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Abstract. As UML 2.0is evolving into a family of languagesvith individually
specifiedsemanticsthereis anincreasingneedfor automatedandprovenly cor
rectmodeltransformationshat(i) assureheintegrationof local views (different
diagrams)of the systeminto a consistenflobal view, and, (i) provide a well—-
foundedmappingfrom UML modelsto differentsemanticdomains(Petri nets,
Kripke automatonprocessalgebrasetc.) for formal analysispurposesas fore-
seenfor instancejn submissiongor the OMG RFPfor Schedulability Perfor
manceandTime. However, suchtransformationinto differentsemantialomains
typically requirethe deepunderstandingf the underlyingmathematicsyhich
hindersthe useof formal specificationtechniquesn industrial applications.n
the paper we proposea UML-basedmetamodelindechniquewith precisestatic
and dynamicsemanticgbasedon a refinementcalculusand graphtransforma-
tion) wherethe structureandoperationakemanticof mathematicamodelscan
bedefinedin aUML notationwithout cumbersomenathematicaformulae.
Keywords: metamodelingformal semanticsyefinementmodeltransformation,
graphtransformation

1 Intr oduction

1.1 Evolution of UML

For therecentyearsUML 1.x hasbecomehedefactostandardbject-orienteanodel-
ing languagewith a wide rangeof applicationslts major successs originatingin the
factthatUML (i) is astandad (uniformly understoodby differentteamsof developers)
andvisuallanguage (alsomeaningfulnot only for systemengineerandprogrammers
but evenfor customers).

However, basedupon academicand industrial experiencesyecentsurneys (such
as[13]) have pinpointedseveral shortcomingf the languageconcerninggespecially
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its imprecisesemanticsand the lack of flexibility in domainspecificapplications.In
principle,dueto its in-width nature,UML would supplythe userwith every construct
he needsfor modeling software applications.However, this leadsto a complex and
hard-to-implement/ML languageandsinceeverythingcannotbeincludedin UML in
practice,it alsoleadsto local standardgprofiles)for certaindomains.
Receninitiativesfor theUML 2.0RFP(e.g.MML [7]) aimatanin-depthevolution
of UML into a core kernellanguageand an extensiblefamily of distinctlanguages
(calledprofiles).Eachprofile (UML diagram)hasits own semanticswhicharchitecture
fundamentallyrequiresanappropriateandprecisemetamodelingechnique.

1.2 Transformations of UML models

Suchametamodeling-baseatchitectureof UML highly reliesontransformationsvithin
andbetweerdifferentmodelsandlanguagesTheimmenseaelevanceof UML transfor
mationsis emphasizedfor instancejn submissionso the OMG RFPfor aUML sub-
languagefor Schedulability Performanceand Time [16]. In practice,transformations
arenecessitatetbr atleastthefollowing purposes:

— modeltransformationsvithin a language shouldcontrolthe correctnessf consec-
utive refinementstepsduring the evolution of the static structureof a model, or
defineanoperationalrule-basedyemanticglirectly on models;

— modeltransformationdetweerdifferentlanguagesshouldprovide precisemeans
to projectthe semanticcontentof a diagraminto anotherone,which is indispens-
ablefor a consistenglobalview of the systemunderdesign;

— avisualUML diagram(i.e., a sentenceof alanguagen the UML family) should
be transformednto its (individually defined)semanticdomain,which processs
calledmodelinterpretation

Concerningmodeltransformationn a UML ervironment,the main courseof re-
searchis dominatedby two basicapproachesfi) transformationspecifiedin (exten-
sionsof) UML andOCL [2, 7], and(ii) transformationglefinedin UML andcaptured
formally by graphtransformation$10,23,28]. Up to now, OCL-basedapproachesy/p-
ically supersededraphtransformation-baseapproachesvhenconsideringmultilevel
static metamodelingaspectsHowever, when defining dynamicsemanticsn a visual
andoperationalif-then-elsdik e) way — where,in fact,theformaltechnicalitief the
underlyingmathematicsare hidden— graphtransformatiorhasclearadvantageover
OCL.

