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Abstract. As the Model Driven Architecture(MDA) relies on complex and
highly automatedmodeltransformationsbetweenarbitrarymodelinglanguages,
thequalityof suchtransformationsis of immenseimportanceasit caneasilybe-
comeabottleneckof amodel-drivendesignprocess.Automationsurelyincreases
thequalityof suchtransformationsaserrorsmanuallyimplantedinto transforma-
tion programsduring implementationareeliminated;however, conceptualflaws
in transformationdesignstill remainundetected.In thispaper, wepresentameta-
level andhighly automatedtechniqueto formally verify by modelcheckingthata
modeltransformationfrom anarbitrarywell-formedmodelinstanceof thesource
modeling languageinto its target equivalent preserves (languagespecific)dy-
namicconsistency properties.We demonstratethefeasibility of our approachon
a complex mathematicalmodel transformationfrom UML statechartsto Petri
nets.
Keywords: modeltransformation,graphtransformation,modelchecking,formal
verification,MDA, UML statecharts,Petrinets.

1 Intr oduction

Nowadays,the Model Driven Architecture(MDA) of the ObjectManagementGroup
(OMG) hasbecomethedominatingtrendin softwareengineering.Thecoretechnology
of MDA is the Unified Modeling Language(UML), which providesa standardway
to build first a platform independentmodel(PIM) of the target systemunderdesign,
whichmayberefinedafterwardsinto severalplatformspecificmodels(PSMs). Finally,
the target applicationcodeshouldbe generatedautomaticallyby off-the-shelfUML
CASEtoolsdirectly from PSMs.

While MDA puts the stresson a preciseobject-orientedmodelinglanguage(i.e.,
UML) asthecoretechnology, it failsto sufficientlyemphasizetheimportanceof precise
andhighly automatedmodeltransformationsfor designingandimplementingmappings
from PIMs to PSMs,or PSMsto applicationcode.The methodology(if thereis any)
behindexisting codegeneratorsintegratedinto off-the-shelfUML CASE tools relies�
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on textual programminglanguagetranslations,which doesnot scaleup for the needs
of a UML basedvisualmodelingenvironment.Moreover, PIM-to-PSMmappingsare
frequentlyhardwired into theUML tool thusit is almostimpossibleto be tailoredto
specialrequirementsof applications.

In caseof dependableandsafetycritical applications,further model transforma-
tions are necessitatedto map UML modelsinto variousmathematicaldomains(like
Petri nets,dataflow networks, transitionsystems,processalgebras,etc.) to (i) define
formal semanticsfor UML in a denotationalway [2, 7,8,16], and/or(ii) carryout for-
malanalysisof UML designs[4,13].

In thecurrentpaper, we investigatethemodeltransformationproblemfrom a gen-
eral perspective, i.e., to specifyhow to transforma well-formed instanceof a source
modelinglanguage(which is typically UML in thecontext of MDA) into its equivalent
in thetargetmodelinglanguage(which canbeUML, a targetprogramminglanguage,
or a mathematicalmodelinglanguage).

Relatedworkin modeltransformationsModeltransformationmethodologieshavebeen
underextensive researchrecently. Existing model transformationapproachescan be
groupedinto two maincategories:

– Relationalapproaches: theseapproachestypically declare a relationshipbetween
objects(andlinks) of thesourceandtargetlanguage.Suchaspecificationtypically
baseduponametamodelwith OCL constraints[1,11,17].

– Operationalapproachesthesetechniquesdescribetheprocessof amodeltransfor-
mation from the sourceto the target language.Sucha specificationmainly com-
binesmetamodelingwith (c) graphtransformation[5, 8,9,14,27], (d) triple graph
grammars[22] (e) termrewriting rules[28], or (f) XSL transformations[6,19].

Many of thepreviousapproachesalreadytackletheproblemof automatingmodel
transformationsin orderto provide a higherquality of transformationprogramscom-
paredwith manuallywrittenadhoctransformationscripts.

ProblemstatementHowever, automationalonecannotprotectagainstconceptualflaws
implantedinto thespecificationof a complicatedmodeltransformation.Consequently,
amathematicalanalysiscarriedoutontheUML designafteranautomaticmodeltrans-
formationmight yield falseresults,andtheseerrorswill directly appearin the target
applicationcode.

As a summary, it is crucial to realizethat modeltransformationsthemselvescan
also be erroneousandthusbecominga quality bottleneckof MDA. Therefore,prior
to analyzingthe UML modelof a targetapplication,we have to prove that the model
transformationitself is freeof conceptualerrors.

