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Abstract

Designand implementationof model transformationsis one
key prerequisitefor thevisionof modeldrivendevelopmentto be-
cometrue. However, model transformationsare quite different
fromothersoftware artifactssincea modeltransformationdesign
typicallyconsistsof a setof transformationrulesinsteadof object-
orientedmodelssuch as classdiagramsand statecharts. There-
fore traditional software engineeringapproachesare not directly
applicablefor thedevelopmentof modeltransformations.Never-
theless,in theline of existingsoftwareengineeringpractice, model
transformationsmustbedevelopedin a systematicwayin order to
ensure their quality. In thispaper, wepresenta systematicmethod
for designingmodeltransformations,basedon a casestudyex-
perience. In our approach, thedeveloperinitially produceshigh-
leveltransformationrulesandthenrefinestheseto acompletelow-
level transformationdesignaccording to detailedguidelines.Fol-
lowingour methodallowssystematicanditerativedevelopmentof
modeltransformations,resultingin quality implementations.

1. Intr oduction

Theobjective of theModel DrivenArchitecture(MDA) initia-
tive[1] is to makedevelopmentof largeandcomplex softwaresys-
temsmoreefficient. This objective is achieved throughincreased
useof modellingduringall softwaredevelopmentactivities. One
importantaspectof MDA is thewidespreaduseof modeltransfor-
mationsbetweenmodelsconstructedduringsystemdevelopment.

Existing examplesof modeltransformationsincluderefactor-
ing [23, 25], transformingbusinessprocessmodelsinto Business
ProcessExecutionLanguage(BPEL) [10] andestablishingcon-
sistency of Unified ModelingLanguage(UML) modelsby trans-

forming theminto a formal language[9]. Currently, a greatdeal
of researchis focusedon theexpressionof modeltransformation
designsandappropriatetool supportfor modeltransformationde-
velopers.This hasled to theQuery/Views/Transformation(QVT)
proposalby the ObjectManagementGroup(OMG) [21], which
aimsto provide a standardizedframework for modeltransforma-
tion development.

Many existing model transformationapproachesfavor that
transformationsarecapturedin arule-basedwayby a setof trans-
formation rules (see VIATRA [5], GReAT [13], UMLX [26],
BOTL [4] andwork by Milicev [17]). Although the actualform
of rulesandrule applicationvaries,thegeneralideais thata rule
consistingof a left sideandright sidedescribeshow a model is
supposedto betransformed.The left sideis to bematchedin the
sourcemodelandthenthispartis replacedby theright sideof the
rule. Definingrulesandin whichorderthey shouldbeappliedcan
beconsideredasdesigningamodeltransformations.

In practice, software developersneedmore than a notation
and tool supportfor capturingmodel transformationdesigns.A
systematicprocessguiding the developerfrom the initial phases
of modeltransformationdevelopmentall the way throughto im-
plementationis required. Traditional software engineeringap-
proachesarenot directly applicable,becausemodel transforma-
tionsdiffer significantlyfrom othersoftwareartifacts.While con-
ventionalsoftwaredesignsusuallycomprisesclassandbehavioral
diagrams,amodeltransformationdesigntypically consistsof aset
of transformationrules.Theprimarychallengefor thedeveloperis
concernedwith how to systematicallydesigntransformationrules,
ensuringtheir completenessand correctness.Completenessen-
suresthatall valid inputmodelsareconsideredby thetransforma-
tion. Correctnessincludessyntacticcorrectnessof thetransformed
modelsandalsothe preservation of semanticpropertiesduringa
transformation.Further, systematictestingof the final transfor-
mationimplementationis alsorequired.However, despitethede-
mandfor softwareengineeringapproachestailoredto thedevelop-
mentof modeltransformations,almostno researchwork hasbeen
reportedin this area.

In this paper, we presenta solution to the systematicdesign
of model transformations. We distinguishbetweenhigh-level,
low-level designanddesignvalidationof modeltransformations.
Within high-level design,themain ingredientsof the transforma-
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tion rulesarecapturedinformally anddifferentcasesfor eachrule
arediscovered.Thesecasesaredividedinto supportedandunsup-
portedcases.In low-level design,thesupportedcasesaregrouped
to low-level designruleswhich aresubsequentlyexpressedin a
modeltransformationlanguage.Designvalidationfocusesonval-
idation of syntacticandsemanticcorrectnessof the modeltrans-
formation developed. The evaluationof our approachhasbeen
doneusing a significantmodel transformationthat removes un-
structuredcyclesfrom businessprocessmodelsasa casestudy.

Thepaperis organizedasfollows. First,webriefly describethe
casestudythatweusefor illustratingourtechnique.Then,wepro-
vide anoverview of thedevelopmentprocessfor modeltransfor-
mations.Thereafterweelaboratebothonhigh-level andlow-level
designof modeltransformations.

