean areequivalent.
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Note,expressionscannotbe of the actualenumeration types,but only the simpli®edver-
sionsof enumeration types,suchassymbolic enum andintegers-and-symbolic enum.

A type specifier can be given by two integer numbersseparatedby .. (<TWO
DOTS>), for example, -1..5 . This is just a shorthandfor a enumeration type containing
thelist of integer numbers from therangegivenin type specifier . For example,the
type specifiers -1..5 andf -1,0,1,2,3,4,5 g areequivalent.Notethatthenumber
on theleft from thetwo dotsmustbelessthanor equalto thenumberon theright.

Theword[� ] type is speci®edby thekeyword word with an integer number supplied
in squarebrackets.This numbermustbegreaterthanzero.Thepurposeof theword typesis to
offer theintegerandbitwisearithmetic.

An array type is denotedby a sequenceof the keyword array , an integer number
specifyingthelower boundof thearrayindex, two dots.. , aninteger number specifying
the upperboundof the array index, the keyword of and the type of array's elements. The
elementscanthemselvesbearrays.

StateVariables

A stateof themodelis anassignmentof valuesto a setof statevariables.Thesevariables(and
alsoinstancesof modules)aredeclaredby thenotation:

var_declaration :: VAR var_list

var_list :: identifier : type ;
| var_list identifier : type ;

A variable declaration speci®estheidenti®erof thevariablesandits type. A variable
cantake thevaluesonly from thedomainof its type. In particular, a variableof a enumeration
typemaytake only thevaluesenumeratedin thetype specifier of thedeclaration.

Input Variables

IVAR s(inputvariables)areusedto labeltransitionsof theFiniteStateMachine.Thedifference
betweenthe syntaxfor the input andstatevariablesdeclarationsis the keyword indicatingthe
beginningof a declaration:

ivar_declaration :: IVAR var_list

Anotherdifferencebetweeninput andstatevariablesis that input variablescannotbeinstances
of modules.Below areexamplesof inputandstatevariabledeclarations:

VAR a : boolean;
VAR b : 0..1;
IVAR c : f TRUE, FALSEg;

The variablesa, b arestatevariables,andc is an input variable. All of themareof boolean
type. In thefollowing examples:

VAR d : f stopped, running, waiting, finished g;
VAR e : f 2, 4, -2, 0g;
VAR f : f 1, a, 3, d, q, 4g;

thevariablesd, e andf areenumeration types,andall theirpossiblevaluesarespeci®edin the
type specifiers of their declarations.

VAR g : word[3];
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Thevariableg is a 3-bits-wideword type(i.e word[3]).

VAR g : array -1..1 of array f 0, TRUEg;

Thevariableg is anarrayof boolean elementswith indexes-1, 0 and1.

2.3.2 DEFINE Declarations
In orderto make descriptionsmoreconcise,a symbolcanbeassociatedwith a commonexpres-
sion,andaDEFINEdeclarationintroducessuchasymbol.Thesyntaxfor thiskind of declaration
is:

define_declaration :: DEFINE define_body

define_body :: identifier := simple_expr ;
| define_body identifier := simple_expr ;

DEFINE associatesan identifier on the left handside of the `:=' with an expression
on the right side. A de®nestatementcan be consideredas a macro. Whenever a de®ne
identifier occursin anexpression,the identifier is syntacticallyreplacedby theex-
pressionit' s associatedwith. The associatedexpressionis alwaysevaluatedin context of the
expressionwheretheidentifier is met(seeSection2.3.14[Context], page28 for anexpla-
nationof contexts). Forward referencesto de®nedsymbolsareallowedbut circularde®nitions
arenot,andresultin anerror. Thedifferencebetweende®nedsymbolsandvariablesis thatwhile
variablesarestaticallytyped,de®nitionsarenot.

2.3.3 INIT Constraint
The setof initial statesof the model is determinedby a boolean expressionunderthe INIT
keyword. Thesyntaxof anINIT constraintis:

init_constrain :: INIT simple_expr [ ; ]

Sincetheexpressionin theINIT constraintis a simple expression , it cannotcontainthe
next() operator. The expressionalsohasto be of type boolean. If thereis morethanone
INIT constraint,theinitial setis theconjunctionof all of theINIT constraints.

2.3.4 INVAR Constraint
Thesetof invariantstatescanbespeci®edusinga boolean expressionunderthe INVAR key-
word. Thesyntaxof anINVAR constraintis:

invar_constraint :: INVAR simple_expr [ ; ]

Sincetheexpressionin theINVAR constraintis asimple expression , it cannotcontainthe
next() operator. If thereismorethanoneINVAR constraint,theinvariantsetis theconjunction
of all of theINVAR constraints.

2.3.5 TRANSConstraint
The transitionrelationof the model is a setof currentstate/next statepairs. Whetheror not a
givenpairis in thissetisdeterminedbyabooleanexpression,introducedby theTRANSkeyword.
Thesyntaxof aTRANSconstraintis:

trans_constraint :: TRANS next_expr [ ; ]

It is anerrorfor theexpressionto benot of theboolean type. If thereis morethanoneTRANS
constraint,thetransitionrelationis theconjunctionof all of TRANSconstraints.
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2.3.6 ASSIGNConstraint
An assignmenthastheform:

assign_constraint :: ASSIGN assign_list

assign_list :: assign ;
| assign_list assign ;

assign ::
complex_identifier := simple_expr

| init ( complex_identifier ) := simple_expr
| next ( complex_identifier ) := next_expr

On the left handside of the assignment,identifier denotesthe currentvalue of a vari-
able,`init( identifier ) ' denotesits initial value,and`next( identifier ) ' denotes
its valuein thenext state.If theexpressionon theright handsideevaluatesto a not-set expres-
sion suchas integer number or symbolic constant , the assignmentsimply means
that theleft handsideis equalto theright handside. On theotherhand,if theexpressioneval-
uatesto a set,thentheassignmentmeansthat theleft handsideis containedin thatset. It is an
error if thevalueof theexpressionis not containedin therangeof thevariableon the left hand
side.

Semanticallyassignmentscanbeexpressedusingotherkindsof constraints:

ASSIGN a := exp; is equivalentto INVAR a in exp;
ASSIGN init(a) := exp; is equivalentto INIT a in exp;
ASSIGN next(a) := exp; is equivalentto TRANS next(a) in exp;

Notice that, an additionalconstraintis forcedwhenassignmentsareusedwith respectto their
correspondingconstraintscounterpart:whena variableis assigneda valuethat it is not anele-
mentof its declaredtype,anerroris raised.

Theallowedtypesof theassignmentoperatorare:
:= : boolean * boolean

: boolean * boolean set
: integer * integer
: integer * integer set
: symbolic enum * symbolic enum
: symbolic enum * symbolic set
: integers-and-symbolic enum * integers-and-symbolic enum
: integers-and-symbolic enum * integers-and-symbolic set
: word[N] * word[N]
: word-array[N][M] * word-array[N][M]
: boolean * word[1]
: word[1] * boolean

Beforecheckingthe assignmentfor beingcorrectlytyped,the implicit type conversioncanbe
appliedto theright operand.

Rulesfor assignments

Assignmentsdescribea systemof equationsthatsayhow theFSM evolvesthroughtime. With
anarbitrarysetof equationsthereis no guaranteethata solutionexistsor that it is unique.We
tacklethis problemby placingcertainrestrictive syntacticruleson thestructureof assignments,
thusguaranteeingtheprogrambeingimplementable.

Therestrictionrulesfor assignmentsare:

� The singleassignmentrule ± eachvariablemaybeassignedonly once.
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� The circular dependencyrule ± a setof equationsmustnot have ªcyclesºin its depen-
dency graphnot brokenby delays.

Thesingleassignmentruledisregardscon¯ictingde®nitions,andcanbeformulatedas:one
mayeitherassigna valueto a variableªxº, or to ªnext( x) º andªinit( x) º, but not both.
For instance,thefollowing arelegalassignments:

Example1 x := expr 1 ;

Example2 init( x ) := expr 1 ;

Example3 next( x ) := expr 1 ;

Example4 init( x ) := expr 1 ;
next( x ) := expr 2 ;

while thefollowing areillegalassignments:

Example1 x := expr 1 ;
x := expr 2 ;

Example2 init( x ) := expr 1 ;
init( x ) := expr 2 ;

Example3 x := expr 1 ;
init( x ) := expr 2 ;

Example4 x := expr 1 ;
next( x ) := expr 2 ;

If we have anassignmentlike x := y ; , thenwe saythatx dependson y. A combinatorial
loop is a cycleof dependenciesnotbrokenby delays.For instance,theassignments:

x := y;
y := x;

form a combinatorialloop. Indeed,thereis no ®xed orderin which we cancomputex andy,
sinceat eachtime instantthe value of x dependson the value of y andvice-versa. We can
introducea ªunitdelaydependencyº usingthenext() operator.

x := y;
next(y) := x;

In this case,thereis a unit delaydependency betweenx andy. A combinatorialloop is a cycle
of dependencieswhosetotal delay is zero. In NUSMV combinatorialloopsare illegal. This
guaranteesthat for any setof equationdescribingthebehavior of variablethereis at leastone
solution.Theremight bemultiple solutionsin thecaseof unassignedvariablesor in thecaseof
non-deterministicassignmentssuchasin thefollowing example,

next(x) := case x=1 : 1;
1 : f 0,1 g;

esac;

2.3.7 FAIRNESSConstraints
A fairnessconstraintrestrictstheattentiononly to fair executionpaths. Whenevaluatingspeci-
®cations,themodelchecker considerspathquanti®ersto applyonly to fair paths.

NUSMV supportstwo typesof fairnessconstraints,namelyjusticeconstraintsand com-
passionconstraints.A justiceconstraintconsistsof a formula f which is assumedto be true
in®nitely often in all the fair paths. In NUSMV justiceconstraintsareidenti®edby keywords
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JUSTICE and,for backwardcompatibility, FAIRNESS. A compassionconstraintconsistsof a
pair of formulas(p,q) ; if propertyp is true in®nitely oftenin a fair path,thenalsoformulaq
hasto betruein®nitely oftenin thefair path. In NUSMV compassionconstraintsareidenti®ed
by keyword COMPASSION. 7 If compassionconstraintsareusedthenthemodelmustnot con-
tain any input variables.Currently, NUSMV doesnot enforcethis so it is theresponsibilityof
theuserto make surethatthis is thecase.

Fairnessconstraintsaredeclaredusingthefollowing syntax(all expressionsareexpectedto
beboolean):

fairness_constraint ::
FAIRNESS simple_expr [ ; ]

| JUSTICE simple_expr [ ; ]
| COMPASSION( simple_expr , simple_expr ) [ ; ]

A pathis consideredfair if andonly if it satis®esall theconstraintsdeclaredin this manner.

2.3.8 MODULEDeclarations
A moduledeclarationis an encapsulatedcollectionof declarations,constraintsandspeci®ca-
tions. A moduledeclarationalsoopensa new identi®erscope.Oncede®ned,a modulecanbe
reusedasmany timesasnecessary. Modulesareusedsucha way thateachinstanceof amodule
refersto differentdatastructures.A modulecancontaininstancesof othermodules,allowing a
structuralhierarchyto bebuilt. Thesyntaxof a moduledeclarationis asfollows:

module :: MODULEidentifier [ ( module_parameters ) ] [module_body]

module_parameters ::
identifier

| module_parameters , identifier

module_body ::
module_element

| module_body module_element

module_element ::
var_declaration

| ivar_declaration
| define_declaration
| assign_constraint
| trans_constraint
| init_constraint
| invar_constraint
| fairness_constraint
| ctl_specification
| invar_specification
| ltl_specification
| compute_specification
| isa_declaration

The identifier immediatelyfollowing the keyword MODULEis the nameassociatedwith
the module. Module nameshave a separatenamespacein the program,andhencemay clash
with namesof variablesandde®nitions. The optional list of identi®ersin parenthesesarethe
formalparametersof themodule.

7In the currentversionof NUSMV, compassionconstraintsare supportedonly for BDD-basedLTL
model checking. We plan to add supportfor compassionconstraintsalso for CTL speci®cationsand in
BoundedModelCheckingin thenext releasesof NUSMV.
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2.3.9 MODULEInstantiations
An instanceof amoduleis createdusingtheVARdeclaration(seeSection2.3.1[StateVariables],
page20)with amoduletypespeci®er(seeSection2.3.1[TypeSpeci®ers],page19). Thesyntax
of a module type specifier is:

module_type_specifier ::
| identifier [ ( [ parameter_list ] ) ]
| process identifier [ ( [ parameter_list ] ) ]

parameter_list ::
simple_expr

| parameter_list , simple_expr

A variabledeclarationwith a module type specifier introducesa namefor themodule
instance.Themodule type specifier providesthenameof theinstantiatingmoduleand
also a list of actualparameters,which are assignedto the formal parametersof the module.
An actualparametercanbeany legal simple expression (seeSection2.2.4[Simpleand
Next Expressions],page18). It is anerror if thenumberof actualparametersis differentfrom
thenumberof formal parameters.Whenever formal parametersoccurin expressionswithin the
module,they are replacedby the actualparameters.The semanticof moduleinstantiationis
similar to call-by-reference.8

Hereareexamples:

MODULEmain
...

VAR
a : boolean;
b : foo(a);

...
MODULEfoo(x)

ASSIGN
x := 1;

thevariablea is assignedthevalue1. This distinguishesthecall-by-referencemechanismfrom
a call-by-valuescheme.
Now considerthefollowing program:

MODULEmain
...

DEFINE
a := 0;

VAR
b : bar(a);

...
MODULEbar(x)

DEFINE
a := 1;
y := x;

In this program,thevalueof y is 0. On the otherhand,usinga call-by-namemechanism,the
valueof y would be1, sincea would besubstitutedasanexpressionfor x.
Forward referencesto modulenamesareallowed,but circular referencesarenot, andresult in
anerror.

Thekeyword process is explainedin Section2.3.11[Processes],page27.

8Thisalsomeansthattheactualparametersareanalyzedin thecontext of thevariabledeclarationwhere
moduleis instantiated,not in thecontext of theexpressionwheretheformal parameteroccurs.
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2.3.10 Referencesto Module Components(Variables and De®nes)
in Expressions

As describedin Section2.2.3 [Variablesand De®nes], page13, de®nesand variablescan
be referencedin expressionsas variable identifiers and define identifiers
respectively, both of which are complex identifiers . The syntax of a complex
identifier is:

complex_identifier ::
identifier

| complex_identifier . identifier
| complex_identifier [ simple_expression ]
| self

Every variableandde®neusedin an expressionshouldbe declared.It is possibleto have
forwardreferenceswhenavariableor de®neidenti®eris usedtextually beforethecorresponding
declaration.

Notationswith . (<DOT>) areusedto accessthecomponentsof modules.For example,if m
is aninstanceof amodule(seeSection2.3.9[MODULE Instantiations],page25for information
aboutinstancesof modules)thentheexpressionm.c identi®esthecomponentc of themodule
instancem. This is preciselyanalogousto accessinga componentof a structureddatatype.

Note that actualparametersof a modulecan potentially be instancesof other modules.
Therefore,parametersof modulesallow accessto the componentsof othermoduleinstances,
asin thefollowing example:

MODULEmain
... VAR

a : bar;
m : foo(a);

...
MODULEbar

VAR
q : boolean;
p : boolean;

MODULEfoo(c)
DEFINE

flag := c.q | c.p;

Here,thevalueof `m.flag ' is thelogicalORof `a.p ' and`a.q '.
Individual elementsof an arrayareaccessedin the typical fashionwith the index required

givenin squarebrackets.For example,if `a' identi®esanarray, theexpressioǹa[N] ' identi®es
element̀ N' of array`a'. It is anerrorfor theexpressioǹ N' to evaluateto a numberoutsidethe
subscriptboundsof array`a', or to a symbolicvalue.

It is possibleto refer to thenamethat thecurrentmodulehasbeeninstantiatedto by using
theself built-in identi®er.

MODULEcontainer(init_value1, init_value2)
VAR c1 : counter(init_value1, self);
VAR c2 : counter(init_value2, self);

MODULEcounter(init_value, my_container)
VAR v: 1..100;
ASSIGN

init(v) := init_value;
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DEFINE
greatestCounterInContainer := v >= my_container.c1.v &

v >= my_container.c2.v;

MODULEmain
VAR c : container(14, 7);
SPEC

c.c1.greatestCounterInContainer;

In this exampleaninstanceof themodulecontainer is passedto thesub-modulecounter .
In the main module,c is declaredto be an instanceof the modulecontainer which de-
clarestwo instancesof the modulecounter . Every instanceof the counter modulehasa
de®negreatestCounterInContainer whichspeci®estheconditionwhenthisparticular
counter hasthegreatestvaluein thecontainerit belongsto. Soa counter needsaccessto
theparentcontainer to accessall thecounters in thecontainer .

2.3.11 Processes
Processesareusedto model interleaving concurrency. A processis a modulewhich is instan-
tiatedusingthe keyword `process ' (seeSection2.3.9 [MODULE Instantiations],page25).
Theprogramexecutesa stepby non-deterministicallychoosinga process,thenexecutingall of
theassignmentstatementsin thatprocessin parallel. It is implicit that if a givenvariableis not
assignedby the process,then its value remainsunchanged.Eachinstanceof a processhasa
specialboolean variableassociatedwith it calledrunning . Thevalueof this variableis 1 if
andonly if theprocessinstanceis currentlyselectedfor execution.A processmayrunonly when
its parentis running. In additionno two processeswith thesameparentsmayberunningat the
sametime.

Note that in the presenceof processesNuSMV internally declaresspecial variables
running and process selector . ThesenameshouldNOT beusedin user's own decla-
rations.

2.3.12 A Program and the main Module
Thesyntaxof a NUSMV programis:

program :: module_list

module_list ::
module

| module_list module

Theremustbeonemodulewith thenamemain andno formal parameters.Themodulemain
is theoneevaluatedby theinterpreter.

2.3.13 Namespacesand Constraints on Declarations
Identi®ersin theNUSMV input languagemayreference5 differententities:modules,variables,
de®nes,moduleinstancesandsymbolicconstants.

Module identi®ershave their own separatenamespace.Module identi®erscanbe usedin
module type specifiers only, andno otherkind of identi®erscan be usedthere(see
Section2.3.9 [MODULE Instantiations],page25). Thus,moduleidenti®ersmay be equalto
otherkinds of identi®erswithout making the programambiguous.However, no two modules
shouldbe declaredwith the sameidenti®er. Modulescannotbe declaredin other modules,
thereforethey arealwaysreferencedby simpleidentifiers .
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Variable,de®neandmoduleinstanceidenti®ersareintroducedin a programwhenthemod-
ule containingtheir declarationsis instantiated.Insidethis modulethe variables,de®nesand
moduleinstancesmaybereferencedby thesimpleidentifiers . Insideothermodules,their
simple identi®ersshouldbe precededby the identi®erof the moduleinstancecontainingtheir
declarationand . (<DOT>). Suchidenti®ersarecalledcomplex identifier . The full
identi®er is a complex identifier which referencesa variable,de®neor a modulein-
stancefrom insidethemain module.

Let usconsiderthefollowing:

MODULEmain
VAR a : boolean;
VAR b : foo;
VAR c : moo;

MODULEfoo
VAR q : boolean;

e : moo;

MODULEmoo
DEFINE f := 0 < 1;

MODULEnot_used
VAR n : boolean;
VAR t : used;

MODULEused
VAR k : boolean;

The full identi®erof the variablea is a, the full identi®erof the variableq (from the module
foo ) is b.q , the full identi®erof the moduleinstancee (from the modulefoo ) is b.e , the
full identi®ersof thede®nef (from themodulemoo) areb.e.f andc.f , becausetwo module
instancescontainthis de®ne.Notice that, thevariablesn andk aswell asthemoduleinstance
t do not have full identi®ersbecausethey cannotbe accessedfrom main (sincethe module
not used is not instantiated).

