Project Summary
Aspectinterfaces

The popularityandadoptionof Aspect-Oriented&oftware Development{AOSD) hasnaturally
leadto anassessmenmtf systemmodularityin the presencef aspectsThe AOSD communityhas
recentlyexposedssueswith AOSDin four problemareaseaseof evolution, separatelevelopment,
couplingandhiding. Before AOSD, crosscuttingconcernsvereimplicit in the code. AOSD has
successfullynadethoseconcernsxplicit in the codebut it hasleft otherissues,suchasaspect-
aspectand base-aspealependenciesmplicit. Our researcthproposesaspectinterfaces(Als) to
make theseissuesexplicit andto addresshefour problemareasnentionedabore.

Thebroadde nition of aninterfaceis a corventionusedto allow communicatiorbetweertwo
softwaresystemsAls arecorventionsusedo allow communicatiorbetweeraspectandbasecode
or betweenaspects.We proposeto include selectorexpressionsn Als. Selectorexpressionsare
a generalizatiorof AspectJpointcutsand Demeterstratgies. They selectnodesin anabstraction
relatedto the baseprogram suchasthe executiontreeof a program(AspectJ)or in objects(Deme-
ter). More abstractly selectolanguagesre regular expressionover paths(including depth- rst
traversalpaths)in graphsandtheirinstancegobtainedoy unrolling thegraphs).

Ourapproacho Als is to expresshemusingthreecomponentsbaseprogramabstractiongin-
cludingabstraction®f the datastructuresat run-timeandabstraction®f the programexecutions),
selectorexpressionsandpredicategover the baseprogramabstractionsndselectorexpressions).
Abstractionf thebaseprogramincludevariousgraphstructuresuchasclassgraphscontrol o w
graphsabstracsyntaxtreesandalsoboth methodsignaturesndeventsignatures.

Als make it easierto extendan existing complex systemwith new behaior without having to
know the detailsof the complex system. Als are naturalapplicationsof the ideaof information
hiding to aspectsWhenwriting anaspectijt is importantthatthe aspectoesnottalk to too mary
classesn thebase And properlydesignedls protectthe basefrom undesirablespects.

To continueourwork on Als wewill: (a) Developatheoryof Als. (b) Studyselectolanguages
assuitablemechanismgo expressAls (both generalpurposeandconcern-speci cAls) andtheir
mappings. Studythe theory of selectorlanguagesboth algorithmiclower and upperboundsfor
translationdecisionandlearningproblemsamportantto Als. (c) Studytechniqueso build selector
expressionsnteractvely usinglearningalgorithms. (d) Studythe baseevolution problem. As a
baseevolveswe areconcernedvith its mappingto the Al andhow this mappingchangesWhich
partsof the baseevolution problemcanbe automated?e) IntegrateAls with XAspects,atool we
have alreadybuilt, to facilitatedevelopmentof concernspeci ¢ aspectanguages.

Intellectual Merit

Thisresearchwill addresshe fundamentaproblemfor the groving AOSD communityof how
to bestinterfaceto aspectsbothgenerapurposeandconcern-speci aspectsOurwork will help
the creationof Als thatcanabsorbchanges.Our work producesconceptsandtools for building
concern-speci aspectanguagesindtheir correspondindjls.

Broader Impact

Educationis animportantcomponenbf this proposal.We will develop a nev undegraduate
courseon softwaredevelopmentusingAls with tool support.In additionwe will have continuing
educatiorworkshopdor professionalsaboutdesignwith Als.



PROJECT DESCRIPTION

1 Project Background

Aspect-Orientedsoftware Development(AOSD), and Aspect-OrientedProgramming AOP), in-
troducethe notion of an aspectasa mechanisnthatlocally capturessystemconcernghatwould
otherwisebe distributed acrossthe systems primary moduledecomposition(referredto asbase
codg. Aspectsde ne extrabehaior calledadvicethatis invokedat speci ¢ pointsduringthe pro-
gram's executioncalledjoin points Thetermselectolanguage is usedto referto thesub-language
usedto de ne expressionghatselectjoin points.

The popularityandadoptionof Aspect-Orientedsoftware Developmentand Aspect-Oriented
Programming,has naturally lead to an assessmendf aspect-orientedystemmodularity The
AOSD community[[L§, fl, B8, [[Q] hasrecentlyexposedissueswith AOSDin four problemareas:
easeof evolution, separatelevelopmentcouplingandinformationhiding.

Theseissuesare a manifestatiorof the non-modularcharacteristicef currentAOP technolo-
gies. Aspectscanbypassa modules interfaceintroducingdependenciebetweerthe internal (to
the module)dataandthe aspect. Aspectsaffect modulesacrossthe whole systemde ning com-
municationchannelsbetweenthe aspectand the system$ modules. Both the dependencieand
communicatiorchannelsntroducedvia aspectareexplicit only from within theaspec® code;the
remainingaffected(by theaspectinodulesareunavareof thesedependencies.

Ourresearclproposesspecinterfaces(Als) to make thesedependenciesxplicit andaddress
the four problemareasmentionedabore. We considerAls for generalpurposeaspectianguages,
e.g.,AspectJandconcern-speci aspectanguagese.g.,DemeterJCOOL, RIDL. Ourvision, as
well asthevision of the original NortheasterrPhD thesiswork by CristaLopesin this area[#H],
is thatapplicationsconsistof multiple collaborating,concern-speci caspecianguagesAls will
make the dependenciebetweenaspectsand componentsxplicit allowing for separatalevelop-
mentandtheir smoothsymbiosisunderevolution.

