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Abstract

Graphtransformatiorhasrecentlybecomanoreandmorepopularasa generalrule-based
visual specificationparadigmto formally capturethe operationalsemanticoof modeling

languagebasedon metamodelingechniquesisdemonstratethy benchmarlapplications
focusingon the formal treatmentof the Unified Modeling LanguaggUML). In the paper

we enablemodel checking-basedymbolic verification for suchmodelinglanguagesy

providing a meta-leel transformatiorof well-formedmodelinstancesnto SAL specifica-
tions[4]. We alsodiscusssereral optimizationsin the translationprocesghat makesour

approacthefficientandindependenof the SAL frameawvork.

Keywords: graphtransformationmetamodelingformal verification,modelchecking

1 Intr oduction

Nowadays,the Unified Modeling Language(UML) hasbecomethe dominating
object-orientednodelinglanguagdor the designprocessf IT systemsHowever,
despiteits industrialsuccessasbeinga unified andvisual notation,theimprecise-
nessof UML (i.e., the lack of formal semantics)s still the major factorthat hin-
dersthe generaluseof UML asa primary sourcelanguagdor (i) automatedools
of formal verificationandvalidationexploiting the resultsin the theoryof formal
methods,and (ii) automateccodegeneratorghat would yield a provenly correct
functionalcoreof targetapplication.

The abstractsyntaxof the UML modelinglanguagehasbeendefinedvisually
by metamodelingechniquesA straightforwardrepresentationf suchmodelscan
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rely onthe useof directedtyped,andattributedgraphsasthe underlyingsemantic
domain.In this sensegraphtransformatiorf12] hasrecentlybecomevery popular
asbeingageneralyule-basedisualspecificatiorparadignto formally capturethe
operationalsemanticof modelinglanguagesasedon metamodelingechniques
[11,15,17]. Similarideasareapplieddirectly on (i) integratingdifferentviews of
the UML-basedsystemmodel[6], and(ii) formalizingtransformationgrom UML
into varioussemantiadomaing(Petrinets,SOSrules,dataflav nets,etc.)[9, 18].

However, dueto a hugeabstractiorgapbetweenvisual metamodel-baseand
formal mathematicatlescriptionsthe specificationandimplementationof graph
transformatiorsystemsn ametamodelingor UML) ervironmentarehighly prone
to humanerrors, which necessitatean automatedverification methodfor such
systems.

Thetheoreticabasicf verifying graphtransformatiorsystem$y modelcheck-
ing technigue$ave alreadybeenstudiedthoroughlyin, e.g.,[7,8] (andsubsequent
papers);however, the framevork the authorsproposedoesnot directly give fur-
ther suggestion®n concreteémplementatioror tool supporthow to verify formal
specificationgivenin theform of graphtransformatiorsystemsy existing model
checkingor theoremproving techniques.

In the currentpaper we proposea meta-level translationof modelsof high-
levelmodelinglanguageswith abstract syntaxdefinedoy metamodelingechniques
and opefational semanticgaptured by graph transformationsystemsnto transi-
tion systemservingasinputsfor variousmodelcheckingtoolsto enableautomated
verificationfor them.Ourapproachs demonstratedntransformingvisual specifi-
cationsinto the SAL intermediatdanguagd4] to provide acces$o a combination
of symbolicanalysistechniques.We also proposeseveral tool-independenopti-
mizationsfor this encodingn orderto avoid the stateexplosionof modelchecking
tools.

2 Defining Modeling Languages

Initially, we informally summarizébelow the majorconceptdor definingmodeling
language®$y atraditionalcombinationof metamodelingndgraphtransformation
techniqueghatwill sene astheinputfor ourencoding.

2.1 Modelsand metamodels

The abstract syntaxof domainspecificmodelinglanguagess definedby a cor-

respondingnetamodelwhich conformsto the bestengineeringpracticesn visual
specificatiortechniquesTypically, models(denotedby M in thesequelandmeta-
modelsarerepresentethternally astyped,attributedanddirectedgraphs.For in-

stance consideringML class(object)diagramsasa graphicalrepresentatiomf

metamodelgmodels),eachclass(object)canberepresentedsa nodewhile each
navigableassociatiorflink) endmaybe describedy a directededgetogethemith

the correspondindyping homomorphismg§5].
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A samplemetamodeland a simple model of finite automataare depictedin
Figurel.