Correctnesscriteria of modeltransformationsUnfortunately,dueto theirwiderangeof
applicationsin theMDA environment,it is hardto establisha singlenotionof correct-
nessfor modeltransformations.Themostelementaryrequirementsof amodeltransfor-
mationaresyntactic.

– Theminimal requirementis to assuresyntactic correctness, i.e., to guaranteethat
thegeneratedmodelis asyntacticallywell–formedinstanceof thetargetlanguage.
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– An additionalrequirement(calledsyntactic completeness) is to completelycover
thesourcelanguageby transformationrules,i.e., to prove thatthereexistsa corre-
spondingelementin thetargetmodelfor eachconstructin thesourcelanguage.

However, in orderto assurea higherquality of modeltransformations,at leastthe
following semanticrequirementsshouldalsobeaddressed.

– Termination: Thefirst thingwemustalsoguaranteeis thatamodeltransformation
will terminate.Thisis averygeneral,andmodelinglanguageindependentsemantic
criterionfor modeltransformations.

– Uniqueness(Confluence,functionality): As non-determinismis frequentlyused
in thespecificationof modeltransformations(asin thecaseof graphtransformation
basedapproaches)we mustalsoguaranteethat thetransformationyieldsa unique
result.Again, this is a languageindependentcriterion.

– Semanticcorrectness(Dynamic consistency):In theory, a straightforward cor-
rectnesscriterionwouldrequireto provethesemanticequivalenceof sourceandtar-
getmodels.However, asmodeltransformationsmayalsodefinea projectionfrom
the sourcelanguageto the target language(with deliberateloss of information),
semanticequivalencebetweenmodelscannotalwaysbeproved.Insteadwe define
correctnessproperties(which aretypically transformationspecific)that shouldbe
preservedby thetransformation.

Unfortunately, relatedwork addressingthesecorrectnesscriteriaof modeltransfor-
mationsis very limited. Syntacticcorrectnessandcompletenesswasattacked in [27]
by planneralgorithms,andin [10] by graphtransformation.Recentlyin [15], sufficient
conditionsweresetupthatguaranteetheterminationanduniquenessof transformations
baseduponthestaticanalysistechniqueof critical pair analysis[12].

However, no approachesexist to reasonaboutthe semanticcorrectnessof model
transformations.To beprecise,theCSPbasedapproachof [9] thataimsto ensuredy-
namic consistency of UML modelshasthe potentialto be extendedto reasonabout
propertiesof transformations.However, definingmanuallythesemanticsof anarbitrary
modelinglanguageby mappingit into CSPis muchmoredifficult andlessintuitivethan
definingtheoperationalsemanticsof thelanguageby graphtransformation.

Our contribution In this paper, we presenta meta-level andhighly automatedframe-
work (in Sec.2) to formally verify by modelcheckingthatamodeltransformationfrom
anarbitrarywell-formedmodelinstanceof thesourcemodelinglanguage(specifiedby
metamodelingandgraphtransformationtechniques)into its targetequivalentpreserves
(languagespecific)dynamicconsistency properties.We demonstratethe feasibility of
ourapproach(in Sec.3) onverifying asemanticpropertyof acomplex modeltransfor-
mationfrom UML statechartsto Petrinets.

2 AutomatedFormal Verification of Model Transformations

We presentan automatedtechniqueto formally verify (basedon the modelchecking
approachof [24]) thecorrectnessof themodeltransformationof aspecificsourcemodel
into its targetequivalentwith respectto semanticproperties.
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2.1 Conceptualoverview

A conceptualoverview of our approachis given in Fig. 1 for a modeltransformation
from anfictitiousmodelinglanguageA (whichwill beUML statechartsfor ourdemon-
stratingexamplelateron) to B (Petrinetsasin ourcase).

User
model B

Transition
system A

Transition
system B

model A
User

Metamodel A

GraTra A

Metamodel B

GraTra B

Model−level

Meta−level

transformation rules

automatic generation

automatic
generation

automatic
generation

well−formed? well−formed?

p <=> q?

validation

p? q?
verification verification

Modeling language A Modeling language B

(no conflict)

Fig.1. Model level formal verificationof transformations

1. Specificationof modeling languages. As a prerequisitefor the framework, each
modelinglanguage(bothA andB) shouldbedefinedpreciselyusingmetamodeling
andgraphtransformationtechniques(see,for instance,[26] for furtherdetails).

2. Specificationof model transformations. Moreover, the A2B model transforma-
tion shouldbespecifiedby a setof (non-conflicting)graphtransformationrules.

