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Abstract. As UML 2.0 is evolving into a family of languageswith individually
specifiedsemantics,thereis anincreasingneedfor automatedandprovenly cor-
rectmodeltransformationsthat(i) assuretheintegrationof localviews(different
diagrams)of the systeminto a consistentglobal view, and,(ii) provide a well–
foundedmappingfrom UML modelsto differentsemanticdomains(Petri nets,
Kripke automaton,processalgebras,etc.) for formal analysispurposesasfore-
seen,for instance,in submissionsfor the OMG RFPfor Schedulability, Perfor-
manceandTime.However, suchtransformationsinto differentsemanticdomains
typically requirethe deepunderstandingof the underlyingmathematics,which
hindersthe useof formal specificationtechniquesin industrialapplications.In
thepaper, we proposea UML-basedmetamodelingtechniquewith precisestatic
anddynamicsemantics(basedon a refinementcalculusandgraphtransforma-
tion) wherethestructureandoperationalsemanticsof mathematicalmodelscan
bedefinedin a UML notationwithout cumbersomemathematicalformulae.
Keywords: metamodeling,formal semantics,refinement,modeltransformation,
graphtransformation

1 Intr oduction

1.1 Evolution of UML

For therecentyearsUML 1.x hasbecomethedefactostandardobject-orientedmodel-
ing languagewith a wide rangeof applications.Its majorsuccessis originatingin the
factthatUML (i) is astandard (uniformly understoodby differentteamsof developers)
andvisual language (alsomeaningfulnot only for systemengineersandprogrammers
but evenfor customers).

However, basedupon academicand industrial experiences,recentsurveys (such
as[13]) have pinpointedseveralshortcomingsof the languageconcerning,especially,�
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its imprecisesemantics, and the lack of flexibility in domainspecificapplications.In
principle,dueto its in-width nature,UML would supplytheuserwith every construct
he needsfor modelingsoftware applications.However, this leadsto a complex and
hard-to-implementUML language,andsinceeverythingcannotbeincludedin UML in
practice,it alsoleadsto local standards(profiles)for certaindomains.

Recentinitiativesfor theUML 2.0RFP(e.g.MML [7]) aimatanin-depthevolution
of UML into a corekernel language,and an extensiblefamily of distinct languages
(calledprofiles).Eachprofile(UML diagram)hasits own semantics,whicharchitecture
fundamentallyrequiresanappropriateandprecisemetamodelingtechnique.

1.2 Transformations of UML models

Suchametamodeling-basedarchitectureof UML highly reliesontransformationswithin
andbetweendifferentmodelsandlanguages.Theimmenserelevanceof UML transfor-
mationsis emphasized,for instance,in submissionsto theOMG RFPfor a UML sub-
languagefor Schedulability, PerformanceandTime [16]. In practice,transformations
arenecessitatedfor at leastthefollowing purposes:

– modeltransformationswithin a languageshouldcontrolthecorrectnessof consec-
utive refinementstepsduring the evolution of the static structureof a model,or
defineanoperational(rule-based)semanticsdirectly onmodels;

– modeltransformationsbetweendifferent languagesshouldprovide precisemeans
to projectthesemanticcontentof a diagraminto anotherone,which is indispens-
ablefor aconsistentglobalview of thesystemunderdesign;

– a visual UML diagram(i.e., a sentenceof a languagein the UML family) should
be transformedinto its (individually defined)semanticdomain,which processis
calledmodelinterpretation.

Concerningmodel transformationin a UML environment,the main courseof re-
searchis dominatedby two basicapproaches:(i) transformationsspecifiedin (exten-
sionsof) UML andOCL [2, 7], and(ii) transformationsdefinedin UML andcaptured
formally by graphtransformations[10,23,28].Up to now, OCL-basedapproachestyp-
ically supersededgraphtransformation-basedapproacheswhenconsideringmultilevel
staticmetamodelingaspects.However, whendefiningdynamicsemanticsin a visual
andoperational(if-then-elselike)way— where,in fact,theformal technicalitiesof the
underlyingmathematicsarehidden— graphtransformationhasclearadvantageover
OCL.

