
Project Summary
AspectInterfaces

Thepopularityandadoptionof Aspect-OrientedSoftwareDevelopment(AOSD)hasnaturally
leadto anassessmentof systemmodularityin thepresenceof aspects.TheAOSDcommunityhas
recentlyexposedissueswith AOSDin four problemareas:easeof evolution,separatedevelopment,
couplingandhiding. BeforeAOSD,crosscuttingconcernswereimplicit in the code. AOSDhas
successfullymadethoseconcernsexplicit in the codebut it hasleft otherissues,suchasaspect-
aspectandbase-aspectdependencies,implicit. Our researchproposesaspectinterfaces(AIs) to
make theseissuesexplicit andto addressthefour problemareasmentionedabove.

Thebroadde�nition of aninterfaceis a conventionusedto allow communicationbetweentwo
softwaresystems.AIs areconventionsusedto allow communicationbetweenaspectsandbasecode
or betweenaspects.We proposeto includeselectorexpressionsin AIs. Selectorexpressionsare
a generalizationof AspectJpointcutsandDemeterstrategies. They selectnodesin anabstraction
relatedto thebaseprogram,suchastheexecutiontreeof aprogram(AspectJ)or in objects(Deme-
ter). More abstractly, selectorlanguagesareregularexpressionsover paths(includingdepth-�rst
traversalpaths)in graphsandtheir instances(obtainedby unrolling thegraphs).

Ourapproachto AIs is to expressthemusingthreecomponents:baseprogramabstractions(in-
cludingabstractionsof thedatastructuresat run-timeandabstractionsof theprogramexecutions),
selectorexpressionsandpredicates(over thebaseprogramabstractionsandselectorexpressions).
Abstractionsof thebaseprogramincludevariousgraphstructuressuchasclassgraphs,control�o w
graphs,abstractsyntaxtreesandalsobothmethodsignaturesandeventsignatures.

AIs make it easierto extendanexisting complex systemwith new behavior without having to
know the detailsof the complex system. AIs arenaturalapplicationsof the ideaof information
hiding to aspects.Whenwriting anaspect,it is importantthattheaspectdoesnot talk to too many
classesin thebase.And properlydesignedAIs protectthebasefrom undesirableaspects.

To continueourwork onAIs wewill: (a)Developatheoryof AIs. (b) Studyselectorlanguages
assuitablemechanismsto expressAIs (bothgeneralpurposeandconcern-speci�cAIs) andtheir
mappings.Studythe theoryof selectorlanguages,both algorithmiclower andupperboundsfor
translation,decisionandlearningproblemsimportantto AIs. (c) Studytechniquesto build selector
expressionsinteractively usinglearningalgorithms. (d) Studythe baseevolution problem. As a
baseevolveswe areconcernedwith its mappingto theAI andhow this mappingchanges.Which
partsof thebaseevolution problemcanbeautomated?(e) IntegrateAIs with XAspects,a tool we
havealreadybuilt, to facilitatedevelopmentof concernspeci�c aspectlanguages.

Intellectual Merit
This researchwill addressthefundamentalproblemfor thegrowing AOSDcommunityof how

to bestinterfaceto aspects,bothgeneralpurposeandconcern-speci�caspects.Our work will help
the creationof AIs that canabsorbchanges.Our work producesconceptsandtools for building
concern-speci�caspectlanguagesandtheir correspondingAIs.

Broader Impact
Educationis an importantcomponentof this proposal.We will developa new undergraduate

courseon softwaredevelopmentusingAIs with tool support.In additionwe will have continuing
educationworkshopsfor professionalsaboutdesignwith AIs.
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PROJECT DESCRIPTION

1 Project Background

Aspect-OrientedSoftwareDevelopment(AOSD),andAspect-OrientedProgramming(AOP), in-
troducethenotionof anaspectasa mechanismthat locally capturessystemconcernsthatwould
otherwisebe distributedacrossthe system's primary moduledecomposition(referredto asbase
code). Aspectsde�ne extrabehavior calledadvicethatis invokedatspeci�c pointsduringthepro-
gram'sexecutioncalledjoin points. Thetermselectorlanguageis usedto referto thesub-language
usedto de�ne expressionsthatselectjoin points.

The popularityandadoptionof Aspect-OrientedSoftwareDevelopmentandAspect-Oriented
Programming,hasnaturally lead to an assessmentof aspect-orientedsystemmodularity. The
AOSDcommunity[16, 1, 66, 70] hasrecentlyexposedissueswith AOSDin four problemareas:
easeof evolution,separatedevelopment,couplingandinformationhiding.

Theseissuesarea manifestationof thenon-modularcharacteristicsof currentAOPtechnolo-
gies. Aspectscanbypassa module's interfaceintroducingdependenciesbetweenthe internal(to
the module)dataandthe aspect.Aspectsaffect modulesacrossthe whole systemde�ning com-
municationchannelsbetweenthe aspectand the system's modules. Both the dependenciesand
communicationchannelsintroducedvia aspectsareexplicit only from within theaspect'scode;the
remainingaffected(by theaspect)modulesareunawareof thesedependencies.

Our researchproposesaspectinterfaces(AIs) to make thesedependenciesexplicit andaddress
the four problemareasmentionedabove. We considerAIs for generalpurposeaspectlanguages,
e.g.,AspectJ,andconcern-speci�caspectlanguages,e.g.,DemeterJ,COOL,RIDL. Our vision,as
well asthevision of theoriginal NortheasternPhDthesiswork by CristaLopesin this area[45],
is thatapplicationsconsistof multiple collaborating,concern-speci�caspectlanguages.AIs will
make the dependenciesbetweenaspectsandcomponentsexplicit allowing for separatedevelop-
mentandtheir smoothsymbiosisunderevolution.

1.1 The Problem

In orderto talk aboutmodularityandhow it canbeobservedwe provide a de�nition of a modular
implementationof aconcernadoptedfrom [16]:

� it is textually local,

� thereis awell-de�ned interfacethatdescribeshow it interactswith therestof thesystem,

� the interfaceis anabstractionof the implementation,in that it is possibleto make material
changesto theimplementationwithoutviolating theinterface.

