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ABSTRACT
For aspect-orientedsoftwaredevelopment(AOSD)to liveupto be-
ing a softwareengineeringmethod,theremustbe supportfor the
separationof crosscuttingconcernsacrossthedevelopmentlifecy-
cle. Part of this supportis traceabilityfrom onelifecycle phaseto
another.

This paper investigatesthe traceability betweenone particu-
lar AOSDdesign-level language,Theme/UML,andoneparticular
AOSDimplementation-level language,AspectJ.This providesfor
a meansto assesstheselanguagesandtheir incompatibilities,with
a view towardseventuallydevelopinga standarddesignlanguage
for a broadrangeof AOSDapproaches.

1. INTRODUCTION
Concernsthathave a crosscuttingimpacton software(suchasdis-
tribution,persistence,etc.)presentwell-documenteddifficultiesfor
softwaredevelopment[5, 11, 17, 26]. Sincethesedifficulties are
presentthroughoutthe developmentlifecycle, they must be ad-
dressedacrossits entirety.

The separationandencapsulationof crosscuttingconcernshas
beenpromotedasameansof addressingthesedifficulties;thestan-
dard object-orientedparadigmdoesnot suffice [17]. In order to
overcomethedifficulties for crosscuttingconcernsthroughoutthe
lifecycle, an approachis requiredthat provides a meansto sepa-
rateandencapsulateboth thedesignsandthecodeof crosscutting
behaviour.

We believe that it is importantto work towardsa generalpur-
poseAOSDdesignlanguagethatmeetscertaingoals,includingthe
following.

� Implementationlanguage independence: Theultimateform
of aspect-orientedprogramming(AOP) languagesmay not
be exactly that of any currentone. Thus, any designlan-
guagethatsimply mimicstheconstructsof a particularAOP
languageis liable to fail to achieve implementationlanguage
independence.

� Design-level composability: Design-level composabilityis
a desirablepropertyfor two reasons.First, designersmay
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checktheresultof compositionprior to implementation,for
validationpurposes.Second,someprojectswill continueto
requiretheuseof a non-aspect-orientedimplementationlan-
guagebecauseof pragmaticconstraints,suchasthepresence
of legacy codewritten in languageswithout aspect-oriented
extensions;theseprojectscould still achieve benefit from
separatingthedesignof crosscuttingconcerns.

� Compatibility with existing designapproaches: An AOSD
design-level languageshouldalso build on existing design
languages,suchasUML [21], to provide a bridgefrom old
techniquesto new, sothatsoftwareengineeringrealitiessuch
asincrementaladoptionandlegacy supportarepossible.

AspectJ[16, 27] is anAOPlanguagewith low-level supportfor
specifyingandcomposingcrosscuttingcodeinto acoresystem.At
the designlevel, Theme/UML1 [3, 4, 5, 6] providesa meansfor
separatingthe designsof crosscuttingrequirementsinto reusable,
extensibledesignmodels.

At first glance,it is not clearthattheapproachesof AspectJand
Theme/UMLarecompatible;thus,thegoalof traceabilitybetween
themis problematic.AspectJ’sapproachto providing verygeneral,
low-level constructshaspermitted,andcontinuesto permit,abroad
scopeof researchinto aspect-orientedconceptsanddesignguide-
lines. But it is not necessarilythe form that AOP languageswill
take in the long-term;domain-specificandhigher-level languages
arepossibleandalreadyexist. Likewise,Theme/UMLhasconcen-
tratedon particularfacetsof the problemof crosscuttingdesign,
andmay not suffice asa general-purposeAOSD designlanguage
in thelong-term.

As a first steptowardssucha designlanguage,we examinethe
traceabilitybetweenTheme/UMLandAspectJ(version1.0). This
providestwo contributions:(1) thedescriptionof a reusable,trace-
able,andevolvablemappingbetweentheconstructsin thetwo lan-
guagespermitsTheme/UMLdesignsto beimplementedin AspectJ
in awell-engineeredmanner;and(2) theincompatibilitiesbetween
theselanguagesandtheir approachesto AOSDprovide lessonsas
to the form andnatureof a more generalAOP approach,andof
a supportingdesignlanguagethat addressesour long-termgoals
describedabove.

Section2 briefly describesTheme/UML,andillustratestheuse
of its compositionpatternconstructthroughasimpleexample;fur-
ther detailsof Theme/UML can be found elsewhere[3, 4, 5, 6].
Wedescribethemappingprocessfrom compositionpatternsto As-
pectJin Section3, emphasisingthis particularexample;descrip-
tionsof AspectJandits constructscanbefoundelsewhere[16,27].�

“Theme/UML” is a new term that encompassessubject-orienteddesign,
thecompositionpatternconstruct,andadditionalchangesthatariseout of
this currentwork.