1.1 The Problem

In orderto talk aboutmodularityandhow it canbe obseredwe provide a de nition of a modular
implementatiorof aconcernadoptedrom [[[q]:

it is textually local,
thereis awell-de ned interfacethatdescribedow it interactswith therestof the system,

theinterfaceis an abstractiorof the implementationjn thatit is possibleto make material
changedo theimplementatiorwithout violating theinterface.

anautomaticmechanisnenforceghat every modulesatis esits own interfaceandrespects
theinterfaceof all othermodulesand

themodulecanbe automaticalljcomposed- by a compilet loader linker etc. — via various
con gurationswith othermodulesto producea completesystem.



We furthertake into accountthe ve principlesproposedy Meyer [f9] thatmustbe obseredto
ensuregpropermodularity

Linguistic Modular Units Modulesmustcorrespondo syntacticunitsin thelanguageused.
Few Interfaces Every moduleshouldcommunicatevith asfew othersaspossible.

Small Interfaces If ary two modulescommunicatetall, they shouldexchangeaslittle informa-
tion aspossible.

Explicit Interfaces Whene&er modulesA andB communicatethis mustbe obviousfrom thetext
of A or B or both.

Information Hiding All informationabouta moduleshouldbe privateto the moduleunlessit is
speci cally declaredoublic.

CurrentAOP technologiesio not completelysatisfy both the de nition and/orthe principles
for modularity In the caseof a generalpurposeAOP languagesuchas AspectJ,an aspectcan
be usedin a way that it doesnot respectthe interface of other modules. Aspectscan expose
to therestof the programexplicitly de ned, private informationof a moduleandthe languages
automaticmechanismsllow for this behaior. Thereis no hiding of informationfrom the aspect
by othermodules. This forcesaspectdevelopersto understandarge partsof the systemin order
to effectively addbehaior with aspectsFinally, implementatioralterationgo whatappeargo be
internalmoduleinformationcannotoe madeby basednlocalreasoninglnsteadurtherreasoning
outsidethe moduleitself is neededo detectary applicableaspectsandthe effectsthe alterations
may have onthemandthe systemasawhole.

In the caseof a concernspeci ¢ aspect-orientetanguage suchas DemeterJthereis anin-
terfacebetweenthe adaptve methodandthe static structureof the program(the programs class
graph). However the interfaceis the whole classgraphallowing for no information hiding and
bringingaboutthe sameproblemsasin the caseof generapurposeaspecbrientedianguages.

Thereis no explicit agreemenbetweeraspectandtherestof the programmoduleson whatis
consideredhccessiblédy theaspecandwhatnot. Currentlyeverythingis accessibléo the aspects
andnothingis hidden.The nal decisionof whatis public andwhatis privatefor a givenmodule
after aspectcompositionis controlledby the aspect,which makes iterative programextensions
dif cult.

The asymmetricpower over what is considerechiddenand what not and the absenceof an
explicit interfacethatde nescommunicatiorbetweeraspectandprogrammoduledowersaspect-
orientedsystemmodularity

More concretely

Easeof Evolution is decreasedinceaspectsare written directly againstthe baseprogram. As-
pectswill work for thatspeci ¢ baseprogrambut thereis no explicit informationkeptabout
theabstracpropertieghatthe baseprogramneedso ful Il.

SeparateDevelopment becomesnoredif cult to achiere sincepointcutsinsideaspectarewrit-
tenagainstthe baseprogramanduseinformation(i.e. methodandvariablenamessequence



of methodcalls) speci ¢ to the baseprograms implementation.Concern-sii] selectodan-
guagesdo not completelyresole this problem(Sectionf.3).

Coupling betweenaspectsand (other) aspectsand, baseprogramand aspectontribute nega-
tively to both separatelevelopmentandeaseof evolution. Aspectsattachextra behaior on
ary part of the basecode,even on methodsconsideredasinternalto a module. This de-
pendeng is explicitly capturedby the pointcutinside the aspecteaving the moduleitself
unawareof thisdependeng Structure-siinessprovided by selectodanguagesnake depen-
deng detectionharder

Information Hiding Programmodules(otherthanaspectshave no guaranteeshatinformation
de ned by a moduleas privateremainsprivate. This limits informationhiding andbreaks
existing moduleinterfaces.

1.2 Interfaces

The broadde nition of an interfaceis a corvention usedto allow communicatiorbetweentwo
software systems. Interfaceshave beenwidely studiedand usedto practiceinformation hiding.
In [B9], David Parnassays: “the purposeof hiding is to make inaccessiblecertaindetailsthat
shouldnot affect other partsof a systeni. The partthatis madeaccessiblas presentedas an
interface.Parnas'useof informationhiding hasbeenveryin uential andeventodayprogramming
languagesiredesignedo bettersupportinterface-orientegorogrammingn the proposedvork we
studyaspecinterfaces).Als aredifferentfrom API interfaces(signatures)An API interfaceis to
functionalityasan Al is to behaior. Whenan aspectsatis esanAl, the aspectis guaranteedo
work whenusedwith a baseprogramanda mappingthatconnectghe baseprogramto the Al.

1.2.1 Information Hiding

Parnas'informationhiding approachdoesnot hide enough[BJ]. Publicsignaturesnadeavailable
throughan interfaceshouldbe usedonly sparingly Sparinguseof public signatureds dictated
by the principle of low coupling. The Law of Demeter(LoD) [Rg], an exampleof a preciserule
for coupling controlis one approachon how to usepublic interfacessparingly An even better
approachpasedon traversalstrataies,is to usesomeof the public signaturesndirectly by spec-
ifying only a few of themexplicitly andby usingconnectvity informationto derive the rest. A
recenttool, Prospectofffg], usesthis ideaintroducedbackin 1992[PH]. This kind of structure-
shynes§ reduceghe costof API interfacechangesn languagesik e Java or C#.

