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Executive Summary

This documentontainghedescriptionof thework performedunderthe effort for
Deliverable3.2/9for theimprovementsof the NUSMV static propertychecking
tool basedn thealgorithmicframework reportedn [10] andin [12, 11].

Purpose

The purposeof this documents to describethe work performedunderthe effort
for Deliverable3.2/9aimingat the integrationwithin the NUSMV staticproperty
checkingtool of theimprovedalgorithmsreportedn [10] andin [12, 11]. Thenew
functionalitiesof thetool arefully describedn theNuSMYV usemanual15] (also
in AppendixA). Thisdocumenis intendedto accompan theusermanual.
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Intended Audience

Thisdocuments intendedfor individualswho work with NuSMV andarefamil-
iar with BoundedMViodel Checking.It is assumedhatreadersarefamiliar with the
functionalitiesandarchitectureof NUSM V.

Background

NuUSMV wasborn asan openarchitecturefor model checking;it's goal is that
of providing userswith an academidool that offers a wide rangeof veri cation
techniquege.g.BDD-basedBMC SAT-basedinduction-based}andis amenable
to be extendedbasedon theusers'needs.NUSMV hashundredof active instal-
lation worldwide, someof which in industrialsettingsandhasbeenusedbothto
facereallife problemsandto provide proofof conceptdor new researctachiere-
ments. Seehttp://nusmv.irst.i tc .it  for moreinformationon the NUSMV
systemandfor alist of known projectsrelatedto NUSMV.

In theframework of the PROSYD project,ITC-irst committedto updateits tool to

someof the improvementsto SAT basedstaticpropertycheckingasdescribedn

D3.2/1andfurtherextensionsITC-irst hasundertaknthistaskin this deliverable
(Deliverable3.2/9),andthis reportis a descriptionof the actvities carriedout to

fulll it.
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Glossar y

BDD

A binary decisiondiagram(BDD) is a datastructurethatis usedto representa
Booleanfunction. The Booleanfunctionis representeth a BDD asarooted,di-
rected,agyclic graphwhereeachnon-terminatingvertex is labeledby a variable
andhastwo directededgesconnectingo child nodes.Oneedgerepresents vari-
ables assignmento zeroandthe otherrepresentsinassignmento one. A 1 or 0
labelsall terminalvertexes[3].

BE, BooleanExpression

In NUSMYV thisis anabstractiorayerbuilt over a RBC structure.In the current
implementatiora BE is a very thin wrapperaroundRBC, sothatspeakingpf RBC
or BE is thealmostthe same.

BMC, BoundedModel Checking

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

DIMA CS
A standardormatfor les containingthe descriptionof a satis ability problem.
LTL, Linear Time Temporal Logic

Linear Time TemporalLogic is a temporallogic for propertyspeci cationin for-
mal veri cation [17].

Model Checking

Modelcheckingis amethodfor formally verifying nite-stateconcurrensystems.
Speci cationsaboutthe systemareexpressedistemporallogic formulas,andef-
cient symbolicalgorithmsare usedto traversethe modelde ned by the system
andcheckif the speci cationholdsor not[5].

NuSMV

An academidool thatimplementsan openarchitectureor modelchecking,that
providesthe userswith a rich setof veri cation techniquesandwhich hashun-
dredsof active installationsworldwide. NUSMYV is developedby ITC-irst[16].

NuSMYV language
Theinputlanguageof NUSMYV [15].
Property

A collectionof logicalandtemporalrelationshipsetweerandamongsubordinate
Booleanexpressionsregular expressionsand other propertiesthat in aggregate
represena setof behaiors.

PSL

PropertySpeci cation Languagethe languageor speci cation of designsupon
whichPROSYDis based18].
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RBC

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

Regular expression
A regularexpressioris a patternor expressiorthatdescribes setof nite words.
SERE

SequentiaExtendedRegular Expressionsarethe PSL versionof regular expres-
sions[18].

SAT: Propositional satis ability

PropositionalSatis ability (SAT) is the problemof decidingwhethera boolean
formulain propositionalogic hasanassignmenthatevaluatedo true.

SAT Solwer

An algorithmthatdecidesa SAT problemandreturnsa solutionif it exists.

viii Table of Figures Manual for Improved NUSMV Static
Property Checking Tool



1 Introduction

Themajorgoal of PROSYD task3.2is to enhancedhe veri cation enginesof the
partnersto be ableto reliably and robustly deal with standarddigital and ana-
log blocksoccurringin today's andupcomingSoCSss. In deliverableD3.2/1[10],
a comparisorof variousSAT enginesusingdifferentdecisionheuristicswasre-
ported.Moreover, it wasinvestigatedhe possibilityto uselncrementaSAT solers,
andIincrementaBoundedViodel Checkingin theform of Temporalinduction[19,
9] asa methodfor reasoningaboutsafetypropertiewover theindividual time steps
of a Finite StateMachine (FSM). The experimentalanalysiscarriedout in [10]
with NuSMV shavedtheeffectivenes®f thenew approachn tacklingSAT-based
model checkingof safetyproperties.In [19, 9] furtherimprovementshave been
proposedo dealefciently with safetyproperties.In [12, 11] waspresentedhe
generalizatiorof [19, 9] to genericLTL properties.

Theimplementatiorwithin the NUSMV staticpropertycheckingtool of suchim-
proved algorithmsrequireda signi cant extensionof thetool itself. In this docu-
mentwe presenthe extensiongerformedio NUSMYV to provide its userthe new
veri cation capabilitiesdescribedn [19, 9, 10,12, 11].

This documents organizedasfollows. In Sectionl.1 somebackgrouncheeded
to understandhe documentis presented.In Section2 are presentedhe exten-
sionsof the NUSMV modelchecler (i.e.thedevelopmenibf agenericnterfaceto
incrementalSAT Solvers, the “layered” encodingto facilitate declarationof new
problemdependentariablesandlastthe new softwarearchitectureof NUSM V).
In Section3 is provided an excerptof the NUSMV usermanualdescribingthe
newv commandsaddedo theNuSMV shellto provide theuserwith thenew func-
tionalities. Last,in AppendixA is reportedthe usermanualof the versionof the
NUSMYV staticpropertychecler tool asresultingfrom the activity carriedoutin
this deliverable.

1.1 Background

SAT Basis

SAT is the problemof determiningthe satis ability of a Booleanformula. The
problemwas usedby Cook to de ne NP-completenesfs]. Today mary im-
plementationsare available for solving the problem(e.g.zChaf [14] and Min-
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iISAT [8]). Most of themarebasedon the completeDPLL algorithm[7]. DPLL-
basedalgorithmswork in a loop that choosesa variable,assignsa valueto this
variable (a stepalso called "deciding” on a variable),and then propagateshis
valuethroughtheformula. Wheneer the currentassignmentanbe shavn notto
be satisfying,the algorithmbacktrackdo earlierdecisionsandchangeshem. An
high-level descriptionof the algorithmasreportedn [14] is asfollows:

while(true) f
if (!decide())/ if nounassignedars
return(satis able);
while (tbep()) f
if ('resoheCon ict())
return(notsatis able);

g
bool resoheCon ict() f

d=mostrecentdecisionnot'tried bothways';

if (d==null)// no suchd wasfound
return(false);

ip thevalueof d;

markd astried bothways;

undoary invalidatedimplications;

return(true);

Thefunctiondecide()}chooseshe next variableaccordingo which branchingwill
occur Therearemary heuristicdor choosinghisnext variable suchasDLIS (Dy-
namicLargestindividual Sum)andVSIDS (VariableStatelndependenDecaying
Sum, as usedfor instanceby zChaf). The function bcp() detectsunit clauses
(clausesn whichthereremainsonly oneunde nedvariable)andassignvaluesto
variablesaccordingly As aresult,bcp() detectscon icts,suggestinghatthereis
no satisfyingassignmenin the currentsearchbranch.Whenacon ictis detected
the algorithm backtracksand remaoves one or mary assignmentslt returnstrue
whenthebooleanconstrainfpropagatior{bcp)[14] nishes withoutcon ict.

Incremental SAT

StandardDPLL solvers which use con ict analysisand clausereorderingtech-
niquestraditionallytake acompletepropositionaformulaandstatewhetheror not
it is satis able. If therearea numberof similar SAT instancego be solved, then
the solver will potentiallycarry outa high numberof inferenceghatarethe same
for eachinstance.IncrementalSAT addressethis issueby allowing new clauses
to be addedto the databaseso that future runsof the solver will not have to start
the searchprocessrom the baginning. The motivation behindthis functionality
is that learnedclausesmay not only be usefulin that particularproblem,but in
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similaronestoo. This extensionis still quiterestrictve asthereis no provision for
theremoval of clausedrom the databasea facility which would greatlyincrease
the rangeof problemsthat canbe tackled. A methodto remove, aswell asadd,
clausego a modernstate-of-the-arDPLL basedsolver (onewhich usescon ict
clausedor learningpurposesyvassuggestedby [21]. However, whenclausesare
to beremoved, decidingwhich con'ict clausesalsohave to be removed requires
considerablanalysisandthustime. Thereasorbeingthatthecon ictclausesre
dependenbn otherclausedn the database remaoving one or more clausesmay
thereforeinvalidatesomeof the con ictclauses.

To avoid this problemEenandSodrenssorf9] proposedhatclauseshouldonly be
ableto beaddedbut thatwhenthe solver is calledit is passed list of unit literals
which areassumedo betrue. Thesearethen"forgotten”whenthe solver returns.
Note, also, that the removal of addedclausescan be achieved in the following
manner:

1. augmentachclauseto beaddedwith anew variable.
2. call the solverwith thatvariablesetto false.

3. to deletethe clausescall the solver with the new variablesetto true.

Although this will introducea signi cant numberof new variables,they will all
be passedasunit clausedo the solver, sowill be removed by the simpli cation
procedurebeforethesearchhagins.

addClauses(Initial) —theinitial clauseset

fori 2 0..ndo —for eachprobleminstance
addClause$P,]") —addclausespeci c to thecurrentproblem
solve(LiteralList) — solve currentproblem(passingnecessargssumptions)

Any clausewhich may needto be remored at somestageshouldbe augmented
with ade nition variable,asdescribedbore. Thelist of assumptiotiteralspassed
to the solver is usedto determinewhich clausego keepandwhich to discardfor
thatspeci ¢ probleminstance Theadwantageof this methodis thatall thelearned
clausescanbe keptin the databasesincecon ict clausesare independenof the
assumptionsinderwhich they are made. This interface hasbeenimplemented
in the MiniSAT [8] booleansatis ability solver, availablefrom http://www.cs.
chalmers.se/Cs/Res  ear ch/Fo rmalMeth ods/Mi niS at . A similar interfaceis
alsoprovided by the zChaf [14] andis availablefrom http://www.princet on.
edu/"chaff/

BMC and Incremental BMC

We assumewe are given a Finite StateMachine (FSM) expressedn somehigh
level languagdike e.g. Verilog or VHDL. Statesof the FSM are given by the
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assignmenof truth valuesto the statevariables.Transitionsof the FSM arerepre-
sentecby a propositionaformulaT(s;s%) andthesetof initial statesby aformula
I (), andthevalueof thestatevariablesattime n aredenotedy s,. Theshorthand
notationd,, P, andT, areusedn placeof I (s,), P(s,) andT (s; i+ 1) respeciiely.

Themainideaof BoundedViodel Checking[2] is to searcHor boundedvitnesses
(or boundedcounteexamplesfor atemporalproperty A boundedwitness(coun-

terexample)is anin nite pathon which the propertyholds (doesnot hold), and

which canbe representetby a nite pathof lengthk. A nite pathcanrepresent
in nite behaior in the following sense:eitherit is nite andit representall its

in nite extensionspr it isin nite sinceit formsaloop from thelaststateto some
previous state. More formally, anin nite pathp = s9$1,::: of statescontainsa

(k;1)-loop, or justak-loop,if p= (sosi::s 1)(5::8)W.

O—0O—» -=O——0O O—0O - »Q—»®

So Sk So Si S Sk1 Sk =S

no loop (k,l) loop

Figurel: Thetwo possiblecasedor aboundedoath.

In BMC all possiblek-lengthboundedwitnesse®f the negationof the speci ca-
tion areencodedasa SAT problem.Theboundk is increasedintil eitherawitness
is found (the instances satis able) or a sufciently high valueof k to guarantee
completenesis reached.

For instancethe formulageneratedy BMC accordingto the encodingdescribed
in [2] in the caseof G(P) (globally P), is asfollows:

|
o 1 k )

F:l(so)®  T(s;s+1)” ~ :P(s)
i=0 i=0

I(s0) is theinitial state,T(s;;S+1) is thetransitionbetweercyclesi andi+ 1, and
P(s) is thepropertyattime instanti. If this propositionaformulais provento be
satis able, the satisfyingassignmenprovided by the SAT solwer is a counterg-
ampleto the propertyG(P). Similar considerationspplyfor all the otherkind of
properties.

A promisingtechniquefor improving the performancef BMC is theuseof incre-
mentalSAT solving. Whena soler is facedwith a sequencef relatedproblems,
learningclausegrom theprevious problemscandramaticallyimprove thesolution
time for the next problemandthusfor thewhole sequenceBMC appeargo bea
naturalcandidatdor incrementakolvingastwo BMC instancedor boundk and
k+ 1areverysimilar.

In [20, 21] it waspresentedh framework for transforminga BMC SAT problem
at k to the correspondingoneat k+ 1 by addingandremaoving clausesrom the
BMC SAT instanceatk. In [9] andremindedin [10] waspresentednapproach
combiningincrementalSAT solving with inductive temporalinductionto tackle
the veri cation of invariants. This was achieved by using the specialsyntactic
structureof the BMC encodingfor invariantsto forward all learnedclausesthus
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avoiding ary potentialcon ict analysisbetweenthe two consecutie instances.
In [1] waspresentedn frameavork for incrementalSAT basedon the original en-
codingdescribedn [2]. Recentlyin [11] waspresented frameawork for ef cient

BMC encodingspeci cally adaptedo anincrementaketting. The encodinghas
beendesignedto allow for an easyseparatiorof constraintsthat remainactive
over all SAT instancesandconstraintghat shouldbe remosed whenthe boundis
increasedtrying alsoto minimizetheamountof constraintshatmustberemoved
to allow for maximallearningin a solverindependentashion.

In the following we remindthe frameavork presentedn [11]. The encodingis
structuredn two parts: the k-dependenandk-invariant parts. The informations
learnedby the k-invariantpart canbe reusedwhenthe boundis increasedyhile
the k-dependentonstraintneedto be discarded.Givenan LTL propertyj , the
variablesof the systemsaresplit ateachtime i to theactualstatevariabless; of the
systemto the setof all sub-formulag][s; Jji (onefor eachsub-formulay 2 cl(j ),
beingcl(j ) thesetof all sub-formulador theformulaj ), andoneto theauxiliary
translationhts; ii . Moreover, the encodingwill containadditionalvariables.The
rulesfor theencodingaregivenasa setof Booleanconstraints.

Pathsof lengthk areencodedisingmodelconstraintsasfollows:

a1
I(s0)® T(s;s+1)
i=0

theothersarefalse.

j[LoopConstraintky

Base lo$ ?
InLoop $ ?
k-invariant li! (s 1= )
i i ok InLoop, $ InLoop ;_ I
InLoop ! :;
k-dependent +1$ ?

=%
LoopExists$ InLoop,

In theabove de nition of loop constraintsa specialsystenstatesg hasbeenintro-
ducedwith freshunconditionedtatevariablesactingasproxy statefor represent-
ing theendpointof the path.In thek-dependenpart, sg is forcedto be equalto s.
ThevariablelnLoop, is trueiff the states belongsto theloop partof a(k;1)-loop.
ThevariableLoopEXxistsis k-dependenandtruewhenp is a (k;1)-loop, andfalse
otherwise.

The LTL constaints restrictsthe boundedpathde ned by the modelconstraints
andloop constraintgo witnesseof the given LTL formulaj . In the de nition
of suchconstraintst is for eachtime pointi andfor eachsub-formulay 2 cl(j )
onestatevariabledenotedby jly Jj¢. Similarly to the caseof theloop constraints,
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aproxy states, with associatedtatevariableg|j ]j¢, hasbeenintroducedo sim-
plify the encoding.This statewill beforcedto falsein the no-loopcasewhile it
will pick thetruthvaluefor eachsub-formulan theloop states, (i.e.thesuccessor
stateof sg). Thek-dependentulesbind the truth valuesof j[j 1j2 to j[j ]jﬂ andthe
truth valuesof j[j Jj¢, , toj[j i"™** %) Whered(j ) is the pastoperatordepth
for the formulaj (see[l1] for detailsof the de nition). Forally 2 cl(j ) the
following constraintsaarecreated:

0 d dyy)
Base . LoopExistd  (jiyli’$ ?)
k-invariant,0 i k ERTT)
k-dependent iVIES ilylig
iDg, 8 Lo

The encodingfor temporalsub-formulafollows the recursve semantiade nition
of LTL temporalsub-formulasandcanbe describedasfollows:

y iy lif
Base Fy LoopExists (IIFyli& ! htFyii &)
Gy LoopExists  (j[Gy]i&)  hieyii 1)

y1Uy> | LoopExists! (j[Y1Uy2]j(:é(y)! hnyzii(‘.:;(“))
y1Ry2 | LoopExists (jly1Ry2%)  hiey i 2V2)

k invariant p iwies p
:p ik plifs :p
0 i k yity2 iy1”yalif$ jlydid”jly 2li
0 d dy)|yi_ye ily_y2li¢$ jlyai®_jly2lid
Xy iXylifs jlylid,
Fy iFylids iyl _ilFylid,
Gy iGyli¢s$ ilyli¢~ilGylid .

yiUy2 | ilyiUy2li®$ jly20i®_ Gly 10i8~ ily iUy 2lid 1)
yiRy2 | ilyiRy2li®$ ily 21~ Glyi? _ily 1Ry 2lid 1)

Theauxiliary encodinghly ii ,d is usedto enforceeventualitiesIn thecasehhry i ‘E"
is trueiff Fy holdsin thestatesg. hlyii ‘E" is implementedy requiringthatj[y]jid
holdsin atleastonestatein theloop. Similar considerationsanbe thoughof for

Gy.
y htyii {
.. d
Base Fy hiFyii )¢ 2
Gy higyii &) ¢ >
k-invariant | Fy | hiFyii ¢ hiEyii @) _ (InLoop 7 jif ")
1 i k |Gy |heyi®™s heyi ) ( InLoop _jif*")
k-dependen{ Fy hiryii g niFyii )
Gy hieyii 1) $ higyii (v
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Thus, combiningall the componentdhe encodingfor ary LTL formulaj is the
following:

jIM;j Tik == i[M]jk” j[LoopConstrain " j[j 1i

Intuitively, theLTL formulaj hasaboundedvitnessof lengthk in M iff j[M;] Jjk
is satis able.Moreover, whenmoving from aninstancewith boundk = i to anin-
stancewith boundk = i+ 1 only thek-dependentonstraintsieedto bediscarded.

Similarly to thecaseof temporainductionfor invariants(se€9] andthediscussion
in [10]), completenessanbe achieved.

j[SimpleRatHjy := (s 6 sj_InLoop 6 InLoop; _j[s,i{ & jlsy 1i§_
0i<j k
(InLoop * InLoop; * (j[sy ]ji & j[sy]ij_ hlyii i & hlyii j)))

Giventhe abore additionalconstraint,in [11] hasbeenshawn that, for any LTL

formulay, M | vy iff for somek j[M;: y;K]j ™ j[SimpleRitHj is unsatis able
andj[M;: y]ji is unsatis ablefor all 0 i < k. Wherej[M;: y;K]j is obtained
fromj[M;: y]jk by removing all thek-dependentonstraintsAny witnessformula
for bound> k will containall constraintsn j[M;y ;K]j, andthusif j[M;y ;K] is

unsatis ableall more constrainedormulasare goingto be unsatis ableaswell.

j[SimpleRath]j codi es only andthosepathswhichdo notcontaintwo “equivalent”

statestwo statess; ands; areequialentif either(i) they bothdonotbelongto the
loop andagreeon the systemstates; = s; andthe formula staterestrictedto the
rst virtual unrollingj[sy Jj; = j[sy]j?, or (ii) they bothbelongto theloopandagree
onthesystenstates = s;j, ontheformulastateonall unrollingj[sy Jji = j[s,]j; and
ontheauxiliary formulastatehts, i j = hisyii ;.

This represents completemodel SAT basedboundednodelcheckingalgorithm
for LTL, alternatve to the BDD one.For moredetailswe referthereadetto [11].
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2 Incremental BMC within the
NUSMV model checker

The algorithmsdescribedn the previous sectionshave beenintegratedinto the
modelchecler NUSMV [4]. SAT-basedBoundedModel Checkingroutinescan
now take adwvantageof incrementalityandin particular it cannow be shavn that
ary LTL formulais true,notjustfalse by usingincrementatemporalinduction.

For the new routines, NuUSMV can make use of zChaf or MiniSAT, both of
which supportincrementality Theinterfaceto thesesolvers(andthe built-in non-
incrementabkolver Sim) hasbeencompletelyredesignedo facilitatethe new rou-
tines. It hasbeenmadehighly genericsoasto allow for potentiallyeasierintegra-
tion of otherSAT solversata futuredate.

In the following we describehe genericinterfaceto incrementalSAT solverswe
designedthe“layered” encodingandthenew NUSMYV softwarearchitecture.

2.1 Generic Interface to Incremental SAT Solvers

In orderto integratethe boundednodelcheckingalgorithmsexploiting incremen-
tality of the SAT solver to speed-ughe searchthe genericinterfaceprovided by
NUSMYV to SAT solvershasbeenredesigned.This processstartedwith the fol-

lowing requirementén mind.

theinterfaceshouldprovide the possibilityto addandremaorve clausedrom
differentcalls of a SAT soler;

the interface should be independento the underlying SAT solver, which
shouldsupportincrementalSAT solving.

Clause Groups

At eachstepof theincrementahlgorithms new clausesreaddedo thesolverthat
in certaincaseshave to beremoved for future steps.Sucha scenaricariseswhen
for instancein the caseof the Zig-Zag algorithm[10, 9] is beingusedto check
invariants;clausesepresentindhe initial stateareonly includedin the formula
to be solved whenthe basecaseis beingextended andhave to be remoredwhen
checkingthe stepcase.

Manual for Improved NUSMV Static Incremental BMC within the NuSMV model
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To facilitate the addition and subsequentemoval of setsof relatedclausesin
NuSMYV we introducedthe concepiof group. In NUSMV we distinguishamong
two typesof groups,permanentandtempoary. Moreover, we requireall clauses
beingassociateavith a particulargroup.

Permanent Group Thereis only onepermanengroupfor ary givenmodel. The
clausesaddedto this group cannotbe remaovred. Clausesin this group will be
includedin the formula submittedto the SAT instancefor all future attemptsto
nd asolution.

Temporary Groups Therecanbe ary numberof temporarygroups. They are
usedto facilitatetheremoval of clausesvhich have beenaddedo thesoler. This
is achieved by augmentingeachclausewith anextra literal, uniqueto thatgroup,
beforeaddingall theclausego thesolver. Whentheclausesn thegroupareto be
includedin the formulato be solved, the extra literal is forcedto be false. When
thegroupis to beremoved, the extraliteral is forcedto betrue.

At ary stageof execution,any combinationof temporarygroupscanbeincluded
in theformulathatis beingsolved,aswell asthe permanengroupwhichis always
included.

Sub-formula Polarity NuUSMYV hasalsobeenextendedto allow for the spec-
i cation of the polarity for a particularsub-formula. For example, the clauses
representing safetypropertyat a giventime step. The sub-formulahasa polarity

literal associatedvith it which,in theexample,meanghatit is possibleto specify

thatthe safetypropertyholdsat thetime step,or thatit doesn.

Integration with zChaff and MiniSAT

In this sectionwe describehe detailsof the interfaceof the zChaf [14] andMin-
iISAT [8] incrementalSAT solversthat have beenintegratedwithin the NuUSMV
modelchecler.

zChaff Thelatestversionof zChaf [14], which providessupportfor incremen-
tality, is usedby NUSMYV. It incorporateghe ideaof groups,with the ability to
add andremove them. However, it is not possibleto have a groupwhich is re-
addedafterit hasbeenremoved. The reasonfor this is thatremoved groupsare
destryed and are unableto be usedagain. As such,we have hadto represent
groupswithin NuSMYV, althoughthis mustbe donewhenMiniSAT is used(see
thenext section).As with NUSMV, zChaf hasa notionof apermanengroup,as
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well astemporarygroups.NUSMV addsall of its groupsinto zChaf' permanent
group,andtheliteralsthatdeterminewhich of themareto be used,into atempo-
rary group.Herewe remind,thata groupcanbe'disabled'by settingthecommon
literal in thegroups clausego true.

Thistemporarnygroupis subsequentlgestroed oncetheformulahasbeensolved.
The only dravbackto this workaroundis thatin the casewherea groupis only
usedonce. The clausegepresentingucha groupwill still remainwithin zChaf
whentheir commonliteral is setto true. In practicehowever, this scenarioconly
occurswith theincrementalTL checkingroutine. Thetableauthatis generatect
eachstepis only usedfor the currentbound,anddoesnot play a partin ary future
formulaeto be solved. It shouldbenotedthat,if we usezChaf's built in grouping
mechanisnwhich destrged a groupuponremoval, this problemwould not occur
sincethe clausesvould be'forgotten’ by the solver.

MiniSAT MiniSAT [8] doesnhot have a notion of groups,so sucha mechanism
hasto beimplementecby NUSMV. It doeshowever have the ability to specifya
list of unit literalsthatareto be madetrue for the currentcall to the solver. When
the solver is invoked, alist of unit literals canbe passedvhich areassumedo be
truefor thatcall only.

As with zChaf, all groupswithin NUSMV areaddedto MiniSAT, however the
unit literalswhich determinewhich groupsto usearepasseaxplicitly to MiniSAT
usingthe mechanisrmentioned.

MiniSAT alsosufers from the sameproblemthat zChaf doeswith incremental
LTL checking. Groupswhich will never be usedagaindo not get removed from
the solver, andunlike zChaf, thereis no built-in mechanismnio do so.

Two example of use

In the following we reporttwo examplesof useof suchgenericinterfaceas it
is usedin the specializedcaseof the incrementalinvariant checkingalgorithms
presentedn [9, 10].

Zig-Zag Algorithm  The clausesepresentinghe initial statesof the modelare
addedto atemporarygroup (hereinreferredto asgroupl). For eachtime stepk,
the following procedureis carriedout (recall that the stepcaseis extended rst,
thenthebasecase):

Clausegepresentindghe invariantat the currenttime stepare addedto the
permanengroup,anda secondemporarygroup(group?2) containsasingle
unit clausethatforcestheinvariantto befalsefor the currenttime step.
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The formulais solved without group 1, andif it is unsatis ablethenthere
areno pathsof thecurrentlengthto a statewheretheinvariantdoesnothold,
thereforethe propertyis true.

Otherwise the basecasehasto be extended.This is doneby solvingall the
groups,andthistime a solutioncorrespond$o a bug in the system.

If thereis no solution,thenthe invariantis forcedto be true at the current
time steppermanentlyby removing the clausefrom group2 andaddingits
negationto the permanengroup).

Finally clausesepresentinghetransitiongo thenext statesandclauseshat
forceall statego be uniqueareaddedo the permanengroup.

