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Abstract. An aspect-orienteddesignmodelconsistsof a setof aspectmodelsanda primary model.Eachaspect
modeldescribesa featurethatcrosscutselementsin theprimarymodel.Aspectandprimarymodelsarecomposed
to obtainan integrateddesignview. In this paperwe describea compositionapproachthat utilizes a composition
algorithmandcompositiondirectives.Compositiondirectivesareusedwhenthedefault compositionalgorithmis
known or expectedto yield incorrectmodels.Ourprototypetool supportsdefault classdiagramcomposition.
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1 Intr oduction

Designfeaturesthataddressdependabilityconcerns(e.g.,securityandfaulttoleranceconcerns)maycrosscut
many elementsof adesignmodel.Thecrosscuttingnatureof thesefeaturescanmakeunderstanding,analyz-
ing, andchangingthemdif�cult. This complexity canbebettermanagedthroughtheuseof aspect-oriented
modeling(AOM) techniquesthatsupportseparationandcompositionof crosscuttingfeatures[1].

In theAOM approachthatwedeveloped[1], anaspect-orienteddesignmodelconsistsof aprimarymodel
andoneor moreaspectmodelsthateachdescribesafeaturethatcrosscutstheprimarymodel.Aspectmodels
aregenericdescriptionsof crosscuttingfeaturesthatmustbeinstantiatedbeforethey canbecomposedwith
the primary model.An integratedview of an aspect-orienteddesignmodel is obtainedby composingthe
instantiatedaspectmodelsandthe primary model.Instantiatedaspectmodelsandprimary modelsconsist
of UML [2] models.Compositionof the modelsinvolves merging UML modelsof the sametypes.For
example,theclassmodelin aninstantiatedaspectmodelis mergedwith theclassmodelin aprimarymodel.
In previouswork,aname-basedcompositionprocedurewasusedto mergeUML models[1]. Modelelements
with thesamenamearemergedto form asingleelementin thecomposedmodel.Thecompositionprocedure
assumesthat elementswith the samenamerepresentconsistentviews of the sameconcept.This may not
always be the case.For example,consideran aspect-orienteddesignconsistingof a primary model that
describesa classrepresentinga server that provides unrestrictedaccessto servicesvia operationsin the
class,andan instantiatedaspectmodelthatdescribesthesameserver classwith accesscontrol features.In
thiscase,simplename-basedmerging of thetwo classesandtheoperationsin themcouldleadto operations
thatareassociatedwith inconsistentspeci�cations(a primarymodeloperationandits correspondingaspect
modeloperationwould have thesamenamebut differentargumentlists andspeci�cations).Often,a more
sophisticatedform of compositionis neededto producecomposedmodelswith requiredproperties.To meet
thisneedweproposedtheuseof compositiondirectivesto ensurethatthename-basedcompositionprocedure
producesdesiredresults[3].

Thispaperextendspreviouswork by introducing(1)amoregeneralform of modelelementmatchingthat
is basedon thenotionof modelelementsignatures,(2) a compositionmetamodelwith behavioral features
thatspecifyhow UML elementsarecomposed,and(3) new formsof compositiondirectives.In thispaperwe
illustratehow a signature-basedcompositionprocedurecanbeusedto composeclassmodelsanddescribe
how compositiondirectivescanbeusedto ensurethat thecompositionprocedureproducesdesiredresults.



We have developeda prototypetool that implementstheclassmodelcompositionbehavior speci�ed in the
compositionmetamodel[4].

Theremainderof thepaperis organizedasfollows.Section2 givesanoverview of signature-basedmodel
compositionandcompositiondirectives.Section3describesthecompositionmetamodel.Section4 describes
thecompositiondirectivesandprovidesillustrationsof theiruse.Relatedwork is discussedin Section5 and
Section6 presentsconclusionsandplansfor futurework.

2 An Overview of Signature-BasedModel Composition

A primarymodelin anaspect-orienteddesignmodelconsistsof oneormoreUML modelsthateachdescribes
aview of thecorefunctionality. Thecorefunctionalitydeterminesthedominantstructureof adesign.Aspect
modelsconsistof UML modeltemplatesthatdescribegenericformsof crosscuttingfeaturesaspatterns.An
aspectmodel must be instantiatedto producea model that can be composedwith a primary model.An
instantiationof anaspectmodel,calleda context-speci�c aspectmodel, describestheform thefeaturetakes
in apartof thedesign.Instantiatinganaspectmodelinvolvesbindingtheaspectmodel's templateparameters
to application-speci�c values.

A singleaspectmodelmayhave to be instantiatedmultiple timesfor a givenapplication.For example,
considerthe casewherea decisionhasbeenmadeto make an applicationdesignfault tolerantandhighly
availableby replicatingcritical resourcessuchasdatarepositoriesandserviceproviders.Incorporatingthe
crosscuttingreplicationfeatureinto the(primary)designmodelproceedsasfollows:

1. An aspectmodeldescribingthereplicationfeaturefor a genericresourceis developedor acquired.
2. Thereplicationaspectmodelis instantiatedmultipletimes.Eachinstantiationis acontext-speci�c aspect

modelthatdescribesthereplicationfeaturefor aspeci�c applicationresource.
3. Thecontext-speci�c aspectmodelsarecomposedwith theprimaryapplicationmodelto produceadesign

in whichspeci�edresourcesarereplicated.

In our previouswork we developeda compositionprocedurethatusedmodelelementnamesto identify
theelementsthatareto bemerged.Model elementsof thethesamesyntactictypeandwith thesamename
aremergedto form asinglemodelelement.Namingcon�icts canbeavoidedif thereis amanagednamespace
from which valuesusedto bind aspectmodelsandto nameprimarymodelelementsareobtained.We refer
to suchanamespaceastheapplicationdomainnamespace[1]. Unfortunatelyamanagednamespaceis often
notavailablein designdevelopmentenvironments,andthusnamingcon�icts mayoccur.

2.1 Matching Model ElementsusingSignatures

Name-basedcompositionis relatively easyto implementbut asamatchingcriterion,it canbetoopermissive
in somecases.For example,matchingoperationsusingonly their namescould leadto merging problems
whenthe operationshave incompatiblereturntypesor whenthe argumentlists differ. Similarly, matching
attributesusingonly theirnamescanleadto mergingproblemswhenthetypesassociatedwith theattributes
areincompatible.Onewould like to have matchingcriteriathattake into considerationadditionalproperties
of theelementsbeingmatched.For example,oneshouldbeableto expressamatchingcriterionfor attributes
thatrequiresmatchingattributestohavethesamenameandtype.Theneedfor �ner-grainedmatchingcriteria
led to thedevelopmentof thesignature-basedcompositionapproachdescribedin thispaper.

Thesignature-basedcompositionproceduremergesinformationin modelelementswith matchingsig-
naturesto form a single model elementin the composedmodel.A model element's signatureis de�ned
in termsof its syntacticproperties,wherea syntacticpropertyof a modelelementis eitheran attribute or
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an associationend de�ned in the element's UML metamodelclass.For example,isAbstract is a syntac-
tic propertyde�ned in themetamodelclasscalledClass . If an instanceof Class is an abstractclassthen
isAbstract � truefor theclass,otherwisetheinstanceis aconcreteclass(i.e., isAbstract � f alse).

Thesignatureof a modelelementis a collectionof valuesfor a subsetof syntacticpropertiesde�ned in
themodelelement's metamodelclass.Thesetof syntacticpropertiesusedto determinea modelelement's
signatureis calleda signature type. For example,the signaturetype for an operationcanbe de�ned asa
set consistingof the following propertiesde�ned in the Operation class:name (value is the operation's
name)andownedParameter (valueis thecollectionof parametersassociatedwith theoperation).Usingthis
signaturetype, the signatureof an operationupdate

�

x : int � y : int � is the set � update�

�

x : int � y : int ��� . If
this signatureis usedto matchoperations,two operationsmatchif andonly if they have thesamenameand
parameterlist. If thesignaturetypeof anoperationconsistsonly of theoperationname,thenthesignature
of theoperationis � update� . Useof thisname-onlysignaturetyperesultsin aweakermatchingcriterionfor
operations:two operationsmatchif andonly if they have thesamename.

A signaturetypethatconsistsof all syntacticpropertiesassociatedwith amodelelementis calledacom-
pletesignaturetype.Completesignaturetypesrequirethatmatchingmodelelementshave equivalentvalues
for all syntacticproperties(i.e., thematchingelementsmustbesyntacticallyidentical).Completesignature
typesaretypically usedfor matchingcontainedmodelelementssuchasclassattributesandoperationpa-
rameters.Compositemodelelementsthat containa variety of modelelements(e.g.,classes)tendto have
signaturetypesthatarenotcomplete.

