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Abstract

TheAction Semantic§or UML providesa standarcandplatformindependent
way to describethe behaior of methodsandexecutableactionsin object-oriented
systemdesignprior to implementatiorallowing the developmentof highly auto-
matedandoptimizedcodegeneratorfor UML CASEtools. Modeltransformation
systemsgrovide visualbut formal backgroundo specifyarbitrarytransformations
in the Model Driven Architecture(the leadingtrendin softwareengineering).In
thecurrentpaperwe describeagenerakencodingof modeltransformatiorsystems
as executableAction Semanticsexpressiongo provide a standardwvay for auto-
matically generatinghe implementationof formal (and provenly correct)trans-
formationsby off-the-shelfMDA tools. In addition,we point out a weaknessn
the Action Semanticstandardhatmustbeimprovedto achieve a stand-alonand
functionally completeactionspecificatiorlanguage.

Keywords: Action Semantics,model transformation, MDA, UML, graph
transformation.

1 Transformations in the Model Driven Ar chitecture

1.1 Towards the Model Driven Ar chitecture

Recentlythe maintrendsin softwareengineerinchave beendominatedby the Model
Driven Ar chitecture (MDA) [17] vision of the Object ManagemenGroup (OMG).
Accordingto MDA, software developmentwill be driven by a thoroughmodeling
phasewherefirst (i) a platformindependeninodel(PIM) of the businesdogic is con-
structedfrom which (ii) platform specificmodels(PSMs)including detailsof the un-
derlying software architectureare derived by modeltransformationdollowed by (iii)
anautomaticgeneratiorof thetargetapplicationcode.

*This work was supporteddy the Hungarianinformationand CommunicationTechnologiesand Appli-

cationsGrant(IKTA 00065/2000)the HungariarNationalScientificFoundationGrant(OTKA 038027)and
the TimberHill Foundation
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The PIMs and PSMsare definedby meansof the Unified Modeling Language
(UML) [21], which hasbecomehe de facto standardrisual object-orientednodeling
languagean systemsengineering.Moreover, the recentinclusionof anactionspecifi-
cationlanguageo the UML standardAction Semanticfor UML [13,16]) seemdo
becomea breakthrougtfor tool vendorsto develop highly automatedand optimized
codegeneratordor UML CASE tools (suchas[11, 19]) with an executableaction
specificatioanguage.

However, UML still lacks a preciseformal semanticswhich hindersthe formal
verificationand validation of systemdesign. Moreover, several shortcomingof the
languagéhave beenrevealedn domainspecificapplicationsaswell. To provideformal
semanticslJML modelsare frequentlyprojectedinto variousmathematicaomains
(Petri nets, transition systems processalgebras etc.), and the resultsof the formal
analysisareback—annotatetb the UML-basedsystemmodelto hide the mathematics
from designer$3, 10,28].

1.2 Model Transformations in the MDA Environment

As the upcomingUML 2.0 standardaims at rearchitecturingdML into a family of
individual languageduilt arounda small kernellanguage differentkinds of model
transformationswill play a centralrole for UML aswell asfor the entire MDA ap-
proach.

e modeltransformationsvithin a language shouldcontrolthe correctnessf con-
secutve refinementstepsduring the evolution of the staticstructureof a model,
or definea (rule-basedpperationakemanticglirectly on models;

e model transformationsbetweendifferent languages should provide precise
meansto projectthe semanticcontentof a diagraminto anotherone, which is
indispensabléor a consistenglobalview of the systemunderdesign;

e avisualUML diagram(i.e.,asentencef alanguagen the UML family) should
betransformednto its (individually defined)semantiadomain,which processs
calledmodelinterpretation

The VIATRA model transformation system VIATRA (Visual Automatedmodel
TRAnNsformationg5, 28]) is a prototypetool that provides a generaland automated
framework for specifying transformationsdbetweenarbitrary models conforming to
theirmetamodel.

Themaincharacteristicef VIATRA arethefollowing:

e The precisetheoreticalbackgroundof the transformationsis formalized by
meanf graphtransformatiorsystemg20].

e From visual modeltransformatiorrules definedin a UML notation,VIATRA
automaticallygeneratea Prologprogramfor theimplementatiorj25].

e Moreover, the semantiaccorrectnessf transformationganbe provenby model
checkingtechniqueg$26].
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Relatedwork Otherexisting modeltransformatiorapproachesanbe groupedinto
two maincategories:

o Relational(or bidirectional) apptoades theseapproachesypically declae a
relationshipbetweerobjects(andlinks) of the sourceandtargetlanguage Such
aspecificatiorntypically baseduponeither(a) ametamodelith OCL constraints
[1,2,14], (b) textual mappingqd9], or (c) triple graphgrammarg22].

e Opermational (or unidirectional) appracdchesthesetechniquesiescribethe pro-
cessof a model transformationfrom the sourceto the target language. Such
a specificationmainly combinesmetamodelingwith (d) graphtransformation
[6,10,24,27], (e) termrewriting rules[29], or (f) XSL transformation$7, 18].

