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Abstract. An aspect-orientedesignmodel consistsof a setof aspectmodelsanda primary model.Eachaspect
modeldescribes featurethat crosscutelementsn the primary model. Aspectandprimary modelsarecomposed
to obtainanintegrateddesignview. In this paperwe describea compositionapproactthat utilizes a composition
algorithmand compositiondirectives. Compositiondirectives are usedwhenthe default compositionalgorithmis
known or expectedo yield incorrectmodels.Our prototypetool supportdefault classdiagramcomposition.
Keywords: AspectOrientedModeling, Compositiondirectives,KerMeta,Metamodel EMOF, SignaturelJML.

1 Intr oduction

Designfeatureghataddressliependabiliticoncernge.g.,securityandfaulttoleranceconcernsjnaycrosscut
mary element®f adesignmodel. Thecrosscuttingnatureof thesefeaturescanmake understandingganalyz-
ing, andchanginghemdif cult. This compleity canbebettermanagedhroughthe useof aspect-oriented
modeling(AOM) techniqueshatsupportseparatiomndcompositionof crosscuttingeatureq1].

IntheAOM approachhatwe developed 1], anaspect-orientedesignmodelconsistof aprimarymodel
andoneor moreaspectnodelsthateachdescribes featurethatcrosscutshe primarymodel. Aspectmodels
aregenericdescriptionof crosscuttingeatureghatmustbeinstantiatecbeforethey canbe composedvith
the primary model. An integratedview of an aspect-orientedesignmodelis obtainedby composingthe
instantiatedcaspectmodelsandthe primary model. Instantiatedaspectmodelsand primary modelsconsist
of UML [2] models.Compositionof the modelsinvolves melging UML modelsof the sametypes. For
example theclassmodelin aninstantiatechspectmodelis meigedwith the classmodelin a primarymodel.
In previouswork, aname-basedompositiorprocedurevasusedio meige UML modeld1]. Modelelements
with thesamenamearemeigedto form asingleelemenin thecomposednodel. Thecompositiorprocedure
assumeshat elementswith the samenamerepresentonsistentiews of the sameconcept.This may not
always be the case.For example, consideran aspect-orientediesignconsistingof a primary model that
describesa classrepresentinga sener that provides unrestrictedaccesdo servicesvia operationsin the
class,andaninstantiatecaspectmodelthat describegshe samesener classwith accessontrolfeaturesin
this case simplename-basetheging of thetwo classesndthe operationsn themcouldleadto operations
thatareassociatedvith inconsistenspeci cations(a primary modeloperationandits correspondingspect
modeloperationwould have the samenamebut differentargumentlists and speci cations).Often,a more
sophisticatedorm of compositionis neededo producecomposednodelswith requiredpropertiesTo meet
thisneedwe proposedheuseof compositiordirectivesto ensurghatthename-basedompositiorprocedure
produceslesiredresults[3].

Thispaperextendspreviouswork by introducing(1) amoregeneraform of modelelemenimatchinghat
is basedon the notion of modelelementsignatures(2) a compositionmetamodelvith behaioral features
thatspecifyhow UML elementarecomposedand(3) new formsof compositiordirectives.In this papemwe
illustratehow a signature-basedompositionprocedurecanbe usedto composeclassmodelsanddescribe
how compositiondirectives canbe usedto ensurethatthe compositionprocedurgproducesdesiredresults.



We have developeda prototypetool thatimplementgshe classmodelcompositionbehaior speci edin the
compositiormetamodel4].

Theremaindenof thepaperiis organizedasfollows. Section2 givesanoverviev of signature-basetiodel
compositiorandcompositiordirectves.Section3 describeshecompositiormetamodelSectiord describes
the compositiondirectvesandprovidesillustrationsof their use.Relatedwork is discussedh Section5 and
Section6 presentgonclusionsandplansfor futurework.

2 An Overview of Signature-BasedModel Composition

A primarymodelin anaspect-orientedesignmodelconsistof oneor moreUML modelshateachdescribes
aview of thecorefunctionality Thecorefunctionalitydetermineshedominantstructureof adesign Aspect
modelsconsistof UML modeltemplateghatdescribegenericformsof crosscuttingeaturesaspatternsAn
aspectmodel must be instantiatedto producea model that can be composedwith a primary model. An
instantiationof anaspecmodel,calleda context-speci c aspectmode) describeshe form thefeaturetakes
in apartof thedesignInstantiatinganaspectmodelinvolvesbindingtheaspectodelstemplateparameters
to application-spea values.

A singleaspecimodelmay have to be instantiatednultiple timesfor a givenapplication.For example,
considerthe casewherea decisionhasbeenmadeto malke an applicationdesignfault tolerantand highly
availableby replicatingcritical resourcesuchasdatarepositoriesandserviceproviders.Incorporatingthe
crosscuttingeplicationfeatureinto the (primary)designmodelproceedssfollows:

1. An aspecimodeldescribinghereplicationfeaturefor a genericresources developedor acquired.

2. Thereplicationaspectmodelis instantiatednultiple times.Eachinstantiationis acontext-speci ¢ aspect
modelthatdescribeshereplicationfeaturefor aspeci ¢ applicationresource.

3. Thecontat-speci ¢ aspectnodelsarecomposedvith theprimaryapplicationrmodelto produceadesign
in which speci edresourcesirereplicated.

In our previous work we developeda compositionprocedurghatusedmodelelemeninamedo identify
the elementghatareto be meiged.Model elementsf the the samesyntactictype andwith the samename
aremeigedto form asinglemodelelementNamingcon icts canbeavoidedif thereis amanagesamespace
from which valuesusedto bind aspecimodelsandto nameprimary modelelementsareobtained We refer
to suchanamespacastheapplicationdomainnamespacgl]. Unfortunatelyamanagesamespacis often
notavailablein designdevelopmentervironmentsandthusnamingcon icts mayoccur

2.1 Matching Model Elementsusing Signatures

Name-basedompositions relatively easyto implementout asa matchingeriterion,it canbetoo permissie
in somecasesFor example,matchingoperationsusingonly their namescould leadto meging problems
whenthe operationshave incompatiblereturntypesor whenthe argumentlists differ. Similarly, matching
attributesusingonly theirnamescanleadto meiging problemswhenthetypesassociateavith the attributes
areincompatible Onewouldlik e to have matchingcriteriathattake into consideratioradditionalproperties
of theelementdeingmatchedFor example,oneshouldbeableto expressa matchingeriterionfor attributes
thatrequiresmatchingattributesto have thesamenameandtype.Theneedfor ner-grainedmatchingeriteria
led to thedevelopmentof the signature-basecompositionapproactdescribedn this paper

The signature-basedompositionproceduremeigesinformationin modelelementsvith matchingsig-
naturesto form a single model elementin the composednodel. A model element signatureis de ned
in termsof its syntacticpropertieswherea syntacticpropertyof a modelelementis eitheran attribute or
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an associatiorend de ned in the element UML metamodeklass.For example,isAbstact is a syntac-
tic propertyde ned in the metamodetlasscalledClass . If aninstanceof Class is anabstraciclassthen
isAbdrac truefor theclass otherwisetheinstancds a concreteclass(i.e.,isAbsraa falsé.

Thesignatureof a modelelementis a collectionof valuesfor a subsebf syntacticpropertiesde ned in
the modelelements metamodetlass.The setof syntacticpropertiesusedto determinea modelelements
signatureis calleda signatue type For example,the signaturetype for an operationcanbe de ned asa
set consistingof the following propertiesde ned in the Operation class:name (valueis the operatiorns
name)andownedParameter (valueis thecollectionof parameterassociateavith theoperation)Usingthis
signaturetype, the signatureof an operationupdate x : int y: int is theset update x:inty:int .If
this signaturds usedto matchoperationstwo operationgnatchif andonly if they have the samenameand
parametetist. If the signaturetype of an operationconsistsonly of the operationname thenthe signature
of theoperationis update . Useof thisname-onlysignaturdyperesultsin awealer matchingcriterionfor
operationstwo operationgnatchif andonly if they have the samename.

A signatureypethatconsistof all syntacticpropertiesassociateavith amodelelements calledacom-
pletesignatureype.Completesignaturgypesrequirethatmatchingmodelelementdhave equivalentvalues
for all syntacticpropertieqi.e., the matchingelementsnustbe syntacticallyidentical). Completesignature
typesaretypically usedfor matchingcontainedmodel elementssuchas classattributesand operationpa-
rametersCompositemodel elementghat containa variety of modelelementge.g.,classes}endto have
signaturaypesthatarenot complete.