� anautomaticmechanismenforcesthatevery modulesatis�esits own interfaceandrespects
theinterfaceof all othermodules,and

� themodulecanbeautomaticallycomposed– by a compiler, loader, linker etc. – via various
con�gurationswith othermodulesto produceacompletesystem.
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We further take into accountthe � ve principlesproposedby Meyer [49] thatmustbeobserved to
ensurepropermodularity.

Linguistic Modular Units Modulesmustcorrespondto syntacticunitsin thelanguageused.

Few Interfaces Everymoduleshouldcommunicatewith asfew othersaspossible.

Small Interfaces If any two modulescommunicateat all, they shouldexchangeaslittle informa-
tion aspossible.

Explicit Interfaces Whenever modulesA andB communicate,this mustbeobviousfrom thetext
of A or B or both.

Inf ormation Hiding All informationabouta moduleshouldbeprivateto themoduleunlessit is
speci�cally declaredpublic.

CurrentAOP technologiesdo not completelysatisfyboth the de�nition and/orthe principles
for modularity. In the caseof a generalpurposeAOP languagesuchasAspectJ,an aspectcan
be usedin a way that it doesnot respectthe interfaceof other modules. Aspectscan expose
to the restof the programexplicitly de�ned, privateinformationof a moduleandthe language's
automaticmechanismsallow for this behavior. Thereis no hiding of informationfrom theaspect
by othermodules.This forcesaspectdevelopersto understandlarge partsof the systemin order
to effectively addbehavior with aspects.Finally, implementationalterationsto whatappearsto be
internalmoduleinformationcannotbemadeby basedonlocalreasoning.Insteadfurtherreasoning
outsidethemoduleitself is neededto detectany applicableaspectsandtheeffectsthealterations
mayhaveon themandthesystemasawhole.

In the caseof a concernspeci�c aspect-orientedlanguage,suchasDemeterJ,thereis an in-
terfacebetweenthe adaptive methodandthe staticstructureof the program(the program's class
graph). However the interfaceis the whole classgraphallowing for no informationhiding and
bringingaboutthesameproblemsasin thecaseof generalpurposeaspectorientedlanguages.

Thereis noexplicit agreementbetweenaspectsandtherestof theprogrammodulesonwhatis
consideredaccessibleby theaspectandwhatnot. Currentlyeverythingis accessibleto theaspects
andnothingis hidden.The�nal decisionof what is public andwhat is privatefor a givenmodule
after aspectcompositionis controlledby the aspect,which makes iterative programextensions
dif�cult.

The asymmetricpower over what is consideredhiddenand what not and the absenceof an
explicit interfacethatde�nescommunicationbetweenaspectsandprogrammoduleslowersaspect-
orientedsystemmodularity.

Moreconcretely,

Easeof Evolution is decreasedsinceaspectsarewritten directly against the baseprogram. As-
pectswill work for thatspeci�c baseprogrambut thereis noexplicit informationkeptabout
theabstractpropertiesthatthebaseprogramneedsto ful�ll.

SeparateDevelopment becomesmoredif�cult to achieve sincepointcutsinsideaspectsarewrit-
tenagainstthebaseprogramanduseinformation(i.e. methodandvariablenames,sequence
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of methodcalls)speci�c to thebaseprogram's implementation.Concern-shy� selectorlan-
guagesdonotcompletelyresolve thisproblem(Section1.3).

Coupling betweenaspectsand(other)aspects,and,baseprogramandaspectscontribute nega-
tively to bothseparatedevelopmentandeaseof evolution. Aspectsattachextra behavior on
any part of the basecode,even on methodsconsideredas internal to a module. This de-
pendency is explicitly capturedby the pointcut insidethe aspectleaving the moduleitself
unawareof this dependency. Structure-shynessprovidedby selectorlanguagesmake depen-
dency detectionharder.

Inf ormation Hiding Programmodules(otherthanaspects)have no guaranteesthat information
de�ned by a moduleasprivateremainsprivate. This limits informationhiding andbreaks
existingmoduleinterfaces.

1.2 Interfaces

The broadde�nition of an interfaceis a conventionusedto allow communicationbetweentwo
softwaresystems.Interfaceshave beenwidely studiedandusedto practiceinformationhiding.
In [59], David Parnassays: “the purposeof hiding is to make inaccessiblecertaindetails that
shouldnot affect other partsof a system.” The part that is madeaccessibleis presentedas an
interface.Parnas'useof informationhidinghasbeenvery in�uential andeventodayprogramming
languagesaredesignedto bettersupportinterface-orientedprogramming.In theproposedwork we
studyaspectinterfaces).AIs aredifferentfrom API interfaces(signatures).An API interfaceis to
functionalityasan AI is to behavior. Whenan aspectsatis�esan AI, the aspectis guaranteedto
work whenusedwith abaseprogramandamappingthatconnectsthebaseprogramto theAI.

1.2.1 Inf ormation Hiding

Parnas'informationhiding approachdoesnot hideenough[31]. Publicsignaturesmadeavailable
throughan interfaceshouldbe usedonly sparingly. Sparinguseof public signaturesis dictated
by the principleof low coupling. The Law of Demeter(LoD) [28], an exampleof a preciserule
for couplingcontrol is oneapproachon how to usepublic interfacessparingly. An even better
approach,basedon traversalstrategies,is to usesomeof thepublic signaturesindirectly by spec-
ifying only a few of themexplicitly andby usingconnectivity informationto derive the rest. A
recenttool, Prospector[48], usesthis ideaintroducedbackin 1992[25]. This kind of structure-
shyness† reducesthecostof API interfacechangesin languageslikeJavaor C#.

AIs serve to protectan aspectfrom the detailsof a baseprogram. The goal hereis to make
sparinguseof baseprograminformation in the AI. In both cases,API interfacesand AIs, the
issueof sparinglyusing information is importantand indeedin both casessimilar structure-shy
mechanismsareused([36] shows that, for example,the main selectorlanguagesof AspectJand
Demeterhaveequivalentexpressiveness).Structure-shynessin thiscontext meansshy with respect
to thestructureof thebaseprogram.

� In general,aconcernC isX-shy if theC implementationcanadapttosmallchangesin X, or if theC implementation
reliesonly on minimal informationof X implementations.Domain-speci�caspectlanguagesallow problemsto be
decomposedto supportconcern-shy representationsof concerns.

