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Abstract. As the Model Driven Architecture (MDA) relies on compl and
highly automatednodeltransformationdetweenarbitrarymodelinglanguages,
the quality of suchtransformationss of immensemportanceasit caneasilybe-
comeabottleneckof amodel-drivendesignprocessAutomationsurelyincreases
thequality of suchtransformationsiserrorsmanuallyimplantedinto transforma-
tion programsduring implementatiorare eliminated;however, conceptuaflaws
in transformatiordesignstill remainundetectedin this paperwe presenameta-
level andhighly automatedechniqueo formally verify by modelcheckingthata
modeltransformatiorfrom anarbitrarywell-formedmodelinstanceof thesource
modelinglanguageinto its target equivalent preseres (languagespecific) dy-
namicconsisteng propertiesWe demonstrateéhe feasibility of our approacton
a complex mathematicaimodel transformationfrom UML statechartgo Petri
nets.

Keywords: modeltransformationgraphtransformationmodelchecking formal
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1 Intr oduction

Nowadays the Model Driven Architecture(MDA) of the ObjectManagemenGroup
(OMG) hasbecomahedominatingtrendin softwareengineeringThe coretechnology
of MDA is the Unified Modeling Language(UML), which providesa standardway
to build first a platform independentmodel (PIM) of the target systemunderdesign,
which may berefinedafterwardsinto several platformspecificmodels(PSMs) Finally,
the target application code shouldbe generatecautomaticallyby off-the-shelfUML
CASEtoolsdirectly from PSMs.

While MDA putsthe stresson a preciseobject-orientednodelinglanguage(i.e.,
UML) asthecoretechnologyit failsto sufficiently emphasizéheimportanceof precise
andhighly automatedanodeltransformationgor designingandimplementingmappings
from PIMs to PSMs,or PSMsto applicationcode.The methodology(if thereis ary)
behindexisting codegeneratorsntegratedinto off-the-shelfUML CASE toolsrelies
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on textual programminglanguagetranslationswhich doesnot scaleup for the needs
of aUML basedvisual modelingenvironment.Moreover, PIM-to-PSMmappingsare
frequentlyhardwired into the UML tool thusit is almostimpossibleto be tailoredto

specialrequirement®f applications.

In caseof dependablend safetycritical applications further model transforma-
tions are necessitatedo map UML modelsinto various mathematicaomains(like
Petri nets,dataflav networks, transitionsystems processalgebrasetc.) to (i) define
formal semanticdor UML in a denotationalvay [2, 7,8, 16], and/or(ii) carry out for-
mal analysisof UML designg4,13].

In the currentpaper we investigate¢he modeltransformatiorproblemfrom a gen-
eral perspectie, i.e., to specifyhow to transforma well-formedinstanceof a source
modelinglanguagd&whichis typically UML in the context of MDA) into its equivalent
in the targetmodelinglanguaggwhich canbe UML, atargetprogramminganguage,
or amathematicamodelinglanguage).

Relatedvorkin modeltransformationsModeltransformatiommethodologiebave been
underextensie researchrecently Existing model transformationapproachegan be
groupednto two maincateories:

— Relationalapproades theseapproachesypically declae a relationshipbetween
objects(andlinks) of the sourceandtargetlanguageSucha specificatiortypically
baseduponametamodelvith OCL constraintg1,11,17].

— Opemtional approacesthesetechniqueslescribethe procesf amodeltransfor
mationfrom the sourceto the target language Sucha specificationmainly com-
binesmetamodelingvith (c) graphtransformatior{5, 8,9,14,27], (d) triple graph
grammarg22] (e) termrewriting rules[28], or (f) XSL transformation$6, 19].

Many of the previous approacheslireadytacklethe problemof automatingnodel
transformationsn orderto provide a higherquality of transformatiorprogramscom-
paredwith manuallywritten adhoctransformatiorscripts.

ProblemstatementHowever, automatioralonecannotprotectagainsiconceptuaflaws
implantedinto the specificatiorof a complicatednodeltransformationConsequently
amathematicahnalysiscarriedoutonthe UML designafteranautomatianodeltrans-
formationmight yield falseresults,andtheseerrorswill directly appearin the target
applicationcode.