1 1
Model 1 Model 2

Customer Customer
name:String . name:String Account B
address:String

updateAcct()

@ (b)

—
Composed Model 1

Customer

name:String Account
address:String

updateAcct()

;

(¢) Merging using a signature consisting only of class names.
Customer classes in Model 1 and Model 2 are merged

———
Composed Model 2 (faulty model)

Customer Customer

name:String Account name:String

address:String

;

updateAcct()

(d) Merging using a signature consisting of class names, attributes
and operations. Result is a faulty model in which two different
concepts are represented by classes with the same name

Fig. 1. An Exampleof Model ElementMatchingandMerging

If two modelelementsof the samesyntactictype! have the samesignature then their propertiesare
mewgedto form a single modelelementof that syntactictype. As an example,considera model,Model 1,
containinga concreteclassnamedCugomerwith attributesnameand,address (seeFig. 1(a)) andanother
model,Model 2, which containsa concreteclassnamedCugomerwith anattribute nameanda referenceo
anAccoun object(seeFig. 1(b)). If thesignatureype usedto composeheclassesn Fig. 1(a)andFig. 1(b)
consistof theclassnamepropertyandtheisAbstact propertythenthetwo classesnatch(they havethesame

1 Thesyntactictype of amodelelements the classof the modelelemenin the UML metamodel



nameandthey arebothconcreteandtheir contentsaremeigedto form a singleclass.Theissueof meiging
syntacticpropertieshat are not part of a modelelements signaturetype arisesin this case.The matching
classesn this examplehave differentattribute, operationandassociatiorendsets.Merging the constituent
model elementsinvolves matchingthem using signaturetypesde ned for the elements.The constituent
elementghat are matchedare memged in the composedmodel. Thoseelementsthat are not matchedare
includedin thecomposednodel.

The composedmodelshavn in Fig. 1(c) is obtainedby using completesignaturetypesfor attributes,
operationsandassociatiorends:

— Theattribute name: Sring in Model1 andModel2 matchandis includedoncein thecomposednodel.

— Theattribute address. Sring in Model1 doesnot appeain Model 2 andthusis not matchedIt appears
in thecomposednodel.

— TheoperationupdateAce in Model2 doesnot appealin Model1 andthusis not matchedlIt appears
in thecomposednodel.

— Theassociatiorandthe classAccoun in Model 2 do not appeatin Model 1 andthusare not matched.
They areincludedin thecomposednodel.

The useof particularsignatureypescanleadto modelsthatarenot syntacticallywell-formedin some
casesFor example,considerthe casein which the signaturetype for classis de ned asconsistingof the
following properties:Name isAbstract , and ownedAttribute . Two classesmatchusing this signature
typeif andonly if they have the samename,areboth abstracor areboth concreteandthey have the same
setof attributesandassociatiorends.If this signaturetype is usedto composethe classmodelsshavn in
Fig. 1(a)andFig. 1(b), thentheresultis shawn in Fig. 1(d). Themodelis not well-formedbecausé¢hereare
two classesvith the samenamein the samenamespace.

Toresohetheabore problemonemustunderstandheintentbehindthesignatureype.If it is determined
by themodelerthatthe signaturetype correctlyre ects the syntacticform of classeshatrepresenthesame
conceptthentheproblemis resohedby renamingeithertheCugomerclassin Modell ortheCugomerclass
in Model2. As will bedescribedaterin this papeythis canbeaccomplishedby usingarename compaosition
directive. Ontheotherhand,if themodelerdetermineshattheclassesctuallyrepresensimilar classeshen
the signatureype mustbe changedothatthe classesarematched.

2.2 Identifying and Using Composition Dir ectives

The compositionapproachthat we have developedutilizes a signature-basedompositionalgorithm and
compositiondirectives.In somecasessoleuseof thealgorithmwill producemodelswith undesirablgrop-
erties. This is the casewhenthe views describedby the modelscontaininconsisteninformation.In some
casestheproblemscanberesohedby syntacticallytweakingthemodelsthatareinvolvedin thecomposition
or by overriding someof the compositiorrules.Compositiondirectivescanbe usedfor thesepurposes.

Fig. 2 shavs actities relatedto identifying and using compositiondirectives. The actiity diagram
shawvs how therelationshipamongthreeactvities: the compositionactivity (Composeaspectand Primary
model3, the model analysisactiity (AnalyzeComposednode) and the directives identi cation actiity
(Identify CompositiorDirective$. The compositionactiity, Composeaspectand Primary models takesin
threeinputs:a primarymodel,a non-emptysetof context-speci ¢ aspecinodels anda (possiblyempty)set
of compositiondirectives.In this actiity, the aspectandprimary modelsarecomposedisingthe algorithm
andcompositiondirectvesto producea Composednodel Thematchingandmeging procedurausedby the
compositioralgorithmis capableof detectingcon icting syntacticpropertyvaluesassociateavith matching
modelelementsFor example,if two matchingclasseshave differentvaluesfor the isAbsrad property a
conict is agged.



Composition
directives
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[Problems identified]
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O

Fig. 2. Usingcompositiondirectivesto resole compositionproblems

After compositionthe composedmodelcanbe formally analyzedagainstdesiredproperties(referred
to as Propertiesto Verify in Fig. 2) to uncorer designerrors. For example,one can analyzethe models
againstvell-formednessulesto identify badlyformedmodelsor onecananalyzehe modelsagainsdesired
semanticproperties(e.g.,“only the owner of a le candeletethe le”). In relatedwork, we developeda
techniqudor uncoveringsemantigoroblemsduringcompositior{5]. In theapproachthe semantiqroperty
to beveri ed is usedin thecompositionprocesgo generatgroof obligations Establishinghata composed
modelhasthe statedsemantiqropertiesequiresdischaging the proof obligations.

In somecasesthe uncorered problemscan be resolhed using compositiondirectives. In thesecases
an appropriatesetof directvesareidenti ed andusedto composethe contet-speci ¢ aspectandprimary
models.In othercasesmore substantiathangesnay be required.For example,it may be determinedhat
anothewvariantof theaspecmodelis neededr thatthe primary modelhasto be signi cantly refactored.

This paperfocuseson the ComposeAspectand Primary modelsactivity shavn in Fig. 2. Activities

relatedto analysisof modelsto uncorer problemsand the identi cation of compositiondirectivesis not
within the scopeof this paper

2.3 Examplesof Applying Compaosition Dir ectives

Compositiondirectives canbe classi ed asModel Directivesand ElementDirectives Model directvesare
usedto determinethe orderin which multiple aspecimodelsarecomposedvith a primary model.Element
directvesareusedto determinénhow anaspecmodelis composedvith a primarymodel.Elementdirectives
canbeclassi edin termsof whenthey areappliedin the compositionprocess:
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— Pre-Mege Directives Thesedirectvesareusedto carry out simplemodi cations of the modelsbefore
they aremeiged.For example,onecanrenamemodelelementsdeletemodelelementsor replacemodel
elementgdeleteandaddmodelelements)n the primaryor context-speci ¢ aspecmodels.

— Merge Directives Thesedirectvesareusedto overriderulesfor meging modelelementsFor example,
onecanspecifythatamodelelemenin onemodelcompletelyreplacesanelementn anothemodel.

— Post-Mepge Directives Thesalirectivesareusedo carryoutsimplemodi cationsonthemodelproduced
aftermeigingpossiblymodi ed primaryandcontet-speci ¢ aspectmodels.Thedirectvesfor renaming,
adding,deleting,andreplacingmodelelementslsofall into this cateyory.

In theremaindeof this sectionwe provide examplesof compositiorproblemghatcanberesohedusing
compositiondirectives. It is importantto notethatthe compositionapproactdiscussedh thefollowing sec-
tionsdoesnot provide systemati¢echniquedor analyzingcomposedanodelsnor for identifying appropriate
compositiondirectives onceproblemsareuncorered.As statedearlier the compositionalgorithmwill ag
casesvherecon icting syntacticpropertiesxist for modelelementghataremeged.It doesnot, howvever,
detectsemanticcon icts thatcanariseasa resultof inconsistenspeci cationsof behaior or othersemantic
propertieslUncovering suchsemantiqropertiesequiresformal semantic@analysisof the composednodel.

<<Class Template>> <<Class Template>>
] |Buffer [output |Output
Writer
[write() o |write()
writeLine() ®e.,_ |buff-5r' _____ -
= e, ~\"‘~~ .
~-{ pre: ...
pre: true .
post: Class Templ s
fstream ’ <<Class Template>> output™write(?
fstream”™addToStream(?) |Bufferwriter loutput’y @)
FileStream
|Write()o.\
~
addToStream() ~

pre: true
(a) Primary Model post:
buffer’|write(?