Section4 considersthe supportfor AspectJconstructsgiven by
Theme/UML,� andSection5 providesrecommendationsfor inves-
tigatingtheevolutionof bothlanguages.Relatedwork is described
in Section6, andSection7 presentsconclusions.

2. BACKGROUND: THEME/UML
It is the natureof crosscuttingbehaviour that it hasan impacton
multiple, different elementswithin software. In order to design
suchbehaviour in standardUML [21], it is necessaryto explicitly
specifycrosscuttingbehaviour for eachof theparticularelementsit
affects; thedesignsof crosscuttingbehaviour cannotbe separated
andencapsulatedwith existing UML constructs.Theselimitations
resultin designmodelswith scatteringandtanglingpropertiescom-
parableto thosein code[5, 3].

Theme/UMLmitigatestheseproblemsby supportingthedesign
of crosscuttingconcernsasseparated,encapsulateddesignmodels.
Compositionof theseseparatedesignmodelsis specifiedwith a
compositionrelationship, detailingwhich elementsareto becom-
bined,andhow to integratethem. Merge is onestrategy for inte-
grationthatincludesall theelementsfrom theinputdesignmodels
in thecomposeddesign,reconcilingconflictswhereappropriate.

The compositionpattern (CP) construct[6] of Theme/UML,
basedon an extensionto UML templates,permitsa crosscutting
designmodelto be independentof any basedesignmodel,allow-
ing it tobereused.Thecompositionof concretedesignmodelswith
CPsis basedon thesemanticsof themergeintegrationstrategy.

Templateparametersonacompositionpatternmayrepresentop-
erations.A key featureof CPsis that they maydefinesupplemen-
tary behaviouron suchtemplateoperations.Whena templateop-
erationwith supplementarybehaviour is boundto a concreteop-
eration,the supplementarybehaviour is mergedwith the original
behaviour of thatconcreteoperation.Any calls to theoriginal op-
erationresultin delegationto someorderedcombinationof thesup-
plementarybehaviour andoriginal behaviour, asprescribedwithin
thespecificationof thatCP.

A morecompletedescriptionof theextensionsto theUML meta-
modelrequiredto supportcompositionsemanticsandcomposition
patternscanbefoundelsewhere[3, 4].

We demonstratethe mapping from Theme/UML to AspectJ
throughthedesignof a reusableaspectbasedon theObserver de-
sign pattern[9], with a specificationof how to composeit with
a basedesignsupportinga digital Library. The compositionpat-
tern to supportthis example is more completelyillustratedelse-
where[6]. We extract a subsetof the patternto demonstrateour
mappingpoints.

The Observer patterndescribesthe collaborative behaviour be-
tweena subjectandmultiple observers. Observer objectsregister
an interestin subjectobjects;whenthestateof a subjectchanges,
theobserversthatareregisteredwith it arenotified. From a com-
position patternperspective, this requiresboth structuralandbe-
havioural templatedesignelements. We definean Observer CP
with two patternclasses(classesthataretemplatesto beboundto
actualclassesduring compositionwith a basedesign). Subject is
definedasa patternclassrepresentingthe classof objectswhose
changesin stateareof interestto otherobjects,andObserver is de-
finedasa patternclassrepresentingtheclassof objectsinterested
in a Subject’s changein state(seeFigure1).

A CP may alsocontaininteractionspecificationsfor behaviour
thatcrosscuttemplateoperations.For example,Figure2 illustrates
thebehaviour requiredfor notifying observersof changesin state.
aStateChange( ) is a templateoperationwhosebehaviour is sup-
plementedwith notification of all observers. This operationhas
beenprependedwith an underscoreto denotethat supplementary

+ aStateChange( )
# _aStateChange( )
− notify( )
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Figure1: Observer CP Structur e
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Figure2: Notifying Observersof StateChanges

behaviour is specified,andhence,calls to any concreteoperation
boundto aStateChange( ) result in delegationto that operation’s
original behaviour andto the supplementarybehaviour; the inter-
actionspecificationindicatestheorderin which thedelegationoc-
curs.Since aStateChange( ) is anoperationon Subject, it mustbe
boundto a concreteoperationon eachconcreteclassthat is bound
to Subject. Thenotify( ) (non-template)operationcallsanothertem-
plateoperation,update( ), which mustbeboundto someoperation
in any classthatis boundto Observer.

