
UML Action Semanticsfor
ModelTranformationSystems

�
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Abstract

TheAction Semanticsfor UML providesa standardandplatformindependent
way to describethebehavior of methodsandexecutableactionsin object-oriented
systemdesignprior to implementationallowing the developmentof highly auto-
matedandoptimizedcodegeneratorsfor UML CASEtools.Modeltransformation
systemsprovidevisualbut formalbackgroundto specifyarbitrarytransformations
in theModel Driven Architecture(the leadingtrendin softwareengineering).In
thecurrentpaper, wedescribeageneralencodingof modeltransformationsystems
asexecutableAction Semanticsexpressionsto provide a standardway for auto-
matically generatingthe implementationof formal (andprovenly correct)trans-
formationsby off-the-shelfMDA tools. In addition,we point out a weaknessin
theAction Semanticsstandardthatmustbeimprovedto achieve astand-aloneand
functionallycompleteactionspecificationlanguage.

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

1 Transformations in the Model Dri venAr chitecture

1.1 Towards the Model Dri venAr chitecture

Recently, themaintrendsin softwareengineeringhave beendominatedby theModel
Dri ven Ar chitecture (MDA) [17] vision of the ObjectManagementGroup(OMG).
According to MDA, software developmentwill be driven by a thoroughmodeling
phasewherefirst (i) a platformindependentmodel(PIM) of thebusinesslogic is con-
structedfrom which (ii) platformspecificmodels(PSMs)includingdetailsof theun-
derlyingsoftwarearchitecturearederivedby modeltransformationsfollowedby (iii)
anautomaticgenerationof thetargetapplicationcode.�

This work wassupportedby theHungarianInformationandCommunicationTechnologiesandAppli-
cationsGrant(IKTA 00065/2000),theHungarianNationalScientificFoundationGrant(OTKA 038027)and
theTimberHill Foundation
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The PIMs and PSMsare definedby meansof the Unified Modeling Language
(UML) [21], which hasbecomethedefactostandardvisualobject-orientedmodeling
languagein systemsengineering.Moreover, the recentinclusionof anactionspecifi-
cationlanguageto theUML standard(Action Semanticsfor UML [13,16]) seemsto
becomea breakthroughfor tool vendorsto develop highly automatedandoptimized
codegeneratorsfor UML CASE tools (suchas [11,19]) with an executableaction
specificationlanguage.

However, UML still lacks a preciseformal semantics,which hindersthe formal
verificationandvalidationof systemdesign. Moreover, several shortcomingsof the
languagehavebeenrevealedin domainspecificapplicationsaswell. To provideformal
semantics,UML modelsarefrequentlyprojectedinto variousmathematicaldomains
(Petri nets, transitionsystems,processalgebras,etc.), and the resultsof the formal
analysisareback–annotatedto theUML-basedsystemmodelto hidethemathematics
from designers[3,10,28].

1.2 Model Transformations in the MDA Envir onment

As the upcomingUML 2.0 standardaims at rearchitecturingUML into a family of
individual languagesbuilt arounda small kernel language,differentkinds of model
transformationswill play a centralrole for UML aswell as for the entireMDA ap-
proach.�

modeltransformationswithin a languageshouldcontrol thecorrectnessof con-
secutive refinementstepsduringtheevolution of thestaticstructureof a model,
or definea(rule-based)operationalsemanticsdirectlyon models;�
model transformationsbetweendifferent languages should provide precise
meansto project the semanticcontentof a diagraminto anotherone,which is
indispensablefor aconsistentglobalview of thesystemunderdesign;�
avisualUML diagram(i.e.,asentenceof a languagein theUML family) should
betransformedinto its (individually defined)semanticdomain,whichprocessis
calledmodelinterpretation.

The VIATRA model transformation system VIATRA (VIsual Automatedmodel
TRAnsformations[5, 28]) is a prototypetool that providesa generalandautomated
framework for specifying transformationsbetweenarbitrary modelsconforming to
theirmetamodel.