Model 2
Model 1


name:String

address:String


Customer


Account


updateAcct()


name:String


Customer


(a)
 (b)


...

...


Composed Model 2 (faulty model)


Account


updateAcct()


name:String


Customer


(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


name:String

address:String


Customer


...


Composed Model 1


Account


updateAcct()


name:String

address:String


Customer


(c) Merging using a signature consisting only of class names.

Customer classes in Model 1 and Model 2 are merged


...


Fig.1. An Exampleof Model ElementMatchingandMerging

If two modelelementsof the samesyntactictype1 have the samesignature,then their propertiesare
mergedto form a singlemodelelementof thatsyntactictype.As an example,considera model,Model1,
containinga concreteclassnamedCustomerwith attributesnameand,address, (seeFig. 1(a))andanother
model,Model2, which containsa concreteclassnamedCustomerwith anattributenameanda referenceto
anAccount object(seeFig. 1(b)). If thesignaturetypeusedto composetheclassesin Fig. 1(a)andFig. 1(b)
consistsof theclassnamepropertyandtheisAbstractpropertythenthetwo classesmatch(they havethesame

1 Thesyntactictypeof a modelelementis theclassof themodelelementin theUML metamodel
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nameandthey arebothconcrete)andtheir contentsaremergedto form a singleclass.Theissueof merging
syntacticpropertiesthat arenot part of a modelelement's signaturetype arisesin this case.The matching
classesin this examplehave differentattribute,operationandassociationendsets.Merging theconstituent
model elementsinvolves matchingthem using signaturetypesde�ned for the elements.The constituent
elementsthat arematchedaremerged in the composedmodel.Thoseelementsthat are not matchedare
includedin thecomposedmodel.

The composedmodelshown in Fig. 1(c) is obtainedby usingcompletesignaturetypesfor attributes,
operationsandassociationends:

– Theattributename: String in Model1 andModel2 matchandis includedoncein thecomposedmodel.
– Theattributeaddress: String in Model1 doesnotappearin Model2 andthusis notmatched.It appears

in thecomposedmodel.
– TheoperationupdateAcct

�

� in Model2 doesnot appearin Model1 andthusis not matched.It appears
in thecomposedmodel.

– TheassociationandtheclassAccount in Model2 do not appearin Model1 andthusarenot matched.
They areincludedin thecomposedmodel.

Theuseof particularsignaturetypescanleadto modelsthatarenot syntacticallywell-formedin some
cases.For 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 thesamename,arebothabstractor arebothconcrete,andthey have thesame
setof attributesandassociationends.If this signaturetype is usedto composethe classmodelsshown in
Fig. 1(a)andFig. 1(b), thentheresultis shown in Fig. 1(d).Themodelis notwell-formedbecausethereare
two classeswith thesamenamein thesamenamespace.

To resolvetheaboveproblemonemustunderstandtheintentbehindthesignaturetype.If it is determined
by themodelerthatthesignaturetypecorrectlyre�ects thesyntacticform of classesthatrepresentthesame
concept,thentheproblemis resolvedby renamingeithertheCustomerclassin Model1or theCustomerclass
in Model2. As will bedescribedlaterin thispaper, thiscanbeaccomplishedby usingarename composition
directive.Ontheotherhand,if themodelerdeterminesthattheclassesactuallyrepresentsimilarclassesthen
thesignaturetypemustbechangedsothattheclassesarematched.

2.2 Identifying and UsingCompositionDir ectives

The compositionapproachthat we have developedutilizes a signature-basedcompositionalgorithm and
compositiondirectives.In somecases,soleuseof thealgorithmwill producemodelswith undesirableprop-
erties.This is the casewhentheviews describedby themodelscontaininconsistentinformation.In some
cases,theproblemscanberesolvedby syntacticallytweakingthemodelsthatareinvolvedin thecomposition
or by overridingsomeof thecompositionrules.Compositiondirectivescanbeusedfor thesepurposes.

Fig. 2 shows activities relatedto identifying and using compositiondirectives. The activity diagram
shows how therelationshipamongthreeactivities: thecompositionactivity (ComposeaspectandPrimary
models), the model analysisactivity (AnalyzeComposedmodel) and the directives identi�cation activity
(IdentifyCompositionDirectives). Thecompositionactivity, ComposeaspectandPrimary models, takesin
threeinputs:aprimarymodel,anon-emptysetof context-speci�c aspectmodels,anda(possiblyempty)set
of compositiondirectives.In this activity, theaspectandprimarymodelsarecomposedusingthealgorithm
andcompositiondirectivesto produceaComposedmodel. Thematchingandmergingprocedureusedby the
compositionalgorithmis capableof detectingcon�icting syntacticpropertyvaluesassociatedwith matching
modelelements.For example,if two matchingclasseshave differentvaluesfor the isAbstract property, a
con�ict is �agged.
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Analyze
Composed model

Properties
to Verify

Primary model
[Problems identified

[No problems 
identified]

during composition]

[Problems identified]

[No problems 
identified]

Context-specific
aspect models

Composed model

Composition Directives

Identify ApplicableCompose
Aspect and

Primary models

Composition
directives

Fig.2. Usingcompositiondirectivesto resolve compositionproblems

After composition,the composedmodelcanbe formally analyzedagainstdesiredproperties(referred
to as Propertiesto Verify in Fig. 2) to uncover designerrors.For example,one can analyzethe models
againstwell-formednessrulesto identify badlyformedmodelsor onecananalyzethemodelsagainstdesired
semanticproperties(e.g.,“only the owner of a �le candeletethe �le”). In relatedwork, we developeda
techniquefor uncoveringsemanticproblemsduringcomposition[5]. In theapproach,thesemanticproperty
to beveri�ed is usedin thecompositionprocessto generateproofobligations.Establishingthatacomposed
modelhasthestatedsemanticpropertiesrequiresdischarging theproofobligations.

In somecases,the uncoveredproblemscan be resolved using compositiondirectives. In thesecases
an appropriatesetof directivesareidenti�ed andusedto composethecontext-speci�c aspectandprimary
models.In othercases,moresubstantialchangesmayberequired.For example,it maybedeterminedthat
anothervariantof theaspectmodelis neededor thattheprimarymodelhasto besigni�cantly refactored.

This paperfocuseson the ComposeAspectand Primary modelsactivity shown in Fig. 2. Activities
relatedto analysisof modelsto uncover problemsand the identi�cation of compositiondirectives is not
within thescopeof thispaper.

2.3 Examplesof Applying CompositionDir ectives

Compositiondirectivescanbeclassi�ed asModelDirectivesandElementDirectives. Model directivesare
usedto determinetheorderin which multiple aspectmodelsarecomposedwith a primarymodel.Element
directivesareusedto determinehow anaspectmodelis composedwith aprimarymodel.Elementdirectives
canbeclassi�ed in termsof whenthey areappliedin thecompositionprocess:
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– Pre-Merge Directives: Thesedirectivesareusedto carryout simplemodi�cationsof themodelsbefore
they aremerged.For example,onecanrenamemodelelements,deletemodelelements,or replacemodel
elements(deleteandaddmodelelements)in theprimaryor context-speci�c aspectmodels.

– Merge Directives: Thesedirectivesareusedto overriderulesfor merging modelelements.For example,
onecanspecifythatamodelelementin onemodelcompletelyreplacesanelementin anothermodel.

– Post-MergeDirectives: Thesedirectivesareusedtocarryoutsimplemodi�cationsonthemodelproduced
aftermergingpossiblymodi�ed primaryandcontext-speci�c aspectmodels.Thedirectivesfor renaming,
adding,deleting,andreplacingmodelelementsalsofall into thiscategory.