Our contribution In the paperwe corvergethetwo approacheby providing a precise
and multilevel metamodelindramevork wheretransformationsare capturedvisually
by avariationof graphtransformationsystems

1.3 Metamodeling and Mathematics

Previousresearch(in projectHIDE [5]) demonstratethat automatedransformations
of UML modelsinto varioussemantiaomaingincludingPetrinets Kripke automaton,
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dataflav networks)allow for an early evaluationandanalysisof the system However,
preliminaryversionf suchtransformationsvereratheradhocresultingin errorprone
implementationsvith anunacceptablhigh cost(bothin time andworkload).

In the VIATRA frameawork [25, 28] (a prototypeautomatednodeltransformation
system)we managedo overcometheseproblemsby providing anautomatednethod-
ology for designingtransformationof UML models.After having implementedmore
than 10 rathercomplex transformationsn this methodology(including model trans-
formations for instancefor automatecgrogramgeneratior{25], formalizing[26] and
modelchecking[14] UML statecharts)ywe believe that the crucial stepin designing
suc transformationswvere to handleuniformly UML and different mathematicado-
mainswithin the UML framevork by metamodelingnathematics

Mathematic®f metamodelingVhenregardingtheprecisesemantice®f UML (or meta-
modeling),onemay easilyfind thatthereis a hugecontradictionbetweenengineering
andmathematicaprecisenesdJML shouldbe simultaneouslyprecise(i) from anen-
gineeringpoint of view to suchanextentadequat¢o engineersvho needto implement
UML tools but usually lack the properskills to handleformal mathematicsand, (ii)
from amathematicapointof view necessitately verificationtoolsto reasoraboutthe
systenrigorously

The UML 2.0 RFP requires(votesfor) engineeringpreciseness:UML should
be definedwithout complicatedmathematicaformulae’ However, whenconsidering
modelinterpretationof UML sublanguage§.e., the abstracsyntaxof a UML model
is mappednto a correspondingemanticdomainsuchas Petri nets, finite automaton,
etc.),the properhandlingof formal mathematicss indispensabléor developingauto-
matedanalysigools.

MetamodelingnathematicdMeanwhile recentstandardizatiomitiatives(suchasPNML
[1], GXL [20], GTXL [24], or MathML [29]) aim at developingXML baseddescrip-
tion formatsfor exchangingmodelsof mathematicalomainsbetweendifferenttools.
Frequentlyase.g.in [24]), suchadocumentesignis drivenby a correspondindg ML -
basedmetamodebf the mathematicalomain.However, impropermetamodelingpf
mathematicoften resultsin conceptuaflaws in the structureof the XML document
(e.g.,in PNML, arcsmayleadbetweenwo placeswhichis forbiddenin the definition
of Petrinets).

Our contribution Ourpaperarguegthat(i) to provide precisenesism UML-basedsystem
design.formal mathematicatlomainsshouldbe integratedwith UML by transforma-
tions, however, (i) mathematicamodelscan be understoocby engineersf they are
presente@ndspecifiedvisually by meansof metamodelsandgraphtransformation.

Therestof the paperis structuredasfollows. We first presenta refinementalcu-
lus for the static partsof multilevel metamodelsasedon set-theoretidefinitions of
mathematicastructuresn Sec.2. Afterwards,in Sec.3, agraphtransformation-based
frameawork is presentedor the specificatiorof dynamicoperationasemantic®f mod-
els, including the hierarchicdesignand reuseof suchsemanticrules.Finally, Sec.4
concludesur paper
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2 Structural Refinementof Metamodels

Below we definea structuralrefinementcalculuson settheoreticalbasis(i.e., refine-
mentof sets relationsandtuples)for a subsebf staticUML constructsOur metamod-
eling framework is gradually extensiblein depth thusit only containsa very limited
numberof coreelementswhich highly decreasethe efforts relatedto implementation.
Moreover, in orderto avoid replicationof conceptsand shallov instantiation(well-
known problemsof metamodelingdentifiedin [4]) we introducedynamic(or fluid)
metalevelswherethe type—instanceelationshipis interpretecbetweermodelsinstead
of (meta)levels. Our approachthasthe major advantagethat the type—instanceelation
canbereconfigureddynamicallythroughouthe evolution of models thustransforma-
tionson (traditional)modelandmetamodel-leelscanbe handleduniformly.