Themaincharacteristicsof VIATRA arethefollowing:�
The precisetheoreticalbackgroundof the transformationsis formalized by
meansof graphtransformationsystems[20].�
From visual model transformationrulesdefinedin a UML notation,VIATRA
automaticallygeneratesa Prologprogramfor theimplementation[25].�
Moreover, thesemanticcorrectnessof transformationscanbeprovenby model
checkingtechniques[26].
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Relatedwork Otherexisting modeltransformationapproachescanbegroupedinto
two maincategories:�

Relational(or bidirectional)approaches: theseapproachestypically declare a
relationshipbetweenobjects(andlinks) of thesourceandtargetlanguage.Such
aspecificationtypically baseduponeither(a)ametamodelwith OCL constraints
[1,2,14], (b) textualmappings[9], or (c) triple graphgrammars[22].�
Operational (or unidirectional)approachesthesetechniquesdescribethe 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 transformations[7,18].

Unfortunately, noneof theseapproachesprovideageneralsolutionfor modeltrans-
formationwhenevaluatedaccordingto their (i) expressive power, (ii) precisemath-
ematicalbackground,(iii) efficient implementationand (iv) relatednessto industrial
standard.�

For instance,relationalapproachesproviding bidirectionalitymight be conve-
nient for many simplepracticaltransformationsbut transformationswith delib-
eratelossof information(suchasabstractions)cannotbeexpressed.�
XSLT basedsolutionsdonothaveaprecisemathematicalbackground,moreover,
XSLT is very inefficientasa transformationlanguageif ourmodelsarenot trees
but complex graphstructures.�
Graphtransformation(andrewriting) basedapproachesfulfill requirements(i) –
(iii) but their conceptsarefar from the industrialstandardswhich hinderstheir
acceptancein theUML environment.

Problem statement In order to facilitate the widespreaduseof model transforma-
tionswith graphtransformationasthe formal background,we have to integratethem
into existingMDA standardsandtools. In otherwords,academictools(likeVIATRA)
areusefulfor theexperimentationandverificationof modeltransformations,but thefi-
nal (productquality) implementationshouldbeintegratedinto theMDA approach and
theUML standard asmuch aspossible.

Our contribution In thecurrentpaper, weaimattransformingmodeltransformation
systemsinto standardAction Semanticsdescriptionsto allow theautomaticgeneration
of transformationscriptsfor varioussoftwarearchitecturesby off-the-shelfUML tools.
As a result,our visualbut formal specificationtechnique[28] basedon metamodeling
andgraphtransformationmaybecomethefirst approachto fulfill all thefour require-
mentsof generalpurposemodeltransformationsin theMDA environment.

The structur eof the paper Therestof thepaperis structuredasfollows. Section2
providesabrief introductionto theconceptsandformaltreatmentof modeltransforma-
tion systemswhile Sec.3 givesandoverview of theUML Action Semanticsstandard.
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Then, in Sec.4, which is the key part of the paper, we describea generalencoding
of model transformationsystemsinto Action Semanticsexpressions.Finally, Sec.5
concludesour paper.

2 Formalizing Model Transformations

2.1 Modelsand metamodels

Theabstract syntaxof visualmodelinglanguagesis definedby a correspondingmeta-
modelin aUML notation(i.e.,asimplifiedclassdiagram),whichconformsto thebest
engineeringpracticesin visualspecificationtechniques.Models(definedin theform of
UML objectdiagrams)aresentencesof thoselanguages,thuseachwell-formedmodel
hasto conformto its metamodel.Typically, modelsandmetamodelsarerepresented
internallyastyped,attributedanddirectedgraphs.�

Onthemetamodel-level (or classlevel),classescanbemappedinto agraphnode
andall associationsareprojectedinto a graphedgein the type graph (denoted
as ��� ). Theinheritancehierarchyof metamodelscanbepreservedby anappro-
priatesubtypingrelationon nodes(andpossibly, on edges).Classattributesare
derived into graphattributeswherethe lattermay be treatedmathematicallyas
(possiblypartial)functionsfrom nodesto their domains.�
Onthemodellevel (or objectlevel), objectsandlinks betweenthemaremapped
into nodesandedges,respectively, in the model (instance)graph (denotedas�

). Eachnodeandedgein themodelgraphis relatedto a correspondinggraph
objectin thetypegraphby acorrespondingtypinghomomorphism[4].

A samplemetamodelanda simplemodelof finite automataaredepictedin Fig-
ure1.
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Figure1: A metamodelandmodelof finite automata

Example1 Accordingto themetamodel,awell–formedinstanceof afinite automaton
is composedof statesand transitions. A transitionis leadingbetweenits from state
andto state.The initial statesof theautomatonaremarkedwith init, theactive states
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aremarkedwith current, while the reachablestatesstartingfrom the initial statesare
modeledby reachableedges.