Als sene to protectan aspectfrom the detailsof a baseprogram. The goal hereis to make
sparinguse of baseprograminformationin the Al. In both cases API interfacesand Als, the
iIssueof sparinglyusinginformationis importantandindeedin both casessimilar structure-si
mechanismsare used([Bg] shawvs that, for example,the main selectodanguage®f AspectJand
Demetethave equivalentexpressieness) Structure-siinessn this context meansshy with respect
to the structureof thebaseprogram.

In generalaconcerrC is X-shy if theC implementatiorcanadapto smallchangesn X, orif theC implementation
reliesonly on minimal informationof X implementations.Domain-speci caspectanguagesllow problemsto be
decomposetb supportconcern-sh representationsf concerns.

T We usethetermstructure-si which in this context meansshy with respecto the structureof the API interfaces.
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SelectorLanguage Meta Graph Instance Graph
AspectJ call graph treeof methodcalls
DemeterJ classgraph(is-a,has-a) objects
Prospector classgraph(is-a,0-agumentmethods)| pathof methodcalls

Tablel: Selectodanguagesvith their metagraphsandtheirinstances.

Aspect-orienteghrogrammingwithout Als hasseveraldravbacks:

1. accidentatompleity (andthuscost)in the expressiorof aspectode(sinceit mustbe writ-
tenagainstarbitrarily complex basecode).

2. signi cantly increasedaostof changedueto typically extensve dependencesf aspectode
onimplementatiordetailsof the basecode.Alterationsmadeto thebasecoderenderaspects
in-applicableor causesrroneoudbehaior withoutany compiletime or runtimeerrors.

3. lossof concurreng in developmentdueto thedependencieetweeraspectandthebaseon
ary of thebaseprogramspropertieqprivateor public).

Als play animportantrole in aspect-orientegrogrammingout they have not beenwidely re-
searched.

1.3 Selectorlanguages

Selectolanguagesillow for thede nition of expressionshatselectnodesandedgesn graphghat
are abstractiongelatedto a program. Selectorlanguagesre usedin several tools, for example,
in tools for Aspect-OrientedProgrammingAOP) (AspectJ[[[H], Caesafpq]), in toolsfor Adap-
tive ProgrammingAP) (JAsCo[68, DJ [64]) andin toolsfor APl programmingPersephongg],

Prospectoffg]). Differentcommunitiesyive differentnameso selectodanguagescrosscutan-
guage®r pointcutlanguage# AOP, traversalspeci cationsor traversalstrategiesin AP, traversal
speci cationsor queriesn API-Programming.

A selectolanguageoperatesn the spaceof graphscalledmetagraphsandinstance®f those
graphs,calledinstancegraphs(Table1). A selectorlanguageexpressionhasa sourcenodeand
selectsa setof nodesor edgedor a giveninstancegraphthatconformsto somemetagraph.

Selectolanguagesalthoughoverall bene cial, give riseto somecomplicationsvhenthe meta
graphis altered. The metagraphswill evolve andthis requiresa carefultestingof the selector
expressiongo make surethey still selecttheright paths.For example,in an AspectJprogram the
renamingof a few private methodnamesin the baseprogrammay leadto a broken aspecte.g.,
theaspecimay never selecta join point. Currently AspectJdoesnot checkfor the unsatis ability
of pointcuts,exceptfor trivial cases. When using selectorlanguagesn practicaltools, several
algorithmicproblemsneedto be solved:

Translation Problems We needto implementselectodlanguagesndthis meandranslatingthem
to lower level language®r interpretingthem. Givena metagraphanda selectorexpression,
we needto produceanef cient functionthattakesaninstancegraphasinput andproduces
asoutputa markedinstancegraphwith the selectechodesmarked. Givena metagraphand
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a selectorexpressionwe needto compiletheminto an ef cient structurethatallows usto
exploreaninstancereeatrun-timeef ciently .

DecisionProblems Our rst attemptin formally de ning someimportantdecisionproblemshas
led to interestingresults[Bg]. The selectorsatis ability problemis importantfor checking
whetheran Al holdsfor a baseprogram. Useful decisionproblemsinclude: Satis ability,
Implication, Always,Never, Empty-Intersectioretc. [B§].

Learning Given a metagraphand examplesof marked metagraphsthat shov the effect of the
soughtafter selectorexpressionconstructa minimal selectorexpressionthat produceshe
givenmarkedmetagraphs.

1.4 PIs' Prior Accomplishmentson Aspectinterfaces

Thetermaspectinterfacehasbeenintroducedn the rst PhDthesisdedicatedo AOSDissueshy
CristaLopes[#5] (advisedoy the Pl andco-advisedy Gregor Kiczalesthenat PARC). Thethesis
introduceghe concern-speci aspectanguage€£0OOL andRIDL anddiscussesheir Als.

ThePI hasworkedonAls sincethemid 90's aspartof hiswork on Adaptive ProgrammingPg].
Theinitial focuswason adaptve componentsvhoseinterfacesput constrainton the classgraphs
throughpath constraintsand cardinality constraintdP7] (section8.5). This work was followed
by an OOPSLA 1998 paperwith Mira Mezini on adaptve plug-and-playcomponent45]] that
discussedheconcepf interfacesfor adaptve componentsWith David LorenzandMira Mezini,
we generalizedhe interfacesto aspectdBd]. This work hasin uenced several aspectsystems,
suchasCaesarandObjectleams.JohanOvlinger's PhDthesisin the PI's group[5§] andarelated
journalpapermwith David Lorenz[B3] have proposedanapproactto simpleAls.

The co-Pljoined the investigation of selectoanguagesn 2003andthe collaborationhasre-
sultedin oneFOAL workshoppublication[d] andonejournalsubmission.