In theNUSMV language,variables,de®nesandmoduleinstancesbelongto onenamespace,
andno two full identi®ersof differentvariables,de®nesor moduleinstancesshouldbe equal.
Also, noneof themcanberede®ned.

A symbolic constant canbeintroducedby a variabledeclarationif its typespeci®er
enumeratesthesymbolic constant . For example,thevariabledeclaration

VAR a : f OK, FAIL, waiting g;

declaresthevariablea aswell asthesymbolic constants OK, FAIL andwaiting . The
full identi®ersof thesymbolic constants equalto their simpleidentifiers with the
additionalcondition ± the variablewhosedeclarationdeclaresthe symbolic constants
alsohasa full identi®er.

Symbolic constants have a separatenamespace,so their identi®ersmay potentially
beequalto, for example,variableidenti®ers.It is anerror, if thesameidenti®erin anexpression
cansimultaneouslyreferto asymbolic constant andavariableor ade®ne.A symbolic
constant maybedeclaredanarbitrarynumberof times,but it mustbedeclaredat leastonce,
if it is usedin anexpression.

2.3.14 Context
Every moduleinstancehasits own context, in which all expressionsareanalyzed.Thecontext
canbe de®nedasthe full identi®ersof variablesdeclaredin the modulewithout their simple
identi®ers.Let usconsiderthefollowing example:
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MODULEmain
VAR a : foo;
VAR b : moo;

MODULEfoo
VAR c : moo;

MODULEmoo
VAR d : boolean;

Thecontext of themodulemain is `' (empty)9, thecontext of themoduleinstancea (andinside
themodulefoo ) is `a.' , thecontexts of modulemoomaybe`b.' (if themoduleinstanceb
is analyzed)and`a.c.' (if themoduleinstancea.c is analyzed).

2.3.15 ISA Declarations
Therearecasesin which somepartsof a modulecouldbesharedamongdifferentmodules,or
couldbeusedasamodulethemselves.In NUSMV it is possibleto declarethecommonpartsas
separatemodules,andthenusetheISA declarationto import thecommonpartsinsideamodule
declaration.Thesyntaxof anisa declaration is asfollows:

isa_declaration :: ISA identifier

whereidentifier mustbethenameof adeclaredmodule.TheISA declaration canbe
thoughtasa simplemacroexpansioncommand,becausethebodyof themodulereferencedby
anISA commandis replacedto theISA declaration .

Warning: ISA is a deprecatedfeature and will be removed from future versionsof
NUSMV. Therefore,avoid theuseof ISA declarations . Usemoduleinstancesinstead.

2.4 Speci�cations
Thespeci®cationsto becheckedon theFSM canbeexpressedin two differenttemporallogics:
ComputationTreeLogic CTL, andLinearTemporalLogic LTL extendedwith PastOperators.
It is also possibleto analyzequantitative characteristicsof the FSM by specifyingreal-time
CTL speci®cations.Speci®cationscanbe positionedwithin modules,in which casethey are
preprocessedto renamethevariablesaccordingto their context.

CTL andLTL speci®cationsareevaluatedby NUSMV in orderto determinetheir truth or
falsity in theFSM.Whenaspeci®cationis discoveredto befalse,NUSMV constructsandprints
a counterexample,i.e. a traceof theFSM thatfalsi®estheproperty.

2.4.1 CTL Speci®cations
A CTL speci®cationis givenasa formulain thetemporallogic CTL, introducedby thekeyword
`SPEC'. Thesyntaxof this speci®cationis:

ctl_specification :: SPEC ctl_expr ;

Thesyntaxof CTL formulasrecognizedby NUSMV is asfollows:

ctl_expr ::
simple_expr -- a simple boolean expression
| ( ctl_expr )
| ! ctl_expr -- logical not

9The modulemain is instantiatedwith the so calledemptyidenti®erwhich cannotbe referencedin a
program.
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| ctl_expr & ctl_expr -- logical and
| ctl_expr | ctl_expr -- logical or
| ctl_expr xor ctl_expr -- logical exclusive or
| ctl_expr -> ctl_expr -- logical implies
| ctl_expr <-> ctl_expr -- logical equivalence
| EG ctl_expr -- exists globally
| EX ctl_expr -- exists next state
| EF ctl_expr -- exists finally
| AG ctl_expr -- forall globally
| AX ctl_expr -- forall next state
| AF ctl_expr -- forall finally
| E [ ctl_expr U ctl_expr ] -- exists until
| A [ ctl_expr U ctl_expr ] -- forall until

Sincesimple expr cannotcontainthe next operator, ctl expr cannotcontainit either.
Thectl expr shouldalsobeaboolean expression.

Intuitively thesemanticsof CTL operatorsis asfollows:

� EX p is true in a states if there existsa states0 suchthata transitiongoesfrom s to s0

andp is truein s0.

� AX p is truein astates if for all statess0 wherethereis atransitionfrom s to s0, p is true
in s0.

� EF p is true in a states0 if there existsa seriesof transitionss0 ! s1 , s1 ! s2 , . . . ,
sn � 1 ! sn suchthatp is truein sn .

� AF p is truein astates0 if for all seriesof transitionss0 ! s1 , s1 ! s2 , . . . , sn � 1 ! sn

p is truein sn .

� EG p is truein astates0 if thereexistsanin®niteseriesof transitionss0 ! s1 , s1 ! s2 ,
. . . suchthatp is truein everysi .

� AG p is truein a states0 if for all in®nite seriesof transitionss0 ! s1 , s1 ! s2 , . . . p
is truein everysi .

� E[ p U q] is true in a states0 if there existsa seriesof transitionss0 ! s1 , s1 ! s2 ,
. . . , sn � 1 ! sn suchthatp is truein everystatefrom s0 to sn � 1 andq is truein statesn .

� A[ p U q] is true in a states0 if for all seriesof transitionss0 ! s1 , s1 ! s2 , . . . ,
sn � 1 ! sn p is truein everystatefrom s0 to sn � 1 andq is truein statesn .

A CTL formulais trueif it is truein all initial states.

2.4.2 Invariant Speci®cations
It is alsopossibleto specifyinvariantspeci®cationswith specialconstructs.Invariantsarepropo-
sitional formulaswhich must hold invariantly in the model. The correspondingcommandis
INVARSPEC, with syntax:

invar_specification :: INVARSPEC simple_expr ;

This statementis equivalentto

SPEC AG simple_expr ;

but canbecheckedby a specialisedalgorithmduringreachabilityanalysis.
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2.4.3 LTL Speci®cations
LTL speci®cationsareintroducedby thekeywordLTLSPEC. Thesyntaxof thisspeci®cationis:

ltl_specification :: LTLSPEC ltl_expr [ ; ]

Thesyntaxof LTL formulasrecognizedby NUSMV is asfollows:

ltl_expr ::
simple_expr -- a simple boolean expression
| ( ltl_expr )
| ! ltl_expr -- logical not
| ltl_expr & ltl_expr -- logical and
| ltl_expr | ltl_expr -- logical or
| ltl_expr xor ltl_expr -- logical exclusive or
| ltl_expr -> ltl_expr -- logical implies
| ltl_expr <-> ltl_expr -- logical equivalence
-- FUTURE
| X ltl_expr -- next state
| G ltl_expr -- globally
| F ltl_expr -- finally
| ltl_expr U ltl_expr -- until
| ltl_expr V ltl_expr -- releases
-- PAST
| Y ltl_expr -- previous state
| Z ltl_expr -- not previous state not
| H ltl_expr -- historically
| O ltl_expr -- once
| ltl_expr S ltl_expr -- since
| ltl_expr T ltl_expr -- triggered

Intuitively thesemanticsof LTL operatorsis asfollows:

� X p is trueat time t if p is trueat time t + 1.

� F p is trueat time t if p is trueatsometime t0 � t .

� G p is trueat time t if p is trueatall timest0 � t .

� p U q is true at time t if q is true at sometime t0 � t , andfor all time t00 (suchthat
t � t00< t0) p is true.

� p V q is trueat timet if q holdsatall timestepst0 � t up to andincludingthetimestep
t00wherep alsoholds.Alternatively, it maybethecasethatp never holdsin which case
q musthold in all timestepst0 � t .

� Y p is trueat time t > 0 if p holdsat time t � 1. Y p is falseat time t 0 .

� Z p is equivalentto Y p with theexceptionthattheexpressionis trueat time t 0 .

� H p is trueat time t if p holdsin all previoustimestepst0 � t .

� O p is trueat time t if p heldin at leastoneof theprevioustimestepst 0 � t .

� p S q is trueat time t if q heldat time t0 � t andp holdsin all time stepsfrom t0 to t
inclusive.

� p T q is trueat time t if p heldat time t0 � t andq holdsin all time stepsfrom t0 to t
inclusive. Alternatively, if p hasnever beentrue,thenq musthold in all time stepsfrom
t0 to t .

An LTL formulais trueif it is trueat theinitial time t = 0.
In NUSMV, LTL speci®cationscanbeanalyzedbothby meansof BDD-basedreasoning,or

bymeansof SAT-basedboundedmodelchecking.In thecaseof BDD-basedreasoning,NUSMV
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proceedsaccordingto [CGH97]. For eachLTL speci®cation,atableauof thebehaviorsfalsifying
thepropertyis constructed,andthensynchronouslycomposedwith themodel. With respectto
[CGH97], the approachis fully integratedwithin NUSMV, andallows full treatmentof past
temporaloperators. Note that the counterexamplegeneratedsucha way to show the falsity
of a LTL speci®cationmay containstatevariableswhich have beenintroducedby the tableau
constructionprocedure.

In thecaseof SAT-basedreasoning,asimilartableauconstructioniscarriedoutto encodethe
pathsof limited length,violating theproperty. NUSMV generatesa propositionalsatis®ability
problem,thatis thentackledby meansof anef®cientSAT solver [BCCZ99].

In bothcases,thetableauconstructionsarecompletelytransparentto theuser.

2.4.4 RealTime CTL Speci®cationsand Computations
NUSMV allows for Real Time CTL speci®cations[EMSS91]. NUSMV assumesthat each
transitiontakesunit time for execution. RTCTL extendsthe syntaxof CTL pathexpressions
with thefollowing boundedmodalities:

rtctl_expr ::
ctl_expr

| EBF range rtctl_expr
| ABF range rtctl_expr
| EBG range rtctl_expr
| ABG range rtctl_expr
| A [ rtctl_expr BU range rtctl_expr ]
| E [ rtctl_expr BU range rtctl_expr ]

range :: integer_number .. integer_number

Intuitively, thesemanticsof theRTCTL operatorsis asfollows:

� EBF m.. n p requiresthatthereexistsa pathstartingfrom a state,suchthatpropertyp
holdsin a futuretime instanti, with m � i � n

� ABF m.. n p requiresthatfor all pathsstartingfrom astate,propertyp holdsin afuture
time instanti, with m � i � n

� EBG m.. n p requiresthatthereexistsa pathstartingfrom a state,suchthatpropertyp
holdsin all futuretime instantsi, with m � i � n

� ABG m.. n p requiresthat for all pathsstartingfrom a state,propertyp holds in all
futuretime instantsi, with m � i � n

� E [ p BU m.. n q ] requiresthat thereexistsa pathstartingfrom a state,suchthat
propertyq holdsin a future time instanti, with m � i � n, andpropertyp holdsin all
futuretime instantsj, with m � j < i

� A [ p BU m.. n q ] , requiresthatfor all pathsstartingfrom astate,propertyq holds
in a futuretime instanti, with m � i � n, andpropertyp holdsin all futuretime instants
j, with m � j < i

RealtimeCTL speci®cationscanbede®nedwith thefollowing syntax,whichextendsthesyntax
for CTL speci®cations.

rtctl_specification :: SPEC rtctl_expr [ ; ]

With the COMPUTEstatement,it is also possibleto computequantitative information on the
FSM.In particular, it is possibleto computetheexactboundon thedelaybetweentwo speci®ed
events,expressedasCTL formulas.Thesyntaxis thefollowing:

compute_specification :: COMPUTEcompute_expr [ ; ]
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where

compute_expr :: MIN [ rtctl_expr , rtctl_expr ]
| MAX [ rtctl_expr , rtctl_expr ]

MIN [ start , final ] returnsthelengthof theshortestpathfrom astatein start to astate
in ®nal. For this,thesetof statesreachablefrom start is computed.If atany point,weencounter
a statesatisfying®nal, we returnthenumberof stepstakento reachthestate.If a ®xedpoint is
reachedandnocomputedstatesintersect®nal thenin®nity is returned.
MAX [ start , final ] returnsthelengthof thelongestpathfrom a statein start to a state
in ®nal. If thereexistsan in®nite pathbeginning in a statein start thatnever reachesa statein
®nal, thenin®nity is returned.

2.4.5 PSL Speci®cations
NUSMV allowsfor PSLspeci®cationsasfrom version1.01of PSLLanguageReferenceManual
[psl03]. PSL speci®cationsare introducedby the keyword ªPSLSPECº. The syntaxof this
declaration(asfrom thePSLparsersdistributedby IBM, [PSL]) is:

pslspec_declaration :: "PSLSPEC " psl_expr ";"

where

psl_expr ::
psl_primary_expr

| psl_unary_expr
| psl_binary_expr
| psl_conditional_expr
| psl_case_expr
| psl_property

The®rst ®veclassesde®nethebuilding blocksfor psl property andprovidemeansof com-
bining instancesof thatclass;they arede®nedasfollows:

psl_primary_expr ::
number ;; a numeric constant

| boolean ;; a boolean constant
| var_id ;; a variable identifier
| f psl_expr , ... , psl_expr g
| f psl_expr " f " psl_expr , ... , "psl_expr" gg
| ( psl_expr )

psl_unary_expr ::
+ psl_primary_expr

| - psl_primary_expr
| ! psl_primary_expr

psl_binary_expr ::
psl_expr + psl_expr

| psl_expr union psl_expr
| psl_expr in psl_expr
| psl_expr - psl_expr
| psl_expr * psl_expr
| psl_expr / psl_expr
| psl_expr % psl_expr
| psl_expr == psl_expr
| psl_expr != psl_expr
| psl_expr < psl_expr
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| psl_expr <= psl_expr
| psl_expr > psl_expr
| psl_expr >= psl_expr
| psl_expr & psl_expr
| psl_expr | psl_expr
| psl_expr xor psl_expr

psl_conditional_expr ::
psl_expr ? psl_expr : psl_expr

psl_case_expr ::
case

psl_expr : psl_expr ;
...
psl_expr : psl_expr ;

endcase

Among the subclassesof psl expr we depictthe classpsl bexpr that will be usedin the
following to identify purelyboolean,i.e. not temporal,expressions.Theclassof PSLproperties
psl property is de®nedasfollows:

psl_property ::
replicator psl_expr ;; a replicated property

| FL_property abort psl_bexpr
| psl_expr <-> psl_expr
| psl_expr -> psl_expr
| FL_property
| OBE_property

replicator ::
forall var_id [index_range] in value_set :

index_range ::
[ range ]

range ::
low_bound : high_bound

low_bound ::
number

| identifier
high_bound ::

number
| identifier
| inf ;; inifite high bound

value_set ::
f value_range , ... , value_range g

| boolean
value_range ::

psl_expr
| range

The instancesof FL property aretemporalpropertiesbuilt usingLTL operatorsandSEREs
operators,andarede®nedasfollows:

FL_property ::
;; PRIMITIVE LTL OPERATORS

X FL_property
| X! FL_property
| F FL_property
| G FL_property
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| [ FL_property U FL_property ]
| [ FL_property W FL_property ]
;; SIMPLE TEMPORALOPERATORS
| always FL_property
| never FL_property
| next FL_property
| next! FL_property
| eventually! FL_property
| FL_property until! FL_property
| FL_property until FL_property
| FL_property until!_ FL_property
| FL_property until_ FL_property
| FL_property before! FL_property
| FL_property before FL_property
| FL_property before!_ FL_property
| FL_property before_ FL_property
;; EXTENDEDNEXT OPERATORS
| X [number] ( FL_property )
| X! [number] ( FL_property )
| next [number] ( FL_property )
| next! [number] ( FL_property )
;;
| next_a [range] ( FL_property )
| next_a! [range] ( FL_property )
| next_e [range] ( FL_property )
| next_e! [range] ( FL_property )
;;
| next_event! ( psl_bexpr ) ( FL_property )
| next_event ( psl_bexpr ) ( FL_property )
| next_event! ( psl_bexpr ) [ number ] ( FL_property )
| next_event ( psl_bexpr ) [ number ] ( FL_property )
;;
| next_event_a! ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_a ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_e! ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_e ( psl_bexpr ) [ psl_expr ] ( FL_property )
;; OPERATORSON SEREs
| sequence ( FL_property )
| sequence |-> sequence [ ! ]
| sequence |=> sequence [ ! ]
;;
| always sequence
| G sequence
| never sequence
| eventually! sequence
;;
| within! ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within!_ ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within_ ( sequence_or_psl_bexpr , psl_bexpr ) sequence
;;
| whilenot! ( psl_bexpr ) sequence
| whilenot ( psl_bexpr ) sequence
| whilenot!_ ( psl_bexpr ) sequence
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| whilenot_ ( psl_bexpr ) sequence
sequence_or_psl_bexpr ::

sequence
| psl_bexpr

Sequences,i.e. istancesof classsequence , arede®nedasfollows:

sequence ::
f SERE g

SERE ::
sequence

| psl_bexpr
;; COMPOSITIONOPERATORS
| SERE ; SERE
| SERE : SERE
| SERE & SERE
| SERE && SERE
| SERE | SERE
;; RegExp QUALIFIERS
| SERE [* [count] ]
| [* [count] ]
| SERE [+]
| [+]
;;
| psl_bexpr [= count ]
| psl_bexpr [-> count ]

count ::
number

| range

Istancesof OBEproperty areCTL propertiesin thePSLstyleandarede®nedasfollows:

OBE_property ::
AX OBE_property

| AG OBE_property
| AF OBE_property
| A [ OBE_property U OBE_property ]
| EX OBE_property
| EG OBE_property
| EF OBE_property
| E [ OBE_property U OBE_property ]

TheNUSMV parserallowsto inputany speci®cationbasedonthegrammarabove,but, currently
veri®cationof PSLspeci®cationsis supportedonly for theOBE subset,andfor a subsetof PSL
for which it is possibleto de®neatranslationinto LTL. For thespeci®cationsthatbelongsto this
subsets,it is possibleto applyall theveri®cationtechniquesthatcanbeappliedto LTL andCTL
Speci®cations.

2.5 Variable Order Input
It is possibleto specifytheorderin which variablesshouldappearin theBDD's generatedby
NUSMV. The ®le which gives the desiredordercanbe readin using the -i option in batch
modeor by settingtheinput order file environmentvariablein interactive mode.
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2.5.1 Input File Syntax
The syntaxfor input ®les describingthe desiredvariableorderingis asfollows, wherethe ®le
canbeconsideredasa list of variablenames,eachof whichmustbeon a separateline:

vars_list :: EMPTY
| var_list_item vars_list

var_list_item :: complex_identifier
| complex_identifier . integer_number

WhereEMPTYmeansparsingnothing.
Thisgrammarallows for parsinga list of variablenamesof thefollowing forms:

Complete_Var_Name -- to specify an ordinary variable
Complete_Var_Name[index] -- to specify an array variable element
Complete_Var_Name.NUMBER -- to specify a specific bit of a

-- scalar variable

whereComplete Var Nameis just thenameof thevariableif it appearsin themoduleMAIN,
otherwiseit hasthemodulename(s)prependedto thestart,for example:

mod1.mod2...modN.varname

wherevarname is a variablein modN, andmodN.varname is a variablein modN-1, and
so on. Note that the modulenamemain is implicitely prependedto every variablenameand
thereforemustnot beincludedin theirdeclarations.
Any variablewhichappearsin themodel®le, but nottheordering®le is placedafterall theothers
in theordering.Variableswhichappearin theordering®le but not themodel®le areignored.In
bothcasesNUSMV displaysa warningmessagestatingtheseactions.

