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Abstract

Graphtransformationhasrecentlybecomemoreandmorepopularasageneral,rule-based
visual specificationparadigmto formally capturethe operationalsemanticsof modeling
languagesbasedon metamodelingtechniquesasdemonstratedby benchmarkapplications
focusingon theformal treatmentof theUnified ModelingLanguage(UML). In thepaper,
we enablemodel checking-basedsymbolic verification for suchmodelinglanguagesby
providing a meta-level transformationof well-formedmodelinstancesinto SAL specifica-
tions [4]. We alsodiscussseveral optimizationsin the translationprocessthatmakesour
approachefficient andindependentof theSAL framework.

Keywords: graphtransformation,metamodeling,formal verification,modelchecking

1 Intr oduction

Nowadays,the Unified Modeling Language(UML) hasbecomethe dominating
object-orientedmodelinglanguagefor thedesignprocessof IT systems.However,
despiteits industrialsuccessasbeinga unifiedandvisualnotation,the imprecise-
nessof UML (i.e., the lack of formal semantics)is still themajor factorthathin-
dersthegeneraluseof UML asa primarysourcelanguagefor (i) automatedtools
of formal verificationandvalidationexploiting the resultsin the theoryof formal
methods,and(ii) automatedcodegeneratorsthat would yield a provenly correct
functionalcoreof targetapplication.

Theabstractsyntaxof theUML modelinglanguagehasbeendefinedvisually
by metamodelingtechniques.A straightforwardrepresentationof suchmodelscan
a
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rely on theuseof directed,typed,andattributedgraphsastheunderlyingsemantic
domain.In thissense,graphtransformation[12] hasrecentlybecomeverypopular
asbeingageneral,rule-basedvisualspecificationparadigmto formally capturethe
operationalsemanticsof modelinglanguagesbasedon metamodelingtechniques
[11,15,17]. Similar ideasareapplieddirectly on (i) integratingdifferentviews of
theUML-basedsystemmodel[6], and(ii) formalizingtransformationsfrom UML
into varioussemanticdomains(Petrinets,SOSrules,dataflow nets,etc.)[9,18].

However, dueto a hugeabstractiongapbetweenvisualmetamodel-basedand
formal mathematicaldescriptions,the specificationand implementationof graph
transformationsystemsin ametamodeling(or UML) environmentarehighly prone
to humanerrors,which necessitatesan automatedverification methodfor such
systems.

Thetheoreticalbasicsof verifyinggraphtransformationsystemsbymodelcheck-
ing techniqueshavealreadybeenstudiedthoroughlyin, e.g.,[7,8] (andsubsequent
papers);however, the framework the authorsproposedoesnot directly give fur-
thersuggestionson concreteimplementationor tool supporthow to verify formal
specificationsgivenin theform of graphtransformationsystemsby existingmodel
checkingor theoremproving techniques.

In the currentpaper, we proposea meta-level translationof modelsof high-
levelmodelinglanguageswith abstractsyntaxdefinedbymetamodelingtechniques
andoperational semanticscaptured by graph transformationsystemsinto transi-
tion systemsservingasinputsfor variousmodelcheckingtoolsto enableautomated
verificationfor them.Ourapproachis demonstratedontransformingvisualspecifi-
cationsinto theSAL intermediatelanguage[4] to provide accessto a combination
of symbolicanalysistechniques.We alsoproposeseveral tool-independentopti-
mizationsfor thisencodingin orderto avoid thestateexplosionof modelchecking
tools.

2 Defining Modeling Languages

Initially, weinformally summarizebelow themajorconceptsfor definingmodeling
languagesby a traditionalcombinationof metamodelingandgraphtransformation
techniquesthatwill serveastheinput for our encoding.