2. CaseStudy: Transforming BusinessPro-
cessModels

Businessprocessesare usually representedwith graphical
modelsusingnotationssuchasUML 2.0 activity diagrams[20].
Figure1 shows a simpleexampleof a businessprocess.Thebusi-
nessprocessshowssimpleactionnodes����� , astructuredactiv-
ity node(SAN) � containingactions� and 	 . Further, thepro-
cesscontainstheusualstartandendnodes,fork, join anddecision
nodes.Nodeswithin abusinessprocessareconnectedbyedgesvia
pins,which areorganizedinto pin sets(alsoknown asparameter
sets).This businessprocessalsomakesuseof advancedfeatures
of UML activity diagramssuchasa broadcasting,shown with the
broadcastingnodesendinga Cycle endedsignal and the corre-
spondingaccepteventnodelabelledwith ReceiveCycleended.
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Figure 1. Example of a business process
Thesemanticsof activity diagramsis basedon tokenflow, the

basicideaof which is that an actionreceivestokenson its input
pins and it startsto executeonceall the pins in a pin set have
tokensavailable. During the executionof an action, the tokens
from the completeinput pin setare removed, an instanceof the
actionis createdandexecuted,after which the resultsareplaced
on thepinsof oneof theoutputpin sets.Tokensarethenreleased
to theedgesconnectedto thatoutputpin setandtheflow continues
throughthe rest of the processin this manner. In the example
shown in Figure1, the businessprocessbegins executionat the
startnodethat releasesa token to action � . An instanceof this
actionis created,executedandthenreleasestwo tokensto its two
outputpins.Afterwards,bothaninstanceof action4 andSAN �
areexecuted.Executionof theSAN leadsto creationof instances
of � and 	 . After executionof the SAN � , a cycle may take
placedependingonevaluationof thedecisioncondition.Oncethe
cycle hasended,a broadcastactionsendsa Cycleendedsignalto

theotherpartsof thebusinessprocess.After receiptof this signal
at the acceptevent node,the token flow is passedto the action
node � . Action � hasthespecialfeaturethat it hasa streaming
outputpin, i.e. tokensarereleasedalreadywhile it is executing.
The businessprocessterminatesoncea token reachesthe global
terminationnode.

If businessprocessesareto be deployed, their designmodels
have to betransformedinto anexecutablespecificationin a nota-
tion suchasBPEL [18]. Edgesin activity diagramscanbeusedto
createso-calledunstructuredcyclesor arbitraryjumpsof control
flow, suchasin theexample.However, BPELonly supportsstruc-
turedflow constructssuchaswhile-loops. As a solution to this
problem,amodeltransformationremoving all unstructuredcycles
from activity diagramsneedsto beperformedbeforeaBPELspec-
ification can be generated.For the basisof this transformation,
a traditionalcompiler theorytechniqueof T1-T2analysiscanbe
adaptedto suchnormalizationof activity diagrams[14].

Originally, T1-T2 analysiswas introducedin order to detect
whethera directedgraphis reducible[11]. It is basedon two re-
ductionrules[2]:

T1: If 5 is a nodewith a loop, i.e. thereexistsanedge57685 ,
deletethatedge.

T2: If thereis a node5 that is not the initial nodeandthathasa
uniquepredecessor9 , then 9 mayconsume5 by deleting5 andmakingall successorsof 5 (including 9 , possibly)be
successorsof 9 .

Theserulescanbeappliedin any orderuntil theso-called“limit
flow graph”hasbeenreachedandnoneof therulesareapplicable
anymore. If the limit graphconsistsof a singlenode,theoriginal
graphis reducible,andotherwisethegraphis irreducible.

Thetaskof developingtherequiredcycle-removal transforma-
tion is to make theT1-T2analysisapplicableto activity diagrams.
This meansthat the ruleshave to be adaptedto preserve the be-
havior capturedin the activity diagramandmustbe describedin
termsof thesyntaxof activity diagrams,definedby themetamodel
shown in Figure2. NotethatthisfigureshowsaUML activity dia-
gramsmetamodelthatwasabridgedandadaptedfor ourpurposes.
The most essentialelementsof activity diagramsareActivityN-
odes andActivityEdges that connectthenodes.We distinguish
betweenthreedifferent typesof ActivityNodes, ControlNodes,
Actions andPins. Actions areeithersimplesuchasCallAction
or structuredactionscalledSANs. A BroadcastAction andan
AcceptAction can be usedto broadcastand receive signals,re-
spectively. Pins areconnectionpointsfor ActivityEdges andare
groupedinto PinSets (insteadof ParameterSets asin theorigi-
nalmetamodel).

Theabstractsyntaxof activity diagramsdescribedby themeta-
modelis further restrictedby meansof constraints.For example,
sourceandtargetActivityNodes of anActivityEdge mustbecon-
tainedin thesameSAN astheedge.A givenmodelis syntactically
correctonly if it conformsto themetamodelandsatisfiesall these
constraints.
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Figure 2. An abridg ed metamodel for activity
diagrams

3. DevelopmentProcessOverview

In this section,we first definethe requirementsfor a devel-
opmentprocessfor model transformationsand then provide an
overview of this process.We assumethata modeltransformation
designconsistsof asetof transformationrules.

Requirementsfor a developmentprocessfor model transfor-
mationscan be derived from existing requirementsfor software
processes[7]. Without going into detail, theprocessshouldhave
clearly definedphaseswith clearly definedoutputsandit should
allow for incrementalanditerativedevelopment.Anothersetof re-
quirementsarisesfrom theartifactsthatareto beproducedby the
model transformationdevelopmentprocess.Theserequirements
includethatacompleteandcorrecttransformationimplementation
shouldbe produced,satisfyingthe initial transformationrequire-
ments.

Similar to foundationalideasfrom softwareengineering[22],
the developmentprocessfor model transformationrules can be
split into thephasesof requirementsanalysis,design,implemen-
tationandtestingasshown in Figure3.