Commentscanbe includedby usingthesamesyntaxasregular NUSMV ®les. That is, by
startingtheline with -- .

2.5.2 ScalarVariables
A variablewhich hasa ®nite rangeof valuesthat it can take is encodedasa setof boolean
variables.Thesebooleanvariablesrepresentthebinaryequivalentsof all thepossiblevaluesfor
thescalarvariable.Thus,a scalarvariablethatcantake valuesfrom 0 to 7 would requirethree
boolean variablesto representit.

It is possiblenotonly to declarethepositionof ascalarvariablein theordering®le, but each
of theboolean variableswhich representit.
If only thescalarvariableitself is namedthenall thebooleanvariableswhich areactuallyused
to encodeit aregroupedtogetherin theBDD package.
Variableswhicharegroupedtogetherwill alwaysremainnext to eachotherin theBDD package
andin thesameorder. Whendynamicvariablere-orderingis carriedout, thegroupof variables
aretreatedasoneentityandmovedassuch.
If ascalarvariableis omittedfrom theordering®le thenit will beaddedattheendof thevariable
orderandthe speci®c-bitvariablesthat representit will be groupedtogether. However, if any
speci®c-bitvariableshave beendeclaredin theordering®le (seebelow) thenthesewill not be
groupedwith theremainingones.
It is also possibleto specify that speci®c-bitvariablesare placedelsewhere in the ordering.
This is achievedby ®rst specifyingthescalarvariablenamein thedesiredlocation,thensimply
specifyingComplete Var Name.i at thepositionwhereyouwantthatbit variableto appear:

...
Complete Var Name
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...
Complete Var Name.i
...

Theresultof doingthisis thatthevariablerepresentingthei th bit is locatedin adifferentposition
to the remainderof the variablesrepresentingthe rest of the bits. The speci®c-bitvariables
varname.0, ..., varname.i-1, varname.i+1, ..., varname.N aregroupedtogetherasbefore.

If any onebit occursbeforethe variableit belongsto, the remainingspeci®c-bitvariables
arenotgroupedtogether:

...
Complete Var Name.i
...
Complete Var Name
...

Thevariablerepresentingthei th bit is locatedat thepositiongivenin thevariableorderingand
theremainderarelocatedwherethescalarvariablenameis declared.In this case,theremaining
bit variableswill notbegroupedtogether.
This is just a short-handway of writing eachindividual speci®c-bitvariablein theordering®le.
Thefollowing areequivalent:

... ...
Complete Var Name.0 Complete Var Name.0
Complete Var Name.1 Complete Var Name
... ...

Complete Var Name.N-1
...

wherethescalarvariableComplete Var NamerequiresN booleanvariablesto encodeall the
possiblevaluesthat it maytake. It is still possibleto thenspecifyotherspeci®c-bitvariablesat
laterpointsin theordering®le asbefore.

2.5.3 Array Variables
Whendeclaringarrayvariablesin the ordering®le, eachindividual elementmustbe speci®ed
separately. It is not permittedto specify just thenameof the array. The reasonfor this is that
theactualde®nitionof anarrayin themodel®le is essentiallya shorthandmethodof de®ninga
list of variablesthatall have thesametype. Nothing is gainedby declaringit asan arrayover
declaringeachof the elementsindividually, andthereis no differencein termsof the internal
representationof thevariables.
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Chapter 3

Running NuSMV interactively

Themain interactionmodeof NUSMV is throughan interactive shell. In this modeNUSMV
entersa read-eval-print loop. The usercan activate the various NUSMV computationsteps
assystemcommandswith differentoptions. Thesestepscanthereforebe invoked separately,
possiblyundoneor repeatedunderdifferentmodalities. Thesestepsinclude the construction
of themodelunderdifferentpartitioningtechniques,modelcheckingof speci®cations,andthe
con®gurationof theBDD package.Theinteractiveshellof NUSMV is activatedfrom thesystem
promptasfollows (' NuSMV>' is thedefault NUSMV shellprompt):

system prompt> NuSMV -int <RET>
NuSMV>

A NUSMV commandis a sequenceof words. The®rst word speci®esthecommandto be
executed.Theremainingwordsareargumentsto the invoked command.Commandsseparated
by a `; ' are executedsequentially;the NUSMV shell waits for eachcommandto terminate
in turn. The behavior of commandscan dependon environmentvariables,similar to ªcshº
environmentvariables.

In the following we presentthe possiblecommandsfollowed by the relatedenvironment
variables,classi®edin differentcategories.Every commandanswersto theoption-h by print-
ing out thecommandusage.Whenoutputis pagedfor somecommands(option-m), it is piped
throughthe programspeci®edby the UNIX PAGERshell variable,if de®ned,or throughthe
UNIX commandªmoreº. Environmentvariablescanbe assigneda valuewith the ªsetºcom-
mand. Commandsequencesto NUSMV mustobey the (partial) orderspeci®edin the ®gure
depictedon page78. For instance,it is not possibleto evaluateCTL expressionsbeforethe
modelis built.

A numberof commandsand environment variables,like thosedealingwith ®le names,
acceptarbitrarystrings.Therearea few reservedcharacterswhich mustbeescapedif they are
to be usedliterally in suchsituations.Seethe sectiondescribingthe history command,on
page72, for moreinformation.

Theverbosityof NUSMV is controlledby thefollowing environmentvariable.

verboselevel EnvironmentVariable

Controlstheverbosityof thesystem.Possiblevaluesareintegersfrom 0 (nomessages)to
4 (full messages).Thedefault valueis 0.

3.1 Model Readingand Building
Thefollowing commandsallow for theparsingandcompilationof themodelinto aBDD.
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read model - Readsa NuSMV®le into NuSMV. Command

read model [-h] [-i model-file]

Readsa NUSMV ®le. If the-i option is not speci®ed,it readsfrom the®le speci®edin
theenvironmentvariableinput file .

CommandOptions:

-i model-file Sets the environment variable input file to
model-file , andreadsthemodelfrom thespeci®ed®le.

input ®le EnvironmentVariable

Storesthenameof theinput®le containingthemodel.It canbesetby theªsetºcommand
or by thecommandline option`-i'. Thereis nodefault value.

pp list EnvironmentVariable

Storesthelist of pre-processorsto berun on theinput ®le beforeit is parsedby NUSMV.
Thepre-processorsareexecutedin theorderspeci®edby thisvariable.Theargumentmust
eitherbe the empty string (specifyingthat no pre-processorsare to be run on the input
®le), onesinglepre-processornameor aspaceseperatedlist of pre-processornamesinside
doublequotes.Any invalid namesareignored.Thedefault is none.

�atten hierarchy - Flattensthehierarchy of modules Command

flatten hierarchy [-h]

Thiscommandis responsibleof theinstantiationof modulesandprocesses.Theinstantia-
tion is performedby substitutingtheactualparametersfor theformalparameters,andthen
by pre®xingtheresultvia theinstancename.

type checking backward compatibility EnvironmentVariable

It is usedto enableor disabletypechecking.If setto 1 thenthe typecheckingis turned
off, andNUSMV behavesas the old versionsw.r.t. type checking. If set to 0 thenthe
type checkingis turnedon, andwhenever a type error is encounteredwhile compiling a
NUSMV programtheuseris informedandtheexecutionstopped.

type checking warning on EnvironmentVariable

Enablesnoti®cationof warningmessagesgeneratedby thetypechecking.If setto 0, then
messagesaredisregarded,otherwiseif setto 1 they arenoti®edto theuser. As default it
setto 1.

show vars - Showsmodel's symbolicvariablesandtheir values Command

show vars [-h] [-s] [-i] [-m | -o output-file]

Printssymbolicinputandstatevariablesof themodelwith theirrangeof values(asde®ned
in theinput®le).

CommandOptions:
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-s Printsonly statevariables.
-i Printsonly input variables.
-m Pipesthe output to the programspeci®edby the PAGER

shell variableif de®ned,elsethroughthe UNIX command
ªmoreº.

-o output-file Writes the output generated by the command to
output-file .

encodevariables - BuildstheBDD variablesnecessaryto compile
themodelinto a BDD.

Command

encode variables [-h] [-i order-file]

GeneratesthebooleanBDD variablesandtheADD neededto encodepropositionallythe
(symbolic) variablesdeclaredin the model. The variablesarecreatedas default in the
orderin which they appearin a depth®rst traversalof thehierarchy.
The input order®le canbe partial andcancontainvariablesnot declaredin the model.
Variablesnot declaredin themodelaresimply discarded.Variablesdeclaredin themodel
which arenot listed in theorderinginput ®le will be createdandappendedat theendof
thegivenorderinglist, accordingto thedefault ordering.

CommandOptions:

-i order-file Sets the environment variable input order file to
order-file , andreadsthe variableorderingto be used
from ®le order-file . This can be combinedwith the
write order command.Thevariableorderingis written
to a ®le, which canbe inspectedandreorderedby theuser,
andthenreadbackin.

input order ®le EnvironmentVariable

Indicatesthe®le namecontainingthevariableorderingto be usedin building themodel
by the`encode variables ' command.Thereis no default value.

write order dumps bits EnvironmentVariable

Changesthebehaviour of thecommandwrite order .

Whenthis variableis set,write order will dumpthebits constitutingthebooleanen-
codingof eachscalarvariable, insteadof the scalarvariableitself. This helpsto work
at bits level in the variableordering®le. Seethe commandwrite order for further
information.Thedefault valueis 0.

write order - Writesvariableorder to ®le. Command

write order [-h] [-b] [(-o | -f) order-file]

Writes the currentorderof BDD variablesin the ®le speci®edvia the -o option. If no
option is speci®edthe environmentvariableoutput order file will be considered.
If the variableoutput order file is unset(or set to an emptyvalue)thenstandard
outputwill beused.

By default, the bits constitutingthe scalarvariablesencodingarenot dumped. Whena
variablebit shouldbe dumped,the scalarvariablewhich the bit belongsto is dumped
insteadif not previously dumped.Theresultis a variableorderingcontainingonly scalar
andbooleanmodelvariables.
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To dumpsinglebits insteadof thecorrespondingscalarvariables,eithertheoption-b can
be speci®ed,or the environmentvariablewrite order dumps bits mustbe previ-
ouslyset.
Whenthebooleanvariabledumpingis enabled,thesinglebitswill occurwithin theresult-
ing ordering®le in thesamepositionthatthey occurat BDD level.

CommandOptions:

-b Dumps bits of scalar variables instead of the
single scalar variables. See also the variable
write order dumps bits .

-o order-file Sets the environment variable output order file to
order-file and then dumpsthe ordering list into that
®le.

-f order-file Alias for the-o option. Suppliedfor backwardcompatibil-
ity.

output order ®le EnvironmentVariable

The ®le where the current variable ordering has to be written. The default value is
`temp.ord '.

build model - Compilesthe�attenedhierarchy into a BDD Command

build model [-h] [-f] [-m Method]
Compiles the ¯attenedhierarchyinto a BDD (initial states,invariants,and transition
relation)usingthe methodspeci®edin the environmentvariablepartition method
for building thetransitionrelation.

CommandOptions:

-m Method Sets the environment variable partition method to
the valueMethod , andthenbuilds the transitionrelation.
Available methodsare Monolithic , Threshold and
Iwls95CP .

-f Forcesmodelconstruction.By default, only onepartition
methodis allowed. This optionallows to overcomethis de-
fault,andto build thetransitionrelationwith differentparti-
tioningmethods.

partition method EnvironmentVariable

The methodto be usedin building the transitionrelation, and to computeimagesand
preimages.Possiblevaluesare:

� Monolithic . No partitioningatall.

� Thr eshold. Conjunctive partitioning, with a simple thresholdheuristic. Assign-
mentsarecollectedin a singleclusteruntil its sizegrows over the valuespeci®ed
in the variableconj part threshold . It is possible(default) to useaf®nity
clusteringto improve modelcheckingperformance.Seeaffinity variable.

� Iwls95CP. Conjunctive partitioning,with clustersgeneratedandorderedaccording
to the heuristicdescribedin [RAP+ 95]. Works in conjunctionwith the variables
image cluster size , image W1, image W2, image W3, image W4. It is
possible(default) to useaf®nity clusteringto improvemodelcheckingperformance.
Seeaffinity variable.It is alsopossibleto avoid (default)preorderingof clusters
(see[RAP+ 95]) by settingtheiwls95preorder variableappropriately.
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conj part thr eshold EnvironmentVariable

The limit of thesizeof clustersin conjunctive partitioning. The default valueis 0 BDD
nodes.

af®nity EnvironmentVariable

Enablesaf®nity clusteringheuristicdescribedin [MHS00], possiblevaluesare0 or 1. The
default valueis 1.

image cluster size EnvironmentVariable

Oneof theparametersto con®gurethebehaviour of theIwls95CPpartitioningalgorithm.
image cluster size is usedasthresholdvaluefor theclusters.Thedefault valueis
1000 BDD nodes.

image Wf 1,2,3,4g EnvironmentVariable

The otherparametersfor the Iwls95CPpartitioningalgorithm. Theseattribute different
weightsto thedifferentfactorsin thealgorithm.Thedefault valuesare6, 1, 1, 6 respec-
tively. (For a detaileddescription,pleasereferto [RAP+ 95].)

iwls95preorder EnvironmentVariable

Enablesclusterpreorderingfollowing heuristicdescribedin [RAP+ 95], possiblevalues
are0 or 1. Thedefault valueis 0. Preorderingcanbevery slow.

image verbosity EnvironmentVariable

Setstheverbosityfor theimagemethodIwls95CP, possiblevaluesare0 or 1. Thedefault
valueis 0.

print iwls95options- Prints theIwls95Options. Command

print iwls95options [-h]
Thiscommandprintsoutthecon®gurationparametersof theIWLS95clusteringalgorithm,
i.e. image verbosity , image cluster size andimage Wf 1,2,3,4 g.

go - Initializesthesystemfor theveri®cation. Command

go [-h]
This command initializes the system for veri®cation. It is equivalent to the
commandsequenceread model , flatten hierarchy , encode variables ,
build model , build flat model , build boolean model . If somecommands
have alreadybeenexecuted,thenonly theremainingoneswill beinvoked.

processmodel - Performsthebatch stepsandthenreturnscontrol
to theinteractiveshell.

Command

process model [-h] [-i model-file] [-m Method]
Readsthe model, compiles it into BDD and performsthe model checkingof all the
speci®cationcontainedin it. If the environmentvariableforward search hasbeen
set before, then the set of reachablestatesis computed. If the environmentvariables
enable reorder andreorder method areset, thenthe reorderingof variablesis
performedaccordingly. This commandsimulatesthebatchbehavior of NUSMV andthen
returnsthecontrolto theinteractive shell.
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CommandOptions:

-i model-file Sets the environment variable input file to
®le model-file , and reads the model from ®le
model-file .

-m Method Sets the environment variable partition method to
Method andusesit aspartitioningmethod.

3.2 Commandsfor CheckingSpeci�cations
Thefollowing commandsallow for theBDD-basedmodelcheckingof a NUSMV model.

compute reachable- Computesthesetof reachablestates Command

compute reachable [-h]

Computesthesetof reachablestates.Theresultis thenusedto simplify imageandpreim-
agecomputations.This canresultin improvedperformancesfor modelswith sparsestate
spaces.Sometimesthis optionmayslow down theperformancesbecausethecomputation
of reachablestatesmaybeveryexpensive. Theenvironmentvariableforward search
is setduringtheexecutionof thiscommand.

print reachablestates- Prints out thenumberof reachablestates Command

print reachable states [-h] [-v]

Printsthenumberof reachablestatesof thegivenmodel.In verbosemode,printsalsothe
list of all reachablestates.Thereachablestatesarecomputedif needed.

check fsm - Checksthetransitionrelationfor totality. Command

check fsm [-h] [-m | -o output-file]

Checksif thetransitionrelationis total. If thetransitionrelationis nottotal thenapotential
deadlockstateis shown.
CommandOptions:

-m Pipes the output generatedby the commandto the pro-
gramspeci®edby thePAGERshell variableif de®ned,else
throughtheUNIX commandªmoreº.

-o output-file Writes the output generatedby the commandto the ®le
output-file .

At thebeginningreachablestatesarecomputedin orderto guaranteethatdeadlockstates
areactuallyreachable.

check fsm EnvironmentVariable

Controls the activation of the totality check of the transition relation during the
process model call. Possiblevaluesare0 or 1. Default valueis 0.

print fair states- Prints out thenumberof fair states Command

print fair states [-h] [-v]
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Printsthenumberof fair statesof thegivenmodel.In verbosemode,printsalsothelist of
all fair states.

print fair transitions - Prints out thenumberof fair states Command

print fair transitions [-h] [-v]
Printsthenumberof fair transitionsof thegivenmodel. In verbosemode,printsalsothe
list of all fair transitions.Thetransitionsaredisplayedasstate-inputpairs.

check spec- Performsfair CTL modelchecking. Command

check spec [-h] [-m | -o output-file] [-n number | -p
"ctl-expr [IN context]"]
Performsfair CTL modelchecking.
A ctl-expr to be checked can be speci®edat commandline using option -p .
Alternatively, option -n can be usedfor checkinga particularformula in the property
database.If neither-n nor-p areused,all theSPECformulasin thedatabasearechecked.

CommandOptions:
-m Pipesthe outputgeneratedby the commandin processing

SPECs to the programspeci®edby the PAGERshell vari-
ableif de®ned,elsethroughtheUNIX commandªmoreº.

-o output-file Writes theoutputgeneratedby thecommandin processing
SPECsto the®le output-file .

-p "ctl-expr
[IN context]"

A CTL formula to be checked. context is the module
instancenamewhich thevariablesin ctl-expr mustbe
evaluatedin.

-n number CheckstheCTL propertywith index number in theprop-
ertydatabase.

If theag only search environmentvariablehasbeenset,thenaspecializedalgorithm
to checkAG formulasis usedinsteadof thestandardmodelcheckingalgorithms.

ag only search EnvironmentVariable

Enablesthe useof an ad hoc algorithmfor checkingAG formulas. Given a formula of
the form AG alpha, thealgorithmcomputesthesetof statessatisfyingalpha, andchecks
whetherit containsthesetof reachablestates.If this is not thecase,theformulais proved
to befalse.

forward search EnvironmentVariable

Enablesthecomputationof the reachablestatesduring the process model command
andwhenusedin conjunctionwith theag only search environmentvariableenables
theuseof anadhocalgorithmto verify invariants.

check invar - Performsmodelchecking of invariants Command

check invar [-h] [-m | -o output-file] [-n number | -p
"invar-expr [IN context]"]
Performsinvariantcheckingon thegivenmodel.An invariantis a setof states.Checking
theinvariantis theprocessof determiningthatall statesreachablefrom theinitial stateslie
in theinvariant. Invariantsto beveri®edcanbeprovidedassimpleformulas(withoutany
temporaloperators)in theinput®le via theINVARSPECkeywordor directlyatcommand
line, usingtheoption-p .
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Option-n canbeusedfor checkinga particularinvariantof themodel. If neither-n nor
-p areused,all theinvariantsarechecked.

During checkingof invariantall the fairnessconditionsassociatedwith themodelareig-
nored.

If an invariantdoesnot hold, a proof of failure is demonstrated.This consistsof a path
startingfrom aninitial stateto astatelying outsidetheinvariant.Thispathhastheproperty
thatit is theshortestpathleadingto a stateoutsidetheinvariant.