Pl Lieberherris aleaderin the AOSD eld. Heis onthesteeringcommitteeof AOSA (Aspect-
OrientedSoftware Association)and was ProgramCommitteeChair of the Aspect-Orientedoft-
wareDevelopmentConferencd AOSD 2004).He wasa keynotespealer at ICSE 2004.

1.5 RelatedWork
1.5.1 Interfacesfor aspects

Recentattemptgo resole modularityissuesn AOSDevolve aroundthenotionof aninterface[[L§,
fl, B8] betweeraspectandbasecodecomponents.

Kiczalesand Mezini [L] adwcatethatin the presenceof aspectsa modules interface has
to furtherinclude pointcutsfrom aspectghatapply to the modulein question. Theseaugmented
interfacede nitions, namedaspect-awag interfaces canonly be determinedafter the complete
con guration of the systems componentss knowvn. Aspect-avareinterfacesdo not provide ary
extrainformationhiding capabilitiesto the baseprograms modules.

OpenModules|[[]], extendthetraditionalnotionof asoftwaremoduleto includein its interface
pointcut speci cations. In this way a modulecan export, and as suchmalke publicly available,
pointcutswithin its implementation.This approachgivesa balanced:ontrol betweermoduleand
aspectevelopersin termsof informationhiding thusallowing for separatéparallel)evolution of
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aspectsand moduleson the agreeduponinterface. The interface of a crosscuttingconcerncan
affect multiple modulesat differentjoin pointson eachone. Thusanaspecs interfaceis sprinkled
alongmoduleinterfacesandnot localizedmakingit harder(if notimpossibleat times)for aspect
developergo developtheir aspects.

Kevin SullivanandBill Griswold andtheirstudent$fg] adwcateanXPI (crosscuttingrrogram
interface)asa meansto achieve separatelevelopmentandexplicit dependenciebetweenmple-
mentationf crosscuttingconcernsaandbasecode. XPls at presentrea designartifactwherethe
agreeduponinterfacebetweenaspectandbasecodeis explicitly statedusingEnglish. Although
XPlsassisbothduringdesignanddevelopmentthereis nomechanicatheckingavailableto verify
theimplementatioragainstthe agreeduponinterface.

KiczalesandMeziniin [[L7] discusghebene tsof usingdifferentprogrammindanguagenech-
anisms(proceduresannotationsadviceand pointcuts)usedto provide separatiorof concernsat
thecodelevel. Theresultingguidelinesfrom their analysissketchthe situationswhereeachmech-
anismwill be mosteffective. The inherentmodularityissuesassociatedavith eachtechnologyare
notaddressed.

1.5.2 Selectorlanguages

The pioneeringwork in selectolanguagesre querylanguagegor object-orientedlatabaseslin
databaseghe metagraphis anobjectschematheinstancesreobjectsandthe selectolanguage
Is a querylanguage Using selectolanguagegor implementing’Have X, WantY” concernsvas
pioneeredy the Demetemwork [P5] for objectnavigationandby the Persephoneork (Allemang
etal. [B]) for API navigation.

In [fg] David Mandelinwith coauthorsat Berkeley andIBM have independentlyediscwered
thevalueof "Have X, WantY” concernsThey developedaPersephone-Il&tool, calledProspectqr
usingashortespathsemanticsWhile in Persephontheselectolanguages expressie enoughto
choosethe desiredpath, Prospectotet's the programmerchoosefrom a setof suggestealterna-
tives.

Aspect][[5, b1 usesaselectotanguagdor choosingpointsin theexecutionof aJazaprogram.
Aspectdworkswith pathsfrom theroot of the executiontree. RobertWalker[69 hasextendedthe
languageo reasoraboutthehistoryof theentirecomputation.This correspond$o reasoningbout
depth- rsttraversalpathsandnot only simplepathsfrom theroot.

The interestin selectorlanguagess growing. At OOPSLA 2005 therewill be one session
on selectorlanguages:two papersfrom Stanfordand one from the AspectBenchCompiler for
AspectJ(abcyeamat Oxford, McGill and BRICS in Denmark[f]. The abcteampaperbuilds
on RobertWalker's work by working with histories. The selectorexpressionlanguagehastwo
layers: In the rst layerthey de ne interestingsymbolsusingAspectJs pointcutlanguageandin
thesecondayerthey useregularexpressionghatpickspointsin the executiontree.

The ShadowProgrammingtechniqug[/7], particularly the Pointcut Evaluatorfacility, makes
aspectsesscoupledto syntacticpropertief basegprogramshput moreto their semantigroperties.
Thisjoin pointselectiormechanismwill morelik ely deliver reusableandevolveableaspectswhile
traditionalsyntaxbasedoin point selectionmechanismsave beencriticized to be fragile dueto
the syntaxs volatility.

ResearcherkBave exploredthe usageof Prologasa selectolanguagetaking advantageof the
languages uni cation featuredo allow for morerobustselectorexpressions.
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Ostermanret al. [pH] proposethe ALPHA languageallowing the userto write Prologqueries
over four models:the abstractsyntaxtree,objectstore(heap),statictypesof all expressionsand
traceof the program. Queriesin this form canbind variablesandreferto these;hence with the
ability to querythe programtrace,a pointcutcanbuild a history context. The authorsarguethat
thistypeof pointcutdecreasesomplexity while increasingexpressveness

KloseandOstermanijfLg] proposea Prolog-basedelectotanguageveraprogramscomplete
executiontrace.A predicatecanreferto eventsin the computatiors stepsthatareto follow. Each
programevent holds a unique timestampallowing for temporalrelationsbetweeneventsto be
capturedin selectorexpressions. Advice is iteratively applieduntil a x-point is reached(if it
exists, elsethe computatiordiverges). A x-point for anadviceis reachedvhenthe setof events
thattriggertheadviceremainghe samebetweertwo consecutie applicationsof theadvices code.
Thecurrentimplementationgackin staticanalysigoolsthatcanassisin theevaluationof selector
expressionandcanimprove ef ciency.