Unfortunatelynoneof theseapproacheprovide agenerakolutionfor modeltrans-
formationwhen evaluatedaccordingto their (i) expressve power, (ii) precisemath-
ematicalbackground(iii) efficientimplementatiorand (iv) relatedness$o industrial
standard.

e For instance relationalapproachegroviding bidirectionality might be corve-
nientfor mary simple practicaltransformationdut transformationsvith delib-
eratelossof information(suchasabstractionsgannotbe expressed.

e XSLT basedsolutionsdonothave aprecisemathematicabackgroundmoreover,
XSLT is veryinefficientasatransformatiodanguagef our modelsarenottrees
but complex graphstructures.

e Graphtransformatior(andrewriting) basedapproachefulfill requirementgi) —
(iii) but their conceptsarefar from theindustrial standardsvhich hinderstheir
acceptance the UML ervironment.

Problem statement In orderto facilitate the widespreaduse of modeltransforma-
tionswith graphtransformatiorasthe formal backgroundwe have to integratethem
into existing MDA standardsndtools. In otherwords,academidools(like VIATRA)
areusefulfor the experimentatiorandverificationof modeltransformationshut thefi-
nal (productquality) implementatiorshouldbeintegratedinto the MDA apprad and
the UML standad asmud aspossible

Our contribution In thecurrentpaperwe aimattransformingmodeltransformation
systemsnto standardAction Semanticglescriptiongo allow theautomatiageneration
of transformatiorscriptsfor varioussoftwarearchitecturedy off-the-shelfUML tools.

As aresult,our visual but formal specificationtechniqug28] basedon metamodeling
andgraphtransformatiormay becomethe first approachto fulfill all the four require-

mentsof generalpurposenodeltransformationsn the MDA ervironment.

The structur e of the paper Therestof the paperis structuredasfollows. Section2
providesabriefintroductionto theconceptandformaltreatmentf modeltransforma-
tion systemswhile Sec.3 givesandoverview of the UML Action Semanticstandard.
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Then,in Sec.4, which is the key part of the paper we describea generalencoding
of modeltransformationsystemsnto Action Semanticexpressions.Finally, Sec.5
concludesour paper

2 Formalizing Model Transformations

2.1 Models and metamodels

Theabstract syntaxof visualmodelinglanguagess definedby a correspondingneta-
modelin aUML notation(i.e., asimplified classdiagram)which conformsto the best
engineeringracticesn visualspecificatiortechniquesModels(definedn theform of
UML objectdiagrams)resentencesf thoselanguagesthuseachwell-formedmodel
hasto conformto its metamodel.Typically, modelsand metamodelarerepresented
internally astyped,attributedanddirectedgraphs.

e Onthemetamodel-leel (or clasdevel), classesanbemappednto agraphnode
andall associationgre projectedinto a graphedgein the type graph (denoted
asT'@). Theinheritancenierarchyof metamodelganbe preseredby anappro-
priatesubtypingrelation on nodes(andpossibly on edges).Classattributesare
derived into graphattributeswherethe latter may be treatedmathematicallyas
(possiblypartial) functionsfrom nodego their domains.

e Onthemodellevel (or objectlevel), objectsandlinks betweerthemaremapped
into nodesand edgesrespectiely, in the model (instance) graph (denotedas
M). Eachnodeandedgein the modelgraphis relatedto a correspondingraph
objectin thetypegraphby a correspondindypinghomomorphisnfé].

A samplemetamodebnd a simple model of finite automataare depictedin Fig-
urel.
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Figurel: A metamodehndmodelof finite automata

Examplel Accordingto themetamodelawell-formedinstanceof afinite automaton
is composedf statesandtransitions A transitionis leadingbetweenits from state
andto state. Theinitial statesof the automatoraremarkedwith init, the active states
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aremarkedwith current, while the reachablestatesstartingfrom the initial statesare
modeledby reacdhableedges.

A sampleautomatoral consistingof threestategs1, s2, s3) andthreetransitions
betweerthemtl (leadingbetweersl ands?2), t2 (leadingbetweers2 ands3), andt3
(leadingbetweers2 ands3) is alsodepicted.We cannoticethattheinitial stateof al
issl.

2.2 Model Transformation Systems

Thedynamicopertional semantic®f a modelinglanguage aswell astransformations
betweenmodelinlanguages can be formalizedby modeltransformation(transition)
systemgintroducedn [28]), whichis avariantof graphtransformatiorsystemsawith a
predefinedsetof controlstructures.

A graph transformation rule is a 3-tuple Rule = (Lhs, Neg, Rhs), whereLhs
is the left-handside graph, Rhs is the right-handside graph,while Neg denotethe
(optional)negative applicationconditions.

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

1. findinga matd of Lhs in M (graphpatternmatching),

2. cheding the nggative application conditionsNeg which prohibit the presence
of certainnodesandedgeqnegative applicationconditionsaredenotedy graph
objectswith across),

3. remoring a partof thegraphM thatcanbe mappedo the Lhs but notthe Rhs
graph(yielding the context graph),

4. gluing Rhs andthe context graphto obtainthe derivedmodel A/,

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

A modeltransformation (transition) systemMTS = (Init, R, CFG) with re-
spectto (oneor more)typegraphT'G is atriple, whereInit definestheinitial graph,
R is asetof modeltransformation rules (bothcompatiblewith T'G), andCFG is a
setof acontrol flow graphs definedasfollows.

e Therearethreetypesof nodesof the CFG: Try, Forall, andLoop.
e Therearetwo typesof edges:succeedandfail .

The controlflow graphis evaluatedby a virtual machinewhich traverseghegraph
accordingto theedgesandappliestherulesassociatedo eachnode.