CommandOptions:

-m Pipesthe output generatedby the programin processing
INVARSPECs to the program speci®edby the PAGER
shell variableif de®ned,elsethroughthe UNIX command
ªmoreº.

-o output-file Writes theoutputgeneratedby thecommandin processing
INVARSPECs to the®le output-file .

-p "invar-expr
[IN context]"

Thecommandline speci®edinvariantformulato beveri®ed.
context is themoduleinstancenamewhich thevariables
in invar-expr mustbeevaluatedin.

check ltlspec - PerformsLTL modelchecking Command

check ltlspec [-h] [-m | -o output-file] [-n number | -p
"ltl-expr [IN context]"]

Performsmodelcheckingof LTL formulas.LTL modelcheckingis reducedto CTL model
checkingasdescribedin thepaperby [CGH97].

A ltl-expr to becheckedcanbespeci®edat commandline usingoption-p . Alterna-
tively, option-n canbeusedfor checkingaparticularformulain thepropertydatabase.If
neither-n nor -p areused,all theLTLSPECformulasin thedatabasearechecked.

CommandOptions:

-m Pipes the output generatedby the commandin process-
ing LTLSPECs to the program speci®edby the PAGER
shell variableif de®ned,elsethroughthe UNIX command
ªmoreº.

-o output-file Writes theoutputgeneratedby thecommandin processing
LTLSPECsto the®le output-file .

-p "ltl-expr
[IN context]"

An LTL formula to be checked. context is the module
instancenamewhich thevariablesin ltl-expr mustbe
evaluatedin.

-n number Checksthe LTL propertywith index number in the prop-
ertydatabase.

compute- Performscomputationof quantitativecharacteristics Command

compute [-h] [-m | -o output-file] [-n number | -p
"compute-expr [IN context]"]
This commanddealswith thecomputationof quantitative characteristicsof real time sys-
tems.It is ableto computethe lengthof theshortest(longest)pathfrom two givensetof
states.

MAX [ alpha , beta ]
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MIN [ alpha , beta ]

Propertiesof theabove form canbespeci®edin theinput ®le via thekeyword COMPUTE
or directlyat commandline, usingoption-p .
Option-n canbeusedfor computinga particularexpressionin themodel. If neither-n
nor -p areused,all theCOMPUTEspeci®cationsarecomputed.

CommandOptions:

-m Pipes the output generatedby the commandin process-
ing COMPUTEs to the program speci®edby the PAGER
shell variableif de®ned,elsethroughthe UNIX command
ªmoreº.

-o output-file Writes theoutputgeneratedby thecommandin processing
COMPUTEsto the®le output-file .

-p "compute-expr
[IN context]"

A COMPUTE formula to be checked. context
is the module instance name which the variables in
compute-expr mustbeevaluatedin.

-n number Computesonly thepropertywith index number .

add property - Addsa propertyto thelist of properties Command

add property [-h] [(-c | -l | -i | -q) -p "formula
[IN context]"]
Adds a propertyin the list of properties. It is possibleto insert LTL, CTL, INVAR
andquantitative (COMPUTE) properties. Every newly insertedpropertyis initialized to
unchecked. A typeoptionmustbegivento properlyexecutethecommand.

CommandOptions:

-c Addsa CTL property.
-l AddsanLTL property.
-i AddsanINVAR property.
-q Addsa quantitative (COMPUTE) property.
-p "formula [IN
context]"

Adds the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

3.3 Commandsfor BoundedModel Checking
In this sectionwe describein detail the commandsfor doing andcontrolling BoundedModel
Checkingin NUSMV. BoundedModel Checkingis basedon the reductionof the bounded
model checkingproblemto a propositionalsatis®abilityproblem. After the problemis gen-
erated,NUSMV internallycallsapropositionalSAT solver in orderto ®nd anassignmentwhich
satis®estheproblem.CurrentlyNUSMV suppliesthreeSAT solvers:SIM, Zchaff andMiniSat.
Notice thatZchaff andMiniSat arefor non-commercialpurposesonly. They arethereforenot
includedin thesourcecodedistributionor in someof thebinarydistributionsof NUSMV.

Somecommandsfor BoundedModel Checkinguseincrementalalgorithms. Thesealgo-
rithms exploit the fact that satis®ability problemsgeneratedfor a particularboundedmodel
checkingproblemoften sharecommonsubparts. So information obtainedduring solving of
onesatis®abilityproblemcanbe usedin solving of anotherone. The incrementalalgorithms
usuallyrun quicker thennon-incrementalonesbut requirea SAT solver with incrementalinter-
face.At themoment,only Zchaff andMiniSat offer suchan interface. If noneof thesesolvers
arelinked to NUSMV, thenthecommandswhich make useof the incrementalalgorithmswill
notbeavailable.
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It is alsopossibleto generatethesatis®abilityproblemwithoutcalling theSAT solver. Each
generatedproblemis dumpedin DIMACSformatto a®le. DIMACSis thestandardformatused
as input by mostSAT solvers,so it is possibleto useNUSMV with a separateexternalSAT
solver. At themoment,theDIMACS®lescanbegeneratedonly by commandswhichdonotuse
incrementalalgorithms.

bmc setup- Buildsthemodelin a BooleanEpressionformat. Command

bmc setup [-h]

You mustcall this commandbeforeuseany otherbmc-relatedcommand.Only onecall
persessionis required.

go bmc - Initializesthesystemfor theBMCveri®cation. Command

go bmc [-h]

This command initializes the system for veri®cation. It is equivalent to the
commandsequenceread model , flatten hierarchy , encode variables ,
build boolean model , bmc setup . If somecommandshavealreadybeenexecuted,
thenonly theremainingoneswill beinvoked.

check ltlspec bmc - ChecksthegivenLTL speci®cation,or all LTL
speci®cationsif no formula is given. Checking parameters are the
maximumlengthandtheloopback value

Command

check ltlspec bmc [-h | -n idx | -p "formula [IN context]"]
[-k max length] [-l loopback] [-o filename]

This commandgeneratesoneor moreproblems,andcallsSAT solver for eachone.Each
problemis relatedto a speci®cproblembound,which increasesfrom zero(0) to thegiven
maximumproblemlength.Heremax length is theboundof theproblemthatsystemis
going to generateandsolve. In this context themaximumproblemboundis represented
by the-k commandparameter, or by its default valuestoredin theenvironmentvariable
bmc length . Thesinglegeneratedproblemalsodependson theloopback parameter
you canexplicitly specifyby the-l option,or by its default valuestoredin theenviron-
mentvariablebmc loopback .

Thepropertyto becheckedmaybespeci®edusingthe-n idx or the-p "formula"
options.If youneedto generateaDIMACSdump®le of all generatedproblems,youmust
usetheoption-o "filename" .

CommandOptions:
-n index index is thenumericindex of a valid LTL speci®cationfor-

mulaactuallylocatedin thepropertiesdatabase.
-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundto bechecked.
Only naturalnumbersarevalid valuesfor this option. If no
valueis given the environmentvariablebmc lengthis con-
sideredinstead.

48



-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

(`+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', whichmeansªall possibleloopbacksfrom

zeroto length-1º .
-o ®lename ®lenameis thenameof thedumpeddimacs®le. It maycon-

tainspecialsymbolswhichwill bemacro-expandedto form
thereal®le name.Possiblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase.
� @@: the`@' character.

check ltlspec bmc onepb- ChecksthegivenLTL speci®cation,or
all LTL speci®cationsif no formulais given.Checking parameters
are thesingleproblemboundandtheloopback value

Command

check ltlspec bmc onepb [-h | -n idx | -p "formula"
[IN context]] [-k length] [-l loopback] [-o filename]

As commandcheck ltlspec bmc but it producesonly one single problem with
®xed boundand loopbackvalues,with no iterationof the problemboundfrom zero to
max length.

CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.Thevalid-
ity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k length lengthis theproblemboundusedwhengeneratingthesin-
gle problem. Only natural numbersare valid valuesfor
this option. If no value is given the environmentvariable
bmc length is consideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

('+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.
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� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to length. Any invalid
combinationof lengthandloopbackwill beskippedduring
thegeneration/solvingprocess.

� thesymbol' X', whichmeansªnoloopbackº.
� thesymbol' * ', which meansªall possibleloopbackfrom

zeroto length-1º.
-o ®lename ®lenameis thenameof thedumpeddimacs®le. It maycon-

tainspecialsymbolswhichwill bemacro-expandedto form
thereal®le name.Possiblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase.
� @@: the'@' character.

gen ltlspec bmc - Dumpsinto oneor more dimacs®les the given
LTL speci®cation,or all LTL speci®cationsif no formula is given.
Generation anddumpingparameters are themaximumboundand
theloopback value

Command

gen ltlspec bmc [-h | -n idx | -p "formula" [IN context]]
[-k max length] [-l loopback] [-o filename]

This commandgeneratesoneor moreproblems,anddumpseachprobleminto a dimacs
®le. Eachproblemis relatedto aspeci®cproblembound,which increasesfrom zero(0) to
thegivenmaximumproblembound.In this shortdescriptionlength is theboundof the
problemthatsystemis goingto dumpout.

In this context themaximumproblemboundis representedby themax lengthparameter,
or by its default valuestoredin theenvironmentvariablebmc length .

Eachdumpedproblemalsodependson theloopbackyou canexplicitly specifyby the-l
option,or by its default valuestoredin theenvironmentvariablebmc loopback .

Thepropertyto becheckedmaybespeci®edusingthe-n idx or the-p "formula "
options.

You may specifydimacs®le nameby usingthe option -o filename , otherwisethe
default valuestoredin the environmentvariablebmc dimacs filename will be con-
sidered.
CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.Thevalid-
ity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundusedwhenin-
creasingproblemboundstartingfrom zero. Only natural
numbersarevalid valuesfor thisoption. If novalueis given
theenvironmentvariablebmc lengthvalueis consideredin-
stead.

50



-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

('+') can be also usedaspre®x of the number. Any in-
valid combinationof boundandloopbackwill beskipped
duringthegenerationanddumpingprocess.

� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof boundandloopbackwill beskipped
duringthegenerationprocess.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', which meansªall possibleloopbackfrom

zeroto length-1º.
-o ®lename ®lenameis thenameof dumpeddimacs®les. If this options

is not speci®ed,variablebmc dimacs®lenamewill becon-
sidered.The®le namestring may containspecialsymbols
which will be macro-expandedto form the real ®le name.
Possiblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase.
� @@: the`@' character.

gen ltlspec bmc onepb- Dumpsinto onedimacs®le theproblem
generated for the givenLTL speci®cation,or for all LTL speci®-
cationsif no formula is explicitly given. Generation anddumping
parameters are theproblemboundandtheloopback value

Command

gen ltlspec bmc onepb [-h | -n idx | -p "formula"
[IN context]] [-k length] [-l loopback] [-o filename]

As thegen ltlspec bmccommand,but it generatesanddumpsonly oneproblemgiven
its boundandloopback.

CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.Thevalid-
ity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k length length is the single problem bound usedto generateand
dump it. Only natural numbersare valid valuesfor this
option. If no value is given the environment variable
bmc length is consideredinstead.

-l loopback Theloopback valuemaybe:
� anaturalnumberin (0, length-1). A positivesign('+') can

bealsousedaspre®xof thenumber. Any invalid combi-
nationof lengthandloopbackwill be skippedduring the
generationanddumpingprocess.
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� negative numberin (-1, -length). Any invalid combination
of lengthandloopbackwill beskippedduringthegenera-
tion process.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', which meansªall possibleloopbackfrom

zeroto length-1º.
-o ®lename ®lenameis thenameof thedumpeddimacs®le. If this op-

tions is not speci®ed,variable bmc dimacs filename
will be considered.The ®le namestring may containspe-
cial symbolswhichwill bemacro-expandedto form thereal
®le name.Possiblesymbolsare:
� @F:modelnamewith pathpart
� @f: modelnamewithoutpathpart
� @k: currentproblembound
� @l: currentloopbackvalue
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase
� @@:the'@' character

check ltlspec bmc inc - ChecksthegivenLTL speci®cation,or all
LTL speci®cationsif no formula is given,usingan incrementalal-
gorithm. Checking parameters are the maximumlength and the
loopback value

Command

check ltlspec bmc inc [-h | -n idx | -p "formula [IN
context]"] [-k max length] [-l loopback]

For eachproblemthis commandincrementallygeneratesmany satis®abilitysubproblems
andcalls the SAT solver on eachoneof them. The incrementalalgorithm exploits the
fact that subproblemshave commonsubparts,so informationobtainedduringa previous
call to theSAT solver canbeusedin theconsecutive ones.Logically, this commanddoes
the samething ascheck ltlspec bmc (seethe descriptionon page48) but usually
runs considerablyquicker. A SAT solver with an incrementalinterface is requiredby
this command,thereforeif no suchSAT solver is provided then this commandwill be
unavailable.
CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max length is the maximum problem bound must be
reached. Only natural numbersare valid valuesfor this
option. If no value is given the environment variable
bmc lengthis consideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

(`+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.
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� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', which meansªall possibleloopbackfrom

zeroto length-1º .

check ltlspec bmc sbmc- Checks thegivenLTL speci®cation,or
all LTL speci®cationsif no formulais given.Checking parameters
are themaximumlengthandtheloopback value

Command

check ltlspec bmc sbmc [-h | -n idx | -p "formula [IN
context]"] [-k max length] [-l loopback] [-o filename]

This commandgeneratesoneor moreproblems,andcalls SAT solver for eachone. The
BMC encodingusedis the oneby of Latvala, Biere, Heljanko andJunttilaasdescribed
in [LBHJ05]. Eachproblemis relatedto a speci®cproblembound,which increasesfrom
zero(0) to the given maximumproblemlength. Heremax length is theboundof the
problemthatsystemis goingto generateandsolve. In thiscontext themaximumproblem
boundis representedby the-k commandparameter, or by its default valuestoredin the
environmentvariablebmc length . The singlegeneratedproblemalsodependson the
loopback parameteryou canexplicitly specifyby the-l option,or by its default value
storedin theenvironmentvariablebmc loopback .

Thepropertyto becheckedmaybespeci®edusingthe-n idx or the-p "formula"
options.If youneedto generateaDIMACSdump®le of all generatedproblems,youmust
usetheoption-o "filename" .

CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundto bechecked.
Only naturalnumbersarevalid valuesfor this option. If no
valueis given the environmentvariablebmc lengthis con-
sideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

(`+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', whichmeansªall possibleloopbacksfrom

zeroto length-1º .
-o ®lename ®lenameis thenameof thedumpeddimacs®le. It maycon-

tainspecialsymbolswhichwill bemacro-expandedto form
thereal®le name.Possiblesymbolsare:
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� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase.
� @@:the`@' character.

check ltlspec bmc sbmc inc - ChecksthegivenLTL speci®cation,
or all LTL speci®cationsif no formulais given. Checking parame-
ters are themaximumlengthandtheloopback value

Command

check ltlspec bmc sbmc inc [-h | -n idx | -p "formula [IN
context]"] [-k max length] [-l loopback] [-o filename]

Thiscommandgeneratesoneor moreproblems,andcallsSAT solverfor eachone.TheIn-
crementalBMC encodingusedis theoneby of Heljanko,JunttilaandLatvala,asdescribed
in [KHL05]. For eachproblemthis commandincrementallygeneratesmany satis®ability
subproblemsandcalls the SAT solver on eachoneof them. Eachproblemis relatedto
a speci®cproblembound,which increasesfrom zero(0) to thegivenmaximumproblem
length. Heremax length is theboundof theproblemthatsystemis going to generate
andsolve. In this context the maximumproblemboundis representedby the -k com-
mandparameter, or by its default valuestoredin theenvironmentvariablebmc length .
Thesinglegeneratedproblemalsodependson theloopback parameteryou canexplic-
itly specifyby the -l option, or by its default valuestoredin the environmentvariable
bmc loopback .

Thepropertyto becheckedmaybespeci®edusingthe-n idx or the-p "formula"
options.If youneedto generateaDIMACSdump®le of all generatedproblems,youmust
usetheoption-o "filename" .

CommandOptions:

-n index index is thenumericindex of a valid LTL speci®cationfor-
mulaactuallylocatedin thepropertiesdatabase.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max lengthis themaximumproblemboundto bechecked.
Only naturalnumbersarevalid valuesfor this option. If no
valueis given the environmentvariablebmc lengthis con-
sideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

(`+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.
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� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', whichmeansªall possibleloopbacksfrom

zeroto length-1º .
-o ®lename ®lenameis thenameof thedumpeddimacs®le. It maycon-

tainspecialsymbolswhichwill bemacro-expandedto form
thereal®le name.Possiblesymbolsare:
� @F:modelnamewith pathpart.
� @f: modelnamewithoutpathpart.
� @k: currentproblembound.
� @l: currentloopbackvalue.
� @n: index of thecurrentlyprocessedformulain theprop-

ertydatabase.
� @@: the`@' character.

bmc length EnvironmentVariable

Setsthe generatedproblembound. Possiblevaluesareany naturalnumber, but mustbe
compatiblewith thecurrentvalueheldby thevariablebmc loopback. Thedefault valueis
10.

bmc loopback EnvironmentVariable

Setsthegeneratedproblemloop. Possiblevaluesare:

� Any naturalnumber, but lessthanthecurrentvalueof thevariablebmc length. In
thiscasethelooppoint is absolute.

� Any negativenumber, but greaterthanor equalto -bmc length. In thiscasespeci®ed
loop is theloop length.

� Thesymbol' X', which meansªnoloopbackº.

� Thesymbol' * ', which meansªany possibleloopbacksº.

Thedefault valueis * .

bmc dimacs ®lename EnvironmentVariable

Thisis thedefault®le nameusedwhengeneratingDIMACSproblemdumps.Thisvariable
maybetaken into accountby all commandswhich belongto thegen ltlspecbmcfamily.
DIMACS®le namecancontainspecialsymbolswhich will beexpandedto representthe
actual®le name.Possiblesymbolsare:

� @F Thecurrentlyloadedmodelnamewith full path.

� @f Thecurrentlyloadedmodelnamewithoutpathpart.

� @nThenumericalindex of thecurrentlyprocessedformulain thepropertydatabase.

� @k Thecurrentlygeneratedproblemlength.

� @l Thecurrentlygeneratedproblemloopbackvalue.

� @@The`@' character.

Thedefault valueis ª@f k@k l@l n@nº.

check invar bmc - Generatesandsolvesthegiveninvariant,or all
invariantsif no formulais given

Command
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check invar bmc [-h | -n idx | -p "formula" [IN context]]
[-a alg] [-o filename]

In BoundedModel Checking,invariantsareprovedusinginduction.For this,satis®ability
problemsfor the baseandinductionsteparegeneratedanda SAT solver is invoked on
eachof them. At the moment,two algorithmscan be usedto prove invariants. In one
algorithm,which we call ªclassicº,thebaseandinductionstepsarebuilt on onestateand
onetransition,respectively. Anotheralgorithm,which we call ªeen-sorenssonº[ES04],
can build the baseand inductionstepson many statesand transitions. As a result, the
secondalgorithmis morepowerful.

CommandOptions:

-n index index is the numericindex of a valid INVAR speci®cation
formula actually locatedin the propertydatabase.The va-
lidity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max length is the maximum problem bound that can be
reached.Only naturalnumbersarevalid valuesfor this op-
tion. Usethis optiononly if theªeen-sorenssonºalgorithm
is selected. If no value is given the environmentvariable
bmc lengthis consideredinstead.

-a alg alg speci®esthealgorithm. Thevaluecanbeclassic or
een-sorensson . If no value is given the environment
variablebmc invar alg is consideredinstead.