Metamodel Model
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Fig. 1. A metamodendmodelof finite automata

Example 2.1 Accordingto the metamodela well-formedinstanceof a finite au-
tomatonis composedf statesandtransitions A transitionis leadingbetweenits
from stateandto state. The initial statesof the automatonare marked with init,
the active statesaremarked with current while the reachablestatesstartingfrom
theinitial statesaremodeledby readableedges.Notethatin the metamodelwe
identifieddynamicgraphelementsy dashedines(by dynamicgraphelementsve
meanobjectsthatcanberemovedandaddedduringthe executionof models).

2.2 Transformatiorrules

The dynamicoperational semanticoof a modelinglanguages specifiedby graph
transformationules.A graph transformation rule isa3-tupleRule = (Lhs, Neg, Rhs),
whereLhs is theleft-handsidegraph,Rhs is theright-handsidegraph,while Neg
denotethe (optional)negative applicationconditions.

Theapplication of arule to amodelgraphM (e.g.,aUML modelof theuser)
rewritestheusermodelby replacingthe patterndefinedby Lhs with the patternof
the Rhs. Thisis performedby

() findinga matd of Lhs in M (graphpatternmatching),

(i) chedkingthenegyativeapplicationconditionsNeg which prohibitthepresence
of certainnodesandedges

(i) remaoing a part of the graph M that canbe mappedto the Lhs but not the
Rhs graph(yielding the context graph),

(iv) gluing Rhs andthe contet graphto obtainthedervedmodel M.

Example 2.2 A pairof rulesdescribinghow thereachabilityproblemon finite au-
tomatacan be formulatedby graphrewriting rulesis depictedin Figure2. Rule
initR stategthatall statesof the automatormarked asinitial arereachabl€if the
statehasnot beenmarked previously). RulereachR expresseshatif areachable
stateS; of theautomatoris connectedy atransition7; to sucha stateS, thatis
notreachablegetthensS,; shouldalsobecomeaeachablasaresultof therule appli-
cation.Notethatwithout the negative applicationcondition(the crossedeachable
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edgein theleft-handsideof therule), thetransformatiorwould generatenorethan
a singlereachableedgebetweenan automatoranda state,which contradictsour
intuitive requirements.

LHS |Al:Automatg RHS |Al:Automata
initR
init | reachabl ' init | reachable|
Y Y
S1:State S1:State
LHS reachable  |AL:Automatareachable RHS reachable  |AL:Automata _reachable
N reachR
states " states » states » states
transitions| transitions|
v v v v y
S1:State T1:Transition S2:State S1:State T1:Transition S2:State
-t | — -t
from to from to

Fig. 2. Calculatingreachablestatesby graphtransformation

In mary casesmodelinglanguagespecificationdasedn graphtransformation
systemsalsocontaincontrl structuresto restrictrule applicationsequencesDue
to spacelimitations, this extensionis out of the scopeof the currentpaper;the
readeris referredto [14].

3 SAL: Symbolic Analysis Laboratory

The SAL (SymbolicAnalysisLaboratory)[4] frameavork aimsatcombiningdiffer-
enttoolsfor abstractionprogramanalysis theoremproving, andmodelchecking
towardstheevaluationof systempropertiesThe SAL architectureeanbedescribed
asa“tool-bus” wherea collectionof toolsinteractthrougha commonintermediate
languageof transitionsystems.The individual analyzergtheoremprovers,model
checlers,staticanalyzerspredrivenfrom this intermediatdayer andthe analysis
resultsarefed backto this intermediatdevel.

In the SAL intermediatdanguagethe unit of specifications a context, which
containdeclaratiorof types,constantstransitionsystemmodules andassertions.
A SAL moduleis a transition systemunit formalized mathematicallyas Kripke
structures A basicSAL moduleis astatetransitionsystemwherethe stateconsists
of input, output local, andglobal variableswhich referto differentaccessnodes.

