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Abstract. Model transformatiorsystemsaregraphtransformatiorsystemshat
performtranslationshetweenlanguagegslefinedby a correspondingnetamodel
asthe type graph.The currentpaperproposes reflectve methodfor the auto-
matic generatiorof theimplementatiorfor suchtransformatiorsystemserived
from a high—level specificationconsistingof a setof graphtransformatiorrules
andacontrolflow graph.The programgeneratotakesa UML profile tailoredto
modeltransformatiorsystemsasthe input, andproduceghe outputPrologpro-
gramby successie modeltransformatiorsteps.n this respectonly the coreof
theprogramgenerators implementedy hand,andafterwards this coreprovides
automatiorfor additionalfeaturesof the VIATRA modeltransformatiorsystem.
Keywords: modeltransformationgraphtransformatiorsystemsautomategbro-
gramgeneration

1 Intr oduction

1.1 Model transformationsin systemdesign

Although the Unified Modeling Language(UML) hasbecomethe de facto standard
visualmodelinglanguageof object—orientedlesign,both academidnvestigationsaand

engineeringexperimentshave revealedseveral shortcominggegarding,especiallyits

imprecisesemanticandthe lack of flexibility in domainspecificapplicationg9]. Re-

cently, the UML 2.0 RequestFor Proposalissuedby the OMG hasaddressedo re-

architectureghe singleandmonolithlanguagento afamily of languagesvith individu-

ally definedsemanticdhasedn a kernelmetamodelindanguage.

However, asthe formal semanticof differentviews of the system(i.e., separate
diagramslike classdiagrams statechartssequencealiagrams etc.) might be defined
in different semanticnotations(e.g., by Petri nets, SOSrules, graphtransformation
systemsetc.), the integration of suchlocal views into a consistenglobal view of the
systemrequiresa precisespecificationof transformationswithin and betweenUML
models.

In practice transformationsre necessitateéor several purposes(i) modeltrans-
formationswithin a language shouldcontrolthe correctnessf consecutre refinement

* This work was supportedby the HungarianNational Scientific FoundationGrant (OTKA
030804)



steps,(ii) modeltransformationshetweendifferent languages should provide precise
meansto projectthe semanticcontentof a diagraminto anotherone, which is indis-

pensableor a consistentglobal view of the systemunderdesign,and (iii) a visual

UML model(i.e., a sentencef alanguagen the UML family) shouldbetransformed
into its semantiadomain,which processs calledmodelinterpretation

As theabstracsyntaxof UML modelsis definedvisually by a correspondingneta-
model,a straightforvardrepresentationf suchmodelscanrely on the useof directed,
typed,andattributedgraphsfor the underlyingsemantiadomain.Therefore the useof
graphtransformatiorfor capturingthe semanticf modeltransformationss a natu-
ral choicewhich alsofits well to engineeringpracticesasa consequencef its visual
expressienesg20].

However, evenif the formal specificationof a transformatioris precise(andfor-
mally verified),its implementatioris still highly error pronedueto a huge abstraction
gap betweervisual UML modelsand formal mathematicablescriptions For this rea-
son,theautomatedyeneratiorof a programthatimplementghe transformatioris also
amajorrequiremenfor modeltransformatiorsystems.

1.2 VIATRA: Visual Automated Model Transformations

VIATRA (ViIsual Automatedmodel TRAnsformations)s a prototypetool beingdevel-
opedatthe BudapestJniversityof TechnologyandEconomicsthatprovidesa general
meansto specify andimplementvarioustransformationdetweenmodelsdefinedby
their correspondingnetamodel$y the paradigmof graphtransformation.

VIATRAInterface Theuserinterfaceof VIATRA is asetof XMl * files, whichincludes
descriptionsof metamodelsmodelsandtheir transformationsn all phasesf model
transformations.

1. Metamodels:BothUML andmathematicalanguagesaredefinedby acorrespond-
ing metamodele.g.,a metamodefor Petrinets,or statetransitionsystemsetc.),
whichis constructedn a commercialUML CASEtool having XMI export facili-
ties.

2. Transformations: The elementarynodeltransformatiorstepsaredefinedby spe-
cially structuredgraphtransformatiorruleswhile the entire computations speci-
fied by a controlflow graph.In practice both graphtransformatiorrulesandcon-
trol flow graphsaredescribedn a high-level UML notationusingatransformation
specificprofile basecon UML Classdiagrams.