-o ®lename ®lenameis thenameof thedumpeddimacs®le. It maycon-
tainspecialsymbolswhichwill bemacro-expandedto form
thereal®le name.Possiblesymbolsare:
� @F: modelnamewith pathpart
� @f: modelnamewithoutpathpart
� @n: index of thecurrentlyprocessedformulain theprop-

ertiesdatabase
� @@:the`@' character

gen invar bmc - Generatesthegiveninvariant,or all invariantsif
no formulais given

Command

gen invar bmc [-h | -n idx | -p "formula [IN context]"]
[-o filename]

At the moment,the invariantsaregeneratedusingªclassicºalgorithmonly (seethe de-
scriptionof check invar bmc on page55).
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CommandOptions:

-n index index is the numericindex of a valid INVAR speci®cation
formula actually locatedin the propertydatabase.The va-
lidity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-o ®lename ®lenameis thenameof the dumpeddimacs®le. If you do
not usethis option the dimacs®le nameis taken from the
environmentvariablebmc invar dimacs filename .
File name may contain special symbols which will be
macro-expandedto form the real dimacs®le name. Possi-
blesymbolsare:
� @F: modelnamewith pathpart
� @f: modelnamewithoutpathpart
� @n: index of thecurrentlyprocessedformulain theprop-

ertiesdatabase
� @@:the'@' character

check invar bmc inc - Generatesand solvesthe giveninvariant,
or all invariants if no formula is given, using incrementalalgo-
rithms

Command

check invar bmc inc [-h | -n idx | -p "formula" [IN context]]
[-a algorithm]

This commanddoesthesamething ascheck invar bmc (seethedescriptionon page
55) but usesan incrementalalgorithm and thereforeusually runs considerablyquicker.
The incrementalalgorithmsexploit the fact that satis®abilityproblemsgeneratedfor a
particularinvarianthave commonsubparts,soinformationobtainedduringsolvingof one
problemcanbeusedin solvinganotherone. A SAT solver with an incrementalinterface
is requiredby thiscommand.If nosuchSAT solver is providedthenthiscommandwill be
unavailable.

Thereare two incrementalalgorithmswhich canbe used: ªDualºandªZigZagº. Both
algorithmsareequallypowerful, but mayshow differentperformancedependingonaSAT
solver usedandan invariantbeingproved. At the moment,the ªDualºalgorithmcannot
be usedif thereare input variablesin a given model. For additionalinformationabout
algorithms,consider[ES04].

CommandOptions:

-n index index is the numericindex of a valid INVAR speci®cation
formula actually locatedin the propertydatabase.The va-
lidity of index valueis checkedoutby thesystem.

-p "formula [IN
context]"

Checks the formula speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedin.

-k max length max length is the maximum problem bound that can be
reached. Only natural numbersare valid valuesfor this
option. If no value is given the environment variable
bmc lengthis consideredinstead.
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-a alg alg speci®esthealgorithmto use. Thevaluecanbedual
or zigzag . If no valueis given the environmentvariable
bmc inc invar alg is consideredinstead.

bmc invar alg EnvironmentVariable

Setsthedefaultalgorithmusedby thecommandcheck invar bmc. Possiblevaluesare
classic andeen-sorensson . Thedefault valueis classic .

bmc inc invar alg EnvironmentVariable

Setsthedefault algorithmusedby thecommandcheck invar bmc inc . Possibleval-
uesaredual andzigzag . Thedefault valueis dual .

bmc invar dimacs ®lename EnvironmentVariable

This is thedefault ®le nameusedwhengeneratingDIMACS invar dumps.This variable
may be taken into accountby the commandgen invar bmc. DIMACS ®le namecan
containspecialsymbolswhichwill beexpandedto representtheactual®le name.Possible
symbolsare:

� @F Thecurrentlyloadedmodelnamewith full path.

� @f Thecurrentlyloadedmodelnamewithoutpathpart.

� @n The numerical index of the currently processedformula in the properties
database.

� @@The`@' character.

Thedefault valueis ª@f invar n@nº.

sat solver EnvironmentVariable

TheSAT solver's nameactuallyto beused.Default SAT solver is SIM. Dependingon the
NUSMV con®guration,alsotheZchaff andMiniSat SAT solverscanbeavailableor not.
NoticethatZchaff andMiniSat arefor non-commercialpurposesonly.

bmc simulate - Generatesa traceof themodelfrom0 (zero) to k Command

bmc simulate [-h | -k ]

bmc simulate doesnot requirea speci®cationto build theproblem,becauseonly the
modelisusedto build it. Theproblemlengthis representedby the-k commandparameter,
or by its default valuestoredin theenvironmentvariablebmc length .

CommandOptions:

-k length lengthis thelengthof thegeneratedsimulation.

3.4 Commandsfor checkingPSL speci�cations
Thefollowing commandallow for modelcheckingof PSLspeci®cations.

check pslspec- PerformsPSLmodelchecking Command
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check pslspec [-h] [-m | -o output-file] [-n number | -p
"psl-expr [IN context]"] [-b [-i] [-g] [-1] [-k
bmc lenght] [-l loopback]]

Dependingon thecharacteristicsof the PSLpropertyandon theoptions,the commands
appliesCTL-basedmodelchecking,or LTL-based,possibilyboundedmodelchecking.

A psl-expr to becheckedcanbespeci®edat commandline usingoption-p . Alterna-
tively, option -n canbeusedfor checkinga particularformula in thepropertydatabase.
If neither-n nor -p areused,all thePSLSPECformulasin thedatabasearechecked. If
option -b is used,LTL boundedmodelcheckingis applied,otherwisebdd-basedmodel
checkingis applied.For LTL boundedmodelchecking,options-k and-l canbeusedto
de®nethemaximumproblembound,andthevalueof theloopbackfor thesinglegenerated
problemsrespectively; their valuescanbestoredin theenvironmentvariablesbmc lenght
andbmc loopback. Singleproblemscanbegeneratedby usingoption -1 . By usingop-
tion -i theincrementalversionof boundedmodelcheckingis activated.Boundedmodel
checkingproblemscanbegeneratedanddumpedin a ®le by usingoption-g .

CommandOptions:

-m Pipes the output generatedby the commandin process-
ing PSLSPECs to the program speci®edby the PAGER
shell variableif de®ned,elsethroughthe UNIX command
ªmoreº.

-o output-®le Writes theoutputgeneratedby thecommandin processing
PSLSPECs to the®le output-®le

-p "psl-expr
[IN context]"

A PSL formula to be checked. context is the module
instancenamewhich thevariablesin psl-expr mustbe
evaluatedin.

-n number Checksthe PSL propertywith index number in the prop-
ertydatabase.

-b Applies SAT-basedboundedmodel checking. The SAT
solver to be usedwill be chosenaccordingto the current
valueof thesystemvariablesat solver .

-i Applies incrementalSAT-boundedmodelcheckingif avail-
able, i.e. if an incrementalSAT solver hasbeenlinked to
NuSMV. This optioncanbeusedonly in combinationwith
theoption-b .

-g DumpsDIMACSversionof boundedmodelcheckingprob-
lem into a ®le whosenamedependson thesystemvariable
bmc dimacs filename . This featureis not allowed in
combinationof theoption-i .

-1 Generatesa singleboundedmodelcheckingproblemwith
®xed boundandloopbackvalues,it doesnot iterateincre-
mentingthevalueof theproblembound.

-k bmc length bmc lengthis themaximumproblemboundto bechecked.
Only naturalnumbersarevalid valuesfor this option. If no
valueis given the environmentvariablebmc lengthis con-
sideredinstead.

-l loopback Theloopback valuemaybe:
� a naturalnumberin (0, max length-1). A positive sign

(`+') can be also usedaspre®x of the number. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.
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� a negative numberin (-1, -bmc length). In this caseloop-
back is considereda valuerelative to max length. Any in-
valid combinationof lengthandloopbackwill beskipped
duringthegeneration/solvingprocess.

� thesymbol`X', whichmeansªnoloopbackº.
� thesymbol`* ', whichmeansªall possibleloopbacksfrom

zeroto length-1º If novalueis giventheenvironmentvari-
ablebmc loopback is consideredinstead..

3.5 Simulation Commands
In this sectionwe describethecommandsthatallow to simulatea NUSMV speci®cation.See
alsothesectionSection3.6 [Traces],page62 thatdescribesthecommandsavailablefor manip-
ulatingtraces.

pick state- Picksa statefromthesetof initial states Command

pick state [-h] [-v] [-r | -i [-a]] [-c "constraints"]
Choosesan elementfrom the set of initial states,and makes it the current state
(replacingtheold one).Thechosenstateis storedasthe®rst stateof a new tracereadyto
be lengthenedby steps statesby the simulate command.The statecanbe chosen
accordingto different policies which can be speci®edvia commandline options. By
default thestateis chosenin adeterministicway.

CommandOptions:

-v Verboselyprints out chosenstate(all statevariables,oth-
erwiseit prints out only the label t.1 of the statechosen,
wheret is thenumberof thenew trace,that is thenumber
of tracessofargeneratedplusone).

-r Randomlypicksa statefrom thesetof initial states.
-i Enablestheuserto interactively pick upaninitial state.The

useris requestedto choosea statefrom a list of possible
items(every item in thelist doesn't show statevariablesun-
changedwith respectto a previous item). If thenumberof
possiblestatesis toohigh, thentheuserhasto specifysome
furtherconstraintsasªsimpleexpressionº.

-a Displaysall statevariables(changedand unchangedwith
respectto a previous item) in an interactive picking. This
optionworksonly if the-i optionshasbeenspeci®ed.

-c "constraints" Usesconstraints to restrict the setof initial statesin
which thestatehasto be picked. constraints mustbe
enclosedbetweendoublequotes" " .

showed states EnvironmentVariable

Controlsthemaximumnumberof statesshowedduringaninteractive simulationsession.
Possiblevaluesareintegersfrom 1 to 100 . Thedefault valueis 25.

simulate - Performsa simulationfromthecurrentselectedstate Command

simulate [-h] [-p | -v] [-r | -i [-a]] [-c "constraints"]
steps
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Generatesa sequenceof at most steps states(representinga possibleexecution of
the model),startingfrom the current state . The currentstatemustbe setvia the
pick state or goto state commands.

It is possibleto run the simulationin threeways (accordingto differentcommandline
policies):deterministic(thedefault mode),randomandinteractive.

The resultingsequenceis storedin a traceindexed with an integer numbertaking into
accountthe total numberof tracesstoredin the system.Thereis a differentbehavior in
theway tracesarebuilt, accordingto how current stateis set: current stateis alwaysput
at thebeginningof a new trace(soit will containat moststeps+ 1 states)exceptwhenit
is thelaststateof anexistentold trace.In this casetheold traceis lengthenedby at most
stepsstates.

CommandOptions:
-p Printscurrentgeneratedtrace(only thosevariableswhose

valuechangedfrom thepreviousstate).
-v Verboselyprints currentgeneratedtrace(changedandun-

changedstatevariables).
-r Picksastatefrom a setof possiblefuturestatesin a random

way.
-i Enablesthe userto interactively chooseevery stateof the

trace,stepby step. If the numberof possiblestatesis too
high,thentheuserhasto specifysomeconstraintsassimple
expression.Theseconstraintsareusedonly for asinglesim-
ulation stepandareforgottenin the following ones. They
areto be intendedin anoppositeway with respectto those
constraintseventuallyenteredwith thepick state com-
mand,or duringaninteractive simulationsession(whenthe
numberof futurestatesto bedisplayedis too high), thatare
local only to asinglestepof thesimulationandareforgotten
in thenext one.

-a Displays all the statevariables(changedand unchanged)
during every step of an interactive session. This option
worksonly if the-i optionhasbeenspeci®ed.

-c "constraints" Performsa simulation in which computationis restricted
to statessatisfyingthoseconstraints . The desiredse-
quenceof statescouldnot exist if suchconstraintsweretoo
strongor it mayhappenthatatsomepoint of thesimulation
a future statesatisfyingthoseconstraintsdoesn't exist: in
that casea tracewith a numberof stateslessthansteps
traceis obtained.Note: constraints mustbeenclosed
betweendoublequotes" " .

steps Maximum lengthof the path accordingto the constraints.
Thelengthof a tracecouldcontainlessthansteps states:
this is thecasein which simulationstopsin anintermediate
stepbecauseit maynotexist any futurestatesatisfyingthose
constraints.
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3.6 Traces
A traceis a sequenceof states-inputspairscorrespondingto a possibleexecutionof themodel.
Eachpair containsthe inputs that causedthe transition to the new state,and the new state
itself. The initial statehasno suchinput valuesde®nedasit doesnot dependon thevaluesof
any of the inputs. The valuesof any constantsdeclaredin DEFINE sectionsarealsopart of a
trace. If the valueof a constantdependsonly on statevariablesthenit will be treatedasif it
is a statevariabletoo. If it dependsonly on input variablesthenit will be treatedasif it is an
input variable. If however, a constantdependsuponboth input andstatevariables,thenit gets
displayedin a seperateªcombinatorialºsection.Sincethevaluesof any suchconstantsdepend
ononeor moreinputs,theinitial statedoesnotcontainthis sectioneither.

Tracesarecreatedby NUSMV whena formulais foundto befalse;they arealsogenerated
asa result of a simulation(Section3.5 [SimulationCommands],page60). Eachtracehasa
number, andthestates-inputspairsarenumberedwithin thetrace.Tracen hasstates/inputsn.1,
n.2,n.3,”...” wheren.1representstheinitial state.

3.6.1 InspectingTraces
Thetraceinspectioncommandsof NUSMV allow for navigationalongthelabelledstates-inputs
pairsof thetracesproduced.During thenavigation,thereis acurrentstate, andthecurrenttrace
is thetracethecurrentstatebelongsto. Thecommandsarethefollowing:

goto state- Goesto a givenstateof a trace Command

goto state [-h] state label

Makesstate label thecurrent state. This commandis usedto navigatealongtraces
producedby NUSMV. Duringthenavigation,thereis acurrentstate, andthecurrenttrace
is thetracethecurrentstatebelongsto.

print curr ent state- Prints out thecurrentstate Command

print current state [-h] [-v]
Printsthenameof thecurrentstateif de®ned.
CommandOptions:

-v Printsthevalueof all thestatevariablesof thecurrentstate.

3.6.2 Displaying Traces
NUSMV comeswith threetraceplugins(seeSection3.7[TracePlugins],page64)whichcanbe
usedto displaytracesin thesystem.Oncea tracehasbeengeneratedby NUSMV it is printed
to stdout usingthe traceexplanationplugin which hasbeensetasthe currentdefault. The
commandshow traces (seeSection3.5 [SimulationCommands],page60) canthenbeused
to print out oneor moretracesusinga differenttraceplugin, aswell asallowing for outputto a
®le.
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3.6.3 TracePlugin Commands
Thefollowing commandsrelateto thepluginswhichareavailablein NUSMV.

show plugins - Showstheavailabletraceexplanationplugins Command

show plugins [-h] [-n plugin-no | -a]

CommandOptions:

-n plugin-no Shows the plugin with the index number equal to
plugin-no .

-a Shows all theavailableplugins.

Shows theavailablepluginsthatcanbeusedto displaya tracewhich hasbeengenerated
by NUSMV, or thathasbeenloadedwith theread trace command.Theplugin thatis
usedto readin a traceis alsoshown. Thecurrentdefault plugin is markedwith ª[D] º.

All theavailablepluginsaredisplayedby default if nocommandoptionsaregiven.

default trace plugin EnvironmentVariable

This determineswhich traceplugin will beusedby default whentracesthataregenerated
by NUSMV areto beshown. Thevaluesthatthisvariablecantakedependonwhich trace
pluginsareinstalled.Usethecommandshow plugins to seewhich onesareavailable.
Thedefault valueis 0.

show traces- Showsthetracesgeneratedin a NuSMVsession Command

show traces [-h] [-v] [-t] [-m | -o output-file] [-p
plugin-no]
[-a | trace number]

Shows the tracescurrentlystoredin systemmemory, if any. By default it shows the last
generatedtrace,if any.

CommandOptions:

-v Verboselyprintstracescontent(all statevariables,otherwise
it prints out only thosevariablesthat have changedtheir
valuefrom previous state). This option only applieswhen
theBasicTraceExplainerpluginis usedto displaythetrace.

-t Printsonly thetotal numberof currentlystoredtraces.
-a Printsall thecurrentlystoredtraces.
-m Pipes the output through the program speci®edby the

PAGERshell variable if de®ned,else through the UNIX
commandªmoreº.

-o output-file Writes the output generated by the command to
output-file .

-p plugin-no Usesthespeci®edtraceplugin to displaythetrace.
trace number The (ordinal) identi®er numberof the traceto be printed.

This mustbe the last argumentof thecommand.Omitting
thetracenumbercausesthemostrecentlygeneratedtraceto
beprinted.
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If theXML FormatOutputplugin is beingusedto save generatedtracesto a ®le with the
intentof readingthembackin againata laterdate,thenonly onetraceshouldbesavedper
®le. This is becausethetracereaderdoesnot currentlysupportmultiple tracesin one®le.

read trace - Loadsa previouslysavedtrace Command

read trace [-h | -i file-name]

CommandOptions:

-i file-name Readsin a tracefrom the speci®ed®le. Note that the ®le
mustonly containonetrace.

Loadsa tracewhich hasbeenpreviously output to a ®le with the XML FormatOutput
plugin. Themodelfrom which thetracewasoriginally generatedmustbeloadedandbuilt
usingthecommandªgoº ®rst.
Pleasenotethatthiscommandis only availableonsystemsthathavetheExpatXML parser
library installed.

3.7 TracePlugins
NUSMV comeswith threepluginswhichcanbeusedto diaplayatracethathasbeengenerated:

BasicTraceExplainer
States/VariablesTable
XML FormatPrinter

Thereis alsoa plugin which canreadin any tracewhich hasbeenoutput to a ®le by the
XML FormatPrinter. Notehowever that this readeris only availableon systemsthathave the
ExpatXML parserlibrary installed.

Once a trace has beengeneratedit is output to stdout using the currently selectedplu-
gin. Thecommandshow traces canbeusedto outputany previuosly generated,or loaded,
traceto a speci®c®le.

3.7.1 BasicTraceExplainer
This plugin printsout eachstate(thecurrentvaluesof thevariables)in the trace,oneafter the
other. Theinitial statecontainsall thestatevariablesandtheir initial values.Statesarenumbered
in thefollowing fasion:

trace number.state number

Thereis the option of printing out the valueof every variablein eachstate,or just those
which have changedfrom the previous one. The onethat is usedcanbe chosenby selecting
theappropriatetraceplugin. Thevaluesof any constantswhich dependon both input andstate
variablesareprintednext. It thenprintsthesetof inputswhichcausethetransitionto anew state
(if themodelcontainsinputs),beforeactuallyprinting thenew stateitself. Thesetof inputsand
thesubsequentstatehave thesamenumberassociatedto them.

In thecaseof a loopingtrace,if thenext stateto beprintedis thesameasthelaststatein the
trace,a line is printedstatingthatthis is thepointwheretheloop begins.

With theexceptionof theinitial state,for whichnoinputvaluesareprinted,theoutputsyntax
for eachstateis asfollows:
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-> Input: TRACE_NO.STATE_NO<-
/* for each input var (being printed), i: */
INPUT_VARi = VALUE

-> State: TRACE_NO.STATE_NO<-
/* for each state var (being printed), j: */
STATE_VARj = VALUE
/* for each combinatorial constant (being printed), k: */
CONSTANTk= VALUE

where INPUT VAR, STATE VAR and CONSTANThave the relevant module names
prependedto them(seperatedby a period)with theexceptionof themoduleªmain º .

Theversionof this plugin which only printsout thosevariableswhosevalueshave changed
is theinitial default plugin usedby NUSMV.