2.1 Visual Definition of Petri Nets

Beforea preciseandformaltreatmentpur goalsaresummarizednformally ona meta-
modeling example deliberatelytaken from a well-known mathematicadomain,i.e.
Petrinets.Petrinetsarewidely usedmeango formally capturethe dynamicsemantics
of concurrensystemsHowever, dueto their easy-to-understandsualnotationandthe
wide rangeof availabletools,Petrinettoolsarealsousedfor simulationpurposesven
in industrialprojects(reportede.g.in [22]). Froman UML pointof view, transforming
UML modelsto Petrinetsprovide dependability6] andperformancenalysig12] for
thesystemmodelin early stagesf design.
A possibledefinitionof (the structureof) Petrinetsis asfollows.

Definition 1. A Petri net PN is a bipartite graph with distinct nodesets P (places)
andT (transitions), edge setsI' A (input arcs) and O A (output arcs), wheke inputarcs
are leading from placesto transitions,and output arcs are leading from transitions
to places.Additionally, each placecontainsan arbitrary (non-neative)numberof to-
kens).

Now, if we assigna UML classto eachset of this definition (thus introducing
the entity of Place, Transition, InArc, OutArc, and Token), and an associatiorfor
eachallowed connectiondbetweemodesandedgesconnectionssuchasfromPlace,
toPlace, fromTrans, toTrans, andtokens), we caneasilyobtaina metamodebf Petri
Nets(seethe upperright cornerof Fig. 1) thatseemso be satishctory

However, we have notyetconsidered crucialpartof the previousdefinition,which
statesthat a Petrinetis, in fact, a bipartite graph.For this reason after looking up a
textbook on graphtheory we may constructwith the previous analogythe metamodel
of bipartite graphs(depictedin the lower left cornerof Fig. 1) with ‘boy’ and‘girl’
nodes, and‘boy-to-girl’ and‘girl-to-boy’ edgesMoreover, if we focusonthefactthat
every bipartitegraphis a graph,we may independentlhobtaina metamodebf graphs
(seethe upperleft cornerof Fig. 1).

In orderto interrelatesomeha thesemetamodelswe would like to expressthat,
for instance(i) theclassNode is asupertypef classBoy, (ii) theassociatiofiromPlace

! Bipartitegraphsareoften explainedasrelationsbetweerthe setof boys andgirls.
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Fig. 1. Definingthe structureof PetriNets

is inherited(indirectly) from the associatiorfrom, and(iii) the metamodebf bipartite
graphis a generalizatiorof the metamodebf Petrinets.In the restof the paper we
denotetheserelationsuniformly by the termrefinement which simultaneouslyefers
to therefinemenbf entities,connectionsand(meta)models.

Our notion of refinementshouldalso handlethe instantiationsof classesFor in-
stancejn the lower right cornerof Fig. 1, a Petrinetmodel SimpleNet consistingof
asingleplacewith onetokenis depicted.This modelis regardedasaninstanceof the
Petrinetmetamodehsindicatedby the dashedarrow betweerthe models.

From a practicalpoint of view, supposinghat we have an extensiblemetamodel
library, a nev metamodetanbe derived from existing onesby refinementOur main
goal is to shaw that (i) mathematicabnd metamodekonstructscan be handleduni-
formly andpreciselyand(ii) the dynamicoperationasemanticof modelscanalsobe
inheritedandreusedwith an appropriatenodelrefinementalculusin additionto the
staticpartsof themodels.