3. Models: For obtainingaflexible andgenerainterface theinputandoutputmodels
of VIATRA (thusboth UML andmathematicaimodels)are XMl files conforming
to theirmetamodel.

VIATRAfeatures The currentversionof VIATRA supportsthe following (main) fea-
tures.

LXMI (XML Metadatdnterchangels the standard{ML-baseddescriptiorformatfor systems
basedn MOF metamodeling.



1. Automated DTD generation: A correspondindTD (DocumenfType Definition)
canbegeneratecutomaticallyfrom metamodels.

2. Automated program generation: WhenVIATRA is suppliedwith the inputfiles
of the transformatiorandthe metamodelsit automaticallygenerateshe declara-
tion of the transformation(in Prolog)including the implementatiorof the control
flow graphandgraphtransformationules.

3. Automated transformation: This transformatiorprogramis thenexecutedon an
arbitrarysourcemodel,andthe targetmodelis generatedAlthough VIATRA cur-
rently usesPrologasthe underlyingtransformatiorengine(i.e., the concreterans-
formationof modelsis performedin Prolog),it is hiddenfrom the userandit still
providesa moreefficient solutionthanby usingan XSLT ? engine.

Thecurrentpaperprovidesanoverview of theunderlyingprogramgenemationmethod
of VIATRA (a more detaileddescriptioncan be found in [19]). The main charac-
teristicsof our solutionare (i) the useof intermediatetransformationstepsto avoid
re-implementingcode generationfor executableprogramsand input descriptionsfor
model checkingtools, (ii) the reflectivespecificationmethodembeddedn the code
generationprocesyqthe implementationof modeltransformationsystemss specified
by modeltransformatiorsystems)(iii) anda (future) bootstapping stepto improve
the quality of the codegenerationwhena previous versionof the programgenerator
is usedfor generatinghe next versionof the programgeneratorin analogywith the
well-known bootstrappindgechnique®f compilerdesign).

2 Automated Program Generation for Model Transformation
Systems

2.1 Theoretical background of modeltransformations

We provide a brief overview of the main conceptof modeltransformationsnamely
modelgraphsmodeltransformatiorrulesandmodeltransitionsystems.

Definition 1. A modelgraph G is a directed,typedand attributed graph. The type
graphof a modelgraphis calledthemetamodelwhich is relatedto a modelgraphbya
typing homomorphismrIhemetametamodelk the commonanguage (in otherwords,
the top-mosttype graph) for describingmetamodelswhich is reflective(i.e., its type
graphis itself).

In model transformationsystemsthe sourceand target modelsare relatedby a
referencgraphwhichis, in fact,anordinarymodelgraph.In generalareferencegraph
is a commonabstractionof the sourceand target modelsrelating the corresponding
nodesandedgedo eachother

Definition 2. Amodeltransformationrule r = (L, N, R, M) is a specialgraphtrans-
formationrule, wher all graphsL, N and R are modelgraphsappliedin thespecified
modelM.

2 XSTL (eXtensibleStylesheet anguageTransformation)s an XML technologyusedfor de-
scribing(mainly syntactic)transformationdetweenXML files.



The application of r to a host graph G replacesan occurrenceof L (left-hand
side)in G by animageof R (right-handside)yielding the derived graph H. This is
performedby

1. findingan occurrenceof L in G, whichis eitheranisomorphicor non—isomorphic
imageaccordingo M

2. chedingthe negativeapplicationcondition NV, which prohibitthe presencef cer
tainnodesandedges

3. remoring thosenodesandedgesof the graphG thatarepresenin L but notin R
yielding the contextgraph D (all danglingedgesareremovedatthis point)

4. addingthosenodesand edgesof the graphG that are presentn R but notin L
attainingthederived graphH.

Currently the behavior of VIATRA follows conceptuallythe single pushoutap-
proach6] (i.e.,remaving danglingedgesandallowing non—isomorphiémagesn graph
patternmatching),however, the concretegraphmanipulationsare definedandimple-
mentedby logics basedrewriting shaving closercorrespondenct the techniquef
[16].