As a summary it is crucial to realizethat modeltransformationghemselvegan
also be erroneousandthus becominga quality bottleneckof MDA. Therefore,prior
to analyzingthe UML modelof a targetapplication,we have to prove thatthe model
transformatioritself is free of conceptuakrrors.

Correctnesgriteria of modeltransformationsUnfortunatelydueto theirwide rangeof
applicationdn the MDA ervironment,it is hardto establisha singlenotion of correct-
nesgor modeltransformationsThemostelementaryequirementsf amodeltransfor
mationaresyntactic.

— Theminimal requirements to assuresyntactic correctnessi.e., to guarante¢hat
the generatednodelis a syntacticallywell-formedinstanceof thetargetlanguage.



— An additionalrequirementcalledsyntactic completenes}is to completelycover
the sourcelanguageby transformatiorrules,i.e., to prove thatthereexistsa corre-
spondingelementin the targetmodelfor eachconstructin the sourcelanguage.

However, in orderto assurea higherquality of modeltransformationsat leastthe
following semantiadequirermentshouldalsobe addressed.

— Termination: Thefirstthingwe mustalsoguaranteés thatamodeltransformation
will terminate Thisis averygeneralandmodelinglanguagendependensemantic
criterionfor modeltransformations.

— Uniqueness(Confluence,functionality): As non-determinisnis frequentlyused
in thespecificatiorof modeltransformationgasin thecaseof graphtransformation
basedapproachesyve mustalsoguaranteghatthe transformatioryields a unique
result.Again, thisis alanguagendependentriterion.

— Semantic correctness(Dynamic consistency):In theory a straightforward cor-
rectnessriterionwouldrequireto provethesemantie@quivalenceof sourceandtar-
getmodels.However, asmodeltransformationsnay alsodefinea projectionfrom
the sourcelanguageto the target language(with deliberateloss of information),
semanticequivalencebetweermodelscannotalwaysbe proved.Insteadwe define
correctnesgroperties(which aretypically transformatiorspecific)that shouldbe
preservedy thetransformation

Unfortunatelyrelatedwork addressinghesecorrectnessriteriaof modeltransfor
mationsis very limited. Syntacticcorrectnesand completenessvas attacled in [27]
by planneralgorithmsandin [10] by graphtransformationRecentlyin [15], sufficient
conditionsweresetup thatguarante¢heterminationanduniquenessf transformations
baseduponthe staticanalysisechniqueof critical pair analysig12].

However, no approachesxist to reasonaboutthe semanticcorrectnes®f model
transformationsTo be precise the CSPbasedapproactof [9] thataimsto ensuredy-
namic consisteng of UML modelshasthe potentialto be extendedto reasonabout
propertieof transformationsHowever, definingmanuallythesemantic®f anarbitrary
modelinglanguagéy mappingt into CSPis muchmoredifficult andlessintuitive than
definingthe operationakemantic®of thelanguagey graphtransformation.

Our contribution In this paper we presenta meta-leel and highly automatedrame-
work (in Sec.2) to formally verify by modelcheckingthata modeltransformatiorfrom
anarbitrarywell-formedmodelinstanceof the sourcemodelinglanguagespecifiedby
metamodeling@ndgraphtransformatiortechniquesjnto its targetequivalentpreseres
(languagespecific)dynamicconsisteng properties We demonstratehe feasibility of
ourapproach(in Sec.3) onverifying a semantigropertyof a complex modeltransfor
mationfrom UML statechart$o Petrinets.

2 Automated Formal Verification of Model Transformations

We presentan automatedechniqueto formally verify (basedon the modelchecking
approactof [24]) thecorrectnessf themodeltransformatiorof aspecificsourcemodel
into its targetequivalentwith respecto semantiqroperties.



2.1 Conceptualoverview

A conceptuabverview of our approachis givenin Fig. 1 for a modeltransformation
from anfictitious modelinglanguage? (whichwill beUML statechartfor ourdemon-
stratingexamplelateron)to B (Petrinetsasin ourcase).