(b) Buffering Aspect Model

<<Buffer>> M <<Output>> |
WriterBuffer bfstream FileStream WriterBuffer bistream FileStream
. addToStream
writeBuff() Oseneee, _ 0 WIiteBUTf() S~ addToStream()

~.
'~
.,

buffer pre: ...
post: buffer pre: ... fstream
bfstream”addToStream(?) post:

<<BufferWriter>> bfstream”™addToStream(?)
Writer Writer

writeLine() ?
[

writeLine() ?

pre: true
post: pre: true
: . : wbuffer*writeBuff(?)
buffer‘writeBuff(? post: w
whuffer’writeBuff(?) post: fstream”addToStream(?)

(c) Context-Specific

Aspect Model (d) Composed Model

Fig. 3. An Exampleof a Faulty Composition



Fig. 3 shavs asimpleexampleof acompositiorthatleadsto afaulty composealassmodel.In theexam-
ple,amodelercreatesa primary model(seeFig. 3(a))in which anoutputproduceraninstanceof Writer )
sendutputsdirectlyto theoutputdeviceit is linkedto (instanceof FileStream ). Themodelerthendecides
to incorporatea buffering featureinto the modelby instantiatinga buffering aspecimodel.Fig. 3(b) shavs
the classdiagramtemplatethatis part of the buffering aspecimodel. The aspecimodeldescribesiowv enti-
tiesthat produceoutputs(representethy instantiationsof BufferWriter) aredecoupledrom outputdevices
throughthe useof buffers. Templateparametersire precededy the symbol“ ”. The operationtemplates
|write() in [Buffer  and|BufferWriter areassociatedvith templateforms of operationspeci cations
[1].

To incorporatethe buffering featureinto the primary model,the modelermust rst instantiatehe aspect
modelto producea contet-speci ¢ model. Instantiatingthe buffering classdiagramtemplateproducesa
classdiagramthatdescribesow buffering is to be accomplishedn the contet of the primary model. The
classdiagramshowvn in Fig. 3(c) is obtainedfrom the buffering classdiagramtemplateusingbindingsthat
includethefollowing:

(|Buffer<-WriterB uff er) , (JOutput<-FileStream ), (|BufferWriter<-Wri ter),
(|BufferWriter::| wri te( )<-write Lin e()), (|Buffer:|write() <writ eBuff () ,
(|Output::|write( )<- addToStr eam())

The resultof composingthe classdiagramshavn in Fig. 3(c) with the primary model classdiagram
shawvn in Fig. 3(a)is presentedn Fig. 3(d). Compositionis carriedout by matchingmodelelementausing
signaturesconsistingonly of model elementnames.f the matchingmodel elementsare associatedvith
invariantstheinvariantassociateavith themeigedelemenin thecomposednodelis the conjunctionof the
invariantsin the matchedelementsOperationspeci cations,expresseasOCL preandpostconditionsgcan
alsobe megedfor matchingoperationsThe preconditionof the meigedoperationin the composednodel
is the disjunctionof the preconditionsassociateavith the matchingoperationsandthe postconditiorof the
meigedoperationis the conjunctionof their postconditions.

The mewging of the writeLine() operationsin the primary and context-speci ¢ aspectmodelspro-
ducesan operationthat calls the buffer's write operationwriteBuff() andthe lestream's write opera-
tion addToStream() . This is not the desiredresult: The intent is to completelydecoupleWriter  from
FileStream usingWriteBuffer . Toresohe thisproblem thefollowing compositiordirectvescanbeused:

— A pre-megecompositiordirective thatremovestheassociatiofbetweeririter andFileStream  in the
primarymodel.

— A pre-megecompositiordirective thatremovestheoperatiorspeci cationassociateaith thewriteLine()
operationin the primarymodel.

Oncetheabore pre-megedirectvesareappliedthe compositionalgorithmis usedto composahemodi ed
primary modelwith the context-speci ¢ aspecmodel.

As anotherexample,considerthe partial context-speci ¢ and primary classmodelsshavn in Fig. 4.
The addUser() operationin the primary model addsa user (instanceof User) to a collection of users
(instanceof a classUser Repository ). The addUser() operationin the context speci ¢ aspectmodel
calls the doAddUser operationonly whenthe client calling the operationis authorizedto adda user The
doAddUser() operationaddsa userto the collection.Using signatureghat consistonly of modelelement
namesthe two RepositoryManeger classesnatchandthustheir propertiesare meiged. During the meige
of thesewo classestheaddUser() operationsarematchedandtheirspeci cations(notshavn) aremeged.
TheresultingaddUser() operationspeci cationwill have a semanticcon ict: The speci cationfrom the
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Context-specific aspect model Primary model
Repository Manager Repository Manager
User User
Repository addUser(u:User,mID:MgrID) Repository addUser(u:User)
doAddUser(u:User) V\ ~

The properties of addUser in Context-specific aspect model and

Operation names match but specified properties conflict.
addUser in Primary model are not the same

Fig. 4. Exampleof a PropertyCon ict

primary modelallows unconditionaladdingof users but the speci cationfrom the context-speci ¢ model
will allow addingof usersonly if the operationis authorizedor theclient. Thisis anexampleof asemantic
propertycon ict: A semantigropertycon ict occurswhentwo matchingelementgelementswith thesame
signature)are associatedvith con icting semanticproperties.n this example,the intentis to meige the
doAddUser() operationin the contect speci ¢ aspecimodelwith theaddUser() operationin the primary
model. To resole this con ict andre ect the intent, a pre-mege compositiondirective that renameghe
addUser() operationin the primary modelto doAddUser() canbe used.After this renaming,signature-
basedcompositiorwill producea composednodelwith therequiredproperties.

Renamingdirectivescanalsobe usedto resole syntacticnamingcon icts. A syntacticnamingcon ict
occurswhentwo or moremodelelementsepresentinglifferentconceptsave the samename.This classof
con icts canbe avoided by instantiatingthe genericaspecimodel suchthat the namesdo not matchor by
usinga pre-mege renamedirectie.

In somecasespost-mege directives are neededto add or deleteelementsn the model producedby
meiging primary and context-speci ¢ aspectmodelto producea modelthat hasrequiredproperties.For
example,associationsnay be addedbetweena classintroducedby the primary model and anotherclass
introducedby a context-speci ¢ aspecimodelto provide requiredaccesso behaiors de nedin theclasses,
or they mayberemoredto preventaccesshatis to be prohibitedin the composednodel.

With the ability to renameadd,andremove elementscomesthe risk of anothertype of con ict: The
noneistent-referenecon ict. A noneistent-referece con ict ariseswhenareferencen oneof themodels
refersto an elementthat no longer exists, or exists undera different name.To resole this con ict, the
affectedreferencesn a model must be identi ed and updated.Compositiondirectives that identify and
updatespeci edreferencesreneeded.

In anaspect-orientechodelthat containsmultiple aspecimodels,differentcompositionorderingsmay
producedifferentcomposednodels[6]. A particularorderingcanleadto undesirablemegentbehaiors.
For example,consideran auditingfeatureanda password featurethat areto be composedvith a primary
model.If the password featureis composedwith the primary model beforethe auditing feature,thenthe
endresultcould be a modelin which the auditing featurecapturesand storespasswords. This may be an
undesirablemegentbehaior. Compositiordirectvesthatcanbeusedto specifytheorderusedio compose
multiple aspectsvith a primarymodelareneeded.



De ning compositionorderingraisesanothertype of con ict. A cyclic-orderingcon ict occurswhen
thereis a cycle amongorderingrelationshipsie ned over multiple aspectsAnalysiscandetectandcorrect
orderingcon icts.

The above discussionindicatesthat the following list of actionsshouldbe capturedby composition
directives:

— Creatingnew elements.

— Adding elementgo a Namespace.

— Deletingelementfrom a Namespace.

— Changingpropertyvaluesof elements.

— Findingandchangingreferences$o speci ed modelelements.
— Specifyingoverriderelationshipdetweematchingelements.
— Changingdefault compositiorrules

— Specifyingorderingrelationshipsamongmultiple aspects.

Theabove list of actionsre ects our currentexperienceandmaybeincomplete.

3 The Composition Metamodel

Our compositionmetamodelsesstatic and behaioral featuresneededo supportmodelcomposition.In
this paper we describethe behaioral propertiesn termsof classoperationsand narratve descriptionsof
the operationsAlternatively, sequencendactvity diagramscan be usedto describethe interactionsand
actvities thattake placeduringcomposition.

The core part of the metamodehasbeenimplementediusing Kermeta,an opensourcemeta-modeling
languagadevelopedby the Triskell teamat IRISA [7]. KerMetaextendsthe EssentialMeta-ObjectFacility
(EMOF) 2.0[8] with an actionlanguagehat allows oneto describethe behaior of operationsassociated
with classesn ametamodelKermetavasusedprimarily becausd is compatiblewith the EclipseModeling
Framavork (EMF), which allows usto useEclipsetoolsto edit, store,andvisualizemodelsmanipulatedn
our AOM approachA moredetaileddescriptionof thelanguages presentedhn [9].