The entiremodeltransformatiorprocesss definedby aninitial graphmanipulated
by a setof model transformationrules (micro steps)executedin a specificmodein
accordancevith the semantic§macrosteps)of a hierarchicalkcontrolflow graph.

Definition 3. Amodeltransition systemMT'S = (Init, R, CFQG) withrespecto (one
or more) typegraphT'G is a triple, whele I'nit definegheinitial graph, R is a setof
modeltransformation rules (bothcompatiblewith T'G), and C F'G is a setof a control
flow graphsdefinedasfollows.

— Thewe are six typesof nodesof the CFG, eat associatedvith arule r € R: Start,
End, Try, Forall, LoopandCall.
— There are two typesof edges: succeedandfail .

The controlflow graphis evaluatedby a virtual machinewhich traverseghe graph
accordingto theedgesandappliestherulesassociatedo eachnode.

1. The executionstartsin the Start andfinishesin the End node.Neithertypesof
nodeshave rulesassociatedo them.

2. Whena Try nodeis reachedits correspondingule is tried to be executed If the
rulewasappliedsuccessfullfhenthenext nodeis determinedy thesucceededge,
while in casethe executionfailed, thefail edgeis followed.

3. At aLoop node theassociateduleis appliedaslong aspossiblgwhich maycause
non-terminatiorin the macrostep).

4. WhenaForall nodeis reachedtherelatedruleis executedoarallellyfor all distinct
(possiblenone)occurrence the currenthostgraph.

5. Finally, ata Call node(which hasanassociate€FGandnotarule) thestateof the
CFG virtual machineis saved andthe executionof the associatedCFG is started
(in analogywith function calls in programminglanguages)Whenthe sub CFG
machines terminatedthe savedstateis restoredandthe executionis continuedn
accordancevith the outgoingedge(succeecbr fail ).



2.2 A casestudy: Semanticsof MessageSequenceCharts

To provide a moredeepeiinsightinto the expressvenesf modeltransformatiorsys-
tems,belov we considera semantidnterpretatiorof Messagesequenc€harts(abbre-
viatedasMSCsin the sequel).The semanticof MSCsthat definea partial orderon
events(following the semi-formaldescriptionin [14]) is capturedby a corresponding
modeltransformatiorsystem.

(] [e] [
M1
M2
M3
M4
M5
M5

Fig. 1. Messagesequenc€harts:visual syntaxandmetamodel

Messagesequenc€harts(a sampleMSC modelis depictedn Fig. 1 togethemwith
a metamodelare constructedrom Processegdepictedasrectangle¥ thatcommuni-
cateby sendingandreceving Messagegshavn asarrows. Thefactthata messagés
sentor recevedis representely acorrespondindevent (SendEwent or RecEvent) on
the procesdine (depictedasvertical lines). If a messagel/; is (supposedo be) sent
beforeanothemessagé/; thenthearrow representing//; appearsibove thearrow of
M;.

For the semanticinterpretationwe definea partial orderon MSC eventsandfor-
malizeit by the modeltransformatiorsystemof Fig. 2 asfollows.

— Causality. If p isthesendeventandg is thereceve eventof thesamemessagéhen
p precedesg.

— Controlability . If p appearsbove ¢ onthesameprocessine, andgq is asendevent
thenp precedeg. This orderreflectsthe factthata sendeventcanwait for other
eventsto occur On the otherhand,we typically have lesscontrol on the orderin
which receve eventsoccut

— FIFO order. For any sendeventsp’ andq’ on the sameprocesdine wherep’ is
aboveq’, p precedeg for the correspondingeceve eventsp andg.

— Transitivity. The precedeselationis transitve, i.e.,if p precedeg andq precedes
r thenp precedes.

Examplel. We selectrule transClosueR for deeperinvestigationsAccordingto the
control flow graph,this rule is appliedin loop modein the very end of the semantic
transformatiorprocessandgenerateshe transitive closureof the precedeselation. If
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Fig. 2. Defining semanticdor MessageSequenc€harts

eventP is alreadyconnectedo Qby aprecedes edgeandQis alreadyconnectedo R
(accordingo theleft-handsideof therule),andif P is notconnectedgetto Rby apre-
cedes edge(negativecondition),thenanew precedes edgeis addedeadingfrom P
to R (asdefinedby theright-handside).Loop modeprescribeghatrule transClosueR
shouldbe appliedaslong aspossible.

