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Abstract As the Unified Modeling Languagss evolving into a family of languagesvith
individually specifiedsemanticsthereis an increasingneedfor highly auto-
matedand provenly correctmodeltransformationghat would assurethe inte-
gration of local views of the system(in the form of differentdiagrams)into a
consistenglobal view. Graphtransformationprovides an easy-to-understand
visual specificatiortechniqueto formally capturethe rulesof suchtransforma-
tions. In thepaperwe summarizehe conceptof VIATRA, thegenerapurpose
modeltransformatiorsystemtogetherwith the major correctnessequirements
anda modelcheckingbasedverificationmethodfor modeltransformations.
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1. Introduction

Nowadays the Unified Modeling LanguaggUML) hasbecomethe domi-
natingspecificatiormandmodelinglanguagdor the designprocesf software.
However, despiteits industrialsuccessasbeinga unified andvisual notation,
theimprecisenessf UML (i.e., thelack of formal semanticsjs still the major
factorthathindersthegenerauseof UML asaprimarysourcdanguagdor (i)
automatedools of formal verificationand validationexploiting the resultsin
the theory of formal methodsand (ii) automatedcodegeneratorghat would
yield a provenly correctfunctionalcoreof targetapplication.

Recentinitiatives (UML 2.0 Requesfor Proposal)of the ObjectManage-
mentGroup(OMG) aim atto re-architecturghesingleandmonolithlanguage
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into afamily of languagegbuilt aroundakernelmetamodelinganguagekach
having its own well-definedsemantics.

Transformations of UML Models.  However, astheformal seman-
ticsof differentviews of thesystenti.e.,separateliagramdik e classdiagrams,
statechartssequencaliagrams,etc.) might be definedin differentsemantic
domain(e.g.,by Petrinets,SOSrules,graphtransformatiorsystemsetc.), the
integrationof suchlocal views into a consistenglobal view of the systenre-
quiresa precisespecificationand verification of transformationswithin and
betweerlJML models.

In practice transformationsrenecessitatetbr seseral purposes(i) model
transformationswithin a language shouldcontrolthe correctnessf consecu
tive modelrefinementteps i) modeltransformationdetweerdifferentlan-
guagesshouldprovide precisemeango projectthe semantiacontentof a dia-
graminto anotherone,which is indispensabldor a consistenglobal view of
the systemunderdesign,and(iii) avisualUML model(i.e., asentencén the
UML languagdamily) shouldbetransformednto its semanticdomain(called
modelinterpretation).

As theabstracsyntaxof UML modelsis definedvisually by a correspond-
ing metamodel.A straightforvard representatiof suchmodelscanrely on
the useof directed,typed, and attributed graphsas the underlyingsemantic
domain. Therefore the useof graphtransformatior{7] for capturingthe se-
manticsof UML modelsandtheir transformationss a naturalchoicewhich
alsofits well to engineeringpracticesas a consequencef its visual expres-
sivenesg3,4,9,11].

However, dueto a hugeabstractiorgap betweenvisual UML modelsand
formalmathematicatlescriptionsthespecificatiorandimplementatiorof model
transformatiorsystemsare highly proneto humanerrors,which necessitates
a highly automatedrerificationand programgeneratiormethodfor suchsys-
tems.

The VIATRA Environment. VIATRA (Visual Automatedmodel
TRAnsformationg11], seeFigure 1) is a prototypetool being developedat
the Budapestniversity of Technologyand Economicsthat providesa gen-
eral meansto specify implementand verify various model transformations
(tailoredespeciallyto UML-basedtransformations).

1 Asthebeginningof atypicalinteractionwith VIATRA, thetransforma-
tion designerconstructshe metamodel®f the sourcelanguage(typi-
cally UML itself) andthetamgetlanguagegformal modelssuchasPetri
Nets, Kripke automatongtc.) in the form of UML classdiagramsex-
portedinto the standardXMI format.
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Figure 1.  TheVIATRA environment

2 Afterwards,the transformatiorrules are specifiedin a visual notation
basednaUML profiletailoredto graphtransformatiorsystems.

3 Fromthisvisualdescriptionthemodeltransformatiorprogramis genes
atedautomaticallyin the form of a Prologprogram(see€[10] for further
detailson automategrogramgeneratiorin VIATRA).