In [B], Eichbeg, Mezini andOstermanmnsethe XQuerylanguageasa selectolanguagevhile
the underlyingmodelis an XML representatiorof programinformation (translatedfrom class
les usinga specialtool). Beinga Turing-completdanguage XQuery enablesmore expressie
selection®f join points,which arenot supportedy AspectJ However, usingXQuerycomplicates
staticanalysigasksdueto its undecidableature . Meanwhile notall programmersrecomfortable
with anXML representatioof programinformation.

LogicAJ [0, L9 by GiinterKnieseland TobiasRho is a uniformly genericaspecianguage
making useof logic meta-\ariablesandthe conceptof uni cation to make aspectdesscoupled
to syntacticpropertiesof baseprogramsandthusto promoteaspectreusabilityandevolution. It
cansimulatepartof the functionalitiesprovided by statically executableadvice[5] andpointcut
evaluatorfacilities[[7].

2 ProposedReseach
To continueour work on aspecinterfaceswe will

1. Incorporateaspecinterfacesnto existingtoolsfor bothgenericaspect-orientethnguagess
well asconcern-speci aspectanguagesndstudytheir effectsto systemmodularity

2. Studyselectolanguagesssuitablemechanismso expressaspectinterfaces(both general
purposeand concern-speci caspectinterfaces)and their mappings. Study the theory of
selectorlanguagesboth algorithmiclower and upperboundsfor translation,decisionand
learningproblemsimportantto Als. We will develop the SelectorLibrary to facilitatethe
implementatiorof selectodlanguages.

3. Studytechniquedo build selectorexpressiondnteractvely usinglearningalgorithmsthat
canassistdevelopersin de ning robustselectorexpressionghat capturethe developersin-
tentions.

4. Studythe baseevolution problem. As a baseevolveswe areconcernedvith its mappingto
theaspecinterfaceandhow this mappingchangesexplorethe possibilityto automatesuch
changes.



5. Integrateaspecinterfaceswith XAspects[f]], BJ], atool we have alreadybuilt, to facilitate
developmentof concernspeci ¢ aspectlanguages.We will develop an informal method
to translaterequirements$nto concern-speci caspecianguagesndcorrespondingelector
languagesWe will developstylerulesfor concern-speci @aspectanguagesgontinuingour
work that startedwith the Law of Demeteralmost20 yearsago. Recentresults[p3] have
provideda generalizatiorof the Law of Demeterto aspects.

2.1 Aspectinterfaces

We demonstratéow aspecinterfacesaddresshethreeissueseaseof evolution, paralleldevelop-
mentandcouplingthroughtwo examples for a concern-speci caspectanguaggDemeterJand
for ageneralizegspectanguaggAspectd).

2.1.1 Traversal AspectExample

Our exampleis aboutsystemsof equationgn which we wantto checkthatall usedvariablesare
de ned(wecallthisasemanticheder). A simpleequatiorsystencouldbex= 5;y= 9;z= x+ ;.
The implementationof the semanticchecler shouldbe unafectedby arny changesnadeto the
equationsystemthatdo not alter the de nition of usedandde ned variables,.e, changeto in x
notation,addingnew operatorsetc.

Thereforewe introducea concern-speci caspecinterfaceagainstwhich we canprogramthe
semanticheclerin suchaway thatit is shieldedrom detailssuchasin x versuspre x operators.
The Al consistsof a classgraph, called an interface classgraph (icg), traversalstratgies and
constraintsmposedon thesetraversalstratgies. Figure[l] shavs the completeaspectinterface
alongwith a diagrammaticatepresentatioin UML) of the Al' sinterfaceclassgraph.

Theicg senesasa constrainon ary concretamplementatiorof the ExpressionlCG Al in
orderfor thestratgiesde nedin ExpressionICG  to beapplicable Furthermoretheconstraints
de nedin theaspecinterfaceimposefurtherrequirementshatneedto be metby any concretam-
plementatiorof this aspecinterface. The rst constraintexpresseshateachde nition introduces
exactly one name. Without the nonemptyconstraintsthe adaptve programis meaninglessThe
non-emptyconstraintstatethattheremustbe atleastonepathin theinterfaceclassgraphthatsat-
Is es the stratggy. The predicatesinique andnonempty areprovidedby the aspectanguage,
I.e. DemeterJ.

Figured givesan exampleimplementatiorof the ExpressionlICG  aspeciinterface(on the
right) alongwith a visitor implementationand a driver class(on the left). InfixEQSystem
de nesthe structuralrelationsbetweenconcreteclasses.ln the casesvherea classgraphimple-
mentsanaspecinterface mappingdetweertheconcreteclassgraphclasseso theaspecinterface
classesarealsoprovided. The concreteclassgraph(InfixEQSystem ) providesa de nition of
its equationsystemanda mappingM betweerthe entitiesin its classgraphandthe entitiesin the
interfaceclassgraph. The mappingallows for classedo be mappedo classedut alsostratgies
to be mappedo stratgies. The specialmethodtraverseon the InfixEQSystem  classis pro-
vided by DemeterJand canbe usedto invoke adaptve methods. The traverse  methodtakes
asamgumentoneof the stratgiesin InfixEQSystem  anda visitor thatwill invoke its methods
uponreachinganinstancethat hasthe sametype asthe visitor methods algument. The nameof
thevisitor methodindicatesasto whetherthis happendeforetraversingthe objector after.
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ai ExpressionICG
icg:
ESystenr List(De nition).

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

UThing = Thing.

DThing = Thing.