3.7.2 States/VariablesTable
This traceplugin prints out the traceasa table,eitherwith the stateson eachrow, or in each
column.Theentriesalongthestateaxisare:

S0 C1 I1 S1 ... Cn In Sn

whereS0 is the initial state,and I i gives the valuesof the input variableswhich caused
the transitionfrom stateSi � 1 to stateSi . Ci givesthe valuesof any combinatorialconstants,
wherethevaluedependson thevaluesof thestatevariablesin stateSi � 1 andthevaluesof input
variablesin stateSi .

Thevariablesin themodelareplacedalongtheotheraxis.Only thevaluesof statevariables
aredisplayedin the Staterow/column,only the valuesof input variablesaredisplayedin the
Input row/columnandonly thevaluesof combinatorialconstantsaredisplayedin theConstants
row/column.All remainingcellshave ' - ' displayed.

3.7.3 XML Format Printer
This plugin prints out the traceeither to stdout or to a speci®ed®le using the command
show traces . If tracesare to be output to a ®le with the intention of them being loaded
againat a laterdate,theneachtracemustbesaved in a separate®le. This is becausetheXML
Readerplugin doesnotcurrentlysupportmultiple tracesper®le.
Theformatof a dumpedXML trace®le is asfollows:

<?XML_VERSION_STRING?>
<counter-example type=TRACE_TYPE desc=TRACE_DESC>

/* for each state, i: */
<node>

<state id=i>

/* for each state var, j: */
<value variable=j>VALUE</value>

</state>
<combinatorial id=i+1>

/* for each combinatorial constant, k: */
<value variable=k>VALUE</value>

</combinatorial>
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<input id=i+1>

/* for each input var, l: */
<value variable=l>VALUE</value>

</input>
</node>

</counter-example>

Note that for the last statein the trace,thereis no input sectionin the nodetags. This is
becausetheinputssectiongivesthenew inputvalueswhichcausethetransitionto thenext state
in the trace. Thereis alsono combinatorialsectionasthis dependson thevaluesof the inputs
andarethereforeunde®nedwhenthereareno inputs.

3.7.4 XML Format Reader
Thispluginmakesuseof theExpatXML parserlibrary andassuchcanonly beusedonsystems
wherethis library is available.Previouslygeneratedtracesfor agivenmodelcanbeloadedusing
this plugin providedthattheoriginal model®le1 hasbeenloaded,andbuilt usingthecommand
go.

Whena traceis loaded,it is given thesmallestavailabletracenumberto identify it. It can
thenbemanipulatedin thesamewayasany generatedtrace.

3.8 Interface to the DD Package
NUSMV usesthestateof theartBDD packageCUDD [Som98]. Controlover theBDD package
canvery importantto tunetheperformanceof thesystem.In particular, theorderof variables
is critical to control the memoryandthe time requiredby operationsover BDDs. Reordering
methodscanbeactivatedto determinebettervariableorders,in orderto reducethesizeof the
existingBDDs.

Reorderingof the variables can be triggered in two ways: by the user, or by the
BDD package. In the ®rst way, reorderingis triggeredby the interactive shell command
dynamic var ordering with the-f option.

Reorderingis triggeredby the BDD packagewhen the numberof nodesreachesa given
threshold.The thresholdis initialized andautomaticallyadjustedafter eachreorderingby the
package.Thisis calleddynamicreordering,andcanbeenabledor disabledby theuser. Dynamic
reorderingis enabledwith theshellcommanddynamic var ordering with theoption-e ,
anddisabledwith the-d option.

enable reorder EnvironmentVariable

Speci®eswhetherdynamicreorderingis enabled(whenvalue is `0') or disabled(when
valueis `1').

reorder method EnvironmentVariable

Speci®estheorderingmethodto beusedwhendynamicvariablereorderingis ®red. The
possiblevalues,correspondingto thereorderingmethodsavailablewith theCUDD pack-
age,arelistedbelow. Thedefault valueis sift .

1To beexact,M 1 � M 2 , whereM 1 is themodelfrom which the tracewasgenerated,andM 2 is the
currentlyloaded,andbuilt, model.Notehowever, thatthismaymeanthatthetraceis notvalid for themodel
M 2 .
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sift: Moveseachvariablethroughouttheorderto ®nd anopti-
malpositionfor thatvariable(assumingall othervariables
are®xed). This generallyachievesgreatersizereductions
thanthewindow method,but is slower.
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random: Pairs of variablesare randomlychosen,and swappedin
theorder. Theswap is performedby a seriesof swapsof
adjacentvariables. The bestorderamongthoseobtained
by the seriesof swapsis retained. The numberof pairs
chosenfor swappingequalsthenumberof variablesin the
diagram.

random pivot: Sameas random , but the two variablesare chosenso
that the ®rst is above the variablewith the largestnum-
berof nodes,andthesecondis below thatvariable.In case
thereareseveral variablestied for the maximumnumber
of nodes,theoneclosestto theroot is used.

sift converge: Thesift methodis iterateduntil no furtherimprovement
is obtained.

symmetry sift: This methodis animplementationof symmetricsifting. It
is similar to sifting, with oneaddition: Variablesthat be-
comeadjacentduring sifting are testedfor symmetry. If
they are symmetric,they are linked in a group. Sifting
thencontinueswith a groupbeingmoved,insteadof asin-
glevariable.

symmetry sift converge:Thesymmetry sift methodis iterateduntil no further
improvementis obtained.

window f 2,3,4 g: Permutesthevariableswithin windows of n adjacentvari-
ables,wheren canbeeither2, 3 or 4, soasto minimizethe
overall BDD size.

window f 2,3,4 g converge:Thewindow f 2,3,4 g methodis iterateduntil no further
improvementis obtained.

group sift: This method is similar to symmetry sift , but uses
moregeneralcriteriato creategroups.

group sift converge: Thegroup sift methodis iterateduntil no further im-
provementis obtained.

annealing: This methodis an implementationof simulatedannealing
for variableordering.Thismethodis potentiallyveryslow.

genetic: This methodis an implementationof a geneticalgorithm
for variableordering.Thismethodis potentiallyveryslow.

exact: This method implementsa dynamic programmingap-
proachto exact reordering. It only storesoneBDD at a
time. Therefore,it is relatively ef®cient in termsof mem-
ory. Comparedto other reorderingstrategies, it is very
slow, and is not recommendedfor more than16 boolean
variables.

linear: This methodis a combinationof sifting andlinear trans-
formations.

linear conv: The linear methodis iterateduntil no further improve-
mentis obtained.

dynamic var ordering - Dealswith the dynamicvariable order-
ing.

Command

dynamic var ordering [-d] [-e <method>] [-f <method>] [-h]
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Controls the applicationand the modalitiesof (dynamic)variableordering. Dynamic
orderingis a techniqueto reorderthe BDD variablesto reducethe size of the existing
BDDs. Whennooptionsarespeci®ed,thecurrentstatusof dynamicorderingis displayed.
At mostoneof theoptions-e , -f , and-d shouldbe speci®ed.Dynamicorderingmay
be time consuming,but can often reducethe size of the BDDs dramatically. A good
point to invoke dynamicorderingexplicitly (usingthe -f option) is after the commands
build model , once the transition relation hasbeenbuilt. It is possibleto save the
ordering found using write order in order to reuseit (using build model -i
order-file ) in thefuture.

CommandOptions:

-d Disabledynamicorderingfrom triggeringautomatically.
-e <method> Enabledynamicorderingto triggerautomaticallywhenever

a certain thresholdon the overall BDD size is reached.
<method> mustbeoneof thefollowing:
� sift: Moveseachvariablethroughouttheorderto ®nd an

optimalpositionfor thatvariable(assumingall othervari-
ablesare®xed). This generallyachievesgreatersizere-
ductionsthanthewindow method,but is slower.

� random: Pairs of variablesare randomly chosen,and
swappedin theorder. Theswapis performedby aseriesof
swapsof adjacentvariables.The bestorderamongthose
obtainedby theseriesof swapsis retained.Thenumberof
pairschosenfor swappingequalsthenumberof variables
in thediagram.

� random pivot: Sameas random, but the two variables
arechosenso that the ®rst is above the variablewith the
largestnumberof nodes,andthesecondis below thatvari-
able. In casethereareseveralvariablestied for themaxi-
mumnumberof nodes,theoneclosestto theroot is used.

� sift converge: Thesift methodis iterateduntil no further
improvementis obtained.

� symmetry sift: Thismethodis animplementationof sym-
metric sifting. It is similar to sifting, with oneaddition:
Variablesthat becomeadjacentduring sifting are tested
for symmetry. If they aresymmetric,they are linked in
agroup.Sifting thencontinueswith agroupbeingmoved,
insteadof a singlevariable.

� symmetry sift converge: The symmetry sift methodis
iterateduntil no furtherimprovementis obtained.

� windowf 2,3,4g: Permutesthe variableswithin windows
of ºnºadjacentvariables,whereºnºcanbeeither2, 3 or
4, soasto minimizetheoverall BDD size.

� windowf 2,3,4g converge: Thewindowf 2,3,4g methodis
iterateduntil no furtherimprovementis obtained.

� group sift: This methodis similar to symmetry sift, but
usesmoregeneralcriteriato creategroups.

� group sift converge: The group sift methodis iterated
until no furtherimprovementis obtained.

� annealing: This methodis an implementationof simu-
latedannealingfor variableordering. This methodis po-
tentially veryslow.
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� genetic: This methodis an implementationof a genetic
algorithmfor variableordering.Thismethodis potentially
very slow.

� exact: This methodimplementsa dynamicprogramming
approachto exact reordering. It only storesa BDD at a
time. Therefore,it is relatively ef®cient in termsof mem-
ory. Comparedto other reorderingstrategies, it is very
slow, andis not recommendedfor morethan16 boolean
variables.

� linear: This methodis a combinationof sifting andlinear
transformations.

� linear converge: The linear methodis iterateduntil no
furtherimprovementis obtained.

-f <method> Forcedynamicorderingtobeinvokedimmediately. Theval-
uesfor <method> arethesameasin option-e .

print bdd stats- Printsout theBDD statisticsandparameters Command

print bdd stats [-h]

Prints the statisticsfor the BDD package. The amountof information dependson the
BDD packagecon®gurationestablishedat compilationtime. Thecon®gurtionparameters
areprintedout too. More informationaboutstatisticsandparameterscanbefoundin the
documentationof theCUDD DecisionDiagrampackage.

set bdd parameters - Createsa table with the value of all cur-
rentlyactiveNuSMV�a gsandchangeaccordingly thecon®gurable
parameters of theBDD package.

Command

set bdd parameters [-h] [-s]

Applies the variablestableof the NUSMV environnementto the BDD package,so the
usercansetspeci®cBDD parametersto the given value. This commandworks in con-
junction with the print bdd stats andset commands.print bdd stats ®rst
printsa reportof the parametersandstatisticsof the currentbdd manager. By usingthe
commandset , theusermaymodify thevalueof any of theparametersof theunderlying
BDD package.Theway to do it is by settinga valuein the variableBDD.parameter
name whereparameter name is thenameof theparameterexactly asprintedby the
print bdd stats command.

CommandOptions:

-s PrintstheBDD parameterandstatisticsafter themodi®ca-
tion.

3.9 Administration Commands
Thissectiondescribestheadministrativecommandsofferedby theinteractiveshellof NUSMV.

! - shell command Command
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ª! º executesa shell command.Theªshellcommandºis executedby calling ªbin/sh-c
shell commandº.If thecommanddoesnot existsor you have not the right to executeit,
thenanerrormessageis printed.

alias - Providesanalias for a command Command

alias [-h] [<name> [<string>]]

The alias command,if given no arguments,will print the de®nition of all current
aliases.Givenasingleargument,it will print thede®nitionof thatalias(if any). Giventwo
arguments,thekeyword <name> becomesanaliasfor thecommandstring<string> ,
replacingany otheraliaswith thesamename.

CommandOptions:

<name> Alias
<string> Commandstring

It is possibleto createaliasesthat take argumentsby using the history substitution
mechanism.To protectthehistorysubstitutioncharacter̀ %' from immediateexpansion,
it mustbeprecededby a ` n' whenenteringthealias.

For example:
NuSMV> alias read "read model -i %:1.smv ; set
input order file %:1.ord"
NuSMV> read short
will create an alias `read', execute ºreadmodel -i short.smv; set input order ®le
short.ordº.And again:
NuSMV> alias echo2 "echo Hi ; echo %* !"
NuSMV> echo2 happy birthday
will print:
Hi
happy birthday !
CAVEAT: Currentlythereis no checkto seeif thereis a circulardependency in thealias
de®nition.e.g.
NuSMV> alias foo "echo print bdd stats; foo"
createsanaliaswhich refersto itself. Executingthecommandfoo will resultan in®nite
loop duringwhich thecommandprint bdd stats will beexecuted.

echo- Merely echoesthearguments Command

echo [-h] [-o filename [-a]] <string>

Echoesthespeci®edstringeitherto standardoutput,or to filename if theoption-o is
speci®ed.

CommandOptions:

-o filename Echoesto thespeci®ed®lenameinsteadof to standardout-
put. If the option -a is not speci®ed,the ®le filename
will beoverwrittenif it alreadyexists.

-a Appendsthe output to the ®le speci®edby option -o , in-
steadof overwritting it. Useonly with theoption-o .

help - Provideson-lineinformationon commands Command
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help [-a] [-h] [<command>]

If invokedwith noargumentshelp printsthelist of all commandsknown to thecommand
interpreter. If a commandnameis given, detailedinformationfor that commandwill be
provided.

CommandOptions:
-a Providesalist of all internalcommands,whosenamesbegin

with theunderscorecharacter(' ') by convention.

history - list previouscommandsandtheir eventnumbers Command

history [-h] [<num>]

Listspreviouscommandsandtheireventnumbers.Thisis aUNIX-lik ehistorymechanism
insidetheNUSMV shell.

CommandOptions:

<num> Lists the last <num> events. Lists the last 30 events if
<num>is notspeci®ed.

History Substitution:
The history substitutionmechanismis a simpler versionof the csh history substitution
mechanism.It enablesyou to reusewordsfrom previously typedcommands.

Thedefault history substitutioncharacteris the `%' (`!' is default for shell escapes,and
`#' marksthebeginningof a comment).This canbechangedusingtheset command.In
this description'%' is usedasthe history char. The `%' canappearanywherein a line.
A line containinga historysubstitutionis echoedto thescreenafterthesubstitutiontakes
place.`%' canbeprecededby a `Â�n orderto escapethesubstitution,for example,to enter
a `%' into analiasor to settheprompt.

Eachvalid line typedat thepromptis saved. If thehistory variableis set(seehelppage
for set ), eachline is alsoechoedto thehistory®le. Youcanusethehistory command
to list thepreviously typedcommands.

Substitutions:
At any point in a line thesehistorysubstitutionsareavailable.

CommandOptions:

%:0 Initial wordof lastcommand.
%:n n-thargumentof lastcommand.
%$ Lastargumentof lastcommand.
%* All but initial wordof lastcommand.
%% Lastcommand.
%stuf Lastcommandbeginningwith ªstufº.
%n Repeatthen-thcommand.
%-n Repeatthen-thpreviouscommand.
bold bnew Replaceªoldºwith ªnewº in previous command.Trailing

spacesaresigni®cantduringsubstitution.Initial spacesare
notsigni®cant.

print usage- Prints processorandBDD statistics. Command

print usage [-h]
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Printsa formatteddumpof processor-speci®cusagestatistics,andBDD usagestatistics.
For Berkeley Unix, this includesall of theinformationin thegetrusage() structure.

quit - exitsNuSMV Command

quit [-h] [-s]
Stopstheprogram.Doesnotsave thecurrentnetwork beforeexiting.

CommandOptions:

-s Freesall the usedmemorybeforequitting. This is slower,
andit is usedfor ®ndingmemoryleaks.

reset- Resetsthewholesystem. Command

reset [-h]

Resetsthewholesystem,in orderto readin anothermodelandto performveri®cationon
it.

set- Setsan environmentvariable Command

set [-h] [<name>] [<value>]

A variableenvironmentis maintainedby the commandinterpreter. The set command
setsa variableto a particularvalue,andtheunset commandremovesthede®nitionof a
variable.If set is givennoarguments,it printsthecurrentvalueof all variables.

CommandOptions:

<name> Variablename
<value> Valueto beassignedto thevariable.

Interpolationof variablesis allowed whenusing the set command. The variablesare
referredto with thepre®xof '$'. So for example,what follows canbedoneto checkthe
valueof asetvariable:
NuSMV> set foo bar
NuSMV> echo $foo
bar

Thelastline ªbarºwill betheoutputproducedby NUSMV. Variablescanbeextendedby
usingthecharacter̀:' to concatenatevalues.For example:
NuSMV> set foo bar
NuSMV> set foo $foo:foobar
NuSMV> echo $foo
bar:foobar

The variable foo is extendedwith the value foobar . Whitespacecharactersmay
be presentwithin quotes. However, variable interpolationlays the restriction that the
characters':' and '/' may not be usedwithin quotes. This is to allow for recursive
interpolation.Sofor example,thefollowing is allowed
NuSMV> set "foo bar" this
NuSMV> echo $"foo bar"
this
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Thelastline will betheoutputproducedby NUSMV.

But in thefollowing, thevalueof thevariablefoo/bar will notbeinterpretedcorrectly:
NuSMV> set "foo/bar" this
NuSMV> echo $"foo/bar"
foo/bar

If a variableis not set by the set command,then the variableis returnedunchanged.
Differentcommandsuseenvironmentinformationfor differentpurposes.The command
interpretermakesuseof thefollowing parameters:

CommandOptions:

autoexec De®nesa commandstring to beautomaticallyexecutedaf-
ter every commandprocessedby the commandinterpreter.
This is useful for things like timing commands,or tracing
theprogressof optimization.

open path ªopenpathº(in analogyto theshell-variablePATH) is a list
of colon-separatedstringsgiving directoriesto besearched
whenever a ®le is openedfor read.Typically thecurrentdi-
rectory(.) is the®rst item in this list. Thestandardsystem
library (typically NuSMVLIBRARY PATH) is always im-
plicitly appendedto thecurrentpath. This providesa con-
venientshort-handmechanismfor reachingstandardlibrary
®les.

nusmv stderr Standarderror (normally ( stderr))canbe re-directedto a
®le by settingthevariablenusmv stderr .

nusmv stdout Standardoutput(normally( stdout))canbere-directedto a
®le by settingthevariablenusmv stdout .

source- Executesa sequenceof commandsfroma ®le Command

source [-h] [-p] [-s] [-x] <file> [<args>]

Readsandexecutescommandsfrom a ®le.
CommandOptions:

-p Printsa promptbeforereadingeachcommand.
-s Silently ignoresan attemptto executecommandsfrom a

nonexistent®le.
-x Echoeseachcommandbeforeit is executed.
<file> File name.

Argumentson the commandline after the ®lenameare rememberedbut not evaluated.
Commandsin thescript®le canthenreferto theseargumentsusingthehistorysubstitution
mechanism.EXAMPLE:
Contentsof test.scr :

read model -i %:2
flatten hierarchy
build variables
build model
compute fairness

Typing source test.scr short.smv on the command line will execute the
sequence
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read model -i short.smv
flatten hierarchy
build variables
build model
compute fairness

(In this case%:0 getssource , %:1 getstest.scr , and%:2 getsshort.smv .) If
you type alias st source test.scr and then type st short.smv bozo ,
you will execute

read model -i bozo
flatten hierarchy
build variables
build model
compute fairness

becausebozo was the secondargument on the last commandline typed. In other
words,commandsubstitutionin a script®le dependson how thescript®le wasinvoked.
Switchespassedto a commandarealsocountedaspositionalparameters.Therefore,if
you typest -x short.smv bozo , you will execute

read model -i short.smv
flatten hierarchy
build variables
build model
compute fairness

To passthe -x switch (or any other switch) to source when the script usesposi-
tional parameters,you may de®ne an alias. For instance,alias srcx source
-x .