4 This Prologprogramtakesa sourceUML modelasinputandgenerates
thetarget mathematicamodelasthe output(sinceall modelsarerepre-
sentedn VIATRA usingtheXMI standardheunderlyingPrologengine
is hiddenfrom theuser).

5 Theresultsof the mathematicahnalysiscanbe back—annotateihto the
sourceanguageby additionalmodeltransformations.

The main contritution of the VIATRA approachis its flexibility andpre-
cisenes$or automateanodeltransformationsimingatto investigateandfor-
mally verify UML modelsfrom differentaspectgsuchaslogical correctness,
dependabilityand performability analysis). However, sucha transformation
basedautomaticmodelgeneratiorapproachmight not assurea higherquality
of systemverification,unlesgthefaithfulnessandconsisteng of UML models
andthe abstracimathematicastructuresof formal analysiscanbe guaranteed
(preferably formally proven). In the currentpaper after a brief summaryof
conceptsve discusghe majorcorrectnessequirementsinda modelchecking
basedverificationapproachof modeltransformatiorsystems.

2. The Concepts of Model Transformation

We informally summarizebelon the major modeltransformatiorconcepts
of VIATRA. Models (andmetamodelswhich describethe abstractsyntaxof
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models)are representedstyped, attributed and directedgraphs(denotedi/
in the sequel).The static semanticof modelsaredefinedby visualandgraph
pattern-basedell-formednessonstraintsan alternateapproacho the tradi-
tional solutionsusingthe ObjectConstraintLanguage.

Transformation rules. = Thedynamicsemanticof a modelaswell as
the transformationsbetweendifferent modelsare specifiedoperationallyby
graphtransformationmrules. A graph transformation rule is a 3-tuple Rule =
(Lhs, Neg, Rhs), whereLhs is theleft-handsidegraph,Rhs is theright-hand
sidegraph,while Neg is (anoptional)negative applicationcondition.

The application of arule to amodel graph M (e.g.,a UML modelof the
user)rewritestheusermodelby replacingthe patterndefinedby Lhs with the
patternof the Rhs. Thisis performedby

1 findinga matd of Lhs in M (graphpatternmatching),

2 chedking the neggative application conditions Neg which prohibitsthe
presencef certainnodesandedges

3 remwing a partof thegraphM thatcanbe mappedo the Lhs but not
the Rhs graph(yielding the context graph),

4 gluing Rhs andthe context graphto obtainthederived model M’.

A pair of rulesdescribinghow the reachabilityproblemon finite automa-
tonscanbeformulatedby graphrewriting rulesis depictedin Figure2. Rule
initR statesthat all a stateof the automatonmarked as initial is reachable.
RulereachR saysthatif areachablestateS; of the automatoris connected
by atransitionT; to sucha stateS, thatis not reachableyet then Sy should
alsobecomereachableas a resultof the rule application. Note that without
the nggative applicationcondition(the crossedeachabledgein the left-hand
sideof therule), the transformatiorwould generatenorethana singlereach-
ableedgebetweenan automatoranda state which contradictsour intuitional
requirements.

Model transition system. Theentireoperationasemanticof a VI-
ATRA modelor its transformationis definedby a model transition system
wherethe allowed transformatiorsequenceare constrainedy control flow
graph (CFG) applying a transformationrule in a specificrule application
mode at eachnode. As the majority of rulesperformlocal modificationson
modelsthey canoftenbe executedparallellyfor all matchegin forall mode).
Alternatively, arulein try modeis appliedona(non-deterministicayl chosen)
singlematching(if it is possibleandfails otherwise) or, it is executedaslong
asit is applicable(loop mode). Note thatthe specificationof transformations
canstill containnon-determinisnwvhenaruleis appliedin atry or loop mode.
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Figure 2.  Calculatingreachabletatesy graphtransformation

As for the modeltransitionsystemof the reachabilityproblem(the control
flow graphis depictedn theupperright cornerof Figure2), apossiblesolution
isto applyruleinitR in forall mode-thusparallellyfor all matchinggasall the
initial statescanbe marked asreachablendependentifrom eachother),and
thento executerule readR aslong aspossible(thereforein loop mode)since
we needto calculatethe transitve closureof the readable relation, which
cannotbe performedn asingleforall application.