Modeling language A Modeling language B

transformation rules

Metamodel A - > Metamodel B
(no conflict)

GraTra A GraTra B
A well-formed? lI-formed? |
well-formed? o level well-formed?
Model-level
User automatic generation User
model A g model B
automatic verification verification automatic
generation v @ generation
Transition P p <=>g?
system A validation

Fig. 1. Model level formal verificationof transformations

1. Specificationof modeling languages As a prerequisitefor the framework, each
modelinglanguagé&bothA andB) shouldbedefinedpreciselyusingmetamodeling
andgraphtransformationtechniquegsee for instance[26] for furtherdetails).

2. Specificationof model transformations. Moreover, the A2B modeltransforma-
tion shouldbe specifiedby a setof (non-conflicting)graphtransformatiorrules.

3. Automated model generation. For ary specific(but arbitrary)well-formedmodel
instanceof the sourcelanguageA, we derive the correspondingarget model by
automaticallygeneratedransformatiorprograms(e.g.,generatedy VIATRA [5]
astool support).

4. Generating transition systems As the underlying semanticdomain, a beha-
iorally equivalenttransitionsystemis generatecutomaticallyfor boththe source
andthetargetmodelon the basisof thetransformatioralgorithmpresentedhn [24]
(andwith atool supportreportedn [21]).

5. Selecta semanticcorrectnessproperty. We select(oneor more)semantigrop-
erty p in the sourcelanguageA which is structurally expressibleas a graphical
patterncomposeaf the elementof the sourcemetamode(andpotentially some
temporallogic operators).

Note thatthe formalizationof thesecriteriafor a specificmodeltransformatioris
not at all straightforward. In mary caseswe canreducethe questionto a reach-
ability problemor a safetyproperty but evenin this casefinding the appropriate



temporallogic formulaeis non-trivial. More detailson usinggraphicalpatternso
capturestaticwell-formednesgropertieccanbefound,e.g.,in [10].

6. Model checkthe source model. TransitionsystemA is model-checkdautomati-
cally (by existing modelcheclertoolslike SAL [3] or SPIN)to prove propertyp.
This model checkingprocessshouldsucceedptherwise(i) thereareinconsisten-
ciesin the sourcemodelitself (a verification problemoccurred)ii) our informal
requirementsare not capturedproperly by propertyp (a validation problemoc-
curred),or (iii) the formal semanticof the sourcelanguages inappropriateasa
counterexampleis foundwhich shouldhold accordingo our informal expectations
(anothewalidationproblem).

7. Transform and validate the property. We transfornmthepropertyp into aproperty
g in the target language(manually or using the sametransformationprogram).
As a potentially erroneousnodeltransformatiormight transformincorrectly the
propertyp in to propertyq, domainexpertsshouldvalidatethatpropertyq is really
thetargetequialentof propertyp or astrengthenedariant.

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

— If theverificationsucceedghenwe concludethatthe modeltransformationis
correctwith respecto thepair (p,q) of propertiedor thespecificpairsof source
andtarget modelshaving semanticglefinedby a setof graphtransformation
rules.

— Otherwise,propertyp is not presered by the modeltransformatiorand de-
bugging canbe initiated baseduponthe error trace(s)retrieved by the model
checler. As before this deluggingphasemayfix problemsn themodeltrans-
formationor in the specificatiorof thetargetlanguage.

Note that at Step2, we only requireto usegraphtransformatiorrulesto specify
modeltransformationsn orderto usethe automaticprogramgeneratiorfacilities of
VIATRA. Our verificationtechniques, in fact,independenof the modeltransforma-
tion approachonly requiresto usemetamodelingandgraphtransformatiorfor speci-
fying modelinglanguages)hereforet is simultaneoushapplicableto relationalmodel
transformatiorapproacheaswell.

Priorto presentinghe verificationcasestudyof a modeltransformationyve briefly
discusghe prosandcontrasof metamodelevel andmodellevel verificationof model
transformations.

2.2 Metamodelvs. modellevel verification of modeltransformations

In theory, it would be advisablgo provethat a modeltransformatiorpreservesertain
semantigpropertiesfor any well-formedmodelinstance but this typically requiresthe
useof sophisticatedheorenmproving techniqguegndtoolswith ahugeverificationcost.
Thereasorfor thatreliesin thefactthatproving propertiesevenin a highly automated
theorenproverrequireahigh-level of userguidancesincetheinvariantsderiveddirectly
from metamodelshouldbe typically manuallystrengthenedh orderto constructthe
proof.In this sensetheeffort (costandtime) relatedto the verificationof a transforma-
tion would exceedthe efforts of designandimplementationwhich is acceptablenly
for very specific(safety-critical)applications.