Therulesof the correspondingnodeltransformatiorsystemareratherstraightfor
wardwith respecto themetamodebandtheinformal semantice®f MSCs,which clearly
demonstratethedescriptive power of our approachEventhoughthecontrolflow graph
of our casestudyis relatively simple,the useof CFGsfor restrictingthe valid compu-
tationsstill helpsreducethe compleity of rule preconditiongthusresultingin more
efficient patternmatching).In our case,we can safely omit the negative application
conditionsfrom rulesthatcanbeexecutedn forall mode(suchascausalityR contmola-
bilityR andfifoOrderR) withoutduplicatingprecedegdgessincethoserulesareapplied
parallellyin asingle(deterministictransformatiorstep.



2.3 Program generationfor graph transformation rules

The automategrogramgeneratiorof VIATRA allows thetransformatiordesignerdo
focusonthe designof amodeltransformatiorratherthantheimplementationPrevious
experiments(in projectHIDE [3]) demonstratedhat the quality of an automatically
generatedxecutabletransformatiorprogramis much higherthana manuallywritten
targetprogram Moreover, oncetheautomategbrogramgenerators completedthetime
andworkloadrelatedto the designof a singletransformatioris drasticallydecreased.

In VIATRA, the programgeneratiorprocessof modeltransformatiorrulesis di-
videdinto severalintermediatesteps.

1. Model transitionsystemsare specifiedin a UML CASEtool (RationalRosewas
usedfor our experiments)andexportedin the standardXMI format.

2. This UML modelis transformednto a GraTra modelconformingto a metamodel
of graphtransformatiorsystems.

3. In VIATRA, modelgraphsarerepresentedspredicatesn afactdatabaseror this
reasonthe previous GraTra modelis projectedinto a Logic model containinga
sequencef termsfor eachrule.

4. Thebridgebetweernvisual (graphbasedandthetextual languageof Prologis pro-
vided by the parsetreeof the Prologcode.In this sensethe Logic modelis trans-
formedinto acorrespondingPrologparsetree,andthetargetPrologcodeis printed
out by traversingthis treein anin-orderway.

Theimportanceof theseintermediatestepss threefold.

— At first, thereis a hugeabstractiorgapbetweenra visual UML-basedspecification
of the transformationand even sucha high-level programminglanguageas Pro-
log. Thussplittingthetransformatiorninto severalsubtransformationdecreasethe
compleity of the individual steps,which easesot only the implementationbut
alsotheverificationof the automategrogramgeneration.

— Secondlythe useof intermediatenodelsincreaseseusability For instancewhen
generatinghe input languageof a modelchecler for the verificationof a model
transformatiorfanongoingresearclactiity), only thefinal stepneedgo bealtered.

— Finally, theintermediateGraTra modelprovidesthe right basisfor generatinghe
upcomingstandardXML descriptionof graphtransformationsystemg18] by a
simpletransformatiorfrom the GraTra XMI formatto GXL/GTXL.

In fact, eachintermediatetransformationstepis specified(and implemented)as
modeltransformationwhich meanghatthe entire codegenemtion processs captured
by graph transformation In this sensethe implementationof model transformation
rulesis specifiedby modeltransformatiorrules. This approactis similar to the boot-
strappingprocesf compilerdesign where,for instancea C compileris writtenin C
andcompiledby anexisting C compiler andrecompiledby itself afterwardsto provide
amoreefficientandreliabletargetcode.In VIATRA, thecurrentversionof theprogram
generatois implementednanually while futureversiongwith additionalfeaturesand
moreefficient/ reliabletargetcode)aregeneratedy usingthe existing versionof the
programgeneratar



causalityR:-

node(msc:message(M)),
edge(msc:send(E1,M,P)),
node(msc:sendEvent(P)),
edge(msc:receive(E2,M,Q)),
node(msc:recEvent(Q)),

add(edge(msc:precedes(E3,P,Q))).

controlabllityR:-

node(msc:process(X)),
edge(msc:events(E1,X,P)),
node(msc:event(P)),
edge(msc:events(E2,X,Q)),
node(msc:recEvent(Q)),
edge(msc:above(E3,P,Q)),
add(edge(msc:precedes(E4,P,Q))).