2.1 Modelsandmetamodels

The abstract syntaxof domainspecificmodelinglanguagesis definedby a cor-
respondingmetamodel,which conformsto thebestengineeringpracticesin visual
specificationtechniques.Typically, models(denotedby m in thesequel)andmeta-
modelsarerepresentedinternallyastyped,attributedanddirectedgraphs.For in-
stance,consideringUML class(object)diagramsasa graphicalrepresentationof
metamodels(models),eachclass(object)canberepresentedasa nodewhile each
navigableassociation(link) endmaybedescribedby adirectededgetogetherwith
thecorrespondingtyping homomorphisms[5].
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A samplemetamodeland a simple model of finite automataare depictedin
Figure1.
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Fig. 1. A metamodelandmodelof finite automata

Example2.1 Accordingto themetamodel,a well–formedinstanceof a finite au-
tomatonis composedof statesandtransitions. A transitionis leadingbetweenits
from stateand to state. The initial statesof the automatonaremarked with init,
theactive statesaremarkedwith current, while the reachablestatesstartingfrom
theinitial statesaremodeledby reachableedges.Note that in themetamodel,we
identifieddynamicgraphelementsby dashedlines(by dynamicgraphelementswe
meanobjectsthatcanberemovedandaddedduringtheexecutionof models).

2.2 Transformationrules

Thedynamicoperational semanticsof a modelinglanguageis specifiedby graph
transformationrules.A graph transformation rule is a3-tuplenpofqsrutwv
xzyC{}|M~�r;��|Mn�yC{�� ,
wherexkyC{ is theleft-handsidegraph,n�yC{ is theright-handsidegraph,while ~�r;�
denotethe(optional)negativeapplicationconditions.

Theapplication of a rule to amodelgraphm (e.g.,aUML modelof theuser)
rewritestheusermodelby replacingthepatterndefinedby xzyC{ with thepatternof
the n�y�{ . This is performedby

(i) findinga match of xzyC{ in m (graphpatternmatching),

(ii) checkingthenegativeapplicationconditions~�r;� whichprohibit thepresence
of certainnodesandedges

(iii) removing a part of the graph m that canbe mappedto the xzyC{ but not the
n�y�{ graph(yielding thecontext graph),

(iv) gluing n�yC{ andthecontext graphto obtainthederivedmodel m�� .
Example2.2 A pairof rulesdescribinghow thereachabilityproblemonfinite au-
tomatacanbe formulatedby graphrewriting rules is depictedin Figure2. Rule
initR statesthat all statesof theautomatonmarked asinitial arereachable(if the
statehasnot beenmarkedpreviously). Rule reachR expressesthat if a reachable
state��� of theautomatonis connectedby a transition ��� to sucha state��� that is
notreachableyet then ��� shouldalsobecomereachableasaresultof theruleappli-
cation.Notethatwithout thenegativeapplicationcondition(thecrossedreachable
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edgein theleft-handsideof therule),thetransformationwouldgeneratemorethan
a singlereachableedgebetweenan automatonanda state,which contradictsour
intuitiverequirements.
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Fig. 2. Calculatingreachablestatesby graphtransformation

In many cases,modelinglanguagespecificationsbasedongraphtransformation
systemsalsocontaincontrol structuresto restrictrule applicationsequences.Due
to spacelimitations, this extensionis out of the scopeof the currentpaper; the
readeris referredto [14].

3 SAL: Symbolic AnalysisLaboratory

TheSAL (SymbolicAnalysisLaboratory)[4] framework aimsatcombiningdiffer-
ent tools for abstraction,programanalysis,theoremproving, andmodelchecking
towardstheevaluationof systemproperties.TheSAL architecturecanbedescribed
asa“tool–bus” whereacollectionof toolsinteractthroughacommonintermediate
languageof transitionsystems.Theindividual analyzers(theoremprovers,model
checkers,staticanalyzers)aredrivenfrom this intermediatelayerandtheanalysis
resultsarefedbackto this intermediatelevel.