1. WhenaTry nodeis reachedits associatedule is tried to be executed If therule
wasappliedsuccessfullthenthe next nodeis determinedy the succeeddge,
while in casethe executionfailed, the fail edgeis followed.
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2. At a Loop node,the associatedule is appliedaslong aspossible(which may
causenon-terminatiorin the macrostep).Only a succeecedgemayleadfrom a
Loopnode.

3. When a Forall nodeis reachedthe relatedrule is executedparallelly for all
distinct (possiblenone)occurrencesn the currenthostgraph. Only a succeed
edgemayleadfrom aLoopnode.

Note thatthis CFG modelfollows the control flow conceptsf the VIATRA tool.
However, the useof “as long aspossible”kind of control conditions(and additional
negative applicationconditions)insteadof forall nodeswould almostdirectly yield the
appropriatecontrol conditionsfor mary existing graphtransformatiortools.

Example2 A pair of rulesdescribinghow the reachabilityproblemon finite automata
canbe formulatedby graphrewriting rulesis depictedin Figure2. RuleinitR states
that all statesof the automatonmarked as initial are reachablg(if the statehasnot
beenmarked previously). RulereachR expresseghatif areachablestateS; of the
automatoris connectedy a transitionT} to sucha stateS, thatis not reachableyet
thenS, shouldalsobecomeaeachableasaresultof therule application.

Note that without the negative applicationcondition (the crossedreachableedge
in the left-handside of the rule), the transformatiormight generatenorethana sin-
gle reachableedgebetweenan automatoranda state,which contradictsour intuitive
requirements.

Accordingto the control flow graph,first we have to apply initR in forall mode,
thenreachR shouldbe executedaslong aspossible.

LHS |Al:Automat RHS |Al:Automat Control flow graph
initR <<foralll>> <<loop>>
initR reachR
initial| reachabl initial| reachable|
S1:State S1:State
LHS reachable Al:Automata reachable }{ RHS reachable Al:Automata reachable
reachR
states » states # states " states
transitions transitions|
Y Y Y Y
S1:State T1:Transitiop S2:State S1:State T1:Transitiop S2:State
>
from to from to

Figure2: Calculatingreachablestatesy graphtransformation

3 Action Semanticsfor UML: An Overview

The Action Semanticsfor UML (AS) providesa standardizeénd platform (andim-
plementation)ndependentvay to specifythe behavior of objectsin a distributedervi-
ronment.Basically the usercandescribethe body of methodsandexecutableactions
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in an abstractanguageprior to the implementatiorphaseby constructinga dataflav
like model.

Action specification An actionspecificatiorconsistf thefollowing elements

Pins: theinput andoutput“ports” of anactionhaving a specifictype and mul-
tiplicity (a pin may hold a collection of valuesat a time if it is allowed by its
multiplicity),

Variables: anauxiliary storefor resultsof intermediatecomputations,

Data flow: connectghe outputpin of oneactionto theinput pin of anotherthus
providing animplicit orderingof actionexecution,

Control flow: imposesanexplicit orderingconstrainffor actionpairshaving no
connectinglataflow,

Actions: for objectmanipulationmemoryoperationsarithmetic, messaggeass-
ing, etc.,

Procedures providesthe packagingof actionswith input andoutputpins,e.g.,
for methodbody.

Action execution Theexecutionof anactionhasthefollowing stagesn its life-cycle.

Waiting. An actionexecutionmaybe createdatarny time aftertheproceduresx-
ecutionfor its containingprocedurés created.On creation,anactionexecution
hasthe statuswaiting andno pin valuesareavailable.

Ready An actionexecutionwith statuswaiting becomegeadyon the comple-
tion of the executionof all prerequisiteactions(that is all actionsthat are the
sourcesof dataflows or predecessorsf control flows into the actionbecoming
ready). The valuesof the input pins of the target action executionare deter
mined by the valuesof the outputpins from the prerequisiteactionexecutions
for actionsvia dataflows.

Executing. Onceit is ready an action executioneventually begins executing
(theactionsemanticsloesnotdeterminehespecifictime delay(if any) between
becomingreadyandactuallyexecuting).

Complete. Whenit hasfinishedexecution,the actionbecomesomplete.The
actionexecutionthenhaspin valuesfor all outputpins of the actioncomputed
accordingo specificsemantic®f differentactions.After theoutputvaluesfrom
a completedexecutionhave beencopied,thereis no longerarny way for another
executionto accesshe completedexecution.

Actions have no default orderings(like sequentiakxecutionasin traditional pro-
gramminglanguages)actionsthatarenotimplicitly orderedby dataflow or explicitly
orderedby controlflow canbe executedeitherparallellyor in anarbitraryordet
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Typesof actions Specificsemanticof differentkind of actionscanbe groupedinto
the following main categories (only actionsrelevant for the encodingof Sec.4 are
enlisted).

e Computation actionsare primitive actionsfor mathematicafunctions(not de-
finedin the standardn details)

e Composite actions are recursve structuresthat permit complex actionsto be
composedf simpleronesproviding meansfor basiccontrol flow actions(e.g.,
LoopAction, ConditionalAction,GroupAction),

e Read and write actions accesshavigate, and modify model-level constructs
(suchasobjects links, attribute slots,andvariables)

e Collection actions (suchasFilterAction, MapAction, or IterateAction)apply a
subactiorto a collectionof elementgo avoid overspecificatiorof controlcaused
by explicit indexing andextractingof elements.

