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Abstract

Modulesandaspectsare diVerentapproachesto acommongoalof

constructing large, complexsoftware quickly. Unfortunately, neither

issolelysuYcient.

We demonstratethat the diVerencesbetweenmodulesandaspects

are not irreconcilable, andthat a carefully craftedmodulesystemcan

caterto aspect-orientedfeatures.We show that it is possible to com-

binethesoftware-engineering featuresof modulesystemswith aspects'

abilitiesto modularizecrosscuttingbehaviors.

We presentan existenceproof in the form of a prototypemod-

ule system,AspectualCollaborations,combining separatecompila-

tion, modularreasoning,type safereuse, and aspectualinterception

of behavior from obliviousbasemodules.Typesoundnessisshown to

hold for aminimalmodelof thesystem.

By tempering the power of aspectswith encapsulationboundaries

maintainedby a module system,the desirable qualitiesof both are

achievedwhile tempering their respective weaknesses.
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Chapter 1

Thesisand Anti-thesis

THIS thesisexploresthe intersectionof modulesystemsandthe aspectandobjectorientedstylesof

programming(henceforth aopandoop, respectively).

The key ideabehindmodulesystemsis that by allowing the languageto enforce encapsulationof

implementationdetailsbehindan interface, clientsof the implementedbehavior are forced to remain

obliviousto thedetailsof its implementation—andhenceare immuneto changesto the implementation

aslong asthe interfaceis unchanged. Programsconstructed from modulescan thus be analyzedin

thesesmallerpieces(the modules),rather than asmonolithic structures. If a module is reused,time

spentunderstandingit is amortized over all uses. Modulescan be implementedseparately, resulting

in streamlinedparalleldevelopment,and reusedin other programs,resultingin an overall reduction

in programmingtasks,without aVecting other modulesof the program. Thus, modulesallow larger

programsto be constructed,andby enabling paralleldevelopmentandreuse, alsosigni�cantlyspeedup

thisconstruction.

However, not all behaviors �t neatly into a module. Common examplesare error handlingand

context-sensitive behavior (where behavior variesdependingon from where it is invoked). In general,

suchbehaviors rely on, andmodify, eventsin other parts of the program. We may �nd that codein

one moduleaVectsan invariant maintainedby anothermodule: for example, we may wish to mirror a

�le-system's directory layout in memory, without having to rewrite either the i/o moduleor its client.

The speci�cationiscompact,but the implementationtouchesall diskoperations.

The Aspect-OrientedProgramming(aop) manifestocanbesummarizedas“languageshave modules,but

programmers have concerns.” The key insight/opinion is that a singlekind of moduleboundary—be

it alongmethod,class,or setof classes—willnot be suYcient to capture all the kindsof concerns the
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programmerwishesto express.In order to cleanlymodularize his concerns, the programmerneedsto

draw moduleboundariesin diVerentdirectionsunderdiVerent scenarios.

Unfortunately, thisalsoimpliesthat the interactionpointsbetweenmodulesbecomelessregular: for

example, if we wishto modularizeabehavior that is implicitly1 invokedwhenever avariable ismodi�ed,

we cannotusethe sameinterfacethat we would have used,had we wantedto modularize a setof

classesexposinga subsetof their members. The diVerencein interfacesis that the implicit interface

allowsexternalbehavior to beimposeduponthemodule, while traditionalinterfacesexposepartsof the

moduleto the external world. The needsof �exib le concern interactionseemto contradictthe strict

regimentationof module interfaces.Thus, many languagesoVer a trade-oV: either a modulesystem

that caters to diVerent dimensionsof concernsbut with simpleinteractionsbetweenthe modules,asin

Hyper/J;or amodulesystemthatcapturescomplexinteractionsbetweenconcernsbut oVeringconversely

simplermodularity constructs,asin AspectJ.

This thesisinvestigateswhat happensif we attemptto combinemodulesandaspects.We designa

language, provide an implementationusingJava asa baseobject-oriented(oo) language, andformally

analyzea smallmodelof the languageusinga much smallerlanguageasthe oo core. We aim to show

thatwith suitable design,amodulesystemcaninteractwell with aspect-orientedfeatures.

Contr ibution and ThesisOrganization By addingaspect-oriented(ao) features,weprovideamodule

systemthat combinesthe featuresof a traditionalmodulesystem(suchasmodularreasoning,�exib le

reuse, program composition,andtype-safeseparatecompilation)with aspect-orientedfeatures(suchas

interceptionandcontrol of methodexecutionsin other collaborations).The systemallows aspectsand

basecodeto beseparatelycompiled,andallowsaspectsto bereusedacrossmethodsof diVerentsignatures

in atype-safemannerwithout requiring dynamiccasts.

The thesisisorganizedasfollows:

The restof thischapterexploreswhat trade-oVs are required to combineaspectsand modules. We

identify thediVering goalsof aspect-orientedandmodularprogramming,discusseswhy the two com-

plementeachothernaturally, andhow it ispossible to combinethemsothattheir respectiveweaknesses

are addressedwhile maintainingtheir desirable properties.The centralthesisof thisdissertation isex-

pandedon in Section1.2 (page15), andthe detailsof our systemare discussedin Section1.2.2 (page

17).

Chapter2 (page21) brie�y analyzesthe largebodyof relatedwork, includingroles(Section2.4, page

28), collaboration-orienteddesignsand full-�edged modulesystems(Section2.5, page43), aspect-

orientedlanguages(Section2.6, page67), formal semantics(Section2.7, page75), andsupport for
1Why implicit invocationis interestingiscoveredin thenextsection.



1.1. M ODU LES vs. ASPECTS 9

crosscuttingfeaturesin software engineering (Section2.8, page78).

Chapter3 (page83) presentsAspectualCollaborationswith a numberof smallerexamples,looking at

how aspectsandmodulescombineto produceseveralemergentproperties.

Chapter4 (page115) presentsa formalmodelof our system,basedon the minimalFeatherweightJava

semantics.We show thatour extensionsto the baselanguageretaintypesoundness(Section4.3, page

123), thatcompilationof collaborationspreservestyping(Section4.4, page139), andthatno dynamic-

error locationsare inserted by compilation(Section4.5, page166). The chapterends(Section4.6,

page170) with adiscussionof languagedesigntrade-oVs.

Chapter5 (page187) concludeswith future work.

1.1 Modules vs. Aspects

Thereis a seeminglyinherent contradictionbetweenaspectsandmodules.This sectionsummarizesthe

basesfor thiscontradiction,while thenextsectionshowshow thecontradictioncanbeameliorated.The

interestedreaderisdirectedto [LLO03], which thissectionsummarizes.

1.1.1 Modules

Modulesystemspresenttrade-oVs betweenencapsulationand�exibility. By hindering external code

from accessingthe internalsof amodule, threefundamentalabilitiesare enabled:

Decomposability. A key bene�t of modularizing program developmentis to easethe programmer's

burden of understandingthe program by allowing piecesto be understoodin isolationfrom each

other. This property additionallyisolatesdevelopmentteamsfrom eachother, allowing development

to proceedin parallelwithout dangerof teamsinterfering with eachother.

Composability. It is naturalto want to applymodularreasoningrecursively to largermodules:con-

structingthemnot monolithically, but from smallerconstituentmodules.This allowsthe programmer

to balance�exibility, which ismaximalin a �at architecture, againstcomprehensibility, which ismaxi-

mizedin anestedhierarchicalarchitecture.

Adaptability. Developingandunderstandinga modulecostsconsiderable resources,soit is important

to beable to amortize thatexpenditure over severalusesof the module. A modulesystemthatallows
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modulesto bereusedin awidevariety of situations—includingwhennamesandassumptionsbetween

importeeandimportermay not matchprecisely—isimportantto realizebene�tsfrom modulesystems.

However, theseabilitiesare enabled by the in-ability to referto or modify the internalsof a module.

Two weaknessesarisefrom this inability. Primarily, codefor one concern canbe scattered throughout

severalmodules,andseveralconcerns' implementationsbe tangledin the samemodule. This happens

if the systemlacksa mechanismto textually localizeconcerns which crosscutthe severalmodules—a

lackimpliedby the above inability. Additionally, in order for usersof a moduleto beable to modify its

behavior, the implementorneedsto have foreseenthedesiredvariancepoints.

The capabilitiesof modulesystemsstemfrom severalintertwinedprinciples.

Encapsulation. Decouplingamodule'sinterfacefrom its implementationallowsthe latterto vary with-

out aVectingany clients,which are written againstthe former, aslong asthe interfaceremainsthe

same. By limiting accessto what is declared in the interface, the interfaceencapsulatesthe module's

implementation.Encapsulationallowsmodulesto beimplementedandmanagedseparatelyandin par-

allel.More importantly, encapsulationallowsaprogrammerto control how well partsof amoduleare

understood.If anentity isprivateto amodule, theprogrammercaneasily�nd all references,andthus

understandboth the entity andalsoall contextswhere it is referenced.The behavior of anexported

entity canstill beunderstood,but theprogrammerhasgivenup control of how it will beused.2

HierarchicalComposition.It is easierto understanda largecompositemoduleconsistingof smaller, as-

sembled modules,than a monolithic atomicmoduleof the samefunctionality, asthe former canbe

understoodby �r stunderstandingtheconstituentpartsandthenhow they �t together, while the latter

needsto beunderstoodin its entirety to beunderstoodat all. Compositionisalsoimportant for local

knowledge. A compositemodulecanbetracedin atop-down mannerto “zoom in” on localbehavior:

compositiondescribeshow thatpieceinteractswith the restof the module, while the atomicmodule

oVersno suchguides.If contentsare not exported from a compositemodule, encapsulationstatically

assuresthat they cannotbereferencedor modi�ed by codeoutsidethe compositemodule. However,

hierarchicaldecompositionmakesit inconvenient to expresscomplex,tightly coupledbehaviors, as

thesemay require very broadinterfacesbetweenthecomposedmodules.

External Assembly. Externalassembly of modulesallowsmodulesto bewritten not only independently

of eachother, but alsoobliviously to eachother. A moduleisquanti�ed over its importsandconstraints,

allowing it to beusedin any environmentcapable of ful�lling theserequirements,ratherthana hard-

wiredcontextof othermodules.Thus,externalassembly of modulesremoveshardwiredassumptions

2Aspect-orientationadditionallyallowsexternalmodulesto modifyexportedentities,thusrendering themunderstoodnot atall.
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abouthow amodulewill beused,openingit up to reusein othercontextsthanoriginallyenvisioned.

ThisallowsprogrammereVort to besaved,but perhapsmore importantly, allowscomprehensionof the

module'sbehavior to bereusedaswell. To promote�exibility, theassembly canoftenperform limited

adaptationof modules,for example, to reconcilediVerencesin namesandtypes.

Non Type-InvasiveExtension.In order to achieve typesafereuse, multiple instantiationsof a module

mustbekeptseparate, asthey may havebeenassembledwith incompatible imports.A guidingprinciple

in thisregard isinvasiveness, de�nedby Ernst[Ern00] aswhether“[a module'sin�uence]canbedetected

by inspectingthe targetmodule.” A weaker form of thisproperty is whetherit is possible to confuse

oneinstantiationof amodulewith another. Section2.5.1.1 (page45) discussesthissituationat length,

where subtypingisusedto relateamoduleinterfaceto its implementation.

1.1.2 Aspects

Aspectorientedprogrammingimprovescomprehensionand maintainabilityof complexprogramsby

localizingbehaviors and facetsthat would otherwisebe scattered and tangled,attackingpreciselythe

weaknessescited for modularprogramming. Thesebehaviors are referred to asconcerns, asper Dijkstra

[Dij74]).3 Crosscuttingat the concern level leadsto scattering andtanglingat the implementationlevel.

Kiczaleset al. [Kic01] de�ne anaspectas“a well modularizedimplementationof acrosscuttingconcern.”

KiczalesandtheAspectJcommunity have alsopopularizedthe following de�nitions.

Join Point: A region in aprogram'sexecution,which may bedependenton dynamicpropertiesof the

program. For example, entering a method, the evaluationof an expression,or invoking a method

whensomeproperty holds.

Pointcut:A setof relatedjoin points. A pointcutdesignator is a succincttextualdeclarationof such

a pointcut. The join-pointmodeldescribeswhich regions in the program a pointcut designatorcan

describe.

3This iscommonlymisattributed[CJO] to Parnas[Par72]. Dijkstraquotesfrom aletterhehadrecentlywritten:

We know that a programmustbecorrectandwe canstudyit from that viewpoint only; we alsoknow that it shouldbe
eYcient andwe canstudyits eYciencyon anotherday, so to speak.In anothermood we may askourselveswhether,
and if so: why, the program is desirable. But nothing is gained—onthe contrary!—by tacklingthesevarious aspects
simultaneously. It is what I sometimeshave called“the separationof concerns”, which, even if not perfectlypossible, is
yet theonly available techniquefor eVectiveordering of one'sthoughts,thatI know of. This iswhatI meanby “focussing
one'sattentionuponsomeaspect”:it doesnot meanignoring theotheraspects,it is justdoingjusticeto thefactthatfrom
thisaspect'spoint of view, theother is irrelevant. It isbeingone- andmultiple-trackmindedsimultaneously.



12 1. TH ESIS AN D AN TI -TH ESIS

Advice:A modi�cation to a join point. This includesinserting orthogonalbehavior or replacingthe

originalexpressionwith somethingcompletelydiVerent.

Aspectspromoteadhoc �exibility at the expenseof safety. The power of aspect-orientedsoftware

developmentliesin managing crosscuttingconcernsby controlling scattering andtangling:

Crosscutting. Crosscuttingconcernsare issuesthat the programmercaresabout,but cannotlocalizeto

oneinstanceof aprogrammingconstruct. For example, asynchronizationconcern isnot crosscuttingif

it merely talksaboutonesectionof theprogramtext, while amore advancedsynchronizationconcern

thatspeci�esthatsomesetof methodscansimultaneouslyexecutein acritical sectionaslong assome

conditionholds,is crosscutting.Sucha concern will becrosscuttingasthe adhoc implementationof

thepolicywill likely bespreadout over eachof theaVectedmethods.

Scattering. Scattering istheconditionwhereaconcern isimplementedin severalnon-contiguousplaces

in the program. Aspectscontrol scattering by modularizing the placesin a program'sexecution(join

points)where certaincode(advice)is to beexecuted.

Tangling. Tangling,the dual of scattering, occurs when severalconcerns overlapin a region of the

programtext. Thishampersmaintainability, astheprogrammermustmentallycategorizestatementsin

the programtext by which concern they belongto. Aspectorientationreducestanglingby localizing

concerns,allowing conceptsto betextuallyseparatedyet appliedto overlappingjoin points.

However, with the ability to globallyaVect join points,advicetradeslow-level traceabilityfor high-

level modularity: it becomesvery diYcult to reasonlocally abouta snippetof code, becauseit may

be aVectedby external advice, but eachaspectnow localizesbehavior whosecodewould be scattered.

Unfortunately, the improvement in high-level modularity is achieved by looseningthe encapsulation

constraintsthatenable the fundamentalpropertiesof modules,discussedin Section1.1.1 (page9). Thus,

naive aspectseasecomprehensionof the programat the high level, but at the low level are hard to reuse,

reasonabout,compose, anddecompose.

As wasthe casefor module systems,the powers of aspectsarise from a number of fundamental

properties.

Non Behavior-InvasiveExtension.Concern compositionwill typicallyrequire that the extendingcon-

cern's executionbe interleaved with or controlled by the executionof the baseconcern. The base

behavior canbe implementedwith suchextensionin mind, by usingthe observer pattern [GHJV93]

or variationsthereof. However, in general,suchforesightcannotbe assumed:we want the baseto

remainobliviousto the invariantsimposedon it. This promotesboth clarity, by keepingthe concerns

separate, and�exibility, by allowing behaviorsto beextendedin waysnot foreseenatdesigntime.
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Join PointModi�cation. To be able to expresscomplexinteractionsbetweenconcerns, one concern

(the aspect)may neednot only to be informed aboutexecutionsof regions in the other concern's

implementation(thebase),but alsoto modifytheseexecutions.A region of interestin thebaseiscalled

thejoinpoint, andthemodi�cation appliedto it by theaspectistheadvice. Typically, theregion denoted

by ajoin point istheexecutionof amethodbody, andthemodi�cation of theaspectisto interceptthe

executionof themethod,insteadexecutingthebodyof theadvice, which may delegateto theoriginal

methodbody. Thus,we speakof the methodinterceptionpower of aspect-orientedprogramming.Such

power could allow the programmerto gracefullyrecover from errors by retrying methodcallswith

diVerent arguments,to implementsecurity featuresby only allowing methodexecutionsto proceed

undersomecircumstances,andto optimizeexpensive computationsby diverting callsto specialcase

methodsdependingon detailsof thecall.

Generic Advice.There is a trade-oV betweenexpressivenessandreusabilityof advicethat needsto be

weighedcarefully. Simpleadviceis likely quite reusable: a commonexampleis a logging concern,

which is generallyapplicable to methodsof any signature. More complicatedbehaviors,suchasper-

formanceoptimizations,will likely be more tightly bound to the detailsof the method. Ideallythe

programmershouldbeable to choosehow to balancereusabilityagainstexpressive power. Thischoice

shouldnot comeat thecostof giving up run-time typesafety.

1.1.3 Modular Reasoningin Object-Or iented Languages

Similar restrictions to modularreasoningare alreadypresentin object-orientedlanguagesthat feature

dynamicdispatch—suchasJava. In theselanguages,sincethedynamictypeof thereceiver isnot statically

known, we cannotpredictto which implementationamethodinvocationwill dispatch.

It is naturalto questionwhat the fundamentaldiVerencebetween the two restrictions are—why

we acceptrestrictions for object-oriented programswhich we �nd objectionable for aspect-oriented

programs. This is a complexquestionand it is hard to distinguishwhy aspectualinterceptioncomes

acrossasa greaterimpedimentto modularreasoningthan dynamicdispatch,asultimatelyboth eVect

non-local control �o w. There are several distinctionsthat can be made, highlighting the diVerences

betweentheeVects:

Control.Many oo languageshave constructswhich limit how a classor a methodmay be extended.

In Java, the �nal keyword will hinderthe subsequentoverriding of a methodor extendingof a class.

Similarly, a methodcanonly be overridden in contextsin which it is visible; thusprivate methods

are guaranteedto be locallycomprehensible. This thesisshows one way to implementan analogous
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level of control for aspect-orientedlanguages.Furthermore, amethodcanperform sometestsagainst

the dynamictypeof the receiver, andthuscontrol itsbehavior; aspectualeVectshave no suchruntime

representation.

An incidentaleVect of our modulesbeingclosedto classextensionis to reducethe scopeof analysis

necessary to conservatively determine which methodimplementationscanbe the resultof dynamic

dispatch.Becauseof theclosure, all methodswhich override the targetmethodcanbeeasilyfoundby

searching the module. Importantly, thissearch canbe donelocallyto the module, andis valid for all

re-uses.Were modulesopento classextension,theresultsof theanalysiswould dependon thecontext

of themodule'sre-use, andtheanalysiswould needto berepeatedfor eachuse.

Power. While amethodoverrideaVectsoneimplementation,anaspectcanaVectawholesetof meth-

ods,includingthosenot yetde�ned whentheaspectwaswritten. A similareVectcanoccurwith over-

rides:a superclasscanadda methodwhich is spuriouslyoverriddenby anexisting—but unknown—

methodin the subclass.However, this will only be acceptedby a Java compilerif the two methods

have preciselythesamesignature, thusreducingthe riskof spuriousoverrides.4

Behavioral Subtyping. There hasbeensigni�cantwork on enforcing thatanoverriding methodcanbe

substitutedfor theoverriddenone;onesuchapproachisto usecontractsto ensurebehavioralsubtyping

[FLF01]. It is in generalundecidable whether suYciently expressive contractsare substitutable, so

contractviolationscanonly bedetectedatruntime. SimilareVortswould berequiredin theaopworld

to ensure thataspectualinterceptiondoesnot interfere with localreasoning.

Ultimately, thesamejusti�cation appliesfor wantingaop featuresisthesameasfor wantingto reduce

their impedimentto modularreasoning:we want to beable to easilyunderstandhow aprogramworks.

This involvesabalancebetweenexpressive control structures,which impedeour ability to reasonlocally

aboutaprogram,andencapsulationproperties,which aidlocalreasoning.

4Java'smethodoverloadingrulesalsoplay apart, but not suYcientlyto warrantdiscussionhere; they areanyway staticallydisambiguated
andrequire only localanalysis.
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1.2 Thesis:Modules andAspects

Thecentral themeof this thesisis that it ispossible to combinepowerful moduleconstructswith aspect-

orientedprogramming. By tempering the power of aop with encapsulationboundariesmaintainedby

a module system,we hope to maintainthe desirable qualitiesof eachsystemwhile tempering their

respective weaknesses.The key to maintainingmodularreasoningin the presenceof aspect-oriented

featuresis that aspectualmethodsare still subjectto encapsulationrestrictions;collaborationsare able to

control whetheramethodcanbeinterceptedby controlling itsvisibility.

On onehand,aweaknessof modulesystemsaloneis that they fail to control scattering andtangling.

To eVectively distribute pre-compiledsoftware requiresforeseeinghow a modulewill be usedandex-

tended.For example, in a graphicaluserinterfaceapplication,onemay needto provide enoughhooks

for theobserver designpattern [GHJV93] to allow all interestingeventsto becaptured. Thus,to provide

necessary support for managing crosscutting,one would needthe prescientability to predict all future

usesof apre-compiledmodule.

On the otherhand,aspect-orientedprogrammingalone, in its current form, lacksdirectsupport for

reuseandcomposition.Teamscanno longereYcientlywork in parallelrelyingonly on commonmodule

interfaces.5 However, thebiggestlostbene�t istheability to understandprogramsin amodularmanner.6

If advicecanbeaddedto a join point by any aspect,we mustdiscover andunderstandall aspectsglobally

in orderto comprehendamethod'slocalbehavior. We thusneedomniscientreasoningto understandthe

program'slocalbehavior.

Modulesystemsandaspect-orientationhavecomplementary strengthsandweaknesses,sotheobvious

remedyis to combinethe two. However, encapsulationandthe mechanismsto reducescattering appear

to bein directcontradiction:theformerplacesstrongemphasison diVerentiatingtheinterior of amodule

from theexterior, while the latterwantsto allow externalconcernsto modify the internalsof amodule.

We show that it is indeedpossible to combinemodulesystemsandaspect-orientedfeaturesin a co-

hesive system.We illustrateour argumentby presentingaconcretesystem,calledAspectualCollaborations,

combiningmodularandaspect-orientedfeatures.Weshow thatthesystempossessesmany of thepositive

qualitiesof both modulesandaspects,andformallyprove typesoundnessfor asmallmodelof thesystem.

We evaluateour designchoicesby comparing its expressivenesson a challengeproblem to that of two

existingsystems,AspectJandHyper/J, on thesameproblem.

5Teamscanwork independently, oneteamperusecase. However, interactionsbetweenuse-caseimplementationswould require some
form of aspectualinteraction.

6The relationshipbetweenmodularreasoningin oop andaop isdiscussedin Section1.1.3.
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1.2.1 Sketch of AspectualCollaborations

Toachieve thegoalsof combiningaspectsandmodules,wedesignamodulesystemwith explicitsupport

for aspectualfeatures.Wedo not strive to implementacompletesystem—notably developmenttoolsand

debugging infrastructure are lacking,aswell ashaving an unpolishedsyntax—but show a minimal yet

functionallycompletesystemthatsuYcesto demonstratetheviabilityof theapproach.Thissectiongives

ahigh-level overview of thesystem,to giveaconcretefoundationfor thepropertieswehavediscussedso

far. A more detaileddescription of AspectualCollaboration(henceforth ac)sis given in Section3.1 (page

83).

An ac consistsof aparticipant graph, where the nodesare Java-classlike entitiescalledparticipants,

andthe edgesare is-aandhas-arelations.The setof participantsis closed;it canbe extendedonly by

recompilingthe whole collaboration.A participant haszero or more members—�eldsor methods—

obeying thenormalsemanticsof Javamembers.

Collaborationsare eitheratomic, with directly declared participants,or composite, composedfrom

previouslycompiledcollaborations.The composedcollaborationsare referred to asconstituentcollabo-

rationsof the compositecollaboration.A compositecollaborationdeclaresa participantgraph,which

we call the output collaboration,andmapsthe participantsfrom the constituentcollaborationsonto the

output collaboration.Memberson the mappedparticipantsmay be linked with other members to im-

plementmember-level import of behavior acrosscollaborationencapsulationboundaries.Encapsulation

boundariesare maintainedby explicitexport declarations;only exportedmemberscanbelinked.

Ultimately, a collaborationwill beproducedwith no un-satis�edimports. This is a completeappli-

cation,andcanbetreatedlike any Javapackage.

The above describesamodulesystem,perhapssuitable to benamed“Collaborations”,but containing

no aspectualfeatures. The feature that justi�es the “Aspectual”adjective is that in additionto method

import, compositioncanalsospecifymethodinterception.Participantscancontain—inadditionto nor-

malmethodsandimport prototypes—aspectualmethods,which canbelinkedto intercepttheexecution

of externalmethodsof any signature, controlling how andwhetherthe intercepted—host—methodexe-

cutes.

Clifton andLeavens[CL02a] note that Parnas[Par72] madethreeobservationsaboutmodules,and

thatwhile the secondpoint—�exible modularity—is the typicalfocusof aop, his third point—modular

reasoning—wasalsoworthy of investigation.7 The needfor modularreasoninghasalsobeennotedby

Aldrich [Ald03a] aswell asDantasandWalker [DW03]

7Parnas'�r stobservationwasthatmodularizationincreasesproductivity by allowing paralleldevelopment.
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1.2.2 Resulting Properties

AspectualCollaborationsform the backboneof thisdissertation,providing anexistenceproof thataspects

andmoduleswork well in thesamesystem.The focuson modulesasthebasisfor compositionallowsusto

leverageencapsulationto provideusefulpropertiessuchastypesafety, separatecompilation,andprogram

composition.This allowsusto provide type-safeseparatecompilationof genericallyreusable aspects,for

a de�nition of typesafetywhich guaranteesthat the compilationprocessdoesnot introducedowncasts,

nor require theprogrammerto usedowncaststo achieve genericity, in additionto thenormalguarantees

thatprogramswill not getstuck.The extendedde�nition of typesafetyismotivatedby comparisonto a

hypotheticaltypesystemwhich requiresall typesin signaturesto beObject andargumentsto bedowncast

to more precisetypesinsidemethodbodies.While this would resultin methodswhich staticallyseem

to beextremelygeneric andreusable, it comesat the priceof requiring the programmerto alwaysinsert

castsanddealwith possible downcasterrorsmanually. AspectualCollaborationsavoid usingor requiring

subtyping(andits inherent downcasts)to achieve type-safegenericity. Section4.5 (page166) precisely

documentsthisstrongerde�nition of typesafety.

By combiningmodulesand aspectsin one unifying construct, we achieve the following proper-

ties:

SimpleDesign.Rather than having several programmingconstructs, we �nd that well understood

conceptssuchasmodules,their interfaces,andtheircomposition,suYceto capturecomplexbehaviors.

Section3.1 (page83) discussesthedesignin greaterdetail.

Flexible Modules. Eachmoduleiswritten againsttheclassorganizationthatbestsuitsitsneeds.DiVer-

encesin classgraphsare reconciledduring modulecomposition,generatingaresultingclassgraphthat

containseachof the constituentclassgraphs.An exampleof diVerent classgraphsbeingcomposedis

shown in Section3.2.1 (page85).

Generic Modules. The modulesystemis powerful enoughto allow separatecompilation—including

compilationof aspectsandadvice—yet �exib leenoughto subsumemany usesof parametric genericity.

This latterability is illustratedin Section3.4 (page95).

HierarchicalModules. Our modulesallow behavior—bothobject-orientedandaspect-oriented—tobe

composedfrom smallermodules(which themselvesmay be composite).This allows modulesof dif-

ferent granularity to beusedin the construction of asystem.Encapsulationallowsamodulein sucha

systemto be replacedby anotherwith the sameexternal interface, allowing the systemto be �exib le

assembled. The runningexamplein Section3.4 (page95) illustratesthisproperty aswell.
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AspectualModuleInterface.Traditionalmodulesexplicitly import andexport behavior acrosstheir in-

terfaces.Aspect-orientedprogrammingallowsbehavior to beinsertedinto amodulethatisnot explic-

itly aware of the modi�cation. Suchmodi�ability canbe seenasa secondkind of moduleinterface.

This interfaceis the dualof a traditionalmoduleinterface, in that its elementscanbe written to, but

not read.Aninnovationof AspectualCollaborationsis to accountfor this join-point interfaceaswell,

albeitin arudimentary way.

In a purely module-orientedsystem,the programmermust foreseeall required variancepoints. By

accountingfor aspectorientationin the interface, we reducethis requirementto decidingwhethera

given join point shouldbeprivateor public.

The interactionwith modularinterfacesiskey to maintainingtraceability:atall levels,theprogrammer

knows that encapsulatedbehavior cannotbe modi�ed by external aspects.To seehow an exported

methodis modi�ed, oneneedsmerely inspectthe enclosinglevel in the compositionhierarchy. Sec-

tion 3.5.1 (page99) discusseshow modularreasoninginteractswith aspectualfeatures.

Our current modulesystemequatesthe setof possible modi�cation pointswith the setof exported

methods,but thislimitation isdueto scope, not fundamentaldesign.A moreadvancedsystemallowing

modi�cation join pointsto beexportedseparatelyfrom themethodsthey representissketchedasfuture

work.

Type-SafeSeparateCompilation. To be able to reuseaspect-orientedbehavior, the behavior must be

generic with respectto the behavior it modi�es. By leveraging the encapsulationfeaturesof modules,

we are able to combineseparatecompilationandtypesafegeneric advice. Our type-safetyguarantees

are strongerthansimilarsystemsin Hyper/J andAspectJ(seeSections2.5.7 (page62) and2.6.2 (page

68), respectively), aswe are able to provide suchgenericity without requiring dynamicdowncasts—

either in userwritten or compilergeneratedcode. A detailedcomparisonandevaluationof AspectJ,

Hyper/J, andacs for implementinga cachingaspectis presentedin [LLO03]. Chapter4 (page115)

presentsaminimalmodelof thecompilationscheme, andprovesits typesystemsound.
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1.3 Anti-thesis

Equally important,perhaps,asit is to lay out what isclaimed,is to preciselyspecifywhat isnotclaimed.

Speci�cally, wepresentanexistenceproof thataspectsandmodulescanbecombinedsoasto maintain

severalproperties.Weclaimthatthecombinationillustratestheusefulnessanddesirabilityto combinethe

two. The reader, whenexaminingour examples,shouldkeepin mind thatour claimisthatkey language

conceptscanco-existandprovideusefulpropertieswhencombined,not thatwe have presentedthebest

way in which to combinethem. Speci�cally, we do not claim that our existenceproof, the presented

AspectualCollaborationssystem,issuitable for everyday programmingor widespreadadoption.Examples

in thethesisarestructuredto clearlyexpositsomeproperty of thelanguage, ratherthanexemplifyingbest-

practiceprogrammingstyle. While it is likely that thewrite-only behavior of join pointswill require the

criteria for program decompositionto be reconsidered for aspect-orientedmodules,suchasaspectual

collaborations,we have not investigatedwhat theeVectsmight be.

While we show that modulesandaspectscanfruitfully co-exist,the aspect-orientedprogramming

modelpresentedis very rudimentary, andthe modulecompositionlanguagecanbeoverly �nicky. No-

tably, we will presenta modelfor AOP which restricts join pointsto be methods,andadviceto inter-

ceptionof thosemethods'executions. Thesewere chosenbecausethey are minimal, yet suYcient to

capture many commonaspects.Crosscuttingbehaviorsare capturedby allowing severalsuchintercepting

methodsto bedeclared in the samecollaboration,andthusshare state. In general,crosscuttingconcerns

canbeseparatedinto asharedpart which isattachedonly once, andaduplicatedpart which will require

severalattachmentsto aVect all necessary join points. The rudimentary nature of AspectualCollabo-

rations'implementationis exposedin that this separationmust be performed manually, ratherthan be

inferredfrom attachmentdeclarations.

This isdueboth to practicalconstraintson whatcanbeimplementedin alimited time frame, andalso

purposefullyto retainsomecorrespondenceto the formallyanalyzedmodelof the language. To promote

more widespreadaccessto the ideasbehindAspectualCollaborations,the systemcould be substantially

polished,mostlikely with signi�cant tool support to aid in compositionspeci�cation. Alternately, the

core ideasof usingmoduleencapsulationto control join pointscouldbereimplementedin, for example,

the AspectJmodel. In sucha scenario, join pointscouldbeencapsulatedby adviceexpressingvisibility.