In theSAL intermediatelanguage,theunit of specificationis a context, which
containsdeclarationof types,constants,transitionsystemmodules,andassertions.
A SAL moduleis a transitionsystemunit formalizedmathematicallyas Kripke
structures. A basicSAL moduleis astatetransitionsystemwherethestateconsists
of input, output, local, andglobal variables,which referto differentaccessmodes.

A basicmodulealsospecifiestheinitialization andtransitionsteps.Thesecan
begivenby a combinationof definitionsor guardedcommands.A definitionis of
theform ��t�r;�i�>�\r�{�{$����� or �H�Ht�r;�i�H�\r�{�{$����� , where�H� refersto thenew valueof
variable� in a transition.A guardedcommandis of theform ���f� � , where � is
abooleanguardand � is a list of definitionsof theform �H�>t�r;�i�H��r�{�{+���(� .

SAL modulescanbe composed(i) synchronously, so that m��+�Q��m�� is a mod-
ule that takes m�� and m�� transitionsin a lockstep,or (ii) asynchronously, when
m���� ��m�� is amodulethattakesaninterleaving of m�� and m�� transitions.
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In thepaper, we will usetheSAL specificationlanguagefor describinggraph
transformationsystemsastraditionalstatetransitionsystemsdespitethe fact that
theSAL framework is not yet availablefor public. However, asSAL is aimedto
provide a generalfront-endto many individual model checkers, we can achieve
a high level of independencefrom concretetools in exchange. We believe that
thelanguageitself is self-explanatoryandcommonto many otherwell-known for-
malisms(suchasSMV [2], Mur   [1], SPIN/Promela[10], etc.).

4 From Graph Transformation Systemsto Transitions Systems

In the currentsection,we outline a meta-level approachhow to transformgraph
transformationsystemsinto transitionsystems(with formal semanticsdefinedas
Kripke structures)in orderto verify propertiesof usermodelsby modelchecking
tools(weusedtheSAL modelchecker for our experiences).

In otherwords,we proposea methodthat inputs(i) themetamodelof a visual
modelinglanguage,(ii) its operationalsemanticsin the form of a graphtransfor-
mationsystem, (iii) a requirementexpressedby a combinationof graphpatterns
andtemporallogic formulae,and(iv) a concrete,well-formedmodelinstanceof
the language,andgeneratesa transitionsystem(with guardedcommands)asthe
output.

As aresult,wedonotreasonaboutthelanguageitself (asin thecaseof theorem
provers); however, we can prove (automatically, with respectto the capabilities
of model checkers)certainsemanticcorrectnessproperties(like safety, liveness,
etc.) for a well-formedconcretebut arbitraryinstancemodelof thelanguage.It is
essentialto bepointedout that in practicalcases,theuseris only interestedin the
correctnessof his or hermodelandnot thecorrectnessof themodelinglanguage.
Moreover, proving the correctnessof a propertyfor all valid model instancesis
oftenimpossible.

Systemmodel
Thestatespaceof a graphtransformationsystemis constitutedfrom attributed

graphscreatedbyelementarygraphtransformationsteps(seeFig.3(a)for anoverview).
This statespacehasa specialstructure: while the graphrepresentationof a

usermodel is typically finite (for instance,infinite UML modelsare somewhat
rare),graphattributesmay result in potentiallyinfinite staterepresentations(e.g.,
in caseof integersor reals).As currentmodelcheckingtoolscanonly traversestate
spacesinducedbystatevariablesof finitedomain,variableshaving infinite domains
shouldbe abstractedto booleandomainsbeforemodel checkingby a technique
calledpredicateabstraction[13].