The compositionof a Library designmodel with the Observer
compositionpatternis specifiedby acompositionrelationship,with
a bind[ ] attachment,betweenthe two. The bind[ ] attachment
identifiesthoseelementsin thebasedesignthatwill “replace” the
templateparametersin the composeddesign. For example, the
class(es)actingassubject,andtheclass(es)actingasobserver may

«subject»
Observer

bind[ <BookCopy, {meta:isQuery=false}>,
<BookManager, updateStatus( )> ]

+ name
+ author
+ ISBN

+ getISBN( )
+ getAuthor( )
+ getName( )

Book

BookCopy

+ borrow( )
+ return( )

+ add(Book)
+ remove(Book)
+ search(Book)
+ addView(BookCopy)
+ removeView(BookCopy)
+ updateStatus(BookCopy)

BookManager

+ roomNumber
+ shelfNumber

+ addBook( )
+ removeBook( )

Location

<Subject, _aStateChange(..)>
<Observer, update( )>

«subject»
Library

Figure3: ComposingObserver with Library



bedefinedasbindingsto theSubject andObserver patternclasses.
In this' example,thereis only oneof each,BookCopy andBookMan-
ager, respectively (seeFigure3). Setsof elementsmay be bound
to a templateparameterby specifyingthemwithin apairof braces.

For thebindingsto thetemplateoperations,notehow in this ex-
amplethemeta-propertiesof adesign’selementsmaybequeriedto
assessanelement’seligibility to join asetof replacingelements.In
this example,the aStateChange( ) templateoperationis replaced
with all operationswithin BookCopy thathave beendefinedasbe-
ing non-query—i.e.,thoseoperationsthat effect a changein state
thatmaybeof interestto anobserver. Thekeywordmeta within the
bindingspecificationdenotesthata UML meta-propertyis tested,
andonly thoseoperationswhereisQuery=false holdsareboundto
aStateChange( ) for thepurposesof thecomposedlibrary design.

3. MAPPING CPSTO ASPECTJ
The questionof how to mapcompositionpatternsto AspectJde-
pendson how faithfully onewishesto representthe design-level
entities. Therearetwo chief approaches:(1) representboth a CP
andits compositionspecificationasasingleaspect,or (2) maintain
theseparationof a reusableCPfrom its compositionspecification.

Webriefly demonstratedapproach1 in [6]. Thisapproachresults
in aspectsthatlack reusabilityandevolvability. It requiresthatthe
CP be reimplementedfor every compositionspecificationthat is
used;eachof thesewould separatelyneedto be modifiedshould
theCPneedto evolve.

Approach2 promisesa bettersolution,andforms the basisfor
our analysisin this paper. Difficulties with evolving mappedCPs
would be reducedif we could producean implementation-level
constructthatrepresentedaCPalone,withoutits compositionspec-
ification. Then,any changesto this CPwould affect only this one
construct. This constructshouldthen be more reusable,sinceit
would notbespecificto a singlecompositionspecification.

Abstract aspectspotentiallyprovide sucha meansof separating
thecodefor crosscuttingbehaviour in areusableway. Wetherefore
provide a direct mapping,from uncomposedCPsto abstractas-
pects,in Section3.1.Thecompositionwith thebaselibrary specifi-
cationis thenmappedto concreteaspectsthatextendtheseabstract
aspects;this is describedin Section3.2.

3.1 UncomposedCPs Map to Abstract As-
pects

Figure 5 illustratesan algorithm to be appliedwhen mappinga
reusablecompositionpatternto AspectJ.It only coversthedesign
modelelementsillustratedby theObserver compositionpatternex-
ample;othermodelelementsarediscussedbriefly in Section4.

Theabstractaspectthat resultsfrom the Observer CP is shown
in Figure4. We describethe reasoningbehindthe major features
of this mappingbelow.

Pattern classesbecomeinterfaceswithin the abstract aspect.
A patternclass(e.g., Subject) is a “placeholder” for a concrete
class.In AspectJ,theonly constructsprovidedthatcanactassuch
a placeholderareaninterfaceor a class.

If we usea class,an inheritancerelationshipwill needto de-
fined for the concrete,replacingclass. This is becausea pattern
classmaynameoperationswithoutproviding any constraintsupon
their behaviour, andthereforethey needto mapto anabstracttype
in AspectJ.However, a concreteclass(e.g.,BookCopy) that will
eventuallyhave to becomea subtypeof this abstracttype mayal-
readypossessa superclass.It would be necessaryto replaceany
previously definedsuperclassof the concreteclassif we choseto
mapthepatternclassto anabstractclass.

Ontheotherhand,mappingapatternclassto aninterfaceallows

abstract aspect Observer (
// --- Type declarations ---
interface SubjectI (*)
interface ObserverI (

public void update();
)
// --- Introductions ---
Vector SubjectI.observers;

private void SubjectI.notify() (
// Post: all observers in SubjectI.observers
// are sent update() event

)
// --- Pointcuts ---
abstract pointcut aStateChange(SubjectI s);

// --- Advice ---
after(SubjectI s): aStateChange(s) (

s.notify();
)

)

Figure4: Aspectmappedfr om uncomposedObserver CP.

a concreteclassto have addedto it a declarationthat it implement
this interface(e.g.,BookCopy implements SubjectI).