Our runningexampledemonstratedhe useof modeltransitionsystemso
describethe behaior of transformationswithin models. In caseof transfor
mationsbetweenmodels(called modeltransformationin the following), the
transformatiorrules are structuredspecially A model transformation rule
is operatingon a so-calledreferencegraph which interrelatesghe objectsof
the sourceandtamet languagdo form a singlegraphby referencenodesand
edges.

3. Correctness Criteria of Transformations

Modeltransitionsystemgprovide aprecisemeando specifytransformations
in variousdomains. An elementaryrequirementor suchtransformationss
to assuresyntacticcorrectnessi.e., to guaranteghat the generatednodelis
syntacticallywell-formed. However, in orderto assurea higher quality of
modeltransformationsatleastthefollowing semantiadequirmentsareaimed
to beverifiedin VIATRA.

= Correctness: As model transformationgnay also definea projection
from the sourcelanguageto the tamget language semanticequivalence
betweemodelscannotalwaysbeproved. Insteadwe definecorrectness
requirementswhich aretypically transformatiorspecific. For instance,
in our running exampleone may prescribethe naturalcriteria for cor
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rectnesghat eachstatethat is reachablegfrom one of the initial states
hasto be marked by areachableedgebut no otherstateis allowedto be
marked.

Termination: We mustalsoguaranteghatthe transformatiorwill ter
minate. A non-terminatingransformatiorcanbe causedoy a cycle in
the controlflow graphwith unsatisfiablderminationconditionor aner
roneoususeof theloop modefor rules.

Completeness:In the caseof modeltransformationgi.e., transforma-
tionsbetweemodels),anadditionalrequirements to completelycover

the sourcelanguageby transformatiorrules,i.e., to prove thatthereex-

ist a correspondinglementin thetargetmodelfor eachconstructin the
sourcelanguage For proving completenessye have to shav thatsuch
elementsxist whenthetransformatiorterminates.

Uniqueness:As non-determinisnis usedin the specificationrof model
transitionsystemg(selectingan appropriatematchingfor rule applica-
tions)we mustalsoprove thatthe transformatioryieldsa uniqueresult.
For this reasonwe have to shav thatwheneer a transformatiortermi-
nates,this final stateis unique,which canbe interpretedas a forward
reachabilityproblem.

Verifying Transformations by Model
Checking

In thecurrentsectionwe outlinehow to transformmodeltransitionsystems

into Kripke structuresn orderto verify propertieof modeltransformationby
traditionalmodelcheckingtools.

m  Systemmodel: Thestatespaceof amodeltransformationis constituted

from graphscreatedby elementarygraphtransformationsteps. This
statespaceis typically finite, which makes modelchedking techniques
eligible for modeltransitionsystemso verify the propertiesof a single
transformatiorstartingfroma singlemodel For thisreasongraphmod-
els (assystenstate$ will be encodedaspredicatesver nodeandedge
identifiers (as domains). Applying a rule for a single matchis repre-
sentedasasingletransition(a micro step)in the Kripke structurewhile
the macio stepsemanticgof rule applicationmodes)assignedo a node
in the CFGis composedf thesebasictransitionsin orderto reducethe
statespaceo betraversed.

Propertiesto be verified: Propertiesof transformationgo be verified
are predicatescomposedf (i) statementshat the control in the CFG
is at a specificnode(e.g.,the exit nodeis reachedn the CFG thusthe
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transformatiorterminates)and(ii) graphpatternghatprescribeor pro-
hibit the presencef certainsituationg(e.g.,anunreachablstatecannot
be initial). From theseatomic predicatesarbitrarily complex expres-
sionscanbe constructedisingthetraditionaloperatorof lineartempo-
ral logic.

System states.  For the encodingof graphmodels let usdefinea unary
relationsymbolfor eachnodetype (suchasState Transition and Automaton
in our runningexample)andbinary relationsymbolfor eachedgetype (e.g.,
from,to, readhable etc.). Supposinghateachnodein a concretemodelhasa
uniqueidentifier aunaryrelationp holdsatn; (denotedasp(n;) = T), if the
nodeidentifiedby n; is of typep. Similarly, a binaryrelationr(n;,n;) = T if
thereexist anedgeof typer betweemodesn; andn;.

Thereafterastatein theKripke structures definedby thecurrentevaluation
of the predicatesThestateswill bechangedy applyinggraphtransformation
rulesastransitions.