A sampleautomatona1 consistingof threestates(s1, s2, s3) andthreetransitions
betweenthemt1 (leadingbetweens1 ands2), t2 (leadingbetweens2 ands3), andt3
(leadingbetweens2 ands3) is alsodepicted.We cannoticethattheinitial stateof a1
is s1.

2.2 Model Transformation Systems

Thedynamicoperationalsemanticsof a modelinglanguageaswell astransformations
betweenmodelinlanguagescanbe formalizedby modeltransformation(transition)
systems(introducedin [28]), which is avariantof graphtransformationsystemswith a
predefinedsetof controlstructures.

A graph transformation rule is a 3-tuple 	�

������������������� ����	!�"�$# , where �%�"�
is the left-handsidegraph, 	!�"� is the right-handsidegraph,while �&�'� denotethe
(optional)negativeapplicationconditions.

The application of a rule to a modelgraph
�

(e.g.,a UML modelof the user)
rewritestheusermodelby replacingthepatterndefinedby ����� with thepatternof the	!�"� . This is performedby

1. findinga match of ����� in
�

(graphpatternmatching),

2. checking the negativeapplicationconditions ��� � which prohibit the presence
of certainnodesandedges(negativeapplicationconditionsaredenotedby graph
objectswith across),

3. removing a partof thegraph
�

thatcanbemappedto the ����� but not the 	!�"�
graph(yielding thecontext graph),

4. gluing 	!�"� andthecontext graphto obtainthederivedmodel
�)(

.

Theentiremodeltransformationprocessis definedby aninitial graphmanipulated
by a setof model transformationrules (micro steps)executedin a specificmodein
accordancewith thesemantics(macrosteps)of ahierarchicalcontrolflow graph.

A model transformation (transition) system
� �+*,�-��.�/10324��	5�7698!��# with re-

spectto (oneor more)typegraph��� is a triple, where .:/1032 definesthe initial graph,	 is a setof model transformation rules (bothcompatiblewith ��� ), and 698!� is a
setof acontrol flow graphsdefinedasfollows.�

Therearethreetypesof nodesof theCFG:Try , Forall , andLoop.�
Therearetwo typesof edges:succeedandfail .

Thecontrolflow graphis evaluatedby avirtual machinewhich traversesthegraph
accordingto theedgesandappliestherulesassociatedto eachnode.

1. WhenaTry nodeis reached,its associatedrule is tried to beexecuted.If therule
wasappliedsuccessfullythenthenext nodeis determinedby thesucceededge,
while in casetheexecutionfailed,the fail edgeis followed.
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2. At a Loop node,the associatedrule is appliedaslong aspossible(which may
causenon-terminationin themacrostep).Only a succeededgemayleadfrom a
Loopnode.

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

Note that this CFGmodelfollows thecontrol flow conceptsof theVIATRA tool.
However, the useof “as long aspossible”kind of control conditions(andadditional
negativeapplicationconditions)insteadof forall nodeswouldalmostdirectlyyield the
appropriatecontrolconditionsfor many existinggraphtransformationtools.

Example2 A pair of rulesdescribinghow thereachabilityproblemon finite automata
canbe formulatedby graphrewriting rulesis depictedin Figure2. Rule initR states
that all statesof the automatonmarked as initial are reachable(if the statehasnot
beenmarked previously). Rule reachR expressesthat if a reachablestate *<; of the
automatonis connectedby a transition �<; to sucha state *1= that is not reachableyet
then * = shouldalsobecomereachableasa resultof therule application.

Note that without the negative applicationcondition(the crossedreachableedge
in the left-handsideof the rule), the transformationmight generatemorethana sin-
gle reachableedgebetweenanautomatonanda state,which contradictsour intuitive
requirements.

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

A1:Automata

S2:StateT1:TransitionS1:State

states
transitions

states

tofrom

reachablereachableLHS A1:Automata

S2:StateT1:TransitionS1:State

states
transitions

states

tofrom

reachable reachableRHS
reachR

<<foralll>>
initR reachR

<<loop>>

Control flow graphA1:Automata

S1:State

initial

RHS

reachable

A1:Automata

S1:State

initial

LHS

reachable

initR

Figure2: Calculatingreachablestatesby graphtransformation

3 Action Semanticsfor UML: An Overview

TheAction Semanticsfor UML (AS) providesa standardizedandplatform(andim-
plementation)independentway to specifythebehavior of objectsin adistributedenvi-
ronment.Basically, theusercandescribethebodyof methodsandexecutableactions
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in an abstractlanguageprior to the implementationphaseby constructinga dataflow
likemodel.