Requirementsanalysisis neededto derivethekey requirements
for a modeltransformation.Suchrequirementsincludethesource
andtarget languageof themodeltransformation.We suggestthat
requirementsarecapturedinformally. Using the requirements,a
high-level designconsistingof transformationrules is createdas
the first step of the designphase. Each transformationrule is
modelledsemi-formallyusingdiagramsin theconcretesyntaxof
the transformedmodels. At this stage,transformationrules do
not explicitly considerall the possiblearrangementsof elements
in the sourcemodel but rather focus on the main idea of each
rule, abstractingfrom its details. Thereafter, eachhigh-level rule
is refinedto producedetailedtransformationrulesin the abstract
syntaxbasedon themetamodelsof theunderlyingmodelinglan-
guages.Suchlow-level rulescaptureeachpossiblescenariothat
thetransformationis meantto handle.Syntacticandsemanticval-
idationof designrulesis necessarybeforethey areimplemented.
Validatedrulescanbeeitherusedasabasisfor manualimplemen-
tation or automatedgenerationof transformationcode. Testing
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Figure 3. Process for model transf ormation
development

thegeneratedor manuallyimplementedtransformationcodeis re-
quiredto ensurethat it meetstheoriginal requirements.Notethat
lateractivities mayrequirethereiterationof earlieractivities,e.g.
syntacticvalidationmayrequirechangesin thelow-level design.

In comparisonwith traditionalobject-orientedsoftwaredevel-
opment,the developmentprocessfor model transformationshas
specific characteristics. This is especiallytrue for the design
phasesof development,wherea designfor a model transforma-
tion consistsof transformationrules rather than object-oriented
diagrams.On the contraryto the existing designprocessessuch
astheRationalUnified Process[12] thatelaborateon how to for
examplederive statechartsfrom sequencediagrams,a methodis
neededwhich allows for systematicandcompletedesignof trans-
formation rules. Further, testingof a model transformationhas
similaritieswith compilertesting[3], becauseamodeltransforma-
tion consistingof transformationrulesmustfulfill similar require-
ments. It shouldtransformall valid input modelsto valid output
modelsasa compilershouldtransformall valid programsinto a
machine-readableform. On theotherhand,requirementsanalysis
seemsto beconsiderablysimplerthanfor traditionalsoftwaresys-
tems.Requirementsfor a transformationalwaysincludethesame
type of informationsuchasthe sourceandtarget modellinglan-
guages,goalsof the transformationandtechnologychoiceswith
respectto technologyto beusedfor implementation.

We next concentrateon the designactivities for modeltrans-
formations,usingour casestudy for illustrative purposes.Note
thatouroveralldesignprocessis notrestrictedto aspecifictypeof
modeltransformation.However, the detaileddescriptionof high
andlow-level designassumesanupdatingunidirectionaltransfor-
mation[6].

Weassumethatduringrequirementsanalysisfor thecasestudy
transformationthe following requirementshave beenidentified.
The model transformationshouldusethe conceptsof the T1-T2
analysisto transformactivity diagramswith unstructuredcycles
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into equivalentactivity diagramswithout unstructuredcycles. In
the following, we will concentrateon the designof T2 reduction
rule, leadingto anumberof transformationrules.

4. High-level Design

The high-level designof a modeltransformationaimsat pro-
ducinga semi-formaldescriptionof a transformation,abstracting
from its detailssuchasall possiblecasesto be supported.More
specifically, thehigh-level designof a modeltransformationpro-
videsapartially incompletedescriptionandis notexecutable.The
main objective of this activity is to capturethe fundamentalsof
thetransformationgraphicallyto produceadescriptionthatcanbe
usedfor discussionsamongthedevelopers.

A model transformationwithin high-level designis specified
with a setof transformationrules ìîí ï 6ñð , eachconsistingof
a left andright sidesandinformally specifiedapplicationcondi-
tions. Theleft side

ï
andright side ð show subsetsof thesource

and target modelsfor the transformationrespectively. Concrete
syntaxof the underlyingmodelling languagesis used,depicting
how a part of the sourcemodel resemblingthe left side

ï
is re-

placedby thepartof the modeldescribedby ð . Theapplication
conditionsareusedto specifyany restrictionson therule applica-
tion.
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Figure 4. High-le vel transf ormation rule ì)(

In Figure4, oneof therulesfor thehigh-level designof theT2
transformationis shown. Theleft andright sidesaredrawn using
concretesyntaxof activity diagrams,omitting certainsyntactical
details. For example,this rule abstractsfrom the detailssuchas
thenumberof pinsin a pin set.Nevertheless,themainideaof the
transformationrule is captured:if theonly predecessorof a node
Y is X, thenthesetwo nodesareplacedinto a new SAN during
thetransformation.

Identification of all the possiblecasesthat a transformation
needsto handlecanbe facilitatedwith establishingfeaturesof a
high-level transformationrule. Eachfeatureessentiallygroupsre-
latedcasesthatarisefrom differentarrangementof elementsin

ï
and ð . For instance,onefeatureof therule ì ( is “Node Types”,
whichacknowledgesthatnodesX andY canbeinstancesof differ-
enttypesof modelelements.Anotherfeature,“Pin SetStructures”
assistsus in establishingdifferentcasesof pin setstructuresused
in
ï

. For example,simpleandoverlappingpin setsmay needto
behandleddifferentlyby thetransformation.