Thereafter, graphmodelshaving (eitheroriginal or abstracted)attributesof fi-
nite domainwill form the statespaceof the system, andthey will be encodedas
predicatesover nodeidentifiers.Applying a graphtransformationrule for a single

5



dfehgigkjl

RuleApp1

RuleApp2 RuleApp2

RuleApp1

(a)GTSasKripkestructures

reachable

A1:Automata

S1:State

current

S1:State

A1:Automata

EF

(b) Specifyingproperties¡�¢ ��|7{��.£�v ¢ oC¤,��¥ ¢ ¤,�(�4v ¢ ���§¦¨{$¤ ¢ ¤,r©v
{\���§¦ª�\r ¢©« y ¢§¬ qsr©v ¢ �;|7{������ EF
« oC�(�\r$��¤�v ¢ �7|7{������

Fig. 3. Outlineof ourmodelcheckingapproach

matchis representedasa transitionin thetransitionsystem­ .
Themajorproblemin suchanencodingreliesin thefactthatwhile graphtrans-

formationis a meta-level specificationtechniquetransitionsin a transitionsystem
aredefinedon the instancelevel. As a consequence,the applicationof a single
graphtransformationrule is encodedinto several transitionsin theKripke model;
moreover, thesamegraphtransformationrule mayyield differentenabledtransi-
tions(evenduringthesameexecution)whenappliedto differentinstancegraphs.

Propertiesto be verified
Propertiesof transformationsto be verified arepredicatescomposedof graph

patternsthat prescribeor prohibit the presenceof certainsituations(e.g.,an un-
reachablestatecannotbeinitial). Fromtheseatomicpredicates,arbitrarilycomplex
expressionscanbeconstructedusingthetraditionaloperatorsof temporallogic. A
samplepropertystatingthata reachablestatein a finite automatonshouldeventu-
ally becomecurrenton at leastoneexecutionpathis depictedin Fig 3(b).

Naturally, thesegraphicalpattern-basedtemporalspecificationshavetobetrans-
latedinto traditionaltemporallogic formulaeto serveasawell-formedinputfor the
SAL framework.

4.1 Encodingof graphmodelsasKripkestates

In thesequel,we identify anddiscussthekey issuesin thetransformationof meta-
level graphtransformation-basedsystemspecificationtechniquesinto (instance-
level) transitionsystemsthat serve as the the input languagefor many existing
modelcheckingtools(includingSAL [4], SPIN[10], andMur   [1]).

Informally, a transitionsystemis composedof a setof statevariablestogether
with their initialization,anda setof guardedcommands(if-then likestatements).
®

In orderto avoid confusioncausedby theoverloadingof thewords,theterms“graph” and“trans-
formation(step)” refer to systemstatesandtransitionson thegraphtransformationlevel while the
terms“state” and“transition” will referto thecorrespondingnotionsof transitionsystems(Kripke
structure)
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Definition 4.1 A transition system �u�¯t°v
±�|��@|�²©���
¤�� is a threetuple where(i)
±³t°´�µ©�7|;¶·¶¸¶�µ(¹�º is the setof statevariables(with finite or infinite domains);(ii)
��t»´+¼���|$¶·¶¸¶¸|�¼�½§º is thesetof transitions(guardedcommands)which is of theform
�§o ¢ ��¾¿�f� µi�� £ÀtÁr���|$¶¸¶¸¶·|�µi�½ £ÀtÁr;½ (wherethe �ho ¢ ��¾ is a booleanconditionand
an action µ �� £�tÂr�� specifiesstatevariableupdates)inducinga transitionrelation¢©« ¤ÄÃiv�±Å|7±Æ�Ç� definedas �§o ¢ ��¾z¦ÉÈ ¹ÊÇË � µi�Ê t�r Ê ; while (iii) ²§�f�
¤ is apredicatedefining
the initial state.

For ourconvenience,wesupposethatstatevariablescanbestoredin statevari-
ablearraysrangingonthesetof objectidentifiers,andthey canbereferredas µ;Ì��Í�E� .
Theformal semanticsof transitionssystemsaredefinedasKripkestructures.