Dual Algorithm  This algorithmusestwo instance®f the solver, onefor extend-
ing the basecaseandonefor extendingthe stepcase.Extendingthe basecaseis
handledasfollows:

Clausesepresentingheinitial statesareaddedo the permanengroup.For
eachtime stepk, thefollowing proceduras carriedout:

Clausegepresentingheinvariantattime stepk areaddecdto the permanent
group. Theseclausesare suchthat the invariant can be setto hold at the
giventime step,or notdependingon thevalueof aspeci c literal.

This literal is addedto the temporarygroupandis setso thatthe invariant
doesnothold.

All thegroupsaresolvedanda solutionrepresents bug in thesystem.

If the formula is unsatis able,the unit clausein the temporarygroup is
deletedandits negationis addedto the permanengroup, thusmakingthe
invarianttrue atthe currenttime stepfrom this point onwards.

Clausegepresentinghe transitionsto the next statesareaddedto the per
manenigroup.

Extendingthe stepcaseis doneasdescribedn the following. This part of the

algorithmonly hasa permanengroup,andinitially, clausesepresentinghestates
wherethe safetypropertydoesnot hold areaddedto it. Then,for eachtime step
k (recallthat this part works backwardsfrom a nal badstate),the following is

done:

Theformulais solved,andif thereis no solutionthenthepropertyis true. A
solutionmeanghatthereis a pathof thecurrentiength,k, from astatein the
modelto a statewherethe propertydoesnot hold.

If thereis a solution, then clausesrepresentinghe transitionsto previous
statesare addedto the permanengroup, as well as clausesthat force all
statedo beunique.Clausesepresentinghefactthattheinvariantmusthold
in all previous statesareaddedo the permanengroup.
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2.2 Layered Encoding

Theincrementaboundedmodelcheckingalgorithmsdescribedn Sectionl.1re-
quirefor declaratiorof additionalmodelvariableghatareproblemdependent.e.
their numberdependson the propertyto checkandon the currentboundfor the
problemsubmittedto the SAT solver). Letj beanLTL propertyto verify, the
encodingfor the incrementaboundedmodelcheckingalgorithmspreviously de-
scribed,requirethe declarationof the following additionalstatevariables:loop
selectorvariablesl;, s and s, j[y]jid for ary sub-formulay 2 cl(j ), hisii ,
LoopExists andinLoop,.

NUSMV hasbeenextendedto allow for the dynamiccreationand destruction
of variablesto t therequirement®f the incrementaklgorithms. This hasbeen
achiered structuringtheencodingn layers.

Encoding

Theencodingin NUSMYV is the proces®f corversionof a given symbolinto an
underlyingsupporttechnology(e.g.BDD or RBC).

Dependingon the speci ¢ technology thereexists differentkind of encodingin
NuSMYV, andthe entitiesthatareresponsibldor the encodingprocessarecalled
Encodes.

Currentlyin NuSMV we supportthreedifferentclassesf encoding:theboolean
encodingthe BE (BooleanExpression)encodingandthe BDD encoding

Boolean Encoding Theboolearencodingconvertsscalarsymbolsinto aboolean
representationpossiblyaddinga setof new booleansymbols. The idea of this
encodingis to provide an abstraclevel betweernthe scalarsymbolsandotheren-
codingsbasedn speci ¢ technologies.

BE Encoding The BE Encodingmapsthe booleanencodingprovided by the
BooleanEncodingdirectly down to a booleanrepresentatioasedon BEs. The
BE encodeprovidessemanticaibouttimeto theboolearsymbols andautonomously
manageshe mappingbetweena boolearnvariableandits instancen termsof BE
overthetime.

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
Encodetto encodescalarsymbolsinto a setof booleansymbols.

Layers

Symbolslike variables DEFINES,constantsetc.,arekeptin a SymbolTable

The symbolsareorganizedin layers thatde ne partitionsamongthe symbolsde-
claredwithin asymboltable.A layerde nesa partialorderingamongthesymbols
it containsandthe layersarestacled within the symboltablethey belongsto, so
thatanorderingamongthelayersexistsaswell. After alayeris createcandadded
to asymboltable,andsymbolsaredeclaredwithin it, alayercanbe committedto
oneor moreencoders.Whena layeris committedto an encoderthe symbolsit
containswill becornvertedto aform thatdepend®nthespeci c encodetype (for
instance BDDs or BEs). During the encodingprocessthe encodersnay create
new layersto containthosesymbolsthatarecreatedoy theencodingorocessThis
is the caseof the BooleanEncoderthatneed4o declarenewv boolearvariableso
encodescalarvariables. After the symbolswithin a layer are no longerneeded,
the layercanbe removed from the encoderst hadbeencommittedto, and nally
removedfrom the symboltableanddestrged.

2.3 NUSMV new Software Architecture

Herewe describethe packagesffectedandthe new packagesddedio NUSMV
to integratethe incrementalSAT basedboundedmodel checkingalgorithmsde-
scribedin thisdocument.

NUSMYV is organizedin packageseachproviding severalmodules Figure2 pro-
videsanexcerptof the packagepresentsn the NUSMYV distribution thatlaterin
the presentationvill be described.The completelist of the packagess presenin
theNUSMV programmemanualavailablewithin the NUSMV distribution.

The enc sub-pac kage

Theenc packageprovidesa setof classeghatimplementall the encodersieeded
and manipulatedby the NUSMV engines. The packageis structuredin sub-
packagespnefor eachtype of encodingneededy the NUSMV modelchecking
routines plussomeadditionalutility packages.

enc.h This le containghepublicinterfacesof thefunctionsprovidedby theenc
package.Speci cally it providesthe availableencodeiinstancesandother
packagenitialization/deiriti alization functions.
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BDD-Based Bounded Model

Model Checking Checking
I SymbTable I
| Encoding I I SAT I
| SymblLayers I:l
I BddBnc I I BoolEnc I I BeEnc I I
[Node| [BDD| | BE |
RBC

Figure2: Excerptof theNUSMV SoftwareArchitecture.

encint.h This le containgheprivateinterfacesof theenc package.

enc.c This le containgheimplementatiorof the packagdunctionswhoseinter
facesaredeclaredby enc.h andencint.h

The enc/base package

Thissub-packageontaingheimplementatiorof the“base”encoderlassesvhich
all thespeci c encoderclasseslerive from.

Thesub-packagés organizedasfollows:

BaseEncf h,cg Thisis theimplementatiorof the baseclass*BaseEnc”, whichis
the baseclasswhich all the otherclasse®f theenc moduleinheritsfrom.

BaseEncprivate.h Private interfacefor the classBaseEnc. Private classinter
facescontainmethodsand typesdeclarationthat can be usedonly by the
classitself, andits derivedclasses.

BoolEncClientfh,cg This classis derived from the BaseEnc class,andit is in-
tendedto be usedashbaseclassfor thoseencoderghat may needa boolean
encodetto work properly Speci cally, thisis the baseclassfor the BddEnc
andBeEnc encoders.

BoolEncClient_private.h Privateinterfacefor the classBoolEncClient

The enc/bool sub-pac kage

This sub-packageontainsthe de nition of the booleanencoderclass,andit is
organizedasfollows:

BoolEncfh,cg This is a specializationof the BaseEnc classto deal explicitly
with boolearvariables.Hereit is performedthe booleanencodingof scalar
variables,and the mappinginto booleanexpressionsof all the operations
amongnon-boolearexpressionge.g.sum/dvsion/equalitydisequalty,. . .).
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BoolEnc_private.h Privateinterfacefor the classBoolEnc .

The enc/bdd sub-pac kage

This sub-packageontainghede nition of the BDD encoderlass,andit is orga-
nizedasfollows:

bdd.h Thepublicinterfaceof the BDD encodingsub-package.
bddint.h Theinternalinterfaceof the BDD encodingsub-package.

BddEnc.fh,cg De nition of theclassBddEnc, thatderivesfrom theBoolEncClient
class.

This classis responsibldor the encodingof booleanvariablesinto BDDs
variables.In particularhereis maintainedthe mappingamongthe boolean
variablesstoredin theBoolEnc andthecorrespondind3DD variables.

BddEnc_private.h Privateinterfacefor the classBddEnc.

BddEncCachef h,cg De nition of the classBddEncCache for memoizationof
compl and expensve operationsperformedby a BddEnc instanceover
BDDs.

This featurehasbeenintroducedto avoid re-computingcomplex and ex-
pensve operationover andover by storingthe resultof the operationthus
achiezing improvedperformancesTheclassBddEncCache is usedandman-
agedautonomoushandtransparentlyby a BddEnc instanceandit is never
useddirectly by the otherpartsof the system.

The enc/be sub-pac kage

This sub-packageontainghe implementatiorof the BE encoderclass. The sub-
packages organizedasfollows:

BeEncf h,cg De nition of theclassBeEnc, thatderivesfrom theBoolEncClient
class.

This classis responsibldor the encodingof booleanvariablesinto BE vari-
ables.In particularhereis maintainedhe mappingamongboolearvariables
storedin theBoolEnc andthecorrespondind3E variablesusedby the SAT
basedBoundedViodel Checkingalgorithms.

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

This sub-packageontainsall the utility featureuusedby the otherpartsof theenc
package.

AddArray .fh,cg This classrepresentsinarrayof ADD. Theclassis usedto in-
ternallyrepresentWord expressiongluringencodingn enc/bdd module.

OrdGr oupsf h,cg This classrepresentsetof variablesto be keptgrouped.lt is
usedby theBddEnc classto dealwith constraintgo beforcedoverthe order
of BDD variablesto achieze memoryef ciency.

WordNumber.f h,cg ThisclassmplementdVordarithmetic§whichincludedbit-
wise and integer arithmetic). This classaimsto hide the implementation
detailsof thetype Word.

operatorsf h,cg The implementationof the featuresneededto interpretarith-
meticoperationover booleans.

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

The compile/symb _table sub-pac kage

Thecompile packagecontainsroutinesto traversethe parsetree of a NUSMV
le andextractand Il all theinformationrequiredby thefurthersteps(encoding,
model checking,...). Within the compile packagethe compile/symb _table
sub-packagbdasbeenadded. This sub-packag@rovidesa classimplementinga
symboltable. This classkeepsthe mappingbetweena symbolandits internal
representationsSpeci cally, the symboltable containsa setof symbolsordered
andgroupedn layers,andassociatesachsymbolto its type.

symb_table fh,cg Thepublicinterfaceof thesymb type sub-package.

symb_table_int.c Implementationof the internal functions of the sub-package
symb_type .

SymbTablefh,cg The systemwide SymbTable classdeclarationrandde nition,
thatimplementghe systemsymboltable.

SymbTable privatef h,cg Theprivateinterfaceandimplementatiorfor theSymbTable
class.

SymbTypef h,cg The declarationand de nition of the classSymbType usedto
specifywithin the SymbolTablethetype of eachsymbol.

SymbType_privatef h,cg The privateinterfaceandimplementatiorof the class
SymbType.

SymbLayer.f h,cg Thedeclaratiorandde nition of the SymbLayer class,which
represents&n orderedgroup of symbols. Its instancesare usedwithin the
SymbTable class,andto committhe setof symbolsthat containto the en-
coders.
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SymbLayer_privatef h,cg The privateinterfaceandimplementatiorof the class
SymbLayer .

SymbCachef h,cg Thedeclarationandde nition of the SymbCachelass,used
within the SymbLayetto associat@ symbolto its type plusadditionalinfor-
mations.

SymbCacheprivatef h,cg Theprivateinterfaceandimplementatiorof the class
SymbCache.

The sat package

sat.h Thepublicinterfaceof thesat package.
satint.h Theinternalinterfaceof thesat package.

SatSoher.f h,cg Thede nition anddeclarationof the classSatSolver , thatim-
plementghegenericinterfaceof a non-incrementaBAT solver.

SatSoher_privatef h,cg Privateinterfaceandimplementatiorof theclassSatSolver

SatincSoler.fh,cg The de nition and declarationof the classSatincSolver
thatimplementghe genericinterfaceof anincrementaSAT solver.

SatincSoler_privatef h,cg Privateinterfaceandimplementatiorof theclassSatincSolver

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

The sat/solvers sub-pac kage

This sub-packageontainsspeci ¢ solver dependentode. For eachSAT solver
which NUSMYV is interfacedwith, thereis a correspondingclassin this sub-
package. Eachclassimplementsa stub to isolatethe systemfrom the speci c
SAT solwers,thatarelinkedthroughtheir respectie libraries.

SatSimf h,cg Publicinterfaceandimplementatiorof the classSatSim , the stub
for theinternal SAT solver Sim. As this classdoesnot provide incremental
capabilitiesjt derivesfrom the baseclassSatSolver

SatSim private.h Privateinterfacefor the classSatSim .

SatMinisat.f h,cg Publicinterfaceandimplementatiorof the classSatMinisat
the stubfor the external SAT solver MiniSat . As MiniSatis anincremental
satsoler, theclassSatMinisat  derivesfrom the classSatincSolver

SatMinisat_private.h Privateinterfacefor the classSatMinisat

satMiniSatlfc.h PublicC interfaceof theMiniSat solver's library.
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SatZchaff.f h,cg Publicinterfaceandimplementatiorof theclassSatZchaff , the
stubfor the external SAT solver zChaff . Like MiniSat, zChaf is an in-
crementalsatsolver, thereforethe classSatZchaff dervesfrom the class
SatincSolver

SatZchaff_private.h Privateinterfacefor the classSatZchaff
satZChafflfc.h PublicC interfaceof thezChaff solver's library.

The bmc package

Herewe reportonly theaddedles to implementthenew functionalitiesdescribed
in this deliverable. However, alarge setof les hasbeenmodi ed to includethe
new datastructuresve have introducedo integrateincrementakolving.

bmcCmd.c This modulecontainsthe de nition of all the Bmc commandsro-
videdthroughthe NUSMYV interactve shell.

All the newly introduced les have beenlocalizedwithin this le. All the
commandgle ned hereat rst parsethe respectie commandine options,
thanthey invoke therespectre high-level BMC functionality

bmcBmclinc.fh,cg In this modulehave beenimplementedall the functionsthat
performincrementaBMC modelcheckingof safetypropertiesandthatex-
ploit incrementalityin the path(i.e. thosedescribedn [10] andin [9]).

bmcBmcNonlincf h,cg Here have beenimplementedall the functionsthat per
form classicaBMC modelcheckingof safetyandLTL properties.

bmcSBMC f h,cg Thismoduleprovidesall thefunctionsperformingthesocalled
“Simple BoundedVlodel Checking”for LTL propertieq13].

bmcSBMCinc.f h,cg This modulecontainsthe implementatiorof all the func-
tions performingthe so called“IncrementalBoundedModel Checking”for
LTL propertiesdescribedn Sectionl.1andin [11].

bmcNodeStackt h,cg This module containsthe implementationof basicfunc-
tionsneededn bmcSBMGndin bmcincSBMC.
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3 NuSMV New Commands

In this sectionis listed the list of the nev commandsand optionsthat have been
addedo NUSMYV to dealwith incrementaboundedmodelchecking.

checkltlspec_.bmc_inc - Cheksthe givenLTL speci - Command
cation,or all LTL speci cationsif no formulais given,

using an incrementalalgorithm. Chedking parametes

are themaximumengthandtheloopbad value

check _ltlspec  _bmc.inc [-h | -n idx | -p “formula [IN context]’]
[(k maxlength] [ loopback]

For eachproblemthis commandncrementallygeneratesnary satis ability

subproblemsndcallsthe SAT solver on eachone of them. The incremen-
tal algorithm exploits the fact that subproblemsiave commonsubpartsso
information obtainedduring a previous call to the SAT solver canbe used
in the consecutie 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 solweris providedthenthis commandwill beunavailable.

CommandOptions:

-n index index is the numericindex of a valid LTL speci-
cation formulaactuallylocatedin theproperties
database.

-p “formula  [IN Checksthe formula  speci ed on the command-

context]" line. context isthemoduleinstancenamewhich
thevariabledn formula mustbeevaluatedn.

-k maxlength maxlengthis the maximumproblemboundmust
be reached.Only naturalnumbersarevalid val-
uesfor this option. If no valueis giventhe en-
vironmentvariablebmclengthis consideredn-
stead.

-I loopbak Theloopbadk valuemaybe:

a naturalnumberin (0, maxlength-3. A pos-
itive sign ("+") can be also usedas pre x of
the number Any invalid combinationof length
andloopbackwill be skippedduringthe gener
ation/solvingprocess.
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a nggative numberin (-1, -bmclength. In this
caseloopbadk is considereda valuerelative to
maxlength Any invalid combinationof length
andloopbackwill be skippedduringthe gener

ation/solvingprocess.
thesymbol X', whichmeans'no loopback”.

thesymbol™*', whichmeans‘all possibldoop-
backfrom zeroto length-1 .

checkinvar_bmc.inc - Genentesand solvesthe given Command
invariant, or all invariantsif noformulais given,using
incrementaklgorithms

check _invar _bmcinc [-h | -n idx | -p "formula® [IN context]] [-a

algorithm]

This commanddoesthe samething ascheck _invar _bmc but usesanincre-
mentalalgorithmandthereforeusuallyrunsconsiderablyuicker. Theincre-
mentalalgorithmsexploit the fact that satis ability problemsgeneratedor
a particularinvarianthave commonsubpartssoinformationobtainedduring
solving of one problemcanbe usedin solving anotherone. A SAT solver
with anincrementainterfaceis requiredby this command.If no suchSAT

solveris providedthenthis commandwill beunavailable.

Therearetwo incrementablgorithmswvhichcanbeused:*Dual” and“ZigZag”.
Both algorithmsare equally powerful, but may shav differentperformance

dependingon a SAT solver usedandan invariantbeing proved. At the mo-
ment, the “Dual” algorithmcannotbe usedif thereareinput variablesin a

givenmodel. For additionalinformationaboutalgorithms considef9].

CommandOptions:
- index

-p "formula [IN
context]"

-k maxlength

-a alg

22 NuSMV New Commands

indexisthenumericindex of avalid INVAR spec-
i cation formulaactuallylocatedin the property
databaseThe validity of index valueis checled
outby thesystem.

Checkstheformula speci ed on the command-
line. context isthemoduleinstancenamewhich
thevariablesn formula mustbe evaluatedn.
maxlengthis the maximumproblemboundthat
canbe reached.Only naturalnumbersare valid
valuesfor thisoption. If novalueis giventheen-
vironmentvariablebmclengthis consideredn-
stead.

alg speci esthe algorithmto use. Thevaluecan
bedual orzigzag . If novalueis giventheervi-
ronmentvariablebmcinc_invar_algis considered
instead.
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checkltlspec bmc_sbmc- ChedksthegivenLTL speci- Command
cation, or all LTL speci cationsif noformulais given.

Chedking parametes are the maximumlengthand the

loopbadk value

check _ltlspec  _bmc_sbmc [-h | -n idx | -p "formula [IN context]]
[(k maxlength) [-I loopback] [-0 filename]

Thiscommandyeneratesneor moreproblemsandcallsSAT solverfor each
one. The BMC encodingusedis the oneby of Latvala, Biere, Heljanko and
Junttilaasdescribedn [12]. Eachproblemis relatedto a speci ¢ problem
bound,whichincrease$rom zero(0) to the givenmaximumproblemlength.
Heremaxlength is the boundof the problemthat systemis goingto gen-
erateandsole. In this contet the maximumproblemboundis represented
by the-k commandparameteror by its default value storedin the erviron-
mentvariablebmc_length . The single generategroblemalso dependson
theloopback parameteyou canexplicitly specifyby the-l option,or by its
default valuestoredin the ervironmentvariablebmc_loopback .

The propertyto be checled may be speci ed usingthe -n idx or the -p
“formula"  options. If you needto generatea DIMACS dump le of all
generategbroblemsyou mustusetheoption-o “filename"

CommandOptions:

-n index index is the numericindex of a valid LTL speci-
cation formulaactuallylocatedin theproperties
database.

-p “formula  [IN Checksthe formula  speci ed on the command-

context]" line. context isthemoduleinstancenamewhich
thevariabledn formula mustbeevaluatedn.

-k maxlength maxlengthis the maximumproblemboundto be

checled. Only naturalnumbersarevalid values

for this option. If no valueis giventhe environ-

mentvariablebmclengthis considerednstead.

-l loopbak Theloopbak valuemaybe:

a naturalnumberin (0, maxlength-3. A pos-
itive sign ("+") can be also usedas pre x of
the number Any invalid combinationof length
andloopbackwill be skippedduringthe gener

ation/solvingprocess.
a nggative numberin (-1, -bmclength. In this

caseloopbad is considereda valuerelative to
maxlength Any invalid combinationof length
andloopbackwill be skippedduringthe gener
ation/solvingprocess.
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thesymbol X', whichmeans'no loopback”.
thesymbol™*', which means‘all possibldoop-

backsfrom zeroto length-1 .
-0 lename lename is the nameof the dumpeddimacs le.

It may contain special symbolswhich will be
macro-epandedo form thereal le name.Pos-
siblesymbolsare:

@F: modelnamewith pathpart.

@f: modelnamewithout pathpart.

@Kk: currentproblembound.

@!: currentloopbackvalue.

@n: index of thecurrentlyprocessefbrmulain

the propertydatabase.
@@:the @' character

checkltlspec.bmc_sbmcinc - Cheds the given LTL Command
speci cation, or all LTL speci cationsif no formulais

given. Cheking parametes are the maximumlength

andtheloopbadk value

check _ltlspec  _bmc.sbmc.inc [-h | -n idx | -p “formula [IN context]"]
[-(k maxlength] [-| loopback] [-0 filename]

This commandgeneratene or more problems,and calls SAT solwer for
eachone. The IncrementaBMC encodingusedis the oneby of Heljanlo,
Junttilaand Latvala, asdescribedn [11]. For eachproblemthis command
incrementallygeneratesnary satis ability subproblemsand calls the SAT
solver on eachone of them. Eachproblemis relatedto a speci ¢ problem
bound,whichincrease$rom zero(0) to the givenmaximumproblemlength.
Heremax_length is the boundof the problemthat systemis goingto gen-
erateandsolve. In this context the maximumproblemboundis represented
by the-k commandparameteror by its default value storedin the erviron-
mentvariablebmc_length . The single generatedgroblemalsodependon
theloopback parameteyoucanexplicitly specifybythe-l option,or by its
default valuestoredin the ervironmentvariablebmc_loopback .

The propertyto be checled may be speci ed usingthe -n idx or the -p
“formula"  options. If you needto generatea DIMACS dump le of all
generategbroblemsyou mustusetheoption-o “filename”

CommandOptions:

-n index index is the numericindex of avalid LTL speci-
cation formulaactuallylocatedin the properties
database.

-p “formula  [IN Checkstheformula  speci ed on the command-

context]" line. context isthemoduleinstancenamewhich
thevariabledn formula mustbe evaluatedn.
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-k maxlength

-I loopbak

-0 lename

Manual for Improved NUSMV Static
Property Checking Tool

maxlengthis the maximumproblemboundto be
checled. Only naturalnumbersare valid values
for this option. If no valueis giventhe erviron-
mentvariablebmclengthis considerednstead.
Theloopbadk valuemaybe:
a naturalnumberin (0, maxlength-). A pos-
itive sign ("+") can be also usedas pre x of
the number Any invalid combinationof length
andloopbackwill be skippedduringthe gener

ation/solvingprocess.
a nggative numberin (-1, -bmclength. In this

caseloopbad is considereda valuerelative to
maxlength Any invalid combinationof length
andloopbackwill be skippedduringthe gener

ation/solvingprocess.
thesymbol X', whichmeans’no loopback”.

thesymbol™*', which means‘all possibldoop-

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

It may contain special symbolswhich will be
macro-gpandedo form thereal le name.Pos-
siblesymbolsare:

@F:modelnamewith pathpart.

@f: modelnamewithout pathpart.

@K: currentproblembound.

@!I: currentloopbackvalue.

@n: index of thecurrentlyprocesseformulain

the propertydatabase.
@@:the @' character

NuSMV New Commands
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Chapter 1

Intr oduction

NuSMYV is asymbolicmodelchecler originatedfrom thereengineeringreimplemen-
tationandextensionof CMU SMV, theoriginal BDD-basedmnodelchecler developed
atCMU [McM93]. The NUSMV projectaimsat the developmenibf a state-of-the-art
symbolicmodelchecler, designedo be applicablein technologytransferprojects:it
is awell structuredppen, e xible anddocumenteglatformfor modelchecking,and
is robustandcloseto industrialsystemstandard$CCGRO0Q.

Versionl of NUSMV basicallyimplementsBDD-basedsymbolic model check-
ing. Version2 of NUSMV (NUSMV 2 in thefollowing) inheritsall thefunctionalities
of the previous version,andextendthemin several directions|CCG" 02]. The main
noveltyin NUSMV 2 is theintegrationof modelcheckingtechnique®asedn proposi-
tional satis ability (SAT) [BCCZ99. SAT-basednodelcheckingis currentlyenjoying
asubstantiabuccessn severalindustrial elds, andopensup new researcldirections.
BDD-basedand SAT-basednodelcheckingareoftenableto solve differentclasse®of
problemsandcanthereforebe seerascomplementaryechniques.

Startingfrom NuUSMV 2, we are also adoptinga nenv developmentand license
model. NUSMV 2 is distributed with an OpenSourcdicensé, that allows anyone
interestedto freely usethe tool andto participatein its development. The aim of
the NUSMV OpenSourcerojectis to provide to the model checkingcommunitya
commonplatform for the researchthe implementationand the comparisonof new
symbolic model checkingtechniques.Sincethe releaseof NUSMV 2, the NUSMV
teamhasreceivedcodecontritutionsfor differentpartsof the system.Severalresearch
institutesand commercialcompaniesave expressinterestin collaboratingto the de-
velopmenif NUSMV. Themainfeaturesf NUSMV arethefollowing:

Functionalities. NUSMYV allows for the representatiorof synchronousand
asynchronousnite statesystemsandfor 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 the usercanbe carriedon with atextual interface,aswell asin
batchmode.

Ar chitecture. A softwarearchitecturehasbeende ned. The differentcompo-
nentsandfunctionalitiesof NUSMV have beenisolatedandseparated mod-

1(seehttp://www.opensource.org )



ules. Interfacesbetweenmoduleshave beenprovided. This reduceghe effort
neededo modify andextendNUSM V.

Quality of the implementation. NUSMYV is writtenin ANSI C, is POSIXcom-
pliant,andhasbeendetuggedwith Purify in orderto detectmemoryleaks.Fur-

thermore the systemcodeis thoroughlycommented.NUSMV usesthe state
of theart BDD packagedevelopedat ColoradoUniversity, and providesa gen-
eralinterfacefor linking with state-ofthe-artSAT solvers. This makesNuSMV

very robust, portable ef cient, andeasyto understandby peopleotherthanthe
developers.

This documents structuredasfollows.

In Chapter2 [Input Language]pageé we de ne thesyntaxof theinputlanguage
of NUSMV.

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

In Chapter4 [Running NuSMV batch], page79 we de ne the batchmode of
NUSMV.

NUSMYV is availableat http://nusmv.irst.itc.it



Chapter 2

Input Language

In this chaptemve presenthe syntaxandsemanticof theinputlanguageof NUSM V.

Beforegoinginto the detailsof the languagelet us give a few generahotesabout
the syntax. In the syntaxnotationsusedbelow, syntacticcatgyories(non-terminals)
areindicatedby monospace font , andtokensandcharactesetmembergterminals)
by bold font. Grammarproductionsenclosedn squarebraclets('[] ') areoptional
while averticalbar ("] ') is usedto separatelternatvesin the syntaxrules. Sometimes
one of is usedatthebeginningof arule asa shorthandor choosingamongseveral
alternatves.If thecharacters, [ and] arein boldfont, they losetheirspeciaimeaning
andbecomeregulartokens.