Our contribution In thepaper, we convergethetwo approachesby providing a precise
andmultilevel metamodelingframework wheretransformationsare capturedvisually
by avariationof graphtransformationssystems.

1.3 Metamodelingand Mathematics

Previous research(in projectHIDE [5]) demonstratedthatautomatedtransformations
of UML modelsinto varioussemanticdomains(includingPetrinets,Kripkeautomaton,
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dataflow networks)allow for anearlyevaluationandanalysisof thesystem.However,
preliminaryversionsof suchtransformationswereratheradhocresultingin errorprone
implementationswith anunacceptablyhighcost(bothin timeandworkload).

In the VIATRA framework [25,28] (a prototypeautomatedmodeltransformation
system),we managedto overcometheseproblemsby providing anautomatedmethod-
ology for designingtransformationof UML models.After having implementedmore
than10 rathercomplex transformationsin this methodology(including model trans-
formations,for instance,for automatedprogramgeneration[25], formalizing[26] and
modelchecking[14] UML statecharts),we believe that the crucial stepin designing
such transformationswere to handleuniformly UML and different mathematicaldo-
mainswithin theUML frameworkbymetamodelingmathematics.

Mathematicsof metamodelingWhenregardingtheprecisesemanticsof UML (ormeta-
modeling),onemayeasilyfind that thereis a hugecontradictionbetweenengineering
andmathematicalpreciseness. UML shouldbesimultaneouslyprecise(i) from anen-
gineeringpointof view to suchanextentadequateto engineerswhoneedto implement
UML tools but usually lack the properskills to handleformal mathematics,and,(ii)
from amathematicalpointof view necessitatedby verificationtoolsto reasonaboutthe
systemrigorously.

The UML 2.0 RFP requires(votes for) engineeringpreciseness:“UML should
be definedwithout complicatedmathematicalformulae.” However, whenconsidering
modelinterpretationsof UML sublanguages(i.e., theabstractsyntaxof a UML model
is mappedinto a correspondingsemanticdomainsuchasPetri nets,finite automaton,
etc.),theproperhandlingof formal mathematicsis indispensablefor developingauto-
matedanalysistools.

MetamodelingmathematicsMeanwhile,recentstandardizationinitiatives(suchasPNML
[1], GXL [20], GTXL [24], or MathML [29]) aim at developingXML baseddescrip-
tion formatsfor exchangingmodelsof mathematicaldomainsbetweendifferenttools.
Frequently(ase.g.in [24]), suchadocumentdesignis drivenby acorrespondingUML-
basedmetamodelof the mathematicaldomain.However, impropermetamodelingof
mathematicsoften resultsin conceptualflaws in the structureof the XML document
(e.g.,in PNML, arcsmayleadbetweentwo places,which is forbiddenin thedefinition
of Petrinets).

Our contribution Ourpaperarguesthat(i) to provideprecisenessin UML-basedsystem
design,formal mathematicaldomainsshouldbe integratedwith UML by transforma-
tions, however, (ii) mathematicalmodelscanbe understoodby engineersif they are
presentedandspecifiedvisually by meansof metamodelsandgraphtransformation.

The restof the paperis structuredasfollows. We first presenta refinementcalcu-
lus for the staticpartsof multilevel metamodelsbasedon set-theoreticdefinitionsof
mathematicalstructuresin Sec.2. Afterwards,in Sec.3, a graphtransformation-based
framework is presentedfor thespecificationof dynamicoperationalsemanticsof mod-
els, including the hierarchicdesignandreuseof suchsemanticrules.Finally, Sec.4
concludesourpaper.
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2 Structural Refinementof Metamodels

Below we definea structuralrefinementcalculuson set theoreticalbasis(i.e., refine-
mentof sets,relationsandtuples)for asubsetof staticUML constructs.Ourmetamod-
eling framework is gradually extensiblein depth, thusit only containsa very limited
numberof coreelements,whichhighly decreasestheefforts relatedto implementation.
Moreover, in order to avoid replicationof conceptsand shallow instantiation(well-
known problemsof metamodelingidentified in [4]) we introducedynamic(or fluid)
metalevelswherethe type–instancerelationshipis interpretedbetweenmodelsinstead
of (meta)levels.Our approachhasthe majoradvantagethat the type–instancerelation
canbereconfigureddynamicallythroughouttheevolution of models,thustransforma-
tionson (traditional)modelandmetamodel-levelscanbehandleduniformly.