3. Automatedmodelgeneration. For any specific(but arbitrary)well-formedmodel
instanceof the sourcelanguageA, we derive the correspondingtarget modelby
automaticallygeneratedtransformationprograms(e.g.,generatedby VIATRA [5]
astool support).

4. Generating transition systems. As the underlying semanticdomain,a behav-
iorally equivalenttransitionsystemis generatedautomaticallyfor both thesource
andthetargetmodelon thebasisof thetransformationalgorithmpresentedin [24]
(andwith a tool supportreportedin [21]).

5. Selecta semanticcorrectnessproperty. We select(oneor more)semanticprop-
erty p in the sourcelanguageA which is structurallyexpressibleas a graphical
patterncomposedof theelementsof thesourcemetamodel(andpotentially, some
temporallogic operators).
Note that the formalizationof thesecriteria for a specificmodeltransformationis
not at all straightforward. In many cases,we canreducethe questionto a reach-
ability problemor a safetyproperty, but even in this casefinding the appropriate
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temporallogic formulaeis non-trivial. More detailson usinggraphicalpatternsto
capturestaticwell-formednesspropertiescanbefound,e.g.,in [10].

6. Model checkthe sourcemodel. TransitionsystemA is model-checkedautomati-
cally (by existing modelchecker tools like SAL [3] or SPIN)to prove propertyp.
This modelcheckingprocessshouldsucceed,otherwise(i) thereareinconsisten-
ciesin thesourcemodelitself (a verificationproblemoccurred),(ii) our informal
requirementsare not capturedproperly by propertyp (a validation problemoc-
curred),or (iii) the formal semanticsof the sourcelanguageis inappropriateasa
counterexampleis foundwhichshouldholdaccordingto ourinformalexpectations
(anothervalidationproblem).

7. Transform andvalidate the property. Wetransformthepropertyp intoaproperty
q in the target language(manually, or using the sametransformationprogram).
As a potentiallyerroneousmodel transformationmight transformincorrectly the
propertyp in to propertyq, domainexpertsshouldvalidatethatpropertyq is really
thetargetequivalentof propertyp or a strengthenedvariant.

8. Model check the target model. Finally, transitionsystemB is model-checked
againstpropertyq.

– If theverificationsucceeds,thenwe concludethatthemodeltransformationis
correctwith respectto thepair(p,q) of propertiesfor thespecificpairsof source
andtarget modelshaving semanticsdefinedby a setof graphtransformation
rules.

– Otherwise,propertyp is not preserved by the model transformationandde-
buggingcanbe initiated baseduponthe error trace(s)retrievedby the model
checker. As before,thisdebuggingphasemayfix problemsin themodeltrans-
formationor in thespecificationof thetargetlanguage.

Note that at Step2, we only requireto usegraphtransformationrules to specify
model transformationsin order to usethe automaticprogramgenerationfacilities of
VIATRA. Our verificationtechniqueis, in fact, independentof themodeltransforma-
tion approach(only requiresto usemetamodelingandgraphtransformationfor speci-
fying modelinglanguages),thereforeit is simultaneouslyapplicableto relationalmodel
transformationapproachesaswell.

Prior to presentingtheverificationcasestudyof amodeltransformation,webriefly
discusstheprosandcontrasof metamodellevel andmodellevel verificationof model
transformations.

2.2 Metamodel vs.model level verification of model transformations

In theory, it would beadvisableto provethata modeltransformationpreservescertain
semanticpropertiesfor anywell-formedmodelinstance, but this typically requiresthe
useof sophisticatedtheoremproving techniquesandtoolswith ahugeverificationcost.
Thereasonfor thatreliesin thefactthatproving propertiesevenin a highly automated
theoremproverrequireahigh-levelof userguidancesincetheinvariantsderiveddirectly
from metamodelsshouldbe typically manuallystrengthenedin orderto constructthe
proof. In thissense,theeffort (costandtime)relatedto theverificationof a transforma-
tion would exceedthe efforts of designandimplementationwhich is acceptableonly
for veryspecific(safety-critical)applications.
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However, theoverall aim of modeltransformationsis to provide a preciseandau-
tomatedframework for transformingconcreteapplications(i.e.,UML models).There-
fore, in practice,it is sufficient to prove the correctnessof a modeltransformationfor
any specificbut arbitrary source model. Thanksto existing modelchecker tools and
thetransformationpresentedin [24], theentireverificationprocesscanbehighly auto-
mated.In fact,theselectionof a pair (p,q) of correspondingsemanticpropertiesis the
only partin our framework thatrequiresuserinteractionandexpertise.