Suchscenariosare speculative, andare not part of our claims.
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Chapter 2

RelatedWork

SEVERAL areasof research meetat the intersectionof aspectsandmodules;thischapteroVersa brief

survey of thevarious�elds.

Wesubdividetheworksreviewedinto severalcategories:Rolesallow objects'behavior to beseparated

into severalcooperatingobject slices.uml's [BRJ96] collaborationscapture how largescalebehaviors

emergefrom severalcollaboratingobjects. Collaboration-orienteddesignsin this chapterinvestigatehow

several suchobject-collaborationscan be superimposedinto one cohesive program. Modern module

systemstypicallyallow very �exib le compositionof behaviorswhile maintainingthepropertiesthatmake

themusefulin programmingin thelarge. Aspect-orientedsystemssimilarlydecomposeprogramsinto several

crosscuttingconcernswhich interactat so-calledjoin points. At join points,aspectsin oneconcern are

able to in�uenceandaVectbehavior implementedin anotherconcern, while theaVectedconcern remains

obliviousto the modi�cation. Finally, we look ata few formalsystems,andalsothe cross-cuttingfeatures

availible in systemsaimedmore generallyatsoftwareengineering.

2.1 Roles, Collaborations, and Layers: Terms and Common Concepts

For the purposesof this survey, we will de�ne a collaborationasan ideal(in a platonicsense)object-

orientedsolutionto a problem. The intention is to enable the solutionto be easilymadeconcreteand

reusedin applications.Thus,thecollaborationwill typicallydefersomedetails,allowing it to manipulate

anddelegateto theenvironmentof its reuse.

Thissectioncomparesseveralexistingsystemsusingacommonterminology. To makethecomparison

more coherent, we de�ne a commonsetof termsandsyntaxandusethat for all systems.Likewise, we
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focuson core concepts,and thusmay omit featuresthat do not have closecorrespondencesin other

systems.

2.1.1 Terms

A collaboration is a partial classgraph. The nodesof a collaborationare participants,andare relatedvia

both has-aandis-aedges.Participantsare class-like constructsthatcontainmethodsand�elds (members

collectively),andcanbeinstantiatedseveraltimesto createaparticipant-objectgraph.1

The maindiVerencebetweenparticipantsandfull-�edged classesistheknowledgethatthey represent

merely apartial sliceof the full behavior necessary at run time. Use-speci�cdetailsare omittedfrom the

collaboration,andlinkedinto thecollaborationatdeploymenttime.

The motivationusingacollaboration-orienteddesignto solve ataskis twofold:

Abstraction.The solutionis expressedover a minimal setof classes,abstractingall detailsthat are not

essentialfor the task,andclearlyquantifyingwhich detailsare expectedto be �lled in by deployment.

Thisisassumedto makethetaskof understandingandanalyzingtheimplementedbehavior signi�cantly

easierthanhadit beenembeddedinto aconcreteapplication.

Reuse.If the expecteddetailsare quanti�ed in a somewhat generic manner, the collaborationcanbe

reusedbetweenseveralapplications—indeed,it may alsobe reusable several timeswithin the same

application.

A collaborationisdeployedinto aconcreteapplicationby settingup mappingsbetweenconcretehost

entities(classes,methods,�elds) andtheir correspondingentitiesin the collaboration.The hostentities

taken asa whole are referred to asthe base. We'll call this processattachingthe collaborationandbase,

andthespeci�cationof the relevantdetailstheattachment.

2.1.1.1 Collaboration Interfaces

A collaborationwill in generalhave two interfacesto thebase:

The explicitinterfacehasa clearrepresentationin the aVectedcode. Almostall modularity constructs

haveanexplicit interface. This interfacespeci�eswhatisrequiredby themodulefrom itsenvironment,

andwhat it providesto itsclients.An exampleisaCsource�le: its importsare speci�edby its include

declarations,while thecorrespondingheader�le declareswhat the �le provides.Anotherexampleisa

Java class:it requiresthe members(�elds andmethods)inherited from its superclass,andprovidesthe

1An instanceof aclassisanobject;we callaninstanceof aparticipanteitheraparticipantinstanceor participantobject.
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non-privatemembersit declares.The commonthemefor entitiesin explicit interfacesisthattheir use

is—asthenamesuggests—explicitin thecode.

The implicitinterfaceis lesscommonthanexplicit interfaces,andis in somesenseits dual. While the

explicit interfaceallows entitiesin a collaborationto be usedexternally, the implicit interfaceallows

themto bemodi�ed. Typically, theusesof themodi�ed entitywill beunaware thatit hasbeenaVected,

thuspromptingthechoiceof name. An exampleof suchaninterfaceisdynamicdispatchof overridden

methodsin Java; this redirection to the mostspeci�c implementationbasedon the run-time type of

thereceiver isnot representedatall in thecode. Aspect-orientedprogrammingextractstheconceptof

implicit interceptionfrom inheritance, insteadturning it into anorthogonallanguagefeature.

2.1.1.2 Typing Considerations

Within the collaboration,the participanttypesare relatedby has-aandis-arelations.When the collab-

orationisattachedto a base, we cancharacterize the attachmentby how theserelationsare modi�ed. If

the relationsare updatedto re�ect theattachment,we say that the relationsare covariant. Alternately, the

typesof the collaborationare late-bound, asthe typesin the collaborationare not boundto classesuntil

attachmenttime.

For example, in anobject-orientedlanguage, extendingaclasswith asubclasscanbeseenasattaching

thesubclassto thesuperclass.2 If the typesinherited from thesuperclasscanbespecializedin thesubclass,

they are covariant,while if they stay unchanged,they are invariant. ConsidertheclassAnimal, which eats

Food. We would like to extendAnimalwith typeCow. If we canexpressthat Cow canonly eatGrass

(is-aFood), theattachmentiscovariant.3

Similarly, we cancharacterize the collaborationandits attachmentsby whetherthey themselvesare

objects,andif so, have types.If collaborationscanbemanipulatedat run time, they are �r st-classobjects.

Alternately, collaborationscanbeexpressedaspurelycompile-timeentities,with no representationin the

language. Java'spackagesare compile-timeentities,while objectsare run-time entities.

2.1.1.3 Roles vs. Participants

To a certain extent, the terms roleandparticipantare synonyms; both refer to a partial or incomplete

class-like construct. We have somewhat arbitrarily chosenthe systems'compositionmechanismasthe

basisfor discriminating the two terms. Systemsthat rely primarily on subclassingasthe composition

mechanismwe callRole (or mixin) Oriented,while thosethatusewrappersor directcodeinsertion are

2This analogy becomesevenmore clearin thecaseof mixins,which are generic subclassesparameterizedover their supertype.
3A dualissueto covariancenot dealtwith here iswhethertypesareencapsulated:in thecontextof aLion (is-aAnimal) which eatsMeat,

is the typeGrassvisible?
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Collaboration-Oriented. However, this distinctionis in no way standard nomenclature; severalof the

reviewedpapersin the following sectionsusethe term rolewhere we would useparticipant.

2.1.2 Comparison Criteria

We will focuson a few criteria more than others: in particular, we feel that staticproperties and

predictabilityare important in designinglargesystems.Thus, in addition to expressiveness(can the

languagesolve a given problem) we are looking for staticcheckingof staticproperties,andwould also

like to seesuchcheckingbedonein amodularfashion.

Similarly, we are looking at reusabilityof collaborationdesigns,which doesnot require separate

compilation,but is aidedby it. Note that in Java, compilationdoesnot imply a program will not fail

dynamically:Java'stypesystemallowstheprogramto attemptto castobjectsto speci�ctypesat run time.

If theobjectbeingdowncastisnot of theexpectedtype, thedowncastwill fail at run time.

As castsare commonin Java programsthey cannotbe rejectedout of hand,but we will classifythe

systemby whethersuchcastsare anoptionalor mandatory risk, andwhere the error would occur. If a

castfailsin user-written code, thentheprogrammercananalyzethelogic, inserting debugging statements

if necessary, to deducewhy the failure occurs. If, on the otherhand,a castin compiler-generatedcode

were to fail, theuserhasno starting point (otherthanthesourcecodeof thecompiler)to �gur e out why

the program is failing. Consequently, we will restrict ourselvesto frowning upon castsinserted by the

compilationprocess,andthosenecessary to achieve meaningfulreuse.

2.2 Recurring Example

To evaluatethe systemspresentedin this chapter, we will usea recurring example. An illustrationof

the problem in asolution-neutralmannerisshown in Figure 1. The exampleshowsthreebaseclasses—

asproper uml classes—andseveral of the role-like conceptsthat we wish to relateto the base. The

shadedboxesgroup rolesinto collaboratinggroups;this may be a formal grouping with encapsulation

boundaries,or a lessformalgroupingimplementedby namingconvention.

Classesare relatedby two kindsof relationships.Referencerelationshipsare drawn with dottedlines:

an Employee referencesa Workplace. Property sharing relationshipsare indicatedwith solid lines: an

Employee sharessomequalitieswith a Person. We do not meanto imply what form theserelationships

shouldtake in thesolution.
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Figure 1: A sketch of the recurring problem.

We wishto representsituationssuchasapersonbeingemployed,andthe employeefacetsharing the

basicpropertiesof theperson,while alsopossessingemployee-speci�cproperties.For example, properties

stemmingfrom apersonare name, homeaddress,andgender, while thepropertiesof having aworkplace

andpaying taxesstemfrom beingan employee. The workplacecanbe either a building or the great

outdoors,dependingon the profession.There are diVerencesandsimilaritiesbetweenthe two: while a

building hasanaddressproperty it canshare with the workplace, the outdoorsdoesnot, however, both

providecertainworkingconditionsto their employees.Additionally, we wantapersonto beable to have

two jobs:bankersmay teachnight courses.

All personscanlearn to increasetheir knowledge, but apersonwho isa teacherwill getmore out of

agiven attemptat learning, even whennot on the job. Similarly, abanker cangive �nancial advice, but

only whenin the role asabanker—perhapsheneedscredit informationthatonly thebanker canaccess.

Wewill usethisexampleasamotivatingthreadin comparing thevarioussystems.For spacereasons,it

isnot feasible to implementthewholeexamplefor eachsystem,sowewill choosethepartsthatrepresent

both whatagivensystemdoeswell, andalsowhatcausesdiYculty.
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Aspect-Or iented Features

Join
point Point cut

Reusable
Advice

Advice
Type
safety

Separate
Advice from

Point cut

Roles
Chameleon meth signature sign yes
C++ Templates meth signature paramsign yes
Mixin Layers meth signature sign yes
Jiazzi meth signature paramsignpat yes

Collaborat ions
ClassGraph Views
Dyn. Framew. Adapt.
APPC

Asp. Comp. meth pattern obj. array yes
LAC meth pattern aj-poly aj-gen yes
Ceasar meth pattern aj-poly aj-gen yes
Object Teams meth signature ?
AspectualCollaborations meth signature gen yes yes
Hyper/J meth signature paramsign obj. array yes
Sally class constr paramintro manual yes

Aspect-Or iented Languages
AspectJ meth,class pattern subt-poly aj-gen yes
JAsCo meth pattern subt-poly aj-gen yes

Figure 2: A very high-level overview of the aspectualfeaturesin the related work.

2.3 Overview and Continuum

Several diVerent organizationcriteria canbe usedto classifythe relatedwork in the following sections;

wesummarizethefeaturesin atabularformatin Figures2 and3. In orderto �t on thepage, thetable has

beenboth split into two tablesfocusingseparatelyon aspectorientedandmodularfeatures.Additionally,

thecolumnscontainseveralcontractions.

The aspect-orientedfeatures(Figure 2) are:

Joinpoint: whatcanbeadvised.Eitherdynamicmethodexecutions(meth) or staticclassstructure (class).

Point cut: how join pointsare speci�ed. Either asa singlemethodsignature4 (signature), matchingthe

signature againstsomepattern (pattern), or aclassname(constr).

Reusable advice: in which way reusable adviceis generic. Can be hardwired signature match(sign),

signature matchaftertype-mapping(paramsign), signature matchaftertype-mappingandregularexpres-

siontranslation(paramsignpat), translationof argumentsto anarray of Object andsimilarlyfor result(obj.

array), AspectJ'sgenericity schemeby having typesObject andvoid to be typevariables(aj-poly), or use

informationfrom the joinpoint to specializeamethodintroductionto typesfrom the join point (param-

intro).

4In thissection,asignature refersboth thenameof amethodandthe typeof itsarguments.
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Module SystemFeatures
Type

Modul-
arity

Typesare
Late-bound

Encap-
sulation Comments

Roles
Chameleon Object and ClassInheritance
C++ Templates class yes No self-typereference
Mixin Layers collab yes Type invasive, mandatory downcasts
Jiazzi collab yes yes

Collaborat ions
ClassGraph Views Very �exible reuse,not type safe
Dyn. Framew. Adapt. Similar to CGV, more structured.
APPC collab yes yes Quite clean
Asp. Comp. Dif�cult type system.
LAC Wrappers,intersection types
Ceasar family yes yes AOP delegatedto AJ.
Object Teams re�nement yes yes Similar to Caesar.
AspectualCollaborations collab yes yes
Hyper/J collab yes Around advice dif�cult
Sally Only introductions

Aspect-Or iented Languages
AspectJ
JAsCo

Figure 3: A very high-level overview of the modular featuresin the related work.

Advicetypesafety: theextentto whichadviceistypesafe. Advicecanbothstaticallyanddynamicallytype

safe, in thatno errorswill occurin theadvice(yes), somewhat typesafe, but canresultin dynamicerrors

in weaver-generatedcode(aj-gen), explicitly rely on downcastsfrom Object—very �exib le but with no

languagesupport—obj. array), or allow (andrely upon) the programmerto write customcompile-time

checks(manual).

Separateadvicefrompointcut:whetheradviceandpointcutcanbeseparatelyspeci�ed.

The modularfeatures(Figure 3) are:

Typemodularity: what the unit of type mappingis. We canprovide no mappingat all, singleclasses

(class), or setsof classes(collab). Two other schemesare family-polymorphism(family) andthe related

collaborationre�nement (re�nement ).

Typesarelate-bound:whetherimportedbehavior remapstypesin itssignaturesto theimporting module's

types(yes), or whetherthe importedbehavior referencesimposesits own typesasseparatefrom thoseof

the importing module.

Encapsulation: whetherbehavior and typesin the module are protectedfrom accessand accidental

capture by externalbehaviors(yes).

Comments:any additionalcomments;typicallythiswill bethesystem'sdistinguishingfeature.
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2.4 Mixin and Role-Or iented Designs

Categorizinga particularsystemaseitherrole- or collaboration-basedis boundto be subjective. Earlier

in this chapter, we de�ned a role asa participant that usesprimarily subclassingasthe composition

mechanism,whereaswrapper-basedmechanismsare usedin collaboration-orienteddesigns.

This sectioncovers relatedwork in the role-baseddesigncategory. We have attemptedto placethe

systemscovered in a continuum. This ordering is highly subjective, and is intendedto be descriptive

ratherthanprescriptive.

2.4.1 Roles in Chameleon

KristensenandØsterbye[KØ96] de�ne arole as

Role: A role of anobjectis a setof propertieswhich are important for anobjectto be

able to behave in acertainway expectedby asetof otherobjects.

Thus,a role correspondsto an instanceof a participant in a collaboration.The setof other objects

referred to correspondsto the other participant instancesin the collaboration. Recently, Graversen

andØsterbye [GØ02] have extendedroleswith a multi-role groupingconstruct, andhave shown how

rolescanbe usedto perform aspect-orientedprogramming. The authors additionally[GØ03] discuss

implementationstrategies for Chameleon,their implementationof the described rolesin a statically

compiledoo language.

2.4.1.1 Description

Chameleoncombinesprototypeandclass-basedinheritanceinto onesystem.A participantin chameleon

caneitherinherit behavior throughanis-aor aplayed-by relation.ThediVerenceisthatthelatterreference

goesnot to a participant, but an instanceof that type. However, played-by alsoinducesa subtyping

relationship, so that substitutabilityis maintainedfor both relations.Method inheritanceoccurs across

both relationsandinvocationsof played-by inherited methodsmaintainthe role objectasthe receiver

(the this or selfbinding)wheninvoked.

It isunusualto mix object-andclass-basedinheritancewithin the samesystem,but thisorganization

allows the programmerto reusethe intuitive understandingof inheritance, overriding, andreceivers to

understandhow the baseandcollaborationwill interact. For example, a role canbe usedin all places

where its hostis expected,allowing the behavior of the hostto be transparently overriddenon per-use

basis.



2.4. M IX IN AN D ROLE-ORIEN TED DESIGN S 29

Figure 4: A small role example.

Participantsandhosttypesare not segregated,andmay referto eachother freely, but hostsare pre-

sumedto be largelyobliviousto the participantsthat are are attachedto them. Participantsare tightly

boundto their hostclasses,andcanonly be reusedwith subtypesof their hostclass.Conversely, a host

objectcanbedelegatedto by severalparticipantinstancessimultaneously, andseveralparticipantobjects

of thesametypecanbeattachedto thesamehostobject.

ExplicitBehavior

Figure4showsasmallparticipantgraph.In thediagram,ahalfarrow isusedto representtheplayed-by

relation,while thenormalhollow arrow headisusedfor the is-arelation.

Figure 5 showsseveralobjectgraphs,which will be usedto discussthe systemfurther on. For now,

we useonly themiddle�gur e. Dependingon which referencewe useto accessthe Karl object,we will

get either the behavior of a person(if accessedvia the aPerson reference)or a teacher(if accessedvia

aTeacher). SinceTeacheris-aEmployee which in turn played-by Person, it follows that we canusethe

Prof objectwhere ever Karl would beapplicable.

To attachaparticipantto abaseobject,we merely instantiatetheparticipantwith thebaseastheroot

of the participant'splayed-by relation.This participantinstancecanbetransparently usedin placeof the

hostobject.It may beconvenientto useanabstractfactory to combinethe instantiationof both thehost

objectandtheparticipant.

Besidesobject-baseddynamicinheritance, Chameleondoesnot needor provide any non-classical

typingfeatures.WecannotusecovariantsubtypingbetweenEmployeeandWorkplaceto restrict aTeacher

to work in a School, or a Banker in a Bank. Likewise, sinceOutdoors is not a subclassof Building, the

Outdoors cannotbea Workplace. However, sincea FrankLloyd Wright designedbuilding isa subclass

of Building, we areable to reuseexistingroleswith subclassesof baseparticipants:thebaseisopento later

extension.Threesuchcasesare shown in Figure 5, which shows—leftto right:
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Figure 5: Someusesof roles.

(a)A mismatchbetweenthe kind of employeeandthe kind of workplace:a Teacherneedsthe building

to play the Schoolrole, ratherthanthe Bankrole.

(b) Usingamore speci�cclassthanBuildingasthe School'sbaseobject.5

(c) An attemptto have aLumberjack'sworkplacebeOutdoors, which isstaticallydisallowedby the type

system.

ImplicitBehavior

Aspectualinterception is possible through so called“constituentmethods”on participants,which

canbe invoked before, after, or insteadof the correspondinghostmethod. Figure 4 sketchessucha

methodon Person: argue. Regardlessof whetherKarl is referencedasaPersonor Teacheror any other

participant, if there is a Teacherparticipantattached,whenever Karl argues,he hasthe bene�t of the

teacher'sexperienceandaccessto schoolresources,andthusarguesbetter.

All callsto argueon Personare intercepted,andimplicitly forwardedto the de�nition on Teacher.

Thus the Teacherparticipant is able to add behavior to the basewhile allowing the baseto remain

obliviousto the modi�cation. The interceptionis bestthoughtof asanautomaticdelegationcall from

hostmethodto Teacher's interceptionmethod: the receiver of the delegationcallchangesfrom Karl to

Prof .6 Thisview allowsusto easilymodelthesemanticsof thecall: theoriginalcalleriscallingamethod

on anobjectof precisetypePerson, but when the methodruns,it is runningwith a receiver of precise

typeTeacher. This makesa diVerenceshouldthe Teacher'sarguemethodinvoke other methodson the

receiver: for example, themore advancedbehavior may needaccessto theworkExperienceonly available

on subclassesof Employee.

Sinceparticipantsare not formally grouped into collaborations,template-classrolescan crosscut

only single-classbehavior. Similarly, beingbasedon methodoverriding, advicecancrosscutonly sin-

gle methods—thisalsomeansthat unlessexplicitly delegated,adviceandpointcut are speci�edat the

5The HillsideHome Schoolopenedin 1887, andis the �r stbuilding designedby FrankLloyd Wright [Tal].
6The useof delegationhere is interesting,asChameleonhitherto hasgoneto somelengthto make callsto methodsinherited via the

played-by link notbedelegating,but insteadmaintainthe receiver unchanged.
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sametime.

2.4.1.2 Assessment

The useof object-level inheritancelendsa very intuitive behavior to the system.However, this comes

with a signi�cantcost: it is very low-level, forcing the programmerto manuallysetup plays/ played-by

relationshipsbetweenhostsandparticipants,andto make sure thatexistingparticipantsare reusedif de-

sirable. For example, theprogrammermustmanuallyascertain thattheEmployee/ Workplacerelationship

for aTeacherparticipantisassociatedwith aSchool, ratherthanaBankworkplace.

By not having a conceptof collaboration,and insteadaddingparticipantsto the baseapplication,

many typing issuesare simpli�ed. Converselyparticipant reusebecomessigni�cantly limited; rolesare

eVectively hard-wired to their base(andits classes).Sincethe hosttype is known, there is no needfor

advancedlanguagefeaturesto associatebehavior in the participant with the base. The extent of the

attachmentmachinery necessary is the ability to attacha participantinstanceto a hostobject. However,

it is very diYcult to reusethe collaborationin other situations:while the Outdoors provided all the

behavior necessary to be a Workplace, the fact that it wasnot a subclassof Buildingmadeit diYcult to

modelaLumberjackasanEmployee.

Implicit behavior, asachievedby aspectualinterceptionof methodexecutions,posesafew unanswered

questions:

(a) Were there no aspectualinterception, the attachmentmechanismcould be completelydeclarative.

Sincethe participantscontainreferencesto the host but not vice versa,garbagecollectionsuYcesto

remove unusedparticipants.However, interceptionrequiresthat the hostcontaina referenceto the par-

ticipantwith the intercepting—constituent—method,sothatit canbeforwardedto. This in turn implies

thattheparticipantwill remainattachedto thebaseobjectuntil explicitlydetached.Explicit detachment

posesthe questionwhat the semanticsare of a detachedparticipant—whichwould be unobservable in

a systemwithout interception. Sinceit no longerhasa parent object, much of its behavior becomes

unde�ned,mostlikely resultingin adynamicerror shouldtheprogramattemptto invoke it.

(b) Constituentmethodsmake it hard to predictthe behavior of the object.Not only mustwe know all

declaredconstituentmethodsin thesystem(similarto theglobalknowledgeneededin AspectJ),we must

traceandpredict the precisebehavior of the programto know which constituentmethodsare attached

to aparticularhostobjectat run time.

(c) It is unclearhow multiple constituentmethodsinteractwhen interceptingthe samemethodcall.

Presumably, orderof attachmentis important.
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Figure 6: The sampleproblem represented(left) astemplate-classroles, and (right) elaborated into classes.

Asthe systemwithout implicit behavior is admirably intuitive, oVering simpleandpowerful seman-

tics,we hopethat future developmentsare able to resolve thesequestionswhile retainingthe additional

expressivenessaVordedby implicit behavior.

2.4.2 Roles for Collaboration-Oriented Designs

VanHilstandNotkin[VN96] show how C++ templateclassescanbe usedto simulatesetsof mutually

recursive roles,implementinga collaborationwhere eachparticipant is a template-classrole. The roles

are eVectively mixins, expressedby parameterizing the templateclassover its superclass.The resulting

mixin-classescanbe usedashostsfor anothercollaborationto attachadditionalbehavior. As long as

there is no branching,eachsequenceof collaborationattachmentswill resultin eachhostclasshaving

onemostspeci�cmixin-class.For eachhostclass,the most-speci�cmixin-classis the onewhich should

beinstantiated.Thus,we needto late-bindthe �nal participantnamefor eachhostclass.

Late binding of participantsis achieved by eachparticipant alsobeing parameterized by the �nal

classof other participantsin the collaboration.This schemeis very similarto a pattern usedby Jiazzi

(Section2.4.4, page38), where eachmodulealsoimports the �nal typesof the system,but diVers in

thattemplate-classparticipantsare notparameterizedby their own �nal class.Thissuggeststhesomewhat

unexpectedscenario where aparticipantisable to instantiateotherparticipants,but not itself.

2.4.2.1 Explicit Behavior

Figure 6 showsanexampleapplication,consistingof two layers that canbe thoughtof ascollaborations

representingthe generic personandthe employeequality. However, no encapsulationis provided be-

tweenthe collaborations,sothe boxesfor the layersare shown for pedagogic reasons.The bi-directional
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associationbetweenPerson and Buildingis representedasa broken line becausethe outgoingassocia-

tion from eachparticipantactuallyreferencesthe template-classparameterfor the otherparticipant.The

template-classparameterswill bereplacedby referencesto actualclasseswhenthetemplateclassisinstan-

tiated.

The rolesare instantiatedby declaring typedefsfor the template-classroles.In order to achieve late-

binding of classnames,all templateclassesin the applicationmust be instantiatedat one time.7 For

example, to de�ne the actualclassesrepresentinga personwho is anemployee, anda building that is a

workplace, onewould say:

1 typedef Person< EmptyClass, B Workplace> /� )� / BW Person;
2 typedef Building< EmptyClass, P Employee> /� )� / PEBuilding;
3 typedef Employee< BW Person, B Workplace> /� )� / P Employee;
4 typedef WorkPlace< PEBuilding, P Employee> /� )� / B Workplace;

The four generatedclassesform amutuallyrecursive set,shown in theright handsideof Figure 6. While

the participantsare initially independent(ason the left sideof the �gur e),whenwoven togetherthe ref-

erenceto importedtemplateclassesare replacedby referencesto themostspeci�ctypesin eachhierarchy.

The associationbetweenPersonandBuildingbecomesareferencefrom PW Person to B Workplace, and

from PW Buildingto P Employee.

The �gur e andtypedefsserve asthemotivationfor anumberof observations.

DistinctCollaborationTypes. Sinceeachcollaborationis parameterized by the mostspeci�c typesof

the resultingapplication,varioususesof a collaborationcannotbe confusedwith eachother. Inter-

estingly, thisdoesnot imply covariance, but it doestendto produceunbranchingclasshierarchies,so

that downcastingis relatively safe. An implementationof anabstractmethodinherited from another

collaborationmuststill declare the methodsignature usingthe super-collaboration's type, which can

thenbedowncastto the speci�c type in the current collaboration.However, the inability to confuse

collaborationsmeansthat the downcastcannotfail on attemptingto downcasta dynamictype from

anothercollaboration.

SharedCollaborationTypes. If sodesired, typesfrom a collaborationcanbe shared betweenmultiple

sub-collaborations.This is achieved by instantiatingthe shared typesasthe mostspeci�c types,and

thenusingthose, ratherthanEmptyClassasthesuperclassof thesub-collaborations.

LateandEarly TypeBinding. The parameterizationresultsin amix of earlyandlatebindingof classes.

Sincea role is parameterizedover all otherparticipantsin the layer, but not itself, it canrefer to the

7If we were to instantiateeachcollaborationlayer separately, we would not achieve late-binding,andwould be unable to directly
instantiatethemostspeci�cclassin eachhierarchy. Instead,we would needto rely on anabstractfactory pattern.



34 2. RELATED W ORK

mostprecisetype of other participants(andcan thus instantiatethem) but cannotinstantiateitself.

Instantiationis thusbestleft to a factory role, which likewisecaninstantiateall rolesbut itself.

Self-typereferencein argumentsis similarlytroublesome. The expected(virtual in thiscase)method

visit takestwo arguments:PersonandBuilding. AssumethatanEmployee'svisitmethodwantsto invoke

theworkplace'swork methodwith thevisitedemployeeastheargument.Becausevisit isinheritedfrom

Person, which alsooccurs in the signature of the method(a self-type),the type is early-bound,and

hencewhenthemethodisoverriddenin Employee, themethodsignature(andsampleimplementation)

will be:

1 void visit(WB Personvisited,B Workplacewp) f
2 P Employeevisiting= this ;
3 wp.work(visiting);
4 wp.work( (P Employee)visited);
5 g

Notice thatBuildinghasbeenautomaticallylate-boundto Workplace, but sincePersonistheself-type,

andhenceearly-bound,themethodtakesaPerson,ratherthanEmployee, andthevisit implementation

mustdowncastthevisitingpersonto anEmployee. However, in many situations,thePersonhierarchy

will bebranchless,sothedowncastdoesnot necessarily imply ahigh risk for run time error.

This alsocomplicatesthe parameterlist to the Employeetemplate, which mustadditionallytake the

generatedWB Personclassasanargument.

Complexity. Even for a smallexample, the instantiationsbecomequite complex. In the generalcase,

eachrole-templatewill needto be parameterizedover the mostspeci�c typesfor every other role-

templatein thecollaboration,andeachrole-templatethatit subclasses(to allow it to overridemethods).

Composingn collaborations,eachwith m role-templates,we seethat the topmostcollaborationwill

havem(m� 1) roleparameters,thesecondcollaborationwill havem(m� 1+ 1) roleparameters,anda

collaborationi layersdown will have m� (m� 1+ i) parameters.Thus,theapplicationwill in general

have
nX

i= 1

�
m2 + m(i � 1)

�
=

nX

i= 1

m2 +
n� 1X

i= 0

mi = m2n +
m(n � 1)2

2
� mn(m+ n)

parametersin total, for mntypedefs.8

Import andExport of Behavior, There are two waysto import behavior from othercollaborations:in-

herit an implementedmethod—familiarto oop—or declare an abstractmethod,suchascooperate-

With , thatcanbeimplementedby beingoverriddenin alower layer. Both theseschemeshardwire the

8 Our estimatesfor parameterlist sizeare signi�cantly lower than publishedestimates[SB98b] which may be indicative of some
fundamentalmisunderstandingon our part.
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orderof composition,if appliednaively: if the inheritanceschemeisused,the importing collaboration

mustbelower thanthe implementingone, andviceversafor overriding anabstractmethod.

One workaround is only to useabstractmethodsto import behavior, andnotto override them with

their implementation.Rather, their implementationsare given diVerent names,andthe import and

implementationare connectedby overriding the abstractmethodwith a methodthat forwardsto the

true implementation.By performing this forwarding in a layer lower than both import and imple-

mentation,both are guaranteedto bevisible throughinheritance, regardlessof therelative orderof the

two layers.Thisapproachremovestheordering constraintbetweenthecollaborations,andadditionally

removesthe requirementthat imports andexports have a by-namecorrespondence, in exchangefor

manuallywir ing up their import/export relationships.

2.4.2.2 Implicit Behavior

Implicit behavior followsnaturallyfrom theuseof inheritanceandsubtypingasthecompositionstrategy.

To intercept a hostmethod,a participant de�nes a methodwith the samename, and is composedto

inherit from thehostparticipant.To proceedwith theinterceptedmethod,theparticipantmerely invokes

theoverriddenmethodby asupercall.

As in the caseof importing behavior, the ordering of collaborationsbecomesimportant,but cannot

be assuagedby the samemeans. While the method interception can be achieved by overriding the

interceptedmethodin themostspeci�ctypeandforwarding to the interceptingmethod,the intercepted

methodnow lacksa“super” callto proceedwith the interceptedmethod.9

Additionally, sincemethod interception is basedon overriding, the strict type rulesthat apply to

methodoverriding alsoapplyto interception,makingsystematicreusediYcult. For example, thisscheme

cannotbeusedto write ageneric logging behavior that isappliedto severalexistingmethods.

Sinceparticipantsare not formallygroupedinto collaborations,template-classrolescancrosscutonly

single-classbehavior. Similarly, beingbasedon methodoverriding, advicecancrosscutonly singlemeth-

ods.

2.4.2.3 Assessment

The choiceof mixins,ratherthanmultiply inheritedsuperclasses,to representparticipants,allowspartici-

pantsanaturalway to intercept—throughmethodoverriding—behavior in thehostclasses.By leveraging

the well-understoodconceptof inheritance, the approachpresentsa naturalstyleto expressingcollabo-

rations.Unfortunately, expressingcollaborationsastuplesof class-valuedvariablesquickly becomesvery
9For Java, this canbe worked around usinginner classes.Section5.1.8 (page194) describeshow thiscanbe done, in the contextof

Jiazzi.
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cumbersome. The authors report their compilerhaving trouble with the deeplynestedclassesandthe

very long classnamesgeneratedfrom templateinstantiation,andsuggestdrawing matricesto aid in the

compositionof classes.This would seemanareaeminentlysuitedto tool support.