In theremainderof thissectionweprovideexamplesof compositionproblemsthatcanberesolvedusing
compositiondirectives.It is importantto notethatthecompositionapproachdiscussedin thefollowing sec-
tionsdoesnotprovidesystematictechniquesfor analyzingcomposedmodelsnor for identifyingappropriate
compositiondirectivesonceproblemsareuncovered.As statedearlier, thecompositionalgorithmwill �ag
caseswherecon�icting syntacticpropertiesexist for modelelementsthataremerged.It doesnot,however,
detectsemanticcon�icts thatcanariseasaresultof inconsistentspeci�cationsof behavior or othersemantic
properties.Uncoveringsuchsemanticpropertiesrequiresformalsemanticanalysisof thecomposedmodel.
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addToStream()


FileStream


writeLine()


Writer


pre: true

post: wbuffer^writeBuff(?)

post: fstream^addToStream(?)
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bfstream
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bfstream^addToStream(?)


fstream


(d) Composed Model
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Fig.3. An Exampleof a FaultyComposition
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Fig.3 showsasimpleexampleof acompositionthatleadsto afaultycomposedclassmodel.In theexam-
ple,a modelercreatesa primarymodel(seeFig. 3(a)) in which anoutputproducer(aninstanceof Writer )
sendsoutputsdirectlyto theoutputdeviceit is linkedto (instanceof FileStream ). Themodelerthendecides
to incorporatea buffering featureinto themodelby instantiatinga buffering aspectmodel.Fig. 3(b) shows
theclassdiagramtemplatethat is partof thebuffering aspectmodel.Theaspectmodeldescribeshow enti-
ties thatproduceoutputs(representedby instantiationsof BufferWriter) aredecoupledfrom outputdevices
throughtheuseof buffers . Templateparametersareprecededby thesymbol“ � ”. Theoperationtemplates
|write() in |Buffer and|BufferWriter areassociatedwith templateformsof operationspeci�cations
[1].

To incorporatethebuffering featureinto theprimarymodel,themodelermust�rst instantiatetheaspect
model to producea context-speci�c model. Instantiatingthe buffering classdiagramtemplateproducesa
classdiagramthatdescribeshow buffering is to beaccomplishedin thecontext of theprimarymodel.The
classdiagramshown in Fig. 3(c) is obtainedfrom thebuffering classdiagramtemplateusingbindingsthat
includethefollowing:

(|Buffer<-WriterB uff er) , (|Output<-FileStream ), (|BufferWriter<-Wri te r),
(|BufferWriter::| wri te( )< -wr ite Lin e( )), (|Buffer::|write() <-w rit eBuff ()) ,
(|Output::|write( )<- addToStr eam())

The resultof composingthe classdiagramshown in Fig. 3(c) with the primary modelclassdiagram
shown in Fig. 3(a) is presentedin Fig. 3(d). Compositionis carriedout by matchingmodelelementsusing
signaturesconsistingonly of model elementnames.If the matchingmodel elementsareassociatedwith
invariants,theinvariantassociatedwith themergedelementin thecomposedmodelis theconjunctionof the
invariantsin thematchedelements.Operationspeci�cations,expressedasOCL preandpostconditions,can
alsobemergedfor matchingoperations.Thepreconditionof themergedoperationin thecomposedmodel
is thedisjunctionof thepreconditionsassociatedwith thematchingoperations,andthepostconditionof the
mergedoperationis theconjunctionof their postconditions.

The merging of the writeLine() operationsin the primary and context-speci�c aspectmodelspro-
ducesan operationthat calls the buffer's write operationwriteBuff() and the �lestream's write opera-
tion addToStream() . This is not the desiredresult: The intent is to completelydecoupleWriter from
FileStream usingWriteBuffer . To resolve thisproblem,thefollowing compositiondirectivescanbeused:

– A pre-mergecompositiondirective thatremovestheassociationbetweenWriter andFileStream in the
primarymodel.

– A pre-mergecompositiondirectivethatremovestheoperationspeci�cationassociatedwith thewriteLine()
operationin theprimarymodel.

Oncetheabove pre-mergedirectivesareappliedthecompositionalgorithmis usedto composethemodi�ed
primarymodelwith thecontext-speci�c aspectmodel.

As anotherexample,considerthe partial context-speci�c and primary classmodelsshown 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�c aspectmodel
calls the doAddUser operationonly whenthe client calling the operationis authorizedto adda user. The
doAddUser() operationaddsa userto thecollection.Using signaturesthatconsistonly of modelelement
names,the two RepositoryManager classesmatchandthustheir propertiesaremerged.During themerge
of thesetwo classes,theaddUser() operationsarematchedandtheirspeci�cations(notshown) aremerged.
The resultingaddUser() operationspeci�cationwill have a semanticcon�ict: The speci�cationfrom the
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Repository
User

Repository
User

addUser(u:User,mID:MgrID)
doAddUser(u:User)

Repository Manager

Operation names match but specified properties conflict. 

addUser in Primary model are not the same
The properties of addUser in Context-specific aspect model and

Primary modelContext-specific aspect model

... ...

Repository Manager

addUser(u:User)

Fig.4. Exampleof a PropertyCon�ict

primarymodelallows unconditionaladdingof users,but thespeci�cationfrom thecontext-speci�c model
will allow addingof usersonly if theoperationis authorizedfor theclient.This is anexampleof asemantic
propertycon�ict: A semanticpropertycon�ict occurswhentwo matchingelements(elementswith thesame
signature)areassociatedwith con�icting semanticproperties.In this example,the intent is to merge the
doAddUser() operationin thecontext speci�c aspectmodelwith theaddUser() operationin theprimary
model.To resolve this con�ict and re�ect the intent, a pre-merge compositiondirective that renamesthe
addUser() operationin the primary model to doAddUser() canbe used.After this renaming,signature-
basedcompositionwill produceacomposedmodelwith therequiredproperties.

Renamingdirectivescanalsobeusedto resolve syntacticnamingcon�icts. A syntacticnamingcon�ict
occurswhentwo or moremodelelementsrepresentingdifferentconceptshave thesamename.Thisclassof
con�icts canbe avoidedby instantiatingthegenericaspectmodelsuchthat thenamesdo not matchor by
usingapre-mergerenamedirective.

In somecases,post-merge directives areneededto addor deleteelementsin the modelproducedby
merging primary and context-speci�c aspectmodel to producea model that hasrequiredproperties.For
example,associationsmay be addedbetweena classintroducedby the primary modelandanotherclass
introducedby a context-speci�c aspectmodelto provide requiredaccessto behaviors de�ned in theclasses,
or they mayberemovedto preventaccessthatis to beprohibitedin thecomposedmodel.

With the ability to rename,add,andremove elementscomesthe risk of anothertype of con�ict: The
nonexistent-reference con�ict. A nonexistent-referencecon�ict ariseswhenareferencein oneof themodels
refersto an elementthat no longer exists, or exists undera different name.To resolve this con�ict, the
affectedreferencesin a model must be identi�ed and updated.Compositiondirectives that identify and
updatespeci�edreferencesareneeded.

In anaspect-orientedmodelthatcontainsmultiple aspectmodels,differentcompositionorderingsmay
producedifferentcomposedmodels[6]. A particularorderingcanleadto undesirableemergentbehaviors.
For example,consideran auditingfeatureanda password featurethat areto be composedwith a primary
model.If the password featureis composedwith the primary modelbeforethe auditing feature,thenthe
endresultcould be a model in which the auditingfeaturecapturesandstorespasswords.This may be an
undesirableemergentbehavior. Compositiondirectivesthatcanbeusedto specifytheorderusedto compose
multipleaspectswith a primarymodelareneeded.
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De�ning compositionorderingraisesanothertype of con�ict. A cyclic-orderingcon�ict occurswhen
thereis a cycle amongorderingrelationshipsde�ned over multiple aspects.Analysiscandetectandcorrect
orderingcon�icts.

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

– Creatingnew elements.
– Addingelementsto aNamespace.
– Deletingelementsfrom aNamespace.
– Changingpropertyvaluesof elements.
– Findingandchangingreferencesto speci�edmodelelements.
– Specifyingoverriderelationshipsbetweenmatchingelements.
– Changingdefault compositionrules
– Specifyingorderingrelationshipsamongmultipleaspects.

Theabove list of actionsre�ects ourcurrentexperienceandmaybeincomplete.

3 The Composition Metamodel

Our compositionmetamodelusesstaticandbehavioral featuresneededto supportmodelcomposition.In
this paper, we describethe behavioral propertiesin termsof classoperationsandnarrative descriptionsof
the operations.Alternatively, sequenceandactivity diagramscanbe usedto describethe interactionsand
activities thattake placeduringcomposition.

The corepart of the metamodelhasbeenimplementedusingKermeta,an opensourcemeta-modeling
languagedevelopedby theTriskell teamat IRISA [7]. KerMetaextendstheEssentialMeta-ObjectFacility
(EMOF) 2.0 [8] with an actionlanguagethat allows oneto describethe behavior of operationsassociated
with classesin ametamodel.Kermetawasusedprimarily becauseit is compatiblewith theEclipseModeling
Framework (EMF), which allows usto useEclipsetoolsto edit,store,andvisualizemodelsmanipulatedin
ourAOM approach.A moredetaileddescriptionof thelanguageis presentedin [9].