† Weusethetermstructure-shy which in thiscontext meansshy with respectto thestructureof theAPI interfaces.
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SelectorLanguage Meta Graph InstanceGraph
AspectJ call graph treeof methodcalls

DemeterJ classgraph(is-a,has-a) objects
Prospector classgraph(is-a,0-argumentmethods) pathof methodcalls

Table1: Selectorlanguageswith theirmetagraphsandtheir instances.

Aspect-orientedprogrammingwithoutAIs hasseveraldrawbacks:

1. accidentalcomplexity (andthuscost)in theexpressionof aspectcode(sinceit mustbewrit-
tenagainstarbitrarilycomplex basecode).

2. signi�cantly increasedcostof changedueto typically extensive dependencesof aspectcode
on implementationdetailsof thebasecode.Alterationsmadeto thebasecoderenderaspects
in-applicableor causeerroneousbehavior withoutany compiletimeor runtimeerrors.

3. lossof concurrency in developmentdueto thedependenciesbetweenaspectsandthebaseon
any of thebaseprogramsproperties(privateor public).

AIs play an importantrole in aspect-orientedprogrammingbut they have not beenwidely re-
searched.

1.3 Selectorlanguages

Selectorlanguagesallow for thede�nition of expressionsthatselectnodesandedgesin graphsthat
areabstractionsrelatedto a program. Selectorlanguagesareusedin several tools, for example,
in tools for Aspect-OrientedProgramming(AOP) (AspectJ[15], Caesar[50]), in tools for Adap-
tive Programming(AP) (JAsCo[68], DJ [54]) andin tools for API programming(Persephone[3],
Prospector[48]). Differentcommunitiesgive differentnamesto selectorlanguages:crosscutlan-
guagesor pointcutlanguagesin AOP, traversalspeci�cationsor traversalstrategiesin AP, traversal
speci�cationsor queriesin API-Programming.

A selectorlanguageoperatesin thespaceof graphs,calledmetagraphs,andinstancesof those
graphs,called instancegraphs(Table1). A selectorlanguageexpressionhasa sourcenodeand
selectsasetof nodesor edgesfor agiveninstancegraphthatconformsto somemetagraph.

Selectorlanguages,althoughoverall bene�cial, give riseto somecomplicationswhenthemeta
graphis altered. The metagraphswill evolve and this requiresa careful testingof the selector
expressionsto make surethey still selecttheright paths.For example,in anAspectJprogram,the
renamingof a few privatemethodnamesin the baseprogrammay leadto a broken aspect,e.g.,
theaspectmaynever selecta join point. Currently, AspectJdoesnot checkfor theunsatis�ability
of pointcuts,except for trivial cases. When using selectorlanguagesin practicaltools, several
algorithmicproblemsneedto besolved:

Translation Problems We needto implementselectorlanguagesandthis meanstranslatingthem
to lower level languagesor interpretingthem.Givena metagraphanda selectorexpression,
we needto produceanef�cient functionthat takesan instancegraphasinput andproduces
asoutputa markedinstancegraphwith theselectednodesmarked. Givena metagraphand
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a selectorexpression,we needto compiletheminto an ef�cient structurethat allows us to
exploreaninstancetreeat run-timeef�ciently .

DecisionProblems Our �rst attemptin formally de�ning someimportantdecisionproblemshas
led to interestingresults[36]. The selectorsatis�ability problemis importantfor checking
whetheran AI holdsfor a baseprogram. Useful decisionproblemsinclude: Satis�ability,
Implication,Always,Never, Empty-Intersectionetc. [36].

Learning Given a metagraphandexamplesof marked metagraphsthat show the effect of the
soughtafter selectorexpression,constructa minimal selectorexpressionthat producesthe
givenmarkedmetagraphs.

1.4 PIs' Prior Accomplishmentson AspectInterfaces

Thetermaspectinterfacehasbeenintroducedin the�rst PhDthesisdedicatedto AOSDissuesby
CristaLopes[45] (advisedby thePI andco-advisedby GregorKiczalesthenatPARC). Thethesis
introducestheconcern-speci�caspectlanguagesCOOLandRIDL anddiscussestheirAIs.

ThePI hasworkedonAIs sincethemid 90'saspartof hiswork onAdaptiveProgramming[25].
Theinitial focuswason adaptive componentswhoseinterfacesput constraintson theclassgraphs
throughpathconstraintsandcardinalityconstraints[27] (section8.5). This work was followed
by an OOPSLA1998 paperwith Mira Mezini on adaptive plug-and-playcomponents[51] that
discussedtheconceptof interfacesfor adaptivecomponents.With David LorenzandMira Mezini,
we generalizedthe interfacesto aspects[32]. This work hasin�uenced several aspectsystems,
suchasCaesarandObjectTeams.JohanOvlinger's PhDthesisin thePI's group[56] anda related
journalpaperwith David Lorenz[33] haveproposedanapproachto simpleAIs.

Theco-PI joined the investigationof selectorlanguagesin 2003andthecollaborationhasre-
sultedin oneFOAL workshoppublication[36] andonejournalsubmission.

PI Lieberherris a leaderin theAOSD�eld. He is on thesteeringcommitteeof AOSA(Aspect-
OrientedSoftwareAssociation)andwasProgramCommitteeChair of the Aspect-OrientedSoft-
wareDevelopmentConference(AOSD2004).Hewasakeynotespeakerat ICSE2004.

1.5 RelatedWork

1.5.1 Interfaces for aspects

Recentattemptsto resolvemodularityissuesin AOSDevolvearoundthenotionof aninterface[16,
1, 66] betweenaspectsandbasecodecomponents.

KiczalesandMezini [16] advocatethat in the presenceof aspects,a module's interfacehas
to further includepointcutsfrom aspectsthatapply to themodulein question.Theseaugmented
interfacede�nitions, namedaspect-aware interfaces, canonly be determinedafter the complete
con�guration of the system's componentsis known. Aspect-awareinterfacesdo not provide any
extra informationhidingcapabilitiesto thebaseprogram's modules.