Thing = Ident. } Body DThlng
LISt(S) Il(n S ||)||

ESystem De nition
;

strategies 1.* 1
gde nedldents= "fr omESystenvia DThingto Ident”. UThing Thing
gusedldents "fr omESystenvia UThingto Ident”. : } :
de nedldent="fr omDe nition via DThingto Ident”.

constraints:

Ident
I
i

unique(de nedldent).
nonempty(gusedldents).
nonempty(gde nedldents).

g

Figurel: Thefull de nition of theaspecinterfaceincludesaninterfaceclassgraph,thestratgies
on the interfaceclassgraphandconstrainton the stratgjies. The UML diagramis equivalentto
theinterfaceclassgraphde nedin ExpressionlCG

At compile-time Demeterdwill do thefollowing:

1. usethismappingM to ensurdhattheclassgraphin InfixEQSystem  satis estheinterface
classgraphfrom ExpressionICG | i.e., for eachedgee connectinggwo nodesn; andny
in the interfaceclassgraphthe mappededgeM(e) connectghe mappednodesM(n1) and
M(ny) in theclassgraph.

2. thestratgiesde nedin ExpressionlICG  will be expandedaccordingto the mappingand
madeavailablethroughInfixEQSystem  class.

3. eachof theconstraintswill bevalidatedon the expandedstratgiesfor InfixEQSystem

If any of the above stepsfails then an error is issuedstating that 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 Compoundin InfixEQSystem  to

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

This changedoesnot affect the aspectinterfaceat all. We updatethe equationsystemclass
graphandkeeptheold mapping.All constraintof the aspecinterfacearestill satis ed afterthey
aremappednto theactualinterfaceclassgraphandthe adaptve methodwill functioncorrectly

It is importantto note that during this evolution step,only the aspectinterfaceandthe con-
creteimplementatiorof the interfaceclassgraphwasneeded.Furthermorethe staticassurances
provided by the tool becausef the aspecinterfacedid not requirere-testingof the driver codeto
ensurethatthe stratgiespick the correcttraversalsandthatthe semanticchecler still operatesas
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cd In xEQSystemimplements ExpressionICG
EquationSystens < equations List(Equation).

classMain f List(S)"" (" fSg")” .
public static void main(String[] arg9f Equation= <lhs> Variable"=" <rhs> Expression
Visitor v = new IDPrintVisitor(); Expression Simplej Compound
System.ouprintin(’ IDs in def”); Simple: Variablej Numerical
In XEQSystemtravers€gde nedldentsv); Variable= Ident
System.ouprintin(’ IDs in use”); Numerical=<v> int.
In XEQSystemtraversg¢gusedldents); Compound=<Irand> List(Expressiop< op> Op<
g rrand> List(Expressioh
g Op: Add.
Add="+".
classIDPrintVisitor extendsVisitor f
public void before(ldentid) f useEquationSysterasESystem
Systemout.printin(id); EquationasDe nition,
g ( > ,Ihs, toVariablg asDThing,
g ( > ,rhs toVariablg asUThing,

Variableas Thing.

g

Figure2: InfixEQSystem  de nesaclassgraphanda mappingof the entitiesin the classgraph
to theinterfaceclassgraphof ExpressionlICG . ThedriverclassMain useghestratgjiesde ned
in ExpressionlICG  andthelDPrintVisitor

expected.The aspecinterfaceallows in this casefor separate&evelopmentandeaseof evolution.
Hiding irrelevantinformationthroughthe aspecinterfaceprovidesfor highersystemmodularity

In the next evolution stepwe wantto addthe capabilityto de ne functionswith oneargument.
A simple equationsystemwith function de nition andusecanbe f(x) = x+ 89;z= f(5); This
evolution stepaffectsinformationthatis relevantto the semanticchecler. The semanticchecler
hasto also deal with parametemameson eachfunction de nition but also usagesof function
de nitions thatmayappeaon theright-handsideof equationsA naive approactwould beto alter
the classgraphde nition to accommodatéor functionde nitions to appeaion theright handside
of equationsi.e.,

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

Without altering the mappingand leaving the aspectinterfaceintact this approachwill resultin
a compile time error  The predicateunique(definedident) can no longer be satis ed.
For this evolution stepthe interface hasto be changed(Figure B). With a new interface class
graphParamExprICG we canabstractlyreasonaboutsemanticallycheckingsystemswith sim-
ple functions. To make the constrainthold again, we strengtherthe stratgyy by addingan extra
directive "via Thing" to definedldent . Becausedefinedldent is a sub-stratgy of
gdefinedidents , we needto updategdefinedldents in thesameway. As a nal stepwe
updatethe adaptve methodsasshavn in Figuref.

In this evolution step,the aspecinterfacehelpedby disalloving a nave extensionthatwould
violatethe intendedbehaior of the original aspecinterface. The natureof the evolution required
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ai ParamExprICG&

g . . ESystem
ESystenr List(De nition). 1

De nition = <def> DThing"=" <body> Body.
Body = List(UThing). 1.

UThing=Thing["(" <aparam> UParamNamé)" ]. | Definition \ \ DParamName
DThing=Thing['(" <fparan®> DParamName)" ]. ‘ ‘ ‘ 0.
Thing= Ident. Qob % @@
UParamName= Ident. . 1 &
DParamName= Ident.

List(S) "(* S")" . | Body | | DThing

strategies
gde nedldents= "fr omESystenvia DThingvia Thingto Ident”.
gusedldents "fr omESystenvia UThingto Ident”.
defParam="fr omDe nition via DParamNameo Ident”. | UThing
de nedldent="fr omDe nition via DThingvia Thingto Ident”. ‘

[iN
[

1

Thing
i

constraints:
unique(de nedldent).
nonempty(gusedlidents). UParamName \ L [ident < |
nonempty(gde nedldents). ‘ ‘ ‘ 11
unique(defParam).

owerede

1 1

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

anextensionof theinterfaceandthatresultecto changesn thedriver classandanew classgrapH].
It is importantto notehow theaspecinterfaceexposedheerroneousisageof ExpressionlCG
interfacefor this evolution stepandassistedn updatingall the dependentomponentsiueto the
de nition of ParamExpriCG .