Elementary transitions. We definea transitionfunction (a guarded
commandfor eachtransformatiomule asfollows. Let usassigrfirstavariable
for eachnodein therule. Thentheguard of thetransitionis constructedrom
theLHS andthenegative applicationconditiongraphgfollowing theencoding
rulesof the previous paragraph)while the statevariable updatesarespecified
by the objectsappearingonly onthe RHS of therule.

For instanceyuleinitR of therunningexampleis encodeds

initR(A1,S1) = if automaton(A1) A state(S1) A initial(Aq, S1)
then reachable(41, S1)' = T.

Rule application modes. Whenaruleis appliedin acertainmode the
elementarytransitionsare modified by quantification(existential quantifica-
tion for try modeanduniversalquantificationfor forall model),or by fixpoint
operatorgloop is the leastfixpoint of the basictransitionfunction)in order
to obtainthe propersemanticf the macrostep. As (up to our knowledge)
no model checkingtools directly supporttheseoperationsthey have to be
modeledmanuallyin the Kripke automateof our modeltransitionsystemby
introducingadditionalstatevariablesto servingasa programcounterfor the
control flow graph. Although the propertiesof modeltransformationsystem
could be verified directly on the elementarytransition(micro step)level, the
useof rule applicationmodescandrasticallydecreasedhe statespaceto be
traversedduring verification.

As aresultof the previousencodingof modeltransitionsystemsnto Kripke
structurestraditionalmodelcheckingtoolsareavailablefor theverificationof
correctnesgroperties.
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5. Conclusions

In this paper we outlined how to provide model checkingfacilities for
modeltransitionsystems.Model transitionsystemsplay a major role in the
preciseformalizationof automatedransformationgrom UML-basedsystems
modelsinto differentsemanticdomaingsuchasPetrinets,dataflav networks,
Kripke automatonjn orderto provide avariety of quantitatve andqualitative
analysisechniques.

In orderto increasehe faithfulnessof transformationsnot only the UML
modelsof the designerbut the modeltransformatioritself needsto be veri-
fied, otherwisewe cannotguarante¢hatmathematicamodelsusedfor formal
analysisrepresenthe intendedsemanticcontentof the UML design. For this
reasonwe shouldverify thatautomateanodeltransformationsrecorrect ter
minating,complete andunique. For a specificsourcemodel,we usedmodel
checkingtechniquedo answerthesequestions.

5.1. Practical Applications of VIATRA

VIATRA hasalreadybeenappliedsuccessfullyo provide anautomatedm-
plementatiorof transformationspecifiedby meansof modeltransformation
systems.An industrial strengthtransformatioris the automatedmplementa-
tion of [5] wherea mappingis presentedrom UML Statechart$o Extended
HierarchicalAutomata(EHA) that providesformal operationakemanticgor
statechartsWe re-formalizedheformal operationaEHA semanticdby means
of modeltransitionsystemswhich wasencodedafterwardsasa SAL (Sym-
bolic Analysis Laboratory[1]) specificationandverified by the SAL model
checler.

Additional applicationsof VIATRA in joint industrial projectsincludethe
verificationof completenesef UML statecharspecificationsn a dependable
ervironment[6], andatransformatiorfrom UML statechartfo StochastidRe-
wardNets[2] is alsounderimplementationio provide accesso PetriNetbased
analysisechniques.

5.2. Future work

Our experimentsdemonstratedhat the model checkingbasedverification
processof industrial strengthUML statechartmodelsformalized as model
transitionsystemsmust also facethe statespaceexplosion problem. With-
out exploiting the compositionalityandsymmetryof statechart¢for instance,
objectsof the sameclasshave identical behaior), UML modelsof practical
sizeandrelevancecannotbe verified by “brute force” modelchecking.An al-
ternatewvayto attackstatespaceexplosionis to introduce(acontrolledlevel of)
imprecisionby abstraction.For instance propertypreservingabstractionare
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powerful techniquegxploiting andcombiningthe advantagesnodelchecking
andtheoremproving [8].

Furthersemantiquestionconcernthe useof metamodelingechniquegor
mathematicamodels.On onehand,suchvisual metamodetlefinitionssignif-
icantly increasethe “le gibility of mathematics™for enginees. However, on
the otherhand, metamodelglefinitionsmight introduceundesirablémpreci-
sioninto mathematicamodels.An ongoingresearctactiity is to metamodel
mathematicsi.e., to provide a preciseway to representnathematicamodels
in UML basednetamodelingramework.
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