2.2 Formal semanticsof static model refinement

Our metamodelingrameavork VPM usesa minimal subsetof MOF constructs(i.e.,
classesassociationsattributes,andpackagesyvith a slightly re-definedbetterto say
preciselydefined)semanticswhich hasadirectanalogywith thebasicnotionsof math-
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ematics,i.e., sets,relations,functions,andtuples(tuplesare constitutedin turn from
setsrelationsandothertuples).

However, in orderto avoid clashedetweemotionsof MOF andsettheoryasmuch
aspossible a differentnamingconventionis usedin the paper which simultaneously
refersto UML andmathematicagélementsA modelelementin VPM maybeeitheran
entity, aconnection amapping, or amodel (seethe MOF metamodebf ourapproach
in Fig. 2). Eachof theseconstructss indexedby a unique identifier (accesseby a.id
postfixin the sequel)and a setincluding theidentifier of the entity andthe identifiers
of the (intendedyefinementsf the entity (accessetly a.set postfix)?

arg ret T
Eniy o200
G

Fig. 2. The MOF metamodebf our approach

content

— An entity E, which is the most basicelementof the model space.Entities are
representedisually by UML Classes.

— A connection R betweentwo entitiesis a binary relationbetweenthe associated
sets.Connectionaredepictedas(directed)associations.

— A mapping F' from entity E; to entity F, is afunctionwith thedomainof (the set
of) E; andrangeof E,. Mappingscanbedenotedvisually by anattributeassigned
to theentity of its domain.

— A model (or structure)M is atuple consistingof the correspondingets relations,
functionsandtuplesof entities,connectionsmappingsand models,respectiely.
Modelswill berepresentetly UML packagesA modelthatonly consistof asingle
entity is alsoregardedasanentity.

The static semanticof our metamodelingramework is basedupon a refinement
calculus(depictedby UML generalizatiorrelations)that handleghe traditionally dis-
tinct notionsof inheritanceandinstance-ofelationsuniformly.

1. Entity refinement E; = Es d:ef E,.set C FEy.set (F; is a(nentity) refinement
of E,, alternatvely, E- is anabstractiorof E;). Informally, Es is a superclas®f
FE, in thetermsof MOF metamodeling.

2 This philosophyis in analogywith the axiomaticfoundationsof settheory Therewe have
classesasa notionthatremainsundefined An elementof a classis by definitiona set,while
thesingletonclassthatcontainsthis elements alsoa set.
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2. Connection refinement R;(A;1,B1) & Rs(As, Bs) d:ef Ri.set C Ry.set A
A; & Ay A By & B, (whereall A; and B; areentities).Connectiorrefinement
expresseshe factthat MOF associationganalsobe refinedduring the evolution
of metamodels. det

e

3. Mapping refinement Fy(A;) : By & F3(A2) : By = Fi.set C Fy.set AN A; &
Ay A By 5 Bs (i.e., functionsaretreatedas specialrelations).From a practical
point of view, MOF attributesarealsoconsideredn our metamodelindramework.

4. Model refinement M = M¥ def M;.set C My.set AVidj : M1[j] & Ma[i]
(M; is a modelrefinemenof M), where M[i] is the ith agument(component)
of tuple M. Informally, there exists a refinementof eachargumentof M, in a
correspondingargumentof M. In MOF terms,eachclassin the supermodelis
refinedinto an appropriateclassof the submodel.However, this latter one may

containadditionalclassesot having originsin thesupermodel.

5. Model instance M — Mk d:ef M;.set C Ma.set AYi3j : Mi[i] & Ma[j]

(M7 is a (model) instanceof Ms). Informally, there exists a refinemeniof each
componenbf M; in a correspondingomponenbf Ms. In practice,eachobject
in theinstancemodelhasa properclassin themetamodelHowever, this latterone
may containadditionalclassesvithout objectsin theinstanceamodel.