In thefollowing, anidentifier maybeary sequencef characterstartingwith
acharactein the setf A-Za-z _g andfollowedby a possiblyemptysequencef char
actersbelongingto thesetf A-Za-z0-9 _$#n- g. All charactersindcasen anidenti er
aresigni cant. Whitespacecharacterarespace(<SPACE3, tab (<TAB>) andnew-
line (<KRET>). Any stringstartingwith two dasheg’-- ') andendingwith anewline is
acommentandignoredby the parser

Thesyntaxrule for anidentifier is:
identifier
identifier_first_character
| identifier identifier_consecutive_character
identifier_first_character @ one of

ABCDEFGHI JKLMNOPQRSTUVWXYZ
abcdefghij kl mnopgrstuvwxyz_

identifier_consecutive_character
identifier_first_character
| digit
| one of $ # n -

digit = one of 0123456789

An identifier is alwaysdistinctfrom theNUSMV languageeseredkeywords
whichare:

MODULEDEFINE, VAR IVAR, INIT , TRANS INVAR, SPEC LTLSPEC
COMPUTE INVARSPEC FAIRNESS JUSTICE, COMPASSION ISA,



ASSIGN, CONSTRAINT SIMPWFFE CTLWFE LTLWFF, COMPWERN , MIN,
MAX process , array , of , boolean , integer , real , word, wordl,
bool , EX AX EF, AF, EGAGE F, O GH X Y,Z A US,V,T,BU, EBF,
ABF, EBG ABG case, esac, mod, next , init , union , in , xor , xnor ,
self , TRUE FALSE

To represenwvariousvalueswe will useinteger  numbers which areary non-
emptysequencef decimaldigits precededy anoptionalunaryminus

integer_number
- digit
| digit
| integer_number digit

andsymbolic  constants  which areidentifiers
symbolic_constant i 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 resened symbolic
constants TRUEandFALSEwhichareequalto theinteger  numbers 1 andO respec-
tively.

2.1 TypesOverview

This sectionprovidesanoverviev of thetypesthatarerecognisedy NUSMV.

2.1.1 Boolean

Theboolean typecompriseswo integer  numbers 0 and1, or their symbolicequivalents
FALSEandTRUE

2.1.2 Integer

The domainof the integer typeis simply ary whole number positive or negative. At the mo-
ment,thereareimplementation-dependeadnstraint®nthethistypeandinteger  numbers
canonly beintherange 2%+ 1t02% 1 (moreaccuratelythesevaluesareequivalentto the
C/C++macrosINT _MIN andINT _MAX.

2.1.3 Enumeration Types

An enumeration typeis atypespeci®edy full enumerationsf all thevaluesthatthetypecom-
prises.For example,the enumeratiorof valuesmaybef stopped, running,  waiting,
finished g,f2, 4, -2, 0g,fFAIL, 1, 3, 7, OKg, etc.All elementofanenumer
ationhave to be uniquealthoughthe orderof elementss notimportant.

However, in theNUSMV type system gxpressiongannotbe of actualenumeration types,
but of their simpli®edand generalisedrersionsonly. Suchgeneralisedenumeration typesdo
notcontaininformationabouttheexactvaluesconstitutingthetypesbut only the agwhetherall
valuesareinteger  numbers , symbolic  constants or both. Below only generalised
versionsof enumeration typesareexplained.

Thesymbolic enum typecoversenumerationsontainingonly symbolic  constants
For example,the enumeration$ stopped, running,  waiting gandfFAIL, OKg be-
long to the symbolic enum type.



Thereis also a integers-and-symbolic enum type. This type comprisesenumerations
which containbothinteger numbers andsymbolic  constants , for example,f-1,

1, waiting g¢,f0, 1, OKkg,frunning, stopped, waiting, 0g.

Anotherenumeration typeis integer enum. Exampleof enumerationsf integersaref 2,
4, -2, 0gandf-1, 1g. Inthe NUSMV type systeman expressionof the type integer
enum is alwayscorvertedto thetypeinteger. Explainingthetypeof expressiorwe will always
usethetypeinteger insteadof integer enum.

Thevaluesin anenumeratioimay potentiallycontainonly theboolearnvalues for example,
f0, lgorfFALSE, TRUH). Inthiscasehetypewill beboolean (seeSection2.1.1[Boolean
Type], page7?).

To summarisewe actually deal only with two enumeration types: symbolic enum and
integers-and-symbolic enum. Thesetypesare distinguishableand have differentoperations
allowedonthem.

2.1.4 Word

Theword[ ] typesareusedto modelarraysof bits (booleanshich allow bitwise logical and
arithmeticoperations. Thesetypesare distinguishableon their width. For example,the type
word[3] representarraysof threebits, and the type word[7] representarraysof seven bits.
Notethatthewidth hasto be greatetthanzero.

2.1.5 Array

Arraysaredeclaredwith alower andupperboundfor theindex, andthetype of the elementsn
thearray For example,

array 0.3 of boolean;
array 10.20 of fOK, y, zg;
array 1.8 of array -1.2 of word[5];

Thetypearray 1.8 of array -1.2 of word[5] meansan array of 8 ele-
ments(from 1 to 8), eachof which is anarrayof 4 elementgfrom -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];

Thetypearray word[4] of word[9] ,i.e. word-array[4][9], meansanarrayof 16
elementgfrom 0d4.0 to 0b4.15), eachof which is word[9]. word-array[ ][ ] typesaredistin-
guishableontheir sizeandwidth of elementsNotealsothatboththe sizeandwidth of elements
have to begreaterthanzero.

word-array[ ][ ]areveryspeci®cypseandveryfew operatorcanbeappliedto expressions
of thesetypes.See... only WAREAD, WAWRITE, :=, = operators.

2.1.7 SetTypes

set typesareusedto identify expressiongepresenting setof values. Therearefour set types
: boolean set, integer set, symbolic set, integers-and-symbolic set. The set typescanbe
usedin very limited numberof ways. In particular a variablecannotbe of a set type. Only



range constant andunion operatorcanbeusedto createanexpressiorof aset type,and
onlyin , case andassignmeritexpressionsanhave imediateoperand®f a set type.
Every set typehasa counterparamoungothertypes.In particular

the counterparbf aboolean set typeis boolean,

thecounterparbf ainteger set typeis integer,

the counterparbf asymbolic set typeis symbolic enum,

thecounterparbf aintegers-and-symbolic set typeis integers-and-symbolic enum.
Sometypessuchasword[ ] andword-array[ ][ ] donothave aset typecounterpart.

2.1.8 TypeOrder
Figure2.1 depictsthe orderexisting betweertypesin NUSMV.

boolean word[1]
#

integer symbolic enum word(2]
# # word[3]

integers-and-symbolic enum

boolean set word-array[1][1]
#
integer set  symbolic set word-array[1][2]

# # word-array[1][3]
integers-and-symbolic set .

Figure2.1: Theorderingonthetypesin NUSMV

It means for example,thatboolean is lessthaninteger, integer is lessthanintegers-and-
symbolic enum, etc. Theword[ ] andword-array[ ][ ] typesare not comparablewith any
othertypeor betweereachother Any typeis equalto itself.

Notethatenumerationsontainingonly integer  numbers havethetypeinteger (unless
theonly elementsarel andO in which casethetypeis boolean).

2.2 Expressions

The previous versionsof NuSMV (prior to 2.4.0)did not have the type systemandassuchex-
pressionsvereuntyped.In the currentversionall expressionsretypedandthereareconstraints
onthetype of operandsTherefore anexpressiormay now potentiallyviolate the type system,
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 beignoredby the type checler, instead,warningswill be output. If additionally
the systemvariabletype _checking _warning _on is unsettheneventhesewarningwill not
beoutput.

1For moreinformationon theseoperatorseepagesl1,17,17,17 and22, respectiely.



2.2.1 Implicit Type Conversion

In certainexpressiondNuUSMV canimplicitly convertoperandgrom onetypeto another Such
implicit conversioncanbe performedfrom a smallertype to a biggerone (in accordancevith
theorderingdepictedn Figure2.1). This meansfor example thatword[ ] typescannotbecon-
vertedto othertypesor eachotherimplicitly, while thetypeboolean canbeimplicitly converted
to integer or integers-and-symbolic enum.

Also in someexpression®operandsnay be corvertedfrom onetypeto its set type counter
part(see2.1.7).For example,integer canbe corvertedto integer set type.

2.2.2 ConstantExpressions

A constant canbeabooleanjnteger, symbolic,word or rangeconstant.

constant

boolean_constant
integer_constant
symbolic_constant
word_constant
range_constant

BooleanConstant

A boolean constant isoneoftheinteger  numbers 0 andl ortheir symbolicequi-
alentsFALSEandTRUE Thetypeof aboolean constant is boolean.

boolean_constant ;. one of
0 1 FALSE TRUE

Integer Constant

Aninteger  constant isaninteger  number with the exceptionof 0 and1 which are
takento beboolean constants . Thetypeof aninteger  constant isinteger.

integer_constant 1 integer_number

Symbolic Constant

A symbolic  constant s syntacticallyanidentifier andindicatesauniquevalue.
symbolic_constant i identifier

Thetypeof asymbolic  constant is symbolic enum. SeeSection2.3.13[Namespaces],
page27for moreinformationabouthow symbolic  constants  aredistinguishedrom other
identifiers ,i.e. variablesde®nesegtc.

Word Constant

Word constants  begin with digit 0, followed by one of the characters/B (binary), 0/O
(octal),d/D (decimal)or h/H (hexadecimal)which givesthe basethat the actualconstanis in.
Next comesan optional decimalinteger giving the numberof bits, character_ and lastly the
constantvalueitself. Thetypeof aword constant is word[N], whereN is the width of the
constantFor example:

10



0b5_10111 hastypeword[5]
006 _37 hastypeword[6]
0d11.9 hastypeword[11]
0h12 a9 hastypeword[12]

The numberof bits canbe skipped,in which casethe width is automaticallycalculatedfrom
the numberof digits in the constan&andits base.It may be necessaryo explicitly give leading
zeroesto male the type correct— the following areall equivalentdeclarationsof the integer
constantll asaword of typeword[8]:

0d8_11
0b8_1011
0b_00001011
Oh_Ob

0h8_b

Thesyntacticrule of theword constant s thefollowing:

word_constant

0 word_base [word_width] _ word_value
word_width

integer_number -- a number greater than zero
word_base

b| B|] ofl] Ol d| D|] h|] H

word_value
hex_digit
| word_value hex_digit
| word_value _
hex_digit . one of

0123456789abcdef ABCDEF

Notethat
Thewidth of aword mustbe a numberstrictly greaterthanO.

Decimalword constants mustbedeclaredwvith thewidth speci®eysincethenumber
of bits neededor anexpressionike 0d 019 is unclear

Digits arerestricteddependingn the basethe constanis givenin.

Digits can be separatedy the underscorecharacter(®°°) to aid clarity, for example
0b_0101_1111 1100 whichis equialentto Ob 010111111100 .

The numberof bitsin word constant hasanimplementationimit which for most
systemss 64 bits.

RangeConstant

A range constant speci®esa setof consecutie integer numbers. For example,a con-
stant-1..5 indicatesasetof numbers -1, 0, 1, 2, 3, 4 and5. Anotherexamplesof
range constant canbel..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 arange constant isinteger set.

11



2.2.3 BasicExpressions

A basicexpressioris themostcommonkind of expressiorusedin NUSMV.

basic_expr

constant
variable_identifier
define_identifier

( basic_expr )

I basic_expr

basic_expr & basic_expr
basic_expr | basic_expr
basic_expr  xor basic_expr
basic_expr  xnor basic_expr
basic_expr  -> basic_expr
basic_expr <-> basic_expr
basic_expr = basic_expr
basic_expr != basic_expr
basic_expr < basic_expr
basic_expr > basic_expr
basic_expr <= basic_expr
basic_expr  >= basic_expr
basic_expr  + basic_expr
basic_expr - basic_expr
basic_expr  * basic_expr
basic_expr / basic_expr
basic_expr  mod basic_expr
basic_expr  >> basic_expr
basic_expr << basic_expr
basic_expr basic_expr

basic_expr [ integer_number
wordl ( basic_expr )

bool ( basic_expr )
basic_expr  union basic_expr
f set_body_expr g
basic_expr in basic_expr
case_expr

basic_next_expr

a constant

a variable identifier

a define identifier

logical or bitwise  NOT

logical or bitwise  AND

logical or bitwise OR

logical or bitwise  exclusive

logical or bitwise  NOT exclusive

logical or bitwise  implication

logical or bitwise  equivalence

equality

inequality

less than

greater than

less than or equal

greater than or equal

integer  addition

integer  subtraction

integer  multiplication

integer  division

integer  remainder

bit shift  right

bit shift left

word concatenation
integer_number ]

word bits  selection

boolean to word[1] convertion

word[1l] to boolean convertion

union of set expressions

set expression

inclusion in a set expression

a case expression

a next expression

Theorderof parsingprecedencéor operatordrom highto low is:



Operatorof equalprecedencassociatdo the left, except-> thatassociateso theright. The
constant@ndtheir typesareexplainedin Section2.2.2[ConstantExpressions]pagel0.

Variablesand De nes

A variable _identifier and define _identifier are expressionswhich identify a
variableor ade®ne respectiely. Their syntaxrulesare:

define_identifier :: complex_identifier
variable_identifier . complex_identifier
The syntaxand semanticof complex _identifiers areexplainedin Section2.3.10[Ref-

erencedo Module Components]page26. All de®nesandvariablesreferencedn expressions
shouldbedeclared All identi®ers(variablesde®nessymbolicconstantsetc) canbeusedprior
its de®nition, i.e. thereis no constrainton ordersuchasin C wherea declarationof a vari-
ableshouldalwaysbe placedin text above the variableuse. Seemoreinformationaboutde®ne
andvariabledeclarationsn Section2.3.2[DEFINE Declarations],page21 and Section2.3.1
[VariableDeclarations]pagel9.

A de®neis akind of macro.Everytime ade®neis metin expressionsit is substitutedy the
expressiorassociatedvith thisde®ne.Thereforethetypeof ade®neis thetypeof theassociated
expressionin the currentcontext.

variable _identifier representstateandinput variables. The type of a variableis
speci®edin its declaration. For more information aboutvariables,see Section2.3 [De®ni-
tion of the FSM], page19, Section2.3.1[State Variables],page20 and Section2.3.1 [Input
Variables],page20. Sincea symbolic constant s syntacticallyindistinguishablerom
variable _identifiers anddefine _identifiers , asymboltableis usedto distin-
guishthemfrom eachother

Parentheses
Parenthesemay be usedto groupexpressionsThetype of thewhole expressionis the sameas
thetypeof theexpressiorin theparentheses.

Logical and Bitwise!

Thesignatue of thelogical andbitwise NOT operator is:

I 1 boolean! boolean
:word[N]! word[N]

This meansthat the operationcan be appliedto boolean or word[ ] operands. The type of
the whole expressionis the sameasthe type of the operand.If the operands not boolean or
word[ ] thentheexpressiorviolatesthetypesystemandNuSMYV will throw anerror.

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

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

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

theoperandganbeof boolean orword|[ ] type,andthetypeof thewholeexpressioris thetype
of theoperandsNotethatbothword[ ] operandshouldhave the samewidth.
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Equality (=) and Inequality (=)

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

= 1= : 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

Before checkingthe expressionfor beingcorrectlytyped,implicit type conversioncanbe
carriedout on oneof the operandsFor example,in the expression

TRUE = 5

the left operands of type boolean andthe right oneis of type integer. Thoughthe signature
of theoperationdoesnot have aboolean * integer rule, the expressionis correct,becausefter
implicit type corversionon the left operandhetypesof the operandwill beinteger * integer

whichis avalid signaturefor the= operator

Thisis alsotrueif oneof theoperandss of typeword[1] andtheotheroneis of thetypeboolean.

In this case pneof theoperandss convertedto thetypeof the otheroneandthenthe equalityis

checlecf.

Relational Operators >, <, >=, <=

The relationaloperators> (greaterthan), < (lessthan),>= (greaterthan or 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
Beforecheckingtheexpressiorfor beingcorrectlytyped,implicit typecorversioncanbecarried
outon oneof the operands.
boolean andword[ ] typesareimplicitly convertedto their integer equivalentsbeforethe
resultof theseoperationss calculated.

Arithmetic Operators +,-,*,/

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

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

Before checkingthe expressionfor being correctly typed, the implicit type conversioncanbe
appliedto oneof theoperandsThe boolean operandsrecorvertedto theinteger typebefore
performingthe arithmeticoperation. If the operatorsare appliedto a word[N] type, thenthe
operationsareperformedmodulo2" .

2|t is doesnot matterwhich operands corverted— theresultwill bethesame.

14



The resultof the/ operatoris the quotientfrom the division of the ®rst operandby the
second.Whenintegersare divided, the resultof the/ operatoris the algebraicquotientwith
ary fractional part discarded(this is often called 3truncationtowards zero®). If the quotient
a/b is representablehe expressiona/b)*b + (@ mod b) shallequala. If thevalueof
the secondoperands zero,the behaior is unde®nedandan erroris throvn by NUSMV. The
semanticss equivalentto the correspondingneof C/C++languages.

In theversionsof NUSMYV priori 2.4.0the semantic®f division wasdifferent. Seepagel5
for moredetail.

Remainder Operator mod

The resultof the mod operatoris the algebraicremainderof the division. If the value of the
seconddperands zero,thebehaior is unde®nedandanerroris throvn by NUSMV.
Thesignatureof theremaindeioperatoris:

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

Notethatwhentheleft operands anintegerandtheright oneis a constan® thenthetype of the
expressions Boolean.In sucha way 2mod2° expressionganbe usedashbooleanexpressions
to checkwhetherthe left operands even or odd. In all otherrespectsthe semanticoof mod
operatolis equialentto the correspondingperator%of C/C++languagesThusif thequotient
a/b isrepresentabléheexpressiona/b)*h  + (a mod b) shallequala.

Note: in olderversionsof NUSMV (priori 2.4.0)the semanticof quotientandremainder
weredifferent. Having the division andremainderoperators= andmod be of the current,i.e.
C/C++'s, semanticshe older semantic®f division wasgivenby theformula:

IF (amod b< 0) THEN (a=b 1)ELSE(a=Db)
andthe semantic®f remaindeoperatowasgiven by theformula:

IF (amod b < 0) THEN (amod b + b) ELSE (amod b)

Notethatin bothversionsthe equation(a/b)*  + (a mod b) = a holds. For example,
in the currentversionof NuSMV thefollowing holds:

7/5=1 7mod5=2

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

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

-7/-5=1  -7mod-5=-2
whereasn theolderversionson NuSMV theequationsvere

7/5=1 7mod5=2

-7/5=-2 -7mod5=3

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

-7/-5=0  -7mod-5=-7
When supplied,the commandline option -old_div_op switchesthe semanticof division and
remaindetto theold one.

Shift Operators <<, >>

Thesignatureof the shift operatorss:

<<, >>:word[N] * integer ! word[N]
Before checkingthe expressionfor being correctly typed, the right operandcan be implicitly
corvertedfrom boolean to integer type.
Left shift << andandright shift >> operationsshift bits to the left andright respectiely.
A shift by N bits is equivalentto N shiftsby 1 bit. A bit shiftedbehindthe word boundis lost.
During shiftingtheword is paddedwith zeros.
For instance,
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0b3.001<< 2is equalto
0b3.010<< lisequalto
0b3.100<< Ois equalto
0b3.100

It hasto beremarledthatthe shifting requiresheright operando begreateror equalto zero
andlessthenthewidth of theword it is appliedto. NUSMYV raisesanerrorif it is attemptech
shifting not satisfyingthis restriction.

Bit SelectionOperator [ : ]

The bit selectionoperatorextracts consecutie bits from a word[ ] expression,resultingin
a newv word[ ] expression. This operationalways decreaseshe width of word[ ] or leaves
it intact. The left expressionin the braclets is the high bound and the right one is the low
bound. The high boundmustbe greaterthanor equalto the low bound. The bits countfrom
0. Theresultof the operationds a word[ ] value consistingof the consecutie bits beginning
from the high boundof the operanddown to, andincluding, the low boundbit. For example,
0b7.1011001[4:1xtractsbits 1 through4 (including 1stand4th bits) andis equalto 0b4.1100.
0b3.101[0:0]extractsbit number0 andis equalto Ob1.1.

Thesignatureof the bit selectionoperatoris:
[ : ] :word[N]* integer,, , * integer,,, ! word[integer,,, integer,, + 1]
wheeO integer,, integery,, < N

Word ConcatenationOperator ::

The concatenatiomperatorjoins two wordstogetherto createa largerword type. The operator
itself is two colons(:: ), andits signaturas asfollows:

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

Theleft-handoperandwill make up the upperbits of the new word, andthe right-handoperand
will make up thelower bits. For example,giventhetwo wordswl1 := 0b4 _1101 andw?2 :=
0b2_00, thentheresultof wl:: w2is0b6-110100 .

Booleanand word[1] Explicit Conversions

bool corvertsaword[1] to aboolean, while word1 corvertsaboolean to aword[1].
Thesignature®f thesecornversionoperatorsare:

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

Thecorversionobeys thefollowing table:

bool (0b10)=0
bool (Ob11)=1
wordl (0)=0b10
wordl (1)=0b11
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SetExpressions

The setexpressionis an expressionde®ninga setof boolean, integer and symbolic enum
values. A setexpressioncanbe createdwith the union operator For example,1 union 0
speci®eghe setof valuesl and0. Oneor both of the operandf union canbesets.In this
caseunion returnsaunionof thesesets.For example,expression(1 union 0) union 3
speci®eghesetof valuesl, 0 and-3 .
Notethatthere cannotbea setof setsin NuSMV Setscancontainonly singletonvalues but
notothersets.
Thesignatureof theunion operatoiis:
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
I integers-and-symbolic set
Before checkingthe expressionfor being correctly typed, if it is possible,both operandsare
convertedto their counterparset types®, which virtually meansconverting individual values
to singletonsets. Thenboth operandsareimplicitly corvertedto a minimal type that covers
both operandslf afterthesemanipulationghe operandglo not satisfythe signatureof union
operatoranerroris raisedoy NUSMV.
Thereis alsoanotherway to write a setexpressionby enumeratingll its valuesbetween
curly braclets. The syntacticrule for thevaluesin curly bracletsis:

set_body_expr
basic_expr
| set_body_expr , basic_expr

Enumeratingvaluesin curly bracletsis semanticallyequivalentto writing themconnected
by union operatorsFor example,expressiorf expl, exp2, exp3 gisequvalenttoexpl
union exp2 union exp3. Notethataccordingto the semanticof union operator ex-
pressiorff 1, 2g, f3, 4ggisequivalenttofl, 2, 3, 4g,i.e.thereisnoactuallysetof
sets.

Setexpressionsanbe useonly asoperandf union andin operationsandastheright
operandf case expressiorandanassignmentln all otherplacesthe useof setexpressionss
prohibited.

Inclusion Operator in

Theinclusionoperatorin ' teststheleft operandor beingasubsebdf theright operandIf either
operands anumberor asymbolicvalueinsteadof a set,it is coercedo asingletonset.
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 peforecheckingthe expressiorfor beingcorrectlytyped,if it is
possible bothoperandsirecorvertedto their counterparset types*. Then,if required,implicit
typecorversionis carriedout on oneof theoperands.

CaseExpressions

A caseexpressiorhasthefollowing syntax:

3See2.1.7for moreinformationaboutthe set typesandtheir counterpartypes
4See2.1.7for moreinformationaboutthe set typesandtheir counterpartypes
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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 returnsthe value of the ®rst expressionon the right handsideof *: ', suchthat
the correspondingonditionontheleft handsideevaluatedo 1 (TRUB. 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
isright _expression _k suchthatforalli fromOtok 1,left _expression . isO,and

left _expression kisl.Itisanerrorif all expression®ntheleft handsideevaluateto 0.

Thetype of expression®n the left handsidemustbeboolean. If oneof the expressioron
therightis of aset typethen,if it is possibleall remainingexpression®ntheright arecorverted
to their counterparset types®. Thetypeof thewholeexpressioris suchaminimaltype® thatall
of theexpression®ntheright (afterpossiblecorvertionto set types)canbeimplicitly corverted
to thistype. If thisis impossibleNUSMYV throws anerror.

BasicNext Expression

Next expressions referto next statevariables.For example,if avariablev is a statevari-

able thennext(v) referstothatvariablev in thenext time step.A next appliedto acomple

expressionis ashorthandnethodof applyingnext to all thevariablesin theexpressionsecur

sively. Example:next (1 + a) + b) isequivalentto(1 + next (a)) + next (b) .

Notethatthenext operatorcannotbeappliedtwice,i.e. next (next (a)) isnotallowed.
Thesyntacticruleis:

basic_next_expr : next ( simple_expr )

A next expression doesnotchangehetype.

2.2.4 Simple and Next Expressions

Simple _expressions  areexpressionguilt only from currentstatevariables. Thereforethe
simple _expression cannothave anext operationinsideandthe syntaxof simple _ex-
pressions is asfollows:

simple_expr . basic_expr

with the alternatve basic _next _expr notallowed. Simple _expressions canbeused
to specifysetsof statesfor example,theinitial setof states.Thenext _expression relates
currentandnext statevariablesto expresdransitionsn theFSM. Thenext _expression can
have next operationinside,i.e.

next_expr :: basic_expr

with thealternatve basic _next _expr allowed.

5See2.1.7for informationon set typesandtheir counterpartypes
6SeeSection2.1.8[Type Order], page9 for theinformationon the orderof types.
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2.3 De nition of the FSM

We considera Finite StateMachine(FSM) describedn termsof statevariablesandinput vari-
ables which may assumaelifferentvaluesin differentstates of a transitionrelation describing
how inputsleadsfrom one stateto possiblymary differentstates,and of Fairnessconditions
that describeconstraintson the valid pathsof the executionof the FSM. In this documentwe
distinguishamongconstraintgusedto constrairthebehaior of a FSM, e.g.amodulo4 counter
incrementdts value modulo4), and speci®cationgusedto expresspropertiesto verify on the
FSM (e.g.thecountereachewvalue3).

In thefollowing it is describechow theseconceptzanbedeclaredn theNuSMV language.

2.3.1 Variable Declarations

A variablecanbeaninputor astatevariable. Thedeclaratiorof avariablespeci®eghevariables
typewith the helpof type speci®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  : asimple type specifier anda module

type specifier . Themodule type specifier is explainedlater in Section2.3.9
[MODULE Instantiations],page25. Thesimple type specifier compriseshoolean
type,integer type,enumeration types,word[], arraysandword-array types.

Theboolean typeis speci®edy the keyword boolean .

A enumeration typeis speci®edby full enumeratiorof all the valuesthe type comprises.
For example, possibleenumeration type speci®ersaref0,2,3,-1 g, f1,0, OKg, fOK,
FAIL, running g. Thevaluesin thelist areenclosedn curly bracletsandseparatethy com-
mas. Thevaluesmaybeinteger = numbers , symbolic  constants or both. All values
in thelist shouldbedistinctfrom eachother althoughthe orderof valuesis notimportant.Note
thatthesymbolic  constants TRUEand FALSE arejust symbolicrepresentationsf the
integer  numbers 1 andO, respectiely.

If thelist of valuesin theenumeration type speci®erconsistof justthetwo valuesl and0
thenthetypeit representss boolean. For example,type specifiers fTRUE, FALSH
andboolean areequialent.

19



Note, expressiongannotbe 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 numbersseparatedy .. (<TWO
DOTS3, for example,-1..5 . This is just a shorthandfor a enumeration type containing
thelist of integer  numbers fromtherangegivenintype specifier . Forexample the
type specifiers -1.5 andf-1,0,1,2,3,4,5 g areequialent. Notethatthenumber
ontheleft from thetwo dotsmustbelessthanor equalto the numberon theright.