However, the overall aim of modeltransformationss to provide a preciseandau-
tomatedframework for transformingconcreteapplicationsi.e., UML models).There-
fore, in practice,it is suficientto prove the correctnesof a modeltransformationfor
any specificbut arbitrary source model Thanksto existing model checler tools and
thetransformatiorpresentedn [24], the entireverificationprocessanbe highly auto-
mated.In fact,the selectionof a pair (p,q) of correspondingemantigropertiess the
only partin our framenork thatrequiresuserinteractionandexpertise.

Evenif the a verification of a specificmodeltransformationis practically infea-
sible dueto statespaceexplosion causedyy the compleity of the target application,
modelcheclerscanactashighly automatediehuggingaidsfor modeltransformations
supposinghatrelatively simply sourcebenchmarknodelsareavailableastestsets.

As a conclusionfrom anindustrialperspecire, a highly automatediehuggingaid
for modeltransformationgas provided by our modelcheckingbasedapproach)s (at
least)asvaluableasa userguidedexcessve formal verificationof atransformation.

3 CaseStudy: From UML Statechartsto Petri Nets

We presenfanextractof) acomplex modeltransformatiorcasestudyfrom UML stat-
echartgo Petrinets(denotedas SC2PN)in orderto demonstratehe feasibility of our
verificationtechnigudor modeltransformationsThe SC2PNtransformatiorwasorigi-

nally designrandimplementedspartof anindustrialprojectwhereUML statechartare
projectednto Petrinetsin orderto carryoutvariouskindsof formalanalysige.g.,func-
tional correctnes$18], performanceanalysis[13]) on UML designs(i.e., to formally
analyzeUML modelsbut not modeltransformations)Due to severepagelimitations,
we canonly provide an overview of the verification casestudy the readeris referred
to[25] for amoredetaileddiscussion.

3.1 Defining modeling languagesby modeltransformation systems

Prior to reasoningaboutthis modeltransformationpoth the sourceandtarget model-
ing languagegUML statechart&nd Petri nets)have to be definedprecisely For that
purposejn [26] we proposedo usea combinationof metamodelingandgraphtrans-
formationtechniquesthe static structure of languages describeddy a corresponding
metamodetlearly separatingstaticand dynamicconceptsof the languagewhile the
dynamicopemational semanticss specifiedby graphtransformation

Graphtransformation(see[20] for theoreticalfoundations)providesa rule-based
manipulationof graphs,which is conceptuallysimilar to the well-known Chomsly
grammarrules but using graph patternsinsteadof textual ones.Formally, a graph
transformation rule (seee.g.addTokenR in Fig. 3 for demonstration)s a triple
Rule = (Lhs, Neg, Rhs), where Lhs is the left-handside graph, Rhs is the right-
handsidegraph,while Neg is (anoptional)negative applicationcondition(grey areas
in figures).Informally, Lhs and Neg of arule definesthe preconditionwhile Rhs de-
finesthe postconditiorfor arule application.

The application of arule to a model (graph) M (e.g.,a UML modelof the user)
altersthe modelby replacingthe patterndefinedby Lhs with the patternof the Rhs.
Thisis performedoy



1. findinga matd of the Lhs patternin model M ;

2. cheding the nggativeapplicationconditionsNeg which prohibitsthe presencef
certainmodelelements;

3. remoring a partof themodel M thatcanbe mappedo the Lhs patternbut notthe
Rhs patternyielding anintermediatenodel I M ;

4. addingnew elementso the intermediatemodel I M which exist in the Rhs but
cannotbe mappedo the Lhs yielding the derivedmodel A",

In our framework, graphtransformatiorrulessene aselementaryperationsvhile
the entireoperationabemantic®f a languageor a modeltransformatioris definedby
amodeltransformation system[27], wherethe allowedtransformatiorsequenceare
constrainedby control flow graph (CFG) applyinga transformatiorrule in a specific
rule applicationmodeat eachnode A rule canbeexecuted(i) parallellyfor all matches
asin caseforall mode;(ii) on a (non-deterministicallyselectedsingle matchingasin
caseof try mode;or (iii) aslongasapplicable(in loop mode).