Featuresof a transformationrulecanbedetectedby examining
the modelling languageof the transformedmodels. We propose
thatby constructingdifferentpossibleinstantiationsof therule,the
distinguishingfeaturescanbeidentified.Oncea featureis identi-

X * Y SAN Call Broad Acpt Init Decis Fork Join Final

SAN + + + + n/a + n/s n/a n/s

Call + + + + n/a + n/s n/a n/s

Broad + + + + n/a + n/s n/a n/s

Accpt + + + + n/a + n/s n/a n/s

Init n/s n/s n/s n/s n/a n/s n/s n/a n/s

Decis + + + + n/a + n/s n/a n/s

Fork n/s n/s n/s n/s n/a n/s n/s n/a n/s

Join n/s n/s n/s n/s n/a n/s n/s n/a n/s

Final n/a n/a n/a n/a n/a n/a n/a n/a n/a

Figure 5. Diff erent cases of the feature “Node
Types” for the rule ì (

fied,differentcasesfor thatfeatureareestablished.For eachsuch
feature case, it must be decidedwhetheror not the transforma-
tion rule shouldsupportit. Initially, unsupportedcasesmayarise
from therequirementsfor thetransformation,but duringdevelop-
mentthis setmaybeexpanded.Further, non-applicablecasesthat
areprohibitedby theunderlyingmodellinglanguagemustalsobe
identified. Unsupportedandnon-applicablecasesform thesetof
negativecases.

We now discussseveralexamplesof featuresandtheir respec-
tive casesfor the rule ì)( . We start with the featureof “Node
Types”. Thedifferentfeaturecasesareshown in Figure5. Com-
binationsmarked with a black squarerepresentsupportedcases,
“n/s” and“n/a” indicateunsupportedandnon-applicablecasesre-
spectively. Notethatin thefirst iterationof ourdesignprocesswe
donotsupportForkNodesandJoinNodes.

In addition,we investigatethefeatureof “Pin SetStructures”.
Here,the differentcasesof overlapping,disjoint, concurrentand
streamingpinsetsareidentified,asillustratedin Figure6.

, - . / 0 1

2 3 45 6 7 8 9 : ;
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Figure 6. Diff erent cases of the feature “Pin
Set Structures”

Frequently, casesfrom differentfeaturesoccursimultaneously
in a given sourcemodel and sometimessuchscenariosneedto
be handleddifferently by the transformation.As a consequence,
consideringfeaturesin isolation is not sufficient for a complete
transformationdesignand feature interaction 1 alsoneedsto be
handled.Examiningfeatureinteractioncanbeassistedby instan-
tiating thehigh-level designrules. Figure7 depictsseveral cases

1similar to featureinteraction[27] known in telecommunications
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wherethe features“Node Types” and“Pin SetStructures”inter-
act.Figure7 (a)-(d)show differentinstantiationsof theleft sideof
ì)( for differentnodetypesof X. In (e)-(h) the instantiationwith
X asaCallAction is mixedwith thedifferentcasesof the“Pin Set
Structure”feature.
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Figure 7. Feature interaction examples

Fromall thedifferentcasesof the left sidesuchasthoseillus-
tratedin Figure7, we needto checkwhetheror not they should
betransformedasspecifiedby themainhigh-level rule ì)( . When
applying ì ( to differentfeatureinteractioncases,we realizethat
somecasesmustbe transformeddifferently. For example,with
regardsto Figure7 (b) the CallAction shouldbe moved into the
existingSAN insteadof creatinganew SAN, in ordernot to intro-
duceunnecessaryhierarchy. Repeatingthis refinementprocessfor
otherfeatureinteractioncasesleadsto refinementsof ì ( , which
areshown in Figure8 (shown herein instantiatedform for thefea-
ture“Node Types”).

The result of this refinementprocesswill be that all feature
interactioncasesareassignedto a high-level rule or they arecat-
egorizedasunsupportedor non-applicable.It is importantto re-
alizethata correctimplementationultimatelyhasto dealwith all
the possiblefeatureinteractioncasesby eithertransformingit or
producingsuitableerrormessages.

Thecomplexity inducedby thenumberof casesto beconsid-
eredcanbedealtwith asfollows. A numberof featureinteraction
casesgroupedby the samecasein onemain feature,suchasall
featureinteractioncaseswhereX andY areCallActions, canbe
assignedto thesamehigh-level rule without consideringeachin-
dividual case.This reducesthecasesto beconsideredin isolation
but canalsoleadto errorsif a particularfeatureinteractioncase
mustbe treateddifferently, thento be fixed during low-level de-
sign. Nevertheless,our approachsupportsthe softwareengineer
in systematicidentificationof all possiblecases,a prerequisitefor
constructinga correctandcompleteimplementation.
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Figure 8. High level rules

5. Low-level Design

High-level designtransformationrules needto be refinedto
createamoredetailedtransformationspecification.Oneshouldbe
ableto generatetransformationcodefrom suchalow-level specifi-
cationor useit asa basisfor manualimplementation.This means
that the high-level transformationrulesneedto be refinedinto a
completeandunambiguousdescriptionof thetransformation.We
next describea notationsuitableto capturea transformationat
low-level.