Definition 4.2 A Kripk e structure ÎÏ�ÐtÑv
Òu|M~�|�²C|�ÓÔ� is a four tuple where(i)
Ò is the setof states(inducedby all possibleevaluationsof statevariables);(ii)
~ Õ»Ò¯Ö�Ò is the transitionrelation (definedas ~×tÙØ ½ÊÇË �hÚ « ¤ÄÃEÛ ); (iii) ²ÜÕwÒ is
thesetof initial states; and(iv) ÓÝ£ÔÒZ� Þ�ß"à is a labeling functionrelatingeach
stateto asubsetof atomicpropositionsÚpá thatarevalid in thegivenstate.

Step1: Typedeclarations,statevariables
Theencodingof graphmodelsinto statevariablesis drivenby themetamodel.

Wedefine
â a one-dimensionalbooleanstatevariable array (a unaryrelationsymbol)for

each nodetype(suchasState, Transition, andAutomatonin our runningexam-
ple)â a two-dimensionalbooleanstatevariable array (abinaryrelationsymbol)for
each edge type(e.g.,from,to, reachable, etc.).â a one-dimensionalstate variable array with enumeration type for each at-
tributetype(seethecolor attributeof states).

For modelcheckingpurposes,wemustrestrictthedimensionof eacharrayand
all theenumerationtypesto befinite duringtypedeclaration.For thecorresponding
graphtransformationsystem,theserestrictionsimply that(i) thereexistsana priori
upperboundfor thenumberof nodesin thegraphfor eachnodetype(ii) multiple
edgesof the sametype betweentwo nodesare forbidden,and (iii) attributesof
infinite typehave beenabstractedinto somerepresentative finite domain(e.g.,by
predicateabstraction),which is eithercarriedout by theuser, or, preferably, by the
modelcheckingtool itself.

Step2: Initialization predicate
Supposingthateachnodein a concretemodelhasa uniqueidentifier, a unary

relation(booleanstatevariablearray)� holdsat � Ê (denotedas���Í� Ê �ft�ã ), if there
existsa nodeidentifiedby � Ê of type � . Similarly, a binaryrelation �"�Í� Ê |��"Ì���täã
if thereexist anedgeof type � betweennodes� Ê and �"Ì . Otherwise,a relationis
falseby definition: ���Í� Ê �ftæå .
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Thereafter, a statein the transitionsystemrepresentationof a graphtransfor-
mationsystemis definedby the current evaluationof the predicates. The initial
graphinstanceis thereforeencodedinto theinitial predicate,which is theconjunc-
tion of basicassignmentsfor elementarypredicates(relations).

SAL specification
In the correspondingSAL specification,we introduce(i) typesfor the set of

identifiers, and(ii) booleanvariablearraysfor representingtherelationsof nodes
andedges.TheSAL specificationalsoallows theuseof statevariablesof arbitrary
type,which allows for straightforwardencodingof metamodelattributes,aspredi-
cateabstractionis performedwithin thetool-kit. Theinitial modelis setup during
theinitialization statementby mappingfrom graphobjectsto identifiers.

For example,theSAL encodingof a finite automatonwould include(at least)
thefollowing lines.

AutID : TYPE = ç a1 è ;
StateID : TYPE = ç s1, s2, s3 è ;
ColorType : TYPE = ç R, G, B è ;
GLOBAL automaton : ARRAY AutID OF Boolean % Nodes
GLOBAL reachable : ARRAY AutID OF ARRAY StateID OF Boolean % Edges
GLOBAL color: ARRAY StateID OF ColorType % Attributes

INITIALIZATION
automaton[a1] = TRUE; reachable[a1][s1] = FALSE; color[s1] = "R";

Statespaceoptimization in SAL
Ourexperiments(whenthecurrentapproachwasappliedfor encodingandveri-

fying UML statechartsexpressedbymodeltransitionsystemsin [16]) haverevealed
thatthepreviousencodingconsumesanunacceptableamountof spacewhenmodel
checkingrealapplications.For instance,theencodingof anautomatonhaving 20
statesand20 transitionsrequiresmorethan500 booleanstatevariables,which is
typically far too many to behandledby state-of-the-artmodelcheckingtools (re-
sultingin astatespacehaving Þ�éÄêÄê states).

