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Abstract As theUnified ModelingLanguageis evolving into a family of languageswith
individually specifiedsemantics,there is an increasingneedfor highly auto-
matedandprovenly correctmodel transformationsthat would assurethe inte-
grationof local views of the system(in the form of differentdiagrams)into a
consistentglobal view. Graphtransformationprovides an easy-to-understand
visual specificationtechniqueto formally capturetherulesof suchtransforma-
tions. In thepaper, wesummarizetheconceptsof VIATRA, thegeneralpurpose
modeltransformationsystemtogetherwith themajorcorrectnessrequirements
anda modelcheckingbasedverificationmethodfor modeltransformations.

Keywords: model transformation,model transitionsystems,graphtransformation,UML,
formal verification,
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Nowadays,theUnified ModelingLanguage(UML) hasbecomethedomi-

natingspecificationandmodelinglanguagefor thedesignprocessof software.
However, despiteits industrialsuccessasbeinga unifiedandvisualnotation,
theimprecisenessof UML (i.e., thelackof formal semantics)is still themajor
factorthathindersthegeneraluseof UML asaprimarysourcelanguagefor (i)
automatedtoolsof formal verificationandvalidationexploiting the resultsin
the theoryof formal methods,and(ii) automatedcodegeneratorsthat would
yield aprovenly correctfunctionalcoreof targetapplication.

Recentinitiatives(UML 2.0 Requestfor Proposal)of the ObjectManage-
mentGroup(OMG) aimat to re-architecturethesingleandmonolithlanguage
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into afamily of languages(built aroundakernelmetamodelinglanguage)each
having its own well-definedsemantics.
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However, astheformal seman-

ticsof differentviewsof thesystem(i.e.,separatediagramslikeclassdiagrams,
statecharts,sequencediagrams,etc.) might be definedin differentsemantic
domain(e.g.,by Petrinets,SOSrules,graphtransformationsystemsetc.),the
integrationof suchlocal views into a consistentglobalview of thesystemre-
quiresa precisespecificationand verification of transformationswithin and
betweenUML models.

In practice,transformationsarenecessitatedfor severalpurposes:(i) model
transformationswithin a language shouldcontrol thecorrectnessof consecu-
tive modelrefinementsteps,(ii) modeltransformationsbetweendifferent lan-
guagesshouldprovide precisemeansto projectthesemanticcontentof a dia-
graminto anotherone,which is indispensablefor a consistentglobalview of
thesystemunderdesign,and(iii) a visualUML model(i.e., a sentencein the
UML languagefamily) shouldbetransformedinto its semanticdomain(called
modelinterpretation).

As theabstractsyntaxof UML modelsis definedvisually by a correspond-
ing metamodel.A straightforward representationof suchmodelscanrely on
the useof directed,typed,andattributed graphsas the underlyingsemantic
domain. Therefore,the useof graphtransformation[7] for capturingthe se-
manticsof UML modelsandtheir transformationsis a naturalchoicewhich
alsofits well to engineeringpracticesasa consequenceof its visual expres-
siveness[3,4,9,11].

However, dueto a hugeabstractiongapbetweenvisual UML modelsand
formalmathematicaldescriptions,thespecificationandimplementationof model
transformationsystemsarehighly proneto humanerrors,which necessitates
a highly automatedverificationandprogramgenerationmethodfor suchsys-
tems.

¥¼»�¸�½°¾1¿�¥ÁÀÂ¿ Ã�¨3ÄF¯D¦?«r¨�¬­¸y¨3®Åº
VIATRA (VIsual Automatedmodel

TRAnsformations[11], seeFigure1) is a prototypetool beingdevelopedat
the BudapestUniversity of TechnologyandEconomics,that providesa gen-
eral meansto specify, implementand verify variousmodel transformations
(tailoredespeciallyto UML-basedtransformations).

1 As thebeginningof a typical interactionwith VIATRA, thetransforma-
tion designerconstructsthe metamodelsof the sourcelanguage(typi-
cally UML itself) andthetarget languages(formal modelssuchasPetri
Nets,Kripke automaton,etc.) in the form of UML classdiagramsex-
portedinto thestandardXMI format.
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2 Afterwards,the transformationrules arespecifiedin a visual notation
basedonaUML profile tailoredto graphtransformationsystems.

3 Fromthisvisualdescription,themodeltransformationprogramis gener-
atedautomaticallyin theform of a Prologprogram(see[10] for further
detailson automatedprogramgenerationin VIATRA).

4 This Prologprogramtakesa sourceUML modelasinput andgenerates
thetargetmathematicalmodelastheoutput(sinceall modelsarerepre-
sentedin VIATRA usingtheXMI standardtheunderlyingPrologengine
is hiddenfrom theuser).