Non-template operations become intr oduced methods on
thoseinterfaces. An interfacemapsfrom a patternclass,so that
interfacemustsomehow representthe operationsrequiredof that
patternclass.SinceAspectJpermitsmethodintroductionon anin-
terfaceto propagateto all classesimplementingthat interface,this
is a convenientmeansto adda methodto a concreteclasswhose
nameis not known prior to binding.For example,Subject::notify( )
becomesSubjectI.notify(), whichcausesany concreteclasses
implementingSubjectI to implicitly have thenotify() method
introducedon them.

Template operations without supplementary behaviour be-
comemethodson thoseinterfaces.Onceagain,aninterfacemap-
ping from a patternclassmustsomehow representthe operations
requiredof that patternclass. With a templateoperationwithout
supplementarybehaviour, eitherexplicitly placingthecorrespond-
ing methodwithin the interfacedeclaration,or introducinganab-
stractmethodonto the interfacewould suffice. We have taken the
formerroute,for thesake of clarity.

Templateoperationswith supplementarybehaviour become
abstract pointcuts plus advice. To have any supplementarybe-
haviour occur on execution of the concretemethodbound to a
templateoperation,adviceis an obvious construct. Advice per-
mits behaviour to be specifiedeven on abstractpointcuts. Since
theCPis only supplementingthebehaviour of this templateoper-
ation, it needonly have anabstractpointcutto advise.Thus,Sub-
ject:: aStateChange(..) becomesaStateChange(SubjectI) plus
after advice.

3.2 Composition SpecificationsMap to Con-
creteAspects

Now thatwe have a constructrepresentinguncomposedcomposi-
tion patterns,we needto extendit to representa particularcompo-
sition specification.The algorithmfor performingthis dealswith
many smalldetailsthatareconceptuallystraightforward; thus,we
do not give a detailedalgorithm,but touchon thehighlightsof the
process.

The elementsassociatedwith a bind[ ] specificationon a com-
position relationshiparemappedto the appropriateAspectJcon-



Input: A compositionpatternCP.
Output:An abstractaspectA correspondingto CP.

� DeclareabstractaspectA.
� For eachpatternclassPClass+ in CP:

– DeclareinterfaceI + in A.

– For eachtemplateoperationwith nosupplementarybehaviour, , op- +/. 0 , onPClass+ , declarecorresponding(abstract)method
m+/. 0 on I + .

– For eachtemplateoperationwith supplementarybehaviour,2 , op- +/. 1 , onPClass+ :
2 Declarecorrespondingabstractpointcutpc+3. 1 with formalparametersconsistingof oneto capturetargetobject(of type

I + ) onwhich , op- +/. 1 is calledplusonecorrespondingto eachof thespecifiedformal parameterson , op- +3. 1 .2 Declareadviceonpc+3. 1 accordingto thesupplementarybehaviour.

– For eachnon-templateoperationop+3. 4 onPClass+ , introducemethodm+/. 4 (which implementsany behaviouralspecifications
for op+/. 4 ) on I + .

– For eachnon-templateassociationfrom PClass+ to somenon-patternclass,introducefield on I + .
� For eachnon-patternclassin CP, implementit directly if notalreadyavailable.

Figure5: Algorithm for mapping certain constructsin an uncomposedCP to AspectJ.

aspect LibraryObserver extends Observer (
// --- Declarations ---
declare parents:
BookCopy implements SubjectI;

declare parents:
BookManager implements ObserverI;

// --- Introductions ---
public void BookManager.update() (

updateStatus();
)
// --- Pointcuts ---
pointcut aStateChange(SubjectI copy):

target(copy) && args(..) &&
(execution(* BookCopy.borrow(..)) ||
execution(* BookCopy.returnIt(..)));

)

Figure6: Aspectmappedfr om binding Observer CP to Library
designmodel.

structs.Theconcreteaspectthatresultsfrom thecompositionspec-
ification betweenthe Observer CP andthe baseLibrary designis
shown in Figure6. We describethe reasoningbehindthe major
featuresof this mappingbelow.