Thestudyof aspecinterfacesstartedlO yearsagoin the context of Demetel{£7] (section8.5),
[6Z]. EventhoughDemeterJand Adaptive Programmingn general,is a concern-speci caspect
orientedsystem thereis a correspondenct® generalpurposeaspecbrientedsystems.Usingthe
Demeterderminology traversalstratgies and visitor methodsignaturescorrespondo AspectJ
pointcutsandthe visitor methodbodiescorrespondo AspectJadvice. Althoughthis is a special
caseof AOPwherethejoin pointsonly involve join pointsof atraversal(andnotageneralavapro-
gramasin AspectJ)key problemsof aspectnterfacesarealreadypresentin factrecentwork [B5]
usesdeasfrom bothDemeterandAspectlasmechanismsor providing amoreexpressve selector
languagen agenerabpurposeaspecbrientedprograminganguage.

An importantingredientof aspectinterfacesthat we proposeto researchs that they usethe
properabstractiongo Iter outthe unimportantdetailsin the baseprogramandthatthey express
predicatesmportantto the properfunctioning of the aspects.The predicatesmustbe checkable
ideally at compile-timebut somemay requirerun-timechecking.

*Not shavn heredueto spacdimitations

C-11



classIDPrintVisitor extendsVisitor f
public void before(ldentid) f

classMain f Systemout.printin(id);

public static void main(String[] args)f

Visitor v = new IDPrintVisitor(); 9 L o
GVisitor v1 = new GVisitor(): classGVisitor extendsVisitor f

. , . public void before(De nition d) f
System.ouprintin(" de nedIDs”);
ParamEQSystettraversdgde nedidentsy): Identdparanm= (Ident) ParamEQSysterfetch(d,

g

System.ouprintin(’ unde nedIDs with defFaran);_ ”
. C o Systemout.printin( de nedparameter ” +
environmentextensior ); dparany;

ParamEQSystertraverségusedidentsvl); g
9 public void before(ldentid) f
Systemout.printin(id);
g

g

Figure4: Changedo theinterfaceaffect Main . Thede nition of GVisitor  is usedto checkfor
thelocal parametenamesn parametricequations.

2.1.2 Messagdnterface Example

We believe that capturinginterestingeventswith AspectJ-stylgoointcutsis impracticalfor very
large programs,andthis is dueto the tight coupling betweenthe aspectand baseprogram. For
a motivating example,consideran email programandusingaspecinterfacesto supportplugins.
A pluginis simply an extensionof an existing programthat addsadditionalfunctionality soit is
naturalto think of implementingoneusingAOPR,

For instanceconsidemriting a pluginto checkthatmessagesontainingthe word attach actu-
ally have anattachmentThefunctionalinterfacewould have methodssuchas:

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

andthe eventinterfacewould export eventssuchas:

sending (Message nj
receiving (Message m)

Boththefunctionalandaspectsnterfaceareimplementedy the baseprogram.Theformerby
writing methodsandthelatterin anumberof ways. So,to write the plugin 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 pointcutsending
is expressedover the aspectinterface and not the actualprogram. Someof the bene ts of this
approactare:

Easeof evolution: A pointcutover anabstractiorof theprogram-i.e. theaspecinterface —
Is moreresilientto change.Thusasthe baseprogramevolvesmuchlesseffort will be spent
maintainingtheaspectode.In thisexample evenif thebaseprogramdoesnt cleanlyimple-
mentthe sendingeventat a singlepointandchangeshisimplementatiorconstantlyaspects
will not be affectedbecausehey areonly attachedo the sending pointcutin the aspect
interface.

Coupling: The aspecinterfacesprovide a cleanabstractiorthatwill ultimately helpdecou-
ple aspectdrom baseprogram. This abstractiorprovidesbettermodularityandeasen the
understandingndextendingof complex programssothataspectsan nally berealizedon
large-scalesystemslIf anaspect pointcutwerewritten over the functional API of this base
programit would requireknowing all the locationsin the codewherea messagés sent,as
well ashow to constructthe messageontet. Having the baseprogramwriter implement
andexportthis pointcutdecoupleshis programfrom theaspecprogramdramatically

Separatalevelopment: Sincethe aspecinterfacehelpsdecoupleaspectsandthe basepro-
gram,multiple aspectcanbe implementedasthe baseprogramis developed;providedthe
baseprogramultimately conformsto this interface. For example, multiple plugins could
be written using aspectinterfacesthat do very differentthings while the baseprogramis
beingdeveloped. This is very relevantin software developmenttoday Marny mainstream
applicationsarebeingdevelopedwith a corebasethatmostof the functionality provided by
plugins. Enablingpluginsto be developedindependentlyof the baseprogramvia aspects
would greatlyhelpthe ef ciency andquality of theseapplications.

2.2 SelectorLibrary and XAspects

In this partof ourwork we will automateheimplementatiorof selectotanguageslin thethird year
of thegrant,we hopeto beableto generalizeour experiencesnto agenerictool (Selectoiibrary)
thattakesasinput a suitably constrainedsyntacticand semantiade nition of a selectodanguage
andthatautomaticallyor semi-automaticallgenerategf cient algorithmsfor translationdecision
problemsandlearning.