OpenModules[1], extendthetraditionalnotionof asoftwaremoduleto includein its interface
pointcut speci�cations. In this way a modulecan export, and as suchmake publicly available,
pointcutswithin its implementation.This approachgivesa balancedcontrolbetweenmoduleand
aspectdevelopersin termsof informationhiding thusallowing for separate(parallel)evolution of

C–5



aspectsandmoduleson the agreedupon interface. The interfaceof a crosscuttingconcerncan
affectmultiplemodulesatdifferentjoin pointsoneachone.Thusanaspect's interfaceis sprinkled
alongmoduleinterfacesandnot localizedmakingit harder(if not impossibleat times)for aspect
developersto developtheiraspects.

Kevin SullivanandBill Griswold andtheirstudents[66] advocateanXPI (crosscuttingprogram
interface)asa meansto achieve separatedevelopmentandexplicit dependenciesbetweenimple-
mentationsof crosscuttingconcernsandbasecode.XPIs at presentarea designartifactwherethe
agreeduponinterfacebetweenaspectsandbasecodeis explicitly statedusingEnglish. Although
XPIsassistbothduringdesignanddevelopment,thereis nomechanicalcheckingavailableto verify
theimplementationagainsttheagreeduponinterface.

KiczalesandMezini in [17] discussthebene�tsof usingdifferentprogramminglanguagemech-
anisms(procedures,annotations,adviceandpointcuts)usedto provide separationof concernsat
thecodelevel. Theresultingguidelinesfrom theiranalysissketchthesituationswhereeachmech-
anismwill bemosteffective. The inherentmodularityissuesassociatedwith eachtechnologyare
notaddressed.

1.5.2 Selectorlanguages

The pioneeringwork in selectorlanguagesarequerylanguagesfor object-orienteddatabases.In
databases,themetagraphis anobjectschema,theinstancesareobjectsandtheselectorlanguage
is a querylanguage.Usingselectorlanguagesfor implementing”Have X, WantY” concernswas
pioneeredby theDemeterwork [25] for objectnavigationandby thePersephonework (Allemang
etal. [3]) for API navigation.

In [48] David Mandelinwith coauthorsat Berkeley andIBM have independentlyrediscovered
thevalueof ”HaveX, WantY” concerns.They developedaPersephone-liketool,calledProspector,
usingashortestpathsemantics.While in Persephonetheselectorlanguageis expressiveenoughto
choosethedesiredpath,Prospectorlet's theprogrammerchoosefrom a setof suggestedalterna-
tives.

AspectJ[15, 67] usesaselectorlanguagefor choosingpointsin theexecutionof aJavaprogram.
AspectJworkswith pathsfrom theroot of theexecutiontree.RobertWalker[69] hasextendedthe
languageto reasonaboutthehistoryof theentirecomputation.Thiscorrespondsto reasoningabout
depth-�rst traversalpathsandnotonly simplepathsfrom theroot.

The interestin selectorlanguagesis growing. At OOPSLA 2005 therewill be one session
on selectorlanguages:two papersfrom Stanfordand one from the AspectBenchCompiler for
AspectJ(abc)teamat Oxford, McGill and BRICS in Denmark[2]. The abc teampaperbuilds
on RobertWalker's work by working with histories. The selectorexpressionlanguagehastwo
layers: In the �rst layer they de�ne interestingsymbolsusingAspectJ's pointcutlanguageandin
thesecondlayerthey useregularexpressionsthatpickspointsin theexecutiontree.

TheShadowProgrammingtechnique[71], particularly, thePointcutEvaluatorfacility, makes
aspectslesscoupledto syntacticpropertiesof baseprograms,but moreto theirsemanticproperties.
This join pointselectionmechanismwill morelikely deliverreusableandevolveableaspects,while
traditionalsyntaxbasedjoin point selectionmechanismshave beencriticized to be fragile dueto
thesyntax's volatility.

Researchershave exploredtheusageof Prologasa selectorlanguage,takingadvantageof the
language'suni�cation featuresto allow for morerobustselectorexpressions.
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Ostermannet al. [55] proposethe ALPHA language,allowing theuserto write Prologqueries
over four models:theabstractsyntaxtree,objectstore(heap),statictypesof all expressions,and
traceof the program. Queriesin this form canbind variablesandrefer to these;hence,with the
ability to querythe programtrace,a pointcutcanbuild a historycontext. The authorsarguethat
this typeof pointcutdecreasescomplexity while increasingexpressiveness

KloseandOstermann[18] proposeaProlog-basedselectorlanguageoveraprogram'scomplete
executiontrace.A predicatecanreferto eventsin thecomputation's stepsthatareto follow. Each
programevent holds a uniquetimestampallowing for temporalrelationsbetweenevents to be
capturedin selectorexpressions.Advice is iteratively applieduntil a �x-point is reached(if it
exists,elsethecomputationdiverges).A �x-point for anadviceis reachedwhenthesetof events
thattriggertheadviceremainsthesamebetweentwo consecutiveapplicationsof theadvice'scode.
Thecurrentimplementationslack in staticanalysistoolsthatcanassistin theevaluationof selector
expressionsandcanimprove ef�ciency.

In [6], Eichberg, Mezini andOstermannusetheXQuerylanguageasaselectorlanguagewhile
the underlyingmodel is an XML representationof programinformation (translatedfrom class
�les usinga specialtool). Being a Turing-completelanguage,XQuery enablesmoreexpressive
selectionsof join points,whicharenotsupportedby AspectJ.However, usingXQuerycomplicates
staticanalysistasksdueto its undecidablenature.Meanwhile,notall programmersarecomfortable
with anXML representationof programinformation.

LogicAJ [60, 19] by GünterKnieselandTobiasRho is a uniformly genericaspectlanguage
makinguseof logic meta-variablesand the conceptof uni�cation to make aspectslesscoupled
to syntacticpropertiesof baseprograms,andthusto promoteaspectreusabilityandevolution. It
cansimulatepartof the functionalitiesprovidedby staticallyexecutableadvice[35] andpointcut
evaluatorfacilities[71].

2 ProposedResearch

To continueourwork onaspectinterfaceswewill

1. Incorporateaspectinterfacesinto existingtoolsfor bothgenericaspect-orientedlanguagesas
well asconcern-speci�caspectlanguagesandstudytheireffectsto systemmodularity.