6. Instantiation, typing: a modelelementX € M is aninstanceof modelelement
Y € M, (alternatvely, Y isthetypeof X), denoteds, if M; isamodelinstanceof

M,,andX isarefinemenof Y. Formally, M. X — M>.Y d:efM1 — MaAX B

Y. In MOF terms,a classis saidto be thetype of an object,if the corresponding
modelof the objectis aninstanceof the (meta)modetelatedto the class.

In orderto closetherefinementalculusfrom thetop, we supposehatthereexists
auniquetop-mostmodelcontaininga uniguetop-mostentity, connectiorandfunction.

A main advantageof our approach(in contrastto e.g. [3]) is that type-instance
relationscanbereconfigueddynamically On onehand,asamodelcantake therole of
ametamode(thusbeingsimultaneouslamodelandametamodelpy alteringonly the
singleinstancerelationbetweenthe models,we avoid the problemsof “replication of
concepts’and“shallow instantiation”.On the otherhand,transformation®n different
metalevels canbe captureduniformly, which is an extremely importantfeaturewhen
consideringhe evolution of modelsthroughdifferentdomaing23].

2.3 Formalizing the Petri net metamodelhierarchy

The theoreticaspectsof model refinement(and instantiation)are now demonstrated
onthe Petrinetmetamodehierarchy Supposinghatthe refinementelationsdepicted
at the bottom of Fig. 1 hold betweenthe model elements(e.g.,Boy is a refinement
of Node, el is a refinementof tokens; the interestedreadercan verify that all the

connectiorrefinementarevalid) we canobsene the following.

Proposition 1. BipartiteGraph is bothamodelrefinementndinstanceof Graph.

Proof. The proof consistof two steps.
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1. Proofof refinement:for eachelemenin the Graph modelthereexist arefinement
in the BipartiteGraph. Girl is refinemenbf Node; GBEdge is of Edge; from1 is
derivedfrom from; andtol is refinedfrom to.

2. Proof of instantiation: for eachelementin Bipartite Graph thereexist a refine-
mentin Graph. Girl andBoy arerefinement®f Node; GBEdge andBGEdge are
of Edge; from1 andfrom2 areof from; andtol andto2 areof to. O

By similar courseof reasoningwe canprove all the otherrelationsbetweendif-
ferentmodelsof Fig. 1. NotethatPetri Net is not aninstanceof Bipartite Graph (as
Token is a new element),and SimpleNet is not a refinementof Petri Net (since,for
instancethereareno transitions).

3 Dynamic Refinementin Operational SemanticRules

Now we focusour attentionto extendthe staticmetamodelingramenork by a general
andprecisemeandor allowing the userto definethe evolution of his models(dynamic
operationakemanticsjn a hierarchicalandoperationalvay. Our approachusesmodel
transition systemg28] asthe underlyingmathematicswhich is formally a variantof
graphtransformatiorsystemsenrichedwith controlinformation.

However, fromaUML pointof view, modeltransitionsystemaremerelyapattern-
basedmanipulationof modelsdriven by an activity diagram(specified,in fact, by a
UML profilein our VIATRA tool), thusthedomainengineeonly hasto learna frame-
work thatis very closeto the conceptof UML. After specifyingthe semanticof the
domain,asinglevirtual machineof modeltransitionsystemsnaysene agenerameta-
simulatorfor arbitrarydomains.

In the currentsection,we first demonstratehat modeltransitionsystemsarerich
enoughto be a generalpurposdramawvork for specifyingdynamicoperationaseman-
tics of modelinglanguagesn engineeringand mathematicalomainsby constructing
(an executable)formal semanticdor Petri nets. Afterwards,we definethe notion of
rule refinementwhich allows for a controlledreuseof semanticoperationsof abstract
mathematicamodels(suchasgraphsgqueuesetc.)in engineeringlomains.