5 Theresultsof themathematicalanalysiscanbeback–annotatedinto the
sourcelanguageby additionalmodeltransformations.

The main contribution of the VIATRA approachis its flexibility andpre-
cisenessfor automatedmodeltransformationsaimingat to investigateandfor-
mally verify UML modelsfrom differentaspects(suchaslogical correctness,
dependabilityandperformabilityanalysis). However, sucha transformation
basedautomaticmodelgenerationapproachmight not assurea higherquality
of systemverification,unlessthefaithfulnessandconsistency of UML models
andtheabstractmathematicalstructuresof formal analysiscanbeguaranteed
(preferably, formally proven). In the currentpaper, after a brief summaryof
conceptswediscussthemajorcorrectnessrequirementsandamodelchecking
basedverificationapproachof modeltransformationsystems.
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We informally summarizebelow themajormodeltransformationconcepts

of VIATRA. Models(andmetamodels,which describetheabstractsyntaxof
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models)arerepresentedastyped,attributedanddirectedgraphs(denotedð
in thesequel).Thestaticsemanticsof modelsaredefinedby visualandgraph
pattern-basedwell–formednessconstraints,analternateapproachto thetradi-
tional solutionsusingtheObjectConstraintLanguage.
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The dynamicsemanticsof a modelaswell as

the transformationsbetweendifferent modelsare specifiedoperationallyby
graphtransformationrules.A graph transformation rule is a3-tuple ò|ó±ôoõ]ö÷IøQù�úÈû_ü õlý û ò ù±úUþ , where

øQù±ú
is theleft-handsidegraph,ò ù�ú is theright-hand

sidegraph,while
ü õNý is (anoptional)negative applicationcondition.

Theapplication of a rule to a model graph ð (e.g.,a UML modelof the
user)rewritestheusermodelby replacingthepatterndefinedby

ø�ù�ú
with the

patternof the ò ù�ú . This is performedby

1 findinga match of
ø�ù�ú

in ð (graphpatternmatching),

2 checking the negativeapplicationconditions
ü õNý which prohibits the

presenceof certainnodesandedges

3 removing a partof thegraph ð thatcanbemappedto the
ø�ù�ú

but not
the ò ù�ú graph(yielding thecontext graph),

4 gluing ò ù�ú andthecontext graphto obtainthederivedmodel ð�ÿ .
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.
Rule reachR saysthat if a reachablestate ��� of theautomatonis connected
by a transition ��� to sucha state ��� that is not reachableyet then ��� should
alsobecomereachableasa resultof the rule application. Note that without
thenegative applicationcondition(thecrossedreachableedgein theleft-hand
sideof therule), thetransformationwould generatemorethana singlereach-
ableedgebetweenanautomatonanda state,which contradictsour intuitional
requirements.

³�«z·�¸y¹]®S¦U§�¨�©S¯=®?¯D«3¨�©	�z©1®S¸�¬ º
Theentireoperationalsemanticsof a VI-

ATRA modelor its transformationis definedby a model transition system,
wherethe allowed transformationsequencesareconstrainedby control flow
graph (CFG) applying a transformationrule in a specific rule application
mode at eachnode. As the majority of rulesperformlocal modificationson
modelsthey canoftenbeexecutedparallelly for all matches(in forall mode).
Alternatively, arule in try modeis appliedona(non-deterministically chosen)
singlematching(if it is possibleandfails otherwise),or, it is executedaslong
asit is applicable(loop mode).Notethat thespecificationof transformations
canstill containnon-determinismwhenarule is appliedin a try or loopmode.
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Calculatingreachablestatesby graphtransformation

As for themodeltransitionsystemof thereachabilityproblem(thecontrol
flow graphis depictedin theupperright cornerof Figure2),apossiblesolution
is to applyrule initR in forall mode– thusparallellyfor all matchings(asall the
initial statescanbemarkedasreachableindependentlyfrom eachother),and
thento executerule reachRaslong aspossible(thereforein loop mode)since
we needto calculatethe transitive closureof the reachable relation, which
cannotbeperformedin asingleforall application.

Our runningexampledemonstratedtheuseof modeltransitionsystemsto
describethe behavior of transformationswithin models. In caseof transfor-
mationsbetweenmodels(calledmodeltransformationin the following), the
transformationrulesarestructuredspecially. A model transformation rule
is operatingon a so-calledreferencegraph which interrelatestheobjectsof
thesourceandtarget languageto form a singlegraphby referencenodesand
edges.