EMOF2.0is asubsetof theMeta-ObjectFacility (MOF) thatcanbeusedto describemetamodelsusing
object-orientedconcepts.It utilizesconceptsfrom UML 2.0,andthusallows oneto useUML toolsto build
metamodels.EMOFde�nesaclasscalledObjectfrom whichall otherEMOFclassesinheritproperties.This
classcontainsthefollowing operationsthatwill beusedin thecompositionmetamodeldescribedlaterin this
section:

– ThegetMetaClass
�

� operationreturnstheClassof anobject.
– Thecontainer

�

� operationreturnsthecontainingparentobject.
– Theequals

�

element � determinesif theelement(an instanceof Elementclass)is equalto this Element
instance.

– Theset
�

property� element � operationsetsthevalueof thepropertyto theelement.
– Theget

�

property � operationreturnsaList or asinglevaluedependingon themultiplicity.

The isComposite attribute de�ned in the EMOF classProperty returnstrue if the object is contained
in the parentobject.Cyclic containmentis not possible,i.e. an objectcanbe containedin only oneother
object.ThegetAllProperties

�

� operationin theEMOFclasscalledClassreturnsall theproperties(including
inheritedproperties)associatedwith aClassobject.

Fig. 5 shows the corepart of the compositionmetamodel.The metamodelcontainselementsfrom the
UML metamodel[2], but it differs from the UML metamodelin that it includesoperationsthat specify
compositionbehavior.
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merge(m:Mergeable)

sigEquals(m: Mergeable)

getSignature()


Mergeable


Signature
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Element


1
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sigEquals(m: Mergeable)


Operation
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Classifier
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PrimaryModel
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*


*
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execute()


RenameDirective


main()


Composer


1
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1


1


Fig.5. CoreElementsof CompositionMetamodel

Thecoreconceptsshown in Figure5 aredescribedbelow:

– Element: Instancesof this classaremodelelements.Element is an extensionof the UML meta-class,
Element. It is extendedby theoperationgetMatchingElements

�

e: Set
�

Element ��� . Operationsassociated
with theEMOF Object classarealsoavailablein theElement class.

� Element::getMatchingElements(): This operationtakes in a setof elementsandreturnsa setof
elementsthathave thesamesyntactictypeandsignatureastheelementthat invokesit. Thesyntac-
tic typecheckis performedby invoking thegetMetaClass

�

�
andthegetAllProperties

�

�
operations

de�ned in theEMOFObject class.Thesignatureis obtainedusingthegetSignature
�

� operation.
– Mergeable: This is anabstractclassthatcharacterizesmodelelementsthatcanbemerged.Examplesof

mergeableelementsshown in the�gure areinstancesof Classif iers, Operations, andModels.
� Mergeable::merge(): This operationmergesthe elementwith the mergeableelementpassedin as

anoperationargument.Themergemethodreturnsa new elementthatis themergeof theelementm
andtheelementonwhich themergeis called.

� Mergeable::sigEquals(): This operationdetermineswhethertheelement's signatureis equalto the
signatureof anotherelement.

� Mergeable::getSignature(): Thisoperationgetsthesignatureof theelement.
– Signature: Instancesof this classarerepresentationsof signatures.Every mergeableelementis associ-

atedwith exactlyoneinstanceof thisclass.
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The Kermetaimplementationof thecorepartsof the compositionmetamodel(i.e., the metamodelob-
tainedby excluding the CompositionDirective hierarchy)treatsthe model elementsand instancesof the
otherclassesin the metamodelasobjects(i.e., instancesof theEMOF Object class).The implementation
is thuswritten independentlyof modelelementtypesandit usesre�ection to obtaintype information.The
operationsin thecompositionmetamodel(including thosede�ned in EMOF) wereimplementedusingthe
KerMetaactionlanguage.

The modelelementsaremergedonly whenthey have the samesyntactictype andthe samesignature.
The sigEquals

�

� operationis usedto determinewhethersignaturesof modelelementsare the same(see
appendix).Eachmodelelementtypede�nes its own procedurefor checkingequalityof signatures,that is,
specializationsof MergeablecanoverridetheinheritedsigEquals

�

� .
Merging of two matchingmodelelements,e1 ande2, in theabsenceof compositiondirectivesproceeds

asfollows:

– Primiti ve property rule: A primitivepropertyis amodelelementpropertythatmustbeassociatedwith
exactlyonevalue.TheisAbstract propertyof classesis anexampleof aprimitiveproperty. Theprimitive
propertiesof matchingelementsmusthavethesamevalues.If they havedifferentvaluesthenacon�ict is
indicatedfor eachcon�icting value.For example,if e1 ande2 arematchingclasseswith differentvalues
for theisAbstract propertythenacon�ict is indicated.

– Compositeproperty rule: This ruleappliesto modelelementpropertiesthatareassociatedwith values
thatarecollectionsof modelelements.TheownedAttribute propertyof aclassis anexampleof thiskind
of property. This rule hasa basecasepartanda recursive part.Therecursive partessentiallyappliesthe
mergerecursively to mergetheconstituentpartsof thepropertythatmatchacrosstheencompassingtwo
modelelements.Thebasecasepartdeterminesthestoppingconditionfor therecursion.In whatfollows,
thecompositepropertyis referredto asp, e1 	 p refersto thecollectionof valuesassociatedwith p in e1
ande2 	 p refersto thecollectionof valuesassociatedwith p in e2.

� Recursivepart: Foreachconstituentelementin e1 	 p asearchis madefor amatchingelementin e2 	 p
(basedon the signaturetype associatedwith theconstituentelementtype). If a matchis not found
then the elementis includedin merged form of e1 ande2. If a matchis found the two matching
constituentelementsaremergedandincludedin themergedform of e1 ande2.

� BaseCasepart: If two constituentmatchingelements,c1 andc2, arecompositesthat consistof
only onemodelelement,q, thenthe following occurs.If thesignaturesof c1 	 q andc2 	 q thenc1 	 q
is mergedwith c2 	 q. If thesignaturesdo not matchthena con�ict is indicated.For example,if two
attributesarematchedusingonly theirnames,thenacon�ict is indicatedif their typesdonotmatch.

Thecompositionof two models(instancesof Model) is startedby calling themerge
�

� operationin one
of themodels,usingtheotherasanargument.Themain

�

� methodof theComposerclassinvokestheinitial
merge.SinceaModel is notaprimitive type,its merge

�

� operationwill resultin themergingof thematching
partsof themodel.Thealgorithmfor merging elementsis givenin theappendix.

Two typesof compositiondirectives aredescribedin the compositionmetamodel.Elementdirectives
(instancesof ElementDirective) are compositiondirectives that apply to a groupof elementsin a single
model.Thesedirectivescanbeusedtoaddnew elements,deleteexistingelements,renameelements,override
elements,andreplacereferencesin amodel.Modeldirectives(instancesof ModelDirective) arecomposition
directives that areassociatedwith a groupof models.An exampleof a modeldirective is a composition
directive thatspeci�estheorderin whichaspectsarecomposedwith aprimarymodel.

Eachcompositiondirective is associatedwith a behavior thatimplementstheactionassociatedwith the
directive.Thesebehaviorsareinvokedby themerge

�

� operationsof elementsbeforethemergesof constituent
propertiesareattempted.
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TheKermetaimplementationof thecompositionmetamodelcurrentlydoesnot supporttheuseof com-
positiondirectives.We arenow developingsuchsupport.Thepre-andpost-mergedirectivescanbeviewed
astransformationson modelsandthis is how they will beimplementedin Kermeta(Kermetawasoriginally
designedto supportspeci�cationof modeltransformations).

4 Composition Dir ectives

In this sectionwe describethe compositiondirectives that we have identi�ed throughapplicationof the
compositionprocedureonsmallcasestudies(e.g.,see[10–12]).Thedirectivescanbeusedto modify aspect
andprimarymodels,addnew elementsto composedmodelsor to overridedefaultcompositionrulesin order
to producedesiredcomposedmodels.Thedirectivesthatmodify modelscanbeviewedastransformations
on themodels.Directivesthataffect only aspectandprimarymodelsareappliedto themodelsbeforetheir
elementsaremerged.Thosethataddelementsto composedmodelsandthosethatoverridecompositionrules
areappliedduringmerging.

Eachdirective (exceptfor thedirectivesthatoverridecompositionrules)is describedusingthefollowing
format:

– DirectiveName:This sectionstatesthe nameof the directive or the form of namesfor a family of
directives.