EMOF 2.0is asubsedf the Meta-Objectracility (MOF) thatcanbeusedto describanetamodelsising
object-orientedonceptslt utilizesconceptsrom UML 2.0,andthusallows oneto useUML toolsto build
metamodelsEMOF de nesaclasscalledObjectfrom which all otherEMOF classesnherit propertiesThis
classcontainghefollowing operationghatwill beusedin thecompositiormetamodetiescribedaterin this
section:

— ThegetMeaaClass operatiorreturnsthe Classof anobject.

— Thecortainer operatiorreturnsthe containingparentobject.

— Theequak elemen determinesf the element(aninstanceof Elementclass)is equalto this Element
instance.

— Thesda property elemen operationsetsthe valueof the propertyto the element.

— Theget property operatiorreturnsa List or a singlevaluedependingyn the multiplicity.

The isComposte attribute de ned in the EMOF classProperty returnstrue if the objectis contained
in the parentobject. Cyclic containmenis not possible,i.e. an objectcanbe containedn only one other
object.ThegetAllProperties operatiorin the EMOF classcalledClassreturnsall thepropertiegincluding
inheritedpropertiesiassociateavith aClassobject.

Fig. 5 shaws the core part of the compositionmetamodelThe metamodektontainselementsrom the
UML metamodel2], but it differs from the UML metamodelin thatit includesoperationsthat specify
compositiorbehaior.



Element

Composer getMatchingElements(e:Set(Element))

main()

?

CompositionDirective

execute()

%

Mergeable

Signature

merge(m:Mergeable)
sigEquals(m: Mergeable)
getSignature()

ElementDirective

?

b

RenameDirective

execute()

Operation

sigEquals(m: Mergeable)

Fig. 5. CoreElementof CompositionMetamodel

Thecoreconceptshavn in Figure5 aredescribedelow:

— Element Instancesf this classaremodelelementsElemen is an extensionof the UML meta-class,
Elemen. It is extendecby theoperatiorgetMatchingElemetts e: St Elemen . Operationsssociated

ModelDirective

Classifier

Model

sigEquals(m: Mergeable)

sigEquals(m: Mergeable)

1

PrimaryModel

AspectModel

1

ComposedModel

with the EMOF Objed classarealsoavailablein the Elemen class.

Element::getMatchingElements() This operationtakesin a setof elementsandreturnsa set of
elementghathave the samesyntactictype andsignatureasthe elementthatinvokesit. The syntac-
tic type checkis performedby invoking the getMetaClass andthe getAllProperties operations
de nedin theEMOF Objed class.Thesignaturds obtainedusingthe getSgnature operation.

— Mergeable Thisis anabstractlassthatcharacterizemodelelementghatcanbe meiged.Examplesof

meigeableelementshavn in the gure areinstance®f Classifiers, Operations andModels.

Mergeable::mege(} This operationmeigesthe elementwith the meigeableelementpassedn as
anoperationargument.The meige methodreturnsa new elementhatis the meige of the elementm

andtheelementnwhichthememgeis called.

Mergeable::sigequals() This operationdeterminesvhetherthe elements signatures equalto the
signatureof anotherelement.

Mergeable::getSignatue(): This operationgetsthe signatureof theelement.

— Signature: Instance®f this classarerepresentationsf signaturesEvery meigeableelementis associ-

atedwith exactly oneinstanceof this class.
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The Kermetaimplementatiorof the core partsof the compositionmetamodeli.e., the metamodebb-
tainedby excluding the CompostionDiredive hierarchy)treatsthe model elementsand instancesof the
otherclassesn the metamodehsobjects(i.e., instance®f the EMOF Objed class).The implementation
is thuswritten independenthof modelelementtypesandit usesre ection to obtaintype information.The
operationsn the compositionmetamodelincluding thosede ned in EMOF) wereimplementedusingthe
KerMetaactionlanguage.

The modelelementsare melged only whenthey have the samesyntactictype andthe samesignature.
The sigEquals operationis usedto determinewhethersignaturesof model elementsare the same(see
appendix) Eachmodelelementtype de nesits own procedurdor checkingequalityof signaturesthatis,
specialization®f MergeablecanoverridetheinheritedsigEquals .

Merging of two matchingmodelelementsel ande2, in theabsencef compositiondirectivesproceeds
asfollows:

— Primiti ve property rule: A primitive propertyis amodelelementropertythatmustbe associateavith
exactlyonevalue.TheisAbdraa propertyof classes$s anexampleof aprimitive property The primitive
propertieof matchingelementsnusthave thesamevaluesf they have differentvaluesthenacon ict is
indicatedfor eachcon icting value.For example,if el ande2 arematchingclassesvith differentvalues
for theisAbdrad propertythenacon ict is indicated.

— Compositeproperty rule: Thisrule appliesto modelelementpropertiegshatareassociateavith values
thatarecollectionsof modelelementsTheownedhttribute propertyof aclassis anexampleof thiskind
of property Thisrule hasa basecasepartandarecursie part. Therecursve partessentiallyappliesthe
meigerecursvely to megethe constituenpartsof the propertythatmatchacrosgsheencompassingvo
modelelementsThebasecasepartdetermineshe stoppingconditionfor therecursionln whatfollows,
the compositepropertyis referredto asp, €l p refersto the collectionof valuesassociatedavith pin el
ande2 p refersto the collectionof valuesassociatedavith p in €2.

Recursive part: Foreachconstituentelemenin el p asearchs madefor amatchingelemenine2 p
(basedon the signaturetype associatedvith the constituentelementtype). If a matchis not found
thenthe elementis includedin memgedform of el ande2. If a matchis found the two matching
constituenelementsaremegedandincludedin themegedform of el ande2.

BaseCasepart: If two constituentmatchingelementscl and c2, are compositeghat consistof
only onemodelelement,q, thenthe following occurs.If the signaturesf c1 g andc2 g thencl q
is megedwith c2 g. If the signatureslo not matchthena con ict is indicated.For example,if two
attributesarematchedusingonly theirnamesthenacon ict is indicatedif theirtypesdo notmatch.

The compositionof two models(instance®f Model) is startedby callingthe memge operationin one
of themodels,usingthe otherasanagument.Themain methodof the Composerclassinvokestheinitial
meige. SinceaModelis nota primitive type,its meige  operatiorwill resultin thememging of thematching
partsof the model.The algorithmfor meiging elementss givenin theappendix.

Two typesof compositiondirectives are describedn the compositionmetamodel Elementdirectives
(instancesof ElememDiredive) are compositiondirectves that apply to a group of elementsin a single
model.Thesdalirectvescanbeusedo addnen elementsgeleteexisting elementstenameslementsoverride
elementsandreplaceaeferences amodel.Modeldirectives(instance®f ModelDiredive) arecomposition
directivesthat are associatedvith a group of models.An exampleof a modeldirective is a composition
directive thatspeci estheorderin which aspectarecomposedvith a primarymodel.

Eachcompositiondirective is associatedvith a behaior thatimplementgshe actionassociatedvith the
directve. Thesebehaiorsareinvokedby thememe operation®f elementbeforethemeigesof constituent
propertiesaareattempted.
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The Kermetamplementatiorof the compositiormetamodeturrentlydoesnot supportthe useof com-
positiondirectives.We arenow developingsuchsupport.The pre-andpost-mege directvescanbe viewed
astransformation®n modelsandthisis how they will beimplementedn Kermeta(Kermetawasoriginally
designedo supportspeci cationof modeltransformations).

4 Composition Dir ectives

In this sectionwe describethe compositiondirectives that we have identi ed throughapplicationof the
compositionprocedureon smallcasestudieqe.g.,seg[10-12]). Thedirectivescanbeusedto modify aspect
andprimarymodelsaddnew elementto composeanodelsor to overridedefault compositiorrulesin order
to producedesiredcomposednodels.The directvesthat modify modelscanbe viewed astransformations
onthe models.Directivesthataffect only aspeciandprimary modelsareappliedto the modelsbeforetheir
elementaremeiged.Thosethataddelementdo composedanodelsandthosethatoverridecompositiorrules
areappliedduringmeming.

Eachdirective (exceptfor thedirectivesthatoverridecompositiorrules)is describedisingthefollowing
format:

— Directive Name: This sectionstatesthe nameof the directive or the form of namesfor a family of
directies.

— Application: This sectiondescribeshe purposeof thedirectvesanddescribeshe entitiesthatthe direc-
tivesoperateon.

— Form: This sectiondescribeshe syntacticform of thedirectives.

— Constaint: This sectiongivesthe conditionsthat musthold if the directves areto have the intended
effect. The constraintn this sectionis referredto asthe directive precondition.

— Effect: This sectiondescribeghe effect of the directves on their targets. The speci cation of effectis
calledthedirective postcondition.