Syntax of actions The Action Semanticsstandardonly definesa metamodeland
somewell-formednessonstraints¥or the languagewithout ary restrictionson con-
cretesyntax.In thisrespecta well-formedactionexpressioritself is a rathercomplex
objectdiagramwhichis easyto procesgor CASEtoolsbut extremelyhardto readand
write systemengineers.In fact, existing UML CASE tools with anintegratedaction
specificationanguagenhave their own textual notationsfor describingactions.

Therefore the encodingof modeltransformatiorsystemswill be presentedn the
sequelon two levels: (i) first, in an own, self-explanatorypseudoactionlanguageo
understandhe overallideaof the encoding(insteadof stickingto ary specificexisting
dialectsof AS tools), (i) andthenin a standardizedvay, by using objectdiagrams
(copingwith AS technicalities).

4 Action Semanticsfor Model Transformation Systems

In this sectionwe provide a generaway to encodemodeltransformatiorsystemsnto
Action Semantic§AS) descriptiongo provide a standardand platform independent
way to implementtransformationsn the MDA ervironment.

Our geneationtechniquetakesthe metamodel(s)anda modeltransformatiorsys-
temastheinput, andgenerates setof actionsasthe output Theresultsof thetrans-
formationsareobtainedafterwardsin theform of an object/collaboationdiagram

A naturalcorrectnesgriteria of thegeneratiorprocessvould bethatthe execution
of actionsaccordingo the Action Semanticstandardshouldyield identicalresultwith
(atleastonetraceof) theformal generatiorprocesglrivenby themodeltransformation
systemitself startingfrom a giveninstancemodel. However, asthe AS standarccom-
pletelylacksary formal semanticsyunfortunatelywe cannotformally reasoraboutthe
correctnessf our approach.
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The overall idea basicallyfollows the graph patternmatchingtechniquesmple-
mentedin the PROGRES[23] and FUJABA [15] tools in proceduraland object-
orientedlanguages.The encodingconsistsof the following main steps(which will
beintroducedn detailsas“Solutions” lateronin this section):

e implementingyraph patternmatding by local searchein the usermodelbased
on collectionactionsandnavigation capabilitiesof AS;

e chedking non-&istenceof certainobjectsand links prescribedby the negative
conditionsby a userdefinedfunction;

e addinganddeletinggraph objectsby usingactionsfor objectandlink manipu-
lation;

e implementingrule application modesby variouscorresponding:ollection ac-
tions;

e simulatingthe executionof the control flow graph by conditionalactionsand
explicit controlflow restrictions.

The encodingwill beintroducedon our runningexampleof the reachabilityprob-
lem of finite automatayvhich includesthe handlingof all majorproblems.

4.1 Encodingthe control flow graph

The handling of the control flow graphconsistsof modelingrule applicationsin a
certainmodeanddefiningthe sequencef consecutie transformatiorsteps.

Solutionl For eachrule appliedin loop or forall mode,a GroupActionis generated,
while a ConditionalActionis generatedor arule appliedin try mode.

Solution2 The sequencef rule applicationsare definedby explicit ControlFlow re-
strictionssetuponthe sequencef correspondingule actions.

As only succeeddgesmay leadfrom loop andforall nodesof a CFG suchrules
aremodeledby GroupActionswhich is simple a collectionof subactions.However,
in caseof try rules,the CFG brancheslependingon the succes®f rule application,
thusthe correspondingctionof atry rule mustreturnwhetherthe applicationof the
rule was successfubr not. After that, the compositeactionsof rules canbe simple
connectedy ControlFlov objectsin accordancevith the CFG.

Example3 The control flow graphof our reachabilityexampleis depictedin the AS
notationin Fig. 3 statingthatthe executionof GroupActioninitR shouldprecedehe
executionof reachR action.
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o redecessor
initialR : p _ ControlFlow SUCCESSOT | reachableR :
GroupAction GroupAction

forall( initialR); loop( reachableR)

Figure3: Controlflow restrictions

4.2 Action semanticsfor pattern matching

The implementatiorof a graphpatternmatchingalgorithmwithin Action Semantics
is the centralpart of the entire encoding. The main challengereliesin the fact that
graphtransformationtools are traditionally control-orientedwith global (constraint-
based)graphpatternmatchingalgorithmswhile Action Semanticgprovide a dataflow
basedspecificationtechniqueallowing only local navigationsfor patternmatchingal-
gorithms.

In addition,theencodingof patternmatchingdepend®ntherule applicationmode,
thus,thesamerule mayhave differentAS representationshenappliedin differentap-
plicationmodes.Loopandtry modesarehandledalmostsimilarly (loop modeis based
upontry mode,sincearuleis tried to be appliedonceaslong aspossibleandthe next
applicationdepend®n the applicability of the currentone),andthey differ essentially
from the behavior of forall mode(whererule applicationsare executedparallelly for
eachmatching).

In the sequel,we discussthe encodingof a rule appliedin forall modeon the
demonstratie exampleof Algorithm 1 for initR, while the pseudencodingof reachR
is shavn in Algorithm 2 with detailedexplanationggiven laterin the currentsection.
(Note that nodeidentifiersin rulescorrespondo variablesto easethe comparisorof
graphtransformatiorruleswith their pseudoAS representation.)