5.1 A Transformation Language for Low-Level
Design

Several languagesfor specificationof transformationrules
havealreadybeenproposed,includingVIATRA [5], GReAT [13],
UMLX [26], BOTL [4] andwork byMilicev [17]. All of thempro-
poselanguagesthat describetransformationsat the abstractsyn-
tax or metamodellevel. This allows for genericapplicationof a
transformationlanguage,as in this way it is not dependanton a
concretesyntaxof any modelingnotation. Additionally, an ab-
stractsyntaxdescriptionis muchcloserto a final transformation
implementationthatdealswith internalmodelrepresentations.In
thefollowing,weinformally describeourtransformationlanguage
that reusesideasfrom variousapproachesbut addssomefeatures
thatprove beneficialfor low-level design.Note that the focusof
thispaperis not to defineyetanothertransformationlanguage,but
lieson thedesignprocessfor modeltransformations.

Similarly to high-level design,a low-level transformationrule
in our languageconsistsof left and right sides. Both sidesof
a rule are composedof graphicalpatternsthat can be matched
againstagivensourcemodelandusedto indicateatransformation
update. The graphicalnotationusedfor thesepatternsis based
on UML object diagrams, where objects representdistinct in-
stancesof classesfrom theunderlyingmetamodel.Duringpattern-
matching,objectsarematchedby typeandattributevalues,while
associationsare matchedby role names. On the left side of a
rule,patternsareusedto show whatelementsandrelations“must
occur” in a sourcemodel in order for the rule to be applicable.
Furthermore,negative casesarealsocapturedusingleft sidepat-
terns,they arethencalledantipatterns. Theseantipatternsdescribe
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structuresthat“mustnotexist”. On theright side,updatepatterns
show how thetargetmodelrelatesto thesourcemodelby indicat-
ing theelementsthatareremovedfrom or insertedinto thesource
modelwhenapplyinga transformationrule.

Figure9 containsa simpleexampleof a transformationrule,
which demonstratesall the main conceptsof our transformation
language.Thedepictedrule ì canbeusedto remove every Out-
putPin in asourcemodel,whichbelongsto morethanonePinSet
andis not connectedto anActivityEdge.
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Figure 9. An example of a low-level transf or-
mation rule

As canbe seenfrom the diagram,both left andright sidesof
a rule comprisea collectionof uniquelynamedpatterns.Thebox
at the top of the diagramgives the textual rule definition, which
containsreferencesto thepatterndiagramsshown below. Names
of antipatternsaremarked apostrophesto distinguishthemfrom
otherpatterns,asillustratedby theantipattern

XZY
’ in Figure9.

The left sidepattern
X\[

in Figure9 specifiesthat this rule ap-
pliesto sucha sourcemodelfragmentthatcontainsanOutputPin
p that is associatedwith “at least two” PinSets. On the other
hand,theantipattern

X Y
’ indicatesthattheOutputPin p mustnot

beassociatedwith anActivityEdge object.

On the right sideof a rule, threestereotypesareavailable to
specifytheupdate:new, removedandmodified. Thenew andre-
moved stereotypescan be usedto indicatecreationandremoval
of objectsandassociationsrespectively. Themodifiedstereotype
canonly beappliedto objectsto show that their attributechange
duringthetransformation.

In theexampleillustratedin Figure9, essentiallythreeupdate
stepsarecaptured.Firstly, the actualOuputPin objectmatched
on the left sideof the rule is removed from thesourcemodel. In
additionto this, all theassociationsthatexistedfor thatobjectin
thesourcemodelalsoneedto be removed. Thusthesecondstep
of theupdateis theremoval of theassociationbetweenAction ac
andtheOuputPin p. A navigationclauseat thebottomof thepat-
terndiagramshows navigationto this Action objectac usingthe

ObjectConstraint Language (OCL) [19]. Note that in the meta-
modelfor activity diagrams,Action is anabstractclassandcannot
have direct instances.Accordingto our transformationlanguage,
anobject“instantiating”anabstractclassthatappearsin a pattern
can be matchedagainstan instanceof any of the subclassesof
thatabstractclass.Hence,thebjecta in Figure9 canfor example
matcha CallAction or anAcceptAction instance.

The third andthe last updatestepthat is shown in the update
pattern] [

in Figure9 removestheassociationsbetweentheOut-
putPin p andall the PinSets to which it belongedin the source
model. A forall constructproposedby Milicev [17] is usedhere
to dealwith a collectionof objectsduring a transformation.The
packagestereotypedforall in Figure9 showsthescopeof theforall
construct.Taggedvaluesin curly bracketsareusedto specifythe
collectionto which the contentsof the constructapply. The tags
ForEach andOfType provide thereferencenameandtypeof the
iteratorelementin thecollectionunderconsideration.The InCol-
lection tag usesOCL to navigate to the actualcollection in the
sourcemodel. In thepattern] [

, thecollectionconsistsof all the
PinSets associatedwith OutputPin p. Thecontentsof the forall
constructshow thatfor eachobjects in thiscollection,theassoci-
ationto p is removed.

In addition to the specificationof transformationrules, the
transformationlanguagealsocontainsameansof specifyingarule
applicationstrategy for definingin whichordertherulesshouldbe
applied. Given a setof rules ^`_badcfegegch_jilk , a rule applicationstrat-
egy canbespecifiedby definingfor eachrule how many timesit
shouldbeappliedandthenarrangingtherulesin a sequence.For
example,the strategy mn_ a co_qpsrtco_vuxw specifiesthat first _ a should
beappliedonce,then_ p shouldbeappliedaslongaspossibleand
then_vu shouldbeappliedonce.