As indicatedin the compositionmetamodeldescribedn the previous section,thereare two typesof
compositiondirectives: Elementdirectves and model directives. The following subsectionglescribethe
directivesin eachof thesecatgyoriesandgivesexamplesof their application.

4.1 ElementDirectives
We have identi ed thefollowing elementirectvesthusfar:

— Creatingnew modelelementgafamily of directves)

— Adding modelelementgo anamespace

— Remawing modelelementdrom anamespace

— Changingpropertieqafamily of directives)

— Replacingeferenceso amodelelementin anamespace
— Overridingmodelelements

— Overridingcompositiorrules(afamily of directives)

When an elementis createdby a createdirective, a handlethat canbe usedto referencehe element
is provided. Thesehandlescanbe usedin compositiondirectvesthat are appliedafter the creationof the
modelelementsThenameghatappeaion modelelementsn aspecandprimarymodelssene asreferences
to the modelelementsn directives. For example,an associatiomameor arole namecanreferreferto an
associationin adirective.
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Creating new model elements. Thefollowing describeshefamily of createdirectives.

DirectiveName: create<metamodel class name>
Thefollowing areexamplesof namedor createdirectives:creatéssociation , createClass , whereAssocia
tion andClassarethe nameof concreteclassesn the UML metamodel.

Application: Thecreatedirectvesareusedto createnew modelelementgi.e., modelelementghatarenot
in the primary or aspectmodelsbeingcomposed)In the compositionmetamodelgachconcreteElemen
classis associateavith a constructarThe createdirectves usetheseconstructordo createmodelelements
to ensurahatthe createcelementsare syntacticallywell-formed. The new elementis not a memberof ary
namespacwhenit is created.

A createdirective hassetof operandghat determineshe argumentspassedo the constructorsof the
modelelementsThe operandsrea setof (propertyname= propertyvalug pairs,wherethe propertyname
is thenameof amodelelementproperty

Form: newHandle = create<Element> operands
Thefollowing is anexampleof a createdirective thatcreates concreteclasswith aname*NewClass”.
newClass = createClass name = "NewClass", isAbstract = false

The following createdirectives are usedto createa strongaggrgation relation betweentwo existing
classesprimary::UserMgmt , andaspect::UserAuth

userAuthEnd = createProperty isComposite = false,  aggregation = none,
type = aspect::UserAuth, opposite = userMgmtEnd, lower = 1, upper =1
userMgmtend = createProperty isComposite = true, aggregation = composite,

type = primary::UserMgmt, opposite = userAuthEnd, lower = 1, upper = -1

userAuth-userMgmt = createéAssociatio n  name = "UserAuth-UserMgmt" :
isDerived = false, memberEnd = userAuthEnd,userM gmEn d

Theoperand®f theabove directivesindicatethatthetwo associatiorends(property)userAuthEnd and
userMgmtend mustbe createdbeforethe associatioruserAuth-userMgmt  is createdWe assignthe value
of “-1” to upper(representinghe upperlimit of a multiplicity) where"-1 " representshe multiplicity “*”.
The" ” notationis usedto denotea collectionof associatiorendsin thecreateissociatio n directive.

Constrint: Thereareno constraintdor thesedirectives.

Effect: A createdirective providesareferencdo a nev modelelementhatis valid. Thenew Element is not
amemberof ary namespace.

Adding model elementsto a namespace.

DirectiveName: add
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Application: The add directie is usedto adda modelelementto a namespace a model.lt canbe used
to adda newly creatednodelelement(i.e., onecreatedoy a createdirective) to a namespacandto addan
elemenfrom anothemamespacito atamgetnamespacelhelatteractionis neededvhena modelelement
is migratedto a nev namespace orderto ensurethatthe composednodelhasrequiredpropertiesSuch
a migrationwould involve remaving the elementfrom its original namespacéusingthe remove directive
describedater)andthenaddingit to thenew namespace.

Theadd directve hasoneoperandthe modelelemento beadded.

Form: add owner::elem
In theabore,themodelelementglem is addedto the namespacewner .

Constaint: Thetamgetnamespaceustexist, the elementio be addedmusthave a uniquenamewithin the
namespacendthe elemenimustbe aninstanceof a concretdUML metamodetlassthatcanbe ownedby
thenamespace.

Effect: Theelemenis in thetamgetnamespace.

Removing model elementsfrom a namespace.
DirectiveName: remove

Application: Theremove directive is usedto remove amodelelemenfrom anamespacdt is usedwhenthe
presencef certainmodelelementscompromisesiesiredpropertiesof the composednodel.For example,
considera securityaspectmodel that requiresthat certainassociationsot exist in the composednodel
becausedheir presencecanleadto leaksof sensitve information. The remove directive canremore these
associationg the primarymodel.

Remawing acompositemodelelementinvolvesremoring all its containedparts.For example,remaoving
anassociatiorinvolvesremoving its associatiorendpropertieqbut notthe classest theassociatiorends).

Remawing a modelelementcanresultin modelswith hangingreferencesReferenceso the removed
elementmay be presentin the namespacandelsavhere(e.g.,in OCL expressionsgfter removal. Use of
thedirective shouldbe coupledwith the useof otherdirectivesthattake careof the hangingreferenceskor
example,one canusethe replaceOccurencesdirective to replacereferenceto the deletedelementwith
referenceso otherelements.

Theremove directive hasoneoperandthe modelelementhatis to beremored.

Form: remove owner::elem
In theabore, themodelelementglem is removedfrom the namespaceawner .

Constaint: Thenamespacmustexistin amodel.Theelemenmustbein thenamespacbeforethedirective
is applied.

Effect: Theelements notin thenamespace.

Changing properties of model elementsin a namespace. The family of directvesfor changingmodel
elementpropertiesaredescribedelow.
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DirectiveName: changeproperty  name>
Examplesof changedirective namesarechangeasAbstract , andchangeiame. The changaame directive
is written moreconciselyasrename

Application: The changePoperty directve is usedto changethe valueof a modelelementproperty This
directive canbe usedto force or preventmatchingof modelelementsy changingthe propertyvaluesused
to determineelementmatchesFor example,in the caseswherematchingis basedonly on the namesof
elementsthis directive canbe usedto renameslementsothatthey matchor do not match.

This directive hastwo operandsThe rst is the modelelementwith the property the seconds the new
valueof the property

In our casestudieswe oftenusethis directive to renamemodelelementsandthuswe usea moreconcise
namefor the directve: rename The renamingdirective is often appliedto the primary model,becausee-
namingof elementsn thecontet-speci ¢ aspecmodelscanalsobeaccomplishedby rebindingthe (generic)
aspecimodel.

Form: changeproperty  name> owner::targetElemen  t to propertyValue
In the casesvherethe propertyto be changeds a modelelementhameonecanusetheform below:

rename owner::targetElemen t to newName
Constaint: Theelemenimustexistin a primary aspecbr composednodel.

Effect: Thespeci edpropertyvaluein thetargetmodelelementhasthe new value.

Replacereferencesto a model elementin a namespace.
DirectiveName: replaceOccurences

Application: ThereplaceOccurencesdirective is usedto replacereference$o amodelelementwith refer
encedo anothemodelelementin a namespacdt is oftenusedin conjunctionwith directvesthataddand
remove modelelementsFor exampleif anassociatiorthatis referencedn an OCL expressionis removed
thenonecanusethis directive to changehereferencan the OCL expression.

ThereplaceOccurenceddirective hastwo operandsThe rst is areferencdo amodelelementandthe
seconds areferenceo anothemodelelement.

Form: replaceOccurences ownerl::elem  with owner2:replacementE  le m
The above statesthat referencedo elem in the namespacewnerl areto be replacedby referencedo
replacementElem  in thenamespacewner?2 .

Constrint: Thereareno constraintdor this directive.

Effect: All existingreferencesothemodelelemenbwnerl:ielem arechangedo referencesotheelement
owner2::replacemen  tEl em

Overriding a model element. This compositiondirectie is similar to the overriderelationshipproposed
by Clarke etal. [13].
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DirectiveName: override

Application: The override directive de nes an override relationshipbetweentwo potentially con icting
modelelementslt indicatesthat the propertiesof a model elementtakes precedencever propertiesof a
matchingmodelelementduringcomposition.

When an override relationshipis de ned for two model elementsthe relationshippropagateso the
containedmodel elementsThe consequencesf the implicit overridesmay not be immediatelyobvious.
Explicit override relationshipsshouldbe de ned for containedmodelelementsvhenthis is feasibleand
practical.

Theoverride directive hastwo operandsThe secondoperands the modelelementthat overridesthe
rst operand.

Form: override ownerl:eleml  with owner2:elem2

Constaint: ownerl:eleml andowner2:elem2 mustexistin separatenodels,onein a primary model,
andtheotherin a context-speci ¢ aspecmodel. Thetwo elementsnustmatch.