Concrete classesbound to pattern classesrequire parents
declarationsin the concreteaspect.A patternclassis represented
throughan interfacedeclaredon the abstractaspect. The act of
binding a concreteclassin the designmodel to that patternclass
causesthat concreteclassto effectively becomea subtypeof the
patternclasswithin the context of the CP. Therefore,a concrete
classin theimplementationmustbeeffectively asubtypeof thein-
terfacecorrespondingto thepatternclassin orderto be“bound” in
ananalogousmanner. To this end,we useAspectJ’s ability to add
supertypesto aclass.For example,Subject is representedasthein-
5
This assumesthat the operationthat delegatesto this templateoperation

is not itself invoked directly within theCP. In somesuchcases,thedesign
model would not be well-formed. In the caseswhereit is well-formed,
we have determineda cleanmappingto AspectJ,but this is not discussed
furtherin thispaper.

terfaceSubjectI; sinceSubject is boundto BookCopy, BookCopy
mustimplementSubjectI.

Concrete operations bound to template operations without
supplementary behaviour require intr oduction of delegating
methodson concrete classes.Eachinterface(e.g.,ObserverI)
within the abstractaspect,which correspondsto a patternclass,
haddeclaredwithin it a methodto representeachtemplateoper-
ation without supplementarybehaviour (e.g., update()). Since
someconcreteclasshas beendeclaredto implementthis inter-
face(i.e., BookManager), it must implementeachof thesemeth-
ods.Thebindingof a concreteoperationto a templateoperationis
straightforwardsave for onepoint: their signaturescandiffer. So,
even thoughthe concreteclassalreadypossessesa methodcorre-
spondingto that beingboundto the templateoperation(i.e., up-
dateStatus()), our concreteaspectmustintroduceanadditional
method(i.e.,update()). This methodmustpossessthesignature
expectedby the aspect,andmustdelegateto the methodalready
possessedby theconcreteclass.

Concrete operations bound to template operations with
supplementary behaviour require concrete pointcuts. Fi-
nally, the abstractaspectdeclaredabstractpointcuts that must
be made concrete. Each abstract pointcut (e.g., aState-

Change(SubjectI)) correspondsto a templateoperation(i.e.,
Subject:: aStateChange(..)) in thedesignmodel. For theconcrete
operationsboundto this templateoperation,theconcretepointcut
mustcapturethe executionjoinpointsof the concreteoperations,
while exposingthetargetobjectandargumentsat each.

In the next two sections,we discussthe differencesbetween
Theme/UML and AspectJ,and consider how they both could
evolve to provide for moregenericaspectspecification.

4. THEME/UML AS AN ASPECTJ DESIGN
LANGUAGE

We have describedimplementationlanguageindependenceas a
goal for an AOSD designlanguage.In this section,we consider
Theme/UML as the design languageto supportAspectJ.Since
Theme/UMLwasnot designedto supportAspectJparticularly, but
thedecompositionandcompositionof UML designmodelsin gen-



eral(includingcrosscuttingmodels),this is a reasonableinitial test
of its independencefrom implementationlanguages.In thefollow-
ing subsections,we examinecategoriesof constructsandfeatures
of AspectJ,in turn; thesecategoriesandthequotesin eacharetaken
from [27].

Pointcuts. A pointcut is a setof joinpoints, which are “well-
definedinstantsin theexecutionof a program.” Abstractpointcuts
canbemodelledvia templateparametersin compositionpatterns;
concretisationof theseabstractpointcutscanthenbemodelledvia
bindingof thetemplateparametersto concretemodelelements.

Pointcut designators. A pointcut designatoris a nameor an
expressionthat identifiesa pointcut. Name-basedpointcutdesig-
nationcorrespondsto bindingnamedoperationsto templateoper-
ationsin the bind[ ] attachment(e.g.,seeFigure3). Theme/UML
currentlydoesnothaveasophisticatedexpression-basedsemantics
definedfor its binding specifications;it doessupportsimple ex-
pressionsthroughthemeta constructof thebind[ ] attachment,and
limited wildcardmatching.Weenvisagethattheseexpressionswill
beextendedto permittheuseof theUML’sObjectConstraintLan-
guage(OCL) [30], which would alsohandleAspectJ’s conditional
andcompositepointcutdesignators.

In general,the richnessof the Theme/UML capabilitiesrelat-
ing to thecaptureof pointcutsis constrainedby theCommonBe-
haviour semanticsof theUML [21, 6 2.9]. This meansthatexecu-
tion joinpointsmapwell to thedesignspecification.However, the
ability to distinguishbetweencall and execution joinpoints, and
to referencefield-relatedjoinpoints, exception-handlerexecution
joinpoints, state-basedjoinpoints or control-flow joinpoints may
requireextensionto the Theme/UML model. Thereis someev-
idenceto suggestthat the useof constraints,as provided by the
OCL, will provide considerablesupporthere.In addition,interest-
ing developmentsonextensionsto theUML Actionmodel[18,22],
which dealswith the specificationof dynamicbehaviour, should
enrich the kinds of pointcutsthat canbe capturedexplicitly. We
believe it to be preferableto utilise standardUML semanticsfor
pointcutspecification,thanto extendTheme/UMLin this regard.
In addition, we plan to investigatefurther whethersupport for
all the AspectJpointcut types is actually requiredat the design
level, andwhetherthis can be achieved with minimal extensions
to Theme/UML.