Action specification An actionspecificationconsistsof thefollowing elements�
Pins: the input andoutput“ports” of anactionhaving a specifictypeandmul-
tiplicity (a pin may hold a collectionof valuesat a time if it is allowed by its
multiplicity),�
Variables: anauxiliarystorefor resultsof intermediatecomputations,�
Data flow: connectstheoutputpin of oneactionto theinputpin of anotherthus
providing animplicit orderingof actionexecution,�
Control flow: imposesanexplicit orderingconstraintfor actionpairshaving no
connectingdataflow,�
Actions: for objectmanipulation,memoryoperations,arithmetic,messagepass-
ing, etc.,�
Procedures: providesthepackagingof actionswith input andoutputpins,e.g.,
for methodbody.

Action execution Theexecutionof anactionhasthefollowingstagesin its life-cycle.�
Waiting. An actionexecutionmaybecreatedatany timeaftertheprocedureex-
ecutionfor its containingprocedureis created.On creation,anactionexecution
hasthestatuswaitingandno pin valuesareavailable.�
Ready. An actionexecutionwith statuswaiting becomesreadyon thecomple-
tion of the executionof all prerequisiteactions(that is all actionsthat are the
sourcesof dataflows or predecessorsof controlflows into theactionbecoming
ready). The valuesof the input pins of the target action executionare deter-
minedby the valuesof the outputpins from the prerequisiteactionexecutions
for actionsvia dataflows.�
Executing. Onceit is ready, an actionexecutioneventuallybegins executing
(theactionsemanticsdoesnotdeterminethespecifictimedelay(if any) between
becomingreadyandactuallyexecuting).�
Complete. Whenit hasfinishedexecution,the actionbecomescomplete.The
actionexecutionthenhaspin valuesfor all outputpins of the actioncomputed
accordingto specificsemanticsof differentactions.After theoutputvaluesfrom
a completedexecutionhave beencopied,thereis no longerany way for another
executionto accessthecompletedexecution.

Actions have no default orderings(like sequentialexecutionasin traditionalpro-
gramminglanguages);actionsthatarenot implicitly orderedby dataflow or explicitly
orderedby controlflow canbeexecutedeitherparallellyor in anarbitraryorder.
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Typesof actions Specificsemanticsof differentkind of actionscanbegroupedinto
the following main categories(only actionsrelevant for the encodingof Sec.4 are
enlisted).�

Computation actionsareprimitive actionsfor mathematicalfunctions(not de-
finedin thestandardin details)�
Compositeactions are recursive structuresthat permit complex actionsto be
composedof simpleronesproviding meansfor basiccontrolflow actions(e.g.,
LoopAction,ConditionalAction,GroupAction),�
Read and write actions access,navigate,and modify model-level constructs
(suchasobjects,links, attributeslots,andvariables)�
Collection actions (suchasFilterAction, MapAction,or IterateAction)applya
subactionto acollectionof elementsto avoid overspecificationof controlcaused
by explicit indexing andextractingof elements.

Syntax of actions The Action Semanticsstandardonly definesa metamodel(and
somewell-formednessconstraints)for the languagewithout any restrictionson con-
cretesyntax.In this respect,a well-formedactionexpressionitself is a rathercomplex
objectdiagram,whichis easyto processfor CASEtoolsbut extremelyhardto readand
write systemengineers.In fact, existing UML CASE tools with an integratedaction
specificationlanguagehavetheir own textualnotationsfor describingactions.

Therefore,theencodingof modeltransformationsystemswill bepresentedin the
sequelon two levels: (i) first, in an own, self-explanatorypseudoactionlanguageto
understandtheoverall ideaof theencoding(insteadof stickingto any specificexisting
dialectsof AS tools), (ii) and then in a standardizedway, by usingobjectdiagrams
(copingwith AS technicalities).

4 Action Semanticsfor Model Transformation Systems

In thissection,weprovideageneralway to encodemodeltransformationsystemsinto
Action Semantics(AS) descriptionsto provide a standardandplatform independent
way to implementtransformationsin theMDA environment.