2. Studyselectorlanguagesassuitablemechanismsto expressaspectinterfaces(bothgeneral
purposeand concern-speci�caspectinterfaces)and their mappings. Study the theory of
selectorlanguages,both algorithmic lower andupperboundsfor translation,decisionand
learningproblemsimportantto AIs. We will develop the SelectorLibrary to facilitatethe
implementationof selectorlanguages.

3. Study techniquesto build selectorexpressionsinteractively using learningalgorithmsthat
canassistdevelopersin de�ning robustselectorexpressionsthatcapturethedeveloper's in-
tentions.

4. Studythebaseevolution problem.As a baseevolveswe areconcernedwith its mappingto
theaspectinterfaceandhow this mappingchanges,explorethepossibilityto automatesuch
changes.
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5. Integrateaspectinterfaceswith XAspects[61, 62], a tool we have alreadybuilt, to facilitate
developmentof concernspeci�c aspectlanguages.We will develop an informal method
to translaterequirementsinto concern-speci�caspectlanguagesandcorrespondingselector
languages.Wewill developstylerulesfor concern-speci�caspectlanguages,continuingour
work that startedwith the Law of Demeteralmost20 yearsago. Recentresults[53] have
providedageneralizationof theLaw of Demeterto aspects.

2.1 AspectInterfaces

Wedemonstratehow aspectinterfacesaddressthethreeissues:easeof evolution,paralleldevelop-
mentandcouplingthroughtwo examples,for a concern-speci�caspectlanguage(DemeterJ)and
for ageneralizedaspectlanguage(AspectJ).

2.1.1 TraversalAspectExample

Our exampleis aboutsystemsof equationsin which we want to checkthatall usedvariablesare
de�ned(wecall thisasemanticchecker). A simpleequationsystemcouldbex= 5;y= 9;z= x+ y;.
The implementationof the semanticchecker shouldbe unaffectedby any changesmadeto the
equationsystemthatdo not alter thede�nition of usedandde�ned variables,i.e, changeto in�x
notation,addingnew operatorsetc.

Therefore,we introducea concern-speci�caspectinterfaceagainstwhich we canprogramthe
semanticchecker in suchawaythatit is shieldedfrom detailssuchasin�x versuspre�x operators.
The AI consistsof a classgraph,called an interfaceclassgraph(icg), traversalstrategies and
constraintsimposedon thesetraversalstrategies. Figure1 shows the completeaspectinterface
alongwith adiagrammaticalrepresentation(in UML) of theAI' s interfaceclassgraph.

Theicg servesasa constrainton any concreteimplementationof theExpressionICG AI in
orderfor thestrategiesde�ned in ExpressionICG to beapplicable.Furthermore,theconstraints
de�ned in theaspectinterfaceimposefurtherrequirementsthatneedto bemetby any concreteim-
plementationof this aspectinterface.The�rst constraintexpressesthateachde�nition introduces
exactly onename. Without the nonemptyconstraints,the adaptive programis meaningless.The
non-emptyconstraintsstatethattheremustbeat leastonepathin theinterfaceclassgraphthatsat-
is�es thestrategy. Thepredicatesunique andnonempty areprovidedby theaspectlanguage,
i.e. DemeterJ.

Figure2 givesanexampleimplementationof theExpressionICG aspectinterface(on the
right) along with a visitor implementationand a driver class(on the left). InfixEQSystem
de�nes thestructuralrelationsbetweenconcreteclasses.In thecaseswherea classgraphimple-
mentsanaspectinterface,mappingsbetweentheconcreteclassgraphclassesto theaspectinterface
classesarealsoprovided. Theconcreteclassgraph(InfixEQSystem ) providesa de�nition of
its equationsystemanda mappingM betweentheentitiesin its classgraphandtheentitiesin the
interfaceclassgraph. Themappingallows for classesto bemappedto classesbut alsostrategies
to be mappedto strategies. The specialmethodtraverseon the InfixEQSystem classis pro-
vided by DemeterJandcanbe usedto invoke adaptive methods.The traverse methodtakes
asargumentsoneof thestrategiesin InfixEQSystem anda visitor thatwill invoke its methods
uponreachingan instancethathasthesametypeasthevisitor method's argument.Thenameof
thevisitor methodindicatesasto whetherthishappensbeforetraversingtheobjector after.
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De�nition

DThing

Ident

Thing

Body

UThing

ESystem
icg:

strategies:

constraints:

ESystem= List(De�nition).

De�nition = < def> DThing "=" < body> Body.
Body= List(UThing).
UThing= Thing.

Thing= Ident.

DThing= Thing.

List(S) � "(" S ")" .

gde�nedIdents= ”fr omESystemvia DThingto Ident”.
gusedIdents= ”fr omESystemvia UThingto Ident”.
de�nedIdent= ”fr omDe�nition via DThingto Ident”.

unique(de�nedIdent).
nonempty(gusedIdents).
nonempty(gde�nedIdents).

ai ExpressionICGf

g

1..*

1..*

1 1

1

1

defbo
dy

Figure1: Thefull de�nition of theaspectinterfaceincludesaninterfaceclassgraph,thestrategies
on the interfaceclassgraphandconstraintson thestrategies. TheUML diagramis equivalentto
theinterfaceclassgraphde�ned in ExpressionICG .

At compile-time,DemeterJwill do thefollowing:

1. usethismappingM to ensurethattheclassgraphin InfixEQSystem satis�estheinterface
classgraphfrom ExpressionICG , i.e., for eachedgee connectingtwo nodesn1 andn2
in the interfaceclassgraphthe mappededgeM(e) connectsthe mappednodesM(n1) and
M(n2) in theclassgraph.

2. thestrategiesde�ned in ExpressionICG will beexpandedaccordingto themappingand
madeavailablethroughInfixEQSystem class.

3. eachof theconstraintswill bevalidatedon theexpandedstrategiesfor InfixEQSystem .

If any of the above stepsfails then an error is issuedstatingthat InfixEQSystem doesnot
implementExpressionICG .

As a �rst evolution stepwe wantto changefrom in�x notationto pre�x notation.Moving to a
pre�x notationrequiresto changethede�nition of Compound in InfixEQSystem to

Compound = <op> Op <lrand>List(Expression) <rrand>List(Expression)

This changedoesnot affect the aspectinterfaceat all. We updatethe equationsystemclass
graphandkeeptheold mapping.All constraintsof theaspectinterfacearestill satis�edafterthey
aremappedinto theactualinterfaceclassgraphandtheadaptivemethodwill functioncorrectly.