fifoOrderR:-

node(msc:process(X)),
edge(msc:events(E1,X,P1)),
node(msc:sendEvent(P1)),
edge(msc:events(E2,X,Q1)),
node(msc:sendEvent(Q1)),
edge(msc:above(E3,P1,Q1)),
edge(msc:send(E4,M1,P1)),
node(msc:message(M1)),

tfransClosureR:-

node(msc:event(P)),
edge(msc:precedes(E1,P,Q)),
node(msc:event(Q)),
edge(msc:precedes(E2,Q,R)),
node(msc:state(R)),
( edge(msc:precedes(E3,P,R)

fail ; true),
add(edge(msc:precedes(E4,P,R))).

edge(msc:receive(E5,M1,P)),
node(msc:recEvent(P)),
edge(msc:send(E6,M2,Q1)), msc:-
node(msc:message(M2)), forall(causabilityR),
edge(msc:receive(E7,M,Q)), forall(controlabilitR),
node(msc:recEvent(Q)), forall(fifoOrderR),
add(edge(msc:precedes(E8,P,Q))). loop(transClosureR).

Fig. 3. Programgeneratiorfor transformatiorrules

Example2. We continueour casestudy with a brief insightinto the structureof the
generatedPrologcode(seeFig. 3). Again, we discussonly the behavior of rule tran-

sClosueRin details.The Prologcodeof therulesimplementghe graphpatternmatch-
ing by consecutie unificationsduring which the variablesP, Q, R, E1, E2 are
instantiatedThe outermosterms(node andedge ) areresponsiblefor instancefor

the hierarchicalmatchingof patterns(i.e., a node of type SendEvenshouldalso be

matchedby the Eventpatternin caseof MSCs). The negative part (within parenthe-
sis) causedailure for the currentmatchingif andonly if R is alreadya substateof P,

andthen stepsto the next matchingto be examinedby backtracking Finally, after a

successfupatternmatching,aprecedes edgeis addedbetweerP andR.

The examplealsodemonstratethatthe generateghrogrampartially containgrans-
formationdependen(translatedPrologcode(i.e., the sequenc®f termsrepresenting
querieson the model graph)and (interpreted)calls to built-in routinesfrom a VIA-
TRA library (like node() , edge() , androutinesimplementingdifferentmodesof
rule applicationdiscussedh the upcomingsection).
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Fig. 4. Executinga stepof thevirtual machine

2.4 Implementing the virtual machine

Theimplementatiorof the virtual machinethatexecuteshe controlflow graph(CFG)
of amodeltransitionsystembuilds uponthereflective propertyof programgeneration
in VIATRA astheoperationabemantic®f thisvirtual machinds alsodefinedoy model
transitionsystemsin this respectthe programcorrespondingo a rule is generated
automatically and the implementatiornof the “meta” CFG (i.e., the CFG that defines
the behavior of the virtual machine)is very simple.The entiresemanticof the virtual
machineconsistsof 11 rules, from which the handlingof forall nodesis depictedin
Fig. 4.

Example3. Thesemantic®f rule forallNodeRis asfollows. Whenthevirtual machine
isto executeastep(pc = step ), thentheactive CFGnodein theactive graphshould
befoundandtheselectR attribute of the associatedjraphtransformatiorrule is set
to truein orderto selecttherule for execution.Moreover, the programcounterpc is set
toexec indicatingthatnow thevirtual machineshouldexecutetherule beforemaking
the next stepandattributerm (which representshe executionmodeof arule) is setto
forall

In therule executionphasethe pieceof codein theright region of Fig. 4 is called,
whichis responsibldor executingtherule for all possiblematchesn the currentstate.
This is obtainedby causingan artificial backtrackingwhenever the rule application
is succeededFinally, if all possiblematchesare processedthe applicationof a rule
in forall modeis also successfullycompleted(including the casewhenthereare no
possiblematchef the LHS).

Finally, the currentnodeof the control flow graphis updatedaccordingto the suc-
cessof rule application,andwe proceedwith the new currentnode.