Ourgenerationtechniquetakesthemetamodel(s),andamodeltransformationsys-
temasthe input, andgeneratesa setof actionsastheoutput. The resultsof thetrans-
formationsareobtainedafterwardsin theform of an object/collaborationdiagram.

A naturalcorrectnesscriteria of thegenerationprocesswouldbethattheexecution
of actionsaccordingto theAction Semanticsstandardshouldyield identicalresultwith
(at leastonetraceof) theformalgenerationprocessdrivenby themodeltransformation
systemitself startingfrom a giveninstancemodel.However, astheAS standardcom-
pletelylacksany formalsemantics,unfortunately, wecannotformally reasonaboutthe
correctnessof ourapproach.
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The overall idea basicallyfollows the graphpatternmatchingtechniquesimple-
mentedin the PROGRES[23] and FUJABA [15] tools in proceduraland object-
orientedlanguages.The encodingconsistsof the following main steps(which will
beintroducedin detailsas“Solutions” lateron in this section):�

implementinggraphpatternmatchingby local searchesin theusermodelbased
on collectionactionsandnavigationcapabilitiesof AS;�
checking non-existenceof certainobjectsand links prescribedby the negative
conditionsby auserdefinedfunction;�
addinganddeletinggraphobjectsby usingactionsfor objectandlink manipu-
lation;�
implementingrule application modesby variouscorrespondingcollection ac-
tions;�
simulatingthe executionof the control flow graph by conditionalactionsand
explicit controlflow restrictions.

Theencodingwill beintroducedon our runningexampleof thereachabilityprob-
lemof finite automata,which includesthehandlingof all majorproblems.

4.1 Encoding the control flow graph

The handlingof the control flow graphconsistsof modelingrule applicationsin a
certainmodeanddefiningthesequenceof consecutive transformationsteps.

Solution1 For eachrule appliedin loop or forall mode,a GroupActionis generated,
while a ConditionalActionis generatedfor a rule appliedin try mode.

Solution2 The sequenceof rule applicationsaredefinedby explicit ControlFlow re-
strictionssetuponthesequenceof correspondingruleactions.

As only succeededgesmay leadfrom loop andforall nodesof a CFGsuchrules
aremodeledby GroupActions,which is simplea collectionof subactions.However,
in caseof try rules,the CFG branchesdependingon the successof rule application,
thusthe correspondingactionof a try rule mustreturnwhethertheapplicationof the
rule wassuccessfulor not. After that, the compositeactionsof rulescanbe simple
connectedby ControlFlow objectsin accordancewith theCFG.

Example3 The control flow graphof our reachabilityexampleis depictedin the AS
notationin Fig. 3 statingthat the executionof GroupActioninitR shouldprecedethe
executionof reachR action.
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initialR�:
GroupAction

�:�ControlFlow reachableR�:
GroupAction

predecessor successor

forall( initialR); loop( reachableR)

Figure3: Controlflow restrictions

4.2 Action semanticsfor pattern matching

The implementationof a graphpatternmatchingalgorithmwithin Action Semantics
is the centralpart of the entireencoding. The main challengerelies in the fact that
graphtransformationtools are traditionally control-orientedwith global (constraint-
based)graphpatternmatchingalgorithmswhile Action Semanticsprovidea dataflow
basedspecificationtechniqueallowing only local navigationsfor patternmatchingal-
gorithms.

In addition,theencodingof patternmatchingdependsontheruleapplicationmode,
thus,thesamerulemayhavedifferentAS representationswhenappliedin differentap-
plicationmodes.Loopandtry modesarehandledalmostsimilarly (loopmodeis based
upontry mode,sincea rule is tried to beappliedonceaslong aspossibleandthenext
applicationdependson theapplicabilityof thecurrentone),andthey differ essentially
from the behavior of forall mode(whererule applicationsareexecutedparallelly for
eachmatching).

In the sequel,we discussthe encodingof a rule applied in forall modeon the
demonstrativeexampleof Algorithm 1 for initR, while thepseudoencodingof reachR
is shown in Algorithm 2 with detailedexplanationsgiven later in the currentsection.
(Note thatnodeidentifiersin rulescorrespondto variablesto easethe comparisonof
graphtransformationruleswith their pseudoAS representation.)