Theword[ ] typeis speci®edby the keyword word with aninteger  number supplied
in squarebraclets. This numbermustbe greaterthanzero. The purposeof the word typesis to
offer theintegerandbitwisearithmetic.

An arraytype is denotedby a sequencef the keyword array , aninteger  number
specifyingthe lower boundof thearrayindex, two dots.. , aninteger = number specifying
the upperboundof the array index, the keyword of andthe type of array’s elements. The
elementzanthemselesbearrays.

State Variables

A stateof the modelis anassignmenbf valuesto a setof statevariables.Thesevariables(and
alsoinstance®f modules)yredeclaredy the notation:

var_declaration . VAR var_list
var_list : identifier © type
| var_list identifier . type

A variable declaration speci®eghe identi®erof the variablesandits type. A variable
cantake the valuesonly from the domainof its type. In particular a variableof a enumeration
typemaytake only thevaluesenumerateéh thetype specifier of thedeclaration.

Input Variables

IVAR s (inputvariables)areusedto labeltransitionsof the Finite StateMachine.Thedifference
betweenthe syntaxfor the input and statevariablesdeclarationds the keyword indicatingthe
beginning of adeclaration:

ivar_declaration @ IVAR var._list

Anotherdifferencebetweennput andstatevariablesis thatinput variablescannotbe instances
of modules Below areexamplesof input andstatevariabledeclarations:

VAR a : boolean;
VAR Db : 0.1;
IVAR ¢ : fTRUE, FALSHg;

Thevariablesa, b arestatevariables,andc is aninput variable. All of themare of boolean
type. In thefollowing examples:

VAR d : fstopped, running, waiting, finished g;
VARe : f2, 4, -2, O0g;
VARf : f1l, a, 3, d, q, 4g;

thevariablesd, e andf areenumeration types,andall their possiblevaluesarespeci®edn 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 Qg : array -1.1 of array f0, TRUH;

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

2.3.2 DEFINE Declarations

In orderto make descriptionsmoreconcise a symbolcanbe associateavith acommonexpres-
sion,andaDEFINE declaratiorintroducesuchasymbol. Thesyntaxfor thiskind of declaration
is:

define_declaration ::  DEFINE define_body

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

DEFINE associatesn identifier on the left handside of the :='  with an expression
on the right side. A de®ne statementcan be consideredas a macro. Wheneer a de®ne
identifier occursin anexpressiontheidentifier is syntacticallyreplacedby the ex-
pressionit' s associatedvith. The associatedxpressionis always evaluatedin context of the
expressionwheretheidentifier is met(seeSection2.3.14[Context], page28 for anexpla-
nationof contets). Forward referenceso de®nedsymbolsareallowed but circular de®nitions
arenot,andresultin anerror. Thedifferencebetweerde®nedsymbolsandvariabless thatwhile
variablesarestaticallytyped,de®nitionsarenot.

2.3.3 INIT Constraint

The setof initial statesof the modelis determinedby a boolean expressionunderthe INIT
keyword. Thesyntaxof anINIT constraints:

init_constrain = INIT simple_expr [;]

Sincethe expressiorin the INIT constraints asimple _expression , it cannotcontainthe
next() operator The expressionalsohasto be of type boolean. If thereis morethanone
INIT constrainttheinitial setis the conjunctionof all of theINIT constraints.

2.3.4 INVAR Constraint

The setof invariantstatescanbe speci®edusinga boolean expressionunderthe INVAR key-
word. Thesyntaxof anINVAR constraints:

invar_constraint : INVAR simple_expr  [;]

Sincetheexpressiorin theINVAR constrainis asimple _expression it cannotcontainthe
next() operatorlf thereis morethanonelNVAR constrainttheinvariantsetis theconjunction
of all of theINVAR constraints.

2.3.5 TRANSConstraint

Thetransitionrelation of the modelis a setof currentstate/ngt statepairs. Whetheror not a
givenpairisin thissetis determinedy aboolearexpressionintroducecby the TRAN Skeyword.
Thesyntaxof a TRANSconstraints:

trans_constraint : TRANSnnext_expr [;]

It is anerrorfor the expressiorto be not of theboolean type. If thereis morethanoneTRANS
constraintthetransitionrelationis the conjunctionof all of TRANSconstraints.
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2.3.6 ASSIGNConstraint

An assignmenhastheform:

assign_constraint :» ASSIGN assign_list
assign_list ©ooassign
| assign_list assign
assign
complex_identifier = simple_expr
| init ( complex_identifier ) := simple_expr
| next ( complex_identifier ) = next_expr
On the left handside of the assignmentjdentifier denotesthe currentvalue of a vari-
able, init(  identifier ) ' denotests initial value,and next( identifier ) ' denotes

its valuein the next state.If the expressioron theright handsideevaluatesto a not-set expres-
sionsuchasinteger  number or symbolic  constant , the assignmensimply means
thattheleft handsideis equalto theright handside. On the otherhand,if the expressioneval-
uatesto a set,thenthe assignmenmeanghatthe left handsideis containedn thatset. It is an
errorif thevalueof the expressioris not containedn the rangeof the variableon the left hand
side.

Semanticallyassignmentsanbe expressedisingotherkinds of constraints:

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

Notice that, an additionalconstraintis forcedwhenassignmentare usedwith respecto their
correspondingonstraintcounterpartwhena variableis assigned valuethatit is not anele-
mentof its declaredype,anerroris raised.
Theallowedtypesof theassignmenbperatorare:
= : 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
Before checkingthe assignmenfor being correctlytyped,the implicit type corversioncanbe
appliedto theright operand.

Rulesfor assignments

Assignmentslescribea systemof equationghatsayhow the FSM evolvesthroughtime. With
anarbitrarysetof equationghereis no guaranteghata solutionexists or thatit is unique. We
tacklethis problemby placingcertainrestrictve syntacticruleson the structureof assignments,
thusguaranteeinghe programbeingimplementable.

Therestrictionrulesfor assignmentare:

The singleassignmentrule + eachvariablemaybeassignednly once.
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The circular dependencyrule + asetof equationamustnot have 2gyclesin its depen-
deng graphnot brokenby delays.

Thesingleassignmentule disrggardscon ictingde®nitions,andcanbeformulatedas: one
may eitherassigna valueto a variable®x®, or to @hext( x) ®anddnit(  x) °, but not both.
For instancethefollowing arelegal assignments:

Examplel | x := expr 1 ;

Example2 | init( X ) := expr 1;
Example3 | next( X ) := expr 1;
Exampled | init( x) = expr 1;

next( x) := expr

N

while thefollowing areillegal assignments:

Examplel | x := expr 1 ;

X = expraz;
Example2 | init( x) := expr
init( x) = expr 2;
Example3 | x := expr 1 ;

init(~ x) = expr 2;
Exampled | x := expr 1 ;

next( Xx) := expr 2;

i

If we have anassignmenlikex := y ; , thenwe saythatx depend®ny. A combinatorial
loopis acycle of dependenciesot broken by delays.For instancetheassignments:

X =
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 @unitdelaydependeng usingthenext()  operator

X =y
X;

next(y)

In this casethereis a unit delaydependencbetweerx andy. A combinatorialoop is a cycle
of dependenciewhosetotal delayis zero. In NUSMV combinatorialloopsareillegal. This
guaranteeshatfor ary setof equationdescribingthe behaior of variablethereis at leastone
solution. Theremight be multiple solutionsin the caseof unassigne@ariablesor in the caseof
non-deterministi@ssignmentsuchasin thefollowing example,

next(x) = case x=1 : 1;
1: fo,1g;
esac;

2.3.7 FAIRNESSConstraints

A fairnessconstraintrestrictsthe attentiononly to fair executionpaths Whenevaluatingspeci-
®cations themodelchecler considerpathquanti®ergo apply only to fair paths.

NUSMV supportstwo typesof fairnessconstraintspamelyjustice constraintsand com-
passionconstraints.A justice constraintconsistsof a formulaf which is assumedo be true
in®nitely oftenin all the fair paths. In NUSMYV justice constraintsareidenti®edby keywords
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JUSTICE and,for backward compatibility FAIRNESS A compassiortonstraintconsistsof a
pair of formulas(p,q) ; if propertyp is truein®nitely oftenin afair path,thenalsoformulaq
hasto betruein®nitely oftenin thefair path.In NUSMV compassiorconstraintsareidenti®ed
by keyword COMPASSION If compassiortonstraintsare usedthenthe modelmustnot con-
tain ary input variables.Currently NUSMV doesnot enforcethis soit is the responsibilityof
theuserto make surethatthisis the case.

Fairnesonstraintaredeclaredusingthefollowing syntax(all expressiongareexpectedo
beboolean):

fairness_constraint i
FAIRNESS simple_expr [;]
| JUSTICE simple_expr [;]
| COMPASSION simple_expr , simple_expr ) [;]

A pathis consideredair if andonly if it satis®esall the constraintgddeclaredn this manner

2.3.8 MODULBeclarations

A moduledeclarationis an encapsulatedollection of declarationsconstraintsand speci®ca-
tions. A moduledeclarationalsoopensa new identi®erscope.Oncede®ned,a modulecanbe
reusecasmary timesasnecessaryModulesareusedsucha way thateachinstanceof amodule
refersto differentdatastructures A modulecancontaininstance®f othermodulesallowing a
structuralhierarchyto bebuilt. The syntaxof amoduledeclarations 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

| Itl_specification

| compute_specification

| isa_declaration

Theidentifier immediatelyfollowing the keyword MODULEs the nameassociatedvith

the module. Module nameshave a separatenamespacein the program,andhencemay clash

with namesof variablesand de®nitions. The optionallist of identi®ersin parenthesearethe

formal parametersf themodule.

7In the currentversionof NUSMV, compassiorconstraintsare supportedonly for BDD-basedLTL
model checking. We plan to add supportfor compassiorconstraintsalso for CTL speci®cationsandin
BoundedModel Checkingin thenext release®f NUSM V.
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2.3.9 MODULHnstantiations

An instanceof amoduleis createdusingtheVARdeclaratior(seeSection2.3.1[StateVariables],
page20) with amoduletype speci®ernseeSection2.3.1[Type Speci®ers]pagel9). The syntax
of amodule type specifier is:

module_type_specifier :
| identifier [ ( [ parameter_list 1)1
| process identifier [ ( [ parameter_list 1) 1]

parameter_list
simple_expr
| parameter_list , simple_expr

A variabledeclaratiorwith amodule type specifier introducesa namefor the module
instanceThemodule type specifier providesthe nameof theinstantiatingnoduleand
alsoa list of actualparametersyhich are assignedo the formal parameterof the module.
An actualparametecanbe ary legal simple  expression  (seeSection2.2.4[Simple and
Next Expressions]pagel8). It is anerrorif the numberof actualparameterss differentfrom
the numberof formal parametersWheneer formal parametersccurin expressionsvithin the
module,they arereplacedby the actualparameters.The semanticof moduleinstantiationis
similarto call-by-referencé.
Hereareexamples:

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

MODULEfoo(x)
ASSIGN
X = 1;

thevariablea is assignedhevaluel. This distinguisheshe call-by-referencenechanisnfrom
acall-by-valuescheme.
Now considetthefollowing program:

MODULEmain
DEFINE

a = 0;
VAR

b : bar(a);
MODULEbar(x)
DEFINE

a = 1;

y = X

In this program,the valueof y is 0. On the otherhand,usinga call-by-namemechanismthe
valueof y would be 1, sincea would be substitutechsanexpressiorfor x.
Forward referenceso modulenamesare allowed, but circular referencesre not, andresultin
anerror.

Thekeyword process is explainedin Section2.3.11[Processeshage27.

8This alsomeanshatthe actualparametersreanalyzedn the context of thevariabledeclaratiorwhere
moduleis instantiatednotin the context of the expressiorwherethe formal parameteoccurs.
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2.3.10 Referencesto Module Components(Variables and De®nes)
in Expressions

As describedin Section2.2.3 [Variablesand De®nes], page 13, de®nesand variablescan

be referencedin expressionsas variable _identifiers and define _identifiers
respectiely, 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.lt is possibleto have
forwardreferencesvhenavariableor de®neidenti®eris usedtextually beforethecorresponding
declaration.

Notationswith . (<DOT> areusedto accesshecomponent®f modules.For example,if m
is aninstanceof amodule(seeSection2.3.9[MODULE Instantiations]page25 for information
aboutinstance®f modules)thenthe expressiorm.c identi®esthe component of the module
instancem Thisis preciselyanalogoudo accessin@ componenbdf a structurecdatatype.

Note that actual parameterof a module can potentially be instancesof other modules.
Therefore parameter®f modulesallow accesgo the componentof othermoduleinstances,
asin thefollowing example:

MODULEmain
VAR
a : bar;
m : foo(a);

MODULEbar
VAR
g : boolean;
p : boolean;

MODULEfoo(c)
DEFINE
flag := cq | c.p;

Here thevalueof ‘m.flag ' isthelogical ORof "a.p ' and’a.q ".

Individual elementsof an arrayareaccesseéh the typical fashionwith the index required
givenin squarebraclets. For example,if ‘a’ identi®esanarray theexpressiona[N] ' identi®es
elementN of array'a'. It is anerrorfor theexpressionN to evaluateto a numberoutsidethe
subscriptboundsof array'a’, or to asymbolicvalue.

It is possibleto referto the namethatthe currentmodulehasbeeninstantiatedo by using
theself built-in identi®et

MODULEcontainer(init_valuel, init_value2)
VAR cl : counter(init_valuel, 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
greatestCounterlnContainer ‘= Vv >= my_container.cl.v &
vV >= my_container.c2.v;

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

c.cl.greatestCounterinContainer;

In this exampleaninstanceof themodulecontainer  is passedo the sub-modulecounter

In the main module,c is declaredto be an instanceof the modulecontainer ~ which de-
clarestwo instancef the modulecounter . Every instanceof the counter modulehasa
de®negreatestCounterinContainer which speci®eghe conditionwhenthis particular
counter hasthegreatesvaluein the containerit belongsto. Soacounter needsaccesgo
theparentcontainer  to accessll thecounters in thecontainer

2.3.11 Processes

Processeare usedto modelinterlearing concurreng. A processis a modulewhich is instan-
tiated usingthe keyword “process ' (seeSection2.3.9[MODULE Instantiations]page25).
The programexecutesa stepby non-deterministicallychoosinga processthenexecutingall of
the assignmenstatementén thatprocessn parallel. It is implicit thatif a givenvariableis not
assigneddy the processthenits value remainsunchanged.Eachinstanceof a processhasa
specialboolean variableassociateavith it calledrunning . Thevalueof this variableis 1 if
andonly if theprocessnstances currentlyselectedor execution.A processnayrunonly when
its parentis running. In additionno two processewith the sameparentsmay berunningat the
sametime.

Note that in the presenceof processesNuSMV internally declaresspecial variables
running and_process _selector _. ThesenameshouldNOT beusedin users own decla-
rations.

2.3.12 A Program and the main Module
Thesyntaxof aNuUSMYV programis:

program :: module_list

module_list
module
| module_list module

Theremustbe onemodulewith thenamemain andno formal parametersThe modulemain
is theoneevaluatedby theinterpreter

2.3.13 Namespacesind Constraints on Declarations

Identi®ersin the NUSMYV inputlanguagemayreferenceb differententities:modulesyariables,
de®nesmoduleinstancegndsymbolicconstants.

Module identi®ershave their own separataramespaceModule identi®erscanbe usedin
module type specifiers only, and no otherkind of identi®erscan be usedthere (see
Section2.3.9[MODULE Instantiations],page25). Thus, moduleidenti®ersmay be equalto
otherkinds of identi®erswithout makingthe programambiguous.However, no two modules
should be declaredwith the sameidenti®er Modules cannotbe declaredin other modules,
thereforethey arealwaysreferencedy simpleidentifiers
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Variable,de®neandmoduleinstancddenti®ersareintroducedn a programwhenthe mod-
ule containingtheir declarationds instantiated. Inside this modulethe variables,de®nesand
moduleinstancesnaybereferencedy the simpleidentifiers . Insideothermodulestheir
simpleidenti®ersshouldbe precededy the identi®er of the moduleinstancecontainingtheir
declarationand. (<DOT>. Suchidenti®ersare calledcomplex identifier . Thefull
identi®er is a complex identifier which referencesa variable,de®neor a modulein-
stancdrom insidethemain module.

Let usconsiderthefollowing:

MODULEmain
VAR a : boolean;
VAR b : foo;

VAR c : moo;

MODULEfoo
VAR q : boolean;
e . moo;

MODULEmMoo
DEFINE f = 0 < 1;

MODULEnot_used
VAR n : boolean;
VARt : used;

MODULEused
VAR k : boolean;

The full identi®er of the variablea is a, the full identi®er of the variableq (from the module
foo ) is b.q , the full identi®er of the moduleinstancee (from the modulefoo ) is b.e , the
full identi®ersof thede®nef (fromthemodulemoo) areb.e.f andc.f , becausdéwo module
instanceontainthis de®ne. Notice that, the variablesn andk aswell asthe moduleinstance
t do not have full identi®ersbecausehey cannotbe accessedrom main (sincethe module
not _used is notinstantiated).

IntheNUSMYV languagevyariablesde®nesandmoduleinstancedelongto onenamespace,
andno two full identi®ersof differentvariables,de®nesor moduleinstanceshouldbe equal.
Also, noneof themcanberede®ned.

A symbolic  constant canbeintroducedby a variabledeclarationf its type speci®er
enumeratethesymbolic  constant . For example thevariabledeclaration

VAR a : fOK, FAIL, waiting g;

declareghevariablea aswell asthesymbolic  constants OK FAIL andwaiting . The
full identi®ersof thesymbolic  constants  equalto their simpleidentifiers with the
additionalcondition + the variablewhosedeclarationdeclareshe symbolic  constants
alsohasafull identi®er

Symbolic constants have a separat;mamespaceso their identi®ersmay potentially
beequalto, for example,variableidenti®ers.It is anerror, if thesameidenti®erin anexpression
cansimultaneouslyeferto asymbolic  constant andavariableor ade®ne.A symbolic
constant maybedeclarecanarbitrarynumberof times,but it mustbe declaredatleastonce,
if it is usedin anexpression.

2.3.14 Context

Every moduleinstancehasits own contet, in which all expressionsareanalyzed.The context
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 ¢ @ moo;

MODULEmMoo
VAR d : boolean;

Thecontet of themodulemain is™ (empty¥, thecontext of themoduleinstancea (andinside
themodulefoo )is a.' ,theconttsof modulemoomaybe’b.' (if themoduleinstanceb
isanalyzedgnd'a.c.'  (if themoduleinstancea.c is analyzed).

2.3.15 ISA Declarations

Thereare casesn which somepartsof a modulecould be sharedamongdifferentmodules or
couldbeusedasamodulethemseles.In NUSMYV it is possibleto declarethecommonpartsas
separatenodulesandthenusethelSA declaratiorto importthe commonpartsinsideamodule
declaration.Thesyntaxof anisa _declaration is asfollows:

isa_declaration ;o ISA identifier

whereidentifier mustbethenameof adeclarednodule. ThelSA _declaration canbe
thoughtasa simple macroexpansioncommandpecauséhe body of the modulereferencedy
anISA commands replacedo thelSA _declaration

Warning: ISA is a deprecatedeature and will be removed from future versions of
NuSMV. Therefore avoid theuseof ISA _declarations . Usemoduleinstancesnstead.

2.4 Speci cations

The speci®cationso be checled on the FSM canbe expressedn two differenttemporallogics:
ComputationTreeLogic CTL, andLinear TemporalLogic LTL extendedwith PastOperators.
It is also possibleto analyzequantitatve characteristicof the FSM by specifyingreal-time
CTL speci®cations.Speci®cationgan be positionedwithin modules,in which casethey are
preprocessetb renamehevariablesaccordingto their context.

CTL andLTL speci®cationsre evaluatedby NUSMYV in orderto determinetheir truth or
falsityin the FSM.Whenaspeci®cations discoveredto befalse, NUSMV constructandprints
acountergample,i.e. atraceof the FSM thatfalsi®esthe property

2.4.1 CTL Speci®cations

A CTL speci®cations givenasaformulain thetemporallogic CTL, introducedby thekeyword
"SPEC. Thesyntaxof this speci®catioris:

ctl_specification :: SPEC ctl_expr ;
Thesyntaxof CTL formulasrecognizecdby NUSMYV is asfollows:

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

9The modulemain is instantiatedwith the so called emptyidenti®erwhich cannotbe referencedn a
program.
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ctl_expr & ctl_expr -- logical and

I

| 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 operatorctl _expr cannotcontainit either
Thectl _expr shouldalsobeaboolean expression.
Intuitively the semantic®f CTL operatorss asfollows:

EX p is truein astates if there existsa states® suchthata transitiongoesfrom s to s°
andpis truein s°

AX pistruein astates if for all statess® wherethereis atransitionfrom s to s°, pis true
ins?

EF p is truein a statesy if there existsa seriesof transitionssp ! s1,s1 ! s, ...,
Sn 1! sn suchthatpistruein sy.

AF pistruein astatesy if for all seriesof transitionssg ! s1,51 ! S2,...,Sn 1! Sn
pistruein sp.

EG p istruein astates, if ther existsanin®nite seriesof transitionsy ! s1,81 ! S2,
... suchthatpis truein everys;.

AG p istruein astatesy if for all in®nite seriesof transitionsy ! s1,s1 ! sS2,... p
istruein everys;.

E[p U q] istruein astatesy if there existsa seriesof transitionssg ! s1,51 ! S,
..,Sn 1! snsuchthatpistruein everystatefromsp tos, 1 andqistruein statesy, .

Al p U q] istruein astatesy if for all seriesof transitionssg ! s1,s1 ! s2, ...,
sn 1! sp pistruein everystatefrom sp to s, 1 andqis truein statesy, .

A CTL formulais trueif it is truein all initial states.

2.4.2 Invariant Speci®cations

It is alsopossibleto specifyinvariantspeci®cationsvith specialconstructsinvariantsarepropo-
sitional formulaswhich musthold invariantly in the model. The correspondingcommandis
INVARSPECGC with syntax:

invar_specification :: INVARSPEC simple_expr ;
This statements equivalentto
SPEC AG simple_expr ;

but canbe checled by a specialisedilgorithmduringreachabilityanalysis.
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2.4.3 LTL Speci®cations
LTL speci®cationgreintroducedy thekeyword LTLSPEC The syntaxof this speci®catioris:

Itl_specification :: LTLSPEC Itl_expr [:]

Thesyntaxof LTL formulasrecognizedby NUSMYV is asfollows:

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

Intuitively the semantic®f LTL operatorss asfollows:
X pistrueattimet if pistrueattimet + 1.
F pistrueattimet if pis trueatsometimet® t.
G pistrueattimet if pistrueatall timest® t.

p U q istrueattimet if qis true at sometime t® t, andfor all time t° (suchthat
t  t% t9Ypistrue.

p V qistrueattimet if qholdsatall timesteps® t upto andincludingthetime step
t®wherep alsoholds. Alternatively, it may bethe casethatp never holdsin which case
qmustholdin all timestepst® t.

Y pistrueattimet > Oif p holdsattimet 1.Y p isfalseattimeto.

Z pisequivalenttoY p with theexceptionthattheexpressioris true attimeto.
H pistrueattimet if p holdsin all previoustime stepst® t.

O pistrueattimet if p heldin atleastoneof theprevioustime stepst®  t.

p S qistrueattimet if qheldattimet® t andp holdsin all time stepsfromt®to t
inclusive.

p T qistrueattimet if p heldattimet® t andqholdsin all time stepsfromt®to t
inclusive. Alternatively, if p hasnever beentrue,theng mustholdin all time stepsfrom
to tot.

An LTL formulais trueif it is trueattheinitial timet = 0.
In NUSMV, LTL speci®cationsanbeanalyzectothby meansf BDD-basedeasoninger
by meanof SAT-basedoundednodelchecking.ln thecaseof BDD-basedeasoningNuSMV
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proceedsiccordingo [CGH97]. ForeachLTL speci®cationatableawf thebehaiorsfalsifying
the propertyis constructedandthensynchronouslicomposedvith the model. With respecto
[CGH97], the approachis fully integratedwithin NUSMV, and allows full treatmentof past
temporaloperators. Note that the countergample generatedsucha way to shav the falsity
of aLTL speci®cationrmay containstatevariableswhich have beenintroducedby the tableau
constructiorprocedure.

In thecaseof SAT-basedeasoningasimilartableauconstructioris carriedoutto encodehe
pathsof limited length,violating the property NUSMV generates propositionalsatis®ability
problem thatis thentackledby meanf anef®cient SAT solver[BCCZ99].

In bothcasesthetableauconstruction@arecompletelytransparento the user

2.4.4 RealTime CTL Speci®cationsand Computations

NuSMYV allows for Real Time CTL speci®cationdEMSS91]. NUSMV assumeghat each
transitiontakes unit time for execution. RTCTL extendsthe syntaxof CTL path expressions
with thefollowing boundednodalities:

rtctl_expr
ctl_expr

| EBF range rtctl_expr

| ABF range rtctl_expr

| EBGrange 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, thesemanticof the RTCTL operatorss asfollows:

EBF m. n p requireshatthereexistsa pathstartingfrom a state,suchthatpropertyp
holdsin afuturetimeinstanti, withm i n

ABF m. n p requireghatfor all pathsstartingfrom a state propertyp holdsin afuture
timeinstanti, withm i n

EBG m. n p requiresthatthereexistsa pathstartingfrom a state,suchthatpropertyp
holdsin all futuretime instants, withm i n

ABG m. n p requiresthatfor all pathsstartingfrom a state,propertyp holdsin all
futuretimeinstants, withm i n

E[ p BUm. n q ] requiresthatthereexistsa pathstartingfrom a state,suchthat
propertyq holdsin a futuretime instanti, withm i n, andpropertyp holdsin all
futuretimeinstantg, withm j <'i

A [ p BUm. n q ],requireghatfor all pathsstartingfrom a state propertyq holds
in afuturetimeinstanti, withm i n, andpropertyp holdsin all futuretime instants
jywithm j <

Realtime CTL speci®cationganbede®nedwith thefollowing syntax,which extendsthe syntax

for CTL speci®cations.

rtctl_specification :: SPEC rtctl_expr [;]

With the COMPUTEtatementijt is also possibleto computequantitatve information on the
FSM.In particular it is possibleto computethe exactboundon the delaybetweertwo speci®ed
events,expressedsCTL formulas.The syntaxis thefollowing:

compute_specification . COMPUTEcompute_expr [ ]

32



where

compute_expr ::  MIN [ rtctl_expr , rtctl_expr ]
| MAXT rtctl_expr , rtctl_expr ]
MIN [start , final ] returnsthelengthof theshortespathfrom astatein startto astate

in ®nal. For this, thesetof stategeachabldrom startis computedIf atary point, we encounter
a statesatisfying®nal, we returnthe numberof stepstakento reachthe state.If a ®xed pointis
reachedandno computedstatesntersect®nal thenin®nity is returned.

MAX [start , final ] returnsthelengthof thelongestpathfrom astatein startto a state
in ®nal. If thereexists anin®nite pathbeginningin a statein start thatnever reaches statein
®nal, thenin®nity is returned.