2.1 Visual Definition of Petri Nets

Beforeapreciseandformal treatment,ourgoalsaresummarizedinformally onameta-
modelingexampledeliberatelytaken from a well-known mathematicaldomain, i.e.
Petrinets.Petrinetsarewidely usedmeansto formally capturethedynamicsemantics
of concurrentsystems.However, dueto theireasy-to-understandvisualnotationandthe
wide rangeof availabletools,Petrinettoolsarealsousedfor simulationpurposeseven
in industrialprojects(reportede.g.in [22]). FromanUML point of view, transforming
UML modelsto Petrinetsprovidedependability[6] andperformanceanalysis[12] for
thesystemmodelin earlystagesof design.

A possibledefinitionof (thestructureof) Petrinetsis asfollows.

Definition 1. A Petri net ��� is a bipartite graph with distinct nodesets � (places)
and � (transitions), edgesets�
	 (input arcs) and ��	 (output arcs), where inputarcs
are leading from placesto transitions,and output arcs are leading from transitions
to places.Additionally, each placecontainsan arbitrary (non-negative)numberof to-
kens).

Now, if we assigna UML classto eachset of this definition (thus introducing
the entity of Place, Transition, InArc, OutArc, andToken), andan associationfor
eachallowedconnectionsbetweennodesandedges(connectionssuchasfromPlace,
toPlace, fromTrans, toTrans, andtokens), we caneasilyobtaina metamodelof Petri
Nets(seetheupperright cornerof Fig. 1) thatseemsto besatisfactory.

However, wehavenotyetconsideredacrucialpartof thepreviousdefinition,which
statesthat a Petri net is, in fact, a bipartitegraph.For this reason,after looking up a
textbookon graphtheory, we mayconstructwith thepreviousanalogythemetamodel
of bipartite graphs(depictedin the lower left cornerof Fig. 1) with ‘boy’ and ‘girl’
nodes1, and‘boy-to-girl’ and‘girl-to-boy’ edges.Moreover, if wefocusonthefactthat
every bipartitegraphis a graph,we may independentlyobtaina metamodelof graphs
(seetheupperleft cornerof Fig. 1).

In orderto inter-relatesomehow thesemetamodels,we would like to expressthat,
for instance,(i) theclassNode isasupertypeof classBoy, (ii) theassociationfromPlace

1 Bipartitegraphsareoftenexplainedasrelationsbetweenthesetof boys andgirls.
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Fig.1. Definingthestructureof PetriNets

is inherited(indirectly) from theassociationfrom, and(iii) themetamodelof bipartite
graphis a generalizationof the metamodelof Petri nets.In the restof the paper, we
denotetheserelationsuniformly by the term refinement, which simultaneouslyrefers
to therefinementof entities,connections,and(meta)models.

Our notion of refinementshouldalsohandlethe instantiationsof classes.For in-
stance,in the lower right cornerof Fig. 1, a Petri netmodelSimpleNet consistingof
a singleplacewith onetokenis depicted.This modelis regardedasan instanceof the
Petrinetmetamodelasindicatedby thedashedarrow betweenthemodels.

From a practicalpoint of view, supposingthat we have an extensiblemetamodel
library, a new metamodelcanbe derivedfrom existing onesby refinement.Our main
goal is to show that (i) mathematicalandmetamodelconstructscanbe handleduni-
formly andprecisely, and(ii) thedynamicoperationalsemanticsof modelscanalsobe
inheritedandreusedwith an appropriatemodelrefinementcalculusin additionto the
staticpartsof themodels.