Given thatC++ supportsmultiple inheritance, the choiceof mixinsratherthanmultiple inheritance

of participantclassesis interesting.The authorsclaimnot needingmultiple inheritanceasavaluable trait

in its own right, andalsopoint out that interactionbetweenmethods(we assumethey meanaspectual

interception,in thecurrent terminology) isdisallowedfor multiply inherited classes.

However, the chosenorganizationhasdrawbacks,suchaslong classinstantiationclausesand the

mixture of lateandearlybinding of classnames.Additionally, while interactionbetweenparticipantsis

necessary for implicit methodcapture, lack of encapsulationbetweencollaborationsimpliesthat they

cannoteVectively be developedin isolation,asinadvertent and intentionalnamecapture needsto be

taken into account.

2.4.3 Mixin Layers

Mixin Layers[SB98a] promotemixinsto language-levelentitiesratherthansimulatedby templateclasses.

The authorsexpressacollaborationasanestedmixin, where theoutermixin representsthecollaboration

andencapsulatesthe innermixinsrepresentingparticipants.

This approachaddressestwo concernswe expressedin Section2.4.2 (page32): that largecollabora-

tionsor longchainsof collaborationattachmentswere diYcult for thecompilerto handle, andthat there

wasno explicit groupingof participantsinto a collaboration.Theseconcernsare addressedby explicitly

representingthe collaborationasa languageentity asopposedto labelingan informal groupingof roles

asacollaboration.Asin template-classparticipants,inheritanceisusedto staticallycomposeparticipants

into �nal classes,but ratherthanhaving to manuallyassemble eachparticipant-mixin'sparameter-list,this

isautomaticallyhandledwhenacollaboration-mixinisdeclaredto subclassacollaboration.

Mixin layers' key innovation is leveraging the naturalencapsulationof inner-classesto achieve auto-

maticassembly of participants.This organizationinherits mostof the bene�tsanddrawbacksfrom that

of usingplaintemplateclasses,with thenotable diVerencethatall participantnamesare early-bound,and

that eachcollaborationgeneratesits own mutually recursive setof typesthat canbe shared with several

othercollaborations.

2.4.3.1 Explicit Behavior

Becausethey are shared betweenall most-speci�ctypes,the early-bindingof typenamesin mixin layers

is open to type con�ation: the signature of an expectedmethodinherited from a super-collaboration
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Figure 7: An illustration of how the sampleproblem might be expressedin Mixin Layers.

mustnecessarily specifytypesfrom its own collaborationin its signature that mustbe downcastto the

current collaborationto be usedin the current collaboration.While template-classparticipantstend to

createbranchlessclasshierarchies,mixin layers share typesfrom super-collaborations—theeVect is that

thedowncastshave more opportunitiesto fail thanthoseof template-classparticipants.

Figure 7 illustratesthe situationof type con�ation by showing how Mixin layers would represent

two kindsof Employees—aTeachingcollaborationandaBankingcollaboration.Mixin layers' participant

namesare boundby namecorrespondenceto participantsin asuper-collaboration,sothe fully quali�ed

nameis shown in the �gur es. Eachcollaborationis compiledseparately:their presumedlinking is

illustratedasdotted arrows: The participant inheritancerelationshipsare implied by the inheritance

relationshipsbetweenEmployee, andBankingandTeaching. Notice that the expectedmethodworkIn in

Employee.Person is implementedin the two sub-collaborations.However, the signaturesof the methods

de�ned in the sub-collaborationsstill referencethe typesin Employee. Thus, type checkingcannot

guaranteethataTeacherisnot told to work in aBank.

Similar problemsplaguethe useof factory methods. While eachcollaborationcan declare ex-

pectedmethodsto instantiatethe most-speci�ctypeof eachparticipant, the return typeof suchmeth-

odsis the least-speci�ctype. Thus, even instantiationrequiresdowncasting.Associatinginstantiation

with dynamiccastsis unfortunate, andthe authors suggestthat specifyingparticipantsasvirtual classes

[MMPN 93, Tho97] would allow late binding of participant names.This would allow participantsin

attachedcollaborationsto late-bindthe �nal classname, while retainingthe conceptof a collaboration

encapsulatingits participants.However, it is unclearwhat restrictionssucha changewould imply. Cer-

tainly, the typing schemewould needto disallow static�elds in participants,asthe type of such�elds
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would belatebound.

2.4.3.2 Implicit Behavior

The techniquessuggestedfor implementingexplicitbehavior for template-classroles(Section2.4.2, page

32) applyto Mixin Layersaswell. However, the largerscopeof modularity allowsa collaborationto be

crosscut,ratherthansingleclasses.

2.4.4 Jiazzi: A Module Systemfor Java

Jiazzi [MFH01] is the Java implementationof the Units modulesystem[FF98]. In overview, a unit

is a packageof behavior with formally declared imports and exports. Units are linked togetherinto

largerunitsby resolvingwhich concreteunit is referencedby an import declarationandredirectingthe

importing referencesto theconcreteunit.

Instantiatinga unit is distinct from referencing it during linking. This is in contrastto Hyper/J

(Section2.5.7, page62) and AspectualCollaborationwhich con�ate the two concepts:composinga

collaborationwill insert a copy of the collaborationinto the result.Two usesof a collaborationcanthus

not share statethrough staticvariables. Jiazziallows both to be varied separately;however, sharing is

rare asidiomaticJiazziprogrammingpatterns,suchastheopenclasspattern (de�ned below), do not lead

to—andare not compatible with—multiple usesof aunit instance.

Unit signaturesare the basisfor the compile-timepropertiesof the modulesystem.A unit signature

iseitheratomic, consistingof classhierarchiesandmethodsignatures,or composite, consistingof nested

unit signatures. A unit declareszero or more imported signatures,andprovidesan exported signature.

Similarly, the implementationof a unit is eitheratomicor composite, staticallychecked to conform to

its exported signature, given the guaranteesof the imported units' signatures. Separatecompilationis

supported by generatingtemporary stubJava packagesandclassesfrom imported units' signatures,and

compilingtheunit implementationagainstthose. A compiledunit with no importscanbeusedasaJava

package.

The Jiazziapproachis �exib le enoughto encodeseveralusefulprogrammingpatterns,even though

thesystemdoesnot natively support them.

Mixin Inheritance.Classescanextendimportedclasses,allowing mixinsto beexpresseddirectly. Since

theunit containsseveralclasses,Jiazziisable to expressmixin layers.

LateBinding. Latebindingisneededto beable to allow themostspeci�ctypein achainof mixin layers

to be instantiated.This is expresseddirectly by importing the �nal unit into eachof the constituent
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units. Thus,eachunit candecidewhetherthe intermediatetypeor �nal typeshouldbeused.When

usedtogetherwith mixin-inheritance, thisiscalledtheOpenClassPattern.

Interception.This isdiscussedin Section2.4.4.2.

2.4.4.1 Explicit Behavior

Figure 8 showstwo atomicJiazziunits.Person Buildingimportstwo units(on the left sideof theunit, by

graphicalconvention): the initial classes(In) andthe �nal classes(Final), andexports (on the right side)

extendedversionsof the initial classes(Out). Internally, all referencesto Person andBuildingare to the

�nal versions,which are alsothe only imports with constructors: hencethesecanbe instantiated.The

�nal classesare declared to be indirect subclassesof the exported classes,which in turn are subclassesof

the initial classes.Becausethesesubclassingrelationshipsareknown, internalreferencesto the�nal classes

canseeall the declaredmethods(includingthe unexportedones),while external referencescanonly see

methodsin theexportedsignature.

The Person Buildingunit makesno requirementsof the initial classes,andexportsextendedversions

that are guaranteedto have certain methods.Employee Workplacedoesmake requirementsof its initial

classes,requiring thatEmployee have a getNamemethod.Thesemethodsare referencedin the concrete

behavior implementedby thepackage.

The getWorkplacemethod,ratherthanreturning the localWorkplacetype, isdeclared to return the

�nal type. Similarly, the introducedrelationshipsare betweenthe local typesandthe �nal versionsof

their endpoints.Thus,Out.Employeehasaworkplacereferenceto Final.Workplace.

The bottom of Figure 9 alsoshows how we canwire the two units together, creatinga reusable

PersonEmployee package. UsePersonEmployee takesthat unit andclosesthe loop, linking the output of

PersonEmployee to its �nal import, andlinking in a trivial packageto be the super-mostbaseclassesfor

PersonandEmployee.10 By closingthe loop, theclassesin theunit canno longerbemodi�ed. Figure 10

(page42) showsthe resultof all the linking: acompactclasshierarchy.

2.4.4.2 Implicit Behavior

Methodsdeclaredon the imported superclassare inherited into the localsubclassandcanthusbeover-

ridden.Combinedwith latebindingof class-names,thisallowsinterceptionof methodexecution.How-

ever, likeHyper/J, thereareonly limitedprovisionsfor genericity with respectto theinterceptedmethod.

McDirmid andHsieh[MH 03] describe how methodnamesandsignaturescanvary basedon template

10We couldalsohave donethisdirectlyon PersonEmployee if we hadnot neededareusable unit.
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Figure 8: Two atomic units; Imports and exports are shadedboxes, with imports on the left and exports on the
right.

replacement,andhow thiscanbeusedto capture aclassof crosscuttingconcerns,andalsoshow how the

open-classpattern cancapture somecrosscuttingbehavior.

The crosscuttingfeaturesallow behavior accrossseveralhostclassesto bemodularized,but the lackof

automatedmethodinterceptionmakessuchcrosscuttinghard to reuse. Only if all interceptedmethods

have the expectedsignature—modulo imported type bindings—cana unit's crosscuttingbehavior be

reusedin anothercontext.

Automaticallygeneratedinterceptionmethodswould allow Jiazzito beusedasabackendto provide

both AspectJandAspectualCollaborationadvicesemantics.There is a restriction in that the semantics

of Java's supercall allows the overriddenmethod(i.e. the proceed()pseudo-methodin AspectJ)to be

invoked only from within the textualscopeof the overriding method. Future work in Section5.1.8

(page194) presentsa techniquewhich usesthe baroquesemanticsof Java's inner classesto circumvent

this, allowing �r st-classjoin-point objectsto escapeboth the lexicalanddynamicscopeof the method

execution.
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Figure 9: Linking the two units together.
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Figure 10: The result of linking.

To implementaspectualinterception,the interceptingmethodsmustbedeclaredon subclassesof the

interceptedmethod's owner. Thus, order of compositionbecomesimportant, andit becomesdiYcult

to have symmetric interceptionbetweentwo units: unit A wantsto intercepta methodin unit B, but

B wantsto intercepta (diVerent) methodin A. There doesnot existan order of compositionsuitable.

Oneworkaroundissimilarto thesuggestionfor �exib le importsfor template-classrolesin Section2.4.2.1

(page32): deferinterceptionto aunit C that is linkedat thebottomof thesubtypinghierarchy, andthus

canoverridemethodsfrom both A andB andforward from oneto theother.

2.4.4.3 Evaluation

Jiazzi's treatmentof signaturesis very �exib le, verifying thata unit satis�esanimport'srequiredsignature

(and likewise guaranteeingexports) ratherthan declaring one or more speci�c signaturesfor the unit.

Thus,a unit cansatisfyinterfacesthat were not visible in the contextin which it wascompiled.This is

in contrastto Caesar's (Section2.5.5, page56) collaborations,which could satisfyseveralCollaboration

Interfaces,but only thoseexplicitly declared by the collaboration.11 AspectualCollaborations,on the

otherhand,eschew appliedsignaturesaltogetherfor oneprincipalsignature percollaboration.This does

not costcollaborationsany expressivenessasthey currently have no parametricity, but if parametrization

were developedin the future (Section5.1.2, page190), thisdesignchoicewould needto berevisited.

Becausesignaturesapplya view to their targetunit, signaturesdo not fully describe the contentsof

the unit. Notably, knowing the signaturesof a unit's declared imports and the signaturesof the units

appliedto thoseimportsisnot suYcientto decidewhethertheapplicationis legal.

Figure 11 illustratesthe situation.The unit on the left, AddFoo, representsa smallunit that imports

someclass(requiring abar memberto exist)andexportsasubclassof thatclasswith amemberfoo added

11It appearsthatCaesarrequiresanimplementationto declare exactlyonecollaborationinterface, but that is likely not a fundamental
restriction.
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Figure 11: Both the imported and exported signaturesof a unit determine whether an import is legal.

to it. On the right, a compoundunit UseAddFoo usesthat to add foo to someimported class,and

re-exportsthe result.

While AddFoo compiles,UseAddFoo will not. The reasonis thatOuterImportedClassrequiresa foo

memberto bevisible, which causesaclashwith the memberaddedby AddFoo.12 To discover thiserror,

it isnot suYcientto look at the import requirementsof theunit. Lookingat theapplicationof OuterIm-

portedClassto ImportedClass, the signaturessuggestthateverything shouldwork: ImportedClassmakes

weaker requirementsthanwhatOuterImportedClassguarantees.It isonly whentakingtheexportedsig-

naturesinto accountthat the true signature requirementsfor ImportedClassbecomeapparent: not only

doesit require abar memberto exist,it alsorequiresa foo memberto notexist.13

Anotherway to look at theproblemisthatthere isanambiguityin OuterExportedClass: it isnot ob-

viouswhich foo to export: theoneinherited from OuterImportedClass, or theonefrom ExportedClass.

Jiazziprovidesthe toolsto disambiguateby usingencapsulationto hideoneof themembers(in Javaonly

theaddedmembercanbehidden,asthere isno mechanismto uninherit amember).

2.5 Collaboration-Oriented Designs

Ratherthan inheritance, asthe previoussection,the systemssummarizedin this sectionprimarily use

wrappersor directcodeinsertion to composeparticipantbehavior. Onecriterion usedto includesystems

in thissectionis that they allow someanalysisof the behavior in the collaborationseparatelyfrom itsuse

in anapplication.

12[MFH01] identi�es the issueandoVersaworkaroundfor this,by usingencapsulationto hidetheaddedfoo method.
13We use“to exist” and“be visible” interchangeably, astheconceptsareinterchangeable in theeyesof encapsulation.



44 2. RELATED W ORK

Figure 12: Teachersand Ants in ClassGraph Views

2.5.1 ClassGraph Views

Whileunpublished,OvlingerandLieberherr'sClassGraphViews[OL98] makeagoodstarting point for

collaboration-(ratherthanrole-) orienteddesigns.The paperpresentsa smalldomainspeci�c language

(dsl ) for implementingthe facadepattern [GHJV95], focusingon mechanismratherthanpolicy.

A collaborationispresentedasasetof participantclasses,which are augmentedwith expectedmeth-

ods. Expectedmethod (calledmapmethodsin the paper)deferbehavior to unspeci�edhost classes.

Thesemethods'signaturesare known, allowing the collaborationto becompiledasa whole. The Class

GraphView compilerscansthe collaborationfor suchmethodsandcreatesa Java interfacethatcontains

methodsignaturescorrespondingto all theexpectedmethodsof thecollaboration.To avoid nameclashes

andpossibly ambiguousoverloading,eachmethodnameis modi�ed to containthe nameof its owning

participant.

Figure12 showsavariantof therecurring example, expressedasacombinationof concreteclassesand

classesgeneratedfrom declarationsin the mappingdsl . The examplereusesthe Employee/Workplace

collaborationtwice, by mappingit againstPerson/BuildingandAnt/AntHill. Thecollaboration'srequired

interfaceis presentedasa Java interfaceusingnamemanglingto expresswhich participanteachmethod

is mappedto. AttachmentInterfacehasbeengenerated(thusshown in a slightlydarker shade)from the

collaboration,andeachparticipantin the collaborationhasa referenceto the speci�cattachmentobject

which instantiatedit. Invocationsof expectedmethodsare forwarded to appropriate methodson this
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object.

Implementationsof the attachmentinterfacehave beengeneratedfrom declarationsin the mapping

language, declaring typemappingsandmethodimplementations;thedottedbox in Figure 12 sketchesan

examplefor PersonAttach. AntAttach issimilarandthusomitted. In the �gur e, typemappingsare shown

asdottedcurved lines.The mappingrelationis not inherently a subtypingrelation,anddiVers in a few

key regards:

(a)Theattachmentmappingcanbeappliedto ahostclasswithout modifyingthatclass,andahostclasscan

bemappedto participantsin severalcollaborationssimultaneously. Achieving thiswith subtypingwould

requiremultiple inheritance, aseachhostwould thenbeasubtypeof participantsin severalcollaborations

simultaneously.

(b) The attachmentmappingallowsrequiredbehavior to beprovidedin any way thatcanbeexpressedin

the mappinglanguage, while subtypingrequiresaprecisesignature andnamematch.Indeed,there need

not beany hostclassesatall, aslongasthemethodsin theattachmentinterfaceare implemented.

(c)Subtypesaretransparentlyupcastto their supertypeswheninvoking inheritedbehavior with signatures

written over the supertypes,while mappedobjectsmust explicitly be translatedbetweenthe baseand

collaborationtypekinds.

To abstracttheprecisenatureof therelation,thegeneratedattachmentimplementationclassescontain

methodsto managethe associationbetweenthe hostandcollaborationtype kinds. Below, we explain

how the principle behindmappingis fatally�awed, andcannotbe madetype-safewithout signi�cant

redesign.

2.5.1.1 Explicit Behavior

The paperdescribeshow the interfacecanbe implementedby an attachmentclass,instancesof which

actasfactories(or lenses[Hol93]) at run time to maphostobjectsto participantobjects.Attachmentis

per object,andwhile the paperdescribesa systemthat requiresthe classof eachhostto be primed for

“hosting” participants,this is not a fundamentalrestriction—in retrospectit would be more naturalto

implementtheparticipant-hostrelationon theattachmentobject.

The attachmentclassis generatedfrom a succinctspeci�cation,andin additionto the methodsre-

quiredby theinterfaceprovidesmethodsfor wrappingahostobjectasaparticipantinstance, andlikewise

for unwrappingsuchan instanceto exposethe host. It is necessary to wraphostobjectsin participant

instancesbecausethe behavior in the collaborationis written over participanttypes.Employee'sworkIn

methodrequiresan argumentof type Workplace, which neitherBuildingnor AntHill are; by wrapping
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themobjectof thesetypesin a wrapperof Workplace, they canbe passedasargumentsto workIn. Be-

havior providedby the collaborationis accessedby instantiatingthe attachmentclass,usingthe factory

methodsto createparticipantobjectsfrom oneor more hostobjects,andinvoking the desiredbehavior

on the resultingparticipantobjects.

The participantbehavior caneitherside-eVect the underlyinghostobjectsvia expectedmethods,or

elsereturn a result,which the attachmentobjectcantransform from a participant instanceinto a host

object.The expectedmethodsare forwardedto methodson thehostobjectvia theattachmentobject.

There isno encapsulationbetweenhostandcollaboration,apart from thatenforcedby the program-

mer, but to promotereuseof collaborations,the attachmentobjectautomaticallytranslatesbetweenhost

andcollaborationtypes. The paperdescribeshow a hashtable is usedto memoizethe translation:this

meansthat if thesamehostobjectispassedinto thecollaboration,it will bewrappedasthesamepartici-

pantobjectboth times.Thiscorrespondsto theconceptof “wrapperrecycling”in Caesar(Section2.5.5,

page56).

Unfortunately, the lackof a covariant type systemmeansthat a wrappertype from one attachment

is not distinctfrom one from anotherattachment.This caneasilyresultin dynamiccastingerrors. For

example, theEmployeeparticipantof Figure12 iscommonfor bothPersonandAnt; while theattachment

objectsperform run time checks,andthusavoid con�ating a Person-Employeewith anAnt-Employee,

there isno protectionfor theprogrammerwho attemptsto passanAntHill-Workplaceasanargumentto

aPerson-EmployeeworkIn method.An exampleof suchasituationis:

1 void someMethod(Personperson,AntHill anthill) f
2 PersonAttachp ad= new PersonAttach(); // Generated Attachment Classes
3 AntAttacha ad= new AntAttach();
4 Employeeemp= p ad.makeEmployee(person);
5 Workplacewp = a ad.makeWorkplace(anthill);
6 emp.workIn(wp);
7 g

where a person is told to work in an anthill. To illustratethe risk of dynamicerrors, assumethat

emp.workIn(wp) in turn invokesgetAddressWorkplace(wp)on the attachmentobject. The attachment

classimplementsthismethodby unwrappingwp to aBuildingin order to callgetAddress(), but sincewp

isactuallyaAntHill, thiswill fail dynamically. Similarproblemscanbeencounteredif class-scoped(static)

stateisdeclaredon theparticipants—accessingthestaticstatefrom thewrongattachmentobjectwill also

resultin castingerrors.

The lackof encapsulationallowshostmethodsto explicitlydelegateto collaborationbehavior, which

allows collaborationbehavior to be easilyreused.There are no provisionsto allow hostmethodsto be

interceptedwhile thehostremainsoblivious;there isno implicit behavior.
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2.5.1.2 Assessment

ClassGraphViewsfocusedmore on mechanismthanpolicy, providing avery straight-forward systemfor

reusingcollaborations.The system'ssalientpointswere that apart from the minimalprocessingdonein

�nding theexpectedmethodsandgeneratingtheattachmentclass,it relieson plainJava. Assuchit canbe

thoughtof asatool-supportedprogrammingpattern more thananew languageconstruct. The Demeter

project[Lie96] hasshown how powerful suchapproachescanbe.

However, the systemsuVered from threedrawbacks,which prompteda changeof directionto more

staticlanguagedesigns:

(a)The lackof encapsulationbetweenattachmentscausedmore dynamicobjectmanagementproblems

thanthe �exibility it allowedwasworth.

(b)Passinglargedata-structuresasargumentswascomplex:arraysneededto becopied,with eachelement

individually wrapped. Collection classessuchasVector were even more problematic, asthe elements

are stored asObject. Sincetheseelementscould in turn be collectionclasses,a completetraversalof

the argument's object structure is the only way to translateobjects. It would seemthat this �aw is

fundamentalto separatelycompiledobject-basedcollaborations,but we have not seendiscussionof it in

otherpublications.

(c) The system's �exibility madeit diYcult to explainhow it wasmeantto be used. For example, no

hostclassesare necessary; it is fully feasible to write an attachmentclassmanually that implementsthe

attachmentinterfaceby accessinginformationstoredin adatabase.

The projectwasabandoned,with the judgmentthat it wastoo �exib le: typicallythismuch �exibility

is not needed,anda more restrictive systemwould be able to provide bettersupport to the program-

mer. However, the very simplecompilationprocessallowed a prototypeimplementationto be quickly

assembled,andasfaraswe are aware, it wasthe �r stimplementationof any of thecollaboration-oriented

languagedesignspresentedhere in Section2.5 (page43).

2.5.2 Dynamic Framework Adaptation

A frameworkis a collaborationconsistingof participantsthat are expressedasabstractclasses,with de-

ferred behavior expressedasabstractmethods.The similarity betweencollaborationsandframeworksis

highlightedby the work on framework adaptation[SML99, MSL01]. The paperspresentthe designand

implementationof constructsto dynamicallyattachframework collaborationsto hostclasses.As with



48 2. RELATED W ORK

Figure 13: Both a Personand an Ant can be Employees

ClassGraphViews, the dynamicnature of the processimpliesthat the hostclassesare not necessarily

aware of the framework, with the couplingbetweenthe two beingachieved by instantiationof attach-

mentobjects.Alsolike cgv, implicit behavior, suchasinterceptionof methodexecutionsin the base, is

not supported: all usesof collaborationbehavior are explicit in the code. As a consequence, Dynamic

Framework Adaptation(dfa) canbe implementedasa local (ratherthanglobal)programmingpattern,

or implementedasa dsl that generatessourcecode. The authorspresentboth approaches,presentinga

smallattachmentlanguagethatgeneratesattachmentclassesandinnerclasses.

Unfortunately, the similarity to cgv extendsalsoto both the needand the lack of covarianceof

attachments.Figure 13 illustrateshow thePersonandAntHill scenario of Figure 12 (page44) isexpressed

asa framework adapter. The main diVerencefrom the approach in cgv is that mappingdoesimply

subtypingin dfa. Attachmentisrepresentedasaclassthatcontainsinnerclassesrepresentingthemapping

of a hostclassto a collaborationparticipantby subclassingthe participant. These“wrapper” classesare

relatedto the hostobjectsby has-arelations.The useof inner classesto representattachedparticipants

easilyallowsthe full oo paradigmto beusedto implementthedeferredbehavior, typicallyby forwarding

to hostclasses(afterproperun/wrappingof argumentandreturn values).This organizationallows the

hostandcollaborationto beseparatelycompiled,with theattachmentcompiledafterwards.

The participantsthushave subtypesfor eachattachment.To accessdeferred behavior, a participant

mustbedowncastto the wrappertypefor the attachment.Figure Figure 14 illustratesthe situation.To
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Figure 14: Inheritance provesdif�cult.

allow workIn to accessthe expectedgetAddressmethodof itsargument,the Workplaceparticipantmust

be downcastto the properwrappertype—eitherto a P Workplaceor A Workplace, dependingon the

precisetypeof theEmployee—sothattheproperaddressmethodcanbeinvokedon thehostobject.This

unfortunatelyleadsto a lackof statictypesafety, asin the cgv case. An key improvementover the cgv

caseis that the downcastwill happenin codewritten by the programmer, allowing the ultimatecauseto

bemore easilyunderstood.

Using subclassingfor attachmentallows late-bindingdispatchto be usedto downcastthe receiver

of anexpectedmethod,but posesproblemswhenparticipantshave subclassingrelationshipsthemselves.

Figure 14 shows a hypotheticalcasewhere multiple inheritanceseemsnecessary; Managerre�nes the

Employeeparticipant.The wrapperP Managerneedsto subclassboth theManagerparticipant(to provide

animplementationfor MeetIn), andwrapperP Employee to inherit the implementationof workIn sothat

thewrapperisnon-abstract,andhenceinstantiatable.

If it werepossible to implementtheopenclasspattern (seeSection2.4.4, page38), thedesiredbehavior

could be achieved by linearizing the subclassingrelationships:Employee > P Employee > Manager>

P Manager. However, thissolutionwould require breakingthedirect inheritancebetweenEmployeeand

Manager, thusrequiring languagesupport for modifyingcompiledclasses.

This exampleandthe diYculty Java hasin expressingit providesan interestinginsightinto the evo-

lution of framework designsto full-�edged modulesystems.Many of the designdetailswe �nd fault

with stemfrom the diYculty of simulatinga modulesystemusingoo languagefeatures. This hasbeen

remarkeduponbefore by Szyperski [Szy92].
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2.5.2.1 Assessment

Framework adaptationsharesmany of the strengthsof cgv, notably being very dynamicand having

a straightforward approachto reusingmulti-classbehavior. The biggestdiVerencebetweenthe two is

the organizationof the attachment:in cgv, the attachmentinformationis encapsulatedin a class,with

deferredbehavior providedto thecollaborationvia �at methodsimplementingageneratedJavainterface,

while in dfa, the attachmentimplementationusesinner classesthat extendcollaborationparticipants.

Additionally, thework on framework adaptationhasasigni�cantlymoreadvancedlanguagefor expressing

attachmentclasses.

Sincea classconstruct is usedto representthe attachment,classinheritancecanbe usedbetween

attachments:partial attachmentscanbe expressedasa class,which is then extendedto completethe

attachment.In our example, themapbetweenBuildingandWorkplacecouldbeexpressedin thecommon

super-attachment,subclassedto mapEmployee to Person its hostclass.Thus,severalsimilarattachments

canreusethesharedsuperclassfor commonalities.

However, we note that attachmentimplementationaside, the fundamental�aws in Section2.5.1.2

(page47), which leadto cgv beingabandoned,have not beenaddressed.The authors do not discuss

staticpropertiessuchastype safety, so it is possible that expressivenessis seenasmore important than

typesafetyin promotingtheir statedgoalsof improvedmaintenanceandunderstandability[MSL01]. This

conclusionisborneout by theprovidedprototypeimplementation's[Mez] useof theJavaRe�ection api,

which doesnot support statictypechecking,to implementattachment.

2.5.3 Adaptive and AspectualComponents

AdaptivePlug&Play Components(appcs)[ML98] andtheir successors,AspectualComponents[LLM99],

take theconceptsof reusable behavior expressedovermultipleparticipants,andshow how thisinfrastruc-

ture canbeusedasacomponentarchitecture.

AspectualComponentsare presentedasanextensionof appcs,but the latterhave avery diVerent in-

terfaceto the applicationthanthe AspectualComponents,whosebehaviorsare usedin a fashionsimilar

to ClassGraphViews, Frameworks,Caesar(Section2.5.5, page56), andObject Teams(Section2.5.6,

page59). appcspresentonly asingleentry-point to theirbehavior, while theothersystemsallow methods

to becalledon participantinstancesaftersuitable attachmentandlifting of hostobjectsto participantob-

jects.However, apart from thisdiVerence, themaindiVerencebetweenappcsandAspectualComponents

is that the latteraimsto support theexpressionof reusable aspect-orientedbehavior.
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1 connector ConnectTeacherEmployeePersonf
2 Personis f TeacherSchool.Teacher,EmployeeWorkplace.Employeeg with f
3 argueBetter= argue;
4 getName= getName;
5 getSchool= getWorkplace;
6 g
7 Buildingis f TeacherSchool.School, EmployeeWorkplace.Workplaceg with f
8 getAddress= getAddress;
9 g

10 g

Figure 15: Composingthe TeacherSchooland EmployeeWorkplacecomponentsto a base.

Lieberherr et al. [LLM99] identify the tight couplingof aspectsto the programthey adviseasoneof

thebiggesthindrancesto reusein AspectJ.AspectualComponentsleveragetheparticipantgraphconcept

to expressaspectsandadviceover the participantgraph,which is mappedto an hostclassgraphby an

attachment(connectorin their terminology).

2.5.3.1 Implicit Behavior

Becausetheexplicitbehavior issimilarto both cgv andframeworksadaptation,we will focuson implicit

behavior. Both appcs andAspectualComponentsdescribe expressive compositionsystems.However,

thisdiscussionwill focuson their core features.

Implicit behavior in AspectualComponentsis expressedby replacingdeferred methods'implemen-

tation. A simplemethodinterceptionis shown with a Teacher'sargueBettermethod,illustratedin Fig-

ure 15, with theconnectorthatconnectstheBase, Employee, andTeachercollaborationsshown textually

beneath.Whenever methodargueis invokedon aPerson, argueBettertakesover, perhapsexecutingthe

originalmethodin additionto referencingthe Library oVeredby the Teacher'sSchoolworkplace.
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We �nd that when severalmethodsneedto be intercepted,the approachbecomesvery ambiguous.

Figure 16 shows (graphically, abstractingfrom the textual representationof beneath)a simplelogging

componentthat logsreadandwrite calls.ParticipantLoggerde�nestwo methods,readOpandwriteOp,

that are able to interceptany loggedreador write hostmethod. The connectorLogReadWriteAccess-

ConnectormapsreadOpto allmethodsmatchingthenamepattern get*, on allclassesmatchingthename

pattern Shapes.*(andsimilarlyfor writeOp andset*). The typesvoid, Object, andObject[] areoverloaded

to conform to generic signatures.14 To make the interactioninteresting,we modify slightlythe behavior

of readOpandwriteOp from [LLM99], addinginformationaboutwhatisaccessed,asshown in Figure16.

The intent is that for eachloggedoperation,the valuebefore executionof the interceptedmethodis

reported. We thusneeddisplayStringto invoke the unloggedversionof eachmethod. How the design

would achieve this is unclear, but it is easyto visualizesyntaxto allow suchreferencesfrom within the

modifyingcollaboration—we have assumedthat a call to the expectedmethodinvokesthe intercepted

methoddirectly.

AsAspectualComponentsareanextensionof appcs,participantscanalsode�ne normaloo behavior,

in additionto expect andreplacemethods.The participantProvider de�nesa sampleimplementation

for themethodcallShowString.