Algorithm 1 EncodinginitR in a pseudoactionspecificationlanguage
1: GroupActionAutomaton::initR()=
2: Variablea1, s1, S1;
3: a1 = ReadSelfAction();
4: if ReadIsClassifiedObjectAction(Automaton, a1) then
5: > S1? = ReadLinkAction(a1, initial) ;
6: for all s1 @�> S1? do > MapAction;parallelexecution?
7: if ReadIsClassifiedObjectAction(State, s1) then
8: if A testLink(a1, reachable, s1) then
9: CreateLinkAction(a1, reachable, s1);

10: end if
11: end if
12: end for
13: end if
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Starting point of pattern matching Thefirst step,which is to find thestartingpoint
for patternmatchingis, in fact,identicalfor all modes.

Solution3 The startingpoint of the patternmatchingis identifiedby the instancere-
trieved by a ReadSelfAction executedon an instanceof the model class(i.e., Au-
tomaton in ourexample)andstoredin a variable(seeLine 3 in Algorithm 1).

As for the AS representation,a dataflow is requiredto connectthe outputpin of
ReadSelfAction with theinputpin of AddVariableValueAction action.Wemustalso
specifythat thepreviousvaluestoredin thevariableshouldbeoverwrittenby setting
the isReplaceAll variableto true. Note thatmatchinginstancesof LHS graphnodes
will bestoredin AS variables(lateron aswell).

Example4 TheAS representationof Line 3 in Algorithm 1 is depictedin Fig. 4. We
expectto retrieveanAutomaton instancestoredin variablea1.

�:�ReadSelfAction �:�OutputPin �:�DataFlow

�:�InputPin�:�AddVariableValueActiona1�:�Variable

isReplaceAll�=�true

result source

destination
variable

value

a1 = ReadSelfAction()

Figure4: Startingpointof patternmatching

Type checking of objects Our next problemto be solved is to visit only type con-
formingobjectswhenmatchingpatterns.

Solution4 Whenannew objectis obtainedat any time duringpatternmatching(i.e.,
matchedto a correspondingnodein the graphtransformationrule), we immediately
testwhetherit hasa conformingtype(conformantto thetypeof thegraphnode).See
Lines4 and7 in Algorithm 1 asexamples.

This testingis performedby a ConditionalAction with a testclauseconsistingof
a singleReadIsClassifiedObjectAction. The testactionReadIsClassifiedObjec-
tAction (checkingwhetheran objectis an instanceof a certainclass)hasto returna
booleanvalueon its outputpin, which servesasthe testoutputfor the testclausein
the meanwhile. If value retrieved by the test subactionof a clauseis true then the
bodyactionof theclausecanbeexecuted(which consistsof furtheractionsof pattern
matchingin ourcase).
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Example5 TheAS representationof Line 7 in Algorithm 1 is depictedin Fig. 5. We
checkwhetherthe valuestoredin variables1 is an instanceof the classAutomaton.
Naturally, we first have to get this valuefrom thevariableby a ReadVariableAction
connectedto theinputpin of ReadIsClassifiedObjectAction by adataflow.

if�:�ConditionalAction

then�:�Clause

clause

�:�ReadIsClassifiedObjectAction

�:�OutputPin

testOutput
result

s1�:
Variable

State�:
Class

�:
ReadVariableAction

�:�OutputPin

�:�InputPin

�:
DataFlow

destination

source

input classifier

resultvariable

if ReadIsClassifiedObjectAction(s1, State) then ...

test

...�:�Action

body

Figure5: Checkingtypesof objects

Navigating links The coreoperationof graphpatternmatchingin a UML environ-
mentis thenavigationof links.

Solution5 Whena certainobjectis matched,the neighborsof the object(connected
by links correspondingto theedgetypesin thegraphtransformationrule)areobtained
by navigatinglinks (Line 5 in Algorithm 1). This navigationresultsin a singleobject
or acollectionof objectsstoredin a variable.

A navigationof a link in AS (by applyingReadLinkAction) meansthat�
theexactly oneendobject(calledthesourceobject)of a link is alreadyknown
(i.e., at mostoneLinkEndData may have an associatedsinglevalueon its in-
put pin), while the target endof the link shouldbe unknown yet (naturally, an
associationcanbenavigatedin bothdirectionsif allowedby themetamodel);�
thelink shouldcorrespondto acertainassociation(alsodefinedby theLinkEnd-
Data);�
asa resultof the navigation a singleobjector a setof objectsis retrieved(de-
pendingon multiplicities of the associationandthe topologyof interconnected
objects),andstoredin a variable.