2.2 Formal semanticsof static model refinement

Our metamodelingframework VPM usesa minimal subsetof MOF constructs(i.e.,
classes,associations,attributes,andpackages)with a slightly re-defined(betterto say,
preciselydefined)semantics,whichhasadirectanalogywith thebasicnotionsof math-
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ematics,i.e., sets,relations,functions,andtuples(tuplesareconstitutedin turn from
sets,relationsandothertuples).

However, in orderto avoid clashesbetweennotionsof MOF andsettheoryasmuch
aspossible,a differentnamingconventionis usedin the paper, which simultaneously
refersto UML andmathematicalelements.A modelelementin VPM maybeeitheran
entity, aconnection, amapping, or amodel (seetheMOF metamodelof ourapproach
in Fig. 2). Eachof theseconstructsis indexedby a unique identifier (accessedby a 
 ���
postfix in thesequel)and a set including the identifierof theentityandthe identifiers
of the(intended)refinementsof theentity(accessedby a 
������ postfix).2

id:Universe

Model

Mapping

Entity

ModelElem

Connection

arg2

arg1

content

arg ret

Fig.2. TheMOF metamodelof ourapproach

– An entity � , which is the most basicelementof the model space.Entities are
representedvisuallyby UML Classes.

– A connection � betweentwo entitiesis a binary relationbetweenthe associated
sets.Connectionsaredepictedas(directed)associations.

– A mapping � from entity ��� to entity ��� is a functionwith thedomainof (theset
of) ��� andrangeof ��� . Mappingscanbedenotedvisuallyby anattributeassigned
to theentity of its domain.

– A model (or structure)� is a tupleconsistingof thecorrespondingsets,relations,
functionsandtuplesof entities,connections,mappings,andmodels,respectively.
Modelswill berepresentedby UML packages.A modelthatonly consistof asingle
entity is alsoregardedasanentity.

The staticsemanticsof our metamodelingframework is basedupona refinement
calculus(depictedby UML generalizationrelations)thathandlesthe traditionallydis-
tinct notionsof inheritanceandinstance-ofrelationsuniformly.

1. Entity refinement: ���! "#��� def$ �%�&
�������'(���)
 ����� ( �%� is a(nentity) refinement
of ��� , alternatively, ��� is anabstractionof ��� ). Informally, ��� is a superclassof
� � in thetermsof MOF metamodeling.

2 This philosophyis in analogywith the axiomaticfoundationsof set theory. Therewe have
classesasa notionthat remainsundefined.An elementof a classis by definitiona set,while
thesingletonclassthatcontainsthis elementis alsoaset.
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2. Connection refinement: � �+* 	 �&,.-��0/  "1� �2* 	 �),3-%��/ def$ � � 
 �����4'5� � 
������76
	 �  "8	 � 6 -��  " -%� (whereall 	�9 and - 9 areentities).Connectionrefinement
expressesthe fact thatMOF associationscanalsoberefinedduring the evolution
of metamodels.

3. Mapping refinement: � �+* 	 ��/7:2-��  "5� �
* 	 ��/7:)-�� def$ � � 
������7';� � 
 �����<6=	 �  "
	 � 6 -��  " -%� (i.e., functionsaretreatedasspecialrelations).From a practical
pointof view, MOF attributesarealsoconsideredin ourmetamodelingframework.

4. Model refinement: �?>�  "#�(@� def$ �A�B
������%'C�D�+
������E6GFH�JI+K : �L�&M K2NO "P�Q�2M �RN
( �A� is a model refinementof �D� ), where �SM �TN is the � th argument(component)
of tuple � . Informally, thereexists a refinementof eachargumentof � � in a
correspondingargumentof � � . In MOF terms,eachclassin the supermodel is
refinedinto an appropriateclassof the submodel.However, this latter one may
containadditionalclassesnot having originsin thesupermodel.