5.2 From High-level to Low-level Design

The low-level designaimsat providing a completespecifica-
tion of the model transformation.As a consequence,it needsto
provideacompletesetof rulesexpressedin thesyntaxof thetrans-
formation languageintroducedin the previous sub-section.Any
informally specifiedapplicationconditionsmustbe formally ex-
pressedusingOCL constraints.

Theresultof thehigh-level designis a setof high-level trans-
formation rulesanda setof supportedfeatureinteractioncases,
wherefor eachcaseit is known alongwhichruleit shouldbetrans-
formed.Weproposeaniterativeprocessfor systematicrefinement
of the high-level rulesto low-level rules,asdescribedbelow and
depictedin Figure10.

1. Chooseahigh-level rule _qy{z associatedwith asetof feature
interactioncases.

2. Selectonefeatureinteractioncasefrom thesetof casessup-
portedby the _qy{z .

3. Using _ y|z asa reference,designthe low-level rule _ z}a for
theselectedfeatureinteractioncase.Theleft andright sides
of thelow-level rule shouldbedescribedin thetransforma-
tion language,refiningthelevel of detailcontainedin _qy{z .
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4. Traversetheremainingcasesin thesetof the featureinter-
actioncasesassociatedwith _qy{z anddesignlow-level rules
for themasfollows:

(a) Selectone focus featureand keepingit fixed to one
case,move throughthe featureinteractionscasesby
varying the other features.Thenchangethe casefor
the focus featureand once again move through all
thefeatureinteractioncaseswherethatfeaturecaseis
present. Continueuntil all the casesassociatedwith
thehigh-level rule _ y{z areconsidered.

(b) For eachfeatureinteractioncaseduring the traversal,
determinewhetherit can be handledby the already
createdlow-level rules_jz~a to _jz�i . If norulecanhandle
thecurrentcase,designa new low-level rule _ z~��i���ah� .
It may also be possibleto generaliseexisting rules,
makingthemapplicableto morecases.

5. Returnto step1 anditerateover theremainingstepsuntil all
thehigh-level ruleshave beenrefined.
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Figure 10. Systematic refinement of high-
level transf ormation rules

The low-level rulesthat arederived from the samehigh-level
rule often reusesomeleft side and updatepatterns. This is il-
lustratedin Figure10, wherethe left sidepattern

X a andupdate
pattern] a appearin eachof thelow-level rules_ z~a , _ z p and_ z u .

Theproposedprocessfor refininghigh-level rulesis now illus-
tratedwith anexamplefrom thecasestudy. We begin theprocess
by choosingoneof the informally capturedrules- the rule _qy a
shown in Figure8 (a). As suggestedin step2 of theprocess,we
next consideroneof the featureinteractioncasesthat is handled
by this rule - the casedepictedin Figure7 (a). This is an inter-
actionbetweenthecasewherebothX andY areCallActions and
the caseof the simplestpin setstructuresshown in Figure6 (a).
Accordingto step3, we thendesigntheleft andright sidesof the
correspondinglow-level designrule,whichwe call _ a a .

In orderto constructtheleft sideof thelow-level rule _ba a from
the informal diagramin Figure8 (a), we have to extract enough
detailaboutthemodelfragmentthatdistinguishit from otherfrag-
mentswherethe transformationrule shouldnot apply. Most im-
portantly, afitting sourcemodelfragmentshouldcontaintwo con-
nectedCallAction elementsX andY. Thisconditionis capturedin
thepattern

X a in Figure11 (c). This patternstatesthatthesource

modelmustcontaintwo CallAction objectsconnectedby anAc-
tivityEdge, usingan OutputPin andan InputPin as connection
points. The elementsin the concretemodelfragmentthat match
thispatternareshown in bold in Figure11 (a).

In additionto finding two connectedCallActions X andY in
the sourcemodel,we alsoneedto checkthat X is the only pre-
decessorof Y. Theinformal diagramdepictinga negative casefor
this is shown in Figure11 (b) andFigure11 (d) shows thecorre-
spondingantipattern

X p ’ for thelow-level designrule.
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Figure 11. Left side patterns for the low-level
rule _ba a
The right sideof the rule _ba a is obtainedby refining the right

sideof the high-level transformationrule shown in Figure8 (a)
into a numberof updatepatterns.Firstly, a new SAN needsto be
createdandthetwo CallActions X andY aremovedinsideit. The
edgesconnectingX andY alsoneedto beexplicitly movedinside
thenew SAN. Furthermore,theold connectionsandpin setsof X
andY mustbecopiedto thenew SAN in sucha way that these-
manticsof themodelarepreserved.Theupdatepattern] a in Fig-
ure 12 capturesthe first part of the updatedescribedabove. The
createdSAN is stereotypednew andcontainsa derivation state-
mentfor its visibility attribute,whichis copiedfrom Y. In addition
to thecreatedSAN, the ] a patternalsocontainsnew associations
betweenthis objectandthe CallActions X andY. This specifies
thatX andY are“moved into” thenew SAN. Noteherethat low-
level designrequiresoneto considerdetail thatmight beomitted
in thehigh-level design.In thecaseof theupdatecapturedin the
pattern] a , old associationsof X andY to aSAN from thesource
modelareremoved.