Algorithm 1 EncodinginitR in a pseudcactionspecificationanguage
1: GroupActionAutomaton::initR()=
2: Variableal, s1, SI;
3: al=ReadSelfAction();
4: if ReadlsClassifiedObjectActiofjtomaton, al) then

5. {S1} = ReadLinkActioné&l, initial) ;
6: for all sle {S1} do {MapAction;parallelexecution}
7 if ReadlsClassifiedObjectActioBtate, s1) then
8 if - testLink@1, reachable, s1) then
9: CreateLinkActionél, reachable, s1);
10: endif
11 end if
12:  endfor
13: endif

10
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Starting point of pattern matching Thefirst step,whichis to find the startingpoint
for patternmatchingis, in fact,identicalfor all modes.

Solution3 The startingpoint of the patternmatchingis identified by the instancere-
trieved by a ReadSelfAction executedon an instanceof the modelclass(i.e., Au-
tomaton in our example)andstoredin a variable(seeLine 3 in Algorithm 1).

As for the AS representationa dataflow is requiredto connectthe outputpin of
ReadSelfAction with theinput pin of AddVariableValueAction action.We mustalso
specifythatthe previousvaluestoredin the variableshouldbe overwrittenby setting
theisReplaceAll variableto true. Note that matchinginstanceof LHS graphnodes
will bestoredin AS variableqlateron aswell).

Example4d The AS representationf Line 3 in Algorithm 1 is depictedin Fig. 4. We
expectto retrieve an Automaton instancestoredin variableal.

: ReadSelfAction : OutputPin : DataFlow
result source
) destination
al : Variable variable : AddVariableValueAction : InputPin
isReplaceAll = true value

al = ReadSelfAction()

Figure4: Startingpoint of patternmatching

Type checking of objects Our next problemto be solvedis to visit only type con-
forming objectswhenmatchingpatterns.

Solutiond Whenan new objectis obtainedat any time during patternmatching(i.e.,
matchedto a correspondingiodein the graphtransformatiorrule), we immediately
testwhetherit hasa conformingtype (conformantto the type of the graphnode).See
Lines4 and7 in Algorithm 1 asexamples.

This testingis performedby a ConditionalAction with atestclauseconsistingof
a single ReadlsClassifiedObjectAction. The testaction ReadlsClassifiedObjec-
tAction (checkingwhetheran objectis aninstanceof a certainclass)hasto returna
booleanvalueon its outputpin, which senesasthe testoutputfor the testclausein
the meanwhile. If valueretrieved by the test subactionof a clauseis true thenthe
bodyactionof the clausecanbe executedwhich consistsof furtheractionsof pattern
matchingin our case).

11
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Example5 The AS representationf Line 7 in Algorithm 1 is depictedin Fig. 5. We
checkwhetherthe value storedin variableslis aninstanceof the classAutomaton.
Naturally, we first have to getthis valuefrom the variableby a ReadVariableAction
connectedo theinput pin of ReadlsClassifiedObjectAction by a dataflow.

then : Clause : ReadlIsClassifiedObjectAction
test
clause
testOutput . »
body P result input|  classifie
if : ConditionalAction ...  Action : OutputPin : InputPin State :
Class
destination
sl: variable . result . OutputPin| SouUrce .
Variable| | ReadVariableAction DataFlow

if ReadlsClassifiedObjectAction(s1, State) then ...

Figure5: Checkingtypesof objects

Navigating links The coreoperationof graphpatternmatchingin a UML erviron-
mentis the navigationof links.

Solution5 Whena certainobjectis matched the neighborsof the object(connected
by links correspondingo the edgetypesin the graphtransformatiorrule) areobtained
by navigatinglinks (Line 5 in Algorithm 1). This navigationresultsin a singleobject
or acollectionof objectsstoredin avariable.

A navigationof alink in AS (by applyingReadLinkAction) meanghat

o the exactly oneendobject(calledthe sourceobject)of alink is alreadyknown
(i.e., at mostoneLinkEndData may have an associatesinglevalueon its in-
put pin), while the targetend of the link shouldbe unknawvn yet (naturally an
associatiorcanbe navigatedin bothdirectionsif allowedby the metamodel);

¢ thelink shouldcorrespondo a certainassociatiorfalsodefinedby the LinkEnd-
Data);

e asaresultof the navigation a single objector a setof objectsis retrieved (de-
pendingon multiplicities of the associatiorandthe topology of interconnected
objects),andstoredin avariable.

Example6 The AS representationf Line 5 in Algorithm 1 is depictedin Fig. 6. We
readthe valueof variableal into theinput pin of oneLinkEndData correspondingo

12
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. DataFlow OutrutPin ReadVariableAction a
, Variable
source result variable
destination
o
Sneutin . AssociationZnd initial : Initial
Association AssociationEnd
value end connection connectio end
LinkEndData . ReadLinkAction . .inkEndData
endData endData
result
_DataFlow . OutrutPin
source
destination
_nrutPin . AddVariableValueAction S1 . Variable

isRevrlaceAll - true multirlicity - 0

value variable

{S1J - ReadLinkActionlal, initial)

Figure6: Navigatinglinks

anassociatiorendof theinitial associationWhentheReadLinkAction is executedhe
resultis written into variableS1 (variableswith a capitalinitial will storea collection
of objectsin thesequel).

Rule application modespecificprocessingof collections Theprocessingf collec-
tionsobtainedfrom navigatinglinks depend®n rule applicationmodes.