Seethevariableon failure script quits for furtherinformation.

time - Providesa simpleCPUelapsedtimevalue Command

time [-h]

Prints the processortime usedsincethe last invocationof the time command,andthe
total processortimeusedsinceNUSMV wasstarted.

unalias - Removesthede®nitionof analias. Command

unalias [-h] <alias-names>

Removesthede®nitionof analiasspeci®edvia thealias command.

CommandOptions:

<alias-names> Aliasesto beremoved
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unset- Unsetsan environmentvariable Command

unset [-h] <variables>

A variableenvironmentis maintainedby the commandinterpreter. The set command
setsa variableto a particularvalue,andtheunset commandremovesthede®nitionof a
variable.
CommandOptions:

<variables> Variablesto beunset.

usage- Providesa dumpof processstatistics Command

usage [-h]

Prints a formatteddumpof processor-speci®cusagestatistics. For Berkeley Unix, this
includesall of theinformationin thegetrusage()structure.

which - Looksfor a ®le called”®le name” Command

which [-h] <file name>

Looksfor a ®le in a setof directorieswhich includesthecurrentdirectoryaswell asthose
in the NUSMV path. If it ®nds the speci®ed®le, it reportsthe found ®le's path. The
searchingpathis speci®edthroughtheset open path commandin .nusmvrc .

CommandOptions:

<file name> File to besearched

3.10 Other Envir onment Variables
Thebehavior of thesystemdependsonthevalueof someenvironmentvariables.For instance,an
environmentvariablespeci®esthepartitioningmethodto beusedin building thetransitionrela-
tion. Thevalueof environmentvariablescanbeinspectedandmodi®edwith theªsetºcommand.
Environmentvariablescanbeeitherlogicalor utility.

autoexec EnvironmentVariable

De®nesacommandstringto beautomaticallyexecutedaftereverycommandprocessedby
thecommandinterpreter. Thismaybeusefulfor timing commands,or tracingtheprogress
of optimization.

on failur e script quits EnvironmentVariable

Whena non-fatalerroroccursduringtheinteractive mode,theinteractive interpretersim-
ply stopsthecurrentlyexecutedcommand,prints thereasonof theproblem,andprompts
for a new command.Whenset,this variablesmakesthecommandinterpreterquit when
anerroroccur, andthenquit NUSMV. Thisbehaviour mightbeusefulwhenthecommand
source is controlledby eithera systempipeor a shell script. Undertheseconditionsa
mistake within thescript interpretedby source or any unexpectederrormight hangthe
controlling script or pipe, asby default the interpreterwould simply give up the current
execution,andwait for furthercommands.Thedefault valueof this environmentvariable
is 0.
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®lec EnvironmentVariable

Enables®le completiona la ªcshº. If the systemhasbeencompiledwith the ªreadlineº
library, the useris able to perform®le completionby typing the <TAB> key (in a way
similar to the®le completioninsidetheªbashºshell). If thesystemhasnotbeencompiled
with theªreadlineºlibrary, a built-in methodto perform®le completiona la ªcshºcanbe
used.This methodis enabledwith the`set filec ' command.Theªcshº®le comple-
tion methodcanbe alsoenabledif the ªreadlineºlibrary hasbeenused. In this casethe
featuresofferedby ªreadlineºwill bedisabled.

shell char EnvironmentVariable

shell char speci®esa characterto be usedasshell escape.The default valueof this
environmentvariableis `! '.

history char EnvironmentVariable

history char speci®esacharacterto beusedin historysubstitutions.Thedefaultvalue
of this environmentvariableis `%'.

open path EnvironmentVariable

open path (in analogyto the shell-variablePATH) is a list of colon-separatedstrings
giving directoriesto besearchedwhenever a ®le is openedfor read.Typically thecurrent
directory(. ) is ®rst in this list. Thestandardsystemlibrary (NuSMVLIBRARY PATH)
is alwaysimplicitly appendedto thecurrentpath. This providesa convenientshort-hand
mechanismfor reachingstandardlibrary ®les.

nusmv stderr EnvironmentVariable

Standarderror (normally stderr ) can be re-directedto a ®le by setting the variable
nusmv stderr .

nusmv stdout EnvironmentVariable

Standardoutput (normally stdout ) can be re-directedto a ®le by settingthe internal
variablenusmv stdout .

nusmv stdin EnvironmentVariable

Standardinput(normallystdin ) canbere-directedto a®le bysettingtheinternalvariable
nusmv stdin .
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Figure3.1: Thedependency amongNUSMV commands.
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Chapter 4

Running NuSMV batch

Whenthe-int optionis not speci®ed,NUSMV runsasa batchprogram,in thestyleof SMV,
performing(someof) thestepsdescribedin previoussectionin a ®xedsequence.

system prompt> NuSMV [command line options] input-®le <RET>

The programdescribedin input-®le is processed,and the corresponding®nite statemachine
is built. Then, if input-®le containsformulasto verify, their truth in the speci®edstructureis
evaluated.For eachformulawhich is not truea counterexampleis printed.
Thebatchmodecanbecontrolledwith thefollowing commandline options:

NUSMV [-h | -help] [-v vl] [-int] [-load script ®le] [-s]
[-cpp] [-pre pps] [-ofm fm ®le] [-obm bm ®le]
[-lp] [-n idx] [-is] [-ic] [-ils] [-ips] [-ii]
[-ctt] [-f] [-r] [-AG] [-coi]
[-i iv ®le] [-o ov ®le] [-reorder] [-dynamic] [-m method]
[[-mono]|[-thresh cp t]|[-cp cp t]|[-iwls95 cp t]]
[-noaffinity] [-iwls95preorder]
[-bmc] [-bmc length k]
[ input-®le]

wherethemeaningof theoptionsis describedbelow. If input-®leis notprovidedin batchmode,
thenthemodelis readfrom standardinput.

-help
-h

Printsthecommandline help.
-v verbose-level

Enablesprinting of additional information on the internal
operationsof NUSMV. Settingverbose-level to 1 givesthe
basicinformation. Using this optionmakesyou feel better,
sinceotherwisetheprogramprintsnothinguntil it ®nishes,
andthereis no evidencethatit is doinganything at all. Set-
ting theverbose-levelhigherthan1 enablesprintingof much
extra information.
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-int
Startsinteractive shell.

-load cmd-®le
Startstheinteractive shellandthenexecutesNUSMV com-
mandsfrom ®le cmd-®le. If an erroroccursduring a com-
mandexecution,commandsthatfollow will notbeexecuted.
Seealsothevariable on failure script quits .

-s Avoids to load the NUSMV commands con-
tained in /̃.nusmvrc or in .nusmvrc or in
$$f NuSMVLIBRARY PATH g/master.nusmvrc .

-cpp
Runspreprocessoron SMV ®lesbeforeany of thosespeci-
®edwith the-preoption.

-pre pps
Speci®esa list of pre-processorsto run (in theordergiven)
on theinput®le beforeit is parsedby NUSMV. Notethatif
the -cpp commandis used,thenthepre-processorsspeci-
®edby thiscommandwill berunaftertheinput®le hasbeen
pre-processedby that pre-processor. pps is eitheronesin-
gle pre-processorname(with or without doublequotes)or
it is aspace-seperatedlist of pre-processornamescontained
within doublequotes.

-ofm fm ®le
prints¯attenedmodelto ®le fn ®le

-obm bm ®le
Printsbooleanmodelto ®le bn ®le

-lp
Listsall propertiesin SMV model

-n idx
Speci®eswhichpropertyof SMV modelshouldbechecked

-is
DoesnotcheckSPEC

-ic
DoesnotcheckCOMPUTE

-ils
DoesnotcheckLTLSPEC

-ips
DoesnotcheckPSLSPEC

-ii
DoesnotcheckINVARSPEC

-ctt
Checkswhetherthetransitionrelationis total.

-f
Computesthesetof reachablestatesbeforeevaluatingCTL
expressions.

-r
Printsthe numberof reachablestatesbeforeexiting. If the
-f option is not used,the set of reachablestatesis com-
puted.

-AG
Veri®es only AG formulas using an ad hoc algorithm
(seedocumentationfor theag only search environment
variable).

-coi
Enablesconeof in¯uencereduction

-i iv ®le
Readsthevariableorderingfrom ®le iv ®le.

-o ov ®le
Readsthevariableorderingfrom ®le ov ®le.

-reorder
Enablesvariable reorderingafter having checked all the
speci®cationif any.

-dynamic
Enablesdynamicreorderingof variables
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-m method
Uses method when variable ordering is enabled. Pos-
sible values for method are those allowed for the
reorder method environmentvariable(seeSection3.8
[Interfaceto DD package],page66).

-mono
Enablesmonolithictransitionrelation

-thresh cp t
conjunctive partitioningwith thresholdof eachpartitionset
to cp t (DEFAULT, with cp t=1000)

-cp cp t
DEPRECATED: usethresh instead.

-iwls95 cp t
EnablesIwls95conjunctive partitioningandsetsthethresh-
old of eachpartitionto cp t

-noaffinity
Disablesaf®nity clustering

-iwls95preoder
EnablesIwls95CPpreordering

-bmc
EnablesBMC insteadof BDD modelchecking(worksonly
for LTL propertiesandPSLpropertiesthatcanbetranslated
into LTL)

-bmc k
Setsbmc length variable,usedby BMC
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Appendix A

Compatibility with CMU SMV

TheNUSMV languageis mostlysourcecompatiblewith theoriginalversionof SMV distributed
at Carnegie Mellon University from which we started. In this appendixwe describethe most
commonproblemsthat canbe encounteredwhentrying to useold CMU SMV programswith
NUSMV.

Themainproblemis variablenamesin old programsthatcon¯ictswith new reservedwords.
Thelist of thenew reservedwordsof NUSMV w.r.t. CMU SMV is thefollowing:

F, G, X, U, V,
W, H, O, Y, Z,
S, T, B

Thesenamesarereservedfor theLTL temporaloperators.

LTLSPEC It is usedto introduceLTL speci�cations.
INVARSPEC It is usedto introduceinvariantspeci�cations.
IVAR It is usedto introduceinputvariables.
JUSTICE It is usedto introduceªjusticeºfairnessconstraints.
COMPASSION It is usedto introduceªcompassionºfairnessconstraints.

TheIMPLEMENTS, INPUT, OUTPUTstatementsarenot no longersupportedby NUSMV.
NUSMV differs from CMU SMV alsoin thecontrolsthatareperformedon the input for-

mulas.Several formulasthatarevalid for CMU SMV, but thathave no clearsemantics,arenot
acceptedby NUSMV.

In particular:

� It is no longerpossibleto write formulascontainingnestedǹext '.

TRANS
next(alpha & next(beta | next(gamma))) -> delta

� It is no longerpossibleto write formulascontaining`next ' in the right handside of
ªnormalºandªinitº assignments(they areallowedin theright handsideof ªnextº assign-
ments),andwith thestatements̀INVAR' and`INIT '.

INVAR
next(alpha) & beta

INIT
next(beta) -> alpha

ASSIGN
delta := alpha & next(gamma); -- normal assignments
init(gamma) := alpha & next(delta); -- init assignments

� It is no longerpossibleto write `SPEC', `FAIRNESS' statementscontaining̀ next '.
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FAIRNESS
next(running)

SPEC
next(x) & y

� Thecheckfor circulardependenciesamongvariableshasbeendonemorerestrictive. We
say that variablex dependson variabley if x := f(y). We say that thereis a circular
dependency in thede®nitionof x if:

– x dependson itself ( e.g.x := f(x,y));

– x dependsony andy dependson x (e.g.x := f(y) andy := f(x) or x := f(z), z := f(y)
andy := f(x) ).

In the caseof circular dependenciesamongvariablesthereis no ®xed order in which
we cancomputetheinvolvedvariables.Avoiding circulardependenciesamongvariables
guaranteethatthereexistsanorderin which thevariablescanbecomputed.In NUSMV
circulardependenciesarenotallowed.

In CMU SMV the testfor circular dependenciesis ableto detectcircular dependencies
only in ªnormalºassignments,andnot in ªnextº assignments.Thecirculardependencies
checkof NUSMV hasbeenextendedto detectcircularitiesalsoin ªnextº assignments.
For instancethefollowing fragmentof codeis acceptedby CMU SMV but discardedby
NUSMV.

MODULEmain
VAR

y : boolean;
x : boolean;

ASSIGN
next(x) := x & next(y);
next(y) := y & next(x);

AnotherdifferencebetweenNUSMV andCMU SMV is in thevariableorder®le. Thevari-
ableordering®le acceptedby NUSMV canbepartialandcancontainvariablesnot declaredin
themodel.Variableslistedin theordering®le but notdeclaredin themodelaresimplydiscarded.
Thevariablesdeclaredin themodelbut not listedin thevariable®le providedin inputarecreated
at theendof thegivenorderingfollowing thedefault ordering.All theordering®lesgenerated
by CMU SMV areacceptedin input from NUSMV but theordering®lesgeneratedby NUSMV
maybenot acceptedby CMU SMV. Notice that thereis no guaranteethata goodorderingfor
CMU SMV is alsoa goodorderingfor NUSMV. In the ordering®les for NUSMV, identi®er
process selector canbeusedto controlthepositionof thevariablethatencodesprocess

selection.In CMU SMV it is notpossibleto controlthepositionof this variablein theordering;
it is hard-codedat thetopof theordering.
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Appendix B

Typing Rules

This appendixgivesthe explicit formal typing rulesfor NUSMV's input language,aswell as
noteson implicit conversionandcasting.

In thefollowing, anatomicconstantis de®nedasbeingany sequenceof charactersstarting
with acharacterin thesetf A-Za-z g andfollowedby apossibleemptysequenceof characters
from thesetf A-Za-z0-9 $#- ng. An integeris any wholenumber, positive or negative.

B.1 Types
Themaintypesrecognisedby NUSMV areasfollows:

boolean

integer

symbolic enum

integers-and-symbolic enum

boolean set

integer set

symbolic set

integers-and-symbolic set

word[N] (whereN is any wholenumber� 1)

word-array[N][M] (whereNandMareany wholenumber� 1)

For moredetalieddescriptionof existing typesseeSection2.1[Types],page7.

B.2 Implicit Conversion
In certainsituationsNUSMV is ableto carry out implicit conversionof types. Therearetwo
kind of implicit convertion. The®rst oneconvertsexpressionof onetypeto a greatertype. The
orderto typesis given in FigureB.1. For moreinformationon typeorderingseeSection2.2.1
[Implicit TypeConversion],page10.

Anotherkind of implicit typeconvertionschangesthetypeof anexpressionto its counterpart
set type. TheFigureB.2 shows thedirectionof suchconvertions.For moreinformationon set
typesandtheir counterparttypesseeSection2.1.7[SetTypes],page8.
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boolean
#

integer symbolic enum
# #

integers-and-symbolic enum

word[1]

word[2]

word[3]
. . .

boolean set
#

integer set symbolic set
# #

integers-and-symbolic set

word-array[1][1]

word-array[1][2]

word-array[1][3]
. . .

FigureB.1: Theorderingon thetypesin NUSMV

boolean ! boolean set
integer ! integer set
symbolic enum ! symbolic set
integers-and-symbolic enum ! integers-and-symbolic set

FigureB.2: Implicit convertionto counterpartset types

B.3 TypeRules
Thetyperulesarepresentedbelow with theoperatorson theleft andthesignaturesof therules
on theright. To save space,morethanoneoperatormaybeon theleft-handside,andit is also
thecasethatanindividual operatormayhave morethanonesignature.For moreinformationon
theseexpressionsandtheir typerulesseeSection2.2[Expressions],page9.

Constants

booleanconstant : boolean
integer constant : integer
symbolic constant: symbolic enum
word constant : word[N] (whereN is thenumberof bits required)
rangeconstant : integer set

Variable and De®ne

variableidenti®er: Type (whereType is thetypeof thevariable)
de®neidenti®er : Type (whereType is thetypeof thede®ne's expression)
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Arithmetic Operators

+, - , / , * : boolean * boolean ! integer
: integer * integer ! integer
: word[N] * word[N] ! word[N]

Theimplicit typeconversioncanbeappliedto oneof theoperands.
mod : integer * 2 ! boolean

: integer * integer ! integer
: word[N] * word[N] ! word[N]

For operationsonwords,theresultis takenmodulo2N

>, <, >=, <= : boolean * boolean ! boolean
: integer * integer ! boolean
: word[N] * word[N] ! boolean
: boolean * word[1] ! boolean
: word[1] * boolean ! boolean

Theimplicit typeconversioncanbeappliedto oneof theoperands.

Logic Operators

! (negation) : boolean ! boolean
: word[N] ! word[N]

&, | , -> , <-> , xor , xnor : boolean * boolean ! boolean
: word[N] * word[N] ! word[N]

=, != : boolean * boolean ! boolean
: integer * integer ! boolean
: symbolic enum * symbolic enum ! boolean
: integers-and-symbolic enum *

integers-and-symbolic enum ! boolean
: word[N] * word[N] ! boolean
: word-array[N][M] * word-array[N][M] ! boolean
: boolean * word[1] ! boolean
: word[1] * boolean ! boolean

Theimplicit typeconversioncanbeappliedto oneof theoperands.

Bit-W iseOperators

:: (concatenation) : word[N] * word[M] ! word[N+M]
: boolean * word[N] ! word[N+1]
: word[N] * boolean ! word[N+1]

exp1 [ exp2, exp3] : word[N] * integer * integer ! word[exp3 � exp2 + 1]
exressionsexp2 andexp3 mustevaluateto integerssuchthat0 � exp2 � exp3 < N

<<, >> (shift) : word[N] * integer ! word[N]
: word[N] * boolean ! word[N]
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SetOperators

f exp1 ; exp2 ; : : : ; expn g : equivalentto consecutive union operations
union : boolean set * boolean set ! boolean set

: integer set * integer set ! integer set
: symbolic set * symbolic set ! symbolic set
: integers-and-symbolic set * integers-and-symbolic set

! integers-and-symbolic set
At ®rst, if it is possible,theoperandsareconvertedto their set counterparttypes,
thenbothoperandsareimplicitly convertedto aminimal commontype

in : boolean set * boolean set ! boolean set
: integer set * integer set ! integer set
: symbolic set * symbolic set ! symbolic set
: integers-and-symbolic set * integers-and-symbolic set

! integers-and-symbolic set
At ®rst, if it is possible,theoperandsareconvertedto their set counterparttypes,
thenimplicit convertionis performedononeof theoperands

CaseExpression

case cond1 : r esult1 ;
cond2 : r esult2 ;
: : :
condn : r esultn ;

esac
condi mustbeof typeboolean. If oneof r esul t i is of a set typethenall otherr esul t k are
convertedto their counterpartset types.Theoverall typeof theexpressionis sucha minimal
typethateachr esul t i canbeimplicitly convertedto.

Formula Operators

EX, AX, EF, AF, EG, AG,
X, Y, Z, G, H, F, O : boolean ! boolean

A-U, E-U, U, S : boolean * boolean ! boolean
A-BU, E-BU : boolean * integer * integer * boolean ! boolean
EBF, ABF, EBG, ABG : integer * integer * boolean ! boolean
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MiscellaneousOperators

Integer.. Integer: integer number * integer number ! integer
bool : word[1] ! boolean
word1 : boolean ! word[1]
next , init : any type! thesametype
() : any type! thesametype
:= : boolean * boolean ! no type

: boolean * boolean set ! no type
: integer * integer ! no type
: integer * integer set ! no type
: symbolic enum * symbolic enum ! no type
: symbolic enum * symbolic set ! no type
: integers-and-symbolic enum *

integers-and-symbolic enum ! no type
: integers-and-symbolic enum *

integers-and-symbolic set ! no type
: word[N] * word[N] ! no type
: word-array[N][M] * word-array[N][M] ! no type
: boolean * word[1] ! no type
: word[1] * boolean ! no type

Implicit typeconversionis performedon theright operandonly
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Appendix C

Production Rules

This appendixcontainsthesyntacticproductionrulesfor writing a NUSMV program.