� � ä(�Q�-�{â� 3�{�ãâ�ç�ç�ä­�±¡P��â���¡Wí �4è°àì�-í4�ãç�èc�Q��î¶íÛ�-¡W���]ç
Modeltransitionsystemsprovideaprecisemeanstospecifytransformations

in variousdomains. An elementaryrequirementfor suchtransformationsis
to assuresyntacticcorrectness, i.e., to guaranteethat the generatedmodel is
syntacticallywell–formed. However, in order to assurea higher quality of
modeltransformations,at leastthefollowing semanticrequirementsareaimed
to beverifiedin VIATRA.

Correctness: As model transformationsmay also definea projection
from the sourcelanguageto the target language,semanticequivalence
betweenmodelscannotalwaysbeproved. Insteadwedefinecorrectness
requirements,which aretypically transformationspecific.For instance,
in our runningexampleonemay prescribethe naturalcriteria for cor-
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rectnessthat eachstatethat is reachablefrom oneof the initial states
hasto bemarkedby a reachableedgebut no otherstateis allowedto be
marked.

Termination: We mustalsoguaranteethat the transformationwill ter-
minate. A non-terminatingtransformationcanbe causedby a cycle in
thecontrolflow graphwith unsatisfiableterminationconditionor aner-
roneoususeof the loopmodefor rules.

Completeness:In the caseof modeltransformations(i.e., transforma-
tionsbetweenmodels),anadditionalrequirementis to completelycover
thesourcelanguageby transformationrules,i.e., to prove that thereex-
ist acorrespondingelementin thetargetmodelfor eachconstructin the
sourcelanguage.For proving completeness,we have to show thatsuch
elementsexist whenthetransformationterminates.

Uniqueness:As non-determinismis usedin thespecificationof model
transitionsystems(selectingan appropriatematchingfor rule applica-
tions)we mustalsoprove thatthetransformationyieldsa uniqueresult.
For this reason,we have to show thatwhenever a transformationtermi-
nates,this final stateis unique,which canbe interpretedasa forward
reachabilityproblem.
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In thecurrentsection,weoutlinehow to transformmodeltransitionsystems
into Kripkestructuresin orderto verify propertiesof modeltransformationsby
traditionalmodelcheckingtools.

Systemmodel: Thestatespaceof amodeltransformationis constituted
from graphscreatedby elementarygraph transformationsteps. This
statespaceis typically finite, which makesmodelchecking techniques
eligible for modeltransitionsystemsto verify thepropertiesof a single
transformationstartingfroma singlemodel. For thisreason,graphmod-
els (assystemstates) will beencodedaspredicatesover nodeandedge
identifiers(as domains). Applying a rule for a single matchis repre-
sentedasasingletransition(amicrostep)in theKripkestructure,while
themacro stepsemantics(of ruleapplicationmodes)assignedto anode
in theCFGis composedof thesebasictransitionsin orderto reducethe
statespaceto betraversed.

Properties to be verified: Propertiesof transformationsto be verified
arepredicatescomposedof (i) statementsthat the control in the CFG
is at a specificnode(e.g.,theexit nodeis reachedin the CFG thusthe
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transformationterminates),and(ii) graphpatternsthatprescribeor pro-
hibit thepresenceof certainsituations(e.g.,anunreachablestatecannot
be initial). From theseatomic predicates,arbitrarily complex expres-
sionscanbeconstructedusingthetraditionaloperatorsof lineartempo-
ral logic.

� �z©N®?¸�¬ ©1®S§{®S¸�©+º
For theencodingof graphmodels,let usdefinea unary

relationsymbolfor eachnodetype(suchasState, Transition, andAutomaton
in our runningexample)andbinary relationsymbolfor eachedgetype (e.g.,
from,to, reachable, etc.).Supposingthateachnodein a concretemodelhasa
uniqueidentifier, a unaryrelation� holdsat ��� (denotedas� ÷ ��� þ ö�� ), if the
nodeidentifiedby � � is of type � . Similarly, abinaryrelation � ÷ � � û �� þ ö!� if
thereexist anedgeof type � betweennodes��� and �  .

Thereafter, astatein theKripkestructureis definedby thecurrentevaluation
of thepredicates.Thestateswill bechangedby applyinggraphtransformation
rulesastransitions.

Ã|¹D¸y¬­¸y¨3®S§-¦"�å®?¦?§�¨�©S¯=®?¯D«r¨F©+º
We definea transitionfunction (a guarded

command)for eachtransformationruleasfollows. Letusassignfirst avariable
for eachnodein therule. Thentheguard of thetransitionis constructedfrom
theLHS andthenegativeapplicationconditiongraphs(following theencoding
rulesof thepreviousparagraph),while thestatevariableupdatesarespecified
by theobjectsappearingonly on theRHSof therule.