5. Model instance: � >�(UV � @� def$ �L�&
 �����W'X�D�2
 �����O6YFH�JI+K : �L�BM �TN% "Z�Q�2M K+N
( �A� is a (model) instanceof �D� ). Informally, thereexists a refinementof each
componentof �L� in a correspondingcomponentof �D� . In practice,eachobject
in theinstancemodelhasaproperclassin themetamodel.However, this latterone
maycontainadditionalclasseswithout objectsin theinstancemodel.

6. Instantiation, typing: a modelelement[]\D� � is an instanceof modelelement^ \_�Q� (alternatively,
^

is thetypeof [ ), denotedas, if �L� is amodelinstanceof

�D� , and [ is arefinementof
^

. Formally, �A�B
 [ UV �Q�+
 ^ def$ �A� UV �D�`6�[a "^
. In MOF terms,a classis saidto be the typeof an object,if the corresponding

modelof theobjectis aninstanceof the(meta)modelrelatedto theclass.

In orderto closetherefinementcalculusfrom thetop,we supposethat thereexists
auniquetop-mostmodelcontainingauniquetop-mostentity, connectionandfunction.

A main advantageof our approach(in contrastto e.g. [3]) is that type-instance
relationscanbereconfigureddynamically. Ononehand,asamodelcantaketheroleof
ametamodel(thusbeingsimultaneouslyamodelandametamodel)by alteringonly the
singleinstancerelationbetweenthemodels,we avoid the problemsof “replicationof
concepts”and“shallow instantiation”.On theotherhand,transformationson different
metalevels canbe captureduniformly, which is an extremely importantfeaturewhen
consideringtheevolutionof modelsthroughdifferentdomains[23].

2.3 Formalizing the Petri net metamodelhierarchy

The theoreticaspectsof model refinement(and instantiation)are now demonstrated
on thePetrinetmetamodelhierarchy. Supposingthat therefinementrelationsdepicted
at the bottomof Fig. 1 hold betweenthe model elements(e.g.,Boy is a refinement
of Node, e1 is a refinementof tokens; the interestedreadercan verify that all the
connectionrefinementsarevalid) wecanobservethefollowing.

Proposition1. BipartiteGraph is bothamodelrefinementandinstanceof Graph.

Proof. Theproof consistof two steps.
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1. Proof of refinement:for eachelementin theGraph modelthereexist arefinement
in theBipartiteGraph. Girl is refinementof Node; GBEdge is of Edge; from1 is
derivedfrom from; andto1 is refinedfrom to.

2. Proof of instantiation: for eachelementin Bipartite Graph thereexist a refine-
mentin Graph. Girl andBoy arerefinementsof Node; GBEdge andBGEdge are
of Edge; from1 andfrom2 areof from; andto1 andto2 areof to. bc
By similar courseof reasoning,we canprove all the otherrelationsbetweendif-

ferentmodelsof Fig. 1. Note thatPetri Net is not an instanceof Bipartite Graph (as
Token is a new element),andSimpleNet is not a refinementof Petri Net (since,for
instance,thereareno transitions).

3 Dynamic Refinementin Operational SemanticRules

Now we focusour attentionto extendthestaticmetamodelingframework by a general
andprecisemeansfor allowing theuserto definetheevolutionof his models(dynamic
operationalsemantics)in a hierarchicalandoperationalway. Our approachusesmodel
transitionsystems[28] asthe underlyingmathematics,which is formally a variantof
graphtransformationsystemsenrichedwith controlinformation.

However, from aUML pointof view, modeltransitionsystemsaremerelyapattern-
basedmanipulationof modelsdriven by an activity diagram(specified,in fact, by a
UML profile in ourVIATRA tool), thusthedomainengineeronly hasto learna frame-
work that is very closeto theconceptsof UML. After specifyingthesemanticsof the
domain,asinglevirtual machineof modeltransitionsystemsmayserveageneralmeta-
simulatorfor arbitrarydomains.