A basicmodulealsospecifieghe initialization andtransitionsteps.Thesecan
be givenby a combinationof definitionsor guardedcommandsA definitionis of
theform x = expression or 2’ = expression, wherez' refersto the new valueof
variablex in atransition. A guardedcommands of theform ¢ — S, whereg is
abooleanguardands is alist of definitionsof theform 2’ = expression.

SAL modulescanbe composedi) syndironously so that M; || M is a mod-
ule thattakes M; and M, transitionsin a lockstep,or (ii) asyntironously when
M, [] M, is amodulethattakesaninterleaving of M; and M, transitions.
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In the paper we will usethe SAL specificationanguagefor describinggraph
transformatiorsystemsastraditional statetransitionsystemslespitethe fact that
the SAL framework is not yet availablefor public. However, asSAL is aimedto
provide a generalfront-endto mary individual model checlers, we can achieve
a high level of independencérom concretetools in exchange. We believe that
thelanguagetself is self-explanatoryandcommonto mary otherwell-known for-
malisms(suchasSMV [2], Mur¢ [1], SPIN/Promeld10], etc.).

4 From Graph Transformation Systemso Transitions Systems

In the currentsection,we outline a meta-level approachhow to transformgraph
transformatiorsystemsnto transitionsystemgwith formal semanticdefinedas
Kripke structures)n orderto verify propertiesof usermodelsby modelchecking
tools(we usedthe SAL modelcheclerfor our experiences).

In otherwords,we proposea methodthatinputs(i) the metamodebf a visual
modelinglanguage(ii) its operationakemanticsn the form of a graphtransfor
mation system (iii) a requirementexpressedy a combinationof graphpatterns
andtemporallogic formulae,and(iv) a concrete well-formed modelinstanceof
the language and generates transition systemwith guardedcommandspsthe
output.

As aresult,we donotreasoraboutthelanguagetself (asin thecaseof theorem
provers); however, we can prove (automatically with respectto the capabilities
of model checlers) certainsemanticcorrectnesgproperties(like safety liveness,
etc.) for awell-formedconcretebut arbitraryinstancemodelof thelanguagelt is
essentiato be pointedout thatin practicalcasesthe useris only interestedn the
correctnes®f his or hermodelandnot the correctnessf the modelinglanguage.
Moreover, proving the correctnes®f a propertyfor all valid modelinstancess
oftenimpossible.

Systemmodel

The statespaceof a graphtransformatiorsystemis constitutedrom attributed
graphsreatedy elementarngraphtransformatiorstepqseeFig. 3(a)for anoverview).

This statespacehasa specialstructure: while the graphrepresentatiorof a
usermodelis typically finite (for instance,infinite UML modelsare somevhat
rare),graphattributesmay resultin potentiallyinfinite staterepresentationge.g.,
in caseof integersor reals).As currentmodelcheckingtoolscanonly traversestate
spacesnducedby statevariablesof finite domain variableshaving infinite domains
shouldbe abstractedo booleandomainsbefore model checkingby a technique
calledpredicateabstraction[13].

Thereaftergraphmodelshaving (eitheroriginal or abstractedattributesof fi-
nite domainwill form the statespaceof the systemandthey will be encodedas
predicate®ver nodeidentifiers. Applying a graphtransformatiorrule for asingle
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O—0 |ruerppr | O—O
O O/l Al:Automatg Al:Automatg
RuIeAppZ RuleAppZ@
reachable |::> EF current
RuleAppl v v
S1:State S1:State

(a) GTSasKripke structures (b) Specifyingproperties
Yay, sy : (automaton(a,) A state(sy) Areachable(ay, s;) — EF current(ay, s1))

Fig. 3. Outline of our modelcheckingapproach

matchis representedsa transitionin thetransitionsystent .
Themajorproblemin suchanencodingeliesin thefactthatwhile graphtrans-
formationis a meta-lerel specificationtechniquetransitionsin atransitionsystem
aredefinedon the instancelevel. As a consequencehe applicationof a single
graphtransformatiorrule is encodednto several transitionsin the Kripke mode|
morewer, the samegraph transformatiorrule mayyield differentenabledtransi-
tions (evenduringthe sameexecution)whenappliedto differentinstancegraphs.