Solution6 Whenprocessing collectionfor the patternmatchingof a rule appliedin

forall mode(seeLine 6 in Algorithm 1), eachelementin the collectionmustbe pro-
cessedndependentlyfrom eachother, thussubsequerdctionsin the patternmatching
processshouldbe appliedfor eachof them. For this reasona MapAction is required
in AS.

Solution7 Whenprocessing collectionfor the patternmatchingof a rule appliedin
try orloopmode(seelines9, 12and15in Algorithm 2), eachelemenin thecollection
mustbe processedequentially(thusan IterationAction is requiredin AS); however,
thenext elementin the collectionneedgo be processeanly if no completematching
hasbeenfoundsuccessfullysofar (first booleanconditionin Lines10, 13 and16).

Solution8 In both cases the currentelementof the collection (correspondingo a
matchingof a certainnodein the LHS of the rule) is storedin a variable. If the col-

13
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Algorithm 2 EncodingreachR in apseudaactionspecificationanguage

1: GroupActionAutomaton::reachR@

2: VariableisApplicable a1, s1, S1,s2 S2t1, T1,
3: AddVariable\alueAction(isApplicableT);

4: while isApplicabledo {LoopAction}

5. AddVariable\alueAction(isApplicablek);
6: al=ReadSelfAction();
7. if ReadlsClassifiedObjectActioAgtomaton, al) then
8: {S1} = ReadLinkAction@l,reachable);
o: for all s1€ {S1} do {IterateAction,sequentiaéxecutior}
10: if —isApplicable A ReadlsClassifiedObjectActiocBfate, s1) A
testLink@l,states, s1) then
11 {T1} = ReadLinkActionglsource);
12: for all t1 € {T1} do {lterateAction;sequentiaéxecution}
13: if —isApplicable A ReadlsClassifiedObjectActiofansition, t1) A
testLink@ltransitions, t1) then
14: {S2} = ReadLinkAction{l,target);
15: for all s2€ {S2} do {lterateAction;sequentiakxecutior}
16: if —isApplicable A ReadlsClassifiedObjectActioB{ate, s2) A
testLink(@l,state, s2) then
17: if - (testLink@l,reachable, s2)) then {Neg. condition}
18: AddVariable\alueAction(isApplicableT);
19: CreateLinkActioné1,reachable, s2);
20: endif
21: endif
22: end for
23: end if
24: end for
25: endif
26: end for
27:  endif
28: endwhile

14
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lectionis emptythennoneof the subactionareexecutedhusthis instantiationcanbe
omitted.

S1_Variable variable ReadVariableAction result . OutrutPin
multivlicity - 0 source

. DataFlow

subaction - MarAction . InputPin [destination
GrouvAction sybaction inputPin

subinru

OutrutPin
source

subaction DataFlow

s1 - Variaple | Variable AddVariableValueAct on value| |ny;tpin
multivl city - 1

destination

for all s1 in(S1J
{ s1 - MavrAction.subinrut }

Figure7: Implementingapplicationmodeg(forall)

Example7 IntheASrepresentatio(seeFig. 7 for Line 6 in Algorithm 1), wefirstread
thecollectionvariable(ReadVariableAction) Slinto theinputpin of MapAction with
afurtherconstraintstatingthe valuecontainedoy the subinput (output)pin shouldbe
storedin thevariables1 (AddVariableValueAction).

A weaknessn the standard: Testingthe existenceof links At thecurrentpoint,we
give explanationfor Line 8 in Algorithm 1, whichwill demonstrate majorweakness
in the AS standard.

Whenall the nodesof the LHS areinstantiatecby objects,we we have to testthe
existenceof links betweerntheseobjectsprescribedy edgesn the LHS thathave not
visited by navigation (or the non-existenceof links in caseof negative conditions).For
efficiency reasonssuchtestsshouldbe performedassoonaspossible.

Example8 Forinstancejn Line 8 of Algorithm 1, we checkthe negative conditionthat
theremustnot be ary existing reachable link betweerthe automatorobjectstoredin
variableal andthe initial stateobjectstoredin s1 by executingthe booleanfunction
testLink(al, reachable, s1).

Problem1 The existenceof alink of a certaintype relatingtwo given objectscannot
betestedwithin AS.

FunctiontestLink canbeusedin UML modelswith AS expressionsbut it, cannot
be implementedby predefinedactionsof AS sincea userfunction canbe declaed
(with a signaturespecification)within AS asanaction,but they cannotbe defined(no
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specificatiorof semantics)Typically, this actionis implementedn every UML CASE
tool with anactionspecificatiolanguagehowever, it is not partof the standardwhich
is very unfortunate.

Solution9 Thus, the standardshould be extendedwith a TestLinkAction with two
LinkEndData (bothrequiredto storean associateabjecton its input pin) asstoring
theinputandabooleanvaluedoutputpin.

Withoutsuchanextensionto thestandardtheimplementatiorof theexternalmath-
ematicalfunctionatestLink will be CASEtool dependenanddoesnot fit well to the
generalityof our approach.

4.3 Manipulating links and objects

Finally, aftera successfupatternmatchingphase pbjectsandlinks areto be manipu-
latedaccordingo thedifferenceof the LHS andtheRHS of arule.