UML statecharts as the source modeling language As the formalizationof UML

statechartgabbreviatedasSC)by usingthistechniqueandamodelcheckingcasestudy
werediscussedn [23,24], we only concentrateon the precisehandlingof the target
languagsdi.e., Petrinets)in this paper We only introducebelon a simpleUML model
asrunningexampleandassumehereaders familiarity with UML andmetamodels.

Examplel (Voting). ThesimpleUML designof Fig. 2) modelsa voting processwhich
requiresaconsensu§.e., uniguedecision)from the participants.
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Fig. 2. UML modelof avotersystem

In the system a specifictaskis carriedout by multiple calculationunits CalcUnit,
andthey sendtheirlocal decisionto the Voter in theform of ayes or no messagerhe
votermay only acceptheresultof the calculationif all processinginitsvotedfor yes.
After the final decisionof the voter, all calculationunits are notified by an accept or
a decline messageln the concretesystem,two calculationunits are working on the



desiredtask (seethe objectdiagramin the upperright cornerof Fig. 2), thereforethe
statecharof thevoteris rathersimplifiedin contrasto a parameterizedase.

Petri netsasthe targetmodeling language Petrinets(abbreviatedasPN) arewidely

usedmeansto formally capturethe dynamicsemanticof concurrentsystemsdueto

theireasy-to-understandsualnotationandthewide rangeof availabletools. A precise
metamodelingreatmenbf Petrinetswasdiscussedn [26]. Now we briefly revisit the

metamodeblndthe operationakemanticof Petrinetsin Fig. 3.

Petri Net ' o <forall> <forall>
| [deIFireR addToken
I
e I
Transition Place ! fail ¢ succeed T
fire:Bool token:int | @ <try> <forall>
toTr I enableTrR delTokenR
I
toPI BT
fromTr fromPl } LHS RHS
OutArc InArc } i | T:Trans | T:Trans
! i fire=T L fire=T
I : ‘:
! fromTr i fromTr
(LHS i i RHS : ‘[ anarc] ©Pl [pplace ]| Ainarc| P [p:place] !
f|T:Trans | i | T:Trans | : o token++| :
ol fire=T | i fire=F T R
delFireR addTokenR
fLHS { 'RHS i | LHs {{ RHS ‘
i | TTrans (i |T:Trans| | i |T:Trans (1| T:Trans
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AcinArc | fromPl [ p-pjace | | | : i Atnare [fomPl [ p-place | i i | AunArc | rOmPl | p:place |
token=0| | i : [ token>0 | | : token—— | :
enableTransR delTokenR

Fig. 3. Operationabemantic®f Petrinetsby graphtransformation

According to the metamodel(the Petri Net packagein the upperleft cornerof
Fig. 3), a simple Petri net consistsof Places, Transitions, InArcs, and OutArcs as
depictedby the correspondinglassesinArcs areleadingfrom (incoming) placesto
transitions,and OutArcs are leadingfrom transitionsto (outgoing) placesas shavn
by the associationsAdditionally, eachplacecontainsanarbitrary (hon-ngative) num-
ber of tokens). Dynamicconceptswhich canbe manipulatedoy rules(i.e., attributes
token, andfire) areprintedin red.

The operationabehaior of Petrinetmodelsare capturedby the notion of firing a
transitionwhich is performedasfollows.

1. First, fire attributesare setto falsefor eachtransitionof the net by applyingrule
delFireR in forall mode.



2. A singleenabledransitionT (i.e.,whenall the placesP with anincomingarcA to
thetransitioncontainatleastonetokentoken>0) is selectedo 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. Thenatokenis addedo eachoutgoingplaceof thefiring transition(by increment-
ing the countertoken) in aforall applicationof rule addTokenR.