Example6 TheAS representationof Line 5 in Algorithm 1 is depictedin Fig. 6. We
readthevalueof variablea1 into theinput pin of oneLinkEndData correspondingto
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Figure6: Navigatinglinks

anassociationendof theinitial association.WhentheReadLinkAction is executedthe
resultis written into variableS1(variableswith a capitalinitial will storea collection
of objectsin thesequel).

Rule application modespecificprocessingof collections Theprocessingof collec-
tionsobtainedfrom navigatinglinks dependson rule applicationmodes.

Solution6 Whenprocessinga collectionfor thepatternmatchingof a rule appliedin
forall mode(seeLine 6 in Algorithm 1), eachelementin the collectionmustbe pro-
cessedindependentlyfrom eachother, thussubsequentactionsin thepatternmatching
processshouldbeappliedfor eachof them.For this reason,a MapAction is required
in AS.

Solution7 Whenprocessinga collectionfor thepatternmatchingof a rule appliedin
try or loopmode(seeLines9,12and15in Algorithm 2),eachelementin thecollection
mustbeprocessedsequentially(thusan IterationAction is requiredin AS); however,
thenext elementin thecollectionneedsto beprocessedonly if no completematching
hasbeenfoundsuccessfullysofar (first booleanconditionin Lines10,13 and16).

Solution8 In both cases,the currentelementof the collection (correspondingto a
matchingof a certainnodein the LHS of the rule) is storedin a variable. If the col-
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Algorithm 2 EncodingreachR in apseudoactionspecificationlanguage
1: GroupActionAutomaton::reachR()=
2: VariableisApplicable, a1, s1, S1, s2, S2, t1, T1;
3: AddVariableValueAction(isApplicable,T);
4: while isApplicabledo > LoopAction?
5: AddVariableValueAction(isApplicable,F);
6: a1 = ReadSelfAction();
7: if ReadIsClassifiedObjectAction(Automaton, a1) then
8: > S1? = ReadLinkAction(a1,reachable);
9: for all s1 @�> S1? do > IterateAction,sequentialexecution?

10: if A isApplicable � ReadIsClassifiedObjectAction(State, s1) �
testLink(a1,states, s1) then

11: > T1? = ReadLinkAction(s1,source);
12: for all t1 @&> T1? do > IterateAction;sequentialexecution?
13: if A isApplicable � ReadIsClassifiedObjectAction(Transition, t1) �

testLink(a1,transitions, t1) then
14: > S2? = ReadLinkAction(t1,target);
15: for all s2 @�> S2? do > IterateAction;sequentialexecution?
16: if A isApplicable � ReadIsClassifiedObjectAction(State, s2) �

testLink(a1,state, s2) then
17: if A (testLink(a1,reachable, s2)) then > Neg. condition?
18: AddVariableValueAction(isApplicable,T);
19: CreateLinkAction(a1,reachable, s2);
20: end if
21: end if
22: end for
23: end if
24: end for
25: end if
26: end for
27: end if
28: endwhile

14
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lectionis emptythennoneof thesubactionsareexecutedthusthis instantiationcanbe
omitted.

 �¡£¢�¤ ¥h¢�¤ ¦r§ ¨
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Figure7: Implementingapplicationmodes(forall)

Example7 In theAS representation(seeFig.7 for Line 6 in Algorithm 1),wefirst read
thecollectionvariable(ReadVariableAction) S1into theinputpin of MapAction with
a furtherconstraintstatingthevaluecontainedby thesubinput (output)pin shouldbe
storedin thevariables1(AddVariableValueAction).

A weaknessin the standard: Testingthe existenceof links At thecurrentpoint,we
give explanationfor Line 8 in Algorithm 1, which will demonstratea majorweakness
in theAS standard.

Whenall thenodesof theLHS areinstantiatedby objects,we we have to testthe
existenceof links betweentheseobjectsprescribedby edgesin theLHS thathave not
visitedby navigation(or thenon-existenceof links in caseof negativeconditions).For
efficiency reasons,suchtestsshouldbeperformedassoonaspossible.

Example8 For instance,in Line 8 of Algorithm 1,wecheckthenegativeconditionthat
theremustnot beany existing reachable link betweentheautomatonobjectstoredin
variablea1 andthe initial stateobjectstoredin s1 by executingthe booleanfunction
testLink(a1, reachable, s1).

Problem1 Theexistenceof a link of a certaintype relatingtwo givenobjectscannot
betestedwithin AS.