In the currentsection,we first demonstratethat model transitionsystemsarerich
enoughto bea generalpurposeframework for specifyingdynamicoperationalseman-
tics of modelinglanguagesin engineeringandmathematicaldomainsby constructing
(an executable)formal semanticsfor Petri nets.Afterwards,we definethe notion of
rule refinement,which allows for a controlledreuseof semanticoperationsof abstract
mathematicalmodels(suchasgraphs,queues,etc.)in engineeringdomains.

3.1 An Intr oduction to Model Transition Systems

Graphtransformation(see[19] for theoreticalfoundations)providesa rule-basedma-
nipulationof graphs,which is conceptuallysimilar to thewell-known Chomsky gram-
mar rulesbut usinggraphpatternsinsteadof textual ones.Formally, a graph trans-
formation rule (seee.g.addTokenR in Fig. 3 for demonstration)is a triple �%dfeg� $
*ghji � , �k��l , � i � / , where h7i � is the left-handsidegraph, � i � is the right-handside
graph,while �k��l is (anoptional)negativeapplicationcondition(grey areasin figures).

Theapplication of a rule to a model (graph) � (e.g.,a UML modelof theuser)
altersthe modelby replacingthe patterndefinedby hji � with thepatternof the � i � .
This is performedby

1. findinga match of the h7i � patternin model � ;
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2. checking thenegativeapplicationconditions�k��l which prohibitsthepresenceof
certainmodelelements;

3. removing a partof themodel � thatcanbemappedto the hji � patternbut not the
� i � patternyieldinganintermediatemodel �
� ;

4. addingnew elementsto the intermediatemodel �
� which exist in the � i � but
cannotbemappedto the h7i � yielding thederivedmodel �?m .
In amoreoperationalinterpretation,hji � and �k��l of aruledefinestheprecondition

while � i � definesthepostconditionfor a ruleapplication.
In our framework, graphtransformationrulesserveaselementaryoperationswhile

theentireoperationalsemanticsof amodelis definedby amodel transition (transfor-
mation) system[28], wheretheallowed transformationsequencesareconstrainedby
control flow graph (CFG)applyingatransformationrule in aspecificrule application
modeateachnode.A rulecanbeexecuted(i) parallellyfor all matchesasin caseforall
mode;(ii) ona(non-deterministicallyselected)singlematchingasin caseof try mode;
or (iii) aslong asapplicable(in loop mode).

3.2 Model transition systemsemanticsof Petri nets

In order to demonstratethe expressivenessof our semanticbasis(in addition to the
technicalitiesof graphtransformation),weprovideamodeltransitionsystemsemantics
for Petrinets(in Fig. 3) basedon thefollowing definition.

Definition 2 (Inf ormal semanticsof Petri nets).A micro stepof a Petri net can be
definedasfollows.

1. A transitionis enabledwhenall theplaceswith an incomingarc to the transition
contain at least one token (we supposethat there is at mostone arc betweena
transitionanda place).

2. A singletransitionis selectedat a timefromtheenabledonesto befired.
3. Whenfiring a transition,a tokenis removedfromeach incomingplace, anda token

is addedto each outgoingplace(of a transition).
4. Whenno transitionsareenabledthenetis dead.

At theinitial stepof our formalization,we extendthepreviousmetamodelof Petri
netsby additionalfeatures(suchasmappings/attributesenable andfire, or connections
add anddel) necessitatedto capturethedynamicparts.Thentheinformalinterpretation
of therules(givenin theorderof their application)is asfollows.Notethat to improve
theclarity, thetypesof eachmodelelementaredepictedtextually insteadof theoriginal
graphicalrepresentationby inheritancerelations.Thus, for instance,T:Trans can be
interpretedasT is a directrefinementof Trans.

1. The enable and fire attributesare set to falsefor eachtransitionof the net by
applyingrulesdelEnableR anddelFireR in forall mode.

2. A transitionT becomesenabled(by applyingenableTrR) only if for all incoming
arc A linked to a placeP, this placemustcontainat leastonetoken K (notethe
doublenegationin thenegativeconditions).
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Fig.3. Model transitionsemanticsof Petrinets

3. A singletransitionis selectednon-deterministicallyby executingselectFireR in
try mode.If no transitionsareenabledthenthesimulationof thenetis finished.