To usethe logging behavior, we might instantiatethe attachment,andusethat instanceto instantiate

participants.15 One instantiationwill aVect all the get* andset* methods,allowing the componentto

crosscutseveralmethodsin severalclasses.It is unclearwhat the extentof the implicit featuresof the

componentare: theexamplesin thepapersuggestthisisaglobalside-eVectof compilingtheattachment

connector, but thepresentationalsohintsataper-objectdeployment.16 For concreteness,wewill assume

that implicit featureshave globalextent,andthatexplicitbehavior needsto bemanuallylifted to partici-

pantobjectsto beactivated.The testingmethodsin Figure16 illustratethetwo scenarios,exercisingboth

implicit andexplicit features.

We encounterseveraldiYcultiesin predictingthe eVectsof our testcode. For example, testImplicit

invokestwo methodswhich we know to be modi�ed by the attachment.The call to setX on Point is

interceptedby the writeOp method,which callsdisplayString, andwhich in turn callsthe hostmethod

mappedto readOp. However, it is unclearwhich get* methodreadOp is mappedto in the call inside

displayString. Figure 16 showsthat readOpismappedto atotalof sixmethods.17

In general,even suchcomplexmappinglogic will not suYce. Considerthe next call, to Rectan-

gle.setPoints, which is alsomappedto writeOp. There doesnot exista correspondingreadOp that is

14This issimilarto AspectJ'stypingof aroundadviceanditsproceedmethod;seeSection2.6.2.2 (page71).
15How behavior isusedisextrapolatedfrom [ML98]; thescenario doesnot appearin [LLM99].
16Per-objectdeployment would open anotheroption to resolvingthe issue, brought up in the discussionof Figure 15, of how a

connectoris relatedto asetof classes.
17The l ac (Section2.5.4) implementationof aspectualcomponentssolvesthisby disallowing replacemethodsto beinvokeddirectly.
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1 collaboration Logging;
2 par ticipant Loggerf
3 expected Object readOp();
4 replace Object readOp() f // unchangedfrom [LLM99]
5 System.out.println(”Read”+ displayString());
6 return expected (); // call the original method
7 g
8 expected void writeOp(Object[] methargs);
9 replace void writeOp(Object[] methargs)f // also unchanged

10 System.out.println(”Write ”+ displayString());
11 expected (); // no return becausevoid
12 g
13 privateStringdisplayString() f // modi�ed to call original readOp method
14 return ”accesson ”+this .showString()+” was”+ readOp().toString();
15 g
16 expected StringshowString();
17 g
18 par ticipant Provider f
19 Loggerlogger;
20 StringcallShowString() f return logger.showString(); g
21 g

1 void testImplicit(Rectangler, Point p) f
2 p.setX(1);
3 r.setPoints(p,r.getLine().getUL());
4 g

5 void testExplicit(Provider prov) f
6 Stringresult= prov.callShowString();
7 System.out.println(”The resultwas”+result);
8 g

Figure 16: A sample implementation of the Loggingcollaboration, and two testmethods.
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obviousto ahumanreader, much lesstheautomatedattachment.

A similarquandary appears in testExplicit. Here, Provided.callShowStringpredictably invokesshow-

Stringon the participant instancevariable logger. The unresolved questionis which of the threehost

typescorrespondsto the participant Logged. The situationis similarto the diYcultiesfound in cgv,

where EmployeesplayedPersonscouldnot bedistinguishedfrom thoseplayedby Ants.

2.5.3.2 Assessment

Adaptive Plug & Play Componentsprovide an attractive—andvery likely type-safe—meansto express

multi-classbehavior. The authorssuggestasimpleandpowerfulmixin-like schemefor componentcom-

position,with anattachmentlanguagethat is restrictive enoughto be easilyimplementedin a typesafe

manner. Examplesof appcspresentedin [ML98] suggestastaticimplementationwhere participantcode

is insertedinto thehostclasses,neatlyside-steppingthediYcultiesdiscoveredin both cgv (Section2.5.1,

page44) anddfa (Section2.5.2, page47) in keepingobjectsfrom diVerent usesof the componentsepa-

rate. With asafeimplementationdemonstrated,we canspeculateaboutmore advancedimplementations

thatmaintainthesamesemanticsbut alsoprovideseparatecompilation.

Unfortunately, theextensionof appcsto AspectualComponentsisnot aspolished.While theauthors

presentan interestingandexpressive compositionsystem,it is basedaround a core with very unclear

semantics.Our exampleshave illustratedthe diYculty in unambiguouslyinterpretingattachmentsbased

on wild-cards,at leastaspresentedhere. This diYculty motivatesour discussionof join-point tuplesin

Section3.5.3 (page104).

Assuminganunambiguousinterpretation,we are nonethelessleft with asystemthatcannotstatically

guaranteelackof dynamicerrorsin generatedcode. Thegenericity mechanism,which involvesautomatic

wrappingof primitive types,downcasting,and implicit argumentsto interceptedmethods,introduces

severalopportunitiesfor dynamicerrors in automaticallygeneratedcode. A simpleexampleof sucha

casewould bereversingorderof elementsin theObject[] argsarray passedto thewriteOp corresponding

to Rectangle.setPoints. Thisappearsstaticallyto bewell typedoperation,but whenexpected()is invoked,

the Object representingthe lastint will becastto aPoint, resultingin adynamicerror.

2.5.4 PIROL and LAC

ThedynamiclanguageLua[IdFF96] hasbeenusedto implementboth theDynamicView Connectorcon-

struct (dvc) of PIROL [HM 00] andversionof AspectualComponentscalledLuaAspectualComponents

(l ac) [HM 01]. The implementationsleverageLua'sdynamicmeta-level featuresto expressthe necessary

linking betweencollaborationandhost.We will focuson evaluatingl ac, asit buildson dvcs.
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According to [Her02], l ac is the �r st implementationof AspectualComponents(Section2.5.3, page

50) andthuspertinent to our discussionof thatwork. Becauseof itssimilarity to AspectualComponents,

wedo not describethesyntaxanddetailsof l ac here: thesyntaxdescribedin thepapersdo diVerslightly,

but the fundamentalconceptsremainunchanged.

Notably, theproblematicscenario weencounteredfor AspectualComponentsoccurshereaswell, and

interestingly, theauthorsuseavery similarpublish-subscribe scenario to describe the featuresof l ac. An

important improvementover AspectualComponentsis that a more �exib le typing schemeis proposed.

Figure 16 shows how a Loggingcollaborationis mappedto the basecollaborationShapes, aVectingthe

behavior of severalmethods.The LogReadWriteAccessconnectorshouldprovideanimplementationfor

the showStringmethod,by accessingbehavior on the classesit is mappedto. A key questionis what

interfacesto the host classesare available to the implementationof the method. The straightforward

answer of requiring an explicit implementationfor eachhostclassrunscontrary to the desire of using

succinctrepresentationsof the attachmentdetails—asindicatedby the useof the imprecisebut compact

Shape.* ratherthanthemore precisePoint,Line,Rectanglein theexample.

The authors' suggestionisto make the interfaceavailable to theattachmentbethe intersectionof the

attachedtypes.Thus, the implementationof showStringcanaccessthe color method. Were Rectangle

not mapped,the the namemethodwould becomevisible aswell, asit isdeclaredon Point andLine, but

not Rectangle. This issimilarto matchingin theLO OM model[BFP97].

The proposedtyping schemecanonly allow accessto members that are identicalacrossall mapped

classes.Making the systemmore expressive posesdiYculties.For example, while the methodsignature

Object get()uni�es thehypotheticalsignaturesof Point get()andLineget(), thesignaturevoid set(Object)

doesnotunify the hypotheticalsignaturesof void set(Point) andvoid set(Line). Instead,the argumentof

theunifyingsignature needsto beasubtypeof both Point andLine, which in generaldoesnot exist.

The lower operation,which exposesthe hostobjectof a participantobject, is an operationwhose

signature resemblesthe get method. This impliesthat if a participant is attachedto severalhostclasses,

the lower operationwill return a lessprecisetypethanif the participantwere attachedonly once. Since

participantscanonly be mappedto object types,a leastprecisetype is known to exist: Object. The

programmerwould thenneedto downcastthe resultof lower to asuYcientlyprecisetypeto invoke the

requiredbehavior. In othersituations,amore precisecommonsupertypemay exist.

In thecontextof aspectualcomponents,we posedthequestionof which getmethodis invokedif we

wereto callto readOp. The implementationallowsusto answer thequestion;in thel ac implementation,

it is anerror to attemptto invoke a replacemethod. This meansthat invocationsof anexpectmethod

thatwere previouslyallowedwill becomedisallowedif we adda replaceclauseto theexpectedmethod.
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Figure 17: Caesarorganization

2.5.5 Caesarand Collaboration Interfaces

MeziniandOstermannexplore theeVectsof separatinginterfacefrom implementation[MO 02, MO03a,

MO03b], culminatingin the componentsystemCaesar. Caesarmakestwo main contributionsto the

stateof the art of collaborations.It proposesa typesystembasedon familypolymorphism[Ern01], and

additionallyappliestheconceptof modulesignaturesto collaborations.Thisleadsnaturallyto attachments

thatare parameterizedover collaborationimplementations.

Figure 17 illustrateshow two collaborationimplementations,TeachingandBanking,both implement

acommoncollaborationinterface, Employment.Attachmentsarewrittenagainstcollaborationinterfaces,

ratherthanimplementation,makingit possible (but not mandatory) to reusethesameattachmentfor both

implementations.

A particularcombinationof collaborationimplementationandattachmentis representedby adeploy-

mentclass.Deploymentinstancesare usedat run time to exposethe collaboration'sbehavior to the base

application,andto provide translationservicesbetweenhostandcollaborationtypes.
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2.5.5.1 Explicit Behavior

Like the other collaborationsystemsreviewed, Caesar's deploymentsare object-based:to accessa de-

ployed collaboration's behavior, a deploymentclassis instantiated,andusedasa wrapperfactory to lift

baseapplicationobjectsinto the deploymenttype-kind. The wrappedobjectsthusexposethe behavior

of the collaborationto the restof the application. Wrappedobjectscanexposebasemethodsto the

collaboration;executionof the collaborationbehavior canside-eVect the baseobjectsby suchimported

methods.Collaborationmethodscanreturn participantinstances.If invokedfrom thebase, thesepartic-

ipant instancesneedto be unwrappedto exposethe resultingbaseobjectsbefore beingreturned. Like

cgvs in Section2.5.1 (page44), Caesarwill reusethe samewrapperfor a given object,soasto enable

objectequivalencetestsin both baseandcollaborationdomains.

Deploymentsandtheir containedparticipanttypesare part of the Base, which posesthe questionof

how theparticipanttypesof TeachingDeploymentandBankingDeploymentare related.For example, both

deploymentswill have exposedan Employee type, andcare must be taken to avoid confusingobjects

createdby onedeploymentwith thoseof another. If sucha confusionwere to happen,dynamicerrors

will likely occurin generatedcode.

Familypolymorphism[Ern01] aimsto staticallyhindersuchdynamicerrorsby restrictingtypeequality

to deployment instancesthat canstaticallybe proven to aliasto the samedeploymentobject. Unfortu-

nately, thereare two drawbacksto thechoiceof familypolymorphism:while it isavery expressive typing

discipline, it hasyet to be proven sound;secondly, it canprove equalityof two typesonly when it can

staticallyprove that they comefrom the samedeploymentinstance. While aliasanalysiscanbeaidedby

programmingpatterns,suchasstoring deploymentobjectsin �nal variables,it is will bediYcult for the

programmerto predicthow more complicateduseswill betyped.

In privatecorrespondance, Ostermann[Ost03] pointsout thatprecisetypematchingbetweenfamily

objects(suchasdeploymentobjects)is not suYcient. The reasonis that family types,which group and

namea setof covariantly polymorphic types,canbe instantiatedandusedin turn to de�ne new family

types.Ostermanngivesthe following example, slightlyaltered,to illustratethepotentialpitfall.

1 class Mathf
2 �nal NumRepnr;
3 Math(NumRepnr) f this .nr=nr;g
4 vir tual class Fractionextends nr.Numberf
5 nr.Numberdenom; // numerator is inherited
6 Fractionmult(Fractionf) f
7 � � � this .denom.times(f.denom)� � �
8 g g g

1 MathbM = new Math(BinaryNumRep);
2 MathcnM= new Math(ChurchNumRep);
3 bM.FractionbF= � � � ;
4 cnM.FractioncnF= � � � ;
5 bF.mult(cnF)// no good!



58 2. RELATED W ORK

Even thoughboth bM andcnM are of preciselythe sametype, this is not suYcient to guaranteethat

their containedvirtual typesare compatible. Invoking mult on their respective inner typeswill resultin

a binary encodednumberattemptingto multiply a Church-numeralencodednumber: not a supported

operation.

Ostermannconcludesthat if we were able to guaranteethat not only were the outer typesprecisely

the same, but alsothat speci�c internal typeswere preciselythe same, that might be suYcient for type

soundness,but suchtypingschemesarealmostasdiYcult andrestrictiveasthesimplerobjectequivalence

requirement.

2.5.5.2 Implicit Behavior

Implicit behavior is achieved by allowing pointcutsandadviceto be expressedin the deploymentclass,

and then activatedby a deployment clause. The implicit behavior is only active during the extentof

the deploymentclause. However, it is not clearpreciselywhat that extent is. Severalcombinationsof

visibility (are third party classesaVectedby a call * pointcut?) andtemporalextentare possible. Some

interestingpossibilitiesare:

1. The eVectsof thedeploymentaregloballyvisible to all threadswhile thecurrentthreadisexecuting

in the lexicalextentof theclause.

2. The eVectsof the deployment are visible only within the deployed collaboration,on executions

within thecontrol-�o w of thedeploymentclause.

3. The eVectsof thedeploymentare visible only to objectscreatedin thecontrol-�o w of thedeploy-

mentclause, throughouttheir lifetime.

Ostermann[Ost03], con�r msthat2 is themostsensible of the three, andalsohow Caesarworks.

Another questionis whetherdeployment clausesare re-entrant. It is possible that the deployment

clauseendsup recursively invoking itself. Alternately, several threadscanexecutethe sameclause, on

the samedeploymentobject. Suchreentrancescaneitherduplicatetheir eVects(sothatbefore adviceis

executedoncefor eachclauseentry), or beidempotent,with no eVectbeyond the �r st invocation.

2.5.5.3 Assessment

The useof familypolymorphismaddsstatictypesafetyto thepowerfulconceptof dynamiccollaboration

instantiation. Unfortunately, family polymorphismhasnot beenproven sound,and relieson aliasing

analysisto prove typeequality. It isour hopethat theauthorspresentaformalevaluationof their system.
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The additionof collaborationinterfacesallowsattachmentsto beabstractedover theconcretecollab-

orationimplementationbeingattached.A conceptof collaborationre�nement leveragessuchabstraction

by allowing thesameattachmentto bereusedfor acollaborationandits re�nements.

An alternateformulationwould replacethecollaborationsignaturewith a—possibly abstract—collab-

orationanduseonly re�nement, ratherthaninterfaceimplementation,to addconcreteimplementation.

This would allow familiaroo conceptslike defaultbehavior, inheritance, andoverriding to beappliedto

multi-classbehaviorsaswell. Similarreasoningcanalsobeappliedto theattachmentsaswell: implemen-

tation re�nement couldbe matchedby attachmentre�nement, highlightingthe covariancerelationship

betweenthe two.

If suchan approach were adopted,specialcare would needto be taken not to imply multiple-

inheritance, aswe saw in dcg (Figure 14, page49). Banking.Managerin Figure 17 (page56) is a sub-

classboth of Banking.Employee and Employment.Manager, but there is no subtypingrelationshipbe-

tween theseclasses.Jiazzi(Section2.4.4, page38) solvesthis with the open-classpattern, explicitly

linearizing thesubtypingrelationshipasBanking.Manager> Employment.Manager> Banking.Employee >

Employment.Manager. An implicit linearizationwould possibly work well with Caesar'ssuggestedseman-

tics,eVectively lifting theprogrammingpattern into the languagesemantics.

A lastconcern is the useof wrappersto lift objectsof basetypesinto the typekindsof the deployed

collaboration. Section2.5.1.2 (page47) discusseshow this proved diYcult to get right for aggregate

objectssuchasvectorsandarrays.Arrays,for example, would seemto require thatanew array becreated

andpopulatedwith the wrappedelementsof the input array—thusincurring anO(n) costfor method

dispatch.At methodexit, even if the array were not returned asa result,the array would needto be

inspectedandcompared to the input array to determine how to recreatethoseeVectsin the basearray.

One resolutionwould be to provide lifting-aware versionsof collectionclasses,which would lift each

objecton aper-needbasis,ratherthanthewholecollectionatonce.

2.5.6 Object Teams

An ObjectTeam[Her02, Her03, VH03] isacollaborationde�ned asasetof possibly abstractparticipant

classes,scopedwithin apossibly abstractenclosingteamclass.Eachparticipantclasscande�ne behavior,

andisable to declare deferredbehavior.

The collaborationis re�ned asa whole, with participantseither inherited, introduced,or pointwise

overriddenby localparticipants.Figure 18 illustratestwo collaborations:Employmentdeclaresthreepar-

ticipants,where EmployeeandManagerare in aintra-teamsubtypingrelationship. CollaborationTeaching

subtypesEmployment, and thus implicitly setsup subtypingrelationshipsbetweenthe similarlynamed
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Figure 18: Object TeamsExample.

classesin the two teams.Thus,Employment.Employee is in two is-arelationshipssimultaneously:intra-

collaborationsubtypingwith Employment.Manager, andand inter-collaborationsubtypingwith Teach-

ing.Employee. In general,multiple inheritancecanrequire disambiguationin the casewhere there does

not existonemostspeci�cmethodwith agivennamein aclass.18

For example, Figure 18 showstwo diVerent implementationsof the methodlecture. In Employment

there is only onepossible meaning:it mustbe from Manager. However, in Teachingthere are two most

speci�c implementations:the one inherited from Employment.Manager, andthe one declared in Teach-

ing.Employee. [Her03] refersto a forthcomingformalizationof the typesystem,based—like Caesar—on

familypolymorphism,which would formalizethesemanticsof thesystemaswell.

In additionto subtyping,aparticipantmay alsodeclareaplayed-by relationshipbindingit to ahostclass.

Employee andManagerboth have played-by relationshipsto baseclasses:Person andBossy, respectively.

Theserelationshipsallow behavior to beimportedfrom thebaseclasses,andcanbeaddedto aparticipant

atany point in the re�nementhierarchy. Thus,attachmentisaspecialcaseof collaborationre�nement.

2.5.6.1 Explicit Behavior

The played-by relationshipallowstheparticipant'sdeferredbehavior to beprovidedviadelegationto the

hostclass.This relationshipis usedto wrap hostobjectsin participant types,sothat the hostbehavior

andobjectscanbeprovidedto andmanipulatedby thecollaboration.The mappingis transparent,sothe

18This issuewaspreviouslydiscussedin Figure 14 (page49).
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eVect of the played-by relationshipis to make it appearthat the participant is a super-typeof the host

objectaswell. However, thisisslightof hand;it isunclearhow theautomaticwrappingandunwrapping

would beimplementedin astaticallytypedlanguage, suchasJava.

To usecollaborationbehavior, the collaborationis instantiated,and the participantsare either in-

stantiatedand accessedas�r st-classtypes(disambiguatedby the collaborationinstance)or elsemeth-

ods directly on the collaborationinstanceis invoked. In Figure 18 we could useTeachinglike so:

Buildingi = new Teaching().getWorkplace(somePerson); Meanwhile, the teamEmployment is not instan-

tiatable asnot all participantshave played-by relationships:Workplaceisunattached.

2.5.6.2 Implicit Behavior

Object-Teamcollaborationscanalsoexpressimplicit control �o ws. This isdonevery much in the same

way asconstituentmethodsfor Chameleon'sroles(Section2.4.1, page28): control canbetransferedto a

participantmethodbefore, after, or insteadof ahostmethod'sexecution.Beforeor aftermethodsareable

to interceptselectedargumentsof the hostmethod. The typing requirementsfor replacementmethods

arenot discussedexplicitly, and[Her03] givesonly exampleswhere theinterceptingmethodhastypevoid

! void. We caninfer from [HM 00] that thisismeantasageneric type.

Our commentson the diYculty posedby multiple methodattachmentsmentionedin Section2.5.3

(page50) seemto applyto ObjectTeamsaswell.

The implicit behavior of acollaborationisactivatedor deactivatedby invokingside-eVectingmethods

on the collaborationobject. [Her02] discussesreentrancyin the contextof the socalledJumpingAspect

problem [BMV00], and is solved by deactivating the collaborationon somerecursive calls. However,

it is unclearwhat the eVect is of multiple threadsactivatinganddeactivatingthe collaboration,andthe

ordering of methodinterceptionsisnot discussed.

2.5.6.3 Assessment

There is a greatresemblancebetweenObject-TeamsandCaesar. Both perform object-basedwrapping

andallow collaborations'implicit behavior to be activateddynamically. Both rely on family polymor-

phismfor typesafety;thusour remarkson the relationshipin Caesarbetweenfamilypolymorphismand

virtual typesapplyhere aswell.

The biggestdiVerencebetweenthe two systemsishow Caesaremphasizesreuseof attachment,while

Object-Teamsrely on collaborationre�nement.
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2.5.7 Hyper/J: AdvancedConcern Manipulation

Hyper/JandMulti-dimensionalseparationof concerns[TOHS99] generalizethe ideasbehindsubject-

orientedprogramming[HO93, OKK + 96] by moving to �ner-g rainedunitsof combination.Concerns

are extractedfrom compiledapplications,andcomposedinto runnable applications.

A concern is captured by a HyperSlice—anamedsetof classescontainingmethodsand�elds—and

canbe composedwith other HyperSlicesto createpointwise-composedclassesin a way very similarto

AspectualCollaborations.Behavior deferred in one slicemay be implementedin another; in general,

compositionsetsup pointwiserelationshipsamongelementsof a group of methods,allowing onecon-

crete methodto replaceseveraldeferred methods,or alternatelyconcatenatingthem so that invoking

one impliesexecutionof all bodies.[OKH + 95] describesseveraltypesof possible relationships,like re-

placementandmerging. Bracketingrelationshipsallow behavior to beinsertedbefore or afterexecutions

of a method,but cannotdirectly be usedto control the method's execution, like AspectJ's proceedor

AspectualCollaboration's invoke.

HyperSlicesare pure Java, avoiding the needto store any metadatain the slice. Thus,concernsare

easyto understandanddevelopusingoV-the-shelftools,but require the programmerto look elsewhere

to understandthe restrictionson how concerns �t together. Notably, no encapsulationis available via

HyperSlices:any methodcanbe accessedif its nameis known. Additionally, this meansthat concepts

thatshouldbeseparatebecomecon�ated.An exampleis theuseof abstractto denoteboth thatmethod

shouldbe overriddenby subclassesandthat the methodis in the required interfaceof the HyperSlice.

Usingthistechniqueto representdeferredbehavior will staticallyrestrict classeswith suchbehavior from

beinginstantiated.Unlessthere isa“base”HyperSlicethathasno requiredmethodsandalsotakescareof

allobjectinstantiation,usingtheabstractkeyword to representnecessary metadatawill make instantiation

diYcult.19 To this end,a methodcanalternatelybe declared to throw a Hyper/J-speci�cexceptionto

signalthat it isdeferredandthat itsbodyis to betreatedasastub.

On-demandremodularizationallows a HyperSliceto be teasedout of a setof classes(possibly gen-

eratedby composingslices,or by compilationof Java source)andusedseparately. In Section5.1.4 (page

191), wespeculatethatAspectualCollaborationscoulduseencapsulationto driveadead-codeelimination

analysisto achieve thesamegoals.

2.5.7.1 Explicit Behavior

Figure 19 graphicallyshowstwo separatecompositions.Threehypersliceswith light backgrounds—Per-

son Building, TeacherSchool, andEmployee Workplace—are composedto form a new hyperslice—Per-

19There isacertainsimilarity to theDeferredStructure Pattern in Section3.2.2 (page87).
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Figure 19: A graphical illustration of the Hyper/Jsolution to the recurring example.

son Employee Teacher—which containsall three. Simultaneously, Employee WorkplaceandAnt AntHill

are composedto createapackageimplementinganemployedant(shown in lesserdetail).

The detailsof the HyperModuledeclarationsspecifyingeachcompositionare omitted, represented

insteadgraphicallyandby the namesof the generatedclasses.Thus, the namePersonEmployeeTeacher

indicatesthat it is the combinationof thosethreeclasses.While the nameof the resultingHyperSlice

is underdirect control, this is not immediatelytrue for classes.Although it is possible to control the

resultingname, the Hyper/J developers preferthe merge-by-namedirective,20 which composesall classes

with identicalnames,alsosolvingthequestionof what to callthe resultingclass.

The resultingsliceis shown asa darkeneduml packageto suggestthat we have derived, ratherthan

declaredthenamesandcontentsof itsclasses.

We usethemerge-by-namesemanticsto imply severalmethodcompositions.Teacherhasanabstract

methodgetWorkplace(andis thus itselfabstract),that the HyperModulecomposeswith the concrete

methodof the samenameon Employee. The resultingclassis not abstractasall of its requiredmethods

have beensatis�edby composition.

20We couldnot �nd any examplesthatdo notusemerge-by-name.
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Figure 20: ComposingEmployee and Person,and applying that to Librarians.

2.5.7.2 Implicit Behavior and Encapsulation

The classesresultingfrom compositioncontainthe �elds andmethodsfrom the composedclasses,with

all typestranslatedinto the typesof the resultingHyperSlice. The dotted line betweenargueandbe-

fore/afterArguerepresentsabracketrelationship, resultingin acomposedarguemethodthat includescalls

to thebefore andaftermethods.Thus,theTeacher'sbetterarguingskillsare implicitly invokedwhenever

aPersonargues.

The argumentsto the methodinvocationare passedin anarray to the bracketingmethods,allowing

the bracketing methodsto aVect executionby side-eVectingthe argumentsto the bracketedmethod.21

However, while the representationof the argumentsasanarray of Object[] allowsabracket to bereused

acrossseveralhostmethods,it achievesgenericity at the risk of dynamiccastingerrors: if the bracket

needsto make assumptionsaboutthe typesof the bracketedmethod's arguments—whichis likely for

21It isunclearwhethertheactualargumentscanbesubstituted,or merely side-eVected.
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any but trivial behaviors—theobjectswill needto bedowncastto more precisetypes.SinceHyper/J is

unable to guaranteethat thesetypesare valid, there are no checksthat the bracket is appliedto proper

methods,sothedynamiccastsmay fail at runtime.

While compositionof HyperSlicesrewrites type references,the namesof members are in general

not translated—althoughcompositiondeclarationscan combinemethods. There is no provision for

hiding membersor classesthatare needed,but shouldremainprivate. A workaround is that they canbe

renamedto nameswhich are likely to beuniqueandhard to guess.Thuswe canderive the interfaceof

thecomposedclassesby takingtheunionof theconstituentclasses'membersandsubsequentlycombining

methodsthatare declaredto becomposed—eitherby merge-by-namedefaultor explicitlycomposedin

theHyperModule. If theconstituentHyperSlicesarethemselvescomposed,thisprocesscanberecursively

appliedto derive the interfacesof theconstituents�r st.

Unfortunately, lack of encapsulationimpliesthat we mustperform this recursive analysiseachtime

we recompilea HyperSlice. Figure 20 shows an exampleof recomposingcomposedHyperSlices.We

would like to reusethe PersonandEmployeebehaviorsfor the Librarian, by inserting theminto the re-

sult of Figure 19, Person Employee Teacher. Becausewe foreseePerson Employee beinga commonly

reusedcombination,we chooseto �r st composethosetwo slices,before composingthat with Per-

son Employee Teacher, to createa slicewith person/employee behavior both for teachers and librar-

ians: Person Employee TeacherLibrarian. The two intermediary slices—resultingfrom HyperModule

compositions—are shown usinga darker background, to signifythat we do not have source codefor

these, but have ratherinferredthe interfacesfrom their HyperModuledeclarations.

Whencomposed,theresultingslicewill not behaveasexpected:thereweretwo sortbooksmethods—

one from Person, one from Librarian—that have now beencomposed. Their compositionwasnot

intentional,but ratherthe resultof themhaving thesamenameandbeingexportedby default. Sincewe

did not think to renamethemto uniquenames,their namesmatched,andwere thuscomposed.Thus,

lackof encapsulationmakesit diYcult for usto deriveproperinterfaces,requiring usto traversetheentire

compositionhierarchy, andmakingit imperative thatwedo so, in orderto understandhow thecomposed

slicesbehave.

Onemethodthatspringsto mind to makethetaskof derivinggeneratedinterfacestractable isto cache

the calculatedinterfacesfor eachcomposedHyperSlice. In order to keepa cachedinterfacecurrent, it

must be invalidatedif its inputs change. Eachmodi�cation of an interfaceinvalidatesall dependent

interfaces:modifyingthe implementationof a library will require recheckingnot only every useof that

library, but every transitive useof the library aswell. For example, were we to add a read method

to classPerson, we would silently introducea compositionrelationship—but only after recomposing

Person EmployeeandthenPerson Employee TeacherLibrarian.
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While cachingworks, it works only at the tool level. The logic behindwhen interfacesneedto

be rederived is performedexternally to the language, which meansthat the languagecannotassert any

invariantson theseinterfaces.Order of recompilationof composedHyperSlicesbecomesan important

issue. On the other hand, if Sliceswere encapsulatedbehind an interface—eitherdeclared signature

or sequenceof exports—deriving an interfacewould at all timesneedto look only one level up the

compositionhierarchy, and dependentinterfaceswould never be invalidatedunlessa leaf changedits

interface. Were a leaf's interfacemodi�ed, only direct dependentswould be invalidated,andaslong as

thedependentsinterfacesremainvalid,analysisis �nished.

However, becausecompositionis staticlinking, even if encapsulationguaranteesstable interfaces,it

doesnot guaranteestable behavior. If we changea leaf implementation,we needto recomposethe

whole path from the leaf to the root in order to seethe updatedcode in the client. However, this

is an implementation—ratherthan languageor tool—issue, asjust in time linking (likely usingJava's

class-loadermechanism)would bypassthisissue.

2.5.7.3 Evaluation

[LLO03] �nds that HyperSlicesfare well in capturing andcomposingreusable concerns in a type-safe

manner, but lacksuYcient expressivenessto convenientlyperform behavioral crosscutting.While Hy-

per/J's HyperModulede�nitions make it explicit howconcerns are composed,alleviating the “come-

from” nature of aspects,the seeminglackof encapsulationmakesunderstandingwhatconcernsare com-

posedimpossible without performing a full traceof the concern compositionhistory to gatherup the

accumulatedinterfacesfor the slices,and openingup slicecompositionto inadvertent namecapture

[Mey88].

However, advancedtools,suchastheConcern MappingEnvironment[THO + ], providetheprogrammer

greaterdirect insightinto the resultsof composition,thusmitigatingthe eVectsof lackof encapsulation.

This is similarto the approachtaken by AspectJ,for which plug-ins[AJD] for Eclipse[IBM] have been

developedin order to help the programmerunderstandthe behavior of the programin the presenceof

aspects.

2.5.8 Parametric Introductions

Parametricintroductions[HU 03] are motivatedby HanenbergandUnland'sobservation that there is kind

of crosscuttingthatAspectJmodularizespoorly: reusable introductions.In AspectJterminology, anaspect

canhaveseveralkindsof advice:event-likemethodinterceptionsare themostcommonadvice, but other

kindsof adviceexistaswell. Classescanbe advisedwith introductions(alsocalledintertypedeclarations) of
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methodsand�elds, andstatictyping relationshipscanbe modi�ed. A commonidiom is for an aspect

to modify a targetclassto implement an interface, andalsointroducebehavior that both dependson

the signature of the interface, andalsopartially providesit.22 As long asthe remainingmethodsin the

interfaceare alreadyimplementedby the class,andthere are no nameclashes,this is aneVective code-

reusetechnique.

HanenbergandUnlanddescribeSally,their aspect-orientedlanguagethatgeneralizesAspectJ'sintro-

ductions. Sally's parametric introductionsextendAspectJ's pointcut designators to take on class-valued

join points,allowing introductionsto beexpressedastemplatesto beexpandedover suchjoin-point val-

ues.The pointcutsyntaxis likewiseextendedto allow matchingover classnamesto generatejoin points.

The unit of introductionisapartial Javaclassor interface:zero or more members(or methodsignatures,

in thecaseof interfaces)are introducedinto atargetclassor interface.