Propertiesto be verified

Propertiesof transformationdo be verified are predicatescomposedf graph
patternsthat prescribeor prohibit the presenceof certainsituations(e.g.,an un-
reachabletatecannotbeinitial). Fromtheseatomicpredicatesarbitrarily complex
expressionganbe constructedisingthetraditionaloperatorof temporallogic. A
samplepropertystatingthata readablestatein afinite automatorshouldeventu-
ally becomecurrenton atleastoneexecutionpathis depictedn Fig 3(b).

Naturally, thesegraphicabpattern-basetemporakpecificationsiave to betrans-
latedinto traditionaltemporalogic formulaeto sere asawell-formedinputfor the
SAL framework.

4.1 Encodingof graphmodelsasKripke states

In the sequelwe identify anddiscusghekey issuedn thetransformatiorof meta-
level graphtransformation-basedystemspecificationtechniquesnto (instance-
level) transition systemsthat sene as the the input languagefor mary existing
modelcheckingtools (including SAL [4], SPIN[10], andMur¢ [1]).

Informally, a transitionsystemis composef a setof statevariablestogether
with theirinitialization, anda setof guardedcommandgif-then lik e statements).

3 In orderto avoid confusioncausedy the overloadingof thewords theterms‘graph” and“trans-
formation(step)”referto systemstatesandtransitionson the graphtransformatiorievel while the
terms“state” and“transition” will referto the correspondingnotionsof transitionsystemgKripke
structure)
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Definition 4.1 A transition systemT'S = (V, T, Init) is athreetuple where(i)
V = {vy,...v;} is the setof statevariables(with finite or infinite domains);(ii)
T = {mn,..., 7, } is thesetof transitions(guardedcommandsyvhich is of theform
guard — v} = eq,...,v), = e, (Wherethe guard is a booleanconditionand
anactionv] := e; specifiesstatevariableupdates)nducinga transitionrelation
act.(V, V") definedasguard A /\f:1 vl = e;; while (iii) Init is apredicatedefining
theinitial state

For our corveniencewe supposehatstatevariablescanbe storedin statevari-
ablearraysrangingon the setof objectidentifiers,andthey canbereferredasv,[i].
Theformal semantic®f transitionssystemsaredefinedasKripke structures.

Definition 4.2 A Kripk e structure KS = (X, N, I,0) is a four tuple where(i)
Y} is the setof states(inducedby all possibleevaluationsof statevariables);(ii)
N C ¥ x X is thetransitionrelation (definedas N = (J;_, Act,,); (i) I C T is
the setof initial states and(iv) o : ¥ — 24F is alabeling functionrelatingeach
stateto a subsebf atomicpropositions4 P thatarevalid in thegivenstate.

Step1: Typedeclarations,statevariables

The encodingof graphmodelsinto statevariabless drivenby the metamodel.
We define

« aone-dimensionalbooleanstate variable array (a unaryrelationsymbol)for
eat nodetype(suchasState Transition and Automatonin our runningexam-
ple)

+ atwo-dimensionalbooleanstatevariable array (abinaryrelationsymbol)for
ead edge type(e.g.,from,to, readable etc.).

+ aone-dimensionalstate variable array with enumeration type for eat at-
tributetype(seethe color attribute of states).

For modelcheckingpurposesywe mustrestrictthe dimensionof eacharrayand
all theenumerationlypesto befinite duringtypedeclaration For thecorresponding
graphtransformatiorsystemtheserestrictionamply that(i) thereexistsana priori
upperboundfor the numberof nodesin the graphfor eachnodetype (i) multiple
edgesof the sametype betweentwo nodesare forbidden,and (iii) attributes of
infinite type have beenabstractednto somerepresentatk finite domain(e.g.,by
predicateabstraction)whichis eithercarriedout by the user or, preferably by the
modelcheckingtool itself.

Step2: Initialization predicate

Supposinghateachnodein a concretemodelhasa uniqueidentifier, a unary
relation(boolearstatevariablearray)p holdsatn; (denotedasp[n;] = T), if there
exists a nodeidentifiedby n; of typep. Similarly, abinaryrelationr[n;, n;] = T
if thereexist anedgeof type r betweemodesn; andn;. Otherwise arelationis
falseby definition: p[n;] = L.
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Thereaftera statein the transitionsystenrepresentatiorof a graph transfor
mation systems definedby the current evaluation of the predicates The initial
graphinstances thereforeencodednto theinitial predicatewhichis the conjunc-
tion of basicassignmentfor elementarypredicategrelations).