2.4.5 PSL Speci®cations

NuSMYV allowsfor PSLspeci®cationsisfrom versionl.01of PSLLanguagdReferencéManual
[psl03. PSL speci®cationsare introducedby the keyword 3PSLSPEC. The syntaxof this
declaration(asfrom the PSL parserdistributedby IBM, [PSL)) is:

psispec_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®ve classesle®nethe building blocksfor psl. property  andprovide meansof com-
bining instance®f thatclass;they arede®nedasfollows:

psl_primary_expr

number ;;a numeric constant
| boolean ;7 a boolean constant
| var_id ;7 a variable identifier
| f psl_expr , ... , pslexpr g
| f psl_expr "“f" pslexpr , .. , "psl_expr" ag
| ( psl_expr )
S

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
I
I
I
I

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 subclassesf psl _expr we depictthe classpsl _bexpr thatwill beusedin the
following to identify purelybooleanj.e. nottemporalexpressionsTheclassof PSL properties
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 ;o inifite high bound
value_set

f value_range , .. , value_range g
| boolean
value_range

psl_expr
| range

Theinstancef FL_property  aretemporalpropertiesbuilt usingLTL operatorand SEREs
operatorsandarede®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  untill FL_property
FL_property  until FL_property
FL_property  untill_ 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 1 ( FL_property )
next_event ( psl_bexpr ) [ number ] ( FL_property )

next_event_a! ( psl_bexpr ) [psl_expr 1 ( FL_property )
next_event_a ( psl_bexpr ) [psl_expr ] ( FL_property )
next_event_e! ( psl_bexpr ) [psl_expr 1 ( FL_property )
next_event_e ( psl_bexpr ) [psl_expr 1 ( 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,e. istancef classsequence , arede®nedasfollows:

sequence

f SEREg
SERE ::

sequence
| psl_bexpr
;7 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

Istancef OBEproperty  areCTL propertiesn the PSL styleandarede®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 ]

TheNuSMYV parsemllowsto inputary speci®catiorbasednthegrammaiabove, but, currently
veri®cationof PSL speci®cationss supportenly for the OBE subsetandfor a subsebf PSL
for whichit is possibleto de®neatranslationinto LTL. For thespeci®cationshatbelongso this
subsetsit is possibleto applyall theveri®cationtechniqueshatcanbeappliedto LTL andCTL
Speci®cations.

2.5 Variable Order Input

It is possibleto specifythe orderin which variablesshouldappeaiin the BDD's generatedy
NuSMYV. The ®le which givesthe desiredordercanbe readin usingthe -i optionin batch
modeor by settingtheinput _order _file ervironmentvariablein interactve mode.
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2.5.1 Input File Syntax

The syntaxfor input ®les describingthe desiredvariableorderingis asfollows, wherethe ®le
canbeconsideredsallist of variablenamesgachof which mustbe on a separatdine:

vars_list © EMPTY
| var_list_item vars_list
var_list_item ;. complex_identifier
| complex_identifier . integer_number

WhereEMPTYmeangarsingnothing.
This grammarallows for parsinga list of variablenameof 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 justthenameof thevariableif it appearsn the moduleMAIN,
otherwiset hasthe modulename(sprependedo the start,for example:

mod1.mod2...modN.varname

wherevarname is avariablein modN and modN.varname is a variablein modN-1, and
soon. Note thatthe modulenamemain is implicitely prependedo every variablenameand
thereforemustnot beincludedin theirdeclarations.
Any variablewhichappearsn themodel®le, but nottheordering®le is placedafterall theothers
in theordering.Variableswhich appeaiin the ordering®le but notthemodel®le areignored.In
bothcasedNUSMYV displaysa warningmessagstatingtheseactions.
Commentanbeincludedby usingthe samesyntaxasregularNUSMV ®les. Thatis, by
startingtheline with -- .

2.5.2 Scalar Variables

A variablewhich hasa ®nite rangeof valuesthatit cantake is encodedasa setof boolean
variables. Thesebooleanvariablesrepresenthe binary equivalentsof all the possiblevaluesfor
the scalarvariable. Thus,a scalarvariablethat cantake valuesfrom 0 to 7 would requirethree
boolean variablegto representt.

It is possiblenot only to declarethe positionof ascalarvariablein theordering®le, but each
of theboolean variableswhich representit.
If only the scalarvariableitself is namedthenall the booleanvariableswhich areactuallyused
to encoddt aregroupedogetheiin theBDD package.
Variableswvhich aregroupedogethemill alwaysremainnext to eachotherin theBDD package
andin the sameorder Whendynamicvariablere-orderings carriedout, the groupof variables
aretreatedasoneentity andmovedassuch.
If ascalavariableis omittedfrom theordering®le thenit will beaddedattheendof thevariable
orderandthe speci®c-bitvariablesthat representt will be groupedtogether However, if ary
speci®c-bitvariableshave beendeclaredn the ordering®le (seebelow) thenthesewill not be
groupedwith theremainingones.
It is also possibleto specify that speci®c-bitvariablesare placedelsavherein the ordering.
Thisis achieved by ®rst specifyingthe scalarvariablenamein the desiredocation,thensimply
specifyingComplete _Var _Name.i atthepositionwhereyouwantthatbit variableto appear:

Complete _Var _Name
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Complete _Var _Name.i

Theresultof doingthisis thatthevariablerepresentinghei bitis locatedn adifferentposition
to the remainderof the variablesrepresentinghe rest of the bits. The speci®c-bitvariables
varname0, ..., varnamei-1, varnamei+1, ..., varnameN aregroupedogetherasbefore.

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

Complete _Var _Name.i

Complete _Var _Name

Thevariablerepresentinghei®” bit is locatedat the positiongivenin the variableorderingand
theremaindelarelocatedwherethe scalarvariablenameis declared|n this casetheremaining
bit variableswill notbegroupedogether

Thisis justashort-handvay of writing eachindividual speci®c-bitvariablein the ordering®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 boolearvariableso encodeall the
possiblevaluesthatit maytake. It is still possibleto thenspecifyotherspeci®c-bitvariablesat
laterpointsin the ordering®le asbefore.

2.5.3 Array Variables

Whendeclaringarrayvariablesin the ordering®Ile, eachindividual elementmustbe speci®ed
separately It is not permittedto specifyjust the nameof the array The reasonfor this is that
the actualde®nitionof anarrayin themodel®le is essentiallya shorthandnethodof de®ninga
list of variablesthatall have the sametype. Nothingis gainedby declaringit asan arrayover
declaringeachof the elementsndividually, andthereis no differencein termsof the internal
representatioof thevariables.
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Chapter 3

Running NuSMV interactively

The maininteractionmodeof NUSMV is throughaninteractve shell. In this modeNuSMV
entersa read-e@al-print loop. The usercan activate the various NUSMV computationsteps
assystemcommandswith differentoptions. Thesestepscanthereforebe invoked separately
possiblyundoneor repeatedunderdifferentmodalities. Thesestepsinclude the construction
of the modelunderdifferentpartitioningtechniquesmodelcheckingof speci®cationsandthe
con®guratiorof theBDD packageTheinteractive shellof NUSMYV is activatedfrom thesystem
promptasfollows (' NuSMV=is thedefault NUSMV shellprompt):

system _prompt> NuSMV-int <RET>
NuSMv>

A NUSMV commands a sequenc®f words. The ®rst word speci®eghe commando be
executed.The remainingwordsare argumentsto the invoked command.Commandseparated
by a; ' are executedsequentially;the NUSMV shell waits for eachcommandto terminate
in turn. The behaior of commandscan dependon ervironmentvariables,similar to 2csh®
environmentvariables.

In the following we presentthe possiblecommanddollowed by the relatedenvironment
variablesclassi®edn differentcateyories. Every commandanswerdgo the option-h by print-
ing out the commandusage Whenoutputis pagedfor somecommandgoption-m), it is piped
throughthe programspeci®edby the UNIX PAGERshell variable,if de®ned,or throughthe
UNIX commandmore®. Environmentvariablescanbe assigned value with the set’com-
mand. Commandsequenceso NUSMV mustobey the (partial) order speci®edin the ®gure
depictedon page78. For instance,it is not possibleto evaluateCTL expressionsheforethe
modelis built.

A numberof commandsand ervironmentvariables,like thosedealingwith ®le names,
acceptarbitrarystrings. Therearea few resered charactersvhich mustbe escapedf they are
to be usedliterally in suchsituations. Seethe sectiondescribingthe history = command,on
page72,for moreinformation.

Theverbosityof NUSMYV is controlledby the following ervironmentvariable.

verboselevel EnvironmentVariable |

Controlstheverbosityof the system.Possiblevaluesareintegersfrom 0 (no messagesp
4 (full messages)hedefaultvalueis 0.

3.1 Model Readingand Building

Thefollowing commandsllow for the parsingandcompilationof the modelinto aBDD.
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readmodel- Readsa NuSMV®Ie into NuSMV. Command

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

Readsa NUSMYV ®le. If the-i optionis not speci®edjt readsfrom the ®le speci®edn
the ervironmentvariableinput _file

CommandOptions:
-i  model-file Sets the ervironment variable input _file to
model-file , andreadsthe modelfrom thespeci®ed®le.
input_®le EnvironmentVariable |

Storeghe nameof theinput ®le containingthemodel. It canbe setby the2set®command
or by thecommandine option *-i'. Thereis nodefaultvalue.

pp-list EnvironmentVariable |

Storesthelist of pre-processor® berun ontheinput®le beforeit is parsecby NUSMV.

Thepre-processorareexecutedn theorderspeci®edy this variable. Theagumentmust
either be the empty string (specifyingthat no pre-processorareto be run on the input

®le), onesinglepre-processanameor aspaceseperatedist of pre-processanamesnside
doublequotes. Any invalid namesareignored.The defaultis none.

atten _hierarchy - Flattensthe hierarchy of modules Command |

flatten  _hierarchy [-h]

This commands responsiblef theinstantiationof modulesandprocessesTheinstantia-
tion is performedby substitutinghe actualparameteror theformal parametersandthen
by pre®xingtheresultvia theinstancename.

type_checking backward_compatibility EnvironmentVariable |

It is usedto enableor disabletype checking.If setto 1 thenthetype checkingis turned
off, andNUSMV behaesasthe old versionsw.r.t. type checking. If setto O thenthe
type checkingis turnedon, andwheneer a type erroris encounteredvhile compiling a
NuUSMYV programthe useris informedandthe executionstopped.

type_checking warning-on EnvironmentVariable |

Enablemoti®cationof warningmessagegeneratedby thetype checking.If setto 0, then
messagearedisregardedotherwiseif setto 1 they arenoti®edto theuser As default it
setto 1.

show_vars - Showsmodels symbolicvariablesandtheir values Command |

show.wvars [-h] [s] [] [F-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 outputto the programspeci®edby the PAGER
shellvariableif de®ned,elsethroughthe UNIX command
amore®.

-0 output-file Writes the output generated by the command to
output-file

encodevariables - Buildsthe BDD variablesnecessaryo compile Command

themodelinto a BDD.

encode _variables [-h] [ order-file]

Generateshe booleanBDD variablesandthe ADD neededo encodepropositionallythe
(symbolic) variablesdeclaredin the model. The variablesare createdas default in the
orderin whichthey appeain adepth®rsttraversalof the hierarchy

The input order®le canbe partial and can containvariablesnot declaredin the model.
Variablesnot declaredn the modelaresimply discardedVariablesdeclaredn themodel
which arenot listedin the orderinginput ®le will be createdandappendedt the end of
thegivenorderinglist, accordingto the default ordering.

CommandOptions:

-i  order-file Sets the ervironment 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 canbeinspectedandreorderedoy the user
andthenreadbackin.

input_order_®le EnvironmentVariable |

Indicatesthe ®le namecontainingthe variableorderingto be usedin building the model
by the ‘encode _variables ' command.Thereis nodefaultvalue.

write _order_dumps_bits EnvironmentVariable |

Changeghebehaiour of thecommandnwrite _order .

Whenthis variableis set,write _order will dumpthe bits constitutingthe booleanen-
coding of eachscalarvariable,insteadof the scalarvariableitself. This helpsto work
at bits level in the variable ordering®le. Seethe commandwrite _order for further
information. The default valueis 0.

write _order - Writesvariable order to ®le. Command|

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

Writes the currentorderof BDD variablesin the ®le speci®edvia the -0 option. If no
optionis speci®edthe environmentvariableoutput _order _file  will be considered.
If the variableoutput _order _file is unset(or setto an emptyvalue)thenstandard
outputwill beused.

By default, the bits constitutingthe scalarvariablesencodingare not dumped. Whena

variablebit shouldbe dumped,the scalarvariable which the bit belongsto is dumped
insteadf not previously dumped.Theresultis a variableorderingcontainingonly scalar

andboolearmodelvariables.
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To dumpsinglebitsinsteadof the correspondingcalarvariables githertheoption-b can
be speci®ed,or the ervironmentvariablewrite _order _dumps bits mustbe previ-
ouslyset.

Whentheboolearnvariabledumpingis enabledthesinglebits will occurwithin theresult-
ing ordering®le in the samepositionthatthey occuratBDD level.

CommandOptions:

-b Dumps bits of scalar variables instead of the
single scalar variables. See also the variable
write _order _dumps_bits

-0 order-file Setsthe environmentvariable output _order file to
order-file and then dumpsthe orderinglist into that
®le.

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

output_order_®le EmironmentVariabIe|

The ®le where the currentvariable ordering hasto be written. The default value is
‘temp.ord '

build _model - Compilesthe attened hierarchy into a BDD Command |

build _model [-h] [f] [-m Method]

Compilesthe "attenedhierarchyinto a BDD (initial states,invariants, and transition
relation) usingthe methodspeci®edin the ervironmentvariablepartition ~ _method
for building thetransitionrelation.

CommandOptions:

-m Method Sets the ervironment variable partition _method to
the value Method , andthenbuilds the transitionrelation.
Available methodsare Monolithic , Threshold and
Iwls95CP .

-f Forcesmodel construction. By default, only one partition
methodis allowed. This optionallows to overcomethis de-
fault,andto build thetransitionrelationwith differentparti-
tioning methods.

partition _method EnvironmentVariable |

The methodto be usedin building the transition relation, and to computeimagesand
preimagesPossiblevaluesare:

Monolithic . No partitioningatall.

Threshold Conjunctie partitioning, with a simple thresholdheuristic. Assign-
mentsare collectedin a single clusteruntil its size grows over the value speci®ed
in the variableconj _part _threshold . It is possible(default) to useaf®nity
clusteringto improve modelcheckingperformanceSeeaffinity variable.

Iwls95CP. Conjunctie partitioning,with clustersgeneratedndorderedaccording
to the heuristicdescribedn [RAP* 95]. Works in conjunctionwith the variables
image _cluster _size , image W1 image W2 image W3 image W4 1t is
possible(default) to useaf®nity clusteringto improve modelcheckingperformance.
Seeaffinity variable.It is alsopossibleto avoid (default) preorderingof clusters
(see[RAP* 95]) by settingtheiwls95preorder variableappropriately
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conj_part_threshold EnvironmentVariable |

Thelimit of the sizeof clustersin conjunctie partitioning. The default valueis 0 BDD
nodes.

af®nity EmironmentVariabIe|

Enablesaf®nity clusteringheuristicdescribedn [MHS00], possiblevaluesareO or 1. The
defaultvalueis 1.

image_cluster_size EnvironmentVariable |

Oneof the parameterso con®gurethe behaiour of the Iwls95CPpartitioningalgorithm.
image _cluster _size is usedasthresholdvaluefor the clusters.The default valueis
1000 BDD nodes.

imageWf1,2,3,4 EnvironmentVariable |

The other parameterdor the lwls95CP partitioning algorithm. Theseattribute different
weightsto thedifferentfactorsin the algorithm. The default valuesare6, 1, 1, 6 respec-
tively. (For adetaileddescription pleasereferto [RAP* 95].)

iwls95preorder EnvironmentVariable |

Enablesclusterpreorderingfollowing heuristicdescribedn [RAP* 95|, possiblevalues
are0 or 1. Thedefaultvalueis 0. Preorderingcanbevery slow.

image verbosity EnvironmentVariable |

Setstheverbosityfor theimagemethodlwls95CR possiblevaluesare0 or 1. Thedefault
valueis 0.

print _iwls950ptions- Prints the Iwls95Options. Command |

print _iwls950ptions [-h]
Thiscommandgrintsoutthecon®guratiorparametersf thelWLS95 clusteringalgorithm,
i.e.image _verbosity ,image _cluster _size andimage W1,2,3,4 g.

go- Initializesthe systenfor the veri®cation. Command|

go [-h]

This command initializes the system for veri®cation. It is equvalent to the
command sequenceread _model, flatten _hierarchy , encode .variables ,
build _model, build _flat _model, build _boolean _model . If somecommands
have alreadybeenexecutedthenonly theremainingoneswill beinvoked.

processmodel - Performsthe batch stepsandthenreturnscontrol Command
to theinteractiveshell.

process _model [-h] [-i model-file] [-m Method]

Readsthe model, compilesit 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 commandsimulateghe batchbehaior of NuUSMV andthen
returnsthe controlto theinteractve shell.
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CommandOptions:

-i model-file Sets the ervironment variable input _file to
®le model-file , and reads the model from ®le
model-file

-m Method Sets the ervironment variable partition _method to

Method andusest aspartitioningmethod.

3.2 Commandsfor Checking Speci cations
Thefollowing commandsllow for the BDD-basednodelcheckingof aNuSMV model.

computereachable- Computeshe setof readablestates Command |

compute _reachable  [-h]

Computeghesetof reachablestates Theresultis thenusedto simplify imageandpreim-

agecomputationsThis canresultin improved performance$or modelswith sparsestate
spacesSometimeshis optionmay slow down the performancedecaus¢he computation
of reachablestatesnaybevery expensve. Theenvironmentvariableforward _search

is setduringthe executionof thiscommand.

print _reachablestates- Prints outthe numberof reachablestates Command |

print _reachable _states [-h] [-v]
Printsthe numberof reachablestatesof the givenmodel. In verbosemode,printsalsothe
list of all reachablestates. Thereachablestatesarecomputedf needed.

checkfsm - Cheksthetransitionrelationfor totality. Command |

check fsm [-h] [-m | -0 output-file]

Checkdf thetransitionrelationis total. If thetransitionrelationis nottotalthenapotential
deadlockstateis shavn.

CommandOptions:

-m Pipesthe output generatedoy the commandto the pro-
gramspeci®edby the PAGERshellvariableif de®ned else
throughthe UNIX command*more®.

-0 output-file Writes the output generatecby the commandto the ®le

output-file
At the beginningreachablestatesarecomputedn orderto guarante¢hatdeadlockstates
areactuallyreachable.

checkfsm EnvironmentVariable |

Controls the activation of the totality check of the transition relation during the
process _model call. Possiblevaluesare0 or 1. Defaultvalueis 0.

print _fair _states- Prints outthe numberof fair states Command |

print _fair _states [-h] [-V]
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Printsthe numberof fair statesof the givenmodel. In verbosemode,printsalsothelist of
all fair states.

print _fair _transitions - Prints outthe numberof fair states Command |

print _fair _transitions [-h]  [-v]
Printsthe numberof fair transitionsof the given model. In verbosemode,printsalsothe
list of all fair transitions. Thetransitionsaredisplayedasstate-inpupairs.

checkspec- Performsfair CTL modelcheding. Command|
check spec [-h] [-m | -o output-file] [-n number | -p
“ctl-expr [IN  context]"]
Performsfair CTL modelchecking.
A ctl-expr to be checled can be speci®edat commandline using option -p .

Alternatively, option -n can be usedfor checkinga particularformulain the property
databaself neither-n nor-p areusedall the SPECformulasin thedatabasarechecled.

CommandOptions:
-m Pipesthe outputgeneratedy the commandin processing
SPECs to the programspeci®edby the PAGERshell vari-
ableif de®ned elsethroughthe UNIX commandmore®.

-0 output-file Writes the outputgeneratedy the commandn processing
SPECsto the®le output-file

-p "“ctl-expr A CTL formulato be checled. context is the module

[IN context]" instancenamewhich the variablesin ctl-expr mustbe
evaluatedn.

-n  number Checksthe CTL propertywith index number in the prop-
erty database.

If theag-only _search ervironmentvariablehasbeenset,thenaspecializedalgorithm
to checkAG formulasis usedinsteadof the standardnodelcheckingalgorithms.

agonly_search EnvironmentVariable |

Enablesthe useof an ad hoc algorithmfor checkingAG formulas. Given a formula of

theform AG alpha the algorithmcomputeghe setof statessatisfyingalpha andchecks
whetherit containghe setof reachablestates|f thisis notthecasetheformulais proved
to befalse.

forward _search EnvironmentVariable |

Enablesthe computationof the reachablestatesduring the process _model command
andwhenusedin conjunctionwith theag_only _search environmentvariableenables
theuseof anadhocalgorithmto verify invariants.

checkinvar - Performsmodelcheding of invariants Command |
check _invar [-h] [-m | -o output-file] [Fn number | -p
"invar-expr [IN  context]"]

Performsinvariantcheckingon the givenmodel. An invariantis a setof states.Checking
theinvariantis the proces®f determininghatall stategeachabldrom theinitial statedie
in theinvariant. Invariantsto be veri®edcanbe provided assimpleformulas(without any
temporaloperators)n theinput®le via theINVARSPECkeyword or directly atcommand
line, usingthe option-p .
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Option-n canbe usedfor checkinga particularinvariantof themodel. If neither-n nor
-p areused.all theinvariantsarechecled.

During checkingof invariantall the fairnessconditionsassociateavith the modelareig-
nored.

If aninvariantdoesnot hold, a proof of failure is demonstratedThis consistsof a path
startingfrom aninitial stateto a statelying outsidetheinvariant. This pathhastheproperty
thatit is theshortespathleadingto a stateoutsidetheinvariant.

CommandOptions:

-m Pipesthe output generatedby the programin processing
INVARSPECSs to the program speci®edby the PAGER
shellvariableif de®ned,elsethroughthe UNIX command
amore®.

-0 output-file Writes the outputgeneratedy the commandn processing
INVARSPEGCs to the®le output-file

-p invar-expr Thecommandine speci®ednvariantformulato beveri®ed.

[IN context]" context is themoduleinstancenamewhich thevariables
in invar-expr mustbe evaluatedin.

checkltlspec - PerformsLTL modelcheding Command |
check _ltlspec [-h]  [-m | -o output-file] [-n number | -p
"Itl-expr [IN  context]"]

Performanodelcheckingof LTL formulas.LTL modelcheckingis reducedo CTL model
checkingasdescribedn the paperby [CGH97].

A ltl-expr to bechecled canbe speci®edat commandine usingoption-p . Alterna-
tively, option-n canbeusedfor checkinga particularformulain the propertydatabaself
neither-n nor-p areusedall theLTLSPECformulasin thedatabasarechecled.

CommandOptions:

-m Pipesthe output generatedby the commandin process-
ing LTLSPEGs to the program speci®edby the PAGER
shellvariableif de®ned,elsethroughthe UNIX command
amore®°.

-0 output-file Writes the outputgeneratedy the commandn processing
LTLSPEGsto the®le output-file

-p "ltl-expr An LTL formulato be checled. context is the module

[IN context]" instancenamewhich the variablesin Itl-expr mustbe
evaluatedn.

-n  number Checksthe LTL propertywith index number in the prop-
erty database.

compute- Performscomputatiorof quantitativecharacteristics Command |
compute [-h] [-m | -0 output-file] [Fn number | -p

"compute-expr [IN  context]"]

This commanddealswith the computatiorof quantitatve characteristicef realtime sys-
tems. It is ableto computethe lengthof the shortes{longest)pathfrom two given setof
states.

MAX][ alpha , beta ]
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MIN [ alpha , beta ]
Propertieof the above form canbe speci®edn theinput ®le via the keyword COMPUTE
or directly at commandine, usingoption-p .

Option-n canbe usedfor computinga particularexpressionin the model. If neither-n
nor-p areused.all the COMPUTESspeci®cationsrecomputed.

CommandOptions:

-m Pipesthe output generatedby the commandin process-
ing COMPUTE&to the program speci®edby the PAGER
shellvariableif de®ned,elsethroughthe UNIX command
amore®.

-0 output-file Writes the outputgeneratedy the commandn processing
COMPUT#&o the®le output-file

-p “"compute-expr A COMPUTE formula to be checled. context

[IN context]" is the module instance name which the variables in
compute-expr  mustbeevaluatedn.

-n  number Computenly the propertywith index number .

add_property - Addsa propertyto thelist of properties Command |
add _property [-h] [(-c | -1 | -i | -q) -p "“formula

[IN  context]"]

Adds a propertyin the list of properties. It is possibleto insertLTL, CTL, INVAR
and quantitatve (COMPUTEproperties. Every newly insertedpropertyis initialized to
uncheclked. A type optionmustbe givento properlyexecutethe command.

CommandOptions:
-C Addsa CTL property
-l AddsanLTL property
-i AddsanINVAR property
-q Addsa quantitatve (COMPUTEproperty
-p “"formula  [IN Adds the formula  speci®ed on the command-line.
context]" context is themoduleinstancenamewhich thevariables

informula mustbeevaluatedn.

3.3 Commandsfor BoundedModel Checking

In this sectionwe describein detail the commanddor doing and controlling BoundedModel
Checkingin NuSMV. BoundedModel Checkingis basedon the reductionof the bounded
model checkingproblemto a propositionalsatis®ability problem. After the problemis gen-
erated NUSMYV internallycallsa propositionalSAT solverin orderto ®nd anassignmenivhich
satis®eghe problem.CurrentlyNUSMYV supplieshreeSAT solvers: SIM, Zchaf andMiniSat.
Notice that Zchaf andMiniSat are for non-commerciapurposenly. They arethereforenot
includedin the sourcecodedistribution or in someof the binarydistributionsof NUSMV.

Somecommandsfor BoundedModel Checkinguseincrementalalgorithms. Thesealgo-
rithms exploit the fact that satis®ability problemsgeneratedor a particular boundedmodel
checkingproblem often sharecommonsubparts. So information obtainedduring solving of
one satis®ability problemcanbe usedin solving of anotherone. The incrementalalgorithms
usuallyrun quicker thennon-incrementabnesbut requirea SAT solver with incrementainter-
face. At themoment,only Zchaf andMiniSat offer suchaninterface. If noneof thesesolvers
arelinkedto NUSMV, thenthe commandsvhich male useof the incrementaklgorithmswill
notbeavailable.
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It is alsopossibleto generatehe satis®abilityproblemwithout calling the SAT solver. Each
generategbroblemis dumpedn DIMA CSformatto a®le. DIMA CSis thestandardormatused
asinput by mostSAT solwvers, soit is possibleto use NUSMV with a separatexternal SAT
solver. At themomentthe DIMA CS®lescanbegenerateanly by commandsvhich do notuse
incrementahlgorithms.

bmc_setup- Buildsthemodelin a BooleanEpressiorformat. Command|

bmc_setup [-h]
You mustcall this commandbeforeuseary otherbmc-relatedcommand.Only onecall
persessioris required.

go_bmc - Initializesthe systenfor the BMC veri®cation. Command|

go_bmc [-h]

This command initializes the system for veri®cation. It is equvalent to the
command sequenceread _model , flatten _hierarchy , encode _variables
build _boolean _model ,bmc_setup . If somecommandave alreadybeenexecuted,
thenonly theremainingoneswill beinvoked.

checkltlspec_bmc - ChedsthegivenLTL speci®cationpr all LTL Command
speci®cationsf no formulais given. Cheding parametes are the
maximumengthandtheloopbad value

check _ltispec  bmc [-h | -n idx | -p "formula [IN context]"]

[-k maxlength] [l loopback] [-0 filename]

This commandgeneratesneor moreproblemsandcalls SAT solver for eachone. Each
problemis relatedto a speci®cproblembound,whichincrease$rom zero(0) to thegiven
maximumproblemlength.Heremax_length is theboundof the problemthatsystemis
goingto generateandsolwe. In this contet the maximumproblemboundis represented
by the-k commandparameteror by its default valuestoredin the environmentvariable
bmc_length . Thesinglegenerategrroblemalsodependntheloopback parameter
you canexplicitly specifyby the-I option, or by its default value storedin the environ-
mentvariablebmc_loopback

The propertyto be checled may be speci®edusingthe-n idx orthe-p “formula"
options.If youneedto generata DIMA CSdump®le of all generategroblemsyou must
usetheoption-o “filename"

CommandOptions:
-n index index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiedatabase.
-p "formula  [IN Checks the formula  speci®ed on the command-line.
context]" context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedn.
-k maxlength maxlengthis the maximumproblemboundto be checled.