Solution10 Wheneeratransformatiorrule prescribes

the addition of an object a CreateObjectAction is executedandthe createdobjectis
storedin anew variable.

the deletionof an object a DestroyObjectAction is executedon an objectretrieved
from the correspondingariable.

theadditionof a link, a CreateLinkAction is executedo createalink of a certaintype
betweerthe objectsreadfrom the correspondingariables.

the deletionof a link, a DestroyLinkAction is executedto destry a link of a certain
type betweerthe objectsreadfrom the correspondingariables.

Exampled The AS encodingof link creationin Line 9 of Algorithm 1, andanimagi-
natorycreationof a State objectis demonstrateth Fig. 8.

Whena new State objectis createdupperpartof Fig. 8) by CreateObjectAction it
is directly passedo AddVariableAction by a dataflow connectionto storethe new
objectin variablesl

Whenareachable link is createdbetweerpbjectsal (of type Automaton) ands1(of
type State), a CreateLinkAction is executedvherevaluesof bothLinkEndCreation-
Data arespecifiecby dataflows from thecorrespondindgReadVariableActions, while
the endsof both LinkEndCreationData aredefinedby the relatedassociatiorin the
metamodel.
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: DataFlow : OutputPin : CreateObjectAction State :
source result Class

classifier

destination

 InputPin : AddVariableValueAction i sl:
value variablg Variable

s1 = CreateObjectAction(State)

endData =
. LinkEndCreationData CreatelinkAction endData|  Link=EndCreationData
value end end value
InputPin . Assoc ationEnd reachable InputPin
Association=nd
destination connection connection
destination
OutvutPin _ reachable : _ OutrutPin
DataFlow Association DataFlow
sourc
result source resut
variable
. ReadVariableAction al sl . ReadVariableAction
variable | Variable Variable

CreateLinkAction(al. reachable. s1)

Figure8: Creatingobjectsandlinks

5 Conclusions

In thepaperwe presenteédimethodto automaticallyimplementmodeltransformations
specifiedonavery high abstractiorievel by metamodelingechniqguegndgraphtrans-
formationrulesby mappingtheminto UML Action SemanticexpressionsThemain
adwantageof our approachs thatvisualbut mathematicallyprecisemodeltransforma-
tionscanbedirectly encodedn thestandad actionspecificatiodanguageof the MDA
(andUML) environmentthusproviding a smoothintegrationof formal specifications
andindustrial standards.The entire encodingwas demonstrate@n a small example
(reachabilityanalysisof finite automatawhich wasstill rich enoughto cover all the
basicrulesof our encoding.

Our approactconceptuallyfollowedthe graphpatternmatchingalgorithmsof the
PROGRES[23] and(especially)FUABA [15] systems.Insteadof global, constraint
satishctionbasedsearchegsuchas[12]), the matchingpatternis searchedocally by
navigatingthroughlinks betweerobjects.Meanwhile from a stricttheoreticapoint of
view, globalstrat@iescanbe moreefficientthanlocal searchespracticalexperiences
in the previous graphtransformationsystemsdemonstratedhat patternmatchingby
navigationis very efficientin mostpracticalcasesmoreoverit fits betterto the object-
orientednatureof UML andAS.

During ourencodingwe alsodiscoveredaweaknesn the Action Semanticgtest-

17



To Appearin the Journalof PeriodicaPolitechnica

ing the existenceof links of a certaintype betweentwo objects)standardhat should
befixedin orderto obtaina fully functionalnavigationlanguagdor actions.

Acknowledgments

Theauthorsaregratefulto Albert Ztundorffor the fruitful discussiorandtool demon-
strationduringthe ICGT 2002conference.

References

(1]

(2]

3]

[4]

5]

[6]

[7]

[8]

D. Akehurst. Model Translation: A UML-basedspecificationtechnique and
activeimplementatiorapproach. Ph.D.thesis,University of Kent, Canterlory,
2000.

D. AkehurstandS. Kent. A relationalapproacho definingtransformationsn

a metamodel.In J.-M. Jezéquel,H. HussmannandS. Cook (eds.),Proc. Fifth

International Confeenceon the Unified Modeling Languaye — The Languaye
andits Applications vol. 24600f LNCS pp. 243-258 SpringerVerlag,Dresden,
Germaly, 2002.

A. Bondavalli, M. Dal Cin, D. Latella, I. Majzik, A. Pataricza,andG. Savoia.
Dependabilityanalysisin theearlyphase®f UML basedsystenmdesign.Interna-
tional Journal of ComputerSystems Science& Engineeringvol. 16(5):pp.265—
275,2001.

A. Corradini,U. Montanari,andF. Rossi. GraphprocessesFundamentdnfor-
maticae vol. 26(3/4):pp.241-265,1996.

G. Csertin,G. Huszerl,l. Majzik, Z. Pap,A. PatariczaandD. Varro. VIATRA:
Visualautomatedransformationgor formal verificationandvalidationof UML
models.In Proc. ASE2002: 17th IEEE InternationalConfeenceon Automated
Softwae Engineering pp. 267—-2701EEE PressEdinkurgh, UK, 2002.

J.de LaraandH. Vangheluwe.AToM3: A tool for multi-formalismand meta-
modelling. In R.-D. Kutscheand H. Weber (eds.), 5th International Confer
ence FASE 2002: FundamentalApproachesto Softwae Engineering Greno-
ble, France April 8-12, 2002, Proceedingsvol. 2306 of LNCS pp. 174-188.
Springer 2002.