Effect: Duringcompositionthepropertiesof eleml arereplacedoy propertiesof elem2 .

Overriding default compositionrules. Whenmeging matchingmodelelementswith differentproperty
values,a compositionmechanisntanusedefault rulesto determinethe propertyvaluesthat will be used
in the composednodel. For example,in previous work [5] we de ned the following rulesfor combining
propertieswith differentvaluesin matchingelements:

— If two matchingattributes are associatedvith invariants,the invariantin the composedmodelis the
conjunctionof thetwo invariants.

— If two matchingoperationshave operationspeci cations,the composedperationhasa precondition
thatis the disjunctionof the two preconditionsanda postconditionthatis the conjunctionof the two
postconditions.

— If two associationgnatchand their multiplicities are different, then the meiged associatiorusesthe
wealer multiplicity constraintat eachend.

Sometimesne may wantto changethe default ruleswhencomposingnodels.For example,one may
want to usethe strongermultiplicity constraintat the endsof composedassociationsOverride composi-
tion rule directivesareusedfor this purposeln our approachgeachrule is associateavith a setof possible
variationsanda directive for eachvariationis de ned. For example,the associatiorendmultiplicity rule is
associateavith thefollowing directie:

associationend multiplicity rule ownerl:assocendl ; owner2:assocend2 stronger

Useof this directive indicatesthatthe strongerof the two multiplicities at the speci ed associationare
to beusedin thecomposednodel.Onecanalsooverridetherule globally usingthe following directive:

associationend multiplicity rule stronger

For the operationspeci cationrule we have thefollowing directive:
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operation speci cation rule ownerl:aclassl:: PreSpedan operatio nl),
owner2::aclass2:: PreSpe¢anoper ati on2) conjunct

The above statesthat the preconditionof the operationformed by meging the matchingoperations
anoperationl  andanoperation2  istheconjunctionof theirpreconditionsA similardirective for postcon-
ditionsis alsode ned:

operation speci cation rule ownerl:aclassl:: PogSpeda nopera tio nl),
owner2::aclass2:: PostSpedano perat ion 2) disjunct

Currentlywe have avery limited numberof compositionrules.In the casesvherewe do not have such
rules,compositiorresultsin acon ict whenthepropertyvaluesdiffer. Work on providing asmallanduseful
setof rulesandassociatedlirectivesis ongoing.

4.2 Composition Examples

The following are examplesof compositionscenarioghat requirethe useof directivesto producedesired
results.In the exampleswe shav the effect of directvesin termsof beforeandafterdiagramsNotethatthe
afterdiagramsarenot the composednodels:They shav only the effect of thedirectiveson the primaryand
aspecimodels.

Primary: PrimaryModel

aspect: AspectModel

Writer WriterBuffer FileStream
bfstream
writeLine() & -4~ ____ writeBuff() & addToStream()
pre: true AN
post: whbuffer e
fstream”addToStream(?) post:
fstream bfstream”addToStream(?)
FileStream Writer
addToStream() writeLine() ©--__|

T pre: true
post:
wbuffer*writeBuff(?)

Fig. 6. Examplel. BeforeApplicationof directives.

Examplel: Thefaulty compositiorshavn in Fig. 3 canbe avoidedby usingcompositiondirectivesthatdo
thefollowing (theaspectandprimarymodelsareshavn in Figure6):

1. RemwetheassociatiotetweenWriter andFileStream  in theprimarymodel:ln thedesiredcomposed
model,all writing to the le streamis donevia thebuffer. Thewrite shouldnot have directaccesso the
lestreamin thecomposednodel.
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Primary: PrimaryModel aspect: AspectModel
Writer WriterBuffer FileStream
bfstream
writeLine() ©--4-____ s writeBuff() ©. addToStream()
pre: buff Sal
. er
>< post: wou pre: ..
fstregm™adNJ oStream(?) post:
4 N bfstream”addToStream(?)
fstream
FileStream Writer
addToStream() writeLine() 0 --__ }

) pre: true
post:
wbuffer*writeBuff(?)

Fig. 7. Examplel. After Applicationof remove directives.

2. Remorethe OCL speci cationfor writeLine() in theprimarymodel:Theoperatiorspeci cationin the
contet-speci ¢ aspectmodelfully speci esthe desiredbehaior andthusthe con icting speci cation
in theprimary modelcanbedeleted.

Thedirectvesthataccomplisttheabove aregivenbelow:

(1) remove primary::Writer:: fst ream
(2) remove primary::Writer:: Spedwr ite Lin e)

In the abore, SpedwriteLine) refersto the speci cation associatedvith the operationwriteLine()
Figure6 andFigure? illustratetheeffect of thedirectvesontheprimaryandaspectmodel.An “X” indicates
theremoval of anelement.

In theexample theoperatiorspeci cationassociategvith writeLine() in theprimarymodelcontained
only a statementhat refersto the deletedfstreamelement.If the speci cation had containedadditional
statementshatwererequiredin the operationspeci cation of writeLine() in the composednodel,then
removal of the speci cationin the primary modelwould not give the desiredresult. To handlethesesitua-
tions,directvesthatreplacethe elementdo beremovedin the OCL speci cationswith desiredelementsare
neededSuchdirectivesrequiretechnologyfor parsingOCL expressionsA metamodefor the OCL is cur
rently beingstandardizethy the ObjectManagemenGroup(seehttp://mwwomg.og/uml) andit is expected
thatOCL parserdasednthe metamodeWill bedevelopedsoonafter.

An alternatve way to accomplisithe abore would beto usethe override directive insteadof thesecond
remove directive asshavn below.

(1) remove primary::Writer:: fst ream

(2) override primary::Writer with aspect::Writer

Figure8 illustratesthe effect of thedirectveson the primaryandaspecimodels.

Example2: Thefollowing example from Franceetal. [1], illustratestheuseof thecreate add, remove and
replaceOccurencedirectves.Theaspectmodelshavn in Figure9 presentsaview in whichaddanddelete
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Primary: PrimaryModel aspect: AspectModel

Writer e . <<override>> L_1___ 1 writerBuffer FileStream
bfstream

_____ writeBuff() & addToStream()

pre: AR
post: whufer pre: ...
fstream”addToStream(?) post:

)

writeLine() © - 4

bfstream”addToStream(?

fstream

FileStream Writer

addToStream() writeLine() O -~ _ _

n pre: true
post:
wbuffer*writeBuff(?)

Fig. 8. Examplel. After Applicationof remove andoverridedirectives.

useractionsmustbe authorizedbeforethey are carriedout. The primary modeldescribes view in which

authorizatiordoesnotoccur The objective of thecompositionis to producea composednodelin whichthe

authorizatiorbehaior in theaspecis incorporatednto the primarymodel.In Figure9, theUserAuth class
in the aspectmodel performsauthorizationcheckson clients requestinghe addition or deletionof users
from thesystemIn thecomposednodel,Manager clientmustrequestheaddanddeleteruseroperationdy

calling the correspondingperationsn UserAuth andshouldhave no directaccesgo the UserMgmt class.
To accomplishthis, adirective is usedto remove theaccesses associationn the primarymodel:

(1) remove primary::Manager:  :ac cesses

Therearereferenceso theaccesses associationn Manager thatmustbe replacedor remaoved.In this
casereferencedo accesses in the primary modelmustbe changedo uaccesses in the context specic
aspecimodel,becausall accesgo the operationsgs madevia the uaccesses associationn the composed
model.Thefollowing directive is usedto accomplishthis:

(2) replaceOccurences primary::Manager:  :ac cesses with aspect::Manager::u acces ses

Thede nitions of theaddUser anddeleteUser operationsn UserAuth includeanauthorizatiorcheck.
In the aspectmodel,if a Manager clientis authorizedto carry out the addor deleteactiona call is made
to therespectre doAddUser , doDeleteUser  operationsin the describedccomposednodel,the operations
addUser anddeleteUser in UserMgmt carryouttheaddanddeleteuseractions respeciiely. To make this
possiblea compositiondirective that addsan associatiorbetweenthe UserMgmt classandthe UserAuth
classis used:

(3) userAuthEnd = createProperty isComposite = false, aggregation = none,
type = aspect::UserAuth, opposite = userMgmtEnd, lower = 1, upper =1
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aspect: AspectModel primary: PrimaryModel
Manager UserAuth Manager UserMgmt
m:mgrip | L 11 - m:Mgrip | L 1.1
uaccesses| addUser(mid:MgrID,u:UID) accesses addUser(u:UID)
deleteUser(mid:MgrID,u:UID) deleteUser(u:UID)
doAddUser(u:UID) 1.1
<<datatype>> doDeleteUser(u:UID) <<datatype>> accessUserRep
MgriD 1.1 MgriD »
accessAuthRep - -
1.1 UserRepository
<<datatype>> SystemMgmtAuthRepository <<datatype>>
uID uiD
checkSysAuth(mid:MgrID,op:String)