Type patterns and contextexposure. In AspectJ,typepatterns
are“a way to pick out collectionsof typesandusethemin places
whereyou would otherwiseuseonly onetype.” Thesemanticsfor
establishingcorrespondenceof elementsto beboundto templates
within Theme/UML can be easily extendedto include wildcard
matching,andto utiliseOCL to providesophisticatedmatchingex-
pressions.

Advice. In AspectJ,adviceis “code,similar to a method,that is
executedwhena joinpoint is reached.” StandardUML hassophisti-
catedsupportfor interactionspecification.This supportis utilised
directlyby Theme/UMLastheapproachto thespecificationof ad-
vice behaviour. The before, after and around AspectJcon-
structsareeasilymappedfrom the interactiondiagrams. Indeed,
theremaybescopefor AspectJto extendits advicesupportbased
on whatis availablewithin theUML.

Static crosscutting. Theme/UMLhasmergeintegrationseman-
ticsdefinedwhicharelargelyanalogousto staticcrosscuttingfrom
AspectJ.Merge integrationessentiallyjoins elements,both static
andbehavioural, from inputdesignmodels.In asense,all theinput
elementsare “introduced” togetherappropriatelyin a new, com-
poseddesignmodel. At a detailedlevel, somedifferencesexist in
theapproachto visibility andto conflict resolution,asdiscussedin
thenext paragraph.

Aspectassociations.In Theme/UML,theCPconstructcaptures
thespecificationof crosscuttingbehaviour with templateelements.
This mapsto anaspectwithin AspectJ.AspectsandCPsboth act
asscopesin which to interpretnamesandmaintainstate;bothare
associatedwith a context over which they areapplied. However,
Theme/UMLcomposesa compositionpatternwith a basedesign
without maintaininga dynamiccorrespondence;in other words,
the compositionpatternis not instantiable,and thus, cannotact
in an identicalfashionto aspectinstancesin any dynamicmodel.
Thisshouldbeof greatestconsequencein modellingaspectassoci-
ationswith dynamicscoperelatedto thecontrolflow; thesecannot
be easilymimicked by a purely staticscope. On the otherhand,
Theme/UMLis not limited to a small handfulof scopespecifica-
tions.Thereis roomfor convergenceof thetwo approacheshere.

5. DIRECTIONS FOR INVESTIGA TION
Having explored the existing support for traceability between
Theme/UMLandAspectJ,we now give recommendationsfor in-
vestigatingtheevolutionof eachlanguage.Beyondsuchinvestiga-
tions,thestudymustexpandto includemoreapproaches,especially
asresearchcontinuesin suchareas.

5.1 Evolving Theme/UML
As apriority, extensionsto Theme/UMLwill bebasedontheprovi-
sion of wildcardsandOCL constraintsfor pointcutdesignation—
or, in Theme/UML terms—toextend the kinds of templatesthat
maybespecifiedwithin a CP, andto extendtheexpressivenessof
binding specificationson thosetemplates.This will considerably
enricha designer’s ability to specifyjoinpoints,typepatterns,and
context exposure.

The significanceof the lack of a first-classaspectconstructat
thedesignlevel will alsobeconsidered.AspectJ’s ability to asso-
ciateaspectswith fine-grained,dynamicscopes,suchasportions
of the control flow, is lacking from Theme/UML. It is possible
that general,dynamicscopescould be specifiedby bindingsthat
areconstrainedto holdonly whencertaininteractionspecifications
occur;a precise,formal semanticsawait improvementsto UML’s
CommonBehaviour semantics.At this point, it remainsunclear
whetherthis is a significantproblemor suchdynamicscopesarea
hammerin searchof a nail.

Theme/UML asa general-purposeAOSDlanguage.Wehave
looked in somedetail at the implementation-languageindepen-
denceof Theme/UML,andfeel thatthereis considerablescopefor
optimism here. Spaceprecludesus from assessingTheme/UML
againstour other goals,but we provide short comment. The se-
manticsfor composingdesignmodelsspecifiedusinga composi-
tion relationshiparedefinedin [3]. However, thefull UML wasnot
within thescopeof thework (e.g.,statemodelswerenot included).
In addition, any extensionsto the model will also requireexten-
sionsto thecompositionsemantics.Nonetheless,specifyingsuch
semanticsis consideredan integral part of any extensions.From
the point of view of compatibility with other designapproaches,
it is also the goal of Theme/UMLto utilise the full semanticsof
standardUML whereavailable,andto only makeextensionswhere
requireddecompositionandcompositioncapabilitiesarenot cur-
rently available. For example,we feel that the full power of the
UML shouldbeavailablefor interactionspecifications.