Even if the a verification of a specificmodel transformationis practically infea-
sible dueto statespaceexplosioncausedby the complexity of the target application,
modelcheckerscanactashighly automateddebuggingaidsfor modeltransformations
supposingthatrelatively simply sourcebenchmarkmodelsareavailableastestsets.

As a conclusion,from anindustrialperspective,a highly automateddebuggingaid
for modeltransformations(asprovidedby our modelcheckingbasedapproach)is (at
least)asvaluableasa userguidedexcessive formal verificationof a transformation.

3 CaseStudy: From UML Statechartsto Petri Nets

We present(anextractof) a complex modeltransformationcasestudyfrom UML stat-
echartsto Petrinets(denotedasSC2PN)in orderto demonstratethefeasibility of our
verificationtechniquefor modeltransformations.TheSC2PNtransformationwasorigi-
nally designandimplementedaspartof anindustrialprojectwhereUML statechartsare
projectedintoPetrinetsin orderto carryoutvariouskindsof formalanalysis(e.g.,func-
tional correctness[18], performanceanalysis[13]) on UML designs(i.e., to formally
analyzeUML modelsbut not modeltransformations).Due to severepagelimitations,
we canonly provide an overview of the verificationcasestudy, the readeris referred
to [25] for a moredetaileddiscussion.

3.1 Defining modeling languagesby model transformation systems

Prior to reasoningaboutthis modeltransformation,both thesourceandtargetmodel-
ing languages(UML statechartsandPetri nets)have to be definedprecisely. For that
purpose,in [26] we proposedto usea combinationof metamodelingandgraphtrans-
formationtechniques:thestaticstructure of languageis describedby a corresponding
metamodelclearly separatingstaticanddynamicconceptsof the language,while the
dynamicoperationalsemanticsis specifiedby graphtransformation.

Graphtransformation(see[20] for theoreticalfoundations)providesa rule-based
manipulationof graphs,which is conceptuallysimilar to the well-known Chomsky
grammarrules but using graphpatternsinsteadof textual ones.Formally, a graph
transformation rule (seee.g. addTokenR in Fig. 3 for demonstration)is a triple�����
	���
����������	������������

, where
�����

is the left-handsidegraph,
� ���

is the right-
handsidegraph,while

��	��
is (anoptional)negativeapplicationcondition(grey areas

in figures).Informally,
�����

and
��	��

of a rule definesthepreconditionwhile
� ���

de-
finesthepostconditionfor a rule application.

Theapplication of a rule to a model (graph) ! (e.g.,a UML modelof theuser)
altersthe modelby replacingthe patterndefinedby

�����
with thepatternof the

� ���
.

This is performedby
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1. findinga match of the
�����

patternin model ! ;
2. checking thenegativeapplicationconditions

��	��
which prohibitsthepresenceof

certainmodelelements;
3. removing a partof themodel ! thatcanbemappedto the

�����
patternbut not the� ���

patternyieldinganintermediatemodel "#! ;
4. addingnew elementsto the intermediatemodel "#! which exist in the

� ���
but

cannotbemappedto the
�����

yielding thederivedmodel !%$ .
In our framework, graphtransformationrulesserveaselementaryoperationswhile

theentireoperationalsemanticsof a languageor a modeltransformationis definedby
amodel transformation system[27], wheretheallowedtransformationsequencesare
constrainedby control flow graph (CFG) applyinga transformationrule in a specific
rule applicationmodeateachnode.A rulecanbeexecuted(i) parallellyfor all matches
asin caseforall mode;(ii) on a (non-deterministicallyselected)singlematchingasin
caseof try mode;or (iii) aslongasapplicable(in loop mode).

UML statechartsas the source modeling language As the formalizationof UML
statecharts(abbreviatedasSC)by usingthistechniqueandamodelcheckingcasestudy
werediscussedin [23,24], we only concentrateon the precisehandlingof the target
language(i.e.,Petrinets)in this paper. We only introducebelow a simpleUML model
asrunningexampleandassumethereader’s familiarity with UML andmetamodels.

Example1 (Voting).ThesimpleUML designof Fig. 2) modelsavotingprocesswhich
requiresa consensus(i.e.,uniquedecision)from theparticipants.