Theupdatepattern] p in Figure13“moves”theedgesconnect-
ing X andY into thenew SAN andremovestheassociationsto the
old SAN. As thenumberof edgesbetweenX andY is not known
in advance,a forall constructis usedhere.In this forall construct,
theunderlyingcollectionconsistsof all theActivityEdges leading
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Figure 12. Right side pattern ] a
to CallAction Y. Thecontentsof theforall constructshow thatfor
eachobjecte in thiscollection,anew associationto thenew SAN
is createdandtheassociationto theold SAN is removed.
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Figure 13. Right side patterns ] p
Furtherupdatepatternsfor the reconnectionof X, Y and the

new SAN with ActivityEdgesandthecopying of pin setstructures
aredrawn up to completethe _ba a rule. Thecompletionof this rule
definitionbringsusto theendof step3 in therefinementprocess.

During step4, we choose“Node Types” as the focus feature
andkeepingit fixedat thecasewhereboth X andY areCallAc-
tions, considerthedifferentcasesof the “Pin SetStructure”fea-
ture.Wediscoverthatrule _ba a handlesmostof thepin setstructure
casesshown in Figure6. Theonly casethatneedsadjustmentsto
theruleis thecasewith streamingpin setsdepictedin Figure6 (h).
Wecreateavariationof rule _ba a to handlethiscase(seebelow) and
alsoaddan antipatternto the left sideof _ a a itself to excludeits
applicationto streamingpin sets.

Onfurtheriterationsthroughstep4 of theprocess,weconsider
othercasesof our focusfeature“NodeTypes”andtheir interaction
with the possiblepin setstructures.As we identifiedduring the
high-level designphase,the rule _qy a appliesto the caseswhere
both X and Y can be instancesof any of the threeAction sub-
classes:CallAction, BroadcastAction andAcceptAction. Our
transformationlanguageallows us to handleall thesedifferent
combinationswith a single rule by using the abstractsuperclass

in theleft sideandupdatepatterns.Therefore,we adjusttherules
derived so far by substitutingthe CallAction objectsby Action
objectsin all thepatterns.This meanshowever, thatsourcemodel
fragmentswhereeitherof X andY is a SAN canalsobematched
by the left sidepatternsof the rules. This is not desirable,since
suchcasesarehandleddifferentlyby thetransformationasshown
in Figure8 (b) and(c). In orderto excludethecaseswith SANs,
we addthe following conditionexpressedin the OCL to the left
sideof the rules. ôöõ X aø÷ (X.oclIsTypeOf(SAN) = false) and
(Y.oclIsTypeOf(SAN) = false).

Oncewe have completedthe low-level designfor high-level
transformationrule _ y a , we proceedto _ y p . In Figure 14, we
show several patternsfor the low-level designof this rule. The
differencein the performedupdatecanbe seenfrom the update
pattern] u . In this rule, no new SAN is createdsinceX itself is a
SAN. Instead,theAction Y is movedinto theSAN.
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Figure 14. Patterns for ÀÂÁÄÃ
After having designedthe low-level transformationrules,one

hasto decideabout the rule applicationstrategy. This rule ap-
plicationstrategy alsodetermineswhetherthemodeltransforma-
tion mayrun into possibleterminationproblems.In general,those
rulesthatmaybeappliedaslongaspossiblemaygive riseto these
kinds of problems[15]. Onecanavoid terminationproblemsby
makingsurethat eachrule to be appliedaslong aspossiblecan
only beappliedafinite numberof times,for exampleby construct-
ing theleft sideaccordingly. Similarly, alsoconfluenceproblems
canoccurwithin modeltransformations.Thecompletespecifica-
tion andoptimizationof a rule applicationstrategy arebeyondthe
scopeof thispaper.

6. Validation of Design

Validationof thedesigncreatedis animportantissuefor model
transformationdevelopment. The low-level designhas already
beenpartially validatedagainstthe high-level design,by check-
ing whetherall supportedcasesidentifiedhave beenconsidered.
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Further validation includessyntacticcorrectnessand semantics
preservationaswell asterminationandconfluence.

Thereis ageneraltrade-off onhow muchvalidationcanbeper-
formedbeforeimplementingthemodeltransformation.If thereis
noexecutionenvironmentavailablebut therulesareimplemented
in Java, thenvalidationmustbe doneby handandmay be quite
someoverhead. In all cases,we favor that basicsyntacticcor-
rectnessandsemanticspreservation arealreadyvalidatedbefore
implementation.Thevalidationof otherpropertiessuchasconflu-
encecanbepostponeduntil aworkingimplementationisavailable,
in particularif it is to bevalidatedby testing.

Syntacticcorrectnessis concernedwith ensuringthatthemod-
elsproducedby a transformationconformto thesyntaxof thetar-
getlanguage.This canbedoneby inspectingthelow-level design
rules, as is donefor examplein [4]. On the contrary, ensuring
that a model transformationdoesnot leadto modelsthat have a
differentsemanticsis muchmoredifficult.

Although a completepreservation of semanticsis not always
required,oneoften wantsto ensurethat the resultmodelat least
preserves certainsemanticproperties[24]. With regardsto our
casestudy, we even require that the resulting activity diagram
modelsthesamebehavior asbefore.