SAL specification
In the correspondingSAL specification,we introduce(i) typesfor the setof
identifiers, and(ii) booleanvariable arraysfor representingherelationsof nodes
andedges.The SAL specificatioralsoallows the useof statevariablesof arbitrary
type,which allows for straightforward encodingof metamodehttributes,aspredi-
cateabstractions performedwithin thetool-kit. Theinitial modelis setup during
theinitialization statemenby mappingfrom graphobjectsto identifiers.
For example,the SAL encodingof a finite automatorwould include (at least)
thefollowing lines.
AutlD : TYPE = {al};
StatelD : TYPE = {sl, s2, s3};
ColorType : TYPE = {R, G, B};
GLOBAL automaton : ARRAYAutlD OF Boolean % Nodes

GLOBALreachable : ARRAYAutID OF ARRAY StateID OF Boolean % Edges
GLOBAL color: ARRAY StateID  OF ColorType % Attributes
INITIALIZATION

automaton[al] = TRUE; reachable[al][s1] = FALSE; color[sl1] = "R";

Statespaceoptimization in SAL

Ourexperimentgwhenthecurrentapproaclwasappliedfor encodingandveri-
fying UML statechartexpressedby modeltransitionsystemsn [16]) haverevealed
thatthe previousencodingconsumesinunacceptablamountof spacevhenmodel
checkingreal applications.For instancethe encodingof anautomatorhaving 20
statesand 20 transitionsrequiresmore than 500 booleanstatevariables ,which is
typically far too mary to be handledby state-of-the-armodelcheckingtools (re-
sultingin a statespacehaving 2°% states).

The problemoriginatesin the fact that in the previous nave approach state
variableswereintroduced“verbosely’for the static partsof a model. Supposing
thatthe structureof finite automataemainsunchangediuringthe life-time of the
model, we needto introducestatevariablesonly for dynamicelementgsuchas
current or reachablein the metamodeDbf finite automata)while static parts can
be representedby booleanfunctionsdefinedat compile-time. As a summary the
major differencebetweenstatevariablesarraysandfunctionsreliesin thefactthat
boolearfunctionsarestaticallydefined(i.e., their valuedoesnot changeduringthe
executionof themodel).

As a consequencehe following SAL modelprovidesa much more efficient
statespaceaepresentatiofor our finite automaton.

% SAL notation: function: f(x), state  variable array:  f[x]

AutlD : TYPE = {al};
StatelD : TYPE = {sl, s2, s3};
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automaton(a: AutlD) : Boolean =
IF (a=al) THEN TRUE ELSE FALSE
states(a: AutlD, s: StatelID) : Boolean =

IF (a=al) AND
(s=s1 OR s=s2 OR s=s3)
THEN TRUE ELSE FALSE

GLOBALreachable : ARRAYAutID OF ARRAY StateID OF Boolean
INITIALIZATION

reachable[al][s1] = FALSE;

reachable[al][s2] = FALSE;

reachable[al][s3] = FALSE;

Step 3: Statespaceoptimization in transition systems

Unfortunately model checlers, do not always supportthe definition of func-
tions (for instance SAL doessupportfunctions;in Murg¢, functionscanbe simu-
latedwith a hack; while SMV doesnot supportfunctions). Therefore for transi-
tion systemsn generalthe transformatiorprocessonly generatestatevariables
for nodes,edgesandattributesthat are dynamicin the metamodel. A metamodel
elementis consideredo be dynamicif thereexists at leastonegraphtransforma-
tion rule of themodelthatprescribego createyemove or updateaninstanceof the
metamodeklement.

Naturally, asa rule may never be applied during an executionof a specific
model, the transformationmay still introducestatevariablesfor metamodekle-
mentsthatarenever changed However, asour translationfrom graphtransforma-
tion systemgo transitionsystemss definedonthemetalerel, theonly possibilityto
eliminatesucha modelinstancespecificoverheads the useof sophisticatedtatic
analysigechnique®f graphtransformatiorrules(e.qg.,[3]).