Only naturalnumbersarevalid valuesfor this option. If no
valueis giventhe ervironmentvariablebmclengthis con-
siderednstead.
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-l loopbadk Theloopbadk valuemaybe:

a naturalnumberin (0, maxlength-]). A positive sign
("+") canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.

aneggative numberin (-1, -bmclength. In this caseloop-
bad is considered valuerelative to maxlength Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.

thesymbol X', which meansnoloopback®.
thesymbol™* ', whichmeansgall possibldoopbacksrom
zeroto length-P.

-0 ®lename ®lenameis the nameof the dumpeddimacs®le. It maycon-
tain specialsymbolswhich will be macro-e&pandedo form
thereal®le name.Possiblesymbolsare:

@F:modelnamewith pathpart.

@f: modelnamewithout pathpart.

@k: currentproblembound.

@!: currentloopbackvalue.

@n: index of the currentlyprocessedormulain the prop-

erty database.
@@:the @' character

checkltlspec_bmc_onepb- CheksthegivenLTL speci®cationpr Command
all LTL speci®cationsf no formulais given. Cheking parametes
are thesingleproblemboundandtheloopbad value

check _ltlspec  _bmconepb [-h | -n idx | -p "formula"

[IN  context]] [-k  length] [-I  loopback] [-0 filename]

As commandcheck _ltispec _bmc but it producesonly one single problem with
®xed boundand loopbackvalues,with no iteration of the problemboundfrom zeroto
maxlength.

CommandOptions:

-n index index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiesdatabaseThe valid-
ity of index valueis checled out by the system.

-p “"formula  [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.

-k length lengthis the problemboundusedwhengeneratinghe sin-

gle problem. Only natural numbersare valid valuesfor

this option. If no valueis given the ervironmentvariable

bmc_length is considerednstead.

-l loopbadk Theloopbadk valuemaybe:

a naturalnumberin (0, maxlength-]). A positive sign
('+) canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
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aneggative numberin (-1, -bmclength. In this caseloop-
bad is considereda valuerelative to length Any invalid
combinatiorof lengthandloopbackwill beskippedduring
thegeneration/solvingrocess.

thesymbol' X', which meansnoloopback®.

the symbol'*', which meansall possibleloopbackfrom

zeroto length-2.
-0 ®lename ®lenameis the nameof the dumpeddimacs®le. It maycon-

tain specialsymbolswhichwill be macro-epandedo form
thereal®le name.Possiblesymbolsare:

@F: modelnamewith pathpart.

@f: modelnamewithout pathpart.

@Kk: currentproblembound.

@!: currentloopbackvalue.

@n: index of the currentlyprocessedormulain the prop-

erty database.
@@:the'@' character

genltlspec_bmc - Dumpsinto one or more dimacs®les the given Command
LTL speci®cationor all LTL speci®cationsf no formulais given.

Geneation and dumpingparametes are the maximumboundand

theloopbad value

gen_tlspec _bmc [-h | -n idx | -p "formula" [IN context]]

[-k  maxlength] [[I  loopback] [-0 filename]

This commandgenerate®ne or more problems,anddumpseachprobleminto a dimacs

®le. Eachproblemis relatedto a speci®cproblembound whichincrease$rom zero(0) to

the given maximumproblembound.In this shortdescriptionength  is theboundof the

problemthatsystemis goingto dumpout.

In this contet the maximumproblemboundis representethy the maxlengthparameter

or by its default valuestoredin the environmentvariablebmc_length

Eachdumpedproblemalsodepend®n theloopbackyou canexplicitly specifyby the-I

option,or by its default valuestoredin the ervironmentvariablebmc_loopback

Thepropertyto bechecledmaybespeci®edusingthe-n idx orthe-p "formula

options.

You may specify dimacs®le nameby usingthe option-o filename | otherwisethe

default value storedin the ervironmentvariablebmc_dimacs _filename will be con-

sidered.

CommandOptions:

-n index index is the numericindex of avalid LTL speci®catiorfor-

mulaactuallylocatedin the propertiesdatabaseThe valid-
ity of index valueis checledout by the system.

-p “formula  [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.

-k maxlength maxlengthis the maximumproblemboundusedwhenin-

creasingproblembound startingfrom zero. Only natural
numbersarevalid valuesfor this option. If novalueis given
theenvironmentvariablebmclengthvalueis consideredn-
stead.
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-l loopbadk Theloopbadk valuemaybe:

a naturalnumberin (0, maxlength-]). A positive sign
('+) canbe alsousedas pre®x of the number Any in-
valid combinationof boundandloopbackwill be skipped
duringthe generatioranddumpingprocess.

anegative numberin (-1, -bmclength. In this caseloop-
bad is considered valuerelative to maxlength Any in-

valid combinationof boundandloopbackwill be skipped
duringthe generatiomprocess.

thesymbol X', which meansnoloopback®.

the symbol™*', which meanstall possibleloopbackfrom

zeroto length-2.

-0 ®lename ®lenameis the nameof dumpeddimacs®les. If this options
is not speci®ed yvariablebmc dimacs®lenamewill be con-
sidered. The ®le namestring may containspecialsymbols
which will be macro-&pandedto form the real ®le name.
Possiblesymbolsare:

@F: modelnamewith pathpart.

@f: modelnamewithout pathpart.

@Kk: currentproblembound.

@!: currentloopbackvalue.

@n: index of the currentlyprocessedormulain the prop-

erty database.
@@:the @' character

genltlspec_bmc_onepb- Dumpsinto onedimacs®le the problem Command
geneated for the givenLTL speci®cation,or for all LTL speci®-

cationsif no formulais explicitly given. Geneation and dumping

parametes are the problemboundandtheloopbad value

gen_ltlspec _bmconepb [-h | -n idx | -p "formula"

[IN  context]] [-k  length] [-I  loopback] [-0 filename]
Asthegen _tlspec _bmccommandputit generateanddumpsonly oneproblemgiven
its boundandloopback.

CommandOptions:
-n index index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiesdatabaseThe valid-
ity of index valueis checled out by the system.

-p "formula [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.

-k length lengthis the single problem bound usedto generateand

dumpit. Only naturalnumbersare valid valuesfor this

option. If no value is given the ervironment variable

bmc_length is considerednstead.

-l  loopbadk Theloopbadk valuemaybe:

anaturalnumberin (0, length-J). A positive sign('+") can
be alsousedaspre®x of the number Any invalid combi-
nation of lengthandloopbackwill be skippedduringthe
generatioranddumpingprocess.
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negative numberin (-1, -length. Any invalid combination
of lengthandloopbackwill be skippedduringthegenera-

tion process.
thesymbol X', which meansnoloopback®.

the symbol™ ', which meansall possibleloopbackfrom
zeroto length-2.

-0 ®lename ®lenameis the nameof the dumpeddimacs®le. If this op-
tions is not speci®ed,variable bmc dimacs _filename
will be considered.The ®le namestring may containspe-
cial symbolswhichwill bemacro-&pandedo form thereal
®le name.Possiblesymbolsare:
@F:modelnamewith pathpart
@f: modelnamewithout pathpart
@k: currentproblembound
@!: currentloopbackvalue
@n: index of the currentlyprocessedormulain the prop-
erty database
@@:the'@' character
checkltlspec_bmc_inc - ChedsthegivenLTL speci®cationpr all Command

LTL speci®cationsf no formulais given,usingan incrementalal-
gorithm. Chedking parametes are the maximumlength and the
loopbad value

check _ltlspec
context]"]

For eachproblemthis commandncrementallygeneratesnary satis®abilitysubproblems
and calls the SAT solver on eachone of them. The incrementalalgorithm exploits the
factthat subproblem#$ave commonsubpartsso information obtainedduring a previous
call to the SAT solver canbe usedin the consecutie ones.Logically, this commandloes
the samething ascheck _ltispec  _bmc (seethe descriptionon page48) but usually
runs considerablyquicker. A SAT solver with an incrementalinterfaceis requiredby
this command ,thereforeif no suchSAT solver is pravided then this commandwill be
unavailable.

CommandOptions:

-n

P

index

"formula

context]"

-k maxlength

loopbadk

[Fh | -n idx | -p "formula [IN

max_length] [l loopback]

index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiedatabase.
Checks the formula  speci®ed on the command-line.
context is themoduleinstancenamewhich thevariables
in formula mustbe evaluatedn.
maxlength is the maximum problem bound must be
reached. Only natural numbersare valid valuesfor this
option. If no value is given the ervironment variable
bmclengthis considerednstead.
Theloopbadk valuemay be:
a naturalnumberin (0, maxlength-J). A positive sign
(+") canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
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angyative numberin (-1, -bmclength. In this caseloop-
bad is consideredhvaluerelative to maxlength Any in-

valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.

thesymbol X', which means$noloopback®.

the symbol™* ', which meansgtall possibleloopbackfrom

zeroto length-P.

checkltlspec_bmc_sbmc- Chedksthe givenLTL speci®cation,or Command
all LTL speci®cationsf no formulais given. Chedking parametes
are the maximumnlengthandtheloopbad value

check _ltlspec  _bmcsbmc [-h | -n idx | -p "formula [IN
context]"] [-k  maxlength] [ loopback] [-0 filename]

This commandgenerate®neor more problems,andcalls SAT solver for eachone. The
BMC encodingusedis the one by of Latvala, Biere, Heljanko and Junttilaasdescribed
in [LBHJO5]. Eachproblemis relatedto a speci®cproblembound,which increasesrom
zero(0) to the given maximumproblemlength. Heremaxlength is the boundof the
problemthatsystemis goingto generatendsolwe. In this context the maximumproblem
boundis representethy the-k commandparameteror by its default value storedin the
ervironmentvariablebmc_length . The single generategroblemalsodependsn the
loopback parameteyou canexplicitly specifyby the-I option,or by its default value
storedin the ervironmentvariablebmc_loopback

The propertyto be checled may be speci®edusingthe-n idx orthe-p "formula"
options.If youneedto generata DIMA CSdump®le of all generategroblemsyou must
usetheoption-o “filename"

CommandOptions:
-n index index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiedatabase.
-p “formula  [IN Checks the formula  speci®ed on the command-line.
context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.
-k maxlength maxlengthis the maximumproblemboundto be checled.

Only naturalnumbersarevalid valuesfor this option. If no
valueis giventhe ervironmentvariablebmclengthis con-
siderednstead.
-l loopbadk Theloopbadk valuemaybe:
a naturalnumberin (0, maxlength-]). A positive sign
("+") canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
aneggative numberin (-1, -bmclength. In this caseloop-
bad is considered valuerelative to maxlength Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
thesymbol X', which meansnoloopback®.
thesymbol™* ', whichmeansgall possibldoopbacksrom
zeroto length-P.
-0 ®lename ®lenameis the nameof the dumpeddimacs®le. It maycon-
tain specialsymbolswhichwill be macro-&pandedo form
thereal®le name.Possiblesymbolsare:
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@F:modelnamewith pathpart.

@f: modelnamewithout pathpart.

@Kk: currentproblembound.

@!: currentloopbackvalue.

@n: index of the currentlyprocessedormulain the prop-

erty database.
@@:the @' character

checkltlspec_bmc_sbmc.inc - ChedsthegivenLTL speci®cation, Command
or all LTL speci®cationsf no formulais given. Cheding parame-
ters are the maximumengthandtheloopbad value

check _ltlspec _bmcsbmc.inc [-h | -n idx | -p "formula [IN
context]"] [-k  maxlength] [ loopback] [-0 filename]

Thiscommandyeneratesneor moreproblemsandcallsSAT solverfor eachone. Theln-
crementaBMC encodinguseds theoneby of Heljanko, JunttilaandLatvala,asdescribed
in [KHLO5]. For eachproblemthis commandncrementallygeneratesnary satis®ability
subproblemsand calls the SAT solver on eachone of them. Eachproblemis relatedto
a speci®cproblembound,which increasegrom zero(0) to the given maximumproblem
length. Heremax.ength is the boundof the problemthat systemis goingto generate
andsolve. In this context the maximumproblemboundis representedby the -k com-
mandparameteror by its default valuestoredin the environmentvariablebmc_length
Thesinglegenerategroblemalsodependontheloopback parameteyou canexplic-
itly specifyby the -l option, or by its default value storedin the ervironmentvariable
bmc_loopback

The propertyto be checled maybe speci®edusingthe-n idx orthe-p “formula"
options.If youneedto generatea DIMA CSdump®le of all generategroblemsyou must
usetheoption-o “filename"

CommandOptions:
-n index index is the numericindex of avalid LTL speci®catiorfor-
mulaactuallylocatedin the propertiedatabase.
-p "formula [IN Checks the formula  speci®ed on the command-line.
context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.
-k maxlength maxlengthis the maximumproblemboundto be checled.

Only naturalnumbersarevalid valuesfor this option. If no

valueis giventhe ervironmentvariablebmclengthis con-

siderednstead.

-l loopbadk Theloopbadk valuemaybe:

a naturalnumberin (0, maxlength-]). A positive sign
("+") canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
aneggative numberin (-1, -bmclength. In this caseloop-
bad is consideredh valuerelative to maxlength Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
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thesymbol X', which meansnoloopback®.
thesymbol™* ', whichmeangall possibldoopbackfrom
zeroto length-P.

-0 ®lename ®lenameis the nameof the dumpeddimacs®le. It maycon-
tain specialsymbolswhichwill be macro-epandedo form
thereal®le name.Possiblesymbolsare:

@F:modelnamewith pathpart.

@f: modelnamewithout pathpart.

@Kk: currentproblembound.

@!: currentloopbackvalue.

@n: index of the currentlyprocessedormulain the prop-
erty database.

@@:the @' character

bmc_length EnvironmentVariable |

Setsthe generategroblembound. Possiblevaluesare ary naturalnumber but mustbe
compatiblewith the currentvalueheld by the variablebmcloopbadk. Thedefault valueis
10.

bmc_loopback EnvironmentVariable |

Setsthe generategbroblemloop. Possiblevaluesare:
Any naturalnumbey but lessthanthe currentvalue of the variablebmclength In
this casetheloop pointis absolute.

Any neggative number but greatetthanor equalto -bmclength In this casespeci®ed
loopis thelooplength.

Thesymbol' X', which meansnoloopback®.

Thesymbol'*', which meangary possibldoopbacks®.

Thedefaultvalueis * .

bmc_dimacs ®lename EnvironmentVariable |

Thisis thedefault®le nameusedwhengeneratindIMA CSproblemdumps.Thisvariable
may betakeninto accountby all commandshich belongto the genltlspecbmcfamily.
DIMA CS ®le namecancontainspecialsymbolswhich will be expandedo representhe
actual®le name.Possiblesymbolsare:

@F Thecurrentlyloadedmodelnamewith full path.

@f The currentlyloadedmodelnamewithout pathpart.

@n Thenumericaindex of thecurrentlyprocessefbrmulain thepropertydatabase.

@k Thecurrentlygenerategroblemlength.

@I Thecurrentlygenerategbroblemloopbackvalue.

@@The @' character

Thedefaultvalueis 2@f k@kl@! n@n°.

checkinvar_bmc - Geneatesandsolveghegiveninvariant, or all Command
invariantsif no formulais given
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check _invar _bmc [-h | -n idx | -p "formula" [IN  context]]

[(a alg] [-0 filename]

In BoundedModel Checking,invariantsareproved usinginduction. For this, satis®ability
problemsfor the baseandinduction stepare generatecand a SAT solver is invoked on
eachof them. At the moment,two algorithmscan be usedto prove invariants. In one
algorithm,which we call classic®the baseandinductionstepsarebuilt on onestateand
onetransition,respectiely. Anotheralgorithm,which we call 2een-sorenssofES04],
canbuild the baseand induction stepson mary statesand transitions. As a result, the
secondalgorithmis morepowerful.

CommandOptions:

-n index index is the numericindex of a valid INVAR speci®cation
formula actuallylocatedin the propertydatabase The va-
lidity of index valueis checled out by the system.

-p "formula  [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
informula mustbeevaluatedn.

-k maxlength maxlength is the maximum problem bound that can be
reached Only naturalnumbersarevalid valuesfor this op-
tion. Usethis optiononly if the2een-sorenssoatgorithm
is selected. If no valueis given the ervironmentvariable
bmclengthis considerednstead.

-a alg alg speci®eghe algorithm. Thevaluecanbeclassic  or
een-sorensson . If novalueis given the ervironment
variablebmcinvar_alg is considerednstead.

-0 ®lename ®lenameis the nameof thedumpeddimacs®le. It maycon-
tain specialsymbolswhichwill be macro-epandedo form
thereal®le name.Possiblesymbolsare:

@F: modelnamewith pathpart
@f: modelnamewithout pathpart
@n: index of thecurrentlyprocessedormulain the prop-

ertiesdatabase
@:the @' character

geninvar_bmc - Geneatesthe giveninvariant, or all invariantsif Command
no formulais given

gen_nvar _bmc [-h | -n idx | -p "formula [IN context]"]

[-o filename]

At the moment,the invariantsare generatedising 2classiclgorithmonly (seethe de-
scriptionof check _invar _bmconpage55).
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CommandOptions:
-n index index is the numericindex of a valid INVAR speci®cation
formula actuallylocatedin the propertydatabase The va-
lidity of index valueis checled out by the system.

-p “"formula [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedn.

-0 ®lename ®lenameis the nameof the dumpeddimacs®le. If you do

not usethis option the dimacs®le nameis taken from the
ervironmentvariablebmc_invar _dimacs _filename
File name may contain special symbols which will be
macro-&pandedto form the real dimacs®le name. Possi-
ble symbolsare:

@F: modelnamewith pathpart

@f: modelnamewithout pathpart

@n: index of thecurrentlyprocessedormulain the prop-

ertiesdatabase
@:the'@' character

checkinvar_bmc_inc - Genentesand solvesthe giveninvariant, Command
or all invariantsif no formulais given, using incrementalalgo-
rithms

check _invar _bmcinc [-h | -n idx | -p "formula" [IN context]]

[-a algorithm]

This commanddoesthe samething ascheck _invar _bmc (seethe descriptionon page
55) but usesan incrementalalgorithm and thereforeusually runs considerablyquicker.
The incrementalalgorithmsexploit the fact that satis®ability problemsgeneratedor a
particularinvarianthave commonsubpartssoinformationobtainedduring solving of one
problemcanbe usedin solvinganotherone. A SAT solver with anincrementainterface
is requiredby thiscommandIf no suchSAT solweris providedthenthis commandvill be
unavailable.

Therearetwo incrementalalgorithmswhich canbe used: 2Dual®and2ZigZag®. Both
algorithmsareequallypowerful, but mayshawv differentperformancelependingpna SAT
solver usedandaninvariantbeingproved. At the moment,the 23Dual®algorithmcannot
be usedif thereareinput variablesin a given model. For additionalinformation about
algorithms conside{ES04].

CommandOptions:
-n index index is the numericindex of a valid INVAR speci®cation
formula actuallylocatedin the propertydatabase The va-
lidity of index valueis checled out by the system.

-p "formula  [IN Checks the formula  speci®ed on the command-line.

context]" context is themoduleinstancenamewhich thevariables
in formula mustbeevaluatedn.

-k maxlength maxlength is the maximum problem bound that can be

reached. Only natural numbersare valid valuesfor this
option. If no value is given the ervironment variable
bmclengthis considerednstead.
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-a alg alg speci®eghe algorithmto use. The value canbe dual
or zigzag . If novalueis giventhe ervironmentvariable
bmcinc_invar_alg is considerednstead.

bmc_invar_alg EnvironmentVariable |

Setsthedefaultalgorithmusedby thecommandheck _invar _bmc. Possiblevaluesare
classic andeen-sorensson . Thedefaultvalueis classic

bmc_inc_invar_alg EnvironmentVariable |

Setsthe defaultalgorithmusedby thecommandcheck _invar _bmc.nc . Possibleval-
uesaredual andzigzag . Thedefaultvalueisdual .

bmc_invar_dimacs ®lename EmironmentVariabIe|

This is the default ®le nameusedwhengeneratindIMA CSinvar dumps. This variable
may be taken into accountby the commandgen _invar _bmc. DIMACS ®le namecan
containspecialsymbolswhichwill beexpandedo representheactual®le name.Possible
symbolsare:

@F Thecurrentlyloadedmodelnamewith full path.
@f The currentlyloadedmodelnamewithout pathpart.

@n The numericalindex of the currently processedormula in the properties
database.

@@The @' character
Thedefaultvalueis @finvar n@n°.

sat.solver EnvironmentVariable |

The SAT solver's nameactuallyto be used.Default SAT solveris SIM. Dependingn the
NuSMV con®gurationalsothe Zchaf andMiniSat SAT solverscanbe availableor not.
NoticethatZchaf andMiniSat arefor non-commerciapurpose®nly.

bmc_simulate - Genentesa traceof the modelfromO (zeio) to k Command |

bmcsimulate [-h | -k ]

bmc_simulate  doesnot requirea speci®catiorto build the problem,becausenly the
modelis usedto build it. Theproblemlengthis representetly the-k commancarameter
or by its default valuestoredin the ervironmentvariablebmc_length

CommandOptions:
-k length lengthis thelengthof thegeneratedgimulation.

3.4 Commandsfor checkingPSL speci cations
Thefollowing commandallow for modelcheckingof PSL speci®cations.

checkpslspec- PerformsPSLmodelchedking Command |
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check _pslspec [-h] [-m | -0 output-file] [-n number | -p
"psl-expr [IN  context]"] [-b [] [l [-1] [k

bmc_lenght] [l loopback]]

Dependingon the characteristicef the PSL propertyandon the options,the commands
appliesCTL-basednodelchecking,or LTL-basedpossibilyboundednodelchecking.

A psl-expr  to bechecled canbe speci®edat commandine usingoption-p . Alterna-
tively, option-n canbe usedfor checkinga particularformulain the propertydatabase.
If neither-n nor-p areused,all the PSLSPECformulasin the databasare checled. If
option-b is used,LTL boundedmodelcheckingis applied,otherwisebdd-basednodel
checkingis applied.For LTL boundednodelcheckingoptions-k and-l canbeusedto
de®nethemaximumproblembound,andthevalueof theloopbackfor thesinglegenerated
problemsrespectiely; their valuescanbe storedin the ervironmentvariablesbmclenght
andbmcloopbad. Singleproblemscanbe generatedy usingoption-1 . By usingop-
tion-i theincrementalersionof boundednodelcheckingis activated. Boundedmodel
checkingproblemscanbe generate@nddumpedn a®le by usingoption-g .

CommandOptions:

-m Pipesthe output generatedby the commandin process-
ing PSLSPEG to the program speci®edby the PAGER
shellvariableif de®ned,elsethroughthe UNIX command
amore®.

-0 output-®le Writes the outputgeneratedy the commandn processing
PSLSPEGCsto the®le output-®le

-p "psl-expr A PSL formula to be checled. context is the module

[IN context]" instancenamewhich the variablesin psl-expr mustbe
evaluatedn.

-n  number Checksthe PSL propertywith index number in the prop-
erty database.

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

-i AppliesincrementalSAT-boundednodelcheckingif avail-
able,i.e. if anincrementalSAT solver hasbeenlinked to
NuSMV. This option canbe usedonly in combinationwith
theoption-b .

-g DumpsDIMA CSversionof boundedmodelcheckingprob-
lem into a ®le whosenamedepend®on the systemvariable
bmc_dimacs _filename . This featureis not allowed in
combinationof the option-i .

-1 Generates single boundedmodel checkingproblemwith
®xed boundandloopbackvalues,it doesnot iterateincre-
mentingthe valueof the problembound.

-k bmclength bmclengthis the maximumproblemboundto be checled.
Only naturalnumbersarevalid valuesfor this option. If no
valueis giventhe ervironmentvariablebmclengthis con-
siderednstead.

-l loopbadk Theloopbak valuemaybe:

a naturalnumberin (0, maxlength-]). A positive sign
(+") canbe alsousedas pre®x of the number Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.
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angyative numberin (-1, -bmclength. In this caseloop-
bad is consideredhvaluerelative to maxlength Any in-
valid combinationof lengthandloopbackwill be skipped
duringthe generation/solvingrocess.

thesymbol X', which means$noloopback®.
thesymbol™ ', whichmeangall possibldoopbackfrom
zeroto length-P If novalueis giventheervironmentvari-
ablebmcloopbad is considerednstead..

3.5 Simulation Commands

In this sectionwe describethe commandghatallow to simulatea NUSMV speci®cation.See
alsothesectionSection3.6 [Traces] page62 thatdescribeshe commandsvailablefor manip-
ulatingtraces.

pick _state- Picksa statefromthe setof initial states Command|

pick state [-h] [v] [r | -i [-@]] [-c  "constraints"]

Choosesan elementfrom the set of initial states,and makesit the current state
(replacingthe old one). The choserstateis storedasthe ®rst stateof a new tracereadyto
be lengtheneddy steps statesby the simulate command. The statecanbe chosen
accordingto different policies which can be speci®edvia commandline options. By
defaultthe stateis choserin adeterministiovay.

CommandOptions:

-v Verboselyprints out chosenstate(all statevariables,oth-
erwiseit prints out only thelabelt.1 of the statechosen,
wheret is the numberof the new trace,thatis the number
of tracessofar generategblusone).

-r Randomlypicksa statefrom the setof initial states.

-i Enablegheuserto interactiely pick up aninitial state.The
useris requestedo choosea statefrom a list of possible
items(every itemin thelist doesnt shawv statevariablesun-
changedwith respecto a previousitem). If the numberof
possiblestateds too high, thenthe userhasto specifysome
furtherconstraintsas®simpleexpression®.

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

-c “"constraints" Usesconstraints to restrictthe setof initial statesin
which the statehasto be picked. constraints mustbe
enclosedetweerdoublequotes’ ™.

showed._states EnvironmentVariable |

Controlsthe maximumnumberof statesshaved during aninteractve simulationsession.
Possiblevaluesareintegersfrom 1 to 100. Thedefaultvalueis 25.

simulate - Performsa simulationfromthe currentselectedstate Command |
simulate  [-h] [p | v [r | - [-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 orgoto _state commands.

It is possibleto run the simulationin threeways (accordingto differentcommandline
policies): deterministiqthe default mode) randomandinteractie.

The resultingsequencds storedin a traceindexed with an integer numbertaking into
accountthe total numberof tracesstoredin the system. Thereis a differentbehaior in
theway tracesarebuilt, accordingto how current stateis set: current stateis always put
atthe beginning of a new trace(soit will containat moststeps+ 1 states)exceptwhenit
is the last stateof anexistentold trace. In this casethe old traceis lengthenedy at most
stepsstates.

CommandOptions:
-p Prints currentgeneratedrace (only thosevariableswhose
valuechangedrom the previous state).
-v Verboselyprints currentgeneratedrace (changedand un-
changedstatevariables).
-r Picksa statefrom a setof possiblefuture statesn arandom
way.