The problemoriginatesin the fact that in the previous naive approach,state
variableswereintroduced“verbosely”for the staticpartsof a model. Supposing
that thestructureof finite automataremainsunchangedduringthe life-time of the
model,we needto introducestatevariablesonly for dynamicelements(suchas
current or reachable in the metamodelof finite automata),while static parts can
be representedby booleanfunctionsdefinedat compile-time.As a summary, the
majordifferencebetweenstatevariablesarraysandfunctionsreliesin thefactthat
booleanfunctionsarestaticallydefined(i.e., theirvaluedoesnotchangeduringthe
executionof themodel).

As a consequence,the following SAL modelprovidesa muchmoreefficient
statespacerepresentationfor ourfinite automaton.

% SAL notation: function: f(x), state variable array: f[x]
AutID : TYPE = ç a1 è ;
StateID : TYPE = ç s1, s2, s3 è ;

8



dfehgigkjl

automaton(a: AutID) : Boolean =
IF (a=a1) THEN TRUE ELSE FALSE

states(a: AutID, s: StateID) : Boolean =
IF (a=a1) AND

(s=s1 OR s=s2 OR s=s3)
THEN TRUE ELSE FALSE

GLOBAL reachable : ARRAY AutID OF ARRAY StateID OF Boolean
INITIALIZATION

reachable[a1][s1] = FALSE;
reachable[a1][s2] = FALSE;
reachable[a1][s3] = FALSE;

Step3: Statespaceoptimization in transition systems
Unfortunately, modelcheckers,do not alwayssupportthe definition of func-

tions (for instance,SAL doessupportfunctions;in Mur   , functionscanbesimu-
latedwith a hack;while SMV doesnot supportfunctions). Therefore,for transi-
tion systemsin general,the transformationprocessonly generatesstatevariables
for nodes,edgesandattributesthataredynamicin themetamodel.A metamodel
elementis consideredto bedynamicif thereexistsat leastonegraphtransforma-
tion ruleof themodelthatprescribesto create,removeor updateaninstanceof the
metamodelelement.

Naturally, as a rule may never be appliedduring an executionof a specific
model, the transformationmay still introducestatevariablesfor metamodelele-
mentsthatarenever changed.However, asour translationfrom graphtransforma-
tion systemsto transitionsystemsis definedonthemetalevel, theonly possibilityto
eliminatesucha modelinstancespecificoverheadis theuseof sophisticatedstatic
analysistechniquesof graphtransformationrules(e.g.,[3]).

4.2 Encodingtransformationstepsastransitions

The main task in encodingtransformationsteps(potentialapplicationsof graph
transformationrules)into transitionsof transitionsystemsis to simulateefficiently
thegraphpatternmatchingprocessin a low-level structure.As graphtransforma-
tion is a meta-level specificationtechnique,a singlegraphtransformationrule will
be encodedinto several transitions. In fact, all potentialoccurrencesof a pattern
(applicationof a rule) have to beenumeratedexplicitly asdifferentguardedcom-
mands.

Formally, we may definea transitionfunction for eachtransformationrule as
follows. Let us assignfirst a variable(not statevariable!) for eachnodein the
rule. Thentheguard of thetransitionis constructedfrom theleft-handsideandthe
negative applicationconditiongraphs(following the previous encodingof graph
models),while thestatevariableupdatesarespecifiedby theobjectsthatarecre-
atedor removed by the rule. For instance,rule initR of the runningexampleis
encodedas

���f�
¤,nëv Ú ��|7�����Ht if
¢ oH¤,��¥ ¢ ¤,�(�4v Ú ���Ô¦�{$¤ ¢ ¤,r©v
�����Ô¦����f�
¤�v Ú ��|7�����Ô¦
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ì �\r ¢©« y ¢©¬ qsr©v Ú �$|7���,�
then ��r ¢§« y ¢©¬ qsr � v Ú ��|7���,�.£Àt�ã¨¶

This examplecanbereadasfollows: in thenext state,the ��r ¢©« y ¢©¬ qsr relation
shouldbecometruefor all assignmentsfor variablesÚ � and ��� whenever (accord-
ing to the functiondefinedat compile-time)the

¢ oH¤,��¥ ¢ ¤,�(� functionholdsat Ú � ,{;¤ ¢ ¤,r holdsat ��� and �
���
¤ holdsat Ú �7|7��� .