3.1 An Intr oduction to Model Transition Systems

Graphtransformationsee[19] for theoreticalfoundations)rovidesa rule-basedna-
nipulationof graphswhichis conceptuallysimilar to the well-known Chomsly gram-
mar rules but using graphpatternsinsteadof textual ones.Formally, a graph trans-
formation rule (seee.g.addTokenR in Fig. 3 for demonstrationj)s atriple Rule =
(Lhs, Neg, Rhs), where Lhs is the left-handside graph, Rhs is the right-handside
graph,while Neg is (anoptional)negative applicationcondition(grey areasn figures).

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 ;
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2. cheding the nggativeapplicationconditionsNeg which prohibitsthe presencef
certainmodelelements;

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

4. addingnew elementgo the intermediatemodel I M which exist in the Rhs but
cannotbe mappedo the Lhs yielding thederivedmodel M.

In amoreoperationalnterpretation Lhs and Neg of arule definegheprecondition
while Rhs definesthe postconditiorfor arule application.

In our framework, graphtransformatiorrulessene aselementaryperationsvhile
theentireoperationakemantic®f a modelis definedby a modeltransition (transfor-
mation) system[28], wherethe allowed transformatiorsequenceare constrainedy
control flow graph (CFG)applyingatransformatiorrule in aspecificrule application
modeateachnode.A rule canbeexecuted(i) parallellyfor all matchesasin caseforall
mode;(ii) ona(non-deterministicall\selectedsinglematchingasin caseof try mode;
or (iii) aslongasapplicable(in loop mode).

3.2 Model transition systemsemanticsof Petri nets

In orderto demonstratehe expressienessof our semanticbasis(in additionto the
technicalitieof graphtransformation)ye provide amodeltransitionsystemsemantics
for Petrinets(in Fig. 3) basedn thefollowing definition.

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

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

2. Asingletransitionis selectecht a timefromthe enabledonesto befired.

3. Wherfiring a transition,a tokenis remavedfromead incomingplace anda token
is addedto eath outgoingplace(of a transition).

4. Whenno transitionsare enabledthe netis dead.

At theinitial stepof our formalization,we extendthe previous metamodebf Petri
netsby additionalfeaturegsuchasmappings/attribtesenable andfire, or connections
add anddel) necessitatetb capturehedynamicparts.Thentheinformalinterpretation
of therules(givenin the orderof their application)is asfollows. Note thatto improve
theclarity, thetypesof eachmodelelementaredepictedextually insteadof the original
graphicalrepresentatiomy inheritancerelations.Thus, for instance,T:Trans canbe
interpretedasT is adirectrefinemenof Trans.

1. The enable andfire attributesare setto falsefor eachtransitionof the net by
applyingrulesdelEnableR anddelFireR in forall mode.

2. A transitionT becomesnabledby applyingenableTrR) only if for all incoming
arc A linked to a placeP, this placemustcontainat leastonetoken K (notethe
doublenegationin the negative conditions).
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- <forall>
Petri Net delEnableR
<forall>
delFireR
<forall>
enableTrR

<forall>
outArcsR

@ <forall>
inArcsR

LHS RHS LHS RHS LHS RHS
T:Trans K:Token T:Trans T:Trans T:Trans T:Trans T:Trans
lenable=T]| lenable=T]| enable=T]| fire=T fire=F
y \ fire=F fire=T
toTr tokens . delFireR
AlnArc | fromPl | p:pjace selectfireR LHS RHS
. T:Trans T:Trans
enable=T]| lenable=FH
enableTransR delEnableR
LHS RHS LHS RHS
T:Trans T:Trans T:Trans K:Token T:Trans
fire=T fire=T fire=T fire=T
A A A
toTr toTr ' del del ! tokens
A:lnArc A:lnArc AnArc | fromPl | p:pjace AnArc | fromPl | p-pjace
inArcsR delTokenR
LHS RHS LHS RHS
T:Trans T:Trans T:Trans T:Trans K:Token
fire=T fire=T fire=T fire=T
A A A
fromTr fromTn ‘ add add" tokens
A:OutArc A:OutArc A:OutArc | 1Pl | p:place A:OutArc | 1P | p:place
outArcsR addTokenR

Fig. 3. Modeltransitionsemanticof Petrinets

3. A singletransitionis selectedhon-deterministicallyby executingselectFireR in
try mode.If notransitionsareenabledhenthe simulationof the netis finished.