-i Enablesthe userto interactvely chooseevery stateof the
trace,stepby step. If the numberof possiblestatesis too
high, thentheuserhasto specifysomeconstraintassimple
expression.Theseconstraintareusedonly for asinglesim-
ulation stepand areforgottenin the following ones. They
areto beintendedin anoppositeway with respecto those
constraintsventuallyenteredwith the pick _state com-
mand,or duringaninteractive simulationsessior(whenthe
numberof future statego be displayeds too high), thatare
local only to asinglestepof thesimulationandareforgotten
in thenext one.

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

-c “"constraints" Performsa simulationin which computationis restricted
to statessatisfyingthoseconstraints . The desiredse-
guenceof statescould not exist if suchconstraintsveretoo
strongor it mayhapperthatat somepoint of the simulation
a future statesatisfyingthoseconstraintsdoesnt exist: in
that casea tracewith a numberof statedessthan steps
traceis obtained.Note: constraints mustbe enclosed
betweerdoublequotes' ".

steps Maximum length of the path accordingto the constraints.
Thelengthof atracecould containlessthansteps states:
thisis the casein which simulationstopsin anintermediate
stepbecausé maynotexist ary futurestatesatisfyingthose
constraints.
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3.6 Traces

A traceis a sequencef states-inputpairscorrespondingo a possibleexecutionof the model.
Each pair containsthe inputs that causedthe transitionto the new state,and the new state
itself. Theinitial statehasno suchinput valuesde®nedasit doesnot dependon the valuesof
ary of the inputs. The valuesof ary constantsleclaredn DEFINE sectionsarealsopartof a
trace. If the value of a constantdependonly on statevariablesthenit will be treatedasif it
is a statevariabletoo. If it dependonly on input variablesthenit will be treatedasif it is an
input variable. If however, a constantdependsiponbothinput andstatevariables thenit gets
displayedin a seperatécombinatorial%ection.Sincethe valuesof ary suchconstantslepend
ononeor moreinputs,theinitial statedoesnot containthis sectioneither

Tracesarecreatedby NUSMV whenaformulais foundto befalse;they arealsogenerated
asa resultof a simulation(Section3.5 [Simulation Commands]page60). Eachtracehasa
number andthe states-inputpairsarenumberedvithin thetrace. Tracen hasstates/input#.1,
n.2,n.3,”...” wheren.1lrepresentsheinitial state.

3.6.1 Inspecting Traces

Thetraceinspectiorcommand®f NUSMYV allow for navigationalongthelabelledstates-inputs
pairsof thetracesproduced During the navigation,thereis a currentstate andthecurrenttrace
is thetracethe currentstatebelongsto. Thecommandsrethefollowing:

goto_state- Goesto a givenstateof a trace Command |

goto _state [-h] state _label

Makesstate _label thecurrentstate This commands usedto navigatealongtraces
producedby NUSMV . Duringthenavigation,thereis acurrentstate andthecurrenttrace
is thetracethe currentstatebelongso.

print _curr ent_state- Prints outthe currentstate Command |

print _current _state [-h] [-V]
Printsthe nameof the currentstateif de®ned.
CommandOptions:
-v Printsthevalueof all the statevariablesof thecurrentstate

3.6.2 Displaying Traces

NuSMV comeswith threetraceplugins(seeSection3.7[TracePlugins],page64) which canbe
usedto displaytracesin the system.Oncea tracehasbeengeneratedy NUSMV it is printed
to stdout usingthe traceexplanationplugin which hasbeensetasthe currentdefault. The
commandshow_traces (seeSection3.5[SimulationCommands]page60) canthenbeused
to print outoneor moretracesusinga differenttraceplugin, aswell asallowing for outputto a
®le.
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3.6.3 TracePlugin Commands

Thefollowing commandselateto the pluginswhich areavailablein NUSM V.

show_plugins - Showghe availabletraceexplanationplugins Command |
show_plugins  [-h] [-n  plugin-no | -al
CommandOptions:
-n  plugin-no Shavs the plugin with the index number equal to
plugin-no
-a Shaows all theavailableplugins.

Shaws the available pluginsthat canbe usedto displaya tracewhich hasbeengenerated
by NUSMV, or thathasbeenloadedwith theread _trace commandThepluginthatis
usedto readin atraceis alsoshavn. The currentdefault pluginis markedwith 3D] °.

All theavailablepluginsaredisplayedby defaultif no commandptionsaregiven.

default_trace_plugin EnvironmentVariable |

This determinesvhich traceplugin will be usedby defaultwhentracesthataregenerated
by NUSMV areto beshavn. Thevaluesthatthis variablecantake dependnwhichtrace
pluginsareinstalled.Usethecommandshow _plugins  to seewhich onesareavailable.
Thedefaultvalueis 0.

show_traces- Showshetracesgeneatedin a NuSMVsession Command|
show_traces [-h] [-v] [] [Fm | -o output-file] [-p

plugin-no]

[[a | trace _number]

Shaws the tracescurrently storedin systemmemory if ary. By default it shawvs the last
generatedrace,if ary.

CommandOptions:

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

-t Printsonly thetotal numberof currentlystoredtraces.

-a Printsall the currentlystoredtraces.

-m Pipes the output through the program speci®edby the
PAGERshell variable if de®ned, else throughthe UNIX
commandmore®.

-0 output-file Writes the output generated by the command to
output-file

-p plugin-no Usesthe speci®edracepluginto displaythetrace.

trace _number The (ordinal) identi®er numberof the traceto be printed.

This mustbe the last agumentof the command.Omitting
thetracenumbercauseshe mostrecentlygeneratedraceto
be printed.
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If the XML FormatOutputpluginis beingusedto save generatedracesto a ®le with the
intentof readingthembackin againatalaterdate thenonly onetraceshouldbesasedper
®le. Thisis becausehetracereaderdoesnot currentlysupportmultiple tracesin one®le.

read.trace - Loadsa previouslysavedrace Command|
read trace [-h | -i file-name]
CommandOptions:
-i  file-name Readsin a tracefrom the speci®ed®le. Note thatthe ®le

mustonly containonetrace.

Loadsa tracewhich hasbeenpreviously outputto a ®le with the XML FormatOutput
plugin. Themodelfrom which thetracewasoriginally generatednustbeloadedandbuilt
usingthecommandgo® ®rst.
Pleasenotethatthiscommands only availableon systemghathave the ExpatXML parser
library installed.

3.7 TracePlugins
NuSMV comeswith threepluginswhich canbeusedto diaplayatracethathasbeengenerated:

BasicTraceExplainer
States/\riablesTable
XML FormatPrinter

Thereis alsoa plugin which canreadin ary tracewhich hasbeenoutputto a ®le by the
XML FormatPrinter Note however thatthis readeris only available on systemghat have the
ExpatXML parsetibrary installed.

Once a trace has beengeneratedt is outputto stdout using the currently selectedplu-
gin. Thecommandshow_traces canbe usedto outputary previuosly generatedor loaded,
traceto aspeci®c®le.

3.7.1 BasicTrace Explainer

This plugin prints out eachstate(the currentvaluesof the variables)in the trace,oneafterthe
other Theinitial statecontainsall thestatevariablesandtheirinitial values.Statesarenumbered
in thefollowing fasion:

trace _number.state _number

Thereis the option of printing out the value of every variablein eachstate,or just those
which have changedrom the previous one. The onethatis usedcanbe chosenby selecting
the appropriatdraceplugin. The valuesof ary constantsvhich dependon bothinput andstate
variablesareprintednext. It thenprintsthesetof inputswhich causehetransitionto anew state
(if themodelcontainsinputs),beforeactuallyprinting the new stateitself. The setof inputsand
the subsequerdtatehave the samenumberassociateto them.

In thecaseof aloopingtrace,if thenext stateto be printedis the sameasthelaststatein the
trace,aline is printedstatingthatthisis the pointwheretheloop begins.

With theexceptionof theinitial state for which noinputvaluesareprinted,theoutputsyntax
for eachstateis asfollows:
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-=> Input: TRACE_NO.STATE_NOCx-
[* for each input var (being printed), i
INPUT_VARi = VALUE

-> State: TRACE_NO.STATE_NOx-

[* for each state var (being printed), -
STATE_VARj = VALUE
[* for each combinatorial constant  (being printed), ki *

CONSTANTk= VALUE

where INPUT_VAR STATEVAR and CONSTANThave the relevant module names
prependedo them(seperatedby a period)with the exceptionof the module®main ©.

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

3.7.2 States/\ariables Table

This traceplugin prints out the traceas a table, eitherwith the stateson eachrow, or in each
column. Theentriesalongthe stateaxisare:

SOC1lI1 S1.. CniIn Sn

where SO0 is the initial state,andl; givesthe valuesof the input variableswhich caused
the transitionfrom stateS; ; to stateS;. C; givesthe valuesof ary combinatorialconstants,
wherethevaluedepend®n thevaluesof the statevariablesn stateS; 1 andthevaluesof input
variablesin stateS; .

Thevariablesin themodelareplacedalongtheotheraxis. Only thevaluesof statevariables
aredisplayedin the Staterow/column, only the valuesof input variablesare displayedin the
Input row/columnandonly the valuesof combinatorialconstantsaredisplayedn the Constants
row/column.All remainingcellshave'- ' displayed.

3.7.3 XML Format Printer

This plugin prints out the trace eitherto stdout or to a speci®ed®le usingthe command
show_traces . If tracesareto be outputto a ®le with the intention of them being loaded
againat a laterdate,theneachtracemustbe saved in a separate®le. Thisis becaus¢he XML
Readeplugin doesnot currentlysupportmultiple tracesper®le.

Theformatof adumpedXML 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 wvar, . *
<value variable=j>VALUE</value>

</state>
<combinatorial id=i+1>
/* for each combinatorial constant, ki *

<value variable=k>VALUE</value>

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

[* for each input wvar, I *
<value variable=I>VALUE</value>

</input>
</node>

</counter-example>

Note that for the last statein the trace, thereis no input sectionin the nodetags. This is
becauseheinputssectiongivesthe new inputvalueswhich causethetransitionto thenext state
in thetrace. Thereis alsono combinatorialsectionasthis depend®n the valuesof the inputs
andarethereforeunde®nedvhentherearenoinputs.

3.7.4 XML Format Reader

This plugin makesuseof the ExpatXML parsefibrary andassuchcanonly beusedon systems
wherethislibrary is available. Previously generatedracesor agivenmodelcanbeloadedusing
this plugin provided thatthe original model®l€" hasbeenloaded andbuilt usingthe command
go.

Whenatraceis loaded,it is giventhe smallestavailabletracenumberto identify it. It can
thenbe manipulatedn the sameway asary generatedrace.

3.8 Interface to the DD Package

NuUSMYV useghestateof theartBDD packageCUDD [Som9§. ControlovertheBDD package
canvery importantto tunethe performanceof the system.In particular the orderof variables
is critical to control the memoryandthe time requiredby operationsover BDDs. Reordering
methodscanbe activatedto determinebettervariableorders,in orderto reducethe size of the
existing BDDs.

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

Reorderingis triggeredby the BDD packagewhenthe numberof nodesreachesa given
threshold. The thresholdis initialized and automaticallyadjustedafter eachreorderingby the
packageThisis calleddynamicreorderingandcanbeenablecr disabledby theuser Dynamic
reorderingis enabledwith the shellcommanddynamic _var _ordering  with theoption-e ,
anddisabledwith the-d option.

enablereorder EnvironmentVariable |

Speci®eswhetherdynamicreorderingis enabled(whenvalueis "0') or disabled(when
valueis "1").

reorder_-method EnvironmentVariable |

Speci®eghe orderingmethodto be usedwhendynamicvariablereorderingis ®red. The
possiblevalues,correspondingo the reorderingmethodsavailablewith the CUDD pack-
age,arelistedbelav. Thedefault valueis sift

Tobeexact, M1 M2, whereM 1 is the modelfrom which the tracewasgeneratedandM > is the
currentlyloaded andbuilt, model. Notehowever, thatthis maymeanthatthetraceis notvalid for themodel
Mo.
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sift: Moveseachvariablethroughoutthe orderto ®nd an opti-
mal positionfor thatvariable(assumingall othervariables
are®xed). This generallyachievesgreatersizereductions
thanthewindow method but is slower.
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random: Pairs of variablesare randomly chosen,and swappedin
theorder The swapis performedby a seriesof swapsof
adjacentvariables. The bestorderamongthoseobtained
by the seriesof swapsis retained. The numberof pairs
choserfor swappingequalshe numberof variablesin the
diagram.

random _pivot: Sameas random , but the two variablesare chosenso
that the ®rst is above the variablewith the largestnum-
berof nodesandthe seconds below thatvariable.In case
thereare several variablestied for the maximumnumber
of nodestheoneclosesto therootis used.

sift _converge: Thesift methodis iterateduntil no furtherimprovement
is obtained.
symmetry _sift: This methodis animplementatiorof symmetricsifting. It

is similar to sifting, with oneaddition: Variablesthat be-
comeadjacentduring sifting are testedfor symmetry |If
they are symmetric,they arelinked in a group. Sifting
thencontinueswith agroupbeingmoved,insteadof a sin-

glevariable.

symmetry _sift _convergEhesymmetry _sift methodis iterateduntil no further
improvementis obtained.

window f2,3,4 g: Permuteghe variableswithin windows of n adjacentvari-

ableswheren canbeeither2, 3 or 4, soasto minimizethe
overall BDD size.

window f 2,3,4 g_convergehewindow f2,3,4 g methodis iterateduntil no further
improvementis obtained.

group _sift: This methodis similar to symmetry _sift , but uses
moregenerakriteriato creategroups.

group _sift _converge: Thegroup sift methodis iterateduntil no furtherim-
provementis obtained.

annealing: This methodis animplementatiorof simulatedannealing
for variableordering.This methods potentiallyvery slow.

genetic: This methodis animplementatiorof a geneticalgorithm
for variableordering.This methods potentiallyvery slow.

exact: This method implementsa dynamic programmingap-

proachto exactreordering. It only storesoneBDD at a
time. Therefore,t is relatively ef®cientin termsof mem-
ory. Comparedto other reorderingstrateies, it is very
slow, andis not recommendedor more than 16 boolean

variables.
linear: This methodis a combinationof sifting andlinear trans-
formations.
linear _conv: Thelinear methodis iterateduntil no furtherimprove-
mentis obtained.
dynamic_var_ordering - Dealswith the dynamicvariable order- Command
ing.

dynamic var ordering [d] [ <method>] [-f <method>] [-h]
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Controlsthe applicationand the modalitiesof (dynamic)variable ordering. Dynamic
orderingis a techniqueto reorderthe BDD variablesto reducethe size of the existing
BDDs. Whenno optionsarespeci®edthe currentstatusof dynamicorderingis displayed.
At mostoneof the options-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 afterthe commands
build _model, oncethe transitionrelation hasbeenbuilt. It is possibleto save the
ordering found using write _order in orderto reuseit (using build _model -i
order-file ) in thefuture.

CommandOptions:
-d Disabledynamicorderingfrom triggeringautomatically
-e <method> Enabledynamicorderingto triggerautomaticallywhen&er

a certain thresholdon the overall BDD size is reached.
<method> mustbeoneof thefollowing:
sift: Moveseachvariablethroughoutthe orderto ®nd an
optimal positionfor thatvariable(assumingall othervari-
ablesare ®xed). This generallyachieses greatersize re-

ductionsthanthewindowv method but is slower.
random: Pairs of variablesare randomly chosen,and

swappedn theorder Theswapis performecby aseriesof
swapsof adjacentvariables. The bestorderamongthose
obtainedby the seriesof swapsis retained. The numberof
pairschoserfor swappingequalsthe numberof variables
in thediagram.

random_pivot: Sameasrandom, but the two variables
arechosenso thatthe ®rst is above the variablewith the
largestnumberof nodesandtheseconds belav thatvari-
able. In casethereareseveral variablestied for the maxi-

mum numberof nodesthe oneclosesto therootis used.
sift_corverge Thesift methodis iterateduntil no further

improvementis obtained.

symmetry_sift: Thismethods animplementatiorof sym-
metric sifting. It is similar to sifting, with one addition:
Variablesthat becomeadjacentduring sifting are tested
for symmetry If they are symmetric,they arelinked in
agroup. Sifting thencontinueswith agroupbeingmoved,
insteadof a singlevariable.

symmetry_sift_corverge The symmetry_sift methodis
iterateduntil no furtherimprovementis obtained.
windowf 2,3,49: Permuteghe variableswithin windows
of °n®adjacentvariables,where®n® canbe either2, 3 or
4, soasto minimizetheoverall BDD size.

windowf 2,3,4_corverge Thewindowf 2,3,49 methods
iterateduntil no furtherimprovementis obtained.
group_sift: This methodis similarto symmetry_sift, but
usesmoregenerakriteriato creategroups.
group_sift_corverge The group_sift methodis iterated
until no furtherimprovementis obtained.

annealing This methodis an implementationof simu-
lated annealingfor variableordering. This methodis po-
tentially very slow.
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genetic This methodis an implementationof a genetic
algorithmfor variableordering.This methodis potentially
very slow.

exact This methodimplementsa dynamicprogramming
approachto exactreordering. It only storesa BDD at a
time. Thereforeijt is relatively ef®cientin termsof mem-
ory. Comparedto other reorderingstrat@ies, it is very
slow, andis not recommendedor morethan 16 boolean

variables. ) o . .
linear: This methodis a combinationof sifting andlinear

transformations. . o .
linear_corverge The linear methodis iterateduntil no

furtherimprovementis obtained.
-f  <method> Forcedynamicorderingto beinvokedimmediately Theval-

uesfor <method> arethe sameasin option-e .

print _bdd_stats- Prints outthe BDD statisticsand parametes Command |

print _bdd_stats  [-h]

Prints the statisticsfor the BDD package. The amountof information dependson the
BDD packageon®guratiorestablishedt compilationtime. The con®gurtionparameters
areprintedout too. More informationaboutstatisticsandparametergsanbefoundin the
documentatiomf the CUDD DecisionDiagrampackage.

setbdd_parameters - Createsa table with the value of all cur- Command
rentlyactiveNuSMV a gsandchange accodingly thecon®guable
parametes of the BDD padkage.

set _bdd _parameters [-h] [-s]

Applies the variablestable of the NUSMV environnementto the BDD package so the
usercansetspeci®cBDD parametergo the given value. This commandworksin con-
junction with the print _bdd_stats andset commands.print _bdd _stats ®rst
prints a reportof the parametersnd statisticsof the currentbdd. manager By usingthe
commandset , theusermay modify the valueof ary of the parametersf the underlying
BDD package.Theway to do it is by settinga valuein the variableBDD.parameter
name whereparameter  name is the nameof the parameteexactly asprintedby the
print _bdd _stats command.

CommandOptions:
-S Printsthe BDD parameteand statisticsafter the modi®ca-
tion.

3.9 Administration Commands
This sectiondescribesheadministratve command®fferedby theinteractve shellof NUSMV.

| - shellLcommand Command|
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4 °executesa shellcommand.The@shellcommandds executedby calling 2bin/sh-c
shelLcommand®.If the commanddoesnot exists or you have not the right to executeit,
thenanerrormessagés printed.

alias - Providesan alias for acommand Command|

alias [-h] [<name> [<string>]]

The alias command,if given no arguments,will print the de®nition of all current
aliasesGivenasingleargument;t will printthede®nitionof thatalias(if ary). Giventwo
agumentsthe keyword <name> becomesan aliasfor the commandstring <string>

replacingary otheraliaswith the samename.

CommandOptions:
<name> Alias
<string> Commandstring

It is possibleto createaliasesthat take agumentsby using the history substitution
mechanismTo protectthe history substitutioncharacter % from immediateexpansion,
it mustbeprecededy a’ n' whenenteringthealias.

For example:

NuSMV>alias read "read _model -i %:l.smv ; set

input _order _file  %:1.ord"

NuSMV>read short

will create an alias ‘read’, execute °readmodel -i short.smv; set input.order®le
short.ord® And again:

NuSMV>alias echo2 "echo Hi ; echo %* !
NuSMV>echo2 happy birthday

will print:

Hi

happy birthday !

CAVEAT: Currentlythereis no checkto seeif thereis a circulardependengcin the alias
de®nition.e.g.

NuSMV>alias foo "echo print _bdd_stats; foo
createsanaliaswhich refersto itself. Executingthecommandoo will resultanin®nite
loop duringwhichthecommandprint _bdd _stats  will beexecuted.

echo- Merely echoesthearguments Command|

echo [-h] [0 filename [-a]] <string>

Echoeghe speci®edstring eitherto standarcutput,or to filename  if theoption-o is
speci®ed.

CommandOptions:

-0 filename Echoedo the speci®ed®lenameinsteadof to standarcbut-
put. If the option-a is not speci®edthe ®le filename
will beoverwrittenif it alreadyexists.

-a Appendsthe outputto the ®le speci®edby option -0, in-
steadof overwritting it. Useonly with the option-o .

help - Provideson-lineinformationon commands Command |

71



help [-a] [-h] [<command>]

If invokedwith noargumentshelp printsthelist of all command&nown to thecommand
interpreter If acommandnameis given, detailedinformationfor thatcommandwill be
provided.

CommandOptions:
-a Providesalist of all internalcommandswhosenameegin
with theunderscoreharacte(’' _') by corvention.
history - list previouscommandsndtheir eventnumbes Command |

history [-h]  [<num>]
Lists previouscommandsndtheireventnumbersThisis aUNIX-lik e historymechanism
insidetheNuSMYV shell.

CommandOptions:
<num> Lists the last <num> events. Lists the last 30 events if
<num>is notspeci®ed.
History Substitution:

The history substitutionmechanisms a simpler versionof the csh history substitution
mechanismlt enableg/ou to reusewordsfrom previously typedcommands.

The default history substitutioncharacteiis the "%’ (*!" is default for shell escapesand
“#' marksthe beginning of acomment).This canbe changedisingtheset commandIn
this description'%' is usedasthe history.char The *%' canappeararywherein aline.
A line containinga history substitutionis echoedo the screerafterthe substitutiontakes
place.”%' canbeprecededy a An orderto escapghe substitutionfor example,to enter
a’ %' into analiasor to setthe prompt.

Eachvalid line typedatthe promptis saved. If thehistory  variableis set(seehelppage
for set ), eachline is alsoechoedo the history®le. You canusethehistory  command
to list the previously typedcommands.

Substitutions:

At ary pointin aline thesehistorysubstitutionsareavailable.

CommandOptions:

%:0 Initial word of lastcommand.

%:n n-th agumentof lastcommand.

%$ Lastargumentof lastcommand.

%* All butinitial word of lastcommand.

%% Lastcommand.

%stuf Lastcommandbeginning with astufe.

%n Repeathen-thcommand.

%-n Repeathen-th previouscommand.

bold bnew Replacefold®with 2nen® in previous command. Trailing
spacesaresigni®cantduring substitution.Initial spacesare
notsigni®cant.

print _usage- Prints processoland BDD statistics. Command |

print _usage [-h]
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Printsa formatteddump of processospeci®cusagestatistics,and BDD usagestatistics.
For Berkeley Unix, thisincludesall of theinformationin thegetrusage()  structure.

quit - exits NUSMV Command|

quit [-h]  [-5]
Stopsthe program.Doesnot sare the currentnetwork beforeexiting.

CommandOptions:
-S Freesall the usedmemorybeforequitting. This is slower,
andit is usedfor ®nding memoryleaks.
reset- Resetshewholesystem. Command|
reset [-h]

Resetghewhole system|n orderto readin anothemodelandto performveri®cationon
it.

set- Setsan ervironmentvariable Command |

set [-h] [<name>] [<value>]

A variableernvironmentis maintainedby the commandinterpreter The set command
setsavariableto a particularvalue,andtheunset commandemoresthede®nitionof a
variable.If set is givennoargumentsijt printsthe currentvalueof all variables.

CommandOptions:
<name> Variablename
<value> Valueto beassignedo thevariable.

Interpolationof variablesis allowed when usingthe set command. The variablesare
referredto with the pre®xof '$'. Sofor example,whatfollows canbe doneto checkthe
valueof asetvariable:

NuSMV>set foo bar

NuSMV>echo $foo

bar

Thelastline 2barwill betheoutputproducecoy NUSMYV. Variablescanbeextendedby
usingthecharacter:' to concatenatealues.For example:

NuSMV>set foo bar

NuSMV>set foo $foo:foobar

NuSMV>echo $foo

bar:foobar

The variablefoo is extendedwith the value foobar . Whitespacecharacteramay
be presentwithin quotes. However, variable interpolationlays the restrictionthat the
characters:" and'/" may not be usedwithin quotes. This is to allow for recursve
interpolation.Sofor example,thefollowing is allowed

NuSMV>set "foo bar" this

NuSMV>echo $'foo bar"

this

73



Thelastline will betheoutputproducedoy NUSMV.

Butin thefollowing, thevalueof thevariablefoo/bar will notbeinterpretectorrectly:
NuSMV>set “foo/bar" this

NuSMV>echo $"foo/bar"

foo/bar

If avariableis not setby the set command,thenthe variableis returnedunchanged.
Differentcommandsuseervironmentinformationfor differentpurposes.The command
interpretemalesuseof thefollowing parameters:

CommandOptions:

autoexec De®nesa commandstring to be automaticallyexecutedaf-
ter every commandprocessedby the commandinterpreter
This is usefulfor thingslike timing commandspr tracing
the progresf optimization.

open _path aopenpath®(in analogyto theshell-wariablePATH) is alist
of colon-separatestringsgiving directoriesto be searched
wheneer a®le is openedor read. Typically the currentdi-
rectory(.) is the®rstitemin thislist. The standardsystem
library (typically NuSMVLIBRARY_PATH is alwaysim-
plicitly appendedo the currentpath. This providesa con-
venientshort-handnechanisnfor reachingstandardibrary

®les.

nusmv _stderr Standarderror (normally ( stderr))canbe re-directedto a
®le by settingthevariablenusmv_ stderr

nusmv _stdout Standardutput(normally( stdout))canbere-directedo a

®le by settingthe variablenusmv_ stdout

source- Executes sequencef commandg$roma ®le Command|

source [-h] [p] [s] [X] <file> [<args>]
Readsandexecutescommanddrom a®le.

CommandOptions:
-p Printsa promptbeforereadingeachcommand.
-S Silently ignoresan attemptto execute commandsfrom a
non«istent®le.
-X Echoessachcommandoeforeit is executed.
<file> File name.

Argumentson the commandline after the ®lenameare rememberedut not evaluated.
Commandsn thescript®le canthenreferto theseargumentausingthehistorysubstitution
mechanismEXAMPLE:

Contentof test.scr

read -model -i %:2
flatten  _hierarchy
build _variables
build _model
compute _fairness

Typing source test.scr short.smv  on the commandline 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,
youwill execute

read -model -i bozo
flatten  _hierarchy
build _variables

build _model
compute _fairness

becausebozo was the secondargumenton the last commandline typed. In other
words,commandsubstitutionin a script®le dependon how the script®le wasinvoked.
Switchespassedo a commandare also countedas positionalparameters.Thereforeif
youtypest -x short.smv  bozo,youwill execute

read _-model -i short.smv
flatten  _hierarchy

build _variables

build _model

compute _fairness

To passthe -x switch (or ary other switch) to source when the script usesposi-
tional parametersyou may de®ne an alias. For instance,alias  srcx source
X .

Seethevariableon failure  _script _quits for furtherinformation.

time - Providesa simpleCPU elapsedimevalue Command |

time [-h]
Printsthe processotime usedsincethe lastinvocationof thetime command.andthe
total processotime usedsinceNUSMV wasstarted.

unalias - Rem@esthede®nitionof analias. Command|

unalias [-h] <alias-names>
Remawesthe de®nitionof analiasspeci®edvia thealias command.