5.2 Evolving AspectJ
Theme/UMLhasconsiderablesupportfor genericitywith its useof
templatesto parameterisecrosscuttingelements.Thereareno re-
strictions(otherthanontype)asto theelementsthatmaybebound
to the templates,exceptasimposedby the designer—e.g.,opera-



tionsof any signaturecouldreplacetemplateoperations.However,
within AspectJ,genericityis availableonly throughthe provision
of abstractelementswithin aspects;theconcretisationof theseele-
mentsis not asstraightforwardasbindingtemplateparameters,as
explicit patchingup of differing namesandsignaturesmust take
place. Theseabstractelementscannotbe constrainedby their de-
signersaspreciselyastemplatescanbe,either.

This lack of specificityas to the typesof elementsthat canbe
boundto abstractpointcutsleadsto a major differencebetween
Theme/UML and AspectJ:in a CP, a templateoperationcan be
calleddirectly, but a pointcutcanonly be advised. This requires
eithera greaterdegreeof couplingin aspects,asonemustpossess
explicit namesto be able to call them,or onemustspecify inter-
faceswithin the aspectthat concretetypesthen implement. The
latterchoiceleadsto signaturemismatchingthatmustbemanually
patchedup, aswasthe casewith ObserverI.updateStatus().
A cleanerinterfacereconciliationmechanismwould beuseful.

The extensionof Theme/UML to permit the specificationof
compositionwith highly dynamicscopes,asmentionedabove, is
intendedto supportsimilar abilities alreadypresentin AspectJ.
However, AspectJcurrentlyprovidesonly a small setof suchdy-
namicaspectassociations.The full expressivenessof theseexten-
sionsto Theme/UMLmay not besupportableby this set. Further
researchis requiredto assessthesignificanceof thesepoints.

6. RELATED WORK
While we haveexaminedthemappingfrom aparticularAOSDde-
signlanguage(Theme/UML)to aparticularAOSDimplementation
language(AspectJ)in thispaper, otherpossibilitiesaboundin many
dimensions.

6.1 DesignApproaches
One of the primary contributions of Theme/UML is its capabili-
tiesrelatingto decompositionandmodularisationof UML models.
TheUML [21] itself providesmodularisationmechanismssuchas
packagesandsubsystems,uponwhichTheme/UMLbuildsitsaddi-
tional compositioncapabilities.Thesearelargely relatedto modu-
larisationandgenericcompositionof crosscuttingdesignelements.
Catalysis[8] alsosupportsthedecompositionof softwaredesigns
along“vertical” and“horizontal” lines,providing theability to sep-
arateboth functional and technicalconcerns. Theme/UML pro-
vides a more genericapproach,including supportfor both func-
tional separation(like roles)andseparationof patternsof crosscut-
ting behaviour.

Collaboration-baseddesignor rolemodellingis acompositional
design approachthat concentrateson decomposingdesignson
the basis of the roles that objectsplay in particular collabora-
tions [2, 12, 14, 23]. For role modellingwithin OORamin par-
ticular [23], thegoalsaresimilar to thosemotivatingseparationof
non-crosscuttingconcernsin subject-orienteddesign[3]. Kendall
lookedatrolemodellingandhow onemightmapit to AspectJ[15],
concludingthatAspectJdid notadequatelysupportarequiredlevel
of compositionfor roles(e.g.,mergeor override).

Other approachesto providing designsupportfor crosscutting
concernsappearmoretied to the AspectJmodelof AOSD exclu-
sively (e.g.,[13]).

Theme/UML hastaken the more independentroute in extend-
ing the UML [4] to provide just thoseconstructsrequiredto sup-
port thedecomposition(andsubsequentcompositionspecification)
of designmodelsbasedon requirementsspecifications.Thesere-
quirementsmaybefunctionalor crosscutting,andnew designcon-
structsare focusedon how to composethe separatemodels,not
on providing constructsto map to any particularimplementation

paradigm.This approachmakesthe modelmoreconcerncentric,
not implementation-paradigmcentric.