The languagelacksstaticchecks,but is expressive enoughto allow a classof error conditionsto be

detectedat compile time. Notably, the existence(or lack)of a methodon a classcanbe asserted by

the programmerasa necessityfor the parametric introduction to make sense. This requirementcan

be expressedasa pointcut, andconsequentlyadvisedwith error-advicethat haltscompilationwith an

informativemethod.Thisapproachcanpotentiallybemorepreciseandend-userfriendlythancompiler-

generatedchecks,but doesrequire that the aspect'sauthorhave the disciplineto designandimplement

suchchecksfor eachaspect.Unfortunately, the constraintsexpressinga required methodsignature can

bequiteverbose;manually implementingchecksthusbecomesboth error proneandcumbersome. Ad-

ditionally, interactionsbetweenintroductionsmustbemanuallydiagnosed.

It appears that apart from the pointcut mechanism,aspectualcollaborationsgeneralizeSally's intro-

ductory capability, anddo sowhile addingseparatecompilationandautomaticstatictypesafety. There is

asuper�cialsimilarity betweenSally'spointcutsystemandour aborteddesignof matchingtemplates(see

Section4.6.5, page180), in thatboth passtuplesof classandmethodvaluedjoin pointsto the introduc-

tion, or attachmentfor aspectualcollaborations.It ispossible thatresearch into Sally'spointcutdescriptors

will be usefulwhen designingthe programmer-level syntaxfor AC's new pointcut model,sketchedin

Section5.1.1 (page187).

2.6 Aspect-Oriented Languages

Whileseveralofthesystemsin theprevioussectionshaveaspect-orientedfeatures,they havebeenprimarily

role- or collaboration-basedsystemswith ao features.This sectioncoverslanguagesthathave asprimary
22AspectJallows introductionsto be targetedto interfaces;the eVect is that any classdeclared to implementthe interfacewill receive

the introductions.Sections2.6.2 and3.7 (page108) (which summarizes[LLO03]) discussthe idiom in greaterdetail.
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targetthecapture of aopconcepts.

2.6.1 D: Domain-Speci�c AspectLanguages

CristaLopes'sPh.D thesis[Lop97] identi�ed two whole-systemaspects(Wand[Wan03] callsthemservice

aspects):threadconcurrencycoordinationandremotemethodinvocation.Lopespresentstwo domain-

speci�clanguages—collectively calledD—to capture theseaspects,andarguesconvincinglythat thebase

programplusaspectsiseasierto understandthanthemonolithicprogramwith thesamefunctionality.

LopesoVereda prototypeimplementationfor Java andconducteda medium-scalereal-world testof

the aspects,implementinga distributed game. Additionally, the DemeterProject [Dem98] at North-

eastern hasimplementedthe two aspectlanguagesto complementthe threedomainspeci�c languages

that form the core of the Demetersystem—describing classstructure, behavior over thoseclasses,and

traversalsthroughthem.

2.6.2 AspectJ:A GeneralPurposeAspectLanguage

Whiledomainspeci�c languagessuchasthosethatmake up D cansuccinctlycapture solutionsto one

domainof problems,there are two signi�cantcostsin usingthedsl approach:

1. To capture anew domainof aspects,anew languagemustbewritten for thatspeci�cdomain.

2. To understandhow the domainspeci�c programsinteract,we needto understandnot only the

programsthemselves,but alsohow thesemanticsof the languagesinteract.The issueisexacerbated

by the fact that by their nature aspectstend to be crosscutting,which impliesthat the interface

betweenthe languagesis likely to becrosscuttingaswell. For example, a smallchangein the class

structuring aspectin Demeter/Jcancompletelychangeboth the semanticsof the traversaland

behavior aspects.Thus, domainspeci�c languagestend to require a deepunderstanding,on the

part of theprogrammer, of how thedsl sare implemented.

Building on this insight from experiencewith D, AspectJ[KLM + 97, LK98] aimedto provide a

uniform languagefor expressingaspects.The statedgoalsof the projectwere to addaspect-orientation

seamlesslyto thebaselanguage(in thiscaseJava),andto provideaprincipledmeta-programmingfacility.

This is a very diVerent tackthanthe collaboration-orienteddesignsof Section2.1 (page21), where the

aspectsare packagedinto rolesor collaborationsthat are composedwith the baseapplication(or each

other, in symmetricalcases).
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Figure 21: The RecurringExamplein AspectJ

AspectJallowsaspectsto bevery convenientlyprogrammedin thesmall,andthesystemhasvalidated

aopin themindsof alargesoftwareengineeringcommunity. Indeed,outsidetheaopresearchcommunity,

andevenpartially insideit, aop isusedinterchangeably with AspectJ.

2.6.2.1 Explicit Behavior

The recurring examplefrom Section2.2 (page24) canbe expressedin AspectJ. Figure 21 sketchesthe

structure of sucha solution. The fundamentalideais that the reusable behaviors—theshadedboxesin

Figure 1 (page25)—are expressedby abstractaspectsusingJava interfacesto expressthe types. In Fig-

ure21, werepresentaspectsasshadedclasses,while interfacesareshown in reverse, white on black.Three

concreteaspects,Attach*, extendthe abstractbehavior aspects.Eachconcreteaspectdeclaresimplements

relationshipsbetweenhostclassesandaspectinterfacetypes. For example, AttachEmployeeWorkplace

declaresthatAnt implements(andthussubtypes,in Java)Employee. This alsointroducesaconcretehas-a

relationshipbetweenAnt andAntHill to correspondwith theabstractrelationshipbetweenEmployeeand
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Workplace. AttachBankerBankissimilar, but attachesthemore speci�cinterfacesBanker andBank, rather

thanEmployee andWorkplace. Likewise, AttachTeacherSchoolalsooverridesthe abstractpointcut from

TeacherSchoolwith aconcretede�nition, allowing aPersonto betterArgue.

Unfortunately, thesituationisnot without �aws.Wedid not meanto introduceacommonsupertype

Employee for Ant andPerson. Notably, this is a type-invasive [Ern00] moduleimplementation,allowing

usto testat runtimewhetherAnt hasbeenlinkedwith theEmployeemoduleviaaninstance-oftest.

Lackingatypesystemthatcanexpresscovariance, weareunable to expressthatwewishEmployeeand

Workplaceto vary together. For example, theconcreterelationshipintroducedbetweenAnt/ AntHill and

Person/ Buildingisof typeEmployee/ Workplace: thereareno languagefacilitiesto hindertheSchoolfrom

hiring anAnt. This isnot only for the introducedrelation:any typereference(like that in hireEmployee's

signature) isunable to distinguishbetweentheattachments.

Anotherproblem with thisapproachis that the example, asshown here, will introducethe concrete

employeees-workplacerelationshiptwice into Person/ Building: oncevia AttachTeacherSchoolandonce

via AttachBankerBank. Java doesnot allow multiple �elds with the samenamein a class,so lack of

encapsulationbetweentheattachmentsrequiresusto redesignour solution.

The TeacherSchoolaspectadditionallyhastheLibrarian/ Library interfacetypes,which are alsoimple-

mentedby Person/ Building. WehadoriginallydesignedLibrarianasaconcreteclassin theaspect,but this

causedproblems:while we couldeasilyimplementthe Employee/ Workplacetypes,we couldnot access

the Person/ Buildingbehavior. Lackof symmetric attachmentforcedusto redesigntheaspect.

A minor issueis that it is undesirable for the structure of the programto be visible at runtime. For

example, many modulesystemsdo not make it possible to discover at runtime whethera programwas

written asa monolithic whole or composedfrom smallerpieces.This is a desirable property if for no

other reasonthanallowing subsequentrefactoringsof the code, without aVectingprogramsemantics.23

However, in thisorganization,asimpleinstanceoftestwill allow the programto discover thataclassisa

subtypeof Teacher, andhencededucethe TeacherSchoolaspect(which isknown to de�ne Teacher) has

beenappliedto Person.

In systemswhich aren't typeinvasive, suchasJiazziandAspectualCollaboration,it is not possible to

namethe typeTeacher; it would needto beexplicitly imported into the baseprogramin order to even

staticallycompile. Even when it compiles,the nameunderwhich it is imported andthe nameunder

which it is usedto—perhaps—modifythe behavior of Person are diVerent, so the instanceofpredicate

would beguaranteedto alwaysbefalse.

23Wand[Wan03] pointsout that the powerful re�ective capabilitiesof AspectJ'spointcutsemanticsallow very �ne grainedrefactorings
to bediscovered,beyond the large-grainedrefactoringswe discusshere.
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1 abstract aspect AbsAspf
2 Object str = ”aString”;
3 abstract pointcut somecall();
4 Object around():somecall()f
5 // no proceed
6 return str;
7 g
8 g
9

10 aspect ConcAspextends AbsAspf
11 pointcut somecall():
12 execution (� TypeTest.� ());
13 g

17 public class TypeTest f
18 Object ok1meth()f return new Object();g
19 Stringok2meth() f return ”hi”; g
20 Integerbad1meth() f return new Integer(1);g
21 int bad2meth() f return 2; g
22

23 public static void main(Stringargs[]) f
24 TypeTest tt = new TypeTest();
25 System.err.println(”1 ”+tt.ok1meth()); // CastSucceeds:(Object) str
26 System.err.println(”2 ”+tt.ok2meth()); // CastSucceeds:(String)str
27 System.err.println(”3 ”+tt.bad1meth()); // CastFails: (Integer)str
28 System.err.println(”4 ”+tt.bad2meth()); // CastFails: (int) str
29 g
30 g

Listing2.1: BreakingAspectJ'stypesystem.

2.6.2.2 Implicit Behavior

The con�ation of typesweintroduceby reusingtheEmployeeWorkplaceaspectispotentiallyproblematic,

leadingin the worstcaseto castingerrorscaughtonly by the runningsystem.However, shouldsuchan

error occur—forexample, if anAnt ishiredby aSchool—thisisdueto anerror in theprogrammer-visible

code, andcanbedebuggedby tracingtheprogram,usingthestacktraceto helppinpoint theproblem.

Unfortunately, thegeneric typesystemfor advicecanresultin castingerrorsin generatedcode. Since

the errorsdo not take placein programmer-visible code, they are somewhatmore problematicto debug

thanothercastingerrors.

AspectJhasasomewhatunconventionalgenericity mechanismfor aroundadvice:

� If the advicereturnsvoid, it canmatchany signature. The languagetakescare of propagatingthe

resultof the proceedcallto thecallerof theadvisedjoin point.

� If the advicereturns Object, it can matchany signature. The proceed call will return a result

Object to the advice, that mustreturn that (or someother object)asthe resultof the invocation.

This allows the adviceto return completelydiVerent resultsthan the advisedmethod. Primitive

typesandvoid areautomaticallywrappedin wrapperobjectsinsidetheadvice, andcorrespondingly

unwrappedandreturnedoutsidetheadvice.

� All otherreturn typesmuchexactlymatchthesignature of their use.

Unfortunately, bothprimitivesandreferencetypesreturnedasObject imply acorrespondingdowncast

in thegeneratedcode, to allow thepropertypeto bereturnedfrom theadvice. Combinedwith separate
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compilationandabstractaspects,it isquitepossible to write codethatwill never causeastatictypeerror,

yetcausecastingerrorsatrun time, andrequireachangeto the(possibly third-party) abstractaspectto �x.

Listing2.1 shows a smallprogramwhich compileswithout error, yet causescastingerrors in generated

code, exploitingpreciselythegenerateddowncast.

The possibilityfor castingerrorsare inherent in all apisthat return acommonsupertypeandrequire

theclientto downcast.Wemakeapoint of theuseof castingin AspectJ'sadvicefor four reasons. (a)

It pointsout the dangerof usingin-bandsignaling—itis now impossible to restrict adviceto wraponly

methodsthat return void, andsimilarlyObject. This is especiallyan issuein abstractaspects,where the

pointcut andadviceare implementedby diVerent programmers. (b) It createsa falsesenseof security,

assomecasesare caught,but not others—hadstr beentypedStringratherthanobject,anerror would

have beensignaledby ajc . (c) The errors occur in codethat is beyond the programmer's control and

visibility. (d) Lastly, typeerrorsare delayeduntil theaspectisused,which may occurin asituationwhere

theaspect'sdevelopmenthasbeenclosed—boughtfrom athird-party, or versionbranch.

Extentof advice

Aroundadviceisable to control theexecutionof theinterceptedmethodby callingtheproceedquasi-

method.Quasi-memberssuchasthis andsuperare well known in Java,with well de�ned semantics.

Listing2.2 showshow Java'ssuperquasi-variable works,in asomewhatunusualscenario: we capture

it in a closure (ananonymousinner classextendingClosure). We then let the closure escapeto a global

scope(andhenceunknown extent).Wecapture two suchclosures,andwheninvoked,bothhaveclosures

theproperscope:theoverriddenmethodis invoked.

Listing2.3 showsasimilarprogramfor investigatingthe extentof AspectJ'sproceedpseudo-method.

We intendedto illustratethat there is additionalstatenecessary for the proceedmethod: the join point

captured. Sincethe adviceis not instantiatedper join point, we expectedthis informationto be stored

staticallyon the aspectandthusthe �r standsecondclosuresto (erroneously)have the sameeVect. Our

pessimismisunfounded:theprogramrunsasit should.

Inspectionof thecompiledbytecodesuggeststhattheajc designershave usedamore robuststrategy:

insteadof aglobalvariable to hold join-point informationfor proceed, anadditionalargumentisaddedto

themethod,to hold join-point closure information.However, thischangesthesignature of themethod.

Thus,our attemptsto subvert the callsto proceedin Lines2.3.9–11 have no eVectwhethercommented

out or not, asthetrueproceedmethodhasasignaturewecannotexpressin theJavasourcelanguage, and

thuscannotoverride.24

24The Javasourcelanguageallowsonly asubsetof identi�ersallowedby the jvm, to enable preciselythiskind of programmanipulation
without fearof clashingwith programmerchosenidenti�ers.
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1 impor t java.util.� ;
2 class SuperTestSupf
3 void method(Stringfrom) f
4 System.err.println(”stsup”+from);
5 g
6 g
7

8

9

10

11

12

13

14 abstract class Closure f
15 abstract void doit();
16 g
17

18 public class SuperTestextends SuperTestSupf
19 static Vector closures= new Vector();
20 void method(�nal Stringstr) f
21 super.method(”meth ”+str); //
22 System.err.println(”bodymeth ”+str);
23 Closure cl = new Closure() f
24 void doit() f
25 SuperTest.super.method(”closure of ”+str);
26 g
27 g;
28 closures.add(cl);
29 g
30

31 public static void main(String[] args) f
32 SuperTest st = new SuperTest();
33 st.method(”main1”);
34 st.method(”main2”);
35 Iterator it = closures.iterator();
36 while (it.hasNext())f
37 Closure cl = (Closure) it.next();
38 cl.doit();
39 g
40 g
41 g

1 impor t java.util.� ;
2 aspect Capture f
3 pointcut somecall(Stringstr):
4 execution (� ProceedTest.� (String)) &&
5 args(str);
6 void around(�nal Stringstr): somecall(str) f
7 System.err.println(”around”+str);
8 Closure cl = new Closure() f
9 //void proceed(Strings) f

10 // System.err.println(”Not proceeding”+s);
11 //g
12 void doit() f proceed(”closure of ”+str); g
13 g;
14 ProceedTest.closures.add(cl);
15 g
16 g
17

18 abstract class Closure f
19 abstract void doit();
20 g
21

22 public class ProceedTest f
23 static Vector closures= new Vector();
24 void method1(�nal Stringstr) f
25 System.err.println(”body meth1”+str);
26 g
27 void method2(�nal Stringstr) f
28 System.err.println(”body meth2”+str);
29 g
30

31 public static void main(String[] args) f
32 ProceedTestpt = new ProceedTest();
33 pt.method1(”main1”);
34 pt.method2(”main2”);
35 Iterator it = closures.iterator();
36 while (it.hasNext()) f
37 Closure cl = (Closure) it.next();
38 cl.doit();
39 g
40 g
41 g

Listing2.2 (left)and 2.3 (right) : AnalyzingAspectJ'sproceedsemantics.
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2.6.3 JAsCo: AspectualJava Beans

Buildingupon componentsratherthanmodulesystems,JAsCo[SVJ03] extendsthe ideasof Aspectual

Components(Section2.5.3, page50) to Java Beans.An AspectualJava Beancontains—inadditionto

normalJavaBeanbehavior—ahookclausethatallowsthebeanto interceptandmodify(replace, in JAsCo

terminology) basemethods.Incorporatingaspectualfeaturesinto the Java Beanmodelis quite seamless

asjoin pointsare closelyrelatedto JavaBeans'eventpropagationinfrastructure.

Hooks do not declare which basejoin points they aVect, but are ratherappliedto the systemby

loadinga Connector. The connectoris a method-like entity that instantiates,when loaded,oneor more

aspectbeansandspeci�eswhich basejoin pointsare to beaVected(andin what order)by the hooksin

the aspectbeans.25 Basemethodsare speci�edusingwildcardsto pattern matchagainstclass,signature,

andmethodname.

2.6.3.1 Similarities to AspectualComponents

The in�uencesof AspectualComponentsmake themselvesfelt moststronglyin how methodimport and

interceptionisexpressedin JAsCo. In both, the componentcontainsitsown oo behavior, which canbe

abstractandoverriddenby inheritance.

JAsCo oVers both type-safehook reuse, which can only be appliedto method join points with

known signatures,andlesssafegenericity, which presentsargumentsandreturn valuesasObjects, and

performscastsbehindthescenesto theproperspeci�ctypes.Thisschemeisvery similarto how Hyper/J

(Section2.5.7.2, page64) dealswith argumentsandhow AspectJ(Section2.6.2.2, page71) dealswith

return values,andalsosuVers from the samerisksof dynamicerrorsasthosesystemsdo. For example,

assumingthe type of one of a setof interceptedmethodsis a String, andfor anotherit is Integer, then

a hook able to intercept both would representthe return type asObject; if the hook were to return

someobjectof a subclassother than that returned by the proceed, a faileddowncastin the generated

codewould ensue. However, in caseswhere type genericity is not required or desired, the hook can

declare the expectedsignature of the interceptedmethod;methodsof the wrong signature will not be

intercepted,andthehook cansafelyassumeprecisetypesboth for argumentsandreturn value.

2.6.3.2 DiVerencesfrom AspectualComponents

The major diVerencebetweenaspectualcomponents—indeedall collaborationorienteddesigns—and

JAsCo is that JAsCodoesnot oVer any type manipulationaspart of its connectionto the restof the

system,thusavoiding the pitfall of unsoundtypesystems.Thus, there is no way to declare participants

25Basemethodscanbemethodson any JavaBeanin thesystem,not necessarily theaspectbean.
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and have them mappedto applicationtypes. This follows from the philosophy of Java Beans,which

achieve reusabilityby usingObject insteadof applicationtypesin their interfaces.However, thisseverely

limits what functionalitya beancanimport from the hostapplication. If an aspectualbeanwishesto

accessbasefunctionality, it musteitherhardwire applicationtypesor manually implementa framework

adaptationsystemsimilarto theonediscussedin Section2.5.2 (page47).

An improvementoveraspectualcomponentsisthatJAsCodoesnot addresshow to interceptmatched

methodpairs(suchasget*, set* to matchgetterandsetterpairs).While suchdeclarationsare intuitively

attractive in many cases,we found in Section2.5.3.1 (page51) that they can easilybecomehard to

understandin edgecases.

Instantiationof a beanis implicit upon attachingthe bean's hook to somesetof join pointsin the

base. The beancandynamicallycontrol its applicabilityby exporting amethodto determinewhetherit

wantsto intercedein agivenexecutionof its hostjoin point, allowing the beanto aVectexecutiononly

in certainsituations.A connectorisable to attachseveralAspectBeansatonetime, allowing it to declare

the nestingorder andprecedenceof the beans'aspectualfeatures. More dynamicinteractionscanbe

delegatedto specialmethodson thebean,which allow onehook to only run if anotherisnot applicable,

or to vary thebehavior of onehook in thepresenceof another.

2.6.3.3 Summary

The JAsCo systemoVers a powerful extensionto the existing,mature technology of Java Beans. To

�t into that context, conceptslike type encapsulationmust be abandonedin favor of usingObject in

signatures.Similarly, aimingto beapracticalsystem,it isusefulto export aspeci�cmethodto determine

whethera hook is applicable to a methodexecution. However, this gainsno expressivenessover just

addinga conditionaltestin the hook itself. Similarly, the implicit instantiationof the hook's enclosing

beanis convenient,but a more minimal systemwould separatethe conceptsof instantiatinga beanand

attachingahook.

2.7 SemanticModels for Aspects

Up tothispoint,of our discussion,we have concentratedon relatedwork which isof amore practical,if

not implemented,nature. The following sectionscover work on modelsto formallydescribe andreason

aboutthebehavior of suchsystems.
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2.7.1 Lämmel Method-Call Interception Semantics

RalfLämmel[Läm02] providesa direct semanticsfor method-callinterceptionandadvicein a minimal

object-orientedlanguagewith side-eVects.Separatecompilationof aspectandbaseprogramissupported,

alongwith apointcut languageanddynamicattachmentof advice. The paperdoesnot provideamech-

anismto remove the advice. By oVering a direct evaluation,ratherthan compilation,semantics,the

paperoVers valuable insightinto the runtime environmentsthat needto be maintainedin order to lift

method-callinterceptioninto the targetlanguage.

The model for adviceis limited in the paper, asadvicecannotin�uence whether a method call

continues,merely accessits argumentsand return values. Furthermore, while aspectsare separately

compilable from theirbase, they arevery tightly coupled:adviceandpointcutform aunit thatisevaluated

in the contextof the baseprogram. There is thuslittle reuseof aspects,andseparatecompilationcannot

betranslatedinto separatecomprehension.

2.7.2 Spectatorsfor Modular Reasoning

CliftonandLeavens[CL02a, CL02b, CL03] addressthe lackof modularreasoningin aspect-orientedpro-

grams,andAspectJin particular. The authorssuggestaddingpre- andpost-conditionsto Java,usingthe

Java ModelingLanguage[LBR02]. They note that in the presenceof aspectualadvice, globalreasoning

is neededto understandwhethera methodinvocationsatis�esits contractualpostconditions.Not only

is theadvicenon-localto themethod,it isalsonot apparentwhetheragivenmethodhasadviceatall.

The authors' proposalto addressthe lackof modularreasoningis to classifyaspectsaseitherspectators

or assistants, where spectatorsare restrictednot to modify the postconditionsof the methodsthey advise.

Aassistantsarenot sorestricted,andthusform ageneralizationof spectators.Thebene�t of thedistinction

is thatadvicewritten asa spectator(for example, logging) doesnot breakmodularreasoningeven if the

advisedmethodisobliviousto theaspect.26 However, in orderto support modularreasoning,themethod

cannotremainobliviousto the assistantadvice, andthe methoddeclarationneedsto be augmentedto

explicitlydeclare which assistantsit accepts.

Thus,modularreasoningis maintained,at the expenseof hardwiring methodsto their advice. The

authors presentargumentssupporting their intuition that in many situations,spectatoradvicesuYces,

which doesnot needsuchexplicit acceptancefrom the method. Additionally, they suggestmechanisms

whereby advicecanbeacceptedat largergranularity—thusallowing a whole packageto acceptassistant

26The authorsnotethat in orderto show thespectatorproperty, objectaliasingmustbetaken into account,asotherwiseside-eVectsin
the incorrectlyclassi�edspectatoraspectmay modify thepost-conditionof theadvisedmethod.
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advicewith one declaration—andadditionallysuggesta required locationfor suchdeclarationsso that

modularreasoningisnot lostin the process.The current semanticsof AspectJcanberestoredby adding

suchaclauseto thebeginning of apackage, explicitlyacceptingall advice.

An interestingfacetof thiswork isthatit usesanapproachotherthanencapsulationto attainmodular

reasoning:it restrictsthe obliviousnessof the baseto the aspect.In a way, it canbe seenasexporting a

join point, but hardwiring a tight couplingto the aspectwhich it is exported to, ratherthanallowing a

loosercouplingcontrolledby modularcomposition.

2.7.3 AspectSandbox Semantics

AspectSandbox (asb) is a workbenchfor experimentationwith aspect-orientedfeatures. Two papers

were presentedat the foal workshopataosd 2002usingasb to highlight thesemanticsof aspects.

[MKD 02] presentsan object-oriented calculusmodelling a subsetof AspectJ,including dynamic

join pointsand control-�o w predicates.A direct semanticsis presented,which is transformed into a

compilationsemanticsby thepartialevaluationof theaspectweaverovertheinterpretedprogram.Around

adviceandtyping isnot discussed.

[WKD ] presentsasigni�cantlysimplerproceduralbaselanguage. Thesemanticsfor advisedmethodsis

presentedasarun-time programtransformationon theprocedurebodyandapplicable advice, generating

anew expressionwith thedesirednestingof advicebodies.

Both papersfocuson whole-programtransformations,andare thusnot directlyapplicable to separate

compilationor modularreasoning.

2.7.4 A Theory of Aspects

Walkeretal. [WZL 03] presentanorthogonalextensionto the simply-typedlambdacalculusto express

join pointsandadvice. An importantcontribution istheir join-point model,which decouplesjoin points

from program structuring artifacts. Join pointsare labelson arbitrary expressions,ratherthan named

functions.Furthermore, labelsare �r stclassvaluesin the program,andthusallow expressionslabeledby

themto beprotectedfrom unwantedadviceby lexicalscoping.

The labelsandadvicecanbe seenasdynamicallyscopedfunctionsthat are appliedto the resultof

evaluatingthe labeledexpressions(the functionsare the resultof composingthe advicethat appliesto

the label).Thus, the core calculusoVersonly afteradvice, with no interceptionabilities.However, the

sourcelanguageencodesaroundadviceasafteradviceby wrappingthe labeledexpressionin a thunk (so

that the term ebecomesthevalue(� .e)).
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Advice is restricted to applyonly to a particular label(speci�edat declarationtime). This is less

restrictive thanit may seemat �r st,asthe label'svaluemay bepassedin from anenclosingabstraction,or

otherwiseevaluatedat runtime. Furthermore, in amore permissively typedcore language, polymorphic

adviceshouldfollow naturallyfrom the rulesgiven in thepaper.

Advice is appliedto an expressionby primitive adviceapplicationoperators. The eVect of the ap-

plicationis that the adviceis added(either�r st or last,dependingon the applicationoperator)to each

occurrenceof its labelin the expression.Sincethe applicationoperatorsalsoare �r st-classexpressions,

advicecanbeappliedat runtime.27

The papergoeson to show how more advancedfeatures—suchaspointcuts—canbe addedduring

the translationphase, but the biggestcontribution is that the authorsconvincingly demonstratethat by

addingaspect-orientationasorthogonal�r stclassfeaturesto thecore language, well-understoodprinciples,

suchaslexicalscoping,canbe leveragedto control the power of aspectsaswell. Similarly, when new

features(suchasmore powerful typing disciplines)are addedto the baselanguage, aspectsautomatically

becomemore expressive.

2.8 CrosscuttingConcerns and Software Engineering

Promisingconnectionsbetweenuse-casesandaspectshave recentlybeenhighlighed[Jac03a, Jac03b], sug-

gestingthat aop may be a synergistic implementationtechnology for systemsmodelledin uml. The

restof this sectiondiscussessomesoftware-engineering approachesto dealingwith crosscuttingsystem

features.

2.8.1 Composition Patterns

ClarkeandWalker[CW01a] addsthe conceptof CompositionPatternsto uml [BRJ99]. The implementa-

tion suggestionsfor compositionpatterns[CW01b, CW02] stronglyin�uencedtheexpressionof reusable

aspectsandhyperslicesin this thesis,andwe proposethat AspectualCollaborationsdo a particularlyel-

egantjob of representingCompositionPatterns. It is unclearwhetherCompositionPatterns capture

multiple attachmentsof a collaboration,andhow sharing of membersbetweensuchattachmentswould

beexpressed.

27There appearsto beno way to removeadvice, onceattached.
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2.8.2 ArchJava

ArchJava [ACN02, AC02, Ald03b] proposesa systemto staticallyguaranteearchitecturalintegrity of an

application.Aldrich et al. de�ne “communicationintegrity” to be an implementationproperty: that a

componentcommunicatesdirectlyonly with componentsit isdirectlyattachedto. ArchJavacomponents

are �r stclass,andcanby passedandconnecteddynamicallyduring programevolution.

Communication integrity is very closeto the Law of Demeter[LH89, Lie96], which positsthat

softwaremaintenanceburdensare reducedif objectsencodeassumptionsonly aboutneighboring objects,

where neighborsare de�ned asobjectspassedasargumentsto amethod,or containedin a�eld reference

on the class.The Law of Demeterhastwo forms. The classform restricts a classto accessingclasses

thatare oneedgeaway in astaticclass-referencegraph.The objectform ismore restrictive, allowing an

objectto communicateonly with the speci�c instancesreachable via direct �eld referenceor asmethod

arguments.

An ArchJava componentis a class-like construct with methodsand�elds andinheritance. Compo-

nentscanextendJava classes.ComponentsdiVer from Java classesin that they canadditionallycontain

ports,connectiondeclarationsbetweenports,andalsoinnercomponents.

Ports are bi-directionalinterfacesby which componentsconnectto eachother. Eachport declares

a numberof required—imported—andexported methods,allowing the componentclassto export its

methodsvia the ports, andto import behavior via suchports. Ports canadditionallycontainbroadcast

methods:requiredmethodsthat canbeconnectedto severalimplementations.Broadcastmethodsmust

have a void return type, andconstitutea language-level subject-observer pattern, allowing components

to beinformedof andreactto externalevents.

Connectors link severalcomponents'ports together, connectingpairsof same-namedmethodswith

oppositepolarity. Providedandrequired methodsdeclared in a port mustbe connectedto exactlyone

methodof theoppositepolarity andidenticalsignature.

The primary diVerencebetweenArchJava componentsanda modulesystemis that while a module

systemcanrestrict the direct visibility of entitiesin a module, it cannotcontrol how an entity is used,

onceexported. ArchJava, on the other hand,limits how exported functionscanbe used,but assumes

thattypesare commonto all components.It achievesthiscontrol by hindering clientsof thecomponent

from creatingandexporting closures(suchasobjectinstances)thatcapture referencesto thecomponent.

For example, let File be a componentwith a methodwrite which it exports to Trusted. ArchJava

guaranteesthat sinceTrusted is the only declared client of write, no other component—forexample

Untrusted—will gain direct accessto it. If Trusted wantsto export the write behavior, it cando so

only by explicitly declaring a forwarding methodthat referenceswrite, andthen declaring Untrustedas



80 2. RELATED W ORK

aclientof that forwardingmethod.Likewise, Untrustedwould needto explicitlydeclare any subsequent

re-exportsof thatmethod.

In contrast,amodulesystemwould make it impossible for Untrusted to directlyinvoke any methods

on File, but Trusted could createa smallobjectcontaininga methodforwarding to write, andpassthis

objectto Untrusted. Untrustedwould thenbeable to invoke write directly, andmore importantly, could

passthisobjectto any otherclientwithout any furtherdeclaration.

2.8.3 Traits

Black etal. describe Traits[BSD03]: smallsetsof methodsthat canbe addedto classesasa unit. Traits

cancomposeandinherit from other traits,andcanbe addedto severalclassessimultaneously. Traitsdo

not have classesor any run time representation.

Blacket al. relatetheir experiencesin applyingtraitsto the Smalltalkcollection-classhierarchy. It

is mentionedthat the hierarchy hasbeenthe targetof several redesignsand refactorings, and is thus

expectedto be closeto an optimal implementationfor its functionality. The authors report that those

classes,refactoredwith traits,improvedtheirunderstandabilityanduniformity, removedcodeduplication,

andalsoresultedin asetof traitswhich canbereusedboth to developnew collectionsandcollection-like

usercode.

Aspresented,traitsheavily leveragethe dynamicnature of Smalltalkto bind requiredmethodsusing

dynamicdispatch.The straightforward implementationfor Javawould treateachtrait asasetof method

de�nitions, where the method-declarationsare inserted into the targetclassfollowing the overriding

rulespresentedin the paper.28 The authorsreferto thisoperationas“�attening” the trait. To separately

compilea trait, we mustalsospecifyits interfaceto the restof the system:the signature of methodsit

requireson the target(eitherfrom other traits,or directly implementedby the targetclass),andalsothe

signaturesit requiresof all methodarguments.

This is preciselywhat is providedby a collaboration:a (in generalseveral)classwith someprovided

behavior, andexplicit signaturesof all required behavior. The main diVerenceis that traitsare able to

leveragethe dynamicnature of Smalltalkto omit staticdeclarationsof the required interfaces,while

staticcompilationrequiressuchdeclarations.Consequently, traitsin Smalltalkcanresolve overriding by

overwritingselectedmethoddeclarations.29 Traitsin Java would needto redirect existingreferencesto

28 (a)A trait overridestarget'sinherited methods,(b) The targetoverridesthe trait'smethods,(c)A trait overridesitscomposedtraits'
methods.