It is importantto note that during this evolution step,only the aspectinterfaceandthe con-
creteimplementationof the interfaceclassgraphwasneeded.Furthermore,thestaticassurances
providedby thetool becauseof theaspectinterfacedid not requirere-testingof thedriver codeto
ensurethat thestrategiespick thecorrecttraversalsandthat thesemanticchecker still operatesas
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classMain f
public static void main(String[] args)f

Visitor v = newIDPrintVisitor();
System.out.println(” IDs in def:” );
In�xEQSystem.traverse(gde�nedIdents,v);
System.out.println(” IDs in use:” );
In�xEQSystem.traverse(gusedIdents,v);

g
g

classIDPrintVisitor extendsVisitor f
public void before(Identid) f

System.out.println(id);
g

g

cd In�xEQSystemimplementsExpressionICGf
EquationSystem= < equations> List(Equation).
List(S) ˜ ” (” f Sg ”)” .
Equation= < lhs> Variable”=” < rhs> Expression.
Expression: Simplej Compound.
Simple: Variablej Numerical.
Variable= Ident.
Numerical= < v> int.
Compound=< lrand> List(Expression) < op> Op<

rrand> List(Expression).
Op : Add.
Add = ” +” .

useEquationSystemasESystem,
EquationasDe�nition ,
(� > � ,lhs,� to Variable) asDThing,
(� > � ,rhs,� to Variable) asUThing,
VariableasThing.

g

Figure2: InfixEQSystem de�nesa classgraphanda mappingof theentitiesin theclassgraph
to theinterfaceclassgraphof ExpressionICG . ThedriverclassMain usesthestrategiesde�ned
in ExpressionICG andtheIDPrintVisitor .

expected.Theaspectinterfaceallows in this casefor separatedevelopmentandeaseof evolution.
Hiding irrelevantinformationthroughtheaspectinterfaceprovidesfor highersystemmodularity.

In thenext evolutionstepwe wantto addthecapabilityto de�ne functionswith oneargument.
A simpleequationsystemwith function de�nition andusecanbe f (x) = x+ 89;z = f (5); This
evolution stepaffectsinformationthat is relevant to the semanticchecker. The semanticchecker
hasto also deal with parameternameson eachfunction de�nition but also usagesof function
de�nitions thatmayappearontheright-handsideof equations.A naiveapproachwouldbeto alter
theclassgraphde�nition to accommodatefor functionde�nitions to appearon theright handside
of equations,i.e.,

Equation = <lhs> DExpression ``='' <rhs> Expression.
DExpression : Variable | ParametricVariable.
ParametricVariable = Variable ``('' Variable ``)''.

Without altering the mappingand leaving the aspectinterfaceintact this approachwill result in
a compile time error. The predicateunique(definedIdent) can no longer be satis�ed.
For this evolution stepthe interfacehasto be changed(Figure 3). With a new interfaceclass
graphParamExprICG we canabstractlyreasonaboutsemanticallycheckingsystemswith sim-
ple functions. To make the constrainthold again, we strengthenthe strategy by addingan extra
directive "via Thing" to definedIdent . BecausedefinedIdent is a sub-strategy of
gdefinedIdents , we needto updategdefinedIdents in thesameway. As a �nal stepwe
updatetheadaptivemethodsasshown in Figure4.

In this evolution step,theaspectinterfacehelpedby disallowing a naive extensionthatwould
violatetheintendedbehavior of theoriginal aspectinterface.Thenatureof theevolution required
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Body

UThing

DThing

Ident

Thing

UParamName

DParamNameDefinition

1..*

1

1

10..1

0..1

1

1

1

bo
dy def

fp
ar

am

aparam

ESystem
ESystem= List(De�nition).

De�nition = < def> DThing "=" < body> Body.

Body= List(UThing).

UThing= Thing ["(" < aparam> UParamName")" ].

DThing= Thing["(" < fparam> DParamName")" ].

Thing= Ident.

List(S) � "(" S ")" .
DParamName= Ident.
UParamName= Ident.

gde�nedIdents= ”fr omESystemvia DThingvia Thingto Ident”.
gusedIdents= ”fr omESystemvia UThingto Ident”.
defParam= ”fr omDe�nition via DParamNameto Ident”.
de�nedIdent= ”fr omDe�nition via DThingvia Thingto Ident”.

unique(de�nedIdent).
nonempty(gusedIdents).
nonempty(gde�nedIdents).
unique(defParam).

icg:

strategies:

constraints:

ai ParamExprICGf

1

1..*

g

Figure3: The evolved aspectinterface(left) andthe UML representationof the extendedaspect
interfaceclassgraph(right).

anextensionof theinterfaceandthatresultedto changesin thedriverclassandanew classgraph‡.
It is importantto notehow theaspectinterfaceexposedtheerroneoususageof ExpressionICG
interfacefor this evolution stepandassistedin updatingall thedependentcomponentsdueto the
de�nition of ParamExprICG .

Thestudyof aspectinterfacesstarted10yearsagoin thecontext of Demeter[27] (section8.5),
[52]. Even thoughDemeterJ,andAdaptive Programmingin general,is a concern-speci�caspect
orientedsystem,thereis a correspondenceto generalpurposeaspectorientedsystems.Using the
DemeterJterminology, traversalstrategies and visitor methodsignaturescorrespondto AspectJ
pointcutsandthevisitor methodbodiescorrespondto AspectJadvice. Although this is a special
caseof AOPwherethejoin pointsonly involvejoin pointsof atraversal(andnotageneralJavapro-
gramasin AspectJ),key problemsof aspectinterfacesarealreadypresent.In factrecentwork [55]
usesideasfrom bothDemeterJandAspectJasmechanismsfor providing amoreexpressiveselector
languagein ageneralpurposeaspectorientedprograminglanguage.

An importantingredientof aspectinterfacesthat we proposeto researchis that they usethe
properabstractionsto �lter out theunimportantdetailsin thebaseprogramandthat they express
predicatesimportantto the properfunctioningof the aspects.The predicatesmustbe checkable
ideallyat compile-timebut somemayrequirerun-timechecking.