Processing Wait for
decision

finished^theVoter.yes

finished^theVoter.no

accept

decline

Statemachine of CalcUnit

c1: CalcUnit

c2: CalcUnit v: Voter

May accept

Decline

Wait for vote
no

yes^theCalcUnit.decline

yes

yes^theCalcUnit.accept

no^theCalcUnit.decline

no^theCalcUnit.decline

Statemachine
of Voter

Object diagram

VoterCalcUnit

theCalcUnit

theVoter

Class diagram

Fig.2. UML modelof a votersystem

In thesystem,a specifictaskis carriedout by multiple calculationunitsCalcUnit,
andthey sendtheir localdecisionto theVoter in theform of ayes or no message.The
votermayonly accepttheresultof thecalculationif all processingunitsvotedfor yes.
After the final decisionof the voter, all calculationunits arenotified by an accept or
a decline message.In the concretesystem,two calculationunits areworking on the
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desiredtask(seethe objectdiagramin the upperright cornerof Fig. 2), thereforethe
statechartof thevoteris rathersimplifiedin contrastto a parameterizedcase.

Petri netsasthe targetmodeling language Petrinets(abbreviatedasPN) arewidely
usedmeansto formally capturethe dynamicsemanticsof concurrentsystemsdueto
theireasy-to-understandvisualnotationandthewiderangeof availabletools.A precise
metamodelingtreatmentof Petrinetswasdiscussedin [26]. Now we briefly revisit the
metamodelandtheoperationalsemanticsof Petrinetsin Fig. 3.

LHS RHS

LHS RHS LHS RHS

LHS RHS

fromPl

toTr

fromPl

toTr

fromPl

toTr

toPl

fromTr fromTr

toPl

fire=T fire=T

fire=T fire=T

enableTrR
<try>

<forall>
delFireR addTokenR

<forall>

delTokenR
<forall>

fail succeedTransition
fire:Bool

OutArc

Place
token:int

InArc

Petri Net

fromTr

toTr
toPl

fromPl

T:Trans
fire=T

T:Trans
fire=F

delFireR

T:Trans

A:InArc P:Place
token=0

T:Trans
fire=T

enableTransR

T:Trans

A:InArc P:Place
token>0

T:Trans

A:InArc P:Place
token−−

delTokenR

T:Trans

A:InArc P:Place

T:Trans

A:InArc P:Place
token++

addTokenR

Fig.3. Operationalsemanticsof Petrinetsby graphtransformation

According to the metamodel(the Petri Net packagein the upper left cornerof
Fig. 3), a simple Petri net consistsof Places, Transitions, InArcs, and OutArcs as
depictedby the correspondingclasses.InArcs are leadingfrom (incoming)placesto
transitions,and OutArcs are leadingfrom transitionsto (outgoing)placesasshown
by theassociations.Additionally, eachplacecontainsanarbitrary(non-negative)num-
berof tokens). Dynamicconcepts,which canbe manipulatedby rules(i.e., attributes
token, andfire) areprintedin red.

Theoperationalbehavior of Petrinetmodelsarecapturedby thenotionof firing a
transitionwhich is performedasfollows.

1. First, fire attributesaresetto falsefor eachtransitionof the net by applyingrule
delFireR in forall mode.
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2. A singleenabledtransitionT (i.e.,whenall theplacesP with anincomingarcA to
thetransitioncontainat leastonetokentoken & 0) is selectedto befired(by setting
thefire attributeto true)whenapplyingrule enableTransR in try mode.

3. Whenfiring atransition,atokenis removed(i.e.,thecountertoken is decremented)
from eachincomingplaceby applyingdelTokenR in forall mode.

4. Thena tokenis addedto eachoutgoingplaceof thefiring transition(by increment-
ing thecountertoken) in a forall applicationof ruleaddTokenR.

5. Whenno transitionsareenabled,thenetis dead.

3.2 Defining the SC2PNmodel transformation

Modeling statechartsby Petri nets EachSCstateis modeledwith a respectiveplace
in thetargetPN model.A tokenin sucha placedenotesthat thecorrespondingstateis
active,therefore,asingletokenis allowedon eachlevel of thestatehierarchy(forming
token ring, or more formally, a place invariant). In addition,placesaregeneratedto
modelmessagesstoredin eventqueuesof astatemachine.However, theproperhandling
of eventqueuesis out of thescopeof thecurrentpaper, thereaderis referredto [25].

EachSC step(i.e., a collection of SC transitionsthat can be fired in parallel) is
projectedinto a PN transition.Whensucha transitionis fired, (i) tokensareremoved
from sourceplaces(i.e., placesgeneratedfor the sourcestatesof the step)andevent
queueplaces,and(ii) new tokensaregeneratedfor all the target placesandreceiver
messagequeues.Therefore,input andoutputarcsof thetransitionshouldbegenerated
in correspondencewith this rule.