29 An attractive feature of the designis that the desired semanticscanbe implementedvia a speci�c insertion order of traitsinto the
host,allowing traitsto overwrite trait-declared—but not target-declared—methods.
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1 Rectangle>> width
2 ”Answer the width of the receiver”
3 " corner x � origin x

1 TRectangle >> width
2 ”Answer the width of the receiver”
3 " selfcorner x � selforigin x

1 RectangleMorph
2 subclass: #RectangularMorph
3 uses: TRectangle
4 � � �
5 // methodscorner and origin
6 // visible in RectangularMorph

1 collaboration acrectangle;
2 par ticipant Rectanglef
3 expected Point getCorner();
4 expected Point getOrigin();
5 int width() f return
6 this .getCorner().getX()�
7 this .getOrigin().getX();
8 g
9 g

10 par ticipant Point f
11 expected int getX();
12 // expectedint getY();// not needed
13 g

14 attach ...acrectange...;
15 ...
16 RectangleMorph+= acrectangle.Rectanglef
17 provide getCornerPoint to getCorner;
18 provide getOriginPoint to getOrigin;
19 // ... exports ...
20 g
21 CornerClass+= acrectangle.Corner f
22 provide getX to getX;
23 // ... exports ...
24 g
25 ...

Figure 22: Behavior representedas (top left) a Smalltalk method, (bottom left) a Trait and its use, (middle) an
AspectualCollaboration, and (right) a snippet of its attachment.

required methodsignature-stubsto insteadpoint at the method's implementations:a specialcaseof the

linking declarationsof providedmethods.

The programmercanalsoselectively specifythat somemethodsimplementedby the trait shouldbe

treatedasif they hadno implementation.AspectualCollaborationsdo not have this capability, but this

ability would be easyto add. Indeed,we mentionsucha capabilityin Section5.1.4 (page191), in the

contextof simulatingHyper/J'sability to extracta hyperslicefrom a compiledpackage. In the interim,

thiscanbeavoidedby aprogrammingpattern introducingexpectedmethodsasvariancepoints.

A simpleexamplefrom Blacket al. isshown in Figure 22, illustratingthe original Smalltalkmethod,

that method representedasa trait, and how the trait would be representedasa collaboration. The

collaborationneedsto declare two participants,andalsothe signaturesof expectedmethods.Finally, the

collaborationisattachedto thebaseclassandmethodreferencesexplicitly resolved.

A trait cannotnameitsown classor thatof anothertrait andthuscannotexpresssetsof relatedtraits.

In Smalltalk,theonly explicituseof classnamesisto instantiateobjects,whereasin Java,typesare needed

for all declarations.Thus, traits' inability to namethemselvesor classesis in Smalltalka problem that

canbeworkedaroundby the abstract-factory pattern, while in Java, it becomesashow-stopper. In Java,

traitswould needto expressinformationsimilarto eitheracollaborationor aHyperSlice:to nameclasses

and the provided by thoseclasses.Thus, a trait would seemto be a collaborationcontainingseveral

participants,but only one participant with provided behavior. To completethe mapping,we could

adda by-name-mappingdeclaration,sothat the aspectualcollaborationcompilerautomaticallymatches

providedandexpectedmethodsby their namesandsignatures.
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Traitsbiggestweakness—inour opinion—isitsrelianceon tool support to oVsetits lackof encapsula-

tion. Lackof encapsulationimpliesthatit quicklybecomesdiYcult to determinetheinterfaces(required,

provided,andunresolvedcon�icts) of acompositetrait. This isespeciallytruewith con�icts, which can

easilyarisewhentwo independentlydevelopedtraitsdeclare the samemethod.Sincetraitscanbecom-

posedhierarchically, to manuallypredict the con�ict would require the programmerto recursively walk

thewholecompositionhierarchy. Blacketal.foundinteractive tool support very usefulin refactoring the

hierarchy into traits;identifyingcompositioncon�icts seemsan obviousandusefulapplicationof such

tool support.

Blacketal.identi�ed severalshortcomingsof theSmallTalkcollectionhierarchy thattraitswereable to

address.We repeatsomeof themhere, asthey are likelyalsoapplicable to AspectualCollaborations.

MisinheritanceThe collectionhierarchy wastoo deep. To gainsomereuse, spurious inheritancewas

introduced.For example, a Rectanglemay be a declared a subclassof Point sothat the Origin canbe

reused.However, a rectangleis not reallya point, andsomeinherited methodsmustbe overridden

to act correctly. Blacket al. found 167 casesof misinheritanceleadingto inherited methodsbeing

inapplicable to a subclassand thus overridden. This suggeststhat the desire for reusewasleading

refactoringsto unnaturalsubtypingrelationships.

DominantDecompositionThere are severaldimensionsof variability available to acollection:it canbe

ordered,readonly, growable, or perhapsrestrictedto certain types.In asingleinheritancesystem,such

asboth SmalltalkandJava, we must choosewhich of thesepropertiesis to be the main structuring

decomposition.The others(whichcannotbereusedvia inheritance)musteitherbemanuallydeferred

to acentralimplementationclass,or duplicatedinto eachof thepermutationsprovidedby thehierarchy.

IncompletehierarchiesSincethepossible collectionsgrow combinatorially with thenumberof features,

only the mostcommoncombinationscanbe provided by the library; others must be implemented

from scratchby theprogrammer.

Theseshortcomingsare solved by traits,andalsoby collaborations:Sincethe implementorsdo not

needinheritanceother than for pure is-arelationships,shallow andbroadhierarchieswill result. Since

compositionis cheap, perhapsonly the absolutelymostcommoncombinationsof collaborationfeatures

are provided. The restcanbeeasilyassembled on demandby composingthe propertraitsor collabora-

tions.



Chapter 3

Aspectual Collaborations

OUR CONTRIBUTIONS are twofold: both the implementationand the evaluationof a module

systemcombiningaop with modules. This chapterdiscussesthe designand implementationof

AspectualCollaborationsasamodularity construct around the full Java language, while the next chapter

coversananalysisof a formalmodelof thesystem.

3.1 DesignOverview

An AspectualCollaborationconsistsof a participantgraph, where the nodesare Java-classlike entities

calledparticipants,and the edgesare is-aand has-arelations. The setof participantsis closed;it can

be extendedonly by recompilingthe whole collaboration.A participanthaszero or more members—

�elds or methods—obeying thenormalsemanticsof Javamembers. In additionto themembermodi�ers

oVeredby Javaclasses,participantscanhave threeadditionalorthogonalmembermodi�ers:

Expectedmembersare deferred members that, like abstract members, must be provided before they

canbe used.1 ThesediVer from abstractmembers in that both methodsand�elds canbe expected,

andmore importantlyin thattheexistenceof anexpectedmemberdoesnot inhibit classinstantiation.

Expectedmembers are the ports by which behavior is imported—provided—into a collaboration.

AnotherdiVerencefrom abstractmembersisthatbehavior isprovideddirectlyto thedeclaredexpected

member, ratherthanusingsubclassingandinheritance, asis the casefor abstractmethods.It is a run

time error to invoke an expectedmemberthat hasnot beenprovided with behavior. Section4.5

1It isadynamicerror to attemptto invoke anexpectedmethodthathasnot beenprovided.
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(page166) de�nesthe completeproperty of acollaboration:acompletecollaborationhasno expected

methodsthathave not beenprovidedbehavior.

Aspectualmethodsadvisetheexecutionof join points.The currentjoin-pointmodelhasonly onekind of

join point: amethod'sexecution.When anaspectualmethodisattachedto adviseahostmethod,any

invocationof thehostmethodis intercepted,rei�ed asajoin-point objectrepresentingthe invocation,

andpassedto the aspectualoperationasan argument.The aspectualmethodcanthen control (and

modify) the detailsof the executionrepresentedby the join point—includingchoosingnot to allow

executeit at all—until returning control to the host-method'soriginal caller. Optionally, anaspectual

methodmay beconstrainedto work with only amore limited setof signatures,thereby gainingaccess

to theargumentsandreturnedvalueof themethodinvocation.

Exportedmembersare visible outsidethe collaboration. When composingcollaborationswith each

other, any members that shouldbe visible in the resultmust be explicitly exported. Non-exported

members becomehiddenbehindthe encapsulationinterfaceof the ac. Note that we will want to

export all expectedmembers that have not beenprovided, asotherwisethey will not be visible to

subsequentattachmentspeci�cations,doomingthecollaborationto never beexecutable.

Theseannotationsareappliedatthemember—ratherthanparticipant—level for reasonsof practicality

ratherthan fundamentaldesign.If we wantedto useimported participantsusefully, we would anyway

needto specifythesignaturesof membersthatthe importing moduleneedsto referenceon the imported

participants.Furthermore, wewould needto import participantsmentionedtransitivelyby thesignatures

of the imported members. We would then needto applysomeprogrammingpattern like Jiazzi'smixin

andopenclasspatternsin orderto composelocallyde�ned behavior andthe importedbehavior into one

exportedparticipant. We avoid theseobstaclesby insteadspecifyingimportsandexportsat the member

level.2

A collaborationiseithercompileddirectlyfrom sourcecode, or elsecomposedfrom alreadycompiled

collaborations.We call the resultingcollaborationthe outputor resultcollaboration,and the already

compiledcollaborationsfrom which it is composed,the constituentcollaborations.3 The compositionis

akinto staticlinking, by which we meanthatachangeto aconstituentcollaborationwill notbere�ected

in the output collaborationuntil it hasbe re-composed.This is merely an implementationchoice, and

nothing in the languagedesignwould hindera more dynamicapproach,for exampleimplementedasa

class-loaderin the jvm.
2Our implementationallowscollaboration-privateparticipantsby omitting themfrom the typemappingphaseof attachment.This is

only a possibilityfor participantsthat do not appearin the exported signature of the collaboration,andis alsonot accountedfor in our
formalmodel.

3We usethe terms“output” and“constituent” to disambiguate“composed”collaboration,which canbe taken to be the resultof
composition,or oneof the ingredients.
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Unlike someothermodulesystems,we chooseto derive the signature of anac from its declaration,

ratherthananexternalsignature appliedto the declaration.However, the interfaceremainsstable under

modi�cationsto the interfacesof the constituentcollaborations:aslong asthe collaborationstill type-

checks,modi�cations to the constituentcollaborations'interfaceswill not aVect the interfaceof the

output collaboration.4

Thus,acollaborationhasexactlyoneinterface, ratherthanbeingable to satisfyasetof signatures.The

interfaceof anac consistsof the exported membersof the collaboration,alongwith the participantson

which thesemembersare de�ned. We referto the subsetof interfacemembersthat are expectedasthe

requiredinterface, andthe remainderasthe providedinterface. Section4.6.3 (page178) discussesalternate

semanticsfor linking requiredandprovidedinterfaces,which would truly make the required interfacea

subsetof the providedinterface(ie, we would be able to specifyanexpectedmethodasthe sourceof a

requirement),andthe trade-oVsinvolvedin thechoice.

3.2 AspectualCollaborationsby Example

Wewill introducetheconceptsunderlyingAspectualCollaborationsthroughasmallexample, compos-

ing two dissimilarcollaborations;showing how by deferring structuraldetailswe cangain�ner control

of theobjectstructure; and�nally showing how existingbehavior canbeadvised.

3.2.1 Introducing Structure

Asanintroductionto collaborationsandtheir composition,Figure 23 presentstwo diVerent collabora-

tionsdescribing a person. The two constituentcollaborationson the left andmiddleare composedby

thedeclarationon the right into acollaborationcontainingthe �elds andmethodsof both. At thisstage,

we omit methodsto focuson how participants'typesandreferencesto them are aVectedby composi-

tion. The resultof compilingthecollaborationsare shown below thecodeasuml diagrams.Notice that

althoughthe collaborationswere of diVerent shapes,we were able to stretchthemto �t into a common

participantgraph.

The exampleillustratesthe point-wisecompositionperformedon participants.The compositecol-

laborationdeclaresaparticipantclassstructure for theoutput, into which thecontentsof theconstituents

are inserted. The nameof a Person is imported from that of a LegalEntity, andsimilarly, the locationof

4Section5.1.2 (page190) discussesfuture work which may move towardsappliedsignaturesratherthanexport declarations.
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1 collaboration legal;
2 par ticipant LegalEntityf
3 Stringlegalname;
4 g
5 par ticipant Human
6 extends LegalEntityf
7 g
8 par ticipant Employee
9 extends Humanf

10 Workplacewp;
11 g
12 par ticipant Workplacef
13 expected Stringlocation;
14 g

1 collaboration person;
2 par ticipant Personf
3 expected Stringname;
4 g
5 par ticipant Active
6 extends Personf
7 Activity does;
8 g
9 par ticipant Activity f

10 Buildingin;
11 g
12 par ticipant Buildingf
13 Stringaddress;
14 g

1 collaboration legalperson;
2 par ticipant Personfg
3 par ticipant Adult extends Personfg
4 par ticipant Workingextends Adult fg
5 par ticipant Job fg
6 par ticipant Workplacefg
7 attach legal, personf
8 Person+= Person, LegalEntity
9 f provide namewith legalname; g

10 Adult += Human;
11 Working+= Employee,Active;
12 Job += Activity;
13 Workplace+= Building, Workplace
14 f provide locationwith address; g
15 g

Figure 23: Two collaborations describing a person,with slightly different shapes,and their composition.

abuilding is importedasitsaddress.Notice thatcompositionissymmetric, allowing both collaborations

to besinksandsourcesfor their relationships.

A collaborationconsistsof threeparts:anintrinsicname, adeclarationof theshape(possibly devoid of

methodsand�elds) of theoutputcollaboration,anda(possibly empty)setof attachmentsinto theoutput

collaboration.AcompiledAspectualCollaboration—eitherwith behavior declareddirectly, like legaland

person, or composedfrom alreadycompiledcollaborations,like legalperson—isstructuredsimilarlyto a

Javapackage, but consistsof participantsratherthanclasses.Apart from consistingof amore generalclass

construct, the primary diVerencebetweena collaborationanda packageis thata collaborationis closed

to subsequentextension,while classescanbeaddedto a packageat any time. Thus, in ACsthe unit of

compilationisacollaboration,asopposedto aclassof aJavapackage.5

5This property aidsin modularreasoning(seeSection1.1.3, page13) by limiting the ability to override a methodin a collaboration
to participantsin the samecollaboration.Also, Section5.1.3 (page191) discusseshow this property could be usedto enable program
optimizations.
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The outputcollaborationdeclarestheparticipantsthatare visible in theoutput,andalsotheir subtyping

relationships.6 An exampleof anoutput collaborationare the participantdeclarationsin the composite

collaborationlegalperson. The purposeof this declarationis that it transformsa construction problem

into a veri�cation problem: insteadof needingto construct a setof output classesable to containthe

classstructuresof theconstituent(attached)collaborations,we merelyneedto verify that themappingof

eachconstituentcollaborationmaintainsthenecessary properties—aneasiertask.7 More importantly, this

givesusfull control over the the namesof andsubtypingrelationshipsamongthe classesin the output

collaboration.

The attachmentdetailsare speci�edat three levels: collaboration,class,andmember. The example

shows how collaborationlegalperson is composedfrom collaborationslegalandperson. Eachclassin

eachattachedcollaborationis then mappedto a classin the output collaboration.The += notation is

chosento suggestthat the left-handclass(the output class)accumulatesthe contentsof the right-hand

classes.Thus,thedeclarationWorking+= Employee, Active declaresthatconstituentclassesEmployeeand

Active aremappedto outputclassWorking, inserting their �elds andmethodsinto theoutputclass.Types

referencedin inserted �elds andmethodsare translatedaccording to thedeclaredtypemappings.

Lastly, imports and exports are resolved at the memberlevel. Imports are declared via expected

members—�eldsor methods—whichdeclare the signature of the required member, andare referenced

by thebehavior in thecollaborationasif they were declaredasconcrete.

To import behavior into the collaboration,anexpectedmemberisprovidedwith the behavior from a

concretemember, with identicalsignature andon the sameclass.In the example, �elds nameandlegal-

nameboth have the sametypeandhave beeninserted into the sameoutput type. The nameisexpected

(alsoreferredto asrequired), while legalnameisconcrete, sothedeclarationprovide namewith legalname

isvalid,andall referencesto nameare redirectedto legalname.8

3.2.2 Deferred Structure Pattern

Duringcomposition,typesare mappedaccording to the attachment,sothatall referencesto Buildingin

Personare replacedby referencesto Workplace. Thus,both �elds Employee.wp andActivity.in are typed

Workplace. Thisbegsanobviousquestion:in therightmostillustrationin Figure23, did thecomposition

6The implementedlanguage, andthe modeledlanguageof Chapter4 (page115) diVer mostsigni�cantlyin what the output collabo-
rationcancontain:the implementedAC compilerallowsfull Java—includingmethodsand�elds—while themodelin FeatherweightJava
allowsonly participantsandsubtypingrelations.In themore restrictedmodel,amethodmay only bedeclaredin anatomiccollaboration.

7Section5.1.5 (page192) discussessomedetailson how the mappingto the output collaborationcould be partially derived from
context.

8How providesinteractwith exportsisdiscussedin Section4.6.3.1 (page179). The current implementationiscritiqued,andwe show
how abetterimplementationstrategycouldallow both the expectedandprovidedmembersto beexportedseparately, at the costof not
beingable to have expected�elds.
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1 collaboration legal;
2 par ticipant LegalEntityf
3 Stringlegalname;
4 g
5 par ticipant Human
6 extends LegalEntityf
7 g
8 par ticipant Employee
9 extends Humanf

10 expected Workplaceget wp();
11 expected
12 void set wp(Workplacewp);
13 g
14 par ticipant Workplacef
15 expected Stringlocation;
16 g

1 collaboration person;
2 par ticipant Personf
3 expected Stringname;
4 g
5 par ticipant Active
6 extends Personf
7 expected Activity get does();
8 expected
9 void set does(Activitydoes);

10 g
11 par ticipant Activity f
12 expected Buildingget in();
13 expected
14 void set in(Buildingin);
15 g
16 par ticipant Buildingf
17 Stringaddress;
18 g

1 collaboration legalperson;
2 par ticipant Personfg
3 par ticipant Adult extends Personfg
4 par ticipant Workingextends Adult fg
5 par ticipant Job fg
6 par ticipant Workplacefg
7 attach legal, personf
8 Person+= Person, LegalEntity
9 f provide namewith legalname; g

10 Adult += Human;
11 Working+= Employee,Active
12 f expor t get does; expor t set does;
13 expor t get wp; expor t set wp; g
14 Job += Activity
15 f expor t get in; expor t set in; g
16 Workplace+= Building, Workplace
17 f provide locationwith address; g
18 g

Figure 24: Using expectedmethodsto defer structure.

meanto resultin two pathsto Buildingfrom Working? Most likely, the answer is that the composition

wasintendedto result in only one path, and that we have unintentionallyintroducedan invariant

someoneWorking.does.in==someoneWorking.wp that theprogrammermustbecareful to maintain.

To addressthis issue, we introduceaprogrammingpattern, the DeferredStructurePattern. The pattern

leveragesexpectedmethods,which declare methodsignatureswithout behavior, to deferhas-arelations

until the classstructure isstable. Figure 24showsthe necessary modi�cations. Insteadof eachcollabora-

tion encodinghas-areferencesdirectlyas�elds, wedeclareexpectedgetter-and(if needed)setter-methods

for those�elds.9 The actual�elds, andthe methodsto accessthem, are addedonly when we wish to

freezethe structure, afterthe structure-usingcollaborationshave beenadded. Note that referencesto

externaltypes,suchasStringareexemptfrom typemappingduring attachment,andthusalsothepattern.

Figure 25 shows how a simplehas-astructure canbe addedto the legalpersoncollaboration,gen-

eratinglegalpersonstructure.10 To illustratethe useof disambiguation,we have reusedthe namesof

legalperson in structure. SinceAspectualCollaborationshave no match-by-namerule (ascommonly

usedin Hyper/J),we needto manuallycomposethe similarlynamedclasses.Similarly, to provideget in

from structure to the identicallynamedmethod in legalperson, we needto disambiguateto declare

which oneissourceandwhich oneissink.For example, to providetheconcretemethodfrom structure

to theexpectedfrom legalperson, we write provide legalperson.Job.getin with structure.Job.get in. 11

9One additionalbene�t to usingthisprogrammingpattern is that it allowsusto separatelycontrol readandwrite accessto a �eld.
10The examplehasbeenslightlycleanedup from theactualsyntax,but expressespreciselythesameinformation.
11To simplifythepresentation,our formalmodelin Chapter4 (page115) requiresthatall classandmemberreferencesbefully quali�ed.

Section5.1.5 (page192) delvesinto how suchdisambiguationmight beavoidedin amore mature implementation.
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1 collaboration structure;
2 par ticipant Working f
3 Job job;
4 Job getDoes()f return job; g
5 void setDoes(Job does)f
6 job = does;g
7 WorkplacegetWP()f
8 return getDoes().getin(); g
9 void setWP(Workplacewp) f

10 getDoes().setin(wp);g
11 g
12 par ticipant Job f
13 Workplacewp;
14 Workplaceget in() f return wp; g
15 void set in(Workplacein) f
16 wp = in; g
17 g
18 par ticipant Workplacef g

1 collaboration legalpersonstructure;
2 par ticipant Personfg
3 par ticipant Adult extends Personfg
4 par ticipant Workingextends Adult fg
5 par ticipant Activity fg
6 par ticipant Buildingfg
7 attach legalperson, structure f
8 Person+= Person;
9 Adult += Adult;

10 Working+= legalperson.Working, structure.Working
11 f provide get doeswith getDoes;provide set doeswith setDoes;
12 provide get wp with getWP; provide set wp with setWP;
13 expor t getDoes; expor t setDoes;expor t getWP; expor t setWP; g
14 Activity += legalperson.Job, structure.Job
15 f provide legalperson.Job.get in with structure.Job.getin;
16 provide legalperson.Job.set in with structure.Job.set in;
17 expor t legalperson.get in asgetIn;expor t legalperson.set in assetIn;g
18 Building+= legalperson.Workplace, structure.Workplace;
19 g

Figure 25: Adding the structure.

When providing one memberto another, it is required that they have the sametype. Earlier, we

provided legalnameto expected�eld name, both of typeString. When we specifya typemappingin an

attachment,two thingsoccur: themembersfrom theconstituenttypesare inserted into theoutput type,

andall referencesto the constituenttypesare translatedto the output type. In Figure 24, classActive's

methodsignature void set does(Activity) is translatedto void set does(Job) , asActivity is mappedto

Job. Thus,afterinsertion collaborationstructure'sconcretemethodsgetDoesandsetDoeshave identical

signaturesto legalperson'sexpectedmethodsget doesandset does, allowing the former to beprovided

to the latter.

Lastly, the methodsetDoes(with severalothers),which hasbeenaddedto classWorking, isdeclared

exported, and thusavailable to external uses.Members that are not exported are encapsulatedinside

the collaboration,andcannotbereferencedexternally, nor will they beconfusedwith identicallynamed

membersfrom othercollaborations.

3.2.3 AspectualBehavior

Thecodein Figure 25 is hardly up to productionquality: getWPandsetWPwill resultin null-pointer

errorsif no Job objectexists.Wethusneedto ensure thatgetDoesreturnsnon-null. Figure26 showstwo

alternateaspectualmethodswhich providesuchassurances—checkAltOneandcheckAltTwo—composing
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1 collaboration assertJob;
2 par ticipant Wrking f
3 expected JbgetJb();
4 expected void setJb(Jba);
5 aspectual ReturnedcheckAltOne(Joinpoint jp) f
6 if (getJb()==null ) f setJb(new Jb()); g
7 return jp.invoke();
8 g
9

10 aspectual RetcheckAltTwo(JnPtjp) f
11 Ret ret = jp.invoke(); // Try it �rst
12 if (ret.exception() instanceofNullPointerException) f
13 setJb(new Jb()); // Fix it
14 ret = jp.invoke(); // Try again
15 g
16 return ret;
17 g
18 g
19 par ticipant Jbfg

1 collaboration legalpersonstructure assert;
2 par ticipant Personfg
3 par ticipant Adult extends Personfg
4 par ticipant Workingextends Adult fg
5 par ticipant Activity fg
6 par ticipant Buildingfg
7 attach legalpersonstructure, assertJob f
8 Person+= Person;
9 Adult += Adult;

10 Working+= Working, Wrking
11 f provide getJbwith getDoes;
12 provide setJbwith setDoes;
13 around getWPdo checkAltOne;
14 around setWPdo checkAltTwo;
15 expor t getDoes;expor t setDoes;
16 expor t getWP; expor t setWP; g
17 Activity += Activity, Jb
18 f expor t getIn; expor t setIn;g
19 Building+= Building;
20 g

Figure 26: Guarding againstnull-pointer errors.

them to intercept getWP and setWP respectively. The two aspectualmethodshave slightly diVerent

signaturesto highlight that the typenamesin the signature are not hardwired. The programmermay—

indeed,must—choosethesesoasto not clashwith any othertypein theparticipant.

The around getWPdo checkAltOnedeclarationin the attachmentof the awkwardly namedcollab-

oration legalpersonstructure assert setsup an interception relationshipso that the aspectualmethod

checkAltOne interceptsall executionsof getWP. When executed,checkAltOneveri�es that expected

gettermethodgetJb—which will beprovidedgetDoes—returnsnon-null, andif it doesnot, invokesthe

setterwith a newly instantiatedJbobject. The aspectualmethodthen invokesthe interceptedmethod

(invoke on the jp object),returning theresult(encapsulatedasaReturnedobject)directlyto the intercep-

tion framework. Becausetypemappinghassetup Jbto be the sametypeasJob, the compositioniswell

typed.This typemappingisnecessary; thusJbmustbemappedto Activity eventhoughit isempty.

The secondaspectualmethodillustrateswhat wouldbe possible in a more mature system,but is not

fully implementedin thecurrentprototype. Speci�cally, while exceptionscaneasilybeinterceptedusing

Java's tr y���catchstatements,the compilerdoesnot currently insert suchclausesinto adviceattachments.

Only a trivial extensionwould be required to achieve the required behavior; currently, the null pointer

exceptionneedsto becaughtandhandledin theadvicedirectly.

Assumingasuitably extendedAC compiler, the checkAltTwo aspectualmethod�r stallowsthe inter-

ceptedmethodto execute, storing the resultin a localvariable, ret. If the returnedvaluerepresentsan
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error condition—anull-pointer exceptionin particular—we assumethat it wasdue to getJbreturning

null, andsetit to anew Jbobject,andtry themethodagain.

It shouldcomeassomesurprisethatwecaninterceptgetWPwith theaspectualmethodcheckAltOne,

astheir signaturesare completelydissimilar. Indeed,not only doesthe former take no argumentswhile

the lattertakesone, but the typesusedin checkAltOne'ssignature are not evenmappedagainstanoutput

type.

The reasonthis works is that the aspectualmethoddoesnot directly wrap the interceptedmethod

(thehostmethod)but ratheris invokedby the interceptioninfrastructure generatedby thecompiler. The

programmerchoosesthe namesof the typesin the signature of checkAltOne, andcorrespondingclasses

are generatedby the compiler. The generatedinfrastructure isable to interceptexecutionsof a method,

capturing all detailsnecessary to allow the capturedexecutionto continue in aninstanceof the Joinpoint

class.That Joinpoint objectispassedto theaspectualmethodasitsonly argument.

The generatedJoinpoint classprovidesan api to the aspectualmethod, allowing the intercepted

methodto beexecutedin orderto return aninstanceof Returned, which capturesthe result—ifany—of

the interceptedmethod'sexecution.Thustheapi of the join-point objectinsulatestheaspectualmethod

from thesignatureof the interceptedmethod,allowing thesamecompiledaspectualmethodto bereused

to interceptmethodsof any signature.

The api generatedfor theaspectualmethodaspectual ReturnedcheckAltOne(Joinpoint jp) is:

1 class Joinpoint f
2 Returnedinvoke();
3 ReturneddontInvoke();
4 g

5 class Returnedf
6 g

The signature of theaspectualmethodobligatesit to return aReturnedobjectasits result,but no stipula-

tionsare imposedon how thisobjectisobtained.The api providesmethodsfor generatingareturn-value

objecteitherby invoking—or by not invoking—theinterceptedmethod. Alternately, an objectfrom a

previous invocationcould be retrieved from a variable. However, neitherclasshasa uservisible con-

structor, sothe two methodsinvoke anddontInvoke are the only waysto createa Returnedobject. The

Returnedobjectresultingfrom a dontInvoke canbe manufactured in a numberof ways,dependingon

how the aspectualmethodis linked. If a default methodfor the interceptionwasspeci�edin the com-

positionclause—notshown in any examplein thischapter, but requiredfor theFeatherweightJavamodel

in the next chapter—dontInvoke will invoke it andwrap its resultin a Returnedobject. Otherwise, the

defaultobjectfor the return typeis taken; for example, for int it is0, andfor Objectsit isnull.

Optionally, the api canbe extendedto expose(a subsetof) methodargumentsor the return value.

This is implementedby declaring expected�elds correspondingto the exposedargumentson the col-
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laboration'sJoinpoint participant.The Joinpoint participantgeneratedby the around���do declarationwill

contain�elds to save the actualargumentsof the methodinvocation;we needmerely ensure that the

exposedformal argumentsexistfor the interceptedmethodandprovide thosearguments'�elds to the

expected�elds of the aspectualmethod'sJoinpoint. By leveraging our expected-provide framework, ar-

guments(andanalogouslyreturn values)areexposedwithout impactingtypesafety, but will constrainthe

reusabilityof theaspectualmethodto only beingable to interceptexecutionsof methodswhosesignature

containsargumentsof theassumedtypes.

Type-safereuseisachievedby treatingthejoin-point andreturn-valuetypesasexistentialtypevariables,

scopedover the aspectualmethod'sbody. This meansthat while we have namedthem, the typenames

Joinpoint and Returnedare only bound to actualclasseswithin the method body, and are bound to

diVerent classesfor eachattachmentof the aspectualmethod. Thus, there canbe no �elds or methods

which mentionthe aspectualmethod's types,apart from the aspectualmethoditself. Sincethe method

requiresan argumentof statictype Joinpoint to be invoked, and we cannotexpressthat type outside

the scopeof the body, we realizethat the only placefrom which we could directly invoke anaspectual

methodiswithin itsown methodbody.

While the typesof the join-point andreturn-valueobjectsare existential,they neverthelessare Java

objects. This allows us to store them, upcastto Object, in globaldata-structures. The only placein

the program where they canbe downcastto a more speci�c type is insidethe sameaspectualmethod

attachmentasthey objectscamefrom. Sinceadowncastcanfail, it is important that it is in user-written

code, sothat theprogrammerisable to debug it if it fails.

3.3 Modular and Aspect-Oriented Properties

Theintroductiondescribesseveral important propertiesof modulesystems(Section1.1.1, page9) and

aspect-orientation(Section1.1.2, page11). Thissectiondescribesaspectualcollaborationsin the termsof

theseproperties.

For modules,we had three properties—decomposability, composability, and adaptability—which stem

from four fundamentalprinciples:

Encapsulation. The export clausesin Figure 26 are required to accessthe collaboration's methods,as

otherwisethey would behiddenfrom view.

HierarchicalComposition.Similarly, the same�gur e composeslegalpersonstructure, which is in turn

composedfrom legalpersonandstructure.
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External Assembly. Becausecomposedconstituentcollaborations—forexampleassertJob and legal-

personstructure—are unaware of eachother, we caneasilyreplaceoneof themwith a more capable

oneby rewriting theattachment.

Non Type-InvasiveExtension.Figure 28 (page96) attachesemployee workplace three times,to ant -

employee and personemployee teacher. Eachattachmentis separate, with no implied relationship

betweenthethreeuses.More importantly, eachresultingcollaborationisindiguishable from anatomic

collaborationwritten manuallyto copy andinsert thecodefrom theconstituentcollaborations.

Similarly, aspect-orientedprogrammingcontrolscrosscutting, scattering, andtanglingthrough the three

principles:

Non Behavior-InvasiveExtension.The whenevercodein legalpersonstructure assert accessesgetWP,

it will be automaticallyprotectedagainstnull-pointer errors. This is not behavior invasive, asthe

checkingdoesnot addany visible methodsor classesto thecomposedcollaboration,nor require thatit

be invokedexplicitly, allowing the codein legalpersonstructure to remainobliviousto the behavior

from assertJob.