For instance,rule initR of therunningexampleis encodedas
# � #%$ ò ÷'& � û ��� þ ö if (eó $*)"+ ( $*) � ÷'& � þ-,°ú $ ( $ õ ÷ ��� þ�, # � #%$.# (�ô ÷'& � û ��� þ

then �Åõ/(10 ù (32côIõ ÷'& � û ��� þ ÿ�4 ö5�76
ÀÂñ�¹D¸ §�8�8Û¹I¯:9e§{®?¯D«r¨ ¬ «z·�¸e©Åº

Whenarule is appliedin acertainmode,the
elementarytransitionsare modified by quantification(existential quantifica-
tion for try modeanduniversalquantificationfor forall model),or by fixpoint
operators(loop is the leastfixpoint of the basictransitionfunction) in order
to obtainthe propersemanticsof the macrostep. As (up to our knowledge)
no model checkingtools directly supporttheseoperations,they have to be
modeledmanuallyin theKripke automataof our modeltransitionsystemby
introducingadditionalstatevariablesto servingasa programcounterfor the
control flow graph. Although the propertiesof model transformationsystem
could be verified directly on the elementarytransition(micro step)level, the
useof rule applicationmodescandrasticallydecreasedthe statespaceto be
traversedduringverification.

As aresultof thepreviousencodingof modeltransitionsystemsinto Kripke
structures,traditionalmodelcheckingtoolsareavailablefor theverificationof
correctnessproperties.
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In this paper, we outlined how to provide model checkingfacilities for

model transitionsystems.Model transitionsystemsplay a major role in the
preciseformalizationof automatedtransformationsfrom UML-basedsystems
modelsinto differentsemanticdomains(suchasPetrinets,dataflow networks,
Kripke automaton)in orderto provide a varietyof quantitative andqualitative
analysistechniques.

In orderto increasethe faithfulnessof transformations,not only theUML
modelsof the designerbut the model transformationitself needsto be veri-
fied,otherwisewecannotguaranteethatmathematicalmodelsusedfor formal
analysisrepresentthe intendedsemanticcontentof theUML design.For this
reason,weshouldverify thatautomatedmodeltransformationsarecorrect,ter-
minating,complete,andunique.For a specificsourcemodel,we usedmodel
checkingtechniquesto answerthesequestions.

<����a� =u�{ía 3�-¡} rí4ë?>�æ|æ|ë�¡} ríÛ�-¡W���]ç �4è@���A> àCBD>

VIATRA hasalreadybeenappliedsuccessfullyto provideanautomatedim-
plementationof transformationsspecifiedby meansof modeltransformation
systems.An industrialstrengthtransformationis theautomatedimplementa-
tion of [5] wherea mappingis presentedfrom UML Statechartsto Extended
HierarchicalAutomata(EHA) thatprovidesformal operationalsemanticsfor
statecharts.Were-formalizedtheformaloperationalEHA semanticsby means
of modeltransitionsystems,which wasencodedafterwardsasa SAL (Sym-
bolic AnalysisLaboratory[1]) specification,andverified by the SAL model
checker.

Additional applicationsof VIATRA in joint industrialprojectsincludethe
verificationof completenessof UML statechartspecificationsin a dependable
environment[6], andatransformationfrom UML statechartsto StochasticRe-
wardNets[2] is alsounderimplementationto provideaccessto PetriNetbased
analysistechniques.

<��Pß�� E]� �-�]�{â�F­�Q���
Our experimentsdemonstratedthat the modelcheckingbasedverification

processof industrial strengthUML statechartmodelsformalized as model
transitionsystemsmust also facethe statespaceexplosion problem. With-
out exploiting thecompositionalityandsymmetryof statecharts(for instance,
objectsof the sameclasshave identicalbehavior), UML modelsof practical
sizeandrelevancecannotbeverifiedby “brute force” modelchecking.An al-
ternatewayto attackstatespaceexplosionis to introduce(acontrolledlevel of)
imprecisionby abstraction.For instance,propertypreservingabstractionsare
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powerful techniquesexploiting andcombiningtheadvantagesmodelchecking
andtheoremproving [8].

Furthersemanticquestionsconcerntheuseof metamodelingtechniquesfor
mathematicalmodels.On onehand,suchvisualmetamodeldefinitionssignif-
icantly increasethe “legibility of mathematics”for engineers. However, on
the otherhand,metamodelsdefinitionsmight introduceundesirableimpreci-
sioninto mathematicalmodels.An ongoingresearchactivity is to metamodel
mathematics, i.e., to provide a preciseway to representmathematicalmodels
in UML basedmetamodelingframework.
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