– Application:Thissectiondescribesthepurposeof thedirectivesanddescribestheentitiesthatthedirec-
tivesoperateon.

– Form: Thissectiondescribesthesyntacticform of thedirectives.
– Constraint: This sectiongives the conditionsthat musthold if the directives areto have the intended

effect.Theconstraintin thissectionis referredto asthedirective precondition.
– Effect: This sectiondescribesthe effect of the directiveson their targets.The speci�cationof effect is

calledthedirective postcondition.

As indicatedin the compositionmetamodeldescribedin the previous section,thereare two typesof
compositiondirectives: Elementdirectives and model directives. The following subsectionsdescribethe
directivesin eachof thesecategoriesandgivesexamplesof their application.

4.1 ElementDir ectives

Wehave identi�ed thefollowing elementdirectivesthusfar:

– Creatingnew modelelements(a family of directives)
– Addingmodelelementsto anamespace
– Removing modelelementsfrom anamespace
– Changingproperties(a family of directives)
– Replacingreferencesto amodelelementin anamespace
– Overridingmodelelements
– Overridingcompositionrules(a family of directives)

Whenan elementis createdby a createdirective, a handlethat canbe usedto referencethe element
is provided.Thesehandlescanbe usedin compositiondirectives that areappliedafter the creationof the
modelelements.Thenamesthatappearonmodelelementsin aspectandprimarymodelsserveasreferences
to themodelelementsin directives.For example,anassociationnameor a role namecanrefer refer to an
associationin adirective.
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Creatingnew modelelements. Thefollowing describesthefamily of createdirectives.

DirectiveName: create<metamodel class name>
Thefollowing areexamplesof namesfor createdirectives:createAssociation , createClass , whereAssocia-
tion andClassarethenamesof concreteclassesin theUML metamodel.

Application: Thecreatedirectivesareusedto createnew modelelements(i.e.,modelelementsthatarenot
in the primary or aspectmodelsbeingcomposed).In the compositionmetamodel,eachconcreteElement
classis associatedwith a constructor. Thecreatedirectivesusetheseconstructorsto createmodelelements
to ensurethat thecreatedelementsaresyntacticallywell-formed.Thenew elementis not a memberof any
namespacewhenit is created.

A createdirective hassetof operandsthat determinesthe argumentspassedto the constructorsof the
modelelements.Theoperandsareasetof (propertyname= propertyvalue) pairs,wherethepropertyname
is thenameof amodelelementproperty.

Form: newHandle = create<Element> � operands �

Thefollowing is anexampleof acreatedirective thatcreatesaconcreteclasswith aname“NewClass”.

newClass = createClass � name = "NewClass", isAbstract = false �

The following createdirectives areusedto createa strongaggregation relationbetweentwo existing
classes:primary::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 = createAssociatio n � name = "UserAuth-UserMgmt" ,
isDerived = false, memberEnd = 
 userAuthEnd,userM gmtEn d ���

Theoperandsof theabovedirectivesindicatethatthetwo associationends(property)userAuthEnd and
userMgmtEnd mustbecreatedbeforetheassociationuserAuth-userMgmt is created.We assignthevalue
of “ -1 ” to upper(representingtheupperlimit of a multiplicity) where“ -1 ” representsthemultiplicity “*”.
The“ 

	�	 � ” notationis usedto denoteacollectionof associationendsin thecreateAssociatio n directive.

Constraint: Therearenoconstraintsfor thesedirectives.

Effect: A createdirective providesareferenceto anew modelelementthatis valid. Thenew Element is not
amemberof any namespace.

Adding modelelementsto a namespace.

DirectiveName: add
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Application: Theadd directive is usedto adda modelelementto a namespacein a model.It canbe used
to adda newly createdmodelelement(i.e., onecreatedby a createdirective) to a namespaceandto addan
elementfrom anothernamespaceinto a targetnamespace.Thelatteractionis neededwhenamodelelement
is migratedto a new namespacein orderto ensurethat thecomposedmodelhasrequiredproperties.Such
a migrationwould involve removing the elementfrom its original namespace(usingthe remove directive
describedlater)andthenaddingit to thenew namespace.

Theadd directive hasoneoperand,themodelelementto beadded.

Form: add owner::elem
In theabove, themodelelement,elem is addedto thenamespace,owner .

Constraint: Thetargetnamespacemustexist, theelementto beaddedmusthave a uniquenamewithin the
namespace,andtheelementmustbeaninstanceof a concreteUML metamodelclassthatcanbeownedby
thenamespace.

Effect: Theelementis in thetargetnamespace.

Removing modelelementsfrom a namespace.

DirectiveName: remove

Application: Theremovedirective is usedto removeamodelelementfrom anamespace.It is usedwhenthe
presenceof certainmodelelementscompromisesdesiredpropertiesof thecomposedmodel.For example,
considera securityaspectmodel that requiresthat certainassociationsnot exist in the composedmodel
becausetheir presencecanleadto leaksof sensitive information.The remove directive canremove these
associationsin theprimarymodel.

Removing acompositemodelelementinvolvesremoving all its containedparts.For example,removing
anassociationinvolvesremoving its associationendproperties(but not theclassesat theassociationends).

Removing a modelelementcanresult in modelswith hangingreferences:Referencesto the removed
elementmay be presentin the namespaceandelsewhere(e.g.,in OCL expressions)after removal. Useof
thedirective shouldbecoupledwith theuseof otherdirectivesthattake careof thehangingreferences.For
example,onecanusethe replaceOccurrencesdirective to replacereferenceto the deletedelementwith
referencesto otherelements.

Theremove directive hasoneoperand,themodelelementthatis to beremoved.

Form: remove owner::elem
In theabove, themodelelement,elem is removedfrom thenamespace,owner .

Constraint: Thenamespacemustexist in amodel.Theelementmustbein thenamespacebeforethedirective
is applied.

Effect: Theelementis not in thenamespace.

Changing properties of model elementsin a namespace. The family of directivesfor changingmodel
elementpropertiesaredescribedbelow.
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DirectiveName: change<property name>
Examplesof changedirective namesarechangeisAbstract , andchangename. Thechangename directive
is writtenmoreconciselyasrename.

Application: ThechangeProperty directive is usedto changethevalueof a modelelementproperty. This
directive canbeusedto forceor preventmatchingof modelelementsby changingthepropertyvaluesused
to determineelementmatches.For example,in the caseswherematchingis basedonly on the namesof
elements,thisdirective canbeusedto renameelementssothatthey matchor do notmatch.

This directive hastwo operands.The�rst is themodelelementwith theproperty, thesecondis thenew
valueof theproperty.

In ourcasestudiesweoftenusethisdirective to renamemodelelementsandthusweuseamoreconcise
namefor thedirective: rename. The renamingdirective is oftenappliedto theprimarymodel,becausere-
namingof elementsin thecontext-speci�c aspectmodelscanalsobeaccomplishedby rebindingthe(generic)
aspectmodel.

Form: change<property name> owner::targetElemen t to propertyValue

In thecaseswherethepropertyto bechangedis amodelelementnameonecanusetheform below:

rename owner::targetElemen t to newName

Constraint: Theelementmustexist in aprimary, aspector composedmodel.

Effect: Thespeci�edpropertyvaluein thetargetmodelelementhasthenew value.

Replacereferencesto a modelelementin a namespace.

DirectiveName: replaceOccurrences

Application: ThereplaceOccurrencesdirective is usedto replacereferencesto amodelelementwith refer-
encesto anothermodelelementin a namespace.It is oftenusedin conjunctionwith directivesthataddand
remove modelelements.For exampleif anassociationthat is referencedin anOCL expressionis removed
thenonecanusethisdirective to changethereferencein theOCL expression.

ThereplaceOccurrencesdirectivehastwo operands:The�rst is areferenceto amodelelement,andthe
secondis a referenceto anothermodelelement.

Form: replaceOccurrences owner1::elem with owner2::replacementE le m
The above statesthat referencesto elem in the namespaceowner1 are to be replacedby referencesto
replacementElem in thenamespaceowner2 .

Constraint: Therearenoconstraintsfor thisdirective.

Effect: All existingreferencesto themodelelementowner1::elem arechangedto referencesto theelement
owner2::replacemen tEl em.

Overriding a model element. This compositiondirective is similar to theoverriderelationshipproposed
by Clarke etal. [13].
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DirectiveName: override

Application: The override directive de�nes an override relationshipbetweentwo potentiallycon�icting
modelelements.It indicatesthat the propertiesof a modelelementtakesprecedenceover propertiesof a
matchingmodelelementduringcomposition.