4. All thelnArcs aremarked by a del edgethat leadto the transitionselectedo be
fired by theapplicationof rule inArcsR.

10
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5. A tokenis removedfrom all placesthatareconnectedo anIinArc markedby adel
edge.Thecorrespondingule (delTokenR) is appliedaslong aspossible(in loop
mode)andadel edgeis removedin eachturn.

6. A processimilarto Step4 and5 marksthe placesconnectedo thetransitionto be
fired by add edgesandgenerates tokenfor eachof them,andthe micro stepis
completed.

3.3 Rulerefinement

A main goal of multilevel metamodelings to allow a hierarchicaland modularde-
sign of domainmodelsand metamodelsvherethe informationgainedfrom a specific
domaincanbe reused(or extended)in future applicationsUp to now, metamodeling
approachesnly dealtwith the reuseof the staticstructurewhile the reuseof dynamic
aspecthasnot beenconsideredHowever, it is a naturalrequirement{andnot merely
in mathematicalomains)that if a domainis modeledasa graphthenall the opera-
tionsdefinedin alibrary of graphs(suchasnode/edgeddition/deletionshortestpath
algorithms,depthfirst searchgtc.) shouldbe adaptedor this specificdomainwithout
furthermodifications.

Moreover, semantioperationarefrequentlyneededo beorganizedn ahierarchy
(and/orexecutedaccordingly) For instancejn feature/servicenodeling,we wouldlike
to expresdor theuserthatanoperationcopying highlightedtext from onedocumento
anotherandanotheroperationthat copying a selectedile betweertwo directoriesare
conceptuallysimilarin behaior whenregardingfrom a properlevel of abstractionTo
capturesuchsemanticabstractionswe definerule refinementsa preciseextensionof
metamodelindor dynamicaspect®f a domainasfollows.

A modelpatterni/; appearingn a graphtransformatiorrule (eitherin Lhs, Rhs,
or Neg) is atyped subpattemn (or typed subgraph)f a modelpatternM> (denoted
asM; < M,) if all modelelementsE; of M; canbe mapped(isomorphically)to a
correspondinglementE, of M, suchthatthetypeof E, is arefinemenof thetype of
E; . Informally, patterni/; is moregenerakhanpatterni/, in thesensahatwheneer
thematchingof M, succeed# immediatelyimpliesthe successfuinatchingof M, .

Basedupon the definition of typed subpatternsthe refinementrelation of typed
rulesis definedasfollows: arule ry = (Lhs1, Rhs1, Neg:) is arefinementof rule
r9 = (LhSQ, Rhso, NGQQ) (denotechsrl = 7‘2) if

1. Lhsy < Lhs;: thepositive preconditionsf r, arewealerthanof r,

2. Nego < Neg:: the negative preconditionsof ro arewealer thanof Lhs,. As a
result,r, canbeappliedwheneerr; is applicable

3. Rhsy \ Lhsy < Rhs; \ Lhsy: ri addsatleastthe elementghatareaddedby the
applicationof r,

4. Lhss \ Rhsy < Lhsy \ Rhsi: 1 removesatleasttheelementshataredeletedby
theapplicationof r5. As aresult,the postcondition®f r; arestrongerthanof r,.