4. All the InArcs aremarkedby a del edgethat leadto the transitionselectedto be
firedby theapplicationof rule inArcsR.
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5. A tokenis removedfrom all placesthatareconnectedto anInArc markedby adel
edge.Thecorrespondingrule (delTokenR) is appliedaslong aspossible(in loop
mode)andadel edgeis removedin eachturn.

6. A processsimilar to Step4 and5 markstheplacesconnectedto thetransitionto be
fired by add edgesandgeneratesa token for eachof them,andthe micro stepis
completed.

3.3 Rule refinement

A main goal of multilevel metamodelingis to allow a hierarchicalandmodularde-
signof domainmodelsandmetamodelswherethe informationgainedfrom a specific
domaincanbe reused(or extended)in future applications.Up to now, metamodeling
approachesonly dealtwith thereuseof thestaticstructurewhile thereuseof dynamic
aspectshasnot beenconsidered.However, it is a naturalrequirement(andnot merely
in mathematicaldomains)that if a domainis modeledasa graphthenall the opera-
tionsdefinedin a library of graphs(suchasnode/edgeaddition/deletion,shortestpath
algorithms,depthfirst search,etc.)shouldbeadaptedfor this specificdomainwithout
furthermodifications.

Moreover, semanticoperationsarefrequentlyneededto beorganizedin ahierarchy
(and/orexecutedaccordingly).For instance,in feature/servicemodeling,wewould like
to expressfor theuserthatanoperationcopying highlightedtext from onedocumentto
anotherandanotheroperationthat copying a selectedfile betweentwo directoriesare
conceptuallysimilar in behavior whenregardingfrom a properlevel of abstraction.To
capturesuchsemanticabstractions,we definerule refinementasa preciseextensionof
metamodelingfor dynamicaspectsof adomainasfollows.

A modelpattern�A� appearingin a graphtransformationrule (eitherin h7i � , � i � ,
or �k��l ) is a typed subpattern (or typedsubgraph)of a modelpattern �D� (denoted
as �L�_no�Q� ) if all modelelements��� of �A� canbe mapped(isomorphically)to a
correspondingelement��� of �D� suchthatthetypeof ��� is a refinementof thetypeof
� � . Informally, pattern� � is moregeneralthanpattern� � in thesensethatwhenever
thematchingof � � succeedsit immediatelyimpliesthesuccessfulmatchingof � � .

Basedupon the definition of typed subpatterns,the refinementrelation of typed
rules is definedasfollows: a rule pB� $ *Rhji �B� , � i �B� , �k��l
� / is a refinementof rule
p � $ *ghji � �+, � i � �+, �k��l �0/ (denotedas p �  "qp � ) if

1. hji � � n hji � � : thepositivepreconditionsof p � areweaker thanof p �
2. �k��l � no�k��l � : the negative preconditionsof p � areweaker thanof hji � � . As a

result, p � canbeappliedwhenever p � is applicable
3. � i ���7r hji ���snt� i �&�ur hji �B� : pB� addsat leasttheelementsthatareaddedby the

applicationof p��
4. hji ���Or7� i ����n hji �&�vr7� i �&� : pB� removesat leasttheelementsthataredeletedby

theapplicationof p�� . As a result,thepostconditionsof p&� arestrongerthanof p�� .
Theconceptsof rule refinementaredemonstratedon a brief example(seeFig. 4).

Let us supposethat a garbagecollector removesa Node from the model space(by
applying rule delNodeR) if referencecounterof the nodehasbeendecrementedto
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LHS RHS
LHS RHS

tokens

K:TokenP:Place
ref=0

delPlaceR

N:Node
ref=0

delNodeR

Fig.4. Rulerefinement

0 (denotedby theattributeconditionref=0). Meanwhile,in caseof Petrinets,we may
forbid thepresenceof tokensnotassignedto aplace.Therefore,evenwhenthereference
counterof aPlace (whichusedto bearefinementof Node) reaches0,anadditionaltest
is requiredfor the non-existenceof tokensattached.If noneof suchtokensarefound
thentheplaceP canbesafelyremoved(cf. ruledelPlaceR).