Join PointModi�cation. The obliviousextensionis madepossible by direct modi�cation of the join

points.In our example, getWPwasmodi�ed to transfercontrol to checkAltOne.

Generic Advice.The signature of checkAltOnedoesnot mentionthedetailsof getWP. Indeed,setWP,

which hasa very diVerent method signature, is advisedby checkAltTwo, which hasa very similar

signature to the other aspectualmethod. The typesin the signaturesof the aspectualmethodsform

theapi whereby the interceptedmethodexecutionscanbecontrolled. Additionally, theapi shieldsthe

aspectualmethodfrom the detailsof the interceptedmethod,suchasits signature, andwhetherthe

methodexecutionproceedsnormallyor throwsanexception.

Additionally, aopcanbeclassi�edbasedon threecriteria. For aspectualcollaborations,theseare:

Join PointModel:Aspectualcollaborationshave only onekind of join point: methodexecutions.

PointcutDesignator: Currently, pointcutsmustbeenumeratedin the attachment.Thus,the ability to

adviseamethodcomeshandin handwith theability to invoke it.

Advice:Our adviceis able to control the executionof interceptedmethods,letting it executeonce,

severaltimes,or not atall.
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Listing 3.1: Base

1 package personbuilding;
2 class Personf
3 Stringargue()f return ”...”; g
4 g
5 class Buildingf g
6

7 package ant anthill;
8 class Ant f g
9 class AntHill f g

Listing 3.2: Employee Workplace

1 collaboration employee workplace;
2 par ticipant Employeef
3 Workplacewp;
4 WorkplacegetWorkplace()f return wp; g
5 g
6

7 par ticipant Workplacef
8 Employee[] employees;
9 java.util.CollectiongetEmployees()f

10 java.util.Collectionret = new java.util.ArrayList();
11 for (int i=0; i< employees.length;i++) f
12 ret.add(employees[i]);
13 g
14 return ret;
15 g
16 void hireEmployee(Employeee) f ...g
17 void �r eEmployee(Employeee) f ...g
18 g

Listing 3.3: Teacher School

1 collaboration teacherschool;
2 par ticipant Teacherf
3 expected SchoolgetSchool();
4 boolean verifyWellFormed() f
5 java.util.Iterator ts = getSchool().getTeachers().iterator();
6 while (ts.hasNext())f
7 Teachert = (Teacher)ts.next();
8 if (t == this ) return true ;
9 g

10 return false;
11 g
12 aspectual RV betterArgueIntercept(JPjp) f
13 improveArguments();
14 return jp.invoke();
15 g
16 void improveArguments() f
17 Stringtitle = ”...sometitle...”;
18 Book b = getSchool().library.borrowBook(title);
19 ...
20 g
21 g
22 par ticipant Schoolf
23 expected java.util.CollectiongetTeachers();
24 Library library;
25 g
26

27 par ticipant Library f
28 Librarian[] librarians;
29 Book[] books;
30 Book borrowBook(Stringtitle) f
31 return books[...31415...];g
32 void returnBook(Bookbook) f ...g
33 g
34

35 par ticipant Librarianf ...g
36 par ticipant Book f
37 StringgetTitle()f return ”...”; g
38 g

Figure 27: AspectualCollaborations' solution to the recurring example.
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3.4 The Recurring Examplein AspectualCollaborations

Therelatedwork chapter, Chapter2 (page21), usesa recurring exampleof employeeandworkplace

rolesto bemappedonto eitherapersonandbuilding,or anantandananthill. Thissectionsketcheshow

AspectualCollaborationswould solve thesameproblem.

The solutionleavesmany of AC's featuresunder-exercised,but doesillustratethat ACs are at least

ascapable asrelatedsystemsare in their core areas,in addition to possessing�exibility from aspectual

interception. We alsohighlight areasthat we hopeto strengthenwith future work, usingthe recurring

exampleto motivatetheusefulnessof theproposedmodi�cation.

Listings3.1, 3.2, and3.3 show four collaborationsthatareseparatelycompiled.They are looselybased

on Figures1 (page25) and13 (page48) in Chapter2 (page21). Thesewill form the basisfor exploring

the �exibility of AC composition.

Compositionis a dimensionorthogonalto subclassinghierarchies.The solutionpresentedhere, for

presentationpurposes,usesonly modulecompositionto construct classbehavior. When to useinheri-

tanceandsubclassingandwhento usecompositionisanareafor further research in designmethodology.

Refactoring Smalltalk's extensive collectionclasshierarchy with Traits(Section2.8.3, page80) showed

that in somecasesbig pre-built hierarchiescanbe replacedwith smallcollaborationswhich users can

composeaccording to their needs.

Listing3.4 showshow wecancomposethreecollaborationsto createapersonwho isateacherandan

employee, andlikewiseabuilding thatisaschoolandworkplace. Thiscompositionisvery diVerent from

an inheritance-basedapproach,asit doesnot usesubtyping,but rathercomposition.The composition

alsosetsup anaspectualinterceptionof any invocationof thePersonsarguemethod,sothattheTeacher's

betterArgueIntercept canbeinvokedinstead.

Listing 3.5 highlightsfour main diVerencesto subtyping-basedattachment,by composingthe em-

ployee workplacecollaborationwith the ant anthillpackage.12

1. Mappingof typesfrom the participantsof the imported collaborationto the participantsof the

importing collaborationallow the schemeto subsumemany usesof parametric polymorphism.

For example, assumethat employee workplacecollaborationdeclared only expectedmethodson

the Employee; the collaborationcould thenbeseenasparameterizing Workplaceover the typeof

Employee. Collaborationscanalsoexpressmixin-like behavior, where aparticipantisparametrized

over itsdirectsuperclass.

12By design,aJavapackageisa trivial collaboration.
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Listing 3.4: Composite1

1 collaboration personemployee teacher;
2

3 par ticipant TeacherEmployeePersonf g
4 par ticipant SchoolWorkplaceBuildingf g
5 par ticipant Library f g
6 par ticipant Librarianf g
7 par ticipant Book f g
8

9 attach personbuilding,
10 employee workplace, teacherschoolf
11 TeacherEmployeePerson+=
12 Person, Employee,Teacherf
13 provide getSchoolwith getWorkplace;
14 around arguedo betterArgueIntercept;
15 g
16 SchoolWorkplaceBuilding+=
17 Building, Workplace,Schoolf
18 provide getTeacherswith getEmployees;
19 g
20 Library += Library;
21 Librarian+= Librarian;
22 Book += Book;
23 g

Listing 3.5: Composite2

1 collaboration ant employee;
2

3 par ticipant AntEmployeef g
4 par ticipant AnthillWorkplacef g
5

6 attach ant anthill, employee workplacef
7 AntEmployee+= Ant, Employee;
8 AnthillWorkplace+= AntHill, Workplace;
9 g

Listing 3.6: Composite3

1 collaboration personemployee buildingworkplace;
2

3 par ticipant EmployeePersonf g
4 par ticipant WorkplaceBuildingf g
5

6 attach personbuilding,employee workplacef
7 EmployeePerson+= Person, Employeef
8 expor t argue;
9 expor t getWorkplace;

10 g
11 WorkplaceBuilding+= Building, Workplacef
12 expor t getEmployees;
13 g
14 g

Figure 28: Compositions,graphically (omitting members)and textually (in full).
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2. Even thoughboth personemployee teacherandant employee have composedandreusedthe Em-

ployeeparticipant,there isno typingrelationshipbetweenthem(otherthanbothsharing supertype

Object), andeachrefersunambiguouslyto a speci�cworkplace:a SchoolWorkplaceBuildingor an

AnthillWorkplacerespectively. In aninheritancebasedsystem,suchcovariantsubtypingof references

requiresadvancedtypingschemes.

3. Conversely, thisalsoimpliesthat compositiondoesnot subsumeinheritance. Usingonly compo-

sition, we cannotcapture that an employee is exclusively either a teacheror a banker. Luckily,

compositionis orthogonalto sub-typing,so it is possible to keepteacherandbanker in separate

collaborations,yet still imposeasub-typingrelationshipwith acommonsuper-type.

4. Thereisno ordering betweenthecomposedparticipants:TheTeachertypedoesnot dependon the

Employeetype, only thattheexpectedgetWorkplacemethodissomehow ful�lled—or exportedto

beprovidedlater.

The lack of ordering meansthat we are free to combinecommoncombinationsinto more easily

manageable units. Listing3.6 combinesthe personbuildingandemployee workplacecollaborationsinto

one compositecollaboration,personemployee buildingworkplace. Listing3.7 achievesexactlythe same

eVectasListing3.4, but by attachingthispre-composedcollaborationasoneunit ratherthantwo.

We can alsoleveragethe lack of typing relationshipsby composingthe personemployee building-

workplace a secondtime to the teacherschool collaboration,this time to Librarianand Library par-

ticipants. This is shown in Listing 3.8, which is similar to the declarationcomposingteacherwith

person/employee, but doesnot give librariansany betterargumentative skills. The ability to applyPer-

sonEmployee to Librariansatis�esthe desire to be able to have a Lumberjack's Workplacebe Outdoors,

even thoughthe Outdoors is-not-aBuilding(seeFigures1, page25and5, page30).

This smallexampleillustratesthat AspectualCollaboration's compositionis a very �exib le tool for

constructingprograms.We have shown how collaborationscanbereused,both in diVerentbaseapplica-

tions,andsimultaneouslyin thesameapplication.

3.5 Emergent Properties

Thesectionabove illustrateshow ACsare asexpressive asseveralrelatedrole or collaboration-oriented

systems,at leastfor our recurring example. Eachsystemwill of coursehave specialfeaturesthat setit

apart from others. AspectualCollaborationsgaintheir power from combiningamodern modulesystem
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Listing 3.7: Composite4

1 collaboration personemployee teacher;
2

3 par ticipant TeacherEmployeePersonf g
4 par ticipant SchoolWorkplaceBuildingf g
5 par ticipant Library f g
6 par ticipant Librarianf g
7 par ticipant Book f g
8

9 attach personemployee buildingworkplace,
10 teacherschoolf
11 TeacherEmployeePerson+=
12 EmployeePerson, Teacherf
13 provide getSchoolwith getWorkplace;
14 around arguedo betterArgueIntercept;
15 g
16 SchoolWorkplaceBuilding+=
17 WorkplaceBuilding, Schoolf
18 provide getTeacherswith getEmployees;
19 g
20 Library += Library f
21 expor t borrowBook; expor t returnBook;
22 g
23 Librarian+= Librarian;
24 Book += Book;
25 g

Listing 3.8: Composite5

1 collaboration personemployee teacherlibrarian;
2

3 par ticipant TeacherEmployeePersonf g
4 par ticipant SchoolWorkplaceBuildingf g
5 par ticipant Library f g
6 par ticipant Librarianf g
7 par ticipant Book f g
8

9 attach personemployee teacher,
10 personemployee buildingworkplacef
11 TeacherEmployeePerson+=
12 TeacherEmployeePerson;
13 SchoolWorkplaceBuilding+=
14 SchoolWorkplaceBuilding;
15 Librarian+= Librarian, EmployeePerson;
16 Library += Library, WorkplaceBuilding;
17 Book += Book;
18 g

Figure 29: Compositions,graphically (omitting members)and textually (in full).
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with aspectualpowers. By allowing modularcompositionto control aspects,severalpowerful synergies

are attained.The following sectionsexplore someof thesein greaterdetail.

3.5.1 Encapsulation,Composition, and Modular Reasoning

Wehave repeatedlymentionedhow combiningencapsulationandmodularcompositionleadsto mod-

ularreasoning.This sectionexplorestheclaimin greaterdetail.

Modularreasoningis importantbecausewe wantour ability to reasonabout—tounderstand—apro-

gramto scalewith the sizeof the program. Techniqueslike modulesystemsaimto allow largeprograms

to beconstructedby splittingtheminto macroscopicunits—themodules—whicharesuYcientlyisolated

from the restof the programto be written in separately. Modularity allowsusto write largerprograms

becausethe parts canbe developedseparatelyandthen assembled, andcanthusbe developedin par-

allelby teams.Teamsof programmerscancooperatewithout modularity, but modularity improvesthe

manageabilityof theprogrammingtask,even for asingledeveloper.13

Aspect-Orientationallows a new classof behaviors to be modularized, thusincreasingthe possible

parallelismandmanageabilityof the programmingtask.Notably, severalconcernsthatcrosscutor tangle

eachother (described in Section1.1.2, page11) cannoteasilybe separatedinto distinct modulesin

conventionalmodulesystems,but canoften be modularized usingaspects.aop achievesthis level of

expressivenessby allowing onemoduleto �exib ly specifyandmodify join pointswithin anothermodule.

Unfortunately, thistrades-oV encapsulationfor expressiveness.

To illustrate, imagine a database-backedsystemassketchedin Figure 30. The commit methodis key

to the databasesemantics,andcallsa numberof other methodsto achieve its behavior.14 For the sake

of argument,assumefurther that the operationsmustbe invoked in order, without any other i/o being

performedby the thread.

3.5.1.1 AOP without Encapsulation

A typicaluseof aop is to insert pro�ling codeinto anotherprogram or module;pro�ling is only tan-

gentiallyrelatedto the detailsof the baseprogram,makingit avery good�t for aop. Assumingthat the

pro�ler writesto a �le , it is critical that the internal callsof commit are not modi�ed by the pro�ling

aspect.Thus, in order to safelyusethe databasemodule, there must be somedocumentationof how

the modulemay be modi�ed. If the languageprovidesfor suchinformation, it canbe veri�ed by the

compiler, elsethedocumentationmustbemanuallymaintainedalongwith thecode.
13 Someof thepropertiesof modulesystemscanbeachievedin otherways:for example, object-orientedsystemscansimulatemodule

interfaceswith abstractsuper-classes.Szyperski [Szy92], however, arguesthatit iswrongto assumethatinheritancesubsumesmodularity.
14A realdatabasewould probably not have araceconditionbetweenverifying atransactionandclosingit.
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For example, assumethat the languageusedto implementBigHonkinAppprovidesno support for

hiding methods.It isnot at all obviousthatadvisingall methodsin the �nal applicationwill alsomodify

the sensitive commit method. Indeed,to derive the setof visible methodson the root, we needto trace

all thecompositionsup to leafmodules.

From the oppositeperspective, imagine that someprogrammerhasthusunintentionallyadvisedthe

databasemodule, rendering it incorrect. In order for its maintainerto debug the misbehaving code, all

adviceattachedto the modulemustbe identi�ed andunderstoodaswell. Without additionalsupport,

this would imply a globalsearch of the program, asthere is no path from the databasemoduleto the

pro�ling aspectin Figure 30.

Thereareseveralpossibilitiesto dealwith theseissues.Gooddocumentationmay alleviatetheburden;

anide or otherprogrammingaidcantoolify the manualdocumentation,allowing for exampleall advice

attachedto amethodto beidenti�ed; or the languagecanberich enoughto allow theprogrammerboth

to protectsensitive behaviorsandto quickly identifyhow a given methodhasbeenmodi�ed. Rigorous

documentation—forexample, all join points touchedby a pointcut could be marked assuchwith a

commentpointingto thepointcutdescriptor—allowstheprogrammerto avoid duplicatingthesearch of

the programfor applicable advice, but is only asgoodasthe programmerapplyingit, both in discipline

andcorrectness.Similarly, idesare useful,providing amediatedrealityin which therelationshipbetween

aspectand baseis explicitly represented,insteadof requiring the relationshipto be inferred from the

programsource, but only help when used,canonly provide assistanceon the aspectscurrently loaded,

andthenonly on crosscuttingfeaturesunderstoodby the ide. We hold thatthe languageneedsto beable

to standon its own, aswe ultimatelycanonly reasonaboutthe propertiesof the language, andnot the

programmingenvironmentasawhole—unlesswe includeit in the languagede�nition.

3.5.1.2 AOP with Encapsulation

If insteadour aop languagehadencapsulationto control join point visibility, neitheridenor documenta-

tion would beneeded(of coursestill niceto have). Sensitivemethodsin amodulecaneasilybeprotected

simplyby not beingexported. Thus,if the databasemoduledependson commit not beingmodi�ed by

advice, it merely needsto avoid exporting it. If, however, commit andcloseneedto be invoked from

anexternal module, there are two options:the programmercanopt to tightly couplea setof modules,

allowing themgreateraccessto eachother—suchasattachingadviceto sensitivemethods—but requiring

that they be understoodasa unit (from which sensitive methodsare not exported); alternately, instead

of exporting commit andclose, methodswhich invoke them canbe exported. Sincetheseforwarding

methodsare not referencedby the internalsof the module, any adviceattachedto them will not aVect

the internalsof thedatabasemodule, yet allow themethodsto beinvoked.
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Figure 30: A hypothetical large application with a databaseback-end. Thick arrows show composition, thinner
arrows show advice propagation.

Aldrich [Ald03a] pointsout thatadesirable property of amoduleis that it shouldfunctionidentically

in variouscontexts;sinceaopallowsvisible methodsto bemodi�ed, thissuggeststhat in many situations

the module shouldonly export forwarding methods,and not the methodsthemselves. Similarly, by

exporting anemptymethodstubwhich isinvokeduponentry to anunexportedmethod,theprogrammer

canguaranteethat theunexportedmethodcanreceive only “before” advice.15

In a module systemwith encapsulation,it is easyto deducewhich modulescan potentiallyhave

advisedanexportedmethod:we merelyneedto retracethecompositionhierarchy backtowardstheroot

until the methodis no longervisible. Thus, it could be that DataManagementneedsthe Filesystemto

monitor commit'sactivities:Databasewould thusneedto re-export commit from theTransactionmodule.

However, there would beno needto export commitout of theDataManagementmodule. To understand

how commit functions,we needonly look at the two compositemodulesDatabaseandDataManagement

to �nd out preciselyhow themethodhasbeenadvised.

3.5.1.3 Modular ReasoningSummary

By limiting aspect-orientedinterceptionto join pointsexplicitly exported from a collaboration,we sig-

ni�cantly increasethe the ability to reasonabouta collaborationin isolation.True modularreasoningis

not achieved,aswe cannotreasonaboutexportedmethods,but we are able to protectsensitive methods

from externaladvice, andalsoeasilydiscover which methodscanbereasonedabout.

15Exporting forwardingmethodsandstubsisalsodiscussedin Section4.6.3.1 (page179).
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Programmingpatternscanalsoincreasemodularreasoningabilities.If acollaborationwishesto export

theabilityto invokeamethod,but doesnot wishto beaVectedby adviceappliedto theexportedmethod,

thiscanbeachievedby exporting amethodwhich delegatesto the internal implementation.This would

allow usto guaranteethat all internal invocationsof the methodproceedasexpected—forexampleto

maintainsomeinvariant—whilealsoallowing externalreferencesto invoke thebehavior.

The increasedability to reasonlocallyabouta collaborationis not without cost,however. By re-

stricting which methodscanbe advised,we restrict the ability of aspect-orientedprogramsto �exib ly

modularize behaviors in the collaboration.To achieve maximum �exibility for ao features,we would

needto export asmany methodsaspossible from the collaboration,obviouslyhampering our modular-

reasoningability.

Which of theseoptions is optimal dependson the collaborationand how it is used. It is upto

the programmerto balancethe needsof aop againstthe ability to reasonabout and understandthe

collaborationin isolation.

3.5.1.4 Obliviousness, Serendipity, and Brittleness

Quanti�cationandobliviousnesshave beenidenti�ed [FF00] asthe core conceptsof aop. Practitioners

valuethe property that the basecode—thecodebeingaVectedby anaspect—beunaware of the aspect.

This is often seenasthe de�ning property of aop: in order for a systemto qualifyasaspectoriented,

obliviousnessmustbepreserved.

Fundamentally, anaspectaVectsabaseprogramby modifyingthe behavior of the baseat someof its

join points. The property of obliviousnesshastwo sub-properties: whetherthe baseis obliviousto the

declarationof join points—join-pointobliviousness—andwhetherthe baseis obliviousto how the join

pointsare aVectedby subsequentadvice—adviceobliviousness.

We suggestthat the property of obliviousnessto join-point declarationrisesnot from a requirement

of aop, but ratherfrom a serendipitousproperty of oo languages:thatmethodsare a closematchto the

regionsof oo programswewishto advise. While somework [LM99, MLWR01] hasexploredjoin points

of very �ne granularity, for mostpurposesthegranularity atalevel of �elds, methods,andclassessuYces.

Serendipitously, oo languagesalreadynameexactlythesefeatures,so the obviouschoiceis to usethe

existingnamesto alsonamejoin points.

If we have encapsulation,we mustexplicitly export methodsasjoin pointsin order to make them

visible to external advice. It would seemthat the property of encapsulationhaslostusthe property of

join-point obliviousness.



3.5. EM ERGEN T PROPERTIES 103

On the contrary, if we lackencapsulation,every join point is eVectively exported. In this situation,

with theknowledgethataopwill beusedon aprojectcomesthe realizationthatall methodscanbejoin

points.Thuswe canretainjoin-point obliviousnessonly by remainingobliviousto theuseof aopon the

projectaltogether.

3.5.2 SeparatelyCompiled and Type-safeReuseof Aspects

Earlier, in Section3.2.3 (page89), we introducedthe api providedby generatedjoin-point classes,and

explainedhow it insulatesthe aspectualmethodfrom the signature of the hostmethod,allowing the

aspectto beseparatelycompiledandreusedwith diVerentbaseapplications.16 The formalanalysisof our

system,presentedin Chapter4 (page115), provesatypesoundnessproperty for bothatomiccollaborations

(suchasListing3.3, page94) andcompositecollaborations(suchasListing3.4, page96). The semantic

model over which this is proved closelymodelsthe separatecompilationdescribed for our prototype

full-Java implementation.Thus, we have provably type-safeseparatelycompiledaspects.Furthermore,

the type-safetypropertiesallow anaspectto be completelygeneric in the signature of the join pointsit

advises,without requiring any dynamicchecking.

Asfar aswe know, this is the �r staspectsystemto combineseparatecompilationwith type-safeand

genericallyreusable aspects.Previoussystemshave eitherrequiredadviceto preciselymatchthe typesof

the interceptedmethod[TOHS99, Läm02], are not staticallytyped[WKD , TK03, RJR03], or generate

codethatcanresultin dynamiccastingerrors[KHH + 01].17

Two properties regarding dynamiccastsare asserted. The �r st, that of safetypreservation(asper

[IPW99]), guaranteesthat no dynamicerror locationsare introducedduring evaluation,soa safepro-

gram cannever fail due to a dynamicerror. Section4.5 (page166) speci�esthis property formally. A

secondproperty is that our aspectsdo not require the introductionof dynamicerror locations(specif-

ically downcasts)to achieve reusabilityof adviceover join-points representingmethodswith diVerent

signatures.

A counterexampleof ahypotheticalsystemwhich issoundbut not usefullysafeisonewhich achieves

itsreusabilityby allowing adviceto exposehost-methodargumentsasarraysof typeObject. This iseasily

shown to be sound,andallows somegeneric behaviors to be expressed,but any advicethat wantsto

invoke methodson thusexposedargumentsmustdowncastthemto more precisetypes.18 Sincethishap-

pensin the user-written code, no dynamicerror locationsare introducedby the compiler, thuspreserving

safety, but intuitively, thedynamicerror locationsare requiredby the language'slackof expressiveness.

16Keepingin mind thatour systemissymmetric, we usethe term “base”loosely.
17Section2.6.2 (page68) illustrateshow AspectJ'scompilationschemecanresultin dynamicerrorsin compiler-generatedcode.
18This shouldnot beconfusedwith usingthe typehierarchy to selectsetsof methodsto beadvised.
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Listing 3.9: Counting books, illustrating the need for join point tuples

1 collaboration count things;
2

3 par ticipant ThingHolderf
4 int counter;
5 aspectual UP RV upCounter(UP JPjp) f
6 counter += 1;
7 return jp.invoke();
8 g
9 aspectual DN RV dnCounter(DN JPjp) f

10 counter � = 1;
11 return jp.invoke();
12 g
13 g

15 collaboration pet counter;
16

17 par ticipant TeacherEmployeePersonf g
18 par ticipant SchoolWorkplaceBuildingf g
19 par ticipant Library f g
20 par ticipant Librarianf g
21 par ticipant Book f g
22

23 attach personemployee teacher,count thingsf
24 TeacherEmployeePerson+= TeacherEmployeePerson;
25 SchoolWorkplaceBuilding+= SchoolWorkplaceBuilding;
26 Library += Library, ThingHolderf
27 around borrowBookdo upCounter;
28 around returnBookdo dnCounter;
29 expor t counterasnumBooksOut;
30 g
31 Librarian+= Librarian;
32 Book += Book;
33 g

3.5.3 Join-Point Tuples

A collaborationis the unit of compositionfor ACs. This allowsusto convenientlyexpresshow related

adviceshouldinteract,andiskey for achieving type-safety(seeSection4.6.1.1, page171).

For example, a library may want to maintainstatisticssothat it knows how many booksare “out.”

Listing3.9 illustrateshow this canbe achieved, by addingan externally visible numBooksOutvariable,

which is automaticallykept up to datewith aspectualmethods—eVectively before advice—whichare

attachedto the borrowBook andreturnBookmethods.

A commonobservationisthatanaspectwill consistof atupleof cooperatingadvice—inthiscase, the

aspectualmethodsupCounteranddnCounter—togetheraVectingthe sharedstateof the counter. How-

ever, aneasilyneglectedfacetis thatcorrespondingly, join pointsalsoform cohesive tuples.Considerthe

methodshireEmployee and�r eEmployee in Listing3.2 (page94), andpositthatwe alsowantto maintain

acountof the numberof employeesin the workplace. It would beeasyto reusecount thingsto achieve

this: it suYcesto wrapupCounteraroundexecutionsof hireEmployee, andsimilarlyfor dnCounter.

The key insight here is that we want two attachmentsof the counting collaboration:once with

upCounter 7! borrowBook anddnCounter 7! returnBook, andoncewith upCounter 7! hireEmployee

anddnCounter 7! �r eEmployee. This is very diVerent from what we canexpresswith pointcuts:one

attachmentwith upCounter 7! f borrowBook, hireEmployee g anddnCounter 7! f returnBook, �r e-
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Employeeg. The diVerenceis that the formercaseexpressesasetof tuplesof join points,makingit clear

that we want adviceattachedto hireEmployee to correspondto adviceattachedto �r eEmployee, while

in the lattercase, we expressa tuple of setsof join points,where it is not clearthat sucha correspon-

denceeven exists.Had we speci�eddnCounter 7! fg , we would not have advisedany join point with

dnCounter, clearlybreakingthe intendedpairing of up anddown advice.19

Thus,tuplesof join pointsallow usto reasonabouthow agroupof join pointsrelate(andby extension,

alsoaboutsetsof suchtuples),while setsof join pointsmake it diYcult to reasonaboutpairsof elements

in diVerent sets.The trade-oV is that specifyingthe setsof tuplescanbe lesssuccinctthan specifying

simplesetsof join points(andhencetuplesof join-point sets).Section4.6.5 (page180) describesone

approachto specifyingsetsof join-point tuples.

In Chapter2 (page21), severalof theanalyzedcollaboration-orientedsystemsendedup with unclear

semanticsbecausethey attemptedto describe theattachmentof thecollaborationasatupleof setsof join

points,ratherthana setof join-point tuples.For example, thiswas�r stnotedin the discussionof appc

andAspectualComponentsin Section2.5.3 (page50).

3.5.4 Sharing

Oncewe focuson multipleattachmentsof behavior, two questionsnaturallyarise:how to specifyseveral

attachmentssuccinctly, andhow attachmentsinteract.

Aswe are primarily interestedin semanticsover syntax—whatwe canexpressin the language, rather

thanhow bestto write it—we omit the �r stquestionfor now andfocushow multipleattachmentsof the

samecollaborationinteract.20 The centralissueishow to allow somestateto be in ascopesharedacross

theattachments,andsomestateto beduplicatedandthusprivateto eachattachment.

Ultimately, regardlessof thesyntaxusedto expresstheorganization,thesolutionisto leveragecollab-

orations.The collaboration—itsclasses,method,and�elds—isdecomposedinto two sub-collaborations:

oneattachedonce, andthe other attachedseveraltimes. We referto theseasthe shared andduplicated

attachments.Asanexample, to modeladvicewhich sharesaglobalcounterandis incrementedon access

of any oneof severalmethodsin diVerent classes,we would createasharedcollaborationcontainingthe

counterasa class-scoped(static) incrementmethod. The duplicatedcollaborationwould containtwo

participants;oneimporting the staticincrementmethod,andoneproviding anaspectualmethodwhich

19It ispossible to simulatetuplesusingabstractaspectsandpointcuts:eachtuplecanbeexpressedasaconcretesub-aspectcontaininga
singletonpointcut for eachtupleposition.

20A preliminary syntaxfor generatingmultiple attachmentsfrom templatesmatchedagainstthe host collaborationis presentedin
Section4.6.5 (page180).
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Figure 31: A data �o w over-view of the compiler for AspectualCollaborations.

invokesthe increment. This organizationallows the shared collaborationto be attachedonce, andthen

sharedby eachaspectualmethod.

The normal typing rulesfor collaborationattachmentsuYce to guaranteethat shared statedoesnot

sacri�ce type safety. One complicationis that type-mappingof the shared collaborationneedsto be

suitable for all duplicatedattachments.This is easyto achieve for simplecollaborationssuchasthe one

outlinedabove, but may require refactoring in thecaseof duplicatedcollaborationswith rich structure.

3.6 Implementation

TheprototypeAspectualCollaborationCompiler, acc, followsafundamentaldesign:collaborationsare

compiledseparately, andcomposedat the object-codelevel. The objectcodethe compilerworkson

is Java bytecode, which turnsout to be very convenientsinceit providesa fully disambiguatedversion

of the collaboration.Bytecodeis managedasstandard Java .class�les, which resultsin easyrenamingof

members,re-targetingreferencesto point to othermembers,andmoving callgraphsfrom onegroup of

classesto another.

Figure31 isadata-�ow road-mapof how collaborationsarecompiledto executable programs.Partic-

ipantsarecompiledby transliteratingthemto Javaandcompilingwith anoV-the-shelfJavacompiler. The

transliterationreplacescollaboration with package, participant with class, commentsout all additional

keywordswe have introduced(suchasaspectualandexpected), andcreatesstubbodiesfor expected

methods.After compilation,the .class�les are annotatedaccording to the commented-outkeywords,to
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allow thecompiledcollaborationto betreatedcorrectlyin subsequentstageswithout requiring manifests

or interface�les to bemaintainedin the�le-system.The jvmde�nition [LY99] requiresthatajvmignore

all annotationsit doesnot understand,ensuring that the compiledcollaborationsconsistof 100% legal

.class�les.

Having collaborationsbe legalJava packagesleadsto a usefulfeature. The jvm requires that all

non-abstractmethodshave methodbodies,sonormallyacc generatesshort stubsfor expectedmethods.

Allowing theuserto optionallyprovidestubmethodbodiesfor expectedmethodsisaconvenientmeans

to unit testcollaborationsin isolation.

To composetwo collaborationsaccording to an attachment,we �r st generateoutput participants.

cacsdo not have extendsclauses,insteadhaving explicit de�nitions of all participants,includingthose

representingrei�ed methodsandreturn values.Theseare compiledaspertheatomiccase.

Eachconstituentcollaborationis then inserted into the output collaboration,according to the par-

ticipant map of the attachment. Eachconstituentparticipant is inserted into the appropriate output

participant,with eachof itsmembersrenamedto nameswhich areboth fresh(to avoid nameclashes)and

illegalin Java (to avoid spuriousnameclashes).21 Referencesto participanttypesandmembernamesare

systematicallyrenamedto maintaincollaborationinternal references.We usethe term alpharenamingto

meanthe systematicrenamingof an entity andall referencesto it. Alpharenamingis possible because

AspectualCollaborationsare closed:thecompilerwill beable to statically�nd all referencesby searching

all participantsin thecollaboration.

Somecare mustbe taken not to breakoverriding relationships:methodsmustbe renamedlike the

methodsthey override. If a methodoverridesanexternalmethod(suchastoStringwhich is de�ned on

Java'sglobalsuperclassObject), it cannotberenamedatall,andnameclashescanbecomeunavoidable. In

suchcasesmanualdisambiguationis required. Java constructorshave similarrestrictions(all constructors

are hard-wiredwith thename<init>), in additionto restrictionson how they canbeinvoked.

Referencesinsidethe now-populatedparticipantsare redirectedasper the attachmentspeci�cations.

Exporting amemberis implementedby alpha-renamingthememberto theexportedname. Providing a

memberto anexpectedmemberis implementedby redirectingall referencesfrom theexpectedmember

to theprovidedmember.