While generapurposeaspectanguagesreuseful,certaincrosscuttingconcernsarebesthan-
dled whenusingconcern-speci caspectanguage$f5, [/J]. A concern-speci caspectianguage
is a customlanguagethat allows specialforms of crosscuttingconcernsto be decomposednto
modularizedconstructs.Examplesof concern-speci caspectanguagesncludetools for dealing
with coordinationconcernspbjectmarshalingandclassgraphtraversal.

XAspectspresentsa systemthatintegratesconcern-speci aspectanguagesvith AspectJus-
ing atechniquehatallows concern-speci danguagemplementations$o leveragea powerful sub-
setof AspectJ.The concern-speci danguagesreintegratedby usinga plug-in architecturethat
allows the constructsreatedby the languageso cooperatavith eachotherwhile not beingaware
thatthe otherplug-insexist.
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We planto integrateXAspectswith theproposedselectolLibrary. Theability to de ne multiple
different concern-speci clanguageswithin XAspectsprovides a suitablebroadtest bed for the
developmentandevaluationof the Selector_ibrary.

3 Time Line and ManagementPlan

In yearonewe startwith a study of aspectinterfacesby analyzingexisting aspect-orientegro-
grams.We will analyzethe concernstructurebehindthoseprogramsandhow interfacesfor gen-
eralpurposeaspectaswell asconcern-speci aspectsmprove thoseprograms.Thiswill give us
materialfor how to move from concerndescriptiondo concern-speci aspectanguagesndtheir
selectorlanguagesand how to addresghe interactionsbetweenthoseaspectanguages.We will
developstylerulesfor concern-speci aspectanguagesTheexisting XAspectswill beatestbed
to implementthe concern-speci caspectanguagesWe will make progreson the baseevolution
problemandstartthe designof animproved XAspectswith Als.

In yeartwo we will implementXAspectswith Als. In parallelwe will develop a theory of
Als. Thelearningproblemfor selectorexpressionswill be studiedalgorithmicallyandatool for
interactvely learningselectorexpressionsvill bedesigned.

In yearthreewewill designandimplementhe SelectoiLibrary. Wewill studyhow the Selector
Library in uencesthe procesf developingconcern-speci aspectanguagesWe will developa
methodfor analyzingrequirementsandtranslatingconcernsnto concern-speci @aspectanguages.

4 Signi cant Impact

4.1 Social

AOSDis becomingquite popularthanksto the high quality of the AspectdmplementationsNow
thecommunityis readyfor a studyof aspecinterfacesafteraspectiave becomeknowvn andhave
beenprovento be useful. Without a carefullydesignedaspecinterfacetechnologyasproposedy
thePlsthereis adangeithattoo mary aspect-orientegrogramsecomehardto maintainandthey
might malfunctionunexpectedlywith high costto software companiesand software users. After
having nurturedthe AOSD eld for 17 yearsthePI Lieberherrfeelstheurgeto work onthishurdle
to AOSD.

4.2 Education

We will incorporateaspecinterfacesin an undegraduatecourseon software development. This
Is in line with teachinginterface-centrigprogrammingtechniques. This grantwill train 3 PhD
studentdo pushthe state-of-the-arin softwaredevelopment.The PI Lieberherrhasa goodtrack
recordof successfuPhDs(currentlyl2),e.g.,CristaLopesasthemotherof AOSDandlanHolland
asthefatherof the Law of Demeter
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4.3 Resultsfrom Prior NSF Support for Karl Lieberherr

We brie y summarizeheresultsfrom 4 previousNSFgrants.Our work wasin uential in shaping
the areaof Aspect-Oriented@oftware Development(separatiorof classstructureconcernhaviga-
tion concerrandAdaptive Visitor concerninspiredCOOL andRIDL [#5] whichin turnin uenced
AspectJ).

NSF-GrantCCR-0098643with David Lorenz(2001-2002).
Title: Collaboration-orientedspects

We improve previously exponentialalgorithmsfor compiling aspect-orientegirogramsto

becomepolynomialtime [BQ]. [B4] shavs a goodway to combineaspectandmodules.In

[BH] we shav how to useAspectto checkthe Law of Demeterandoutline how to improve
AspectJs static checkingcapabilities. In [E3] we continueour earlier work on domain-
speci c aspectanguagesndprovide atool thatwe wantto developfurtherin this proposal.
[A7] summarizesurideasfor betterreferentiaimechanisma programminganguages.

NSF-GrantCCR-940248&SoftwareEngineering)1994-97).Cosponsoretty DARPA.
Title: EngineeringAdaptive Software

The key resultsof this grantare a formalizationof the importantconceptsof adaptve pro-
gramming[pg], fastcompilationalgorithms[g8, F7], an evolution framework for adaptve
programming[[LT, 3], an applicationof adaptvenessto parameteipassingin distributed
systemgfq], andthedistribution of the Adaptive Programmingoolsthrougha undegradu-
ate/graduatéevel textbook[R7].

NSF-GrantCCR-91025781991-93).
Title: Abstractiondor OrganizingClasses

The key resultof this grantis a nev methodto develop software basedon separatinghe
concernsstructure fraversalandtraversal-basedollaboration.Publications{#7, 3 B, ES,

P3. B, B2, B8 B3, 7, 14, 64 63, A. 12, B, B4].

NSF-GrantMCS80-0449(Q1980-1982)NSF-GrantMCS82-0187§1982-1983).
Title: CombinatorialOptimizationandSearchProblems

The key contributionsof this work are: 1. A seminalcontritution to the state-of-the-arin
hardware descriptionlanguagesvhich resultedin the invited paper[P§]. 2. A theory of
P-optimalapproximatioralgorithmsfor combinatorialoptimizationproblems.Publications:

[P4, B9 B0 P1,P2 P3 [ T B

Acknowledgements:We would like to thank TheraponSkotiniotis for his contritutionsto the
proposal.Thanksto Jefrey Palmfor his messagénterfacesection.
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