Step4: Guarded commands
Unfortunately, sucha transition function requiresa sophisticatedunification

algorithm(for correctlyinstantiatingvariableswith identifiers),which is not sup-
portedbyexistingmodelcheckingtools.Therefore,wehaveto generate(atcompile-
time) all thepotentialtransitionscorrespondingto a rule applicationon a specific
match. Thenumberof potentialtransitions(accordingto a naive first estimation)
aredeterminedby thecomplexity of theLHSof a rule (i.e., thenumberof nodes),
andthesizeof themodel(i.e., thecardinalityof thesetsof identifiers). In caseof
rule initR, thecorrespondingSAL specificationin anaiveencodingis asfollows.

TRANSITION % guarded commands for initR
% first potential match

automaton(a1) AND init(a1,s1) AND state(s1) AND
NOT (reachable[a1][s1]) --> % guard

reachable’[a1][s1] = TRUE; % assignment
[] % asynchronous composition
% second potential match

automaton(a1) AND init(a1,s2) AND state(s2) AND
NOT (reachable[a1][s2]) -->

reachable’[a1][s2] = TRUE;
[]
% third potential match

automaton(a1) AND init(a1,s3) AND state(s3) AND
NOT (reachable[a1][s3]) -->

reachable’[a1][s3] = TRUE;

It is obvious that sucha naive approachgeneratesredundanttransitionswith
guardsthatcannever besatisfied.However, eachoneis investigatedandtestedat
eachstepoverandoveragaincausinganunacceptabledeclinein performance.For
instance,thefinite automatonmodelin our runningexample(Fig. 1) hasa single
initial state {�� , thusthesecondandthird potentialmatchesaresuperfluousasthe
guardsareconstantlyfalse.

Optimizations in guardedcommands
To reducesuchan overhead,we eliminateguardconditionsthat cannever be

satisfiedby furtherpreprocessingon thegraphtransformationlevel.

(i) Thedynamicandstaticpartsof agraphtransformationrule areidentifiedand
separated.

(ii) A graphpatternmatchingstepis executedto find all theoccurrencesdefined
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by thestaticpartsof theLHS of therule. Theaim of this stepis to limit the
potentialmatchesto thosethatcertainlysatisfythestaticpartsof theguard.

(iii) If the guardof a certainguardedcommandcannever be satisfieddueto the
failureof patternmatchingin thestaticstructurethenthis transitionis elimi-
natedfrom (betterto say, not generatedin) thetransitionsystem.In fact,this
steppreventsthe creationof the secondandthird transitionsin the previous
example.

(iv) All conditionsappearingin guardsthat refer to staticpartsof the modelare
eliminatedafterwards(sincethey are guaranteedto be fulfilled at compile-
time).

(v) Theresultingtransitionsystemhasguardedcommandsusingonly statevari-
ablesasconditions(andassignments)without thepreviously introducedfunc-
tions. Note that this approachcanbeappliedto generatea moreoptimal set
of guardedcommandsfor transitionssystemsin general(thus, it is totally
independentof SAL astargetlanguage).

This preprocessingstepwould yield the following SAL specificationfor our
sampleautomatonmodel(in Fig. 1).