6.2 Implementation Approaches
While we have focussedon only AspectJin this paper, othercom-
positionalimplementationlanguagesandmechanismsexist. Multi-
dimensionalseparationof concerns[26] with its associatedHy-
per/Jlanguage[25] arosefrom the subject-orientedprogramming
paradigm[11] as hasTheme/UML. Compositionfilters [1] are
a meansof interceptingand reroutingmessagesas they arrive at
objects; they can be usedto separatecrosscuttingconcernssuch
assynchronisation,andhave beendescribedasanaspect-oriented
technique. Adaptive programming[19] hasalso beendescribed
asa (specialcase)aspect-orientedtechnique.It providesa means
to separatethe algorithmson datafrom the structureof that data,
allowing the structureof the datato changewithout requiringre-
latedchangesto thealgorithms.Implicit context [29] is a structur-
ing mechanismanddesignphilosophyconcentratingon removing
knowledgeof the large-scalefrom smaller-scalecomponents;it is
relatedto AOSD.Othershavelookedto mixins[28] andmixin lay-
ers[24] asa meansof realisingcompositionalimplementationsof
collaboration-baseddesigns.Mixin layersareuseful for product-
line architectures,wherefeaturesareunderstoodfrom conception
to beoptionalbetweendifferentconfigurationsof aproduct.

A designlanguagewould needto supportmostor all of these
otherapproachesto claim to be a candidatefor a standarddesign
languagefor AOSD. In an earlierversionof this paper(available
as [7]), we examinedthe mappingfrom CPsto Hyper/J,with a
reasonablelevel of success.We plan to continueour studyof the
meshbetweenTheme/UMLandthesevaried implementationap-
proaches.

6.3 Lifecycle Impact
There has been some recognition of the need for separat-
ing crosscuttingconcernsthroughoutthe lifecycle. For exam-
ple, Griss has proposeda developmentprocessfor component-
basedproduct-linesthat draws togetherhigh-level analysis-and
design-compositiontechniqueswith supportingimplementation-
compositiontechniques[10]. But this processdoesnot advise
how to mapthediffering constructswithin thecombinationof ap-
proachesthatmaybeused.

The difficulties reportedin re-engineeringimplementationsto
take advantageof compositionalimplementationtechniqueshigh-
lightstheimportanceof separatingcrosscuttingconcernsacrossthe
lifecycle [20]. Beingforcedto manuallyuntangleandunscatterthe
concernsthat were identifiedwasa difficult anderror-pronepro-
cess;if thesystemsdiscussedin thatwork hadbeendesignedwith
their crosscuttingconcernsseparatedin thefirst place,portingthe
implementationsbetweenthe different compositionaltechniques
studiedcouldhave beenmoretractable.

7. CONCLUSIONS
Thereis aneedfor ameansto separatecrosscuttingconcernsseam-
lesslyacrossthelifecycle. Suchanapproachwouldhelprealisethe
benefitsof software designby supportingearly technicalassess-
mentof crosscuttingbehaviour andtheevolution andnon-invasive
addition of such behaviour to the software artefacts acrossthe
lifecycle—e.g.,designsandcode.To investigatecurrentpossibili-
ties to supportthis need,this paperworked with compositionpat-
terns,a partof Theme/UML,at thedesignlevel, andwith AspectJ
at theimplementationlevel.

While a complete,detailedmappingfrom Theme/UMLto As-
pectJis beyond the scopeof this paper, we have capturedthe es-



sentialsandillustratedamappingfor those.As aresultof mapping
theObser7 ver compositionpatternto AspectJcode,we have identi-
fiedareasin whichbothlanguagescouldevolve. For Theme/UML,
extensionsto the binding specificationsto templates,in line with
AspectJ’sflexibility in pointcutspecifications,wouldbeuseful.Ex-
isting, standardUML is, of course,alsoavailableto composition
patterndesignerswithin thecompositionpatternpackage.For ex-
ample,aswith all interactiondiagrams,constraintsmaybedefined
on theexecutionof operations.Suchconstraintscouldpotentially
beusedto specifyusefuldynamicaspectassociations.For AspectJ,
it would be interestingto seeif extendedgenericitycapabilities,
interfacereconciliationmechanisms,andmoreflexible aspectas-
sociationspecifications(asindicatedby this samefuture work on
constraints),werepossible.

Justastherearemany object-orientedprogramminglanguages,
there is room for many aspect-orientedprogramminglanguages.
However, we think that thereis a placefor a standardAOSD de-
sign languagethat is capableof supportingmany of theseaspect
programminglanguages.We have identifiedsomegoalsfor sucha
designlanguage:implementationlanguageindependence;design-
level composability;andcompatibility with the existing standard
designlanguagefor object-orientedsystems,the UML. Here,we
haveexaminedthelanguageindependenceof Theme/UMLthrough
its supportfor AspectJ,identifying areasfor improvementin both
languages.The other two goalsaremet by Theme/UML,asdis-
cussedelsewhere[3, 4, 5, 6]. We proceedto work on extending
Theme/UMLto achieve andvalidatethesegoals.
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