5. Whenno transitionsareenabledthe netis dead.

3.2 Defining the SC2PNmodeltransformation

Modeling statechartsby Petri nets EachSC stateis modeledwith arespectie place
in thetargetPN model.A tokenin sucha placedenoteghatthe correspondingtateis
active, thereforeasingletokenis allowedon eachlevel of the statehierarchy(forming
token ring, or more formally, a place invariant). In addition, placesare generatedo
modelmessagestoredn eventqueue®f astatemachingdowever, theproperhandling
of eventqueuess out of the scopeof the currentpaperthereadeliis 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., placesgeneratedor the sourcestatesof the step)and event
queueplaces,and (i) new tokensare generatedor all the target placesandrecever
messagejueuesThereforejnput andoutputarcsof thetransitionshouldbe generated
in correspondenceith thisrule.

Example2. In Fig. 4, we presenta(n extract) of the Petrinetequialentof the voter’s
UML model(seeFig. 2). Forimproving legibility, only asingletransition(leadingfrom
statemay_accept to wait_for _vote andtriggeredby theyes event)is shown.

The placesof the voter subsystem

v_yes are constitutedof the statesof the voter
¢1_accept (such as wait _for_vote, may_accept,
- may_accept . .
Q decline) and messageajueuesfor valid
Odecline events (like yes). The initial stateis
Q @ markedby atokenin wait_for_vote.
wait_for_vote The depictedtransition hastwo in-
c2_accept comingarcsaswell, onefrom its source

statemay_accept andonefromthemes-

Fig. 4. ThePetrinetof thevoter (extract)  gagequeueof the triggeringyes event.

Meanwhile, this transitionhas multiple

outputplacesonefor thetargetstatewait_for_vote, andonefor eachtargeteventqueue
of the participantghatrecevesthe generateédccept message.

Formalizing modeltransformations In [25], we formalizethe SC2PNtransformation
(to handlea meaningfulsubsetof UML statechartslpy modeltransformatiorsystems
consistingpf morethan40 graphtransformationules.Feedinghesehigh-level descrip-
tionsto VIATRA [5], (anXMI representationf) atransformatiorprogramis generated



automaticallywhich would yield the target Petrinetmodel(Fig. 4) asthe outputwhen
supplying(the XMI representatioonf) thevoter's UML model(Fig. 2) astheinput.

Figure5 givesa brief extract of transformingSC statesinto PN places According
to this pair of rules,eachinitial state(i.e.,thatis activeinitially) in thesourceSCmodel
is transformednto a correspondind®N place containinga single token, while each
non-initial state(i.e., thatis passve initially) is projectedinto a PN placewithout a
token.

‘LHS S RHS
S:State S:State | -|P: Place S:State S:State | R: - P:Placej
isAct=T isAct=T RefState token=1|; f isAct=F |i :| isAct=F RefState token=0|:

; i src trg i
actlve2placeR passive2placeR

Fig. 5. TransformingSC statesnto PN places

It is worth notedthata modeltransformatiorrule in VIATRA is composecf ele-
mentsof the sourcelanguagdlik e StateS in therule), elementof thetarmgetlanguage
(like PlaceP), andreferenceslementgsuchasRefStateR). Latteronesarealsodefined
by a correspondingnetamodelMoreover, they provide bi-directionaltransformations
for the static parts of the models,thusservingasa primary basisfor back-annotating
theresultsof a Petrinetbasedanalysisinto the original UML design.

3.3 Verification of the SC2PNmodel transformation

For the SC2PNcasestudy Stepsl—3in our verificationframevork have alreadybeen
completedNow, atransitionsystem(TS)is generatedutomaticallyaccordingo [24])
for sourceandtargetmodelsasan equivalent(model-lesel) representationf the oper
ationalsemanticslefinedby graphtransformatiorrules(on the meta-level).

Generating transition systems Transitionsystems(or statetransitionsystems)are
a commonmathematicaformalism that senes as the input specificationof various
model checler tools. They have certaincommonalitieswith structuredprogramming
languageqglike C or Pascal)as the systemis evolving from a giveninitial state by
executingnon-deterministidf-then-elselik e transitions(or guarded commandgthat
manipulatestatevariables In all practicalcaseswe mustrestrictthe statevariablesto
havefinite domains sincemodelcheclerstypically traversethe entirestatespaceof the
systemto decidewhethera certainpropertyis satisfied.For the currentpaper we use
theeasy-to-readAL [3] syntaxfor the concretaepresentationf transitionsystems.
Ourgeneratiortechnigugdescribedn [24] alsoincludingfeasibility studiesfrom a
verificationpoint of view) enablesnodelcheckingfor graphtransformatiorsystemsy
automaticallytranslatingtheminto transitionssystemsThe main challengein sucha
translationis two fold: (i) we haveto “stepdown” automaticallyfrom the meta-level to
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themodel-lezel whengeneratingnodel-level transitionsystemdrom meta-level graph
transformatiorsystemsand(ii) anaive encodingof the graphrepresentatioof models
would easily explode both the statespaceand the numberof transitionsin the tran-
sition systemeven for simple models.Thereforeour techniqueappliesthe following
sophisticate@ptimizations:

— Introducingstatevariablesin TS only for dynamicconceptof alanguage.

— Includingonly dynamicpartsof theinitial modelin theinitial stateof theTS.

— Collectingpotentialapplicationsof a graphtransformatiorrule by partially apply-
ing themon the staticpartsof therule andgeneratinga distincttransition(guarded
command)for eachof them that only containsdynamic parts as conditionsin
guardsandassignmentg actions.

In orderto give animpressionon the generatedarget transitionsystem,we give
belon anextractfrom the SAL encodingof our Petrinetmodel(of Fig. 4).

% Type decl arati ons
placelD : TYPE = {wait_for_vote, may_accept, decline,
v_yes, cl_accept, cl_accept };
transID: TYPE = {t, ...}
pnl : MODULE =
BEG N % decl aring state vari abl es
GLOBAL t oken: ARRAY pl acel D OF | NTEGER
GLOBAL fire: ARRAY transl D OF BOOLEAN
I NI TI ALI ZATI ON
token[wait_for_vote] = 1; token[decline] = 0;
t oken[ may_accept] = 0; token[v_yes] = 0;
fire[t] = FALSE;
TRANSI Tl ON
% generated for one potential matching of rule enabl eTransR
fire[t] = FALSE AND
NOT (token[wait_for_vote] = 0) AND
NOT (token[v_yes] =0) -->
fire'[t] = TRUE []
END;

— Theobjectsandvariabledomainsaretransformednto type (domain)declarations
(seee.q.,thecorrespondingaluefor placedecline in typeplacelD).

— Statevariable arraysare introducedonly for attributestoken and fire (the only
dynamicconceptf Petrinets).

— Initialization is consistentwith the initial marking of the Petri net (i.e., place
wait_for_vote containsa tokenthusthe correspondingariabletoken is initialized
to 1).

— The guardedcommandgeneratedrom the potentialapplicationof rule enable-
TransR to the PN transitiondepictedrig. 4 only checkshecorrespondinglynamic
conceptgthefire attributeis falseandtherearetokensin bothplaceswait_for_vote
andv_yes) asthestaticpreconditionf therule arechecledat compiletime.
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Formalizing the correctnessproperty Now, a semanticcriterion is definedfor the
verificationprocesghatshouldbepreseredby the SC2PNmodeltransformationNote
thattheterm*“safety criterion” below refersto a classof temporallogic propertiegpro-
hibiting the occurrenceof an undesiredsituation(andnot to the safetyof the source
UML design).

Definition 1 (Safety criterion for statecharts). For all OR-states(non-concurent
compositestates)in a UML statedart, only a single substates allowedto be active
at anytimeduring execution.

Thisinformal requirementanbeformalizedby thefollowing graphicalinvariantin
thedomainof UML statechartgcf. Fig. 6 togetherwith its equivalentlogic formula).
Informally speakingjt prohibitsthe simultaneousactivenesof two distinct substates
S1 andS2 of thesameOR stateC (i.e., non-concurrentompositestate).

Unfortunately it is difficult to estab-

NEG NS S lish the samecriterion on the metalevel
S1:State 0:ORState S2:State in the target languageof Petrinetssince
icrcer T > s Act=T the SC2PNtransformatiordefinesanab-
stractionin thesensehatmessaggueues
A O : ORState,S1: State, S2 : State :  of objectsare also transformedinto PN

subvertex(A, S1) A subvertex(A,S2) A places(in addition to states).However,
isAct(S1) NisAct(S2) A S1 # 52 in order to model check a certain sys-
tem, this meta-level correctnesgriterion