Fig. 9. Example2. Beforeapplicationof directives.

userMgmtend = createProperty isComposite = true, aggregation = composite,
type = primary::UserMgmt, opposite = userAuthEnd, lower = 1, upper = -1

userAuth-userMgmt = createéAssociation name = "UserAuth-UserMgmt" :
isDerived = false, memberEnd = userAuthEnd,userMgm tEnd

Oncethe new Association  is createdwe needto addit to the composednodel. The compositiondi-
rective thataccomplisheshisis givenbelow. We referenceghe composednodelusingthe nameconp:

(3)+@4)

aspect: AspectModel primary: PrimaryModel
1.*
Manager D+ UserMgmt
m: MgriD accEsses
¢ L1 1. /,1>addUser(u:U|D)
Manager UserAuth ___----""7 ___sdeleteUser(u:UID)
m: MgrlD 1. 1. - B P () B 1.1
uaccesses | addUser(mid:MgrID,u:UID) -~ Jooe" - accessUserRe
deleteUser(mid:MgrID,u:UID)-[" 7|~ 11 SsLs A
doAddUser(u:UID) =
5 <<datatype>> .
<<datatype>> ® doDej¢teUser(u:UID) MgriD UserRepository
MgrID 1.1
accessAuthRep
1.1 <<datatype>>
<<datatype>> SystemMgmtAuthRepository UID
ulD
checkSysAuth(mid:MgrID,op:String)

Fig. 10. Example2. After applicationof directives.
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(4) add comp::userAuth-user  Mgnh,
add comp::UserAuth::user AuthE nd,
add comp::UserMgmt::user ~ MgmtEnd

Therearetwo optionsfor creatingacomposednodelin whichauthorizedcallsto addUser andDeleteUser
aremade:The rst optionis to replacethespeci cationsof doAddUser anddoDeleteUser  sothatthey del-
egatethe actionsto therespectie operationsn UserMgmt usingthe new associationThe secondoptionis
to replacethe callsto doAddUser anddoDeleteUser by callsto therespecire operationsn UserMgmt. We
give thedirectivesthataccomplistthelatteroptionbelow:

(5) replaceOccurences aspect::UserAuth: .do AddUser
with primary::UserMgmt::a ddUser() ,
remove aspect::UserAuth:: doAddUser,
replaceOccurences aspect::UserAuth:: doDel ete User
with primary::UserMgmt::d el ete User() ,
remove aspect::UserAuth:: doDel ete User

The effect of the directives on the aspectand primary modelsis shavn in Figure 10. The association
betweenUserMgmt andUserAuth exists in the composedandnot in the aspector primary models- it is
shawvn hereonly to indicatethatthis associatiorwill exist in the composednodel. The dependenciekom
the addUser anddeleteUser operationan UserAuth indicatethatthey call the respectie operationsn
UserMgmt.

4.3 Combining ElementDir ectives

The examplesandthe descriptionof compositiondirectives provide someindicationthatuseof someele-
mentdirectivesareoftencoupledwith theuseof others.For example removing amodelelementsometimes
requiresuseof directvessuchasthereplaceOccurencedirectve to avoid hangingeferencesAn overvien
of combineddirectivesin the pre-mege, meige andpost-mege catayoriesaregiven below:

Pre-Merge Combined Dir ectives: Matchingdirectvesarecombineddirectivesthatforce the matchingof
element®r disallov thematchingof elementsThedirectivesareoftencombination®f changepioperty
andreplaceOccurencesdirectives.

Merge Combined Dir ectives: Combinationsf the override andreplaceOccurencesdirectvesareoften
usedto overriderulesusedto meige modelelements.

Post-Merge Combined Dir ectives: Thesdlirectvesareoftencombination®f directvesfor creatingmodel
elementsaddingmodelelementgo a namespacanddeletingmodelelementdrom anamespace.

Thedevelopmenbf alibrary of combineddirectvesthatarebasedn actualuseof directvesonrealistic
projectsis amajorgoal of our researcton compositiondirecties.

4.4 Model Dir ectives

Model directives determinehow a setof modelsare composedThe model directives we have identi ed
constrainthe orderin which contet-speci ¢ aspectmodelsare composedwith a primary model. These
directivescande ne aweave-orderingrelationshipdbetweeraspecimodels.A weave-orderingrelationship
is a binary constrainthatspeci esan orderingbetweenwo aspecimodels.Therearetwo casesAn aspect
modelmustbe composedeforeanotheror anaspecmodelmustbe composedfteranother
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Precedes
DirectiveName: precedes

Application: This directive speci esthatoneaspecimodelis to be composedvith a primary modelbefore
anotherThis directive hastwo aspectmodelsasoperandsThe rst operands theaspecimodelthatis to be
composedhe secondperand.

Form: former precedeslatter
Constarint: Both aspecimodelsmustexist.

Effect: A weave-orderingrelationshipis createdbetweenthe two aspectmodels,and addedto the set of
weave-orderingconstraintgnaintainedoy the composerThis directive doesnot imply thatformer  will be
wovenimmediatelybeforelatter . It simply requiresthatformer bewovensometime beforelatter

Follows
DirectiveName: follows

Application: This directive speci esthat oneaspectmodelis to be composedvith a primary model after
anotherThis directive is provided only to increasethe readabilityof compositiondirectives. It may bein-
terpretedasequialentto the precededirective with the operandswitched.This directive hastwo aspect
modeloperandsThe rst operands theaspecmodelto be composedifterthe secondperand.

Form: later  follows earlier
Constarint: Seeprecedes

Effect: Seeprecedes

4.5 Weave Ordering Example

Considerthe aspecidesignmodelin Figurell1(a). Therearethreedifferentaspectmodelsandthe primary
model.In this example,the authenticatioraspecimodelneedso be composedeforethe authorizatioras-
pectmodel,becausauthorizatiorwithoutauthenticatioms meaninglessThereforewe declarehefollowing
compositiondirective to malke the orderexplicit.

(1) authentication precedesauthorization

We couldhave alsode nedacompositiordirective usingthefollows directive with theoperandseversed
to achieve the sameresult.

Supposeve alsowish to weave the errorChecking  aspectmodellast. The following compositiondi-

rectvesaccomplishthis:

(2) errorChecking follows authorization
(3) errorChecking follows authentication
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Fig. 11. Exampled. SpecifyingWeave Order

The resultis shavn in Figure 11(b). The dependenc from authenticatiorto authorizationillustrates
the weave-orderrelationshipthat speci esthat authenticatiormustbe woven beforeauthorizationandthe
dependenciefom errorCheckingo eachof the otheraspectsllustratesthe two binary weare-orderrela-
tionshipsthatspecifyerrorCheckingasthelastaspecto bewoven.

5 RelatedWork

A numberof researcherbave developedaspectorientedsoftware development(AOSD) approachesge.g.,
see[13-20]). The compositionproceduresisedin theseAOSD approachesanbe catgjorizedasasymmet-
ric andsymmetrig21]. In asymmetricompositionaspect@ndbasemodelsplay clearlydistinguishedoles
duringcompositionThesecompositiorapproachetendnotto supportcompositiorof aspectandcomposi-
tion of basemodels. AspectJ22] is oneof the popularaspect-orientegrogramminganguageshatusesan
asymmetriccompositionprocedureln symmetriccompositionboth aspectandbasemodelsaretreatedthe
sameandthusaspectindbasemodelcompositiorarepossible Thecompositiorapproacheasedin work on
viewpoints[23], subject-orientegrogramming24, 25], andmulti-dimensionakeparatiormf concerngMD-
SOC)[26] tendto besymmetric.The compositiorapproactoutlinedin this paperusesahybrid composition
procedureThe (genericlaspecmodelsarepatternghatcannote directly composedvith basemodels but
theinstantiatedorms of the aspecimodels(i.e., contet-speci ¢ aspecimodels)arenot distinguishedrom
the primary model by the compositionprocedureThe modelcompositionprocedureve developedcanbe
usedto composggeneric)aspecimodels(i.e., patterns}o obtainnen aspecimodels(e.g.,see[27]) andto
composdJML models.To datewe have implementedhe procedurdor composingJML classmodels.