This preservation of semanticpropertiesis difficult to prove
formally, given thecasethat themodelsdo not have a formal se-
manticsasis the casefor UML activity diagrams.Nevertheless,
in ourcaseat leastaninformal justificationof semanticspreserva-
tion is needed.In general,onecanfollow thefollowing hypothe-
sis[8]. A modeltransformationpreservesthesemanticsof amodel
if eachtransformationsteppreservesthesemanticsof themodel.
The hypothesisrequiresthat eachtransformationsteppreserves
thesemanticsof themodel. Whereasthepossibletransformation
stepsarespecifiedby therules,thesetof possiblemodelsis typi-
cally very large.Giventheabsenceof aformalsemanticsfor these
models,wesuggestthattherulesarecheckedonasetof testcases
andso-calledbefore/aftercomparisonareperformed.

A before/aftercomparisoninformally comparesthesemantics
of the model beforeandafter the rule application. The success
of this approachcrucially dependson theselectionof the “right”
testcasemodelsandalsoon the correctdiscussionof the model
semanticsbeforeandafter therule application.Thecasesidenti-
fied within high-level designandthe resultingfeatureinteraction
casesareanidealcandidatefor suchtestcasemodelsbecausethey
provideanabstractionontheonesideandcaptureall thedifferent
casesof (partial) modelsrelevant to the transformationrulesin a
minimal context. As such,they provide a solutionto thedifficult
problemof finding suitabletestcasemodels.

Theoutcomeof thebefore/aftercomparisongivesriseto oneof
thefollowing. In caseof thedetectionthataruledoesnotpreserve
modelsemantics,onepossibility is to adaptthe rule in this case.
Another option is to include the test casein the set of negative
casesandthenadaptthepreconditionof therule accordingly.

In the following, we illustrateseveral problemsthatwe found
whendiscussingtheissueof semanticspreservationfor thecaseof
therule ÀÂÁÆÅ , seeFigure15. If a BroadcastAction is moved into

a SAN, thenthe scopeof the actionchangesto the scopeof the
SAN. As a consequence,applying À ÁÆÅ in a situationwherethere
exist alreadyAcceptActions within the SAN leadsto semantic
changesandmustbeavoided. As a consequence,we introducea
new OCL constraintin thepreconditionof therule, requiringthat
nosuchactionsexist.

Figure 15 (b) shows the problemwhen ÀÂÁÆÅ is applied to a
CallAction with an implicit fork. After the transformation,Y is
executedbeforeZ. As aconsequence,weincludethiscaseinto the
setof unsupportedcases.

Figure15 (c) illustratesthe caseof streamingpin sets. Here,
the resultof applying À ÁÆÅ changesthe semanticsbecausebefore
the two nodesfollowing the CallAction were obtaining tokens
while CallAction is still running. After the transformation,to-
kensstreamedout from thepin setremainstuckat theSAN. As a
consequence,À ÁÆÅ mustbechangedto copy thestreamingalsoto
thepin setsof theSAN.
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Figure 15. Cases for validating semantic
preser vation

Thepreviousproblemshave illustratedthesemanticsubtleties
that must be taken care of when designingthe transformation.
They show that eachcasearising from the featureinteractions
mustbe carefully investigatedin order to decidewhetheror not
anapplicationof ÀÂÁÆÅ is semanticspreserving,giving riseto addi-
tionalunsupportedcasesor changesin therule À ÁÆÅ itself.

7. Conclusion

Developing model transformationsis an important task for
makingthevisionof theMDA to becomereality. As modeltrans-
formationsmaybecomerathercomplex, adesignlanguageaswell
asa developmentprocessareneeded.Whereasa modeltransfor-
mationlanguageis subjectto extensive research,only little work
on developmentprocessesfor model transformationsis known.
The closestwork we found concerninga developmentprocess
for model transformationsfocuseson testingmodel transforma-
tions[16].
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In this paper, we have presentedour approachto system-
atic designof model transformations.After an informal capture
of the key requirements,first a high-level designis developed
which sketchesthe transformationrulesat an abstractlevel. Us-
ing a feature-basedapproach,differentcasesfor thesetransforma-
tion rulesaresystematicallydiscovered. Combinationof differ-
ent casesfor eachfeaturegives rise to featureinteractioncases.
Adapting and refining the high-level rules and expressingeach
casein a modeltransformationlanguageyields the low-level de-
sign. Prior to implementation,thelow-level designis validatedto
ensuresyntacticcorrectnessandsemanticspreservation. Whereas
syntacticcorrectnessvalidation is ratherstraightforward, a com-
plete validation of semanticspreservation is extremely difficult.
Wehaveillustratedhow semanticspreservationcanbeensured,by
systematicallyexaminingfeatureinteractioncasesandperforming
so-calledbeforeafter comparisons.Following our approachal-
lows thesoftwareengineerto systematicallydealwith all feature
interactioncasesearlywithin thedevelopmentprocessandenables
therebytheconstructionof a correctmodeltransformationimple-
mentation.

Futurework includesthe systematicderivation of test cases
from low-level designrules, the elaborationof our model trans-
formationlanguageandthedevelopmentof appropriatetool sup-
port. Appropriatetool supportwill enablethe softwareengineer
to keeptrack of featureinteractioncasesalreadysupportedand
will alsohelp to dealwith the largenumberof featureinteraction
cases.This canbeachievedby systematicallygeneratingall cases
internallyandkeepingtrackof thoseonessupportedbywhichlow-
level rule.
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