FunctiontestLink canbeusedin UML modelswith AS expressions,but it, cannot
be implementedby predefinedactionsof AS sincea userfunction can be declared
(with a signaturespecification)within AS asanaction,but they cannotbedefined(no
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specificationof semantics).Typically, thisactionis implementedin everyUML CASE
tool with anactionspecificationlanguage;however, it is notpartof thestandard,which
is veryunfortunate.

Solution9 Thus, the standardshouldbe extendedwith a TestLinkAction with two
LinkEndData (both requiredto storeanassociatedobjecton its input pin) asstoring
theinputanda booleanvaluedoutputpin.

Withoutsuchanextensionto thestandard,theimplementationof theexternalmath-
ematicalfunctiona testLink will beCASEtool dependentanddoesnot fit well to the
generalityof our approach.

4.3 Manipulating links and objects

Finally, aftera successfulpatternmatchingphase,objectsandlinks areto bemanipu-
latedaccordingto thedifferenceof theLHS andtheRHSof a rule.

Solution10 Whenevera transformationruleprescribes�
theadditionof an object, a CreateObjectAction is executedandthecreatedobjectis
storedin anew variable.�
the deletionof an object, a DestroyObjectAction is executedon an objectretrieved
from thecorrespondingvariable.�
theadditionof a link, aCreateLinkAction is executedto createa link of acertaintype
betweentheobjectsreadfrom thecorrespondingvariables.�
the deletionof a link, a DestroyLinkAction is executedto destroy a link of a certain
typebetweentheobjectsreadfrom thecorrespondingvariables.

Example9 TheAS encodingof link creationin Line 9 of Algorithm 1, andanimagi-
natorycreationof aState objectis demonstratedin Fig. 8.�
Whena new State objectis created(upperpartof Fig. 8) by CreateObjectAction it
is directly passedto AddVariableAction by a dataflow connectionto storethe new
objectin variables1.�
Whena reachable link is createdbetweenobjectsa1 (of typeAutomaton) ands1(of
typeState), aCreateLinkAction is executedwherevaluesof bothLinkEndCreation-
Data arespecifiedby dataflowsfrom thecorrespondingReadVariableActions, while
the endsof both LinkEndCreationData aredefinedby the relatedassociationin the
metamodel.
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Figure8: Creatingobjectsandlinks

5 Conclusions

In thepaper, wepresentedamethodto automaticallyimplementmodeltransformations
specifiedonaveryhighabstractionlevel by metamodelingtechniquesandgraphtrans-
formationrulesby mappingtheminto UML Action Semanticsexpressions.Themain
advantageof ourapproachis thatvisualbut mathematicallyprecisemodeltransforma-
tionscanbedirectlyencodedin thestandard actionspecificationlanguageof theMDA
(andUML) environmentthusproviding a smoothintegrationof formal specifications
andindustrialstandards.The entireencodingwasdemonstratedon a small example
(reachabilityanalysisof finite automata)which wasstill rich enoughto cover all the
basicrulesof our encoding.

Our approachconceptuallyfollowedthegraphpatternmatchingalgorithmsof the
PROGRES[23] and(especially)FUJABA [15] systems.Insteadof global,constraint
satisfactionbasedsearches(suchas[12]), thematchingpatternis searchedlocally by
navigatingthroughlinks betweenobjects.Meanwhile,from astrict theoreticalpointof
view, globalstrategiescanbemoreefficient thanlocal searches,practicalexperiences
in the previous graphtransformationsystemsdemonstratedthat patternmatchingby
navigationis veryefficient in mostpracticalcases,moreover it fits betterto theobject-
orientednatureof UML andAS.

Duringourencoding,wealsodiscoveredaweaknessin theAction Semantics(test-
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ing the existenceof links of a certaintypebetweentwo objects)standardthat should
befixedin orderto obtaina fully functionalnavigationlanguagefor actions.
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[18] M. Peltier, J. Bézivina, and G. Guillaume. MTRANS: A generalframework,
basedon XSLT, for modeltransformations.In J.Whittle et al. (eds.),Workshop
onTransformationsin UML, pp.93–97.2001.

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

[20] G. Rozenberg (ed.). Handbookof Graph Grammars and Computingby Graph
Transformations:Foundations. World Scientific,1997.

[21] J.Rumbaugh,I. Jacobson,andG. Booch. TheUnifiedModelingLanguage Ref-
erenceManual. Addison-Wesley, 1999.
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