Proposition2. RuledelPlaceR is a refinementof rule delNodeR. Therefore, in typi-
cal applications(visualmodeleditors,etc.)delPlaceR takesprecedenceof delNodeR.

Proof. Thethreestepsof theproof arethefollowing:

1. hji �Bwyx�z|{~}3wyxJ�Qn hji ��wyx�z|��z�����xJ� sincePlace (thetypeof P) is arefinementof Node
(thetypeof N).

2. �k��l)wyx�z|{~}.wyx��Qn hji ��wyx�z|��z�����xJ� sincerule delNodeR hasno negativeconditions.
3. Conditions3 and4 trivially hold for theemptyright-handsidesof rules.

4 Conclusions

We presenteda visual, and precisemetamodeling(VPM) framework that is capable
of uniformly handlingarbitrarymodelsfrom engineeringandmathematicaldomains.
Our approachbasedupona simplerefinementcalculusprovidesa multilevel solution
coveringthevisualdefinitionof bothstaticstructureanddynamicbehavior.

Comparedto dominatingmetamodelingapproaches,VPM hasthefollowing distin-
guishingcharacteristics.

– VPM is a multilevel metamodelingframework. Themajority of metamodelingap-
proaches(includingonesthatbuild upontheMOF standard[17]; GME [15], PRO-
GRES[21] or BOOM [18]) considersonly a predefinednumberof metalevels.
While only [3] (a framework for MML) and[4] supportsmultilevel metamodel-
ing. By thedynamicreconfigurationof type-instancerelationshipbetweenmodels,
VPM providessucha solutionthat avoids the problemof replicationof concepts
(from which [3] suffersasidentifiedin [4]).

– VPMhasa visual(UML-based)andmathematicallyprecisespecificationlanguage
for dynamicbehavior. Like [9,21] for UML semantics,or [23] for modelmigration
throughdifferentdomains,VPM usesa variantof graphtransformationsystems
(introducedin [28]) for capturingthedynamicbehavior of models,whichprovides
a purely visual specificationtechniquethat fits well to a variety of engineering
domains.
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– VPM providesa reusableandhierarchical library of modelsandoperations. Ex-
tendingexisting staticanddynamicmetamodelingapproaches,modelsandoper-
ationson themarearrangedin a hierarchicalstructurebasedon a simplerefine-
mentcalculusthat allows a controlledreuseof informationin differentdomains.
Initiativesfor a reusableandhierarchicalstaticmetamodelingframework include
MML [7] andGME [15], however, noneof themprovidesreusabilityfor rules.

– VPM supportsmodeltransformationswithin andbetweenmetamodels. Themodel
transformationconceptsof VPM is built on resultsof previousresearch[27,28] in
thefield. Similarapplicationshavebeenreportedrecentlyin [10,11].

– VPM canpreciselyhandlemathematicaldomainsasdemonstratedby therunning
exampleof thepaper.

The theoreticalfoundationsintroducedin the paperaresupportedby a prototype
tool calledVIATRA (VIsual AutomatedmodelTRAnsformations)[28]. VIATRA has
beendesignedandimplementedto provide automatedtransformationsfrom between
modelsdefinedby a correspondingMOF metamodel(tailored,especially, to transfor-
mationfrom UML to variousmathematicaldomains).Recently, this tool is beingex-
tendedto supportthemultilevel aspectsof theVPM approach.

Furtherresearchis aiming at (i) to designa pattern-basedconstraintlanguagefor
expressingstaticrequirements,(ii) to providemodelcheckingfacilitiesfor specification
basedonVPM, and(iii) anautomatedtranslationof mathematicalstructures(from for-
maldefinitionsgivenin a MathML format)into their correspondingVPM metamodel.

AcknowledgmentsWe would like to thankGergely Varró, JohnRushbyandmany of
his colleaguesat SRI Internationalfor their valuablecomments.
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