‡Not shown heredueto spacelimitations
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classMain f
public static void main(String[] args)f

Visitor v = newIDPrintVisitor();
GVisitor v1 = newGVisitor();
System.out.println(” de�nedIDs” );
ParamEQSystem.traverse(gde�nedIdents,v);
System.out.println(” unde�nedIDs with

environmentextension” );
ParamEQSystem.traverse(gusedIdents, v1);

g
g

classIDPrintVisitor extendsVisitor f
public void before(Identid) f

System.out.println(id);
g

g
classGVisitor extendsVisitor f

public void before(De�nition d) f
Identdparam= (Ident)ParamEQSystem.fetch(d,

defParam);
System.out.println(” de�nedparameter: ” +

dparam);
g
public void before(Identid) f

System.out.println(id);
g

g

Figure4: Changesto theinterfaceaffect Main . Thede�nition of GVisitor is usedto checkfor
thelocalparameternamesin parametricequations.

2.1.2 MessageInterface Example

We believe that capturinginterestingeventswith AspectJ-stylepointcutsis impracticalfor very
large programs,andthis is dueto the tight couplingbetweenthe aspectandbaseprogram. For
a motivating example,consideran email programandusingaspectinterfacesto supportplugins.
A plugin is simply anextensionof anexisting programthataddsadditionalfunctionality, so it is
naturalto think of implementingoneusingAOP.

For instance,considerwriting aplugin to checkthatmessagescontainingthewordattach actu-
ally haveanattachment.Thefunctionalinterfacewouldhavemethodssuchas:

String getText (Message m)
String getRecipient (Message m)
File [] getAttachments (Message m)
...

andtheeventinterfacewouldexporteventssuchas:

sending (Message m)
receiving ( Message m)
...

Both thefunctionalandaspectsinterfaceareimplementedby thebaseprogram.Theformerby
writing methods,andthelatterin a numberof ways.So,to write theplugin we couldwrite advice
in AspectJ-stylenotationas:

before sending (Message m) {
if (getText (m). contains ( " attach " ) &&

getAttachments ( m). length == 0) {
// show an error . . .

}
}
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This advicelooks almostexactly like AspectJ,but the key point is that the pointcut sending
is expressedover the aspectinterfaceandnot the actualprogram. Someof the bene�ts of this
approachare:

� Easeof evolution: A pointcutoveranabstractionof theprogram– i.e. theaspectinterface –
is moreresilientto change.Thusasthebaseprogramevolvesmuchlesseffort will bespent
maintainingtheaspectcode.In thisexample,evenif thebaseprogramdoesn't cleanlyimple-
mentthesendingeventatasinglepointandchangesthis implementationconstantly, aspects
will not be affectedbecausethey areonly attachedto the sending pointcutin the aspect
interface.

� Coupling:Theaspectinterfacesprovide a cleanabstractionthatwill ultimatelyhelpdecou-
ple aspectsfrom baseprogram.This abstractionprovidesbettermodularityandeasein the
understandingandextendingof complex programs,sothataspectscan�nally berealizedon
large-scalesystems.If anaspect's pointcutwerewrittenover thefunctionalAPI of this base
programit would requireknowing all the locationsin thecodewherea messageis sent,as
well ashow to constructthe messagecontext. Having the baseprogramwriter implement
andexport thispointcutdecouplesthisprogramfrom theaspectprogramdramatically.

� Separatedevelopment:Sincethe aspectinterfacehelpsdecoupleaspectsandthe basepro-
gram,multiple aspectscanbe implementedasthebaseprogramis developed;providedthe
baseprogramultimately conformsto this interface. For example,multiple plugins could
be written using aspectinterfacesthat do very different things while the baseprogramis
beingdeveloped. This is very relevant in softwaredevelopmenttoday. Many mainstream
applicationsarebeingdevelopedwith a corebasethatmostof thefunctionalityprovidedby
plugins. Enablingpluginsto be developedindependentlyof the baseprogramvia aspects
wouldgreatlyhelptheef�ciency andqualityof theseapplications.

2.2 SelectorLibrary and XAspects

In thispartof ourwork wewill automatetheimplementationof selectorlanguages.In thethird year
of thegrant,wehopeto beableto generalizeourexperiencesinto agenerictool (SelectorLibrary)
that takesasinput a suitablyconstrainedsyntacticandsemanticde�nition of a selectorlanguage
andthatautomaticallyor semi-automaticallygeneratesef�cient algorithmsfor translation,decision
problemsandlearning.

While generalpurposeaspectlanguagesareuseful,certaincrosscuttingconcernsarebesthan-
dledwhenusingconcern-speci�caspectlanguages[45, 70]. A concern-speci�caspectlanguage
is a customlanguagethat allows specialforms of crosscuttingconcernsto be decomposedinto
modularizedconstructs.Examplesof concern-speci�caspectlanguagesincludetools for dealing
with coordinationconcerns,objectmarshaling,andclassgraphtraversal.

XAspectspresentsa systemthatintegratesconcern-speci�caspectlanguageswith AspectJus-
ing a techniquethatallowsconcern-speci�clanguageimplementationsto leverageapowerful sub-
setof AspectJ.Theconcern-speci�clanguagesareintegratedby usinga plug-in architecturethat
allows theconstructscreatedby thelanguagesto cooperatewith eachotherwhile not beingaware
thattheotherplug-insexist.
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Weplanto integrateXAspectswith theproposedSelectorLibrary. Theability to de�ne multiple
different concern-speci�clanguageswithin XAspectsprovides a suitablebroadtest bed for the
developmentandevaluationof theSelectorLibrary.

3 Time Line and ManagementPlan

In yearonewe startwith a studyof aspectinterfacesby analyzingexisting aspect-orientedpro-
grams.We will analyzetheconcernstructurebehindthoseprogramsandhow interfacesfor gen-
eralpurposeaspectsaswell asconcern-speci�caspectsimprove thoseprograms.This will give us
materialfor how to move from concerndescriptionsto concern-speci�caspectlanguagesandtheir
selectorlanguagesandhow to addressthe interactionsbetweenthoseaspectlanguages.We will
developstylerulesfor concern-speci�caspectlanguages.TheexistingXAspectswill bea testbed
to implementtheconcern-speci�caspectlanguages.We will make progresson thebaseevolution
problemandstartthedesignof animprovedXAspectswith AIs.