Identi�ers

identifier ::
identifier_first_character

| identifier identifier_consecutive_character

identifier_first_character :: one of
A B C D E F G H I J K L M N O P Q R S T U V W X Y Z
a b c d e f g h i j k l m n o p q r s t u v w x y z _

identifier_consecutive_character ::
identifier_first_character

| digit
| one of $ # n -

digit :: one of 0 1 2 3 4 5 6 7 8 9

Note that therearecertainreservedkeyword which cannotbe usedasidenti®ers(seepage
6).

Variable and DEFINE Identi�ers

define_identifier :: complex_identifier

variable_identifier :: complex_identifier

Complex Identi�ers

complex_identifier ::
identifier

| complex_identifier . identifier
| complex_identifier [ simple_expression ]
| self

Integer Numbers

integer_number ::
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- digit
| digit
| integer_number digit

Constants

constant ::
boolean_constant

| integer_constant
| symbolic_constant
| word_constant
| range_constant

boolean_constant :: one of
0 1 FALSE TRUE

integer_constant :: integer_number

symbolic_constant :: identifier

word_constant :: [word_width] word_base ' word_value

word_width :: integer_number (>0)

word_base :: b | B | o | O | d | D | h | H

word_value ::
hex_digit

| word_value hex_digit
| word_value

hex_digit :: one of
0 1 2 3 4 5 6 7 8 9 a b c d e f A B C D E F

Note that therearesomeadditionalrestrictionson theexact formatof word constants(see
page11).

range_constant ::
integer_number .. integer_number

BasicExpressions

basic_expr ::
constant -- a constant

| variable_identifier -- a variable identifier
| define_identifier -- a define identifier
| ( basic_expr )
| ! basic_expr -- logical/bitwise NOT
| basic_expr & basic_expr -- logical/bitwise AND
| basic_expr | basic_expr -- logical/bitwise OR
| basic_expr xor basic_expr -- logical/bitwise exclusive OR
| basic_expr xnor basic_expr -- logical/bitwise NOT xor
| basic_expr -> basic_expr -- logical/bitwise implication
| basic_expr <-> basic_expr -- logical/bitwise equivalence
| basic_expr = basic_expr -- equality
| basic_expr != basic_expr -- inequality
| basic_expr < basic_expr -- less than
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| basic_expr > basic_expr -- greater than
| basic_expr <= basic_expr -- less than or equal
| basic_expr >= basic_expr -- greater than or equal
| basic_expr + basic_expr -- integer addition
| basic_expr - basic_expr -- integer subtraction
| basic_expr * basic_expr -- integer multiplication
| basic_expr / basic_expr -- integer division
| basic_expr mod basic_expr -- integer remainder
| basic_expr >> basic_expr -- bit shift right
| basic_expr << basic_expr -- bit shift left
| basic_expr :: basic_expr -- word concatenation
| basic_expr [ integer_number : integer_number ]

-- word bits selection
| word1 ( basic_expr ) -- boolean to word[1] convertion
| bool ( basic_expr ) -- word[1] to boolean convertion
| basic_expr union basic_expr -- union of set expressions
| f set_body_expr g -- set expression
| basic_expr in basic_expr -- inclusion expression
| case_expr -- a case expression
| next ( basic_expr ) -- a next expression

set_body_expr ::
basic_expr

| set_body_expr , basic_expr

CaseExpression

case_expr :: case case_body esac

case_body ::
basic_expr : basic_expr ;

| case_body basic_expr : basic_expr ;

SimpleExpression

simple_expr :: basic_expr

Notethatsimpleexpressionscannotcontainnext operators.

Next Expression

next_expr :: basic_expr

Type Speci�er

type_specifier ::
simple_type_specifier

| module_type_spicifier

simple_type_specifier ::
boolean

| word [ integer_number ]
| f enumeration_type_body g
| integer_number .. integer_number
| array integer_number .. integer_number

of simple_type_specifier
| array word [ integer_number ] of word [ integer_number ]
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enumeration_type_body ::
enumeration_type_value

| enumeration_type_body , enumeration_type_value

enumeration_type_value ::
symbolic_constant

| integer_number

Input Variable

ivar_declaration :: IVAR var_list

DEFINE Declaration

define_declaration :: DEFINE define_body

define_body :: identifier := simple_expr ;
| define_body identifier := simple_expr ;

ASSIGN Declaration

assign_constraint :: ASSIGN assign_list

assign_list :: assign ;
| assign_list assign ;

assign ::
complex_identifier := simple_expr

| init ( complex_identifier ) := simple_expr
| next ( complex_identifier ) := next_expr

TRANS Statement

trans_constraint :: TRANS next_expr [ ; ]

INIT Statement

init_constrain :: INIT simple_expr [ ; ]

INVAR Statement

invar_constraint :: INVAR simple_expr [ ; ]

Module Declarations

module :: MODULEidentifier [ ( module_parameters ) ] [module_body]

module_parameters ::
identifier

| module_parameters , identifier

module_body ::
module_element

| module_body module_element
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module_element ::
var_declaration

| ivar_declaration
| define_declaration
| assign_constraint
| trans_constraint
| init_constraint
| invar_constraint
| fairness_constraint
| ctl_specification
| invar_specification
| ltl_specification
| compute_specification
| isa_declaration

Module TypeSpeci�er

module_type_specifier ::
| identifier [ ( [ parameter_list ] ) ]
| process identifier [ ( [ parameter_list ] ) ]

parameter_list ::
simple_expr

| parameter_list , simple_expr

ISA Declaration

isa_declaration :: ISA identifier

Warning: this is a deprecatedfeatureandwill eventuallybe removed from NUSMV. Use
moduleinstancesinstead.

CTL Speci�cation

ctl_specification :: SPEC ctl_expr ;

ctl_expr ::
simple_expr -- a simple boolean expression
| ( ctl_expr )
| ! ctl_expr -- logical not
| ctl_expr & ctl_expr -- logical and
| ctl_expr | ctl_expr -- logical or
| ctl_expr xor ctl_expr -- logical exclusive or
| ctl_expr -> ctl_expr -- logical implies
| ctl_expr <-> ctl_expr -- logical equivalence
| EG ctl_expr -- exists globally
| EX ctl_expr -- exists next state
| EF ctl_expr -- exists finally
| AG ctl_expr -- forall globally
| AX ctl_expr -- forall next state
| AF ctl_expr -- forall finally
| E [ ctl_expr U ctl_expr ] -- exists until
| A [ ctl_expr U ctl_expr ] -- forall until
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INVAR Speci�cation

invar_specification :: INVARSPEC simple_expr ;

This is equivalentto

SPEC AG simple_expr ;

but is checkedby a specialisedalgorithmduringreachabilityanalysis.

LTL Speci�cation

ltl_specification :: LTLSPEC ltl_expr [ ; ]

ltl_expr ::
simple_expr -- a simple boolean expression
| ( ltl_expr )
| ! ltl_expr -- logical not
| ltl_expr & ltl_expr -- logical and
| ltl_expr | ltl_expr -- logical or
| ltl_expr xor ltl_expr -- logical exclusive or
| ltl_expr -> ltl_expr -- logical implies
| ltl_expr <-> ltl_expr -- logical equivalence
-- FUTURE
| X ltl_expr -- next state
| G ltl_expr -- globally
| F ltl_expr -- finally
| ltl_expr U ltl_expr -- until
| ltl_expr V ltl_expr -- releases
-- PAST
| Y ltl_expr -- previous state
| Z ltl_expr -- not previous state not
| H ltl_expr -- historically
| O ltl_expr -- once
| ltl_expr S ltl_expr -- since
| ltl_expr T ltl_expr -- triggered

RealTime CTL Speci�cation

rtctl_specification :: SPEC rtctl_expr [ ; ]

rtctl_expr ::
ctl_expr

| EBF range rtctl_expr
| ABF range rtctl_expr
| EBG range rtctl_expr
| ABG range rtctl_expr
| A [ rtctl_expr BU range rtctl_expr ]
| E [ rtctl_expr BU range rtctl_expr ]

range :: integer_number .. integer_number

It is alsopossibleto computequantative informationfor theFSM:

compute_specification :: COMPUTEcompute_expr [ ; ]

compute_expr :: MIN [ rtctl_expr , rtctl_expr ]
| MAX [ rtctl_expr , rtctl_expr ]
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PSL Speci�cation

pslspec_declaration :: "PSLSPEC " psl_expr ";"

psl_expr ::
psl_primary_expr

| psl_unary_expr
| psl_binary_expr
| psl_conditional_expr
| psl_case_expr
| psl_property

psl_primary_expr ::
number ;; a numeric constant

| boolean ;; a boolean constant
| var_id ;; a variable identifier
| f psl_expr , ... , psl_expr g
| f psl_expr " f " psl_expr , ... , "psl_expr" gg
| ( psl_expr )

psl_unary_expr ::
+ psl_primary_expr

| - psl_primary_expr
| ! psl_primary_expr

psl_binary_expr ::
psl_expr + psl_expr

| psl_expr union psl_expr
| psl_expr in psl_expr
| psl_expr - psl_expr
| psl_expr * psl_expr
| psl_expr / psl_expr
| psl_expr % psl_expr
| psl_expr == psl_expr
| psl_expr != psl_expr
| psl_expr < psl_expr
| psl_expr <= psl_expr
| psl_expr > psl_expr
| psl_expr >= psl_expr
| psl_expr & psl_expr
| psl_expr | psl_expr
| psl_expr xor psl_expr

psl_conditional_expr ::
psl_expr ? psl_expr : psl_expr

psl_case_expr ::
case

psl_expr : psl_expr ;
...
psl_expr : psl_expr ;

endcase

Among the subclassesof psl expr we depictthe classpsl bexpr that will be usedin the
following to identify purelyboolean,i.e. not temporal,expressions.

psl_property ::
replicator psl_expr ;; a replicated property

| FL_property abort psl_bexpr

97



| psl_expr <-> psl_expr
| psl_expr -> psl_expr
| FL_property
| OBE_property

replicator ::
forall var_id [index_range] in value_set :

index_range ::
[ range ]

range ::
low_bound : high_bound

low_bound ::
number

| identifier
high_bound ::

number
| identifier
| inf ;; inifite high bound

value_set ::
f value_range , ... , value_range g

| boolean
value_range ::

psl_expr
| range

FL_property ::
;; PRIMITIVE LTL OPERATORS

X FL_property
| X! FL_property
| F FL_property
| G FL_property
| [ FL_property U FL_property ]
| [ FL_property W FL_property ]
;; SIMPLE TEMPORALOPERATORS
| always FL_property
| never FL_property
| next FL_property
| next! FL_property
| eventually! FL_property
| FL_property until! FL_property
| FL_property until FL_property
| FL_property until!_ FL_property
| FL_property until_ FL_property
| FL_property before! FL_property
| FL_property before FL_property
| FL_property before!_ FL_property
| FL_property before_ FL_property
;; EXTENDEDNEXT OPERATORS
| X [number] ( FL_property )
| X! [number] ( FL_property )
| next [number] ( FL_property )
| next! [number] ( FL_property )
;;
| next_a [range] ( FL_property )
| next_a! [range] ( FL_property )
| next_e [range] ( FL_property )
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| next_e! [range] ( FL_property )
;;
| next_event! ( psl_bexpr ) ( FL_property )
| next_event ( psl_bexpr ) ( FL_property )
| next_event! ( psl_bexpr ) [ number ] ( FL_property )
| next_event ( psl_bexpr ) [ number ] ( FL_property )
;;
| next_event_a! ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_a ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_e! ( psl_bexpr ) [ psl_expr ] ( FL_property )
| next_event_e ( psl_bexpr ) [ psl_expr ] ( FL_property )
;; OPERATORSON SEREs
| sequence ( FL_property )
| sequence |-> sequence [ ! ]
| sequence |=> sequence [ ! ]
;;
| always sequence
| G sequence
| never sequence
| eventually! sequence
;;
| within! ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within!_ ( sequence_or_psl_bexpr , psl_bexpr ) sequence
| within_ ( sequence_or_psl_bexpr , psl_bexpr ) sequence
;;
| whilenot! ( psl_bexpr ) sequence
| whilenot ( psl_bexpr ) sequence
| whilenot!_ ( psl_bexpr ) sequence
| whilenot_ ( psl_bexpr ) sequence

sequence_or_psl_bexpr ::
sequence

| psl_bexpr

sequence ::
f SERE g

SERE ::
sequence

| psl_bexpr
;; COMPOSITIONOPERATORS
| SERE ; SERE
| SERE : SERE
| SERE & SERE
| SERE && SERE
| SERE | SERE
;; RegExp QUALIFIERS
| SERE [* [count] ]
| [* [count] ]
| SERE [+]
| [+]
;;
| psl_bexpr [= count ]
| psl_bexpr [-> count ]

count ::
number
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| range

OBE_property ::
AX OBE_property

| AG OBE_property
| AF OBE_property
| A [ OBE_property U OBE_property ]
| EX OBE_property
| EG OBE_property
| EF OBE_property
| E [ OBE_property U OBE_property ]
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Command Index

!, seebang70

, 70
add property , 47
alias , 71
bmc setup , 48
bmc simulate , 58
build model , 42
check fsm , 44
check invar bmc inc , 57
check invar bmc, 55
check invar , 45
check ltlspec bmc inc , 52
check ltlspec bmc onepb , 49
check ltlspec bmc sbmc inc , 54
check ltlspec bmc sbmc, 53
check ltlspec bmc, 48
check ltlspec , 46
check pslspec , 58
check spec , 45
compute reachable , 44
compute , 46
dynamic var ordering , 68
echo , 71
encode variables , 41
flatten hierarchy , 40
gen invar bmc, 56
gen ltlspec bmc onepb , 51
gen ltlspec bmc, 50
go bmc, 48
goto state , 62
go, 43
help , 71
history , 72
pick state , 60
print bdd stats , 70
print current state , 62
print fair states , 44
print fair transitions , 45
print iwls95options , 43
print reachable states , 44
print usage , 72
process model , 43

quit , 73
read model , 40
read trace , 64
reset , 73
set bdd parameters , 70
set , 73
show plugins , 63
show traces , 63
show vars , 40
simulate , 60
source , 74
time , 75
unalias , 75
unset , 76
usage , 76
which , 76
write order , 41
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Variable Index

NuSMVLIBRARY PATH, 77,80
affinity , 43
ag only search , 45
autoexec , 76
bmc dimacs filename , 55
bmc inc invar alg , 58
bmc invar alg , 58
bmc invar dimacs filename , 58
bmc length , 55
bmc loopback , 55
check fsm , 44
conj part threshold , 43
default trace plugin , 63
enable reorder , 66
filec , 77
forward search , 45
history char , 77
image Wf 1,2,3,4 g, 43
image cluster size , 43
image verbosity , 43
input file , 40
input order file , 41
iwls95preorder , 43
nusmv stderr , 77
nusmv stdin , 77
nusmv stdout , 77
on failure script quits , 76
open path , 77
output order file , 42
partition method , 42
pp list , 40
reorder method , 66
sat solver , 58
shell char , 77
showed states , 60
type checking backward compatibility ,

40
type checking warning on, 40
verbose level , 39
write order dumps bits , 41
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Index

Symbols
+ - * /, 14
.nusmvrc,80
¿¡ ¿=¡=, 14
-AG, 80
-bmc , 81
-bmc k, 81
-coi , 80
-cpp , 80
-cp cp t, 81
-ctt , 80
-dynamic , 80
-f , 80
-help , 79
-h , 79
-ic , 80
-ii , 80
-ils , 80
-int , 80
-is , 80
-iwls95preorder , 81
-iwls95 cp t, 81
-i iv ®le, 80
-load cmd-®le, 80
-lp , 80
-mono , 81
-m method, 81
-noaffinity , 81
-n idx, 80
-obm bm ®le, 80
-ofm fm ®le, 80
-o ov ®le, 80
-pre pps, 80
-reorder , 80
-r , 80
-thresh cp t, 81
-v verbose-level, 79
ASSIGNconstraint,22
FAIRNESSconstraints,23
IVAR declaration,20
VARdeclaration,20
running , 27
temp.ord , 42

mod, 15
/̃.nusmvrc,80

A
administrationcommands,70
AND

logical andbitwise,13
arraytype,8
Array Variables,38

B
basicnext expression,18
BasicTraceExplainer, 64
batch,runningNUSMV, 79
bit selectionoperator, 16
booleantype,7
bool operator, 16

C
caseexpressions,17
Commandsfor BoundedModel Checking,

47
Commandsfor checking PSL speci®ca-

tions,58
commentsin NUSMV language,6
compassionconstraints,23
concatenationoperator, 16
constantexpressions,10
context, 28
CTL speci®cations,29

D
DD packageinterface,66
declarations,27
DEFINE declarations,21
de®nes,13
de®nitionof theFSM,19
DisplayingTraces,62

E
enumerationtypes,7
expressions,9

basicexpressions,12
basicnext, 18
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case,17
constants,10
next, 18
sets,17
simple,18

F
fair executionpaths,23
fairnessconstraints,23
fair paths,23

I
identi®ers,26
IFF

logicalandbitwise,13
implicit typeconversion,10
IMPLIES

logicalandbitwise,13
inclusionoperator, 17
in®nity, 33
INIT constraint,21
InputFile Syntax,37
inputvariablessyntax,20
InspectingTraces,62
integertype,7
interactive, runningNUSMV, 39
interactive shell,39
interfaceto DD Package,66
INVAR constraint,21
InvariantSpeci®cations,30
INVARSPECSpeci®cations,30
ISA declarations,29

J
justiceconstraints,23

K
keywords,6

L
LTL Speci®cations,31

M
mainmodule,27
master.nusmvrc,80
modelcompiling,39
modelparsing,39
modelreading,39
MODULE declarations,24
MODULE instantiations,25

N
namespaces,27
next expressions,18
NOT

logical andbitwise,13

O
operator

mod,15
operators

AND, 13
arithmetic,14
bit selection,16
equality, 14
IFF, 13
IMPLIES, 13
inclusion,17
inequality, 14
NOT, 13
OR,13
precedence,12
relational,14
shift, 15
union,17
word concatenation,16
XNOR, 13
XOR, 13

options,79
OR

logical andbitwise,13

P
parentheses,13
process,27
processes,27
processkeyword,27
PSLSpeci®cations,33

R
RealTimeCTL Speci®cationsandCompu-

tations,32

S
ScalarVariables,37
self,26
setexpressions,17
settypes,8
Shellcon®gurationVariables,76
Shift Operator, 15
simpleexpressions,18
SimulationCommands,60
States/VariablesTable,65
statevariables,20
syntaxrules

complex identi®ers,26
identi®ers,6
mainprogram,27
moduledeclarations,24
symbolicconstants,7
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typespeci®ers,19

T
TracePluginCommands,63
TracePlugins,64
Traces,62
TRANS constraint,21
typeorder, 9
types,7

array, 8
boolean,7
enumerations,7
implicit conversion,10
integer, 7
ordering,9
set,8
word,8
word array, 8

typespeci®ers,19

V
variabledeclarations,19
variables,13

W
word1operator, 16
wordarraytype,8
word type,8

X
XML FormatPrinter, 65
XML FormatReader, 66
XNOR

logicalandbitwise,13
XOR

logicalandbitwise,13
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