Whenan override relationshipis de�ned for two modelelements,the relationshippropagatesto the
containedmodelelements.The consequencesof the implicit overridesmay not be immediatelyobvious.
Explicit override relationshipsshouldbe de�ned for containedmodelelementswhenthis is feasibleand
practical.

The override directive hastwo operands.The secondoperandis the modelelementthat overridesthe
�rst operand.

Form: override owner1::elem1 with owner2::elem2

Constraint: owner1::elem1 andowner2::elem2 mustexist in separatemodels,onein a primarymodel,
andtheotherin acontext-speci�c aspectmodel.Thetwo elementsmustmatch.

Effect: Duringcomposition,thepropertiesof elem1 arereplacedby propertiesof elem2 .

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

– If two matchingattributesare associatedwith invariants,the invariant in the composedmodel is the
conjunctionof thetwo invariants.

– If two matchingoperationshave operationspeci�cations,the composedoperationhasa precondition
that is the disjunctionof the two preconditionsanda postconditionthat is the conjunctionof the two
postconditions.

– If two associationsmatchand their multiplicities are different, then the merged associationusesthe
weaker multiplicity constraintateachend.

Sometimesonemaywant to changethedefault ruleswhencomposingmodels.For example,onemay
want to usethe strongermultiplicity constraintat the endsof composedassociations.Overridecomposi-
tion rule directivesareusedfor this purpose.In our approach,eachrule is associatedwith a setof possible
variationsanda directive for eachvariationis de�ned. For example,theassociationendmultiplicity rule is
associatedwith thefollowing directive:

associationendmultiplicity rule owner1::assocend1 ; owner2::assocend2 stronger

Useof this directive indicatesthatthestrongerof thetwo multiplicities at thespeci�edassociationsare
to beusedin thecomposedmodel.Onecanalsooverridetherulegloballyusingthefollowing directive:

associationendmultiplicity rule stronger

For theoperationspeci�cationrulewehave thefollowing directive:
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operation speci�cation rule owner1::aclass1:: PreSpec(an opera tio n1) ,
owner2::aclass2:: PreSpec( anoper ati on2) conjunct

The above statesthat the preconditionof the operationformed by merging the matchingoperations
anoperation1 andanoperation2 is theconjunctionof theirpreconditions.A similardirective for postcon-
ditionsis alsode�ned:

operation speci�cation rule owner1::aclass1:: PostSpec(a nopera tio n1),
owner2::aclass2:: PostSpec(ano perat ion 2) disjunct

Currentlywe have a very limited numberof compositionrules.In thecaseswherewe do not have such
rules,compositionresultsin acon�ict whenthepropertyvaluesdiffer. Work onproviding asmallanduseful
setof rulesandassociateddirectivesis ongoing.

4.2 CompositionExamples

The following areexamplesof compositionscenariosthat requirethe useof directives to producedesired
results.In theexampleswe show theeffectof directivesin termsof beforeandafterdiagrams.Notethatthe
afterdiagramsarenot thecomposedmodels:They show only theeffect of thedirectiveson theprimaryand
aspectmodels.

addToStream()

FileStream

pre: true
writeLine()

addToStream()

fstream

wbuffer

writeLine()

WriterFileStream

post:
fstream^addToStream(?)

Writer WriterBuffer

writeBuff()

bfstream

aspect: AspectModel

pre: true
post:

pre: 
post:
bfstream^addToStream(?)

wbuffer^writeBuff(?)

...

Primary: PrimaryModel

Fig.6. Example1. BeforeApplicationof directives.

Example1: Thefaulty compositionshown in Fig. 3 canbeavoidedby usingcompositiondirectivesthatdo
thefollowing (theaspectandprimarymodelsareshown in Figure6):

1. RemovetheassociationbetweenWriter andFileStream in theprimarymodel:In thedesiredcomposed
model,all writing to the�le streamis donevia thebuffer. Thewrite shouldnot have directaccessto the
�lestreamin thecomposedmodel.
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addToStream()

FileStream

writeLine()

addToStream()

wbuffer

writeLine()

WriterFileStream

post:
fstream^addToStream(?)

Writer WriterBuffer

writeBuff()

bfstream

aspect: AspectModel

pre: true
post:

pre: 
post:
bfstream^addToStream(?)

wbuffer^writeBuff(?)

...

fstream

pre: 

Primary: PrimaryModel

Fig.7. Example1. After Applicationof remove directives.

2. RemovetheOCL speci�cationfor writeLine() in theprimarymodel:Theoperationspeci�cationin the
context-speci�c aspectmodelfully speci�esthedesiredbehavior andthusthecon�icting speci�cation
in theprimarymodelcanbedeleted.

Thedirectivesthataccomplishtheabove aregivenbelow:

(1) remove primary::Writer:: fst rea m
(2) remove primary::Writer:: Spec(wr ite Lin e)

In the above, Spec(writeLine) refersto the speci�cation associatedwith the operationwriteLine() .
Figure6 andFigure7 illustratetheeffectof thedirectivesontheprimaryandaspectmodel.An “X” indicates
theremoval of anelement.

In theexample,theoperationspeci�cationassociatedwith writeLine() in theprimarymodelcontained
only a statementthat refersto the deletedf streamelement.If the speci�cation hadcontainedadditional
statementsthatwererequiredin theoperationspeci�cationof writeLine() in thecomposedmodel,then
removal of thespeci�cationin theprimarymodelwould not give thedesiredresult.To handlethesesitua-
tions,directivesthatreplacetheelementsto beremovedin theOCL speci�cationswith desiredelementsare
needed.Suchdirectivesrequiretechnologyfor parsingOCL expressions.A metamodelfor theOCL is cur-
rentlybeingstandardizedby theObjectManagementGroup(seehttp://www.omg.org/uml)andit is expected
thatOCL parsersbasedon themetamodelwill bedevelopedsoonafter.

An alternative way to accomplishtheabove wouldbeto usetheoverride directive insteadof thesecond
remove directive asshown below.

(1) remove primary::Writer:: fst rea m
(2) override primary::Writer with aspect::Writer

Figure8 illustratestheeffect of thedirectiveson theprimaryandaspectmodels.

Example2: Thefollowing example,from Franceetal. [1], illustratestheuseof thecreate, add, removeand
replaceOccurrencesdirectives.Theaspectmodelshown in Figure9 presentsaview in whichaddanddelete
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fstream^addToStream(?)
post:

FileStream Writer

writeLine()

wbuffer

addToStream()

writeLine()

WriterBuffer<<override>>

Primary: PrimaryModel

pre: 

fstream

...

wbuffer^writeBuff(?)

bfstream^addToStream(?)
post:
pre: 

post:
truepre: 

aspect: AspectModel

bfstream

writeBuff()

FileStream

addToStream()

Fig.8. Example1. After Applicationof remove andoverridedirectives.

useractionsmustbe authorizedbeforethey arecarriedout. Theprimarymodeldescribesa view in which
authorizationdoesnotoccur. Theobjective of thecompositionis to produceacomposedmodelin which the
authorizationbehavior in theaspectis incorporatedinto theprimarymodel.In Figure9, theUserAuth class
in the aspectmodelperformsauthorizationcheckson clients requestingthe additionor deletionof users
from thesystem.In thecomposedmodel,Manager clientmustrequesttheaddanddeleteruseroperationsby
calling thecorrespondingoperationsin UserAuth andshouldhave no directaccessto theUserMgmt class.
To accomplishthis,adirective is usedto remove theaccesses associationin theprimarymodel:

(1) remove primary::Manager: :ac ces se s

Therearereferencesto theaccesses associationin Manager thatmustbereplacedor removed.In this
case,referencesto accesses in theprimarymodelmustbe changedto uaccesses in thecontext speci�c
aspectmodel,becauseall accessto theoperationsis madevia theuaccesses associationin thecomposed
model.Thefollowing directive is usedto accomplishthis:

(2) replaceOccurrences primary::Manager: :ac ces ses with aspect::Manager::u ac ces ses

Thede�nitions of theaddUser anddeleteUser operationsin UserAuth includeanauthorizationcheck.
In the aspectmodel,if a Manager client is authorizedto carry out the addor deleteactiona call is made
to the respective doAddUser , doDeleteUser operations.In thedescribedcomposedmodel,theoperations
addUser anddeleteUser in UserMgmt carryout theaddanddeleteuseractions,respectively. To make this
possiblea compositiondirective that addsan associationbetweenthe 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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SystemMgmtAuthRepository

checkSysAuth(mid:MgrID,op:String)
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MgrID

UID
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UID
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1..*

primary: PrimaryModelaspect: AspectModel
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1..1
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1..1
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UserAuth

Fig.9. Example2. Beforeapplicationof directives.