AutID : TYPE = a1;
StateID : TYPE = s1, s2, s3;
fa1 : MODULE=
BEGIN

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

reachable[a1][s1] = FALSE; reachable[a1][s2] = FALSE; ...
TRANSITION % guarded commands for initR and reachableR

NOT reachable[a1][s1] --> reachable’[a1][s1] = TRUE; [] % s1 is init
reachable[a1][s1] AND NOT reachable [a1][s2] -->

reachable’[a1][s2] = TRUE; [] % s1 -> s2
reachable[a1][s1] AND NOT reachable [a1][s3] -->

reachable’[a1][s3] = TRUE; [] % s1 -> s3
reachable[a1][s2] AND NOT reachable [a1][s3] -->

reachable’[a1][s3] = TRUE; % s2 -> s3
END;

Finally, theentire(meta)encodingof typedandattributedgraphtransformation
systemsinto SAL specificationsis summarizedin Table1.

Graphtransformationsystems transitionsystems

staticpartsof themodel —

dynamicpartsof themodel statevariables

potentialrule applications guardedcommands

Table1
A summaryof encodinggraphtransformationsystemsinto SAL
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5 Conclusions

In thepaper, we presentedanautomatictransformationof modelinglanguagesde-
finedby metamodelingtechniques(staticstructure)andgraphtransformationrules
(dynamicbehavior) into the SAL framework. As a result,we areableto investi-
gatecertainsemanticpropertiesof anyspecificwell-formedmodelinstanceof the
languageby variousmodelchecking-basedsymbolicanalysistechniquesprovided
by theSAL environment.After severaloptimizations,thepresentedapproachhas
becomeindependentof the SAL language,thus it canbe directly appliedto any
modelcheckingtool with aspecificationlanguagebasedon guardedcommands.

We are currently building a tool that is capableof automaticallytranslating
modelsof arbitraryvisualmodelinglanguages(definedbymetamodelingandgraph
transformation)into thecorrespondingSAL specifications.However, prior to that,
we carriedout (with partially automatedtranslations)several benchmarkexperi-
mentsof our approachin differentdomains.

For an industrial strengthcasestudy, we formalizedthe semanticsof UML
Statechartsby meansof modeltransitionsystems(see[16] for thespecificationof
UML statechartsby metamodelingandgraphtransformationtechniques),which
wasencodedafterwardsasaSAL specification.Afterwards,wecarriedout simple
verificationtasksby the SAL modelchecker. In fact, the needfor the optimiza-
tions describedin Sec.4 weretriggeredby unsuccessfulpreliminaryverification
attempts.The automatictransformationinto SAL specifications(for this specific
modelinglanguage,namely, UML) wascarriedout within the VIATRA environ-
ment[18].

In anothercasestudy[14], we capturedtheoperationalsemanticsof Petrinets
by graphtransformationsystemsand translatedthem into the specificationlan-
guageof theMur   modelchecker. In caseof boundedPetrinets(wherethenum-
berof tokensin Petrinetshasana priori upperbound),our approachwasdirectly
applicable.We alsoexploitedtheuseof predicateabstractionby abstractingaway
from theconcretenumberof tokens,which resultedin a semi-decisionprocedure
for proving livenessandsafetypropertiesof Petrinets.
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[9] Heckel, R., J. Küster and G. Taentzer, Towards automatic translation of UML
modelsinto semanticdomains, in: Proc. AGT 2002: Workshopon Applied Graph
Transformation, Grenoble,France,2002,pp.11–21.

[10] Holzmann,G., Themodelchecker SPIN, IEEETransactionson SoftwareEngineering
23 (1997),pp.279–295.

[11] JuandeLara,H., Vangheluwe,Atom3:A tool for multi-formalismandmeta-modelling,
in: R.-D. KutscheandH. Weber, editors,5th InternationalConference, FASE2002:
FundamentalApproaches to Software Engineering, Grenoble, France, April 8-12,
2002,Proceedings, LNCS2306(2002),pp.174–188.

[12] Rozenberg, G., editor, “Handbook of Graph Grammarsand Computingby Graph
Transformations:Foundations,” World Scientific,1997.
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