4.2 Encodingtransformatiorstepsastransitions

The maintaskin encodingtransformationsteps(potentialapplicationsof graph
transformatiorrules)into transitionsof transitionsystemss to simulateefficiently
the graphpatternmatchingprocessn alow-level structure.As graphtransforma-
tion is ameta-level specificatiortechniquea singlegraphtransformatiorrule will
be encodednto sereraltransitions. In fact, all potentialoccurrence®f a pattern
(applicationof a rule) have to be enumerate@xplicitly asdifferentguardedcom-
mands.

Formally, we may definea transitionfunction for eachtransformatiorrule as
follows. Let us assignfirst a variable (not statevariable!) for eachnodein the
rule. Thentheguard of thetransitionis constructedrom theleft-handsideandthe
negative applicationcondition graphs(following the previous encodingof graph
models),while the statevariable updatesare specifiedby the objectsthatarecre-
atedor removed by the rule. For instance rule initR of the running exampleis
encodedas

initR(Aq, S1) =if automaton(A;) A state(S1) A init(Aq, S1) A
9
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—reachable( Ay, Sh)
then reachable’ (A, S1) := T.

This examplecanbereadasfollows: in the next state,the reachable relation
shouldbecomeruefor all assignmentfor variablesA; andS; wheneer (accord-
ing to the function definedat compile-time)the automaton functionholdsat A,
state holdsat S; andinit holdsat A;, S;.

Step4: Guarded commands

Unfortunately sucha transitionfunction requiresa sophisticatecunification
algorithm (for correctlyinstantiatingvariableswith identifiers),which is not sup-
portedby existingmodelcheckingools. Thereforewe haveto generatéatcompile-
time) all the potentialtransitionscorrespondingo a rule applicationon a specific
match. The numberof potentialtransitions(accordingto a naie first estimation)
aredeterminedoy the compleity of the LHS of a rule (i.e., the numberof nodes),
andthe sizeof the model(i.e., the cardinality of the setsof identifiers). In caseof
ruleinitR, the correspondingAL specificatiorin a naive encodings asfollows.

TRANSITION % guarded commands for initR

% first potential match
automaton(al) AND init(al,s1) AND state(s1) AND
NOT (reachable[al][s1]) --> % guard
reachable’[al][s1] = TRUE; % assignment
[ % asynchronous composition
% second potential match
automaton(al) AND init(al,s2) AND state(s2) AND
NOT (reachable[al][s2]) -->
reachable’[al][s2] = TRUE;
1
% third  potential match
automaton(al) AND init(al,s3) AND state(s3) AND
NOT (reachable[al][s3]) -->
reachable’[al][s3] = TRUE;

It is obvious that sucha nawve approachgeneratesedundantransitionswith
guardsthatcannever be satisfied.However, eachoneis investigatedandtestedat
eachstepoverandover againcausinganunacceptabldeclinein performanceFor
instance the finite automatommodelin our runningexample(Fig. 1) hasa single
initial states;, thusthe secondandthird potentialmatchesare superfluousasthe
guardsareconstantlyfalse.

Optimizations in guarded commands
To reducesuchan overheadwe eliminateguardconditionsthat cannever be
satisfiedby furtherpreprocessingnthe graphtransformatiorievel.

() Thedynamicandstaticpartsof agraphtransformatiorrule areidentifiedand
separated.

(i) A graphpatternmatchingstepis executedto find all the occurrenceslefined
10
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by the static partsof the LHS of therule. The aim of this stepis to limit the
potentialmatchego thosethatcertainlysatisfythe staticpartsof theguard.

(iii) If the guardof a certainguardedcommandcan never be satisfieddueto the
failure of patternmatchingin the staticstructurethenthis transitionis elimi-
natedfrom (betterto say not generatedn) thetransitionsystem.In fact, this
steppreventsthe creationof the secondandthird transitionsin the previous
example.

(iv) All conditionsappearingn guardsthatrefer to staticpartsof the modelare
eliminatedafterwards (sincethey are guaranteedo be fulfilled at compile-
time).