A suney of AOSDapproachesanbefoundin Chitchyanetal. [28]. Very few approaches the suney
provide supportfor composingdesignmodels.At the programmingdevel, the subject-oriente@pproachs
closesto theapproactdescribedn this paper In subject-orienteggrogrammindg24, 25], programelements
suchasclassesandmethodsarecomposedy meging correspondinglementsThe correspondencis es-
tablishedbasedon speci ed compositionrules. The default correspondencis name-basedyhich canbe
alteredby writing additionalcompositionrules. The compositionrules usedto control this processcanbe
classi ed underthreecateyories:rulesthat establishcorrespondenceulesthat control combination rules
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thatcontrolboth correspondencandcombination.The compositionrulesin subject-orienteghrogramming
areanalogougo our useof signatureso determinenatchesandthe useof directivesto altermodelelements
andoverride default compositionrules. Our compositionproceduredependson the propertiesspeci ed in
the signatureratherthanjust namesof modelelementsprimarily becauseot all UML modelelementsare
namedelementsWe have foundthatname-basethatchinghasa greatempotentialof producingfaulty mod-
elsthansignature-basecbmpositionsimply becaussignature-basecompositiorallows for ner tuningof
matchingcriteria.

At the modellevel, a comparableAOM approachis the Themeapproachproposedby Baniassadand
Clarke[13,29,30]. In theThemeapproachadesign calledathemeis createdor eachsystenrequirement.
Thesethemeslike context-speci ¢ aspectandprimary models,areessentiallydesignviews. A comprehen-
sive designis obtainedby composingthemes.Compositionin the Themeapproachs basedon the sym-
metric approachusedin subjectorientedprogramming Compositionrelationshipsspecifyhow modelsare
to be composedy identifying overlappingconceptsand specifyinghow modelsareintegrated.Two types
of integrationstratgiesareused:Overrideandmemge. Overrideintegrationis usedwhenexisting behaior
in a subjectneedsto be updatedo re ect new requirementsMerge integrationis usedwhen subjectsfor
differentrequirementsireto beintegrated.Operationsn relatedsubjectanayneedto be meigedinto a uni-
ed operationReconciliationstratgiesresole con icts betweerpropertyvaluesof correspondingubject
elementsPrecedenceelationshipstransformatiorfunctionsappliedto con icting elementsexplicit speci-
cation of reconciledelementsanddefault valuesmay be usedfor reconciliation.Clarke [13] alsoextends
the UML metamodelwith the notion of composabEElemens that canbe composedisinga composition
relationship.They have a Match metaclasshat supportsspeci cationof matchingcriteria. Their matching
criteriaincludesmachByNameanddontMatch. They leave the detailsof implementingthe machByName
anddontMatch to theuserof themetamodelln this sensehemetamodetiescribes framevork for compos-
ing UML models.In ourwork we have developeda morespecializednetamodethatcontainsspeci cations
of compositiorbehaiors. Themetamodelvasdesignedo describeour compositiorprocedureandto guide
the developmentof supportingtools. To validatethe metamodelwe usedit to develop a prototypetool for
composingUML classmodels.The compositiondirectves that we have developedinclude somethat are
similarto themeige andoverrideintegrationstratgies. The useof compositiondirectvesandsignaturesas
describedn this paperallow modelerdo de ne andapplytheirown integrationandreconciliationstrateies,
andthusgain ner controlover how modelsarecomposed.

Brito andMoreiradescribeanaspectompositiorprocesshatidenti es matchpointsin adesignelement
andde nes compositionrules[31]. Rulesuseidenti ed matchpoints,a binary contritution value (either
positive or negative) that quanti es the affects on otheraspectsand a priority for a given aspect.in the
contet of AOP[32], Kienzleetal. describecompositiorrulesbasedn dependencieletweeraspect$33].
Both paperg31, 33] focusprimarily onrelationshipghatcanexist betweeraspectsWe describahepossible
relationshipshetweenaspectsas weave-orderrelationshipsand override relationshipshut it may alsobe
possibleto usepriorities anddependencieasdoneby Kienzle, Brito andMoreirain our approachin this
sensetheideaspresentedn their paperssomplementheideaspresentedn this paper

Aldawud et al. [34] proposea mechanisnfor composingstatechartswherea crosscuttingoehaior as
aneventthattriggersa statetransition.The compositioris speci ed by linking eventsacrossstatediagrams.
We have not consideredtompositionof statechartsin ourwork.

6 Conclusionsand Futur e Work

In this paperwe presenta signature-basedompositionapproachthat allows oneto vary how modelsare
composedisingcompositiondirectives. The signature-basedpproachimprovesuponname-basedompo-
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sitionapproacheby giving themodeler ner -grainedcontroloverthecriteriausedto matchmodelelements.
Compositiondirectives give added e xibility by providing the meando alter modelelementsandoverride
defaultcompositiorrulesto obtaindesiredcomposednodels Thedirectvesdescribedn this paperarebased
onour experiencewith usingthe compositionapproachio composeaspectsnodelingsecurityfeatureswith
primary models.For example,we have appliedthe approacho modelingandcompositionof accessontrol
featuressuchasRole-Based\ccessControlandBLP scheme$5, 27,35,36], andfor othersecurityfeatures
[6, 37—39].We arecurrentlyapplyingthe techniquesn a larger casestudyinvolving the developmentof an
E-Commercesystem.

A compositionmetamodethat describeghe staticandbehaioral propertiesneededo supportmodel
compositions alsopresentedThe metamodetiescribesot only the staticrelationship@amongcomposition
conceptshut alsoprovidesspeci cationsof behaiors thatareneededo supportmodelcompositionusing
ourapproachThecompositiormetamodetiescribeshebehaior neededo supportimodelcompositiorand
thuscanbeusedto guidethedevelopmenbf modelcompositiortoolsthatsupporthecompositiorapproach
we developed.To validatethe metamodelyve built a prototypetool on top of the KerMetaframewnork. The
tool currently supportsthe compositionof UML classmodelsand can be extendedto supportadditional
featureshatappeaiin the compositionmetamodelWe are currently developinga subsystenior handling
compositiondirectivesthatwill bepluggedinto thetool.

Empiricalevaluationis neededo validatethe compositionapproachin realworld designsettings Such
studiescandeterminghe amountof effort requiredto specifythe kinds of compositionghatarerequiredin
realworld designsThestudiescanalsobe usedto determinevhetherthe compositiondirectves matchthe
requirementsf arealproject.Theinsightsgainedirom thestudieswill beusedtio developatractablemethod
for selectingde ning, andapplyingcompositiondirectvesandsignaturesWork in this respectouldresult
in the speci cation of somecommoncompositionstratgies[6] to easethe task of specifyingand using
compositiondirectives.
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A Mergepart of the signature-basedcompositionprocedure

Kkkkkkkkkkkkkkkkkk kkk  kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk okkk kkk kk kkk kkk kkk k% kkk o kkk %

/I el and e2 are the model elements that need to be merged

el.merge(e2 : ModelElement) /Iprecondition . el.sigequals(e2) returns  true
*kkkkkkkkkkkkkkkkk *kk  kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk kkk %
result = el.getMetaClass.new /I create the merged instance in the context of el

/I lterate  on all properties of the objects to be merged.
/I el and e2 have the same meta-class.  Thus, they have the
/I same set of properties.

foreach  Property p in el.getMetaClass.ge  tAl IPr opert ies

if type of p is primitive
Il Primitive types are basic datatypes such as string, int.
Il If an object does not have a value for a property then
Il the value val is taken from the other object and vice versa.
Il This is not a conflict.
Il If neither object has values, then val is null in the resulting
II' merged object.
if el.get(p) is null or e2get(p) is null then
result.set(p, val)
else
Il If the values are the same then it is ok.
Il Otherwise a conflict has been detected.
if el.get(p) = e2.get(p) then
result.set(p, el.get(p))
else
A conflict has been detected
else
Il Type of pis not primitive.
Il If the property refers to a single object, this is the base case.
if the property upper bound is 1
if el.get(p) is null or e2get(p) is null then
result.set(p, val) /I val is the same as above
else
if  sigEquals(el.get(p) , e2.get(p)) then
Il If the object el.get(p) is contained by el and same for e2
Il (p.isComposite=true ) then the objects should be merged,
Il otherwise,  one is chosen.
/I Either one can be chosen because they both have the same signature
if p.dsComposite  is true then
result.set(p, merge(el.get(p), e2.get(p)))
else
result.set(p, el.get(p).clone())
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else

else

/I The property
/I The resulting
Il either

/I that

A conflict has been detected

refers to a collection of objects.

merged object should contain property values that are
only in el or only in e2, or the merged version of objects

are in both el and e2.

for each value vl in el.get(p)

for

for

Kkkkkkkkkkkkkkkkkk

element
then

each matching
if p.isComposite
result.get(p).add(
else
result.get(p).add( vl.cl one())
if no element found
result.get(p).add
each value v2 in e2.get(p)
if  NO matching element found in el.get(p)
result.get(p).add( v2.cl one())

kkk  kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk kkk kkk kk kkk kkk kkk k% kkk o kkk &

v2 in e2.get(p)

mege (v1, v2))

(vl .cl one())
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