In year two we will implementXAspectswith AIs. In parallelwe will develop a theoryof
AIs. The learningproblemfor selectorexpressionswill bestudiedalgorithmicallyanda tool for
interactively learningselectorexpressionswill bedesigned.

In yearthreewewill designandimplementtheSelectorLibrary. Wewill studyhow theSelector
Library in�uencestheprocessof developingconcern-speci�caspectlanguages.We will developa
methodfor analyzingrequirementsandtranslatingconcernsinto concern-speci�caspectlanguages.

4 Signi�cant Impact

4.1 Social

AOSDis becomingquitepopularthanksto thehigh quality of theAspectJimplementations.Now
thecommunityis readyfor astudyof aspectinterfacesafteraspectshavebecomeknown andhave
beenprovento beuseful.Withoutacarefullydesignedaspectinterfacetechnologyasproposedby
thePIsthereis adangerthattoomany aspect-orientedprogramsbecomehardto maintainandthey
might malfunctionunexpectedlywith high costto softwarecompaniesandsoftwareusers.After
having nurturedtheAOSD�eld for 17years,thePI Lieberherrfeelstheurgeto work onthishurdle
to AOSD.

4.2 Education

We will incorporateaspectinterfacesin an undergraduatecourseon softwaredevelopment.This
is in line with teachinginterface-centricprogrammingtechniques.This grant will train 3 PhD
studentsto pushthestate-of-the-artin softwaredevelopment.ThePI Lieberherrhasa goodtrack
recordof successfulPhDs(currently12),e.g.,CristaLopesasthemotherof AOSDandIanHolland
asthefatherof theLaw of Demeter.
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4.3 Resultsfr om Prior NSFSupport for Karl Lieberherr

Webrie�y summarizetheresultsfrom 4 previousNSFgrants.Ourwork wasin�uential in shaping
theareaof Aspect-OrientedSoftwareDevelopment(separationof classstructureconcern,naviga-
tion concernandAdaptiveVisitor concerninspiredCOOLandRIDL [45] which in turn in�uenced
AspectJ).

� NSF-GrantCCR-0098643,with David Lorenz(2001-2002).
Title: Collaboration-orientedAspects

We improve previously exponentialalgorithmsfor compiling aspect-orientedprogramsto
becomepolynomialtime [20]. [34] shows a goodway to combineaspectsandmodules.In
[35] we show how to useAspectJto checktheLaw of Demeterandoutlinehow to improve
AspectJ's static checkingcapabilities. In [62] we continueour earlier work on domain-
speci�c aspectlanguagesandprovidea tool thatwewantto developfurtherin thisproposal.
[47] summarizesour ideasfor betterreferentialmechanismsin programminglanguages.

� NSF-GrantCCR-9402486(SoftwareEngineering)(1994-97).Cosponsoredby DARPA.
Title: EngineeringAdaptiveSoftware

Thekey resultsof this grantarea formalizationof the importantconceptsof adaptive pro-
gramming[58], fastcompilationalgorithms[58, 57], an evolution framework for adaptive
programming[11, 13], an applicationof adaptivenessto parameterpassingin distributed
systems[46], andthedistributionof theAdaptiveProgrammingtoolsthroughaundergradu-
ate/graduatelevel textbook[27].

� NSF-GrantCCR-9102578(1991-93).
Title: Abstractionsfor OrganizingClasses

The key resultof this grant is a new methodto develop softwarebasedon separatingthe
concerns:structure,traversalandtraversal-basedcollaboration.Publications:[41, 43, 9, 29,
25, 37, 42, 38, 65, 27, 14, 64, 63, 4, 12, 30, 44].

� NSF-GrantMCS80-04490(1980-1982),NSF-GrantMCS82-01878(1982-1983).
Title: CombinatorialOptimizationandSearchProblems

The key contributionsof this work are: 1. A seminalcontribution to the state-of-the-artin
hardware descriptionlanguageswhich resultedin the invited paper[26]. 2. A theory of
P-optimalapproximationalgorithmsfor combinatorialoptimizationproblems.Publications:
[24, 39, 40, 21, 22, 23, 7, 10, 8]

Acknowledgements:We would like to thankTheraponSkotiniotis for his contributionsto the
proposal.Thanksto Jeffrey Palm for hismessageinterfacesection.
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[65] IgnacioSilva-Lepe,Walter Hürsch,andGreg Sullivan. A Reporton Demeter/C++. C++
Report, February1994.

D–5

http://www.st.informatik.tu-darmstadt.de/public/StaffDetail.jsp?id=8


[66] Kevin Sulivan,William G. Griswold, YuanyuanSong,YuanfangCai, MacneilShonle,Nisit
Tewan,andHrideshRajan.Onthecriteriato beusedin decomposingsystemsinto aspects.In
EuropeanSoftwareEngineeringConferenceandInternationalSymposiumontheFoundations
of SoftwareEngineering, 2005.

[67] The AspectJTeam. AspectJDevelopmentTools, 2005. http://www.eclipse.org/
aspectj/ .

[68] Wim Vanderperren,Davy Suvee,Bart Verheecke, Maria AgustinaCibran,andVivianeJon-
ckers. Adaptive programmingin JAsCo. In AOSD'05: Proceedingsof the4th international
conferenceon Aspect-orientedsoftware development, pages75–86,New York, NY, USA,
2005.ACM Press.

[69] RobertJ. Walker andKevin Viggers. Implementingprotocolsvia declarative eventpatterns.
In SIGSOFT'04/FSE-12:Proceedingsof the12thACM SIGSOFTtwelfthinternationalsym-
posiumonFoundationsof softwareengineering, pages159–169,New York, NY, USA, 2004.
ACM Press.

[70] Mitchell Wand. Understandingaspects(extendedabstract).In InternationalConferenceon
FunctionalProgramming, August2003.

[71] PengchengWu andKarl Lieberherr. Shadow programming:Reasoningaboutprogramsusing
lexical join point information.In GPCE'05: Proceedingsof the4thInternationalConference
onGenerativeProgrammingandComponentEngineering(to appear), 2005.

D–6

http://www.eclipse.org/aspectj/