3 Conclusion

In the currentpaper we presentecnautomatigprogramgeneratiorframenork for the
implementatiorof modeltransformatiorsystemswherethe procesof programgener
ationis specifiedby consecutre modeltransformationsOur approaciimplementedn



the VIATRA tool) is reflective in the sensethatthe next versionsof the programgen-
eratorcanbederived by the previousversionsimilarly to the bootstrappindechniques
of compilerdesign.In fact, the virtual machineof VIATRA that executesa control
flow graphhasbeenimplementedy usingthe automategrogramgeneratoof graph
transformatiorrules.

VIATRA hasalreadybeenappliedsuccessfullyo provide anautomatedmplemen-
tation of transformationspecifiedoy meansof modeltransitionsystems.

— The specification(andimplementation)of the VIATRA virtual machinerequired
11 graphtransformationrulesanda simpleautomata.

— In[11], atransformatiorirom UML Statechartto ExtendeHierarchicalAutomata
(EHA) hasbeencarriedout that providesformal operationalsemanticdor state-
charts.In [19], we formalizedthe entiretransformatiorby modeltransitionssys-
temswith over40rules.

— Theoriginal paperdefinedthe EHA semanticssaKripke automataWe alsopro-
videdvisualsemanticdor EHA by modeltransitionsystemsaving approximately
20rules(with simpleLHS graphs).

— The completenessf UML statecharspecificationsn a dependablervironment
hasbeeninvestigatedn [13]. Currently anautomatederificationprogramis under
implementatiorusingVIATRA.

— A transformatiorfrom UML statechart$o StochastidcReward Nets[4] is alsoun-
derimplementatior(having currently25 rulesfor awell-separategdubproblemj}o
provide accesgo PetriNetbasedanalysistechniques.

3.1 VIATRA asagraph transformation tool

As state-of-the-artoolsof graphtransformatiorsystemgsuchasGenGEdwith AGG)

[1] , DiaGen[10], Progreq17], andFUJABA [12]) have beenevolving for morethana

decadeVIATRA is naturally not the only tool thatis capableof performingmodel
transformationsHowever, we believe that VIATRA s tailored to the specialneeds
of modeltransformationdetweenUML andsemanticdomainsto suchan extentthat
makesour tool moreflexible andpowerful in this specificapplicationdomainof graph
transformatiorsystemshansophisticatedjeneral-purposgraphtransformatiortools.
Therefore,it is rather (i) the underlying model transformationmethodology (ii) its

opennessndcompliancewith leadingindustrial standardsand (iii) its (ongoing)in-

tegrationwith modelcheckingtools that makesVIATRA uniqueratherthanthe core
graphtransformatiorengineitself.

— OpennessCompliance with standards: VIATRA is an openervironmentbuilt
around XMl technology which is the de facto standardin UML-basedmodel-
ing ervironments.XMI DTDs for non-UML modelsare generatecautomatically
from metamodelsyhichis amoreflexible solutionin domainspecificapplications
thantools forcing to usea fixed setof XML elementsMoreover, similarly to the
storydiagram-baserlle description$8] of FUABA, VIATRA usesaUML profile
basedn classdiagramsasthe formal specificatiorlanguageof modeltransforma-
tions.
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— Model transformations: Transformation®f UML modelsnecessitatéo manip-
ulate complex datastructureswith a large numberof rules (seeour benchmark
transformationsr [7], wherea Javaimplementatiorof UML modelsis alsospeci-
fied by graphtransformatiorrules),which makesgraphtransformatiortoolswith-
out contml conditionimpractical for suchapplicationsdueto the increasedevel
of nondeterminismin addition,a typical modeltransformationrule is executed
parallelly (in forall mode)for eachindependentnatching.However, forall type
rule applicationsare not directly supportedoy generalpurposegraphtransforma-
tion tools. Moreover, asin mostcasesmorethana singlelanguagss involvedin
transformationsthe simultaneousiandling of multiple metamodelss not flexible
in thesetools.

— Verifying modeltransformation systems:An ongoingresearclactiity integrates
modeltransformationsystemswvith existing modelcheding tools for formal veri-
fication purposesvhich requiresthatthe Kripke automataof the systemis derived
from the same(intermediate)semanticrepresentatiosthe automaticallygener
atedtarget program.As a benchmarlapplication,we generateSAL [2] specifica-
tions from UML Statechartswherestatechartsemanticsare capturedoy model
transformatiorsystems.
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