Fig.6. A samplegraphicalsafetycriterion  canpe re-introducedn the modellevel.
Therefore,we first automaticallyinstan-

tiate (the static partsof) the criterion on the concreteSC model (as doneduring the
transformatiorto transitionssystems}o obtainthe modellevel criterionof Fig. 7. Note
thatthe different(modellevel) patterngdenoteconjunctionstherefore noneof the de-

pictedsituationsareallowedto occut

NEG :subvertex :subvertex NEG :subvertex :subvertex
wait_for_vote: top: may_accept: wait_for_vote: top: decline:
State ORState State State ORState State
isAct=T isAct=T isAct=T isAct=T
NEG :subvertex :subvertex
decline: top: may_accept:
State ORState State
isAct=T isAct=T

—(subvertex(top, wait_for_vote) A subvertex(top, may-accept) A
isAct(wait_for_vote) A isAct(may_accept)) A ...

Fig. 7. Modellevel safetycriterion

Equivalent property in the targetlanguage This modellevel criterionis appropri-
ateto betransformednto an equivalentcriterion for the Petrinet model. As the state
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hierarchyof statechartss not structurallypreseredin Petrinets(asPetrinetsareflat)
the equivalentsof the OR statesarenot projectedinto Petrinets.Therefore the corre-
spondingproperty(shovn in Fig. 8) containonly specificplaceshaving atoken.

NEG NEG NEG
wait_for_vote:| | may_accept: wait_for_vote: decline: decline: may_accept:
Place Place Place Place Place Place
token=1 token=1 token=1 token=1 token=1 token=1

—(token(wait_for_vote) = 1 A token(may-accept) = 1) A ...

Fig. 8. The Petrinetequivalentof themodellevel safetycriterion

At this point,we needto validatewhethertheequality(= 1) or inequalitycheckg>
1) arerequiredin the propertyto be proved(i.e.,whatto doif therearemultiple tokens
in a singleplace).We may concludethatcheckingequalityis alsosufiicient, however,
checkingthe versionwith inequality definitely strengthenshe property thereforewe
canalsodecideto prove somethingstrongelin the Petrinetmodel.

Obviously, constructinghe pair of propertiedo be provedfor propertypreseration
is non-trivial andrequiresa certaininsightinto the sourceandtargetlanguagegndtheir
transformationThereforethe generatiorof a targetpropertyq from a sourceproperty
p cannotalwaysbeautomated.

Model checkingthe targetmodel Given(i) asystemmodelin theform of atransition
systemT'S (with semanticglefinedasa Kripke structure) and(ii) a safetyproperty,
themodelcheding problemcanbedefinedasto decidewhethery holdsonall execution
pathsof the system(i.e.,whetherT'S = ¢).

Thereforeasthefinal stepof ourframework, themodelchecleris suppliedwith the
transitionsystenmof the Petrinetmodelandthetextual representationf the propertyq.
As theplacedderivedfrom thestateof the sameOR-statdorm aplaceinvariant(with a
singletokencirculatingaround)themodelcheclereasilyverifieseventhestrengthened
property

As a conclusionfor our casestudy we may draw thatthe SC2PNmodeltransfor
mationpresenedour samplecorrectnespropertyfor aspecificsourcestatechartodel
andits targetPetrinetequivalent.Additional correctnespropertiecanbe handledsim-
ilarly. Unfortunately for spaceconsiderationswe omitted the formal verification of
propertyin the sourceSC model(Step6), which could be performeddentically to the
handlingof thetargetPN model.

4 Conclusionsand Futur e Work
We presente@ meta-level andhighly automatedechniqueo formally verify by model

checkingthat a model transformationfrom an arbitrary well-formed model instance
of a sourcemodelinglanguagento its target equivalentpreseres (languagespecific)

13



dy
ve

namicconsisteng properties.We demonstratedhe feasibility of our approachby
rifying a semanticcorrectnesgpropertyfor a comple« model transformationfrom

UML statechart$o Petrinets.

Naturally, as basedon model checkingour techniquehaspracticallimitation im-

posedby the stateexplosionproblem.Therefore,n the future,we aim to improve our

au

tomatedencodinginto transition systemsto betterexploit the built-in facilities of

modelcheclers(lik e partial orderreductionor symmetries}o allow the verificationof
largerscalemodeltransformationst
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