CommandOptions:
<alias-names> Aliasesto beremoved
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unset- Unsetsan ervironmentvariable Command|

unset [-h] <variables>

A variableernvironmentis maintainedby the commandinterpreter The set command
setsavariableto a particularvalue,andtheunset commandemoresthede®nitionof a

variable.
CommandOptions:
<variables> Variablego beunset.
usage- Providesa dumpof processstatistics Command |
usage [-h]

Prints a formatteddump of processospeci®cusagestatistics. For Berkeley Unix, this
includesall of theinformationin the getrusage(¥tructure.

which - Looksfor a ®le called”®le name” Comman¢|

which [-h] <file _name>

Looksfor a®le in a setof directorieswhich includesthe currentdirectoryaswell asthose
in the NUSMYV path. If it ®ndsthe speci®ed®le, it reportsthe found ®le's path. The
searchingathis speci®edhroughtheset open_path commandn .nusmvrc .

CommandOptions:
<file _name> File to besearched

3.10 Other EnvironmentVariables

Thebehaior of thesystenmdepend®nthevalueof someervironmentvariables.Forinstancean
ervironmentvariablespeci®eghe partitioningmethodto be usedin building thetransitionrela-
tion. Thevalueof ervironmentvariablescanbeinspectecandmodi®edwith the2settommand.
Environmentvariablescanbeeitherlogical or utility.

autoexec EnvironmentVariable |

De®nesacommandstringto beautomaticallyexecutedafterevery commandorocessedy
thecommandnterpreter This maybeusefulfor timing commandsor tracingtheprogress
of optimization.

on_failur e_script_quits EnvironmentVariable |

Whenanon-fatal erroroccursduringtheinteractve mode,theinteractive interpretersim-

ply stopsthe currentlyexecutedcommand printsthe reasorof the problem,andprompts
for anew command.Whenset, this variablesmakesthe commandnterpreterquit when

anerroroccur andthenquit NUSMV. This behaiour mightbeusefulwhenthecommand
source is controlledby eithera systempipe or a shell script. Undertheseconditionsa

mistale within the scriptinterpretedby source or arny unexpectederror might hangthe

controlling script or pipe, as by default the interpreterwould simply give up the current
execution,andwait for furthercommandsThe default valueof this ervironmentvariable
is 0.
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®lec EmironmentVariabIe|

Enables®le completiona la 2cshe. If the systemhasbeencompiledwith the 2readline®
library, the useris ableto perform®le completionby typing the <TAB> key (in a way
similarto the®le completioninsidethe@bash&hell). If the systemhasnotbeencompiled
with the2readlinelibrary, a built-in methodto perform®le completiona la 2cshcanbe
used.This methodis enabledwith the set filec ' command.Thedcsh®le comple-
tion methodcanbe alsoenabledf the 2readlinedibrary hasbeenused. In this casethe
featuresfferedby 2readlinetwill bedisabled.

shell.char EnvironmentVariable |

shell _char speci®esa charactetto be usedasshell escape.The default value of this
ernvironmentvariableis *! '.

history_char EnvironmentVariable |

history _char speci®escharactetobeusedn historysubstitutionsThedefaultvalue
of this ervironmentvariableis “%.

openpath EnvironmentVariable |

open _path (in analogyto the shell-variable PATH is a list of colon-separatedtrings
giving directoriesto be searcheavhenaer a®le is openedor read. Typically the current
directory(. ) is ®rstin this list. The standardsystemlibrary (NUSMVLIBRARY.PATH
is alwaysimplicitly appendedo the currentpath. This providesa corvenientshort-hand
mechanisnfor reachingstandardibrary ®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 ) canbe re-directedto a ®le by settingthe internal
variablenusmv _stdout

nusmv_stdin EnvironmentVariable |

Standardnput(normallystdin ) canbere-directedo a®le by settingtheinternalvariable
nusmv_stdin
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read_model

i

flatten_hierarchy

encode_variable

build_model

L *

compute_reachabl

Il
iR

check_spec
check_ltlspec
check_invar
check_trans
compute_reachable
simulate

go_bmc

check_ltlspec_bm
gen_ltlspec_bmc
check_invar_bmc
gen_invar_bmc
bmc_simulate

Figure3.1: ThedependengcamongNuSMYV commands.
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Chapter 4

Running NuSMV batch

Whenthe-int  optionis notspeci®edNUSMYV runsasabatchprogram,in the styleof SMV,
performing(someof) the stepsdescribedn previoussectionin a®xedsequence.

system _prompt> NuSMV[command line options] input-®le <RET>

The programdescribedn input-®le is processedand the corresponding®nite statemachine
is built. Then,if input-®le containsformulasto verify, their truth in the speci®edstructureis
evaluated.For eachformulawhichis not truea countergampleis printed.
Thebatchmodecanbe controlledwith thefollowing commandine options:

NuSMV [-h | -help] [-v VvI] [-int] [-load script®le] [-s]
[-cpp] [-pre ppd [-ofm fm®le] [-obm bm®le]
[l  [n idx] [is]  [-ic]  [ils] [ips]  [Hi]
[-ctt] [l [1 [-AG] [-coi]
[-i iv.®le] [-0 ov®le] [-reorder] [-dynamic] [-m  method
[[-mono]|[-thresh cpt]|[-cp cp-t]|[-iwls95 cpt]]
[-noaffinity] [-iwls95preorder]
[-bmc] [-bmc _length K]
[ input-®l€]

wherethemeaningof theoptionsis describedelow. If input-®leis not providedin batchmode,
thenthe modelis readfrom standardnput.

-help

-h . .
Printsthecommandine help.

-v verbose-leel - . . . .
Enablesprinting of additionalinformation on the internal

operationof NUSMV. Settingverbose-leelto 1 givesthe
basicinformation. Usingthis option makesyou feel better
sinceotherwisethe programprints nothinguntil it ®nishes,
andthereis no evidencethatit is doingarything atall. Set-
ting theverbose-leel higherthanl enablegprinting of much
extrainformation.
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-int

-load cmd-®le

-S

-cpp

-pre  pps

-ofm fm®le

-obm bm®le

-r

-coi
- iv_®le
-0 ov_®le

-reorder

-dynamic

Startsinteractve shell.

Startstheinteractve shellandthenexecutesNUSMV com-
mandsfrom ®le cmd-®le If anerroroccursduringa com-
mandexecution,commandshatfollow will notbeexecuted.
Seealsothevariable on_failure  _script _quits
Avoids to load the NuSMV commands con-
tained in  7.nusmvrc or in .nusmvrc or in
$$f NUSMVLIBRARY_PATH g/master.nusmvrc

Runspreprocessoon SMV ®les beforeary of thosespeci-
®edwith the-pre option.

Speci®es list of pre-processor run (in the ordergiven)
ontheinput®le beforeit is parsecby NUSMV . Notethatif
the-cpp commands used,thenthe pre-processorspeci-
®edby thiscommandwill berunaftertheinput®le hasbeen
pre-processebly that pre-processorppsis eitheronesin-
gle pre-processoname(with or without doublequotes)or
it is aspace-seperatéidt of pre-processanamescontained
within doublequotes.

prints attenedmodelto ®le fn_®le

Printsbooleanmodelto ®le bn ®le

Listsall propertiesn SMV model

Speci®eswhich propertyof SMV modelshouldbe checled
DoesnotcheckSPEC

Doesnotcheck COMPUTE

DoesnotcheckLTLSPEC

DoesnotcheckPSLSPEC

DoesnotcheckINVARSPEC
Checkswhetherthetransitionrelationis total.

Computeghe setof reachablestatebeforeevaluatingCTL
expressions.

Printsthe numberof reachablestatesbeforeexiting. If the
-f option is not used,the set of reachablestatesis com-
puted.

Veri®es only AG formulas using an ad hoc algorithm
(seedocumentatiorfior theag_only _search environment
variable).

Enablesconeof in"uencereduction
Readghevariableorderingfrom ®le iv®le.
Readghevariableorderingfrom ®le ov ®le.

Enablesvariable reorderingafter having checled all the
speci®cationif ary.

Enablesdynamicreorderingof variables
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-m method

-mono

-thresh  cp.t

-cp cpt
-iwls95  cpt

-noaffinity
-iwls95preoder

-bmc

-bmc k

Uses method when variable ordering is enabled. Pos-
sible values for method are those allowed for the
reorder _method ervironmentvariable(seeSection3.8
[Interfaceto DD package]page66).

Enablesnonolithictransitionrelation

conjunctie partitioningwith thresholdof eachpartition set
to cp_t (DEFAULT, with cp_t=1000)

DEPRECAED: usethresh instead.

Enabledwls95 conjunctie partitioningandsetsthethresh-
old of eachpatrtitionto cp_t

Disablesaf®nity clustering
Enabledwls95CPpreordering

EnablesBMC insteadof BDD modelchecking(worksonly
for LTL propertiesandPSL propertieghatcanbetranslated
into LTL)

Setsbmc_length variable,usedby BMC
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Appendix A

Compatibility with CMU SMV

TheNuSMYV languageas mostlysourcecompatiblewith theoriginal versionof SMV distributed
at Carngjie Mellon University from which we started. In this appendixwe describethe most
commonproblemsthat canbe encounteredvhentrying to useold CMU SMV programswith
NUSMV.

Themainproblemis variablenamesn old programshatcon ictswith new resenedwords.
Thelist of thenew resenedwordsof NUSMV w.r.t. CMU SMYV is thefollowing:

F, G, X, U, V, Thesenamesareresenedfor theLTL temporaloperators.
W, H, O, Y, Z

S, T, B

LTLSPEC It is usedto introducelL TL speci cations.

INVARSPEC It is usedto introduceinvariantspeci cations.

IVAR It is usedto introduceinputvariables.

JUSTICE It is usedto introduce?justice¥airnessconstraints.
COMPASSION It is usedto introduce*compassionfairnessconstraints.

TheIMPLEMENTSINPUT, OUTPUTtatementarenot nolongersupportecdoy NUSMV.

NuSMYV differsfrom CMU SMV alsoin the controlsthat are performedon the input for-
mulas. Severalformulasthatarevalid for CMU SMV, but thathave no clearsemanticsarenot
acceptedy NUSMV.

In particular:

It is nolongerpossibleto write formulascontainingnestednext .

TRANS
next(alpha & next(beta | next(gamma))) -> delta

It is no longerpossibleto write formulascontaining next ' in the right handside of
anormal®@and?init® assignmentéhey areallowedin theright handsideof 2next® assign-
ments) andwith the statementSINVAR' 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 nolongerpossibleto write 'SPEC, "FAIRNESS statementsontaining’ next '.
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FAIRNESS
next(running)
SPEC
next(x) &y

Thecheckfor circulardependenciesmongvariableshasbeendonemorerestrictive. We
say that variablex dependson variabley if x := f(y). We saythat thereis a circular
dependencin thede®nitionof x if:

— xdepend®nitself (e.g.x:= f(x,y));

— xdepend®ny andy depend®n x (e.g.x := f(y) andy := f(x) or x := f(z), z:= f(y)
andy := f(x)).

In the caseof circular dependencieamongvariablesthereis no ®xed orderin which
we cancomputetheinvolved variables.Avoiding circulardependencieamongvariables
guarante¢hatthereexistsanorderin which the variablescanbe computed.In NUSMV

circulardependenciearenot allowed.

In CMU SMV thetestfor circular dependencieis ableto detectcircular dependencies
only in @normalfassignmentsndnotin 2next® assignmentsT he circulardependencies
checkof NUSMV hasbeenextendedto detectcircularitiesalsoin 2net® assignments.
For instancethe following fragmentof codeis acceptedy CMU SMV but discardedy
NUSMV.

MODULEmain
VAR
y : boolean;
X : boolean;

ASSIGN
next(x) = X & next(y);
next(y) =y & next(x);

AnotherdifferencebetweerNuSMV andCMU SMYV is in thevariableorder®le. Thevari-
ableordering®le acceptedy NUSMYV canbe partialandcancontainvariablesnot declaredn
themodel.Variabledistedin theordering®le but notdeclaredn themodelaresimply discarded.
Thevariablesdeclaredn themodelbut notlistedin thevariable®le providedin inputarecreated
atthe endof the given orderingfollowing the default ordering. All the ordering®les generated
by CMU SMV areacceptedn inputfrom NUSMV but theordering®lesgeneratedyy NUSMV
may be not acceptedby CMU SMV. Noticethatthereis no guaranteghata goodorderingfor
CMU SMV is alsoa goodorderingfor NUSMV. In the ordering®les for NUSM YV, identi®er
_process _selector _canbeusedto controlthe positionof thevariablethatencodeprocess
selection.In CMU SMV it is not possibleto controlthe positionof this variablein theordering;
it is hard-codedtthetop of the ordering.
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Appendix B

Typing Rules

This appendixgivesthe explicit formal typing rulesfor NUSMV's input languageaswell as
noteson implicit corversionandcasting.

In the following, anatomicconstanis de®nedasbeingary sequencef characterstarting
with acharactein thesetf A-Za-z _g andfollowedby a possibleemptysequencef characters
fromthesetf A-Za-z0-9 _$#- ng. An integeris arny wholenumbey positive or negative.

B.1 Types

Themaintypesrecognisedy NUSMYV areasfollows:
boolean
integer
symbolic enum
integers-and-symbolic enum
boolean set
integer set
symbolic set
integers-and-symbolic set
word[N] (whereNis ary wholenumber 1)
word-array[N][M] (whereN andMareary wholenumber 1)
For moredetalieddescriptionof existing typesseeSection2.1[Types],page7.

B.2 Implicit Conversion

In certainsituationsNUSMYV is ableto carry out implicit corversionof types. Therearetwo
kind of implicit corvertion. The ®rst oneconvertsexpressiornf onetypeto a greatertype. The
orderto typesis givenin FigureB.1. For moreinformationon type orderingseeSection2.2.1
[Implicit Type Conversion],pagel0.

Anotherkind of implicit typecorvertionschangeshetypeof anexpressiorto its counterpart
set type. The FigureB.2 shaws the directionof suchcorvertions. For moreinformationon set
typesandtheir counterpartypesseeSection2.1.7[Set Types],pages.
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boolean word[1]

#
integer symbolic enum word|[2]
# # word[3]
integers-and-symbolic enum
boolean set word-array[1][1]
#
integer set  symbolic set word-array[1][2]
# # word-array[1][3]

integers-and-symbolic set

FigureB.1: Theorderingonthetypesin NUSMV

boolean! boolean set

integer ! integer set

symbolic enum ! symbolic set

integers-and-symbolic enum ! integers-and-symbolic set

FigureB.2: Implicit corvertionto counterparset types

B.3 TypeRules

Thetyperulesarepresentedelon with the operatorson the left andthe signaturef therules
ontheright. To savze spacemorethanoneoperatommay be on theleft-handside,andit is also
the casethatanindividual operatormay have morethanonesignature For moreinformationon
theseexpressionsandtheir typerulesseeSection2.2 [Expressions]page9.

Constants

booleanconstant : boolean

integer.constant : integer

symbolicconstant symbolic enum

word.constant  : word[N] (whereN is the numberof bits required)
rangeconstant : integer set

Variable and De®ne

variableidenti®er: Type (whereType isthetypeof thevariable)
de®neidenti®er : Type (whereType isthetypeof the de®nes expression)
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Arithmetic Operators

+,-,/,* :boolean * boolean! integer
:integer * integer! integer
> word[N] * word[N] ! word[N]
Theimplicit type conversioncanbe appliedto oneof the operands.
mod rinteger* 2! boolean
:integer * integer ! integer
: word[N] * word[N] ! word[N]
For operationson words, the resultis taken modulo2N
> <,>= <=: boolean * boolean! boolean
:integer * integer! boolean
: word[N] * word[N] ! boolean
: boolean * word[1]! boolean
: word[1] * boolean! boolean
Theimplicit type corversioncanbeappliedto oneof the operands.

Logic Operators

I (negation) : boolean! boolean
s word[N]! word[N]
&, |,->,<->,xor ,xnor :boolean* boolean! boolean
> word[N] * word[N] ! word[N]
= 1= : 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 type conversioncanbe appliedto oneof the operands.

Bit-W ise Operators

(concatenation) : word[N] * word[M] ! word[N+M]
: boolean * word[N]! word[N+1]
: word[N] * boolean! word[N+1]
expi[ expz, exps] : word[N]* integer * integer! word[exps expz + 1]
exressionexp, andexps mustevaluateto integerssuchthat0  exp,  expz < N
<<, >> (shift) : word[N] * integer ! word[N]
: word[N] * boolean! word[N]
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SetOperators

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
I integers-and-symbolic set
At ®rst, if it is possiblethe operandsreconvertedto their set counterpartypes,
thenbothoperandsreimplicitly corvertedto a minimal commontype
: 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 possiblethe operandsreconvertedto their set counterpartypes,
thenimplicit corvertionis performedon oneof theoperands

CaseExpression

case condy : resulty;
cond; : resulty;
cond, : resulty;
esac

cond; mustbeof typeboolean. If oneof result; is of aset typethenall otherr esulty are
corvertedto their counterparset types.The overall type of the expressioris sucha minimal
typethateachr esult; canbeimplicitly convertedto.

Formula Operators

EX AX EF, AF, EG AG

X, Y,Z,GHF, 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
wordl : boolean! word[1]
next , init s ary type! thesametype
0 s arny type! thesametype

= : boolean * boolean! notype
: boolean * boolean set! notype
:integer * integer ! notype
:integer * integer set! notype
: symbolic enum * symbolic enum! notype
: symbolic enum * symbolic set! notype
: integers-and-symbolic enum *
integers-and-symbolic enum! notype
: integers-and-symbolic enum *
integers-and-symbolic set! notype
> word[N] * word[N]! notype
: word-array[N][M] * word-array[N][M]! notype
: boolean * word[1]! notype
:word[1] * boolean! notype
Implicit type conversionis performedon theright operancbnly
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Appendix C

Production Rules

This appendixcontaingthe syntacticproductionrulesfor writing aNuSMV program.

Identi ers
identifier
identifier_first_character
| identifier identifier_consecutive_character
identifier_first_character @ one of

ABCDEFGHI JKLMNOPQRSTUVWXYZ
abcdefghij kl mnopgrstuvwxyz_

identifier_consecutive_character
identifier_first_character
| digit
| one of $ # n -
digit = one of 0123456789

Note thatthereare certainresened keyword which cannotbe usedasidenti®ers(seepage
6).

Variable and DEFINE Identi ers
define_identifier :: complex_identifier
variable_identifier 1 complex_identifier

Complexldenti ers

complex_identifier

identifier
| complex_identifier . identifier
| complex_identifier [ simple_expression ]
| self

Integer Numbers

integer_number

91



- 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 1 integer_number
symbolic_constant i identifier
word_constant © [word_width] word_base ' word_value
word_width  :: integer_number (>0)
word_base @ b | B| o| Ol d| D| h| H
word_value
hex_digit
| word_value hex_digit
| word_value _
hex_digit . one of

0123456789abcdef ABCDEF

Note thatthereare someadditionalrestrictionson the exact format of word constantgsee
pagell).

range_constant
integer_number .. integer_number

Basic Expressions

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



basic_expr > basic_expr -- greater than

I
| 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
| wordl ( basic_expr ) -- boolean to word[l] convertion
| bool ( basic_expr ) - word[l]] 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 ;

Simple Expression

simple_expr 1 basic_expr
Notethatsimpleexpressiongannotcontainnext 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 o 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 ©oassign
| assign_list assign
assign
complex_identifier = simple_expr
| init ( complex_identifier ) := simple_expr
| next ( complex_identifier ) = next_expr

TRANS Statement

trans_constraint ' TRANSnnext_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

94



module_element
var_declaration

| ivar_declaration

| define_declaration

| assign_constraint

| trans_constraint

| init_constraint

| invar_constraint

| fairness_constraint

| ctl_specification

| invar_specification

| Itl_specification

| compute_specification

| isa_declaration

Module Type Speci er

module_type_specifier :
| identifier [ ( [ parameter_list 1)1
| process identifier [ ( [ parameter_list 1) 1]

parameter_list
simple_expr
| parameter_list , simple_expr

ISA Declaration

isa_declaration ;o ISA identifier

Warning: this is a deprecatedeatureandwill eventuallybe removedfrom NUSMV. Use
moduleinstancesnstead.

CTL Speci cation

ctl_specification :: SPEC ctl_expr ;
ctl_expr
simple_expr -- a simple boolean expression
| ( ct_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

Thisis equivalentto

SPEC AG simple_expr

INVARSPEC simple_expr ;

butis checled by a specialisealgorithmduringreachabilityanalysis.

LTL Speci cation

Itl_specification

Itl_expr

simple_expr

( Itl_expr
I Itl_expr
Itl_expr
It_expr |
Itl_expr
Itl_expr
It_expr
FUTURE
X Itl_expr
G Itl_expr
F Itl_expr
Itl_expr
It_expr
PAST
Y Itl_expr
Z ltl_expr
H Itl_expr
O Itl_expr
It_expr
Itl_expr

& Itl_expr
Itl_expr
xor
>

<->

U Itl_expr
V Itl_expr

S Itl_expr
T Itl_expr

LTLSPEC Itl_expr

Itl_expr
Itl_expr
Itl_expr

Real Time CTL Speci cation

rtctl_specification

[

]

a simple boolean
logical not
logical and
logical or

logical exclusive
logical implies
logical equivalence
next state

globally

finally

until

releases

previous  state
not previous state
historically

once

since

triggered

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

| E [ rtctl_expr BU range
range integer_number

rtctl_expr
rtctl_expr

integer_number

v

]
]

It is alsopossibleto computequantatve informationfor the FSM:

compute_specification

compute_expr

MIN [
| MAX[

COMPUTEcompute_expr

rtctl_expr
rtctl_expr

[:]

, rtctl_expr ]
, rtctl_expr ]
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PSL Speci cation
psispec_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 ;7 a numeric constant
| boolean ;7 a boolean constant
| var_id ;;a variable identifier
| f psl_expr , .. , pslexpr g
| f psl_expr "f" psl_expr , .. , "pslexpr" ag
| ( pslexpr )
s

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 subclassesf psl _expr we depictthe classpsl _bexpr thatwill be usedin the
following to identify purelybooleanj.e. nottemporal expressions.

psl_property

replicator psl_expr ;; a replicated property
| FL_property abort psl_bexpr
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| 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 ;o 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 ]
;i SIMPLE TEMPORALOPERATORS
always FL_property
never FL_property
next FL_property
next! FL_property

eventually! FL_property
FL_property  untill FL_property
FL_property  untill_ 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
;7 EXTENDEDNEXT OPERATORS
| X [number] ( FL_property )
| X! [number] ( FL_property )
| next [number] ( FL_property )
| next! [number] ( FL_property )
I
I
I

I
I
I
I
I
I
| FL_property until FL_property
I
I
I
I
I
I

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 1 ( 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 SEREg
SERE ::

sequence

psl_bexpr

; COMPOSITIONOPERATORS

SERE; SERE

SERE: SERE

SERE & SERE

SERE && SERE

SERE | SERE

)
)
)

1

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

1, 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
check _ltlspec
check _ltlspec
check _ltlspec
check _ltlspec

_bmc_onepb, 49
_bmc_sbmc_inc , 54
_bmc_sbmc, 53
_bmc, 48

,46

check _pslspec ,58
check _spec , 45

compute _reachable

compute , 46
dynamic _var
echo,71

encode _variables
_hierarchy

flatten

,44
_ordering , 68

41
,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 _iwls950ptions ,43
print _reachable _states ,44
print _usage, 72

process _model , 43
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quit ,73
read _model , 40
read _trace ,64
reset ,73

set _bdd_parameters
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

, 70



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 W1,23,4 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 30
dié=i= 14

-AG, 80

-bmc, 81

-bmc k, 81

-coi ,80

-cpp , 80

-cp cpt, 81

-ctt ,80
-dynamic , 80

-f ,80

-help , 79

-h, 79

-ic ,80

-i ,80

-ils ,80

-int ,80

-is ,80
-iwls95preorder ,81
-iwls95  cpt, 81
- iv_®le, 80
-load cmd-®le 80
-p ,80
-mono, 81

-m methog 81
-noaffinity ,81
-n idx, 80

-obm bm®le, 80
-ofm fm.®le, 80
-0 ov_®le, 80

-pre pps 80
-reorder , 80

-r ,80

-thresh  cpt, 81
-v verbose-leel, 79
ASSIGNconstraint22
FAIRNESSconstraints23
IVAR declaration20
VARdeclaration20
running , 27
temp.ord ,42

fnod, 15
/.nusmvrc 80

A
administratioocommands?70
AND

logical andbitwise, 13
arraytype,8
Array Variables 38

B

basicnext expression;18
BasicTraceExplainer 64
batch,runningNuSMV, 79
bit selectionoperator 16
booleartype,7

bool operator16

C

caseexpressions17

Commanddor BoundedModel Checking,
47

Commandsfor checking PSL speci®ca-
tions,58

commentsn NUSMYV language6

compassiortonstraints23

concatenatiolperator16

constanexpressions10

contet, 28

CTL speci®cations29

D

DD packagenterface,66
declarations27

DEFINE declarations21
de®nes]13

de®nitionof theFSM, 19
DisplayingTraces 62

E

enumeratiortypes,7

expressions9
basicexpressions]12
basicnext, 18



casel7
constants]10
next, 18
sets,17
simple,18

E
fair executionpaths 23
fairnessconstraints23
fair paths,23

|
identi®ers,26
IFF

logical andbitwise,13
implicit type corversion,10

IMPLIES

logical andbitwise,13

inclusionoperator17
in®nity, 33

INIT constraint21
InputFile Syntax,37

inputvariablessyntax,20

InspectingTraces62
integertype,7

interactve, runningNuSMV, 39

interactve shell,39

interfaceto DD Packagef6

INVAR constraint21

InvariantSpeci®cations30
INVARSPECSpeci®cations30

ISA declarations29

J

justiceconstraints23

K
keywords,6

L
LTL Speci®cations31

M

mainmodule,27
mastemusmvrc80
modelcompiling,39
modelparsing,39
modelreading,39

MODULE declarations24
MODULE instantiations25

N

namespaceg7
next expressionsl18
NOT
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logical andbitwise, 13

@)
operator
mod, 15
operators
AND, 13
arithmetic,14
bit selection16
equality 14
IFF, 13
IMPLIES, 13
inclusion,17
inequality 14
NOT, 13
OR,13
precedencel 2
relational,14
shift, 15
union,17
word concatenationl 6
XNOR, 13
XOR, 13
options,79
OR
logical andbitwise, 13
=]
parenthesed,3
process27
processef7
proceskeyword, 27
PSL Speci®cations33
R
RealTime CTL Speci®cationgandCompu-
tations,32
S
ScalarVariables 37
self, 26
setexpressionsl7
settypes,8
Shellcon®gurationvariables,76
Shift Operator 15

simpleexpressions18
SimulationCommands60
States/\riablesTable,65
statevariables 20
syntaxrules
complec identi®ers,26
identi®ers,6
mainprogram_27
moduledeclarations24
symbolicconstantsy



typespeci®ers19
T

TracePluginCommands63
TracePlugins,64
Traces62
TRANS constraint21
typeorder 9
types,7
array 8
boolean7
enumerations/
implicit corversion,10
integer, 7
ordering,9
set,8
word, 8
word array 8
typespeci®ers19

Vv

variabledeclarations19
variables 13

W
wordloperator16
word arraytype,8
wordtype,8

X
XML FormatPrinter, 65
XML FormatReader66
XNOR

logical andbitwise, 13
XOR

logical andbitwise, 13
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