B. Demuth,H. HussmannandS. ObermaierExperimentsvith XMI basedrans-
formationsof softwaremodels.In Workshopon Transformationsn UML. 2001.

H. Ehrig, G. Engels,H.-J. Kreowski, and G. Rozenbey (eds.). Handbookon
GraphGrammasandComputingby GraphTransformationvol. 2: Applications,
LanguagesndTools. World Scientific,1999.

18



To Appearin the Journalof PeriodicaPolitechnica

[9] A. GerberM. Lawley, K. Raymond,J. Steel,andA. Wood. TransformationThe
missinglink of MDA. In A. Corradini,H. Ehrig, H.-J. Kreowski, andG. Rozen-
bery (eds.),Proc. ICGT 2002: Firs International Confeenceon Graph Trans-
formation vol. 2505 of LNCS pp. 90-105.SpringerVerlag, Barcelona,Spain,
2002.

[10] R. Heclel, J. Kuster and G. Taentzer Towardsautomatictranslationof UML
modelsinto semanticdomains.ln Proc. AGT 2002: Workshopon AppliedGraph
Transformationpp.11-21.Grenoble France 2002.

[11] Kennedy-Carter ExecutableUML (xuml). http://ww. kc. com ht m /
xum . htm .

[12] J.LarrosaandG. Valiente. Graphpatternmatchingusingconstraintsatisfction.
In H. EhrigandG. Taentze(eds.),GRATRA2000Joint APPLIGRAPHandGE T
GRATSWorkshopon Graph TransformatiorSystemsBerlin, Germaiy, 2000.

[13] S.J.Mellor andM. J.Balcer ExecutabldJML: A Foundationfor Model-Driven
Architecture. Addison-Wésley, 2002.

[14] D. Milicev. AutomaticmodeltransformationsisingextendedUML objectdia-
gramsin modelingervironments. IEEE Transactionson Softwae Engineering
vol. 28(4):pp.413-4312002.

[15] U. Nickel, J.Niere,andA. Zundorf. Tool demonstrationThe FUJABA erviron-
ment. In The 22nd International Confeenceon Softwae Engineering(ICSE)
ACM Press|imerick, Ireland,2000.

[16] ObjectManagemenGroup. Action Semanticdor the UML, 2001. http://
WWW. ONg. Or g.

[17] ObjectManagemenGroup. ModelDriven Architecture — A Technical Perspec-
tive, 2001.ht t p: / / www. ong. or g.

[18] M. Peltier J. Bézwvina, and G. Guillaume. MTRANS: A generalframework,
basedon XSLT, for modeltransformationsin J. Whittle et al. (eds.),Workshop
on Transformationsn UML, pp.93—-97.2001.

[19] Project Technology  Bridgepoint development suite.  htt p: // www.
projtech.com

[20] G. Rozenbey (ed.). Handbookof Graph Grammas and Computingby Graph
TransformationsFoundations World Scientific,1997.

[21] J.Rumbaugh). JacobsonandG. Booch. The Unified ModelingLanguaye Ref-
erenceManual Addison-Wesley, 1999.

[22] A. ScHirr. Specificationof graphtranslatorawith triple graphgrammars.Tech.
rep.,RWTH Aachen,Fachgruppénformatik, Germairy, 1994.

19



To Appearin the Journalof PeriodicaPolitechnica

(23]

(24]

(25]

(26]

[27]

(28]

(29]

A. ScHirr, A. J. Winter, andA. Zundorf. In [8], chap.The PROGRESApproach:
LanguageandErnvironment,pp. 487-550.World Scientific,1999.

J.SprinkleandG. Karsai.Definingabasisfor metamodetirivenmodelmigration.
In Proceeding®f 9th AnnuallEEE InternationConfeenceand Workshopon the
Engineeringof ComputerBasedSystemsd, und, Sweden2002.

D. Varro. Automaticprogramgeneratiorfor and by modeltransformatiorsys-
tems. In H.-J. Kreowski and P. Knirsch (eds.),Proc. AGT 2002: Workshopon
AppliedGraph Transformationpp.161-173Grenoble France 2002.

D. Varro. Towardssymbolicanalysisof visualmodellinglanguagesln P. Bottoni
and M. Minas (eds.),Proc. GT-VMT 2002: International Workshopon Graph
Transformationand Visual Modelling Techniques vol. 72 of ENTCS pp. 57—-70.
Elsevier, BarcelonaSpain,2002.

D. Varrb and A. Pataricza. Metamodelingmathematics:A preciseand visual
framework for describingsemanticglomainsof UML models.In J.-M. Jéz&quel,
H. Hussmannand S. Cook (eds.),Proc. Fifth International Confeenceon the
Unified Modeling Languaje — The Language and its Applications vol. 2460 of
LNCS pp. 18-33.SpringerVerlag,DresdenGermary, 2002.

D. Varro, G. Varro, andA. Pataricza.Designingthe automatictransformatiorof
visual languages.Scienceof ComputerProgramming vol. 44(2):pp.205-227,
2002.

J.Whittle. TransformationgndsoftwaremodelinglanguagesAutomatingtrans-
formationsin UML. In J.-M. Jez&quel,H. HussmannandS. Cook (eds.),Proc.
Fifth International Confeenceon the Unified Modeling Language — The Lan-
guage and its Applications vol. 2460 of LNCS pp. 227-242.SpringerVerlag,
DresdenGermaty, 2002.

20