The conceptf rule refinementaredemonstratedn a brief example(seeFig. 4).
Let us supposehat a garbagecollectorremovesa Node from the model space(by
applying rule delNodeR) if referencecounterof the node hasbeendecrementedo
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LHS RHS
LHS RHS P:Place K:Token
N.Ngde R U— ref=0 |tokens
ref=0
delNodeR delPlaceR

Fig. 4. Rulerefinement

0 (denotedby the attribute conditionref=0). Meanwhile,in caseof Petrinets,we may

forbid thepresencef tokensnotassignedo aplace.Therefore gvenwhenthereference
counterof aPlace (whichusedo bearefinemenbf Node) reache®, anadditionaltest

is requiredfor the non-existenceof tokensattachedlIf noneof suchtokensarefound

thentheplaceP canbesafelyremoved(cf. rule delPlaceR).

Proposition2. RuledelPlaceR is a refinemenbf rule deINodeR. Theefore, in typi-
cal applications(visualmodeleditors, etc.)delPlaceR takesprecedencef delNodeR.

Proof. Thethreestepsof the proofarethefollowing:

1. LhSgeiNoder < Lhsgeipiacer SincePlace (thetypeof P) is arefinemenbf Node
(thetypeof N).

2. NeggeiNoder < Lhsgeipiacer Sincerule delNodeR hasno negative conditions.

3. Conditions3 and4 trivially hold for the emptyright-handsidesof rules.

4 Conclusions

We presentedh visual, and precisemetamodelingVPM) framework that is capable
of uniformly handlingarbitrary modelsfrom engineeringand mathematicalomains.
Our approachbasedupona simplerefinementcalculusprovidesa multilevel solution
coveringthevisual definition of bothstaticstructureanddynamicbehavior.

Comparedo dominatingmetamodelingpproaches/PM hasthefollowing distin-
guishingcharacteristics.

— VPM is a multilevel metamodelindramevork. The majority of metamodelingap-
proachegincludingonesthatbuild uponthe MOF standard17]; 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 thedynamicreconfiguation of type-instanceelationshipbetweemmodels,
VPM providessucha solutionthat avoids the problemof replicationof concepts
(from which [3] suffersasidentifiedin [4]).

— VPMhasa visual(UML-based)andmathematicallyprecisespecificatioanguage
for dynamicbehaviorLike[9,21] for UML semanticsor [23] for modelmigration
throughdifferentdomains,VPM usesa variantof graphtransformationsystems
(introducedn [28]) for capturingthedynamicbehavior of modelswhich provides
a purely visual specificationtechniquethat fits well to a variety of engineering
domains.
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— VPM providesa reusableand hierarchical library of modelsand opemtions Ex-
tendingexisting staticand dynamicmetamodelingapproachesnodelsand oper
ationson themare arrangedn a hierarchicalstructurebasedon a simplerefine-
ment calculusthat allows a controlledreuseof informationin differentdomains.
Initiativesfor a reusableandhierarchicalstatic metamodelingramework include
MML [7] andGME [15], however, noneof themprovidesreusabilityfor rules.

— VPM supportsmodeltransformationswvithin and betweermetamodelsThe model
transformatiorconceptof VPM is built on resultsof previousresearch27,28] in
thefield. Similar applicationshave beenreportedrecentlyin [10,11].

— VPM can preciselyhandlemathematicadomainsasdemonstratedby the running
exampleof the paper

The theoreticalfoundationsintroducedin the paperare supportedby a prototype
tool calledVIATRA (Visual Automatedmodel TRAnsformations)28]. VIATRA has
beendesignedandimplementedo provide automatedransformationgrom between
modelsdefinedby a correspondingdOF metamodel(tailored,especiallyto transfor
mationfrom UML to variousmathematicalomains).Recently this tool is beingex-
tendedto supportthe multilevel aspect®f the VPM approach.

Furtherresearchs aiming at (i) to designa pattern-basedonstraintanguagefor
expressingstaticrequirements(ii) to provide modelcheckingfacilitiesfor specification
basedn VPM, and(iii) anautomatedranslationof mathematicastructuregfrom for-
mal definitionsgivenin a MathML format)into their corresponding PM metamodel.

AdknowledgmentsVe would like to thank Gegely Varrd, JohnRushbyand mary of
his colleaguest SRI Internationafor their valuablecomments.
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