Example2. In Fig. 4, we presenta(nextract)of thePetri netequivalentof thevoter’s
UML model(seeFig. 2).For improving legibility, only asingletransition(leadingfrom
statemay accept to wait for vote andtriggeredby theyes event)is shown.

The placesof the voter subsystem

c2_accept

may_accept

wait_for_vote

decline

v_yes

c1_accept

Fig.4. ThePetrinetof thevoter(extract)

areconstitutedof the statesof the voter
(such as wait for vote, may accept,
decline) and messagequeuesfor valid
events (like yes). The initial state is
markedby a tokenin wait for vote.

The depictedtransitionhas two in-
comingarcsaswell, onefrom its source
statemay accept andonefromthemes-
sagequeueof the triggeringyes event.
Meanwhile,this transitionhasmultiple

outputplaces:onefor thetargetstatewait for vote, andonefor eachtargeteventqueue
of theparticipantsthatreceivesthegeneratedaccept message.

Formalizing modeltransformations In [25], weformalizetheSC2PNtransformation
(to handlea meaningfulsubsetof UML statecharts)by modeltransformationsystems
consistingof morethan40graphtransformationrules.Feedingthesehigh-leveldescrip-
tionsto VIATRA [5], (anXMI representationof) atransformationprogramis generated
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automatically, which would yield thetargetPetrinetmodel(Fig. 4) astheoutputwhen
supplying(theXMI representationof) thevoter’sUML model(Fig. 2) astheinput.

Figure5 givesa brief extractof transformingSCstatesinto PN places.According
to thispairof rules,eachinitial state(i.e.,thatis activeinitially) in thesourceSCmodel
is transformedinto a correspondingPN placecontaininga single token, while each
non-initial state(i.e., that is passive initially) is projectedinto a PN placewithout a
token.

RHSLHS

active2placeR

RHSLHS

passive2placeR

isAct=T
S:State R:

RefState
P:Place
token=1

src trg
isAct=T
S:State S:State

isAct=F
R:

RefState
P:Place
token=0

src trg

S:State
isAct=F

Fig.5. TransformingSCstatesinto PNplaces

It is worth notedthata modeltransformationrule in VIATRA is composedof ele-
mentsof thesourcelanguage(like StateS in therule),elementsof thetargetlanguage
(likePlaceP), andreferenceelements(suchasRefStateR). Latteronesarealsodefined
by a correspondingmetamodel.Moreover, they provide bi-directionaltransformations
for the staticpartsof the models,thusservingasa primarybasisfor back-annotating
theresultsof aPetrinetbasedanalysisinto theoriginalUML design.

3.3 Verification of the SC2PNmodel transformation

For theSC2PNcasestudy, Steps1–3in our verificationframework have alreadybeen
completed.Now, atransitionsystem(TS)is generatedautomatically(accordingto [24])
for sourceandtargetmodelsasanequivalent(model-level) representationof theoper-
ationalsemanticsdefinedby graphtransformationrules(on themeta-level).

Generating transition systems Transitionsystems(or statetransitionsystems)are
a commonmathematicalformalism that serves as the input specificationof various
modelchecker tools. They have certaincommonalitieswith structuredprogramming
languages(like C or Pascal)as the systemis evolving from a given initial stateby
executingnon-deterministicif-then-elselike transitions(or guardedcommands) that
manipulatestatevariables. In all practicalcases,we mustrestrictthestatevariablesto
havefinite domains,sincemodelcheckerstypically traversetheentirestatespaceof the
systemto decidewhethera certainpropertyis satisfied.For thecurrentpaper, we use
theeasy-to-readSAL [3] syntaxfor theconcreterepresentationof transitionsystems.

Ourgenerationtechnique(describedin [24] alsoincludingfeasibilitystudiesfrom a
verificationpointof view) enablesmodelcheckingfor graphtransformationsystemsby
automaticallytranslatingtheminto transitionssystems.The main challengein sucha
translationis two fold: (i) wehaveto “stepdown” automaticallyfrom themeta-level to
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themodel-level whengeneratingmodel-level transitionsystemsfrom meta-level graph
transformationsystems,and(ii) anaiveencodingof thegraphrepresentationof models
would easily explodeboth the statespaceand the numberof transitionsin the tran-
sition systemeven for simplemodels.Thereforeour techniqueappliesthe following
sophisticatedoptimizations:

– Introducingstatevariablesin TS only for dynamicconceptsof a language.
– Includingonly dynamicpartsof theinitial modelin theinitial stateof theTS.
– Collectingpotentialapplicationsof a graphtransformationrule by partially apply-

ing themon thestaticpartsof therule andgeneratinga distincttransition(guarded
command)for eachof them that only containsdynamic parts as conditionsin
guardsandassignmentsin actions.