Aspectualmethods'interceptionof methodexecutionsis implementedby generatingacollaboration

with threeparticipantscorrespondingto the the hostparticipantandtwo rei�cation participants.The

generatedcollaborationis basedon the signature of the now-known hostmethod. A new intercepting

versionof thehostmethodisgenerated,whosebodyinstantiatestherei�ed-executionparticipant,storing

in it the receiver andargumentsto the methodcall,andpassingit to the aspectualmethod. The rei�ed

21The jvmhasa largersetof legalidenti�ersthanJavadoes.
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methodparticipant's invoke methodinvokesan expectedmethodthat will be mappedto the original

hostmethod,passingit the capturedarguments,andinstantiatinga rei�ed return objectwith the results

of thatcall.Lastly, thenow generatedcollaborationiscomposedinto theoutputcollaborationasif it were

amanuallywritten collaboration—requiring no speciallanguagesupport—sothat the new hostmethod

isexported to replacethe original hostmethod,andthe original hostmethodisprovidedsothat invoke

canaccessit.

The generatedcodeneedsto be carefully craftedto catchexceptionsandnull values,but contains

no locationswhere dynamicerrors (suchascasts)canoccur. Notice alsothat the schemerequiresno

modi�cation of eitherthe aspectualmethodnor the hostmethod;the extentto which the composition

modi�es object-codeis to redirectreferencesto membersandtypes.

3.7 Convenience, Expressiveness, Safety:An Eternal Compromise

BothAspectJandHyper/JoVersimilarfunctionalityto ac, but without strongencapsulationboundaries.

Although the threeprojectshave diVering aims,it is still informative to compare the three, to attempt

to determine whether the restrictive or verboseprogrammingmodelstypicalof strongly encapsulated

modulesis worth the increasein staticsafety. This sectionsummarizessucha comparison,described in

greaterdetailin [LLO03].

3.7.1 What's the Problem

Wepresentachallengeproblemandattemptto solve it to thesamelevel of genericity andreusabilityfor

eachlanguage. The generic problem is to implementamemoizationandcachingbehavior. Speci�cally,

we want to verify that no Container is over its capacitylimit. A Containermay recursively containone

or more Container or Simpleitems. EachSimpleitem hasa weight, while a Container hasa capacity,

which describesthe maximum total weight it cancontainin its nestedsubcontainers. The challenge

is to introducecachingcodeso that we perform only minimal necessary recomputationto checkthe

constraints.Sincecodereuseandconcern separationis a touted strengthof all three approaches,we

have programmedour solutionsto beasgeneric andreusable aspossible. Not only shoulda solutionbe

generic in themethodbeingmemoized,but alsothecomputationof whenthememoizedvalueneedsto

bediscardedshouldbeseparate.

We focuson threemain concerns that seemboth intrinsic to the problem andworthy of reuseon

their own. To simulatethegeneralcaseof assembling behaviorsnot speci�callydesignedto interactwith
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AspectJ

Figure 32: A graphical representationof the AspectJsolution.

eachother, we introducesmalldiVerencesin theapisof theconcerns.

Figures32 and33 illustratethe structure of the AspectJandHyper/J solutionsto the programming

challenge. The Hyper/J andac solutionsdiVer signi�cantlyat the methodlevel, but are similarat the

classandcollaboration/slicelevel, sotheHyper/J illustrationdoesdouble duty illustratingboth.

Common to all three languagesis the implementationof the three baseclassesItem, Container,

andSimple. All solutionshave the constraintthat theseshouldremainuntouched,asper the assumed

desirabilityto eVectnon-invasive modi�cation.

3.7.2 AspectJSolution Summary

AspectJleveragesJava's inner-classinterfacesto provide interfacesfor reusable behaviors. AspectJallows

methodintroductionsto beappliedto allclassesthatimplementaninterface, thusimplementingthecom-

mon functionalityof thereusable behavior. Methodsfrom the interfacethatdo not haveacorresponding

introductioncreatethe requiredinterfaceof thebehavior.
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This organizationemulatesthat of [HK02] to test how well AspectJimplementsstandard design

patterns. Given that the authors are well versedin the language, we take the paperasexemplifying

idiomaticAspectJstyle.

The resultare shownin �gur e Figure 32. There are � ve aspects:two reusable abstractaspectswith

inner-classinterfaces,introductions,andadvicewritten againstabstractpointcuts(CachingandBack); two

attachmentaspectswhich eachsubclassone abstractaspectandconnectthe abstractinformationto the

concrete application;andone adapteraspect,which reconcilesdiVerencesin apis betweenthe aspects

andthe concreteclasses.The classesandaspectsare describedin dependencyorder: the baseclassesand

abstractaspectsare independentof eachother, while the two attachmentandone adapterclassdepend

on boththebaseclassesandabstractaspects.

With pointcutsand around advice, it waseasyto abstractlyexpressthe behavior and attachit to

the baseprogram. There were threefundamentalissues,centered abouttyping issues,explainedin the

following paragraphs.In general,noneof theseissuesintroducetypeerrors,but do introducelocationsfor

typeerrors. A simplebehavior like cachingis unlikely to run into any problems,but asbehaviorsgrow

more complex,thisis lessconvincinganargument.

The �r st issueis that AspectJ'sgenericity mechanismfor around methods(seeSection2.6.2.2, page

71) isunable to give thecachedreturn valueameaningfultype;it isstoredasObject. If anothertypethan

theexpectedisstoredin thecached�eld, aruntimecastingerror will occur.

The secondissueis that the aspectsare not decoupledfrom the baseclasses,in astrict sense. The use

of inheritanceandoverriding to export andimport behavior from the baseclassesinto aspect'sabstract

behavior meansthat an imported methodmustbe providedby a methodwith preciselythat name. In

somecases,it is possible to introduceadaptationmethodswith the expectednamethat forward to the

concrete (andincorrectly named)method,but this is not always possible. For example, had the base

classesalreadycontainedmethodswith thatname, but with diVerentsignatures,we would not have been

able to reusetheaspect.

The lastissueis that the reuseis type-invasive, introducinga commonsupertypefor all (re)usesof the

abstractaspect.Section2.6.2.1 (page69) and[LLO03] explainwhy thisisnot alwaysdesirable.

3.7.3 Hyper/J Solution Summary

Hyper/Jhasa very decoupledsolution (Figure 33): in addition to the basepackage, there are three

separatelycompilablepackages.Eachpackagecanbecompiledin isolation;only thecompositionrequires

that the compiledpackages—ormore generally, HyperSlices—interact. Compositionis speci�edby a

HyperModule, whoseeVect issuggestedby thick dashedarrowsin the �gur e, but isnot shown separately.
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Hyper/J

Figure 33: A graphical representationof the Hyper/Jsolution. The Hyper/Jillustration also servesasa high-level
illustration of the AspectualCollaboration solution.

The resultof runningHyper/Jwith on thehypermoduledeclarationisanew hyperslice—representedas

aJavapackage—containingall thecomposedslices,andimplementingthecachingbehavior.

The solution oVers more reusethan AspectJ,asinsteadof addingto the basecode, a new base

packageis createdwhich containsthe cachingbehavior. Thus,even the basehyperslicecanbe reused.

Additionally, thecompositionisnot type-invasive, which guaranteesthatmultiple (re)usesof ahyperslice

do not createtypeequivalencesthatwouldnot bepresentin amonolithic(ratherthancomposed)version

of theprogram.

There are somedrawbacksaswell: the method-executionargumentsexposedto before advicelose

their types,insteadbeingpassedasan array of Object. The systemwill automaticallywrap primitive

argumentvaluesin objectsto storethemin theargumentarray, allowing beforeadviceto remainoblivious

to thesignatureof themethodit advises.If weneedto manipulateor inspecttheargumentsto anadvised

method, we needto downcastthe argumentsto more precisetypes. Thus, if advancedbehavior is

required,adynamicerror mustberisked.

Unfortunately, method interception—i.e. around advice, with optional invocationof the advised

method—cannottake advantageof suchgenericity, asHyper/JoVersno native interceptionmechanism.
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With the help of the Hyper/J developers, we were able to usethe hypermodule's linking declarations

to setup method interception, but our solution required foreknowledgeof the interceptedmethod's

signature, in additionto beingquiteawkward.

3.7.4 AspectualCollaborationsSolution Summary

BecauseAspectualCollaborationsimplementa modulesystem,they are very well suitedto the taskof

composingreusable behaviors. Like the Hyper/Jsolution,there are four separatelycompilable Aspectual

Collaborations:one for the cachingbehavior, one to calculatethe dependenciesfor cacheinvalidation,

the commonbase(actuallya Java package),andan adaptercollaborationto reconcilethe diVerencein

the expectedapi of the cachingbehavior andthatoVeredby the basecollaboration.The four collabora-

tionsare constituentsto acompositecollaboration,which generatesaprogramthatcontainsthe caching

behavior in thebase.

The compositionof the reusable behaviors is non-invasive andtype safe;in Section4.5 (page166)

we show that the compilationprocessdoesnot require or introduceany dynamicerrors. Sincemethod-

interceptionis natively andtype-safelysupported by the modulelinking language, no lossof typesafety

or genericity occurs. It wassimilarlystraightforward to connectexplicit imports andexports acrossthe

collaborations.

The AC export declarationsallow the compositionto producea packagewith exactlythe sameset

of visible typesandsignaturesasthe basecollaboration;it is thuseasyandpainlessto reusethe caching

behaviorsagainin the resultingbasepackage.

The maindrawbackwe found wasthat the type-checkingfor linking is very conservative, requiring

the concretemethodto not only be visible on the expectedmethod'sclass,but actuallypresent.Thus,

we cannotprovide an inherited methodto an expectedmethodon a localclass.This canbe worked

aroundby addingaforwardingmethodin anadaptationcollaboration.Unlike thesituationdescribedfor

AspectJin Section3.7.2 (page109), thisforwardingmethodneednot beexported,andisthusinvisible to

subsequentuseor composition.Section4.6.3 (page178) discussesanalternative implementationof the

providedeclaration,which would allow inherited methodsto beusedaswell.

3.7.5 Summary

Surprisingly, [LLO03] foundthateachsolutionwasof acomparable size. We expectedAspectualCollab-

oration's requirementthat all compositioninteractionsbe explicitly speci�edto make its solutionmore
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verboseandlessintuitive thanthe AspectJandHyper/J,22 which are explicitly aimedat providing con-

venienceandexpressivenessin methodinterceptionandmodulecomposition.However, for this small

example, it turned out that the requirementsof reusabilityconstrainedthe featuresof both to a point

where their solutionswere asverboseasthat for acs. Furthermore, sinceac hasnative support for such

features,we arguethat the ac solutionismore intuitive. Lastly, sinceour solutionmaintainsstatictyping

propertiesandpredictability(by virtue of encapsulation),we arguethat it will remainmaintainable as

projectsscale.

22We were willing—andexpecting—toarguethat the trade-oV of concisenessandintuitivenesswasworthwhile to achieve the pre-
dictabilityandstaticsafetyof AspectualCollaborations.
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Chapter 4

Formal Properties

THIS chapterpresentsaminimalmodelof AspectualCollaborations(acs),which isamenable to formal

analysis.Assuch,we do not aim to capture the entirety of the ac language, but ratherits essential

properties.We presenta compilationsemanticsof modulesbasedaround a Java-like core language. The

core languageis a conservative extensionof Featherweight Java (FJ) [IPW01], andis kept intentionally

minimal.Modulesareeitherwrittendirectlyin thecorelanguage, or composedfrom previouslycompiled

moduleswhich in turn canbeeithercompositeor atomic.

An Atomicac isonewritten directlyin the core language. This correspondsto apackagein Java,1 or

a “classtable” in FJ. Section4.3 (page123) presentsa soundnessproof for the type-checkingandevalu-

ation rulesfor atomiccollaborations.The proof buildsdirectlyupon the rulesandproofsof [IPW01],

augmentedto accountfor our particularsyntaxandextensionsto thecore language. The soundnessresult

guaranteesthatawell typedexpressionin anatomiccollaborationwill evaluateto avalue, or elsehalton

oneof two possible error conditions:a faileddowncastor anattemptto invoke anexpectedmethod.

Compiling a Compositeac rewrites several compiledconstituentcollaborationsinto an atomic ac.

Linking instructionsoptionallyprovideconcretebehaviorsto expectedmethods,settingup interception

relationshipsbetweenmethods,andalsoexporting methodsunderdiVerent namesto be visible outside

the encapsulationboundary of the module. We presenttyping ruleswhereby a compositecollaboration

isstaticallycheckedandcompilationruleswhereby it isrewritten to anatomicac. Section4.4 (page139)

shows that a well-typedcompositecollaborationwill compile into a well typedatomiccollaboration.

The ruleshighlightan important property: that the resultingatomiccollaborationcontainsno dynamic

error locationsthat were not presentin the constituentcollaborations.Thus,the presentedcompilation

1Packagesare in factspecialcasesof Atomic Collaborations.
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schemeshowshow to separatelycompilehighly reusable generic aspectswithout sacri�cing staticsafety.

Although not shown in our rules,the full implementationallows the aspectto tradeoV somegeneric-

ity for expressive power, by exposingargumentsof interceptedmethodexecutionsto the intercepting

aspectualmethod.

4.1 Program Syntaxand Evaluation

FeatherweightJavacapturestheessenceof Javain asmallside-eVectfreesemanticsthatcan�t on onepage.

We have kept the core languageassmallaspossible, but to achieve the desired combinationof features

andsoundness,have neededto addafew syntacticforms.

Sincetheprogramiscomposedfrom severalcollaborations,we mustkeeptrackof which classtable is

usedfor names.Informallyspeaking,a setof classes—eithercompiledor composite—form a classtable

(CT or JT) which is usedto look up classde�nitions, methodson classes,and is alsousedto derive

the subtypingrelation. Atomic acs andFeatherweight Java programsare self-contained,thusneedno

othercollaborationsto typecheckandevaluatetheir expressions;thus,it oftenmakessenseto assumethe

classtable is a globallyvisible binding. This is in sharp contrastto compositeac, whosetypechecking

andtransformationrulesdependon usingthe properclasstablesfor the subtypingrelationshipsof their

constituentcollaborations.To accuratelyaccountfor compositeacs,we needto passthe classtable asan

explicit variable. To maintainthe �avor of theoriginal semantics,we show thisasasubscript.

The full syntaxof acsisgivenin Figure35 (page123). A programisa�at listof collaborationbindings,

terminatedby ananonymouscollaborationandanexpression.Eachcollaborationin the sourceprogram

iseitheratomicor composite.

Program evaluationis a two stepprocess.First, the compiler iteratesover the list of collaboration

declarations,type checkingeachandcompilingit to an atomicac which is bound in an environment.

Finally, theexpressionisevaluatedin thecontextof the terminatinganonymouscollaboration.

4.1.1 Atomic Collaborations

Atomiccollaborationsconsistof a table of classes,eachwith a nameunique within the scopeof the

collaboration,andwith asetof �elds andmethods,with namesuniquewithin the class.The well-typed

and-formednessconstraintsandevaluationrulesare shown in Figures37 (page125) and38 (page126).

The languageusedin atomiccollaborationsdiVersfrom FeatherweightJava in threeways:
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1. Weomit explicitconstructordeclarations,insteadrelyingon theorderof �eld declarationsto imply

aconstructor.

2. Classescancontaintwo new kindsof methods:expectedandaspectualmethods,which respec-

tively declare methodswith deferredbehavior andmethodswhich canbelinkedto interceptother

method'sexecutions.

Suchlinkingsareperformedduring composition,andallow behavior to bothexplicitlyandimplic-

itly transferbetweencollaborations.

3. Expressionsare extendedwith two new forms: functionalupdateof a �eld, andconstructor-less

instantiation.Functionalupdate, o[f 7! Ef ], returnsa copy of the objecto with �eld f modi�ed

to beEf . Constructor-lessinstantiation,new t, instantiatesanobjectof classt, with default values

for all �elds. The default valuefor a �eld of type t is the expressionnew t. In a strict or eagerly

evaluatedlanguage, instantiationof acirculartypewould diverge.2 However, beingside-eVectfree,

FJdoesnot needade�ned evaluationorder, sothisdoesnot causeusproblems.

Thesetwo expressionsreplaceconstructor instantiation,new c(E0���En), which isno longerallowed

in thesourceprogram,but which may occurduring evaluation(likesocalled“stupidcasts”in Java).

4.1.2 CompositeCollaborations

Compositecollaborationsconsistof a number of participantscomposedfrom constituentclassesfrom

attached,enclosing,collaborations.The participantsform a subtypinghierarchy, and canbe trivially

translatedto a setof classeswhich are populatedwith members and�elds from the constituentclasses.

Eachcomposedclasscontainsthe all the members from the constituentclassesmappedto it, suitably

renamedto avoid nameclashesandwith typesmappedaccording to the compositecollaboration'spar-

ticipant declarations.An illustrationof the processis shown in Figure 33 (page111): four constituent

collaborations,containingatotalof eightconstituentclasses,are composedinto threecomposedclasses.

Oncecomposed,thememberson acomposedclassare linked,settingup import andexport relation-

shipsbetweenthe composedcollaborations,in additionto settingup methodinterceptionsfor aspectual

methods.This processisshown in detailin Figure 44 (page138).

The modi�cationsto theatomicexpressionsyntaxaremotivatedby therealizationthatthecomposed

classwill have a largersetof �elds thanany of the constituentclasses,andthusimply needingadiVerent

constructor thanany of the constituents.Any mentionof anconstructor in a constituentcollaboration

2 Assumet hasa�eld alsoof type t. The expressionnew t ,! (evaluatesto) new t(new t) ,! new t(new t(new t)) � � � .
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will beinapplicable in the resultingcomposedcollaboration.To ensure thatcomposedcollaborationsare

well formed,we thusdisallow constructorsfrom occurring in the sourceprogram,but do allow themto

begeneratedduring evaluation.Constructor-lessinstantiationsidestepsthe issueby not mentioningany

�eld valuesin the instantiation,insteadgiving themdefaultvalues.

Featherweight Java disallows �elds in anobjectto be mutated;the only option is to return a newly

instantiatedobjectwhich containsthedesiredvaluesfor �elds. Thiscausesaproblemfor our organization

becausewe disallow constructor instantiationin the sourceprogram,nor do we know all the �elds that

shouldremainunchanged,asthe classmay be composedfrom participantsfrom severalcollaboration,

eachcontributing �elds only that collaborationknows about. Functionalupdateaddresspreciselythis

problem, creatinga new objectof the sametype, with all �elds but the updatedone copiedfrom the

sourceobject.

Becausewe needto know the classto which �eld f belongswhen translatingexpressionE.f from

a constituentcollaboration,we assumethat a preprocessoror diligent programmerhasannotatedall

receiversof �eld andmethodlookupswith the statictypeof the receiver. This iswritten asasuperscript

on the receiver, soE.f would bewritten E:c.f , if cwasthe statictypeof E which guaranteesthat �eld f

isvisible. Theseannotationsare checkedalongwith otherexpressionsby the typecheckingphase.

The statictyping annotationsare only usedduring composition;apart from typechecking(andthus

preservation of typing during evaluation)they have no in�uence over the evaluationof the program.

Notably, the annotationc on E:c.f is not neededin order to look up �eld f —indeed,it is the job of

typecheckingto prove thatwhatever objectE evaluatesto, it will have asuitable �eld f . That evaluation

doesnot needthe compile-timetype of a term is due to Featherweight Java not allowing �elds to be

overloaded.The full Java language, aswell asClassicJava [FKF99], doallow �elds to be overloaded,and

thusboth require similarannotationsat runtime.

4.2 Semanticsby Example

Figure34 showsasimplefj-a c program,which introducesthe syntaxfor the interpreterof our minimal

model.The programde�nestwo atomicacs,aspect, andbase, anda resultingcompositeac madefrom

composingthe two atomiccollaborations.The syntaxshown in this exampleis the actualinput syntax

of our prototypeinterpreter[Ovl], andis somewhatmodi�ed from the syntaxusedin the proofswhich

follow, soasto bemore convenientfor interpretation.The “=” and“!” charactersturn the lr grammar

into an ll (1) grammarwhoseabstractsyntaxtree is easierto manipulate. The sameis true for linking

declarations:the keywordswith andprovideare not neededin the formalsemantics,andthe interpreter
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1 collab base= atom
2 class B extends Object f
3 B make() f return new B; g
4 B someMethod() f return !this .make(); g
5 B someOtherMethod() f return !this .importedBehavior(); g
6 expected B importedBehavior();
7 g
8

9 collab aspect= atom
10 class C extends Object f
11 Object o;
12 C make() f return new C; g
13 aspectual Returnednodont(JoinPoint thisjoinpoint) f
14 return !thisjoinpoint.dontInvoke();
15 g
16 C exportedBehavior() f return =this [o � > !this .make()]; g
17 g
18 // This is the anonymous output collaboration
19 composite attach [baseaspect]
20 class D extends Object < = [base.B aspect.C]
21 with
22 provide aspect.C.exportedBehavior => base.B.importedBehavior;
23 around base.B.someMethod=> aspect.C.nodontdefault base.B.someOtherMethod;
24 expor t base.B.someMethod=> advised;
25 // this ”main” expressionis evaluated in the context of the output collaboration
26 !new D.advised();

Figure 34: Source program, syntaxextendedto be LL(1)

requiresthatsymbolssuchas!= and7! bewritten out long-handin ascii . In futureexamples,we revert

to theprettiersyntaxpresentedin thesemantics.

4.2.1 Atomic Collaborations

Atomiccollaborationbase(in theFigure 34) de�nesoneclassB, containingfour methods(threenormal,

andone expected),while collaborationaspectde�nes classC, with one �eld andthreemethods(two

normal,oneaspectual).

4.2.1.1 Classesor Participants

In the contextof our formallypresentedmodel(Sections4.3, page123 and 4.4, page139), we usethe

termsclassandparticipant interchangeably. If we were to make a distinctionbetweenthe two terms,a

participantis a generalizationof a class,with two additionalkindsof methods.It is sometimesusefulto

makethisdistinctionin thefull Javaimplementation;acollaborationcontainsparticipantswhile apackage

containsonly classes.This chapterhowever, requiresno suchdistinction,andwe consequentlyusethe

termsinterchangeably, tendingto use“class”over “participant”.
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4.2.1.2 Members

Classescanhave four kindsof members: �elds, andthreekindsof methods.

Fields hold per-instanceobjectreferencesto otherobjects.Fieldscannotbeside-eVected;insteadfunc-

tionalupdatecreatesacopy of theobjectwith anew valuefor one�eld, andall othersunchanged.

Concretemethodsbehave exactlylike normalFJmethods.The classbase.Bde�nesthreeconcretemeth-

ods: make, someMethodand someOtherMethod, and declaresa deferred method importedBehavior.

Likewise, aspect.Cdeclarestwo concretemethods.Both classesdeclare a concretemake method. This

takestheplaceof aconstructor, but ismore amenable to composition,asit followsthesamesemanticsas

a normal method. In the full Java implementation,the make methodswould be static, but FJhasonly

instancemethods.Alternatively, suchmethodscouldbeput on afactory class.

Expectedmethodsare similarto Java'sabstractmethods,in that they lackabody, but with the signi�cant

diVerencethat they do not inhibit instantiationof the containingclass.Secondly, expectedmethodsare

not providedthroughoverriding, but rathervia direct mutationduring the linking process.Otherwise,

expectedmethodsare treatedlike normalmethods,includingoverriding anddynamicdispatch.Method

base.B.importedBehavior is the only expectedmethod in the smallexample. It is a dynamicerror to

invoke anexpectedmethodwhich hasnot been“provided.”

Aspectualmethodsare the mostconstrained,yet mostpowerful, kind of method. Aspectualmethods

musttake exactlyoneargument,andreturn a result(Java allowsmethodsto return void, but FJ, lacking

side-eVects,requiresall methodsto return aresult).Furthermore, the typesin thesignature of theaspec-

tual methodmustbe unde�ned in the current collaboration,andthe methodcannotoverride another

method.3

Aspectualmethodsgaintheir expressivenessfrom beingable to becomposedsoasto interceptexecu-

tionsof othermethods.The argumentto aspectualmethodaspect.C.nodont, thisjoinpoint, representsthe

interceptedmethodexecution,rei�ed asa �r st-classobject. The argumentis calledthe joinpointobject,

while the resultis calledthe return-valueobject. Theseobjectsallow the aspectualmethodto control the

executionof the interceptedmethod,without beingaware of the speci�csof the interceptedmethod's

signatureor executioncontext.This ispossible by thejoin-point objectexposinganapi which allowsthe

aspectualmethodto control the executionof the interceptedmethod.Alternately, the aspectualmethod

canelectnot to proceedwith the interceptedmethod.In both cases,api generatesarei�ed return value,

representingeitherthe resultof the interceptedmethod'sexecutionor avaluegeneratedby somedefault

3 Asthe signature typesof anaspectualmethodmustbeunde�ned,only anotheraspectualmethodcanhave the samesignature asan
aspectualmethod.Thus,thisrestriction inhibitsaspectualmethodsboth from overriding or beingoverridden.
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method(speci�edduring composition),dependingon whether the api wasusedto invoke or not to

invoke the interceptedmethod.4

Asexplainedin Section3.2.3 (page89), theapi available to nodont is5

7 class JoinPoint f
8 Returnedinvoke();
9 ReturneddontInvoke();

10 g

11 class Returnedf
12 g

The typesof the aspectualmethod's signature are existential;eachlinking of the aspectualmethod

will generatenew types.Thus, if a Returnedis stored in a globalvariable, it mustbe asanobject type,

from which it canbedowncastto amore speci�ctypeonly in thebodyof thespeci�caspectualmethod

from which it wascaptured.

Thisapi is thekey to thegeneric reusabilityof separatelycompiledaspectualmethods,allowing them

to intercedein executionsof methodswith unknown signatures. The full collaborationlanguage(not

modeledhere)allowsthe programmerto exposepartsof the methodsignature of interceptedmethodto

theaspectualmethod.Thisallowstheprogrammerto tradegeneric reusability—theaspectualmethodcan

now only interceptexecutionsof methodswhosesignaturesincludethe exposedarguments—forgreater

expressiveness,allowing the aspectualmethod to accessand modify the argumentsto the intercepted

method.

4.2.2 CompositeCollaborations

Compiledcollaborations,eitheratomicor composite, canbe composedto createa largercollaboration

containingall thebehaviorsof thecomposedcollaborations,optionallylinking their importsandexports.

Contrary to somemodulesystems,where importing amodulesetsup areference, compositecollaborations

composecopiesof their imports. Import-by-copy semanticssimpli�es the semanticsandtype-correctness

properties,allowing eachcollaborationto maintaininternal statewithout requiring complextype ma-

chinery to maintainsoundness.Additionally, copying allowslinking declarationsto becompiledasdirect

manipulationof the importedcollaboration.

Just like an atomic collaborationhasthree conceptuallevels(collaborationcontainsclasses,classes

containmembers, andmembers containexpressions),compositecollaborationsare composedat three

levels:

4 Type-checkingguaranteesthat the reusedreturn-valueobjectencapsulatesan appropriatelytypedreturn object. However, we do
not needto know thistypein orderto type-checktheaspectualmethod.

5 The full collaborationlanguageadditionallyprohibitsmanualinstantiationof eitherjoin-point or return-valuetypes,but thisrestric-
tion ispracticalratherthanfor typesoundnessreasons,andis thusomittedfrom our treatment.
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Collaborationsareselectedto becomposed.Wecallthesetheconstituentcollaborations.Figure34 selects

to attachbaseandaspect.

Classesfrom thosecollaborationsare mappedto output classes.Our examplemapsbase.Bandaspect.C

to output classD. This hasthe operationaleVect of inserting all members (suitably renamedto avoid

namecollisions)from themappedconstituentclassinto theoutputclassto which isismapped.Addition-

ally, all type referenceswithin the constituentcollaborationsare redirectedto the output classes.While

base.B.make instantiatesandreturnsabase.Bobject,afterinsertion into D, themethodreturnsthetypeto

which base.B hasbeenmapped:D. Thus,base.B.importedBehavior andaspect.C.exportedBehavior have

identicalsignaturesafterinsertion into theoutput collaboration.

Methods inserted into an output classcanbe linked to other methodsin that class.There are three

possible linking declarations:to provide a methodto an expectedmethod,to swap the bodiesof two

methods,andto allow anaspectualmethodto bewrappedaround anothermethod'sexecutions.

Line22(page119) directsimportedBehavior to useexportedBehavior. This ispossible becausethetwo

methodshave identicalsignaturesaftertypemapping.

Line 23 (page119) setsup aspect.C.nodont to interceptall executionsof base.B.someMethod. Op-

erationally, freshtypesare instantiatedfor JoinPoint and Returned, and the method implementationis

translatedto usethesenew typesinstead.The generatedJoinPoint classcapturesthe informationneces-

sary to proceedwith the captured execution—whichdependsonly on the signature of the intercepted

method: the receiver object, the method's name, andarguments—whilethe generatedReturnedtype

likewisecapturesthe returnedvalueof theexecution.6

In thisexample, whenany base.B.someMethodin theoutputprogramisinvoked,insteadof executing

its methodbody, a join-point object is createdandpassedto aspect.C.nodont. The aspectualmethod

executeslike any normal method,optionallyinvoking the invoke anddontInvoke methodson the join-

point objectto proceedwith the interceptedinvocationof base.B.someMethod, or its link-time speci�ed

alternativebase.B.someOtherMethodwith thesamearguments,respectively. In thisprogram,theaspectual

methodnodont invokesthealternative, by callingdontInvoke.

It isnot necessary to invoke eithermethodon the join-point object.For example, aReturnedobject

may be stored in a �eld on someobject reachable from the aspectualmethod,andreturned directly.7

[LLO03] showsandexamplewhere thisfacility isusedto implementcachingbehavior. The typesystem

guaranteesat compile time that only Returneds correspondingto the return type of the intercepted

6In full Java,thisalsoincludesnormalvoid returns,primitive types,andexceptions.
7Sinceour formallyanalyzedmini-languagelacksside-eVectsthis scenario may not be awkward to achieve. However, it is certainly

possible in the full language, which hasside-eVects.
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Variable Domains

E expression
V values
f �eld name

m, n, o methodnames
x, y variables

something vectorof something(possibly empty)

a, b, c, d, p, q participantor classnames
k, j, l collaborationnames

CT , JT
aliasfor setof classes(Patom),
or setof participants(Pcomp)

Program

T � collabk = C in T j C E
C � Catom j Ccomp

Expressions

E � E:c.f j E:c.m(E) j E:c[f 7! E]
j x j (c)E j new c j new c(E)

V � new c(V )

Atomic Collaborations

Catom � Patom

Patom � classcextendsd f F M g
F � cf
M � cm(d x)f return Eg

j expectedcm(d x)
j aspectualcm(d jp)f return Eg

CompositeCollaborations

Ccomp � attachj PcompL A X
Pcomp � classcextendsd ( j.p
L � k.c.m != j.d.n providemethod

j k.c.m 
 j.d.n swapmethodbodies

j k.c.m 69) j.d.n concretize&providemethod

A � aroundk.c.mdo j.d.n defaultl.f .o intercept

X � export k.c.masn export

Figure 35: SyntaxRules

methodcanbereturnedin thisway. Lastly, Line 24(page119) exports the now advisedmethodundera

suitable name:“advised.”

When run, theprogram's“main” expressioninstantiatesaD object,andinvokestheadvisedmethod.

The advisedmethod's execution is interceptedby the aspectualmethod,whosebehavior we have de-

scribedabove.

4.3 Atomic ACs are Sound

We show that SubjectReduction(Theorem 4.3.5, page130) andProgress(4.3.6, page132) hold for

our system,combiningto prove Soundness( 4.3.7, page132). To achieve this, we closelyfollow the

presentationof [IPW01], extendingtheir proofsto cover thecaseswe have introducedandverifying that

our introductionshave not invalidatedexistingcases.

Eachproof is implicitly parameterizedby the current atomiccollaboration:the setof classesCT . As

CT remainsconstantin thissection,we treatit asaglobalwhenconvenient;for example, wemightwrite
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Collaboration Typing

8Patom2 Patom, `
Patom

Patomok

PatomwellFormed

` Patomok [T-Coll ab]

cf f = F dg g = �elds (d, CT )
8f 2 (f [ g), f uniquein (f [ g)
8M 2 M , mname(M) uniquein mname(M)
` CT M ok in c

` CT classcextendsd f F M g ok [T-Cl ass]

Subtyping

classcextendsd ( ���2 CT

c� CT d

classcextendsd f���g 2 CT

c� CT d