(v) Theresultingtransitionsystemhasguardedcommandsisingonly statevari-
ablesasconditions(andassignmentsyithout the previously introducedunc-
tions. Note thatthis approachcanbe appliedto generatea moreoptimal set
of guardedcommanddor transitionssystemsin general(thus, it is totally
independentf SAL astargetlanguage).

This preprocessingtepwould yield the following SAL specificationfor our
sampleautomatormodel(in Fig. 1).

AutlD : TYPE = ai;

StatelD : TYPE = sl1, s2, s3;
fal : MODULE=
BEGIN

GLOBAL reachable: ARRAY AutID OF ARRAY StatelD OF BOOLEAN
INITIALIZATION % reachable is equal to FALSE

reachable[al][s1] = FALSE; reachable[al][s2] = FALSE; ...
TRANSITION % guarded commands for initR and reachableR
NOT reachable[al][s1] --> reachable’[al][s1] = TRUE; [] %sl is init
reachable[al][s1] AND NOT reachable [al][s2] -->
reachable’[al][s2] = TRUE; [] % sl -> s2
reachable[al][s1] AND NOT reachable  [al][s3] -->
reachable’[al][s3] = TRUE; [] %sl -> s3
reachable[al][s2] AND NOT reachable  [al][s3] -->
reachable’[al][s3] = TRUE; %s2 -> s3
END;

Finally, theentire(meta)encodingf typedandattributedgraphtransformation
systemsnto SAL specificationss summarizedn Tablel.

Graphtransformatiorsystems transitionsystems

staticpartsof themodel —

dynamicpartsof themodel statevariables
potentialrule applications guardedccommands
Tablel

A summaryof encodinggraphtransformatiorsystemsnto SAL
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5 Conclusions

In the paper we presentednautomatidransformatiorof modelinglanguagesle-
finedby metamodelindechniquegstaticstructure)andgraphtransformatiorrules
(dynamicbehaior) into the SAL framework. As aresult,we areableto investi-
gatecertainsemantigoropertiesof any specificwell-formedmodelinstanceof the
languageby variousmodelchecking-basedymbolicanalysisechniquegprovided
by the SAL ervironment. After several optimizations the presentedpproactas
becomeindependenbf the SAL languagethusit canbe directly appliedto ary
modelcheckingtool with a specificatioanguageéasedn guardeccommands.

We are currently building a tool that is capableof automaticallytranslating
modelsof arbitraryvisualmodelinglanguageg¢definedoy metamodelingndgraph
transformation)nto the correspondingAL specificationsHowever, prior to that,
we carriedout (with partially automatedranslations)several benchmarkexperi-
mentsof our approachn differentdomains.

For an industrial strengthcasestudy we formalizedthe semanticsof UML
Statechartdy meansof modeltransitionsystemgsee[16] for the specificatiorof
UML statechartdy metamodelingand graphtransformationtechniques)which
wasencodedafterwardsasa SAL specification Afterwards,we carriedout simple
verificationtasksby the SAL modelchecler. In fact, the needfor the optimiza-
tions describedn Sec.4 weretriggeredby unsuccessfupreliminary verification
attempts. The automatictransformatiorinto SAL specificationgfor this specific
modelinglanguagenamely UML) was carriedout within the VIATRA erviron-
ment[18].

In anothercasestudy[14], we capturedthe operationasemanticof Petrinets
by graphtransformationsystemsand translatedthem into the specificationlan-
guageof the Mur¢g modelchecler. In caseof boundedPetrinets(wherethe num-
berof tokensin Petrinetshasana priori upperbound),our approachwasdirectly
applicable.We alsoexploitedthe useof predicateabstractiorby abstractingaway
from the concretenumberof tokens,which resultedin a semi-decisiorprocedure
for proving livenessandsafetypropertiesof Petrinets.

Acknowledgement

I would lik e to thank AndrasPataricza(Budapestniversity of Technology)John
Rushbyandmary of his colleaguegat SRI International)or their encouragement
andsupport.l alsovery muchappreciatehevaluablecommentsf theanorymous
reviewersof the paper

References

[1] “The Mur¢ Model Checler,” .
URL http://verify.st anfo rd .ed u/ di Il /murp hi .h tml

12



VARRO

[2] “The SMV Model Checler,” .
URL http://www-  2.cs. cmu.e du/” madelch eck/ smv. html

[3] Baldan, P, A. Corradini and B. Konig, A static analysis technique for graph
transformationsystemsin: K. G. Larsenand M. Nielsen,editors, CONCUR2001 -
Concurency Theory 12th International Confeence LNCS 2154 (2001), pp. 381-
395.