In order to give an impressionon the generatedtarget transitionsystem,we give
below anextractfrom theSAL encodingof our Petrinetmodel(of Fig. 4).

% Type declarations
placeID : TYPE =

�
wait_for_vote, may_accept, decline,
v_yes, c1_accept, c1_accept � ;

transID : TYPE =
�
t, ... � ;

pn1 : MODULE =
BEGIN % declaring state variables
GLOBAL token: ARRAY placeID OF INTEGER
GLOBAL fire: ARRAY transID OF BOOLEAN

INITIALIZATION
token[wait_for_vote] = 1; token[decline] = 0;
token[may_accept] = 0; token[v_yes] = 0; ...
fire[t] = FALSE; ...

TRANSITION
% generated for one potential matching of rule enableTransR

fire[t] = FALSE AND
NOT (token[wait_for_vote] = 0) AND
NOT (token[v_yes] = 0) -->
fire’[t] = TRUE; [] ...

END;

– Theobjectsandvariabledomainsaretransformedinto type(domain)declarations
(see,e.g.,thecorrespondingvaluefor placedecline in typeplaceID).

– Statevariablearraysare introducedonly for attributes token and fire (the only
dynamicconceptsof Petrinets).

– Initialization is consistentwith the initial marking of the Petri net (i.e., place
wait for vote containsa tokenthusthecorrespondingvariabletoken is initialized
to 1).

– The guardedcommandgeneratedfrom the potentialapplicationof rule enable-
TransR to thePNtransitiondepictedFig. 4 only checksthecorrespondingdynamic
concepts(thefire attributeis falseandtherearetokensin bothplaceswait for vote
andv yes) asthestaticpreconditionsof therule arecheckedat compiletime.

11



Formalizing the correctnessproperty Now, a semanticcriterion is definedfor the
verificationprocessthatshouldbepreservedby theSC2PNmodeltransformation.Note
thattheterm“safetycriterion” below refersto a classof temporallogic propertiespro-
hibiting the occurrenceof an undesiredsituation(andnot to the safetyof the source
UML design).

Definition 1 (Safety criterion for statecharts). For all OR-states(non-concurrent
compositestates)in a UML statechart, only a singlesubstateis allowedto be active
at anytimeduringexecution.

Thisinformal requirementcanbeformalizedby thefollowing graphicalinvariantin
thedomainof UML statecharts(cf. Fig. 6 togetherwith its equivalentlogic formula).
Informally speaking,it prohibitsthe simultaneousactivenessof two distinct substates
S1 andS2 of thesameORstateC (i.e.,non-concurrentcompositestate).

Unfortunately, it is difficult to estab-

isAct=T

S1:State O:ORState

isAct=T

S2:State

NEG subvertex subvertex

' (*),+�) � -/.10#.1	#��-32 + -4.10�.1	#�5-76 + -/.10#.1	 +
�8�:95;<	>=>.1	>?@
AB�5-32>�:CD���:95;#	>=�.1	>?EFAB��-G6H�:C
I ��A�JK.LF-M2>�:C I ��A�JK.LF-G6H�:CD-32 '�N-G6

Fig.6. A samplegraphicalsafetycriterion

lish the samecriterion on the metalevel
in the target languageof Petri netssince
theSC2PNtransformationdefinesanab-
stractionin thesensethatmessagequeues
of objectsare also transformedinto PN
places(in addition to states).However,
in order to model check a certain sys-
tem,this meta-level correctnesscriterion
canbe re-introducedon the modellevel.
Therefore,we first automaticallyinstan-

tiate (the staticpartsof) the criterion on the concreteSC model (asdoneduring the
transformationto transitionssystems)to obtainthemodellevel criterionof Fig. 7. Note
that thedifferent(modellevel) patternsdenoteconjunctions,therefore,noneof thede-
pictedsituationsareallowedto occur.

isAct=T

wait_for_vote:
State

top:
ORState

isAct=T

may_accept:
State

NEG :subvertex :subvertex

isAct=T

wait_for_vote:
State

top:
ORState

isAct=T
State

decline:

NEG :subvertex :subvertex

isAct=T
State

decline: top:
ORState

isAct=T

may_accept:
State

NEG :subvertex :subvertex

O4P
Q5R<SUTWVKX8YZVL[�P\YZ]_^�`baGcWdeY f#]�X Tg]LYhV8ikjlQ5R<SUTWVKX8YZVL[�P\YZ]_^�`bmncWo cWp�p�Vh^#Y1ikjdFQLqGpUY�Pea�cWdeY f#]8X Tg]8YZV�ikjBdbQKqGpUY5PemncWo cWp�p�Vh^#Y1ihikjsrtrtr
Fig.7. Model level safetycriterion

Equivalent property in the target language This model level criterion is appropri-
ateto be transformedinto anequivalentcriterion for the Petri net model.As the state
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hierarchyof statechartsis not structurallypreservedin Petrinets(asPetrinetsareflat)
theequivalentsof theOR statesarenot projectedinto Petrinets.Therefore,thecorre-
spondingproperty(shown in Fig. 8) containonly specificplaceshaving a token.

token=1
Place

may_accept:
Place

token=1

wait_for_vote:

NEG

token=1
Place

decline:
Place

token=1

wait_for_vote:

NEG

Place
token=1

decline:

token=1
Place

may_accept:

NEG

O/P\YZ]�u�VKvwPea�cWdeY f#]8X Tg]8YZV8iyx{z@jBYb]>uHVKvwPemlcWo cWpUp5Vh^#Y1i:x{zKi�j|rtrtr
Fig.8. ThePetrinetequivalentof themodellevel safetycriterion

At thispoint,weneedto validatewhethertheequality(= 1) or inequalitychecks( }
1) arerequiredin thepropertyto beproved(i.e.,whatto do if therearemultiple tokens
in a singleplace).We mayconcludethatcheckingequalityis alsosufficient,however,
checkingthe versionwith inequalitydefinitely strengthensthe property, thereforewe
canalsodecideto provesomethingstrongerin thePetrinetmodel.

Obviously, constructingthepairof propertiesto beprovedfor propertypreservation
is non-trivial andrequiresacertaininsightinto thesourceandtargetlanguagesandtheir
transformation.Thereforethegenerationof a targetpropertyq from a sourceproperty
p cannotalwaysbeautomated.

Model checkingthe targetmodel Given(i) asystemmodelin theform of a transition
system~ - (with semanticsdefinedasa Kripke structure),and(ii) a safetyproperty � ,
themodelcheckingproblemcanbedefinedasto decidewhether� holdsonall execution
pathsof thesystem(i.e.,whether~ -{� � � ).

Therefore,asthefinal stepof ourframework, themodelcheckeris suppliedwith the
transitionsystemof thePetrinetmodelandthetextual representationof thepropertyq.
As theplacesderivedfrom thestatesof thesameOR-stateform aplaceinvariant(with a
singletokencirculatingaround),themodelcheckereasilyverifieseventhestrengthened
property.

As a conclusionfor our casestudy, we maydraw that the SC2PNmodeltransfor-
mationpreservedoursamplecorrectnesspropertyfor aspecificsourcestatechartmodel
andits targetPetrinetequivalent.Additionalcorrectnesspropertiescanbehandledsim-
ilarly. Unfortunately, for spaceconsiderations,we omitted the formal verification of
propertyin thesourceSCmodel(Step6), which couldbeperformedidentically to the
handlingof thetargetPN model.

4 Conclusionsand Future Work

Wepresentedameta-level andhighly automatedtechniqueto formally verify by model
checkingthat a model transformationfrom an arbitrary well-formed model instance
of a sourcemodelinglanguageinto its target equivalentpreserves(languagespecific)
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dynamicconsistency properties.We demonstratedthe feasibility of our approachby
verifying a semanticcorrectnesspropertyfor a complex model transformationfrom
UML statechartsto Petrinets.

Naturally, asbasedon modelcheckingour techniquehaspracticallimitation im-
posedby thestateexplosionproblem.Therefore,in thefuture,we aim to improveour
automatedencodinginto transitionsystemsto betterexploit the built-in facilities of
modelcheckers(like partialorderreductionor symmetries)to allow theverificationof
largerscalemodeltransformations.1

References

1. D. AkehurstandS.Kent. A relationalapproachto definingtransformationsin ametamodel.
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9. G. Engels,R. Heckel, J.-M. Küster, andL. Groenewegen. Consistency-preservingmodel
evolution throughtransformations.In J.-M. Jéźequel,H. Hussmann,andS. Cook (eds.),
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