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

userAuth-userMgmt = createAssociation � name = "UserAuth-UserMgmt" ,
isDerived = false, memberEnd = 
 userAuthEnd,userMgm tEn d ���

Oncethenew Association is created,we needto addit to thecomposedmodel.Thecompositiondi-
rective thataccomplishesthis is givenbelow. Wereferencethecomposedmodelusingthenamecomp:

SystemMgmtAuthRepository

checkSysAuth(mid:MgrID,op:String)

<<datatype>>
MgrID

UID
<<datatype>> UID

<<datatype>>

<<datatype>>
MgrID

primary: PrimaryModel

m: MgrID

Manager UserMgmt

UserRepository

1..*m: MgrID

Manager

addUser(mid:MgrID,u:UID)

accessAuthRep

doDeleteUser(u:UID)
doAddUser(u:UID)
deleteUser(mid:MgrID,u:UID)

uaccesses

aspect: AspectModel

1..*

accessUserRep

deleteUser(u:UID)
addUser(u:UID)

accesses
1

(5)

(5)

1..1

1..1
1..1

1..1

1..1

1..1

(1)+(2)
1..*

(3)+(4)

UserAuth

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

Therearetwooptionsfor creatingacomposedmodelin whichauthorizedcallsto addUser andDeleteUser
aremade:The�rst optionis to replacethespeci�cationsof doAddUser anddoDeleteUser sothatthey del-
egatetheactionsto therespective operationsin UserMgmt usingthenew association.Thesecondoption is
to replacethecallsto doAddUser anddoDeleteUser by callsto therespective operationsin UserMgmt . We
give thedirectivesthataccomplishthelatteroptionbelow:

(5) replaceOccurrences aspect::UserAuth: :do AddUser
with primary::UserMgmt::a ddUser() ,

remove aspect::UserAuth:: doAddUser,
replaceOccurrences 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 aspectandprimary modelsis shown in Figure10. The association
betweenUserMgmt andUserAuth exists in the composedandnot in the aspector primary models- it is
shown hereonly to indicatethat this associationwill exist in thecomposedmodel.Thedependenciesfrom
the addUser anddeleteUser operationsin UserAuth indicatethat they call the respective operationsin
UserMgmt .

4.3 Combining ElementDir ectives

Theexamplesandthedescriptionsof compositiondirectivesprovide someindicationthatuseof someele-
mentdirectivesareoftencoupledwith theuseof others.For example,removing amodelelementsometimes
requiresuseof directivessuchasthereplaceOccurrencesdirectivetoavoid hangingreferences.An overview
of combineddirectivesin thepre-merge,mergeandpost-mergecategoriesaregivenbelow:

Pre-MergeCombinedDir ectives: Matchingdirectivesarecombineddirectivesthat forcethematchingof
elementsor disallow thematchingof elements.Thedirectivesareoftencombinationsof changeproperty
andreplaceOccurrencesdirectives.

MergeCombinedDir ectives: Combinationsof theoverride andreplaceOccurrencesdirectivesareoften
usedto overriderulesusedto mergemodelelements.

Post-MergeCombinedDir ectives: Thesedirectivesareoftencombinationsof directivesfor creatingmodel
elements,addingmodelelementsto anamespaceanddeletingmodelelementsfrom anamespace.

Thedevelopmentof alibrary of combineddirectivesthatarebasedonactualuseof directivesonrealistic
projectsis amajorgoalof our researchon compositiondirectives.

4.4 Model Dir ectives

Model directives determinehow a setof modelsarecomposed.The modeldirectives we have identi�ed
constrainthe order in which context-speci�c aspectmodelsare composedwith a primary model.These
directivescande�ne a weave-orderingrelationshipsbetweenaspectmodels.A weave-orderingrelationship
is a binaryconstraintthatspeci�esanorderingbetweentwo aspectmodels.Therearetwo cases:An aspect
modelmustbecomposedbeforeanother, or anaspectmodelmustbecomposedafteranother.
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Precedes

DirectiveName: precedes

Application: This directive speci�esthatoneaspectmodelis to becomposedwith a primarymodelbefore
another. Thisdirective hastwo aspectmodelsasoperands.The�rst operandis theaspectmodelthatis to be
composedthesecondoperand.

Form: former precedeslatter

Constraint: Bothaspectmodelsmustexist.

Effect: A weave-orderingrelationshipis createdbetweenthe two aspectmodels,andaddedto the setof
weave-orderingconstraintsmaintainedby thecomposer. This directive doesnot imply that former will be
wovenimmediatelybeforelatter . It simply requiresthatformer bewovensometimebeforelatter .

Follows

DirectiveName: follows

Application: This directive speci�esthat oneaspectmodelis to be composedwith a primary modelafter
another. This directive is provided only to increasethe readabilityof compositiondirectives.It may be in-
terpretedasequivalentto theprecedesdirective with theoperandsswitched.This directive hastwo aspect
modeloperands.The�rst operandis theaspectmodelto becomposedafterthesecondoperand.

Form: later follows earlier

Constraint: Seeprecedes.

Effect: Seeprecedes.

4.5 Weave Ordering Example

Considertheaspectdesignmodelin Figure11(a).Therearethreedifferentaspectmodelsandtheprimary
model.In this example,theauthenticationaspectmodelneedsto becomposedbeforetheauthorizationas-
pectmodel,becauseauthorizationwithoutauthenticationis meaningless.Therefore,wedeclarethefollowing
compositiondirective to make theorderexplicit.

(1) authentication precedesauthorization

Wecouldhavealsode�nedacompositiondirectiveusingthefollowsdirectivewith theoperandsreversed
to achieve thesameresult.

Supposewe alsowish to weave the errorChecking aspectmodellast.The following compositiondi-
rectivesaccomplishthis:

(2) errorChecking follows authorization
(3) errorChecking follows authentication
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Fig.11.Example4. SpecifyingWeave Order

The result is shown in Figure 11(b). The dependency from authenticationto authorizationillustrates
theweave-orderrelationshipthatspeci�esthatauthenticationmustbewovenbeforeauthorization,andthe
dependenciesfrom errorCheckingto eachof the otheraspectsillustratesthe two binary weave-orderrela-
tionshipsthatspecifyerrorCheckingasthelastaspectto bewoven.

5 RelatedWork

A numberof researchershave developedaspectorientedsoftwaredevelopment(AOSD) approaches(e.g.,
see[13–20]).Thecompositionproceduresusedin theseAOSDapproachescanbecategorizedasasymmet-
ric andsymmetric[21]. In asymmetriccomposition,aspectsandbasemodelsplayclearlydistinguishedroles
duringcomposition.Thesecompositionapproachestendnotto supportcompositionof aspectsandcomposi-
tion of basemodels.AspectJ[22] is oneof thepopularaspect-orientedprogramminglanguagesthatusesan
asymmetriccompositionprocedure.In symmetriccompositionbothaspectandbasemodelsaretreatedthe
sameandthusaspectandbasemodelcompositionarepossible.Thecompositionapproachesusedin work on
viewpoints[23], subject-orientedprogramming[24,25],andmulti-dimensionalseparationof concerns(MD-
SOC)[26] tendto besymmetric.Thecompositionapproachoutlinedin thispaperusesahybridcomposition
procedure:The(generic)aspectmodelsarepatternsthatcannotbedirectly composedwith basemodels,but
theinstantiatedformsof theaspectmodels(i.e., context-speci�c aspectmodels)arenot distinguishedfrom
theprimarymodelby thecompositionprocedure.Themodelcompositionprocedurewe developedcanbe
usedto compose(generic)aspectmodels(i.e., patterns)to obtainnew aspectmodels(e.g.,see[27]) andto
composeUML models.To datewe have implementedtheprocedurefor composingUML classmodels.