[4] BensalemS., V. Ganesh,Y. Lakhnech,C. Munoz, S. Owre, H. Ruel3,J. Rushby
V. Rusu,H. Sddi, N. ShankarE. SingermarandA. Tiwari, An overviav of SAL in:
C. M. Holloway, editor, LFM 2000: Fifth NASALangley Formal MethodsWorkshop
2000,pp. 187-196.

[5] Corradini,A., U. MontanariandF. Rossi,Graphprocesses-undamenténformaticae
26(1996),pp. 241-265.

[6] Engels, G., R. Heclel and J. M. Kister Rule-basedspecificationof behavioal
consistencyasedon the UML meta-modelin: M. GogollaandC. Kobryn, editors,
UML 2001: The Unified Modeling Languaje. Modeling Languaes, Conceptsand
Tools LNCS 2185(2001),pp. 272—-286.

[7] Heclel, R., Compositional verification of reactive systemsspecified by graph
transformationin: Proc. FASE: FundamentalApproadesto Softwae Engineering
LNCS 1382(1998),pp. 138—-153.

[8] Heclel, R., H. Ehrig, U. Wolter and A. Corradini, Integrating the specification
tedhniques of graph transformationand tempoal logic, in: Proc. Mathematical
Foundationsof ComputerScience(MFCS’97), Bratislava LNCS 1295 (1997), pp.
219-228.

[9] Heclel, R., J. Kister and G. Taentzer Towards automatic translation of UML
modelsinto semanticdomains in: Proc. AGT 2002: Workshopon Applied Graph
TransformationGrenoble France2002,pp. 11-21.

[10] Holzmann,G., Themodelcheder SPIN IEEE Transaction®n SoftwareEngineering
23(1997),pp.279-295.

[11] JuandelLara,H., VangheluweAtom3:Atool for multi-formalismandmeta-modelling
in: R.-D. Kutscheand H. Weber editors,5th International Confeence FASE2002:
FundamentalApproadesto Softwae Engineering Grenoble France April 8-12,
2002,ProceedingsLNCS 2306(2002),pp. 174-188.

[12] Rozenbay, G., editor, “Handbook of Graph Grammarsand Computingby Graph
Transformationstoundations, World Scientific,1997.

[13] Sadi, H., Model cheking guided abstiaction and analysis in: J. Palsbeg, editor,
SeventhInternational Static AnalysisSymposiunfSAS’00) LNCS 1824 (2000), pp.
377-339.

URL http://www.sdl.s ri .c ompa pers /s ai di_ sas00/

[14] Salamon,G., “Formal Verification of Model TransformationSystems, Masters
thesis,BudapestJniversity of TechnologyandEconomicq2002).

13



VARRO

[15] Sprinkle,J. and G. Karsai, Defining a basisfor metamodeldriven modelmigration,
in: Proceedingsof 9th Annual IEEE Internation Confeenceand Workshopon the
Engineeringof ComputerBasedSystemd,.und, Sweden2002.

[16] Varrd, D., A formal semanticsof UML Statebarts by modeltransition systemsin:
A. Corradini,H. Ehrig, H.-J. Kreowski andG. Rozenbeg, editors,Proc. ICGT 2002:
1stinternationalConfeenceon Graph TransformationLNCS 2505(2002),pp. 378—
392.

[17] Varrd, D. and A. Pataricza, Metamodelingmathematics:A precise and visual
framavork for describingsemanticsdomainsof UML models in: J.-M. Jez&quel,
H. HussmanmandS. Cook,editors,Proc. Fifth InternationalConfeenceonthe Unified
ModelingLanguaye — TheLanguaje andits Applications LNCS 2460(2002),pp. 18—
33.

[18] Varrd, D., G. Vartd andA. PatariczaPesigningtheautomatictransformatiorof visual
languages Scienceof ComputeProgrammingi4 (2002),pp. 205-227.

14