A survey of AOSDapproachescanbefoundin Chitchyanet al. [28]. Very few approachesin thesurvey
provide supportfor composingdesignmodels.At theprogramminglevel, thesubject-orientedapproachis
closestto theapproachdescribedin thispaper. In subject-orientedprogramming[24,25], programelements
suchasclassesandmethodsarecomposedby merging correspondingelements.Thecorrespondenceis es-
tablishedbasedon speci�ed compositionrules.The default correspondenceis name-based,which canbe
alteredby writing additionalcompositionrules.The compositionrulesusedto control this processcanbe
classi�ed underthreecategories:rulesthat establishcorrespondence,rulesthat control combination,rules
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thatcontrolbothcorrespondenceandcombination.Thecompositionrulesin subject-orientedprogramming
areanalogousto ouruseof signaturesto determinematchesandtheuseof directivesto altermodelelements
andoverridedefault compositionrules.Our compositionproceduredependson the propertiesspeci�ed in
thesignatureratherthanjust namesof modelelements,primarily becausenot all UML modelelementsare
namedelements.Wehave foundthatname-basedmatchinghasagreaterpotentialof producingfaultymod-
elsthansignature-basedcomposition,simplybecausesignature-basedcompositionallows for �ner tuningof
matchingcriteria.

At the model level, a comparableAOM approachis the Themeapproachproposedby Baniassadand
Clarke [13,29,30]. In theThemeapproach,adesign,calleda theme, is createdfor eachsystemrequirement.
Thesethemes,like context-speci�c aspectandprimarymodels,areessentiallydesignviews.A comprehen-
sive designis obtainedby composingthemes.Compositionin the Themeapproachis basedon the sym-
metricapproachusedin subjectorientedprogramming.Compositionrelationshipsspecifyhow modelsare
to becomposedby identifying overlappingconceptsandspecifyinghow modelsareintegrated.Two types
of integrationstrategiesareused:Overrideandmerge.Overrideintegrationis usedwhenexisting behavior
in a subjectneedsto be updatedto re�ect new requirements.Merge integrationis usedwhensubjectsfor
differentrequirementsareto beintegrated.Operationsin relatedsubjectsmayneedto bemergedinto auni-
�ed operation.Reconciliationstrategiesresolve con�icts betweenpropertyvaluesof correspondingsubject
elements.Precedencerelationships,transformationfunctionsappliedto con�icting elements,explicit speci-
�cation of reconciledelements,anddefault valuesmaybeusedfor reconciliation.Clarke [13] alsoextends
the UML metamodelwith the notion of composableElements that canbe composedusinga composition
relationship.They have a Match metaclassthatsupportsspeci�cationof matchingcriteria.Their matching
criteria includesmatchByNameanddontMatch. They leave thedetailsof implementingthematchByName
anddontMatch to theuserof themetamodel.In thissensethemetamodeldescribesaframework for compos-
ing UML models.In ourwork wehavedevelopedamorespecializedmetamodelthatcontainsspeci�cations
of compositionbehaviors.Themetamodelwasdesignedto describeourcompositionprocedureandto guide
thedevelopmentof supportingtools.To validatethemetamodel,we usedit to developa prototypetool for
composingUML classmodels.The compositiondirectives that we have developedincludesomethat are
similar to themergeandoverrideintegrationstrategies.Theuseof compositiondirectivesandsignatures,as
describedin thispaper, allow modelersto de�ne andapplytheirown integrationandreconciliationstrategies,
andthusgain�ner controloverhow modelsarecomposed.

Brito andMoreiradescribeanaspectcompositionprocessthatidenti�es matchpointsin adesignelement
andde�nes compositionrules [31]. Rulesuseidenti�ed matchpoints,a binary contribution value(either
positive or negative) that quanti�es the affects on otheraspects,and a priority for a given aspect.In the
context of AOP[32], Kienzleetal. describecompositionrulesbasedondependenciesbetweenaspects[33].
Bothpapers[31,33] focusprimarily onrelationshipsthatcanexist betweenaspects.Wedescribethepossible
relationshipsbetweenaspectsasweave-orderrelationshipsandoverride relationships,but it may alsobe
possibleto useprioritiesanddependenciesasdoneby Kienzle,Brito andMoreira in our approach.In this
sense,theideaspresentedin their paperscomplementtheideaspresentedin thispaper.

Aldawud et al. [34] proposea mechanismfor composingstatechartswherea crosscuttingbehavior as
aneventthattriggersastatetransition.Thecompositionis speci�edby linking eventsacrossstatediagrams.
Wehave notconsideredcompositionof statechartsin ourwork.

6 Conclusionsand Future Work

In this paperwe presenta signature-basedcompositionapproachthat allows oneto vary how modelsare
composedusingcompositiondirectives.Thesignature-basedapproachimprovesuponname-basedcompo-
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sitionapproachesby giving themodeler�ner-grainedcontroloverthecriteriausedto matchmodelelements.
Compositiondirectivesgive added�e xibility by providing themeansto altermodelelementsandoverride
defaultcompositionrulesto obtaindesiredcomposedmodels.Thedirectivesdescribedin thispaperarebased
on our experiencewith usingthecompositionapproachto composeaspectsmodelingsecurityfeatureswith
primarymodels.For example,we have appliedtheapproachto modelingandcompositionof accesscontrol
featuressuchasRole-BasedAccessControlandBLP schemes[5, 27,35,36], andfor othersecurityfeatures
[6, 37–39].We arecurrentlyapplyingthetechniquesin a largercasestudyinvolving thedevelopmentof an
E-Commercesystem.

A compositionmetamodelthat describesthe staticandbehavioral propertiesneededto supportmodel
compositionis alsopresented.Themetamodeldescribesnotonly thestaticrelationshipsamongcomposition
concepts,but alsoprovidesspeci�cationsof behaviors thatareneededto supportmodelcompositionusing
ourapproach.Thecompositionmetamodeldescribesthebehavior neededto supportmodelcompositionand
thuscanbeusedto guidethedevelopmentof modelcompositiontoolsthatsupportthecompositionapproach
we developed.To validatethemetamodel,we built a prototypetool on top of theKerMetaframework. The
tool currentlysupportsthe compositionof UML classmodelsandcanbe extendedto supportadditional
featuresthat appearin thecompositionmetamodel.We arecurrentlydevelopinga subsystemfor handling
compositiondirectivesthatwill bepluggedinto thetool.

Empiricalevaluationis neededto validatethecompositionapproachin realworld designsettings.Such
studiescandeterminetheamountof effort requiredto specifythekindsof compositionsthatarerequiredin
realworld designs.Thestudiescanalsobeusedto determinewhetherthecompositiondirectivesmatchthe
requirementsof arealproject.Theinsightsgainedfrom thestudieswill beusedto developatractablemethod
for selecting,de�ning, andapplyingcompositiondirectivesandsignatures.Work in this respectcouldresult
in the speci�cation of somecommoncompositionstrategies [6] to easethe taskof specifyingandusing
compositiondirectives.
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A Mergepart of the signature-basedcompositionprocedure

****************** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *
// e1 and e2 are the model elements that need to be merged
e1.merge(e2 : ModelElement) //precondition : e1.sigEquals(e2) returns true
****************** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *
result := e1.getMetaClass.new // create the merged instance in the context of e1

// Iterate on all properties of the objects to be merged.
// e1 and e2 have the same meta-class. Thus, they have the
// same set of properties.

foreach Property p in e1.getMetaClass.ge tAl lPr opert ies

if type of p is primitive
// Primitive types are basic datatypes such as string, int.
// If an object does not have a value for a property then

// the value val is taken from the other object and vice versa.
// This is not a conflict.

// If neither object has values, then val is null in the resulting
// merged object.

if e1.get(p) is null or e2.get(p) is null then
result.set(p, val)

else
// If the values are the same then it is ok.
// Otherwise a conflict has been detected.
if e1.get(p) = e2.get(p) then

result.set(p, e1.get(p))
else

A conflict has been detected
else
// Type of p is not primitive.
// If the property refers to a single object, this is the base case.

if the property upper bound is 1
if e1.get(p) is null or e2.get(p) is null then

result.set(p, val) // val is the same as above
else

if sigEquals(e1.get(p) , e2.get(p)) then
// If the object e1.get(p) is contained by e1 and same for e2
// (p.isComposite=true ) then the objects should be merged,
// otherwise, one is chosen.
// Either one can be chosen because they both have the same signature

if p.isComposite is true then
result.set(p, merge(e1.get(p), e2.get(p)))

else
result.set(p, e1.get(p).clone())
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else
A conflict has been detected

else
// The property refers to a collection of objects.
// The resulting merged object should contain property values that are

// either only in e1 or only in e2, or the merged version of objects
// that are in both e1 and e2.
for each value v1 in e1.get(p)

for each matching element v2 in e2.get(p)
if p.isComposite then

result.get(p).add( merge (v1 , v2))
else

result.get(p).add( v1 .cl one ())
if no element found

result.get(p).add (v1 .cl one () )
for each value v2 in e2.get(p)

if NO matching element found in e1.get(p)
result.get(p).add( v2 .cl one ())

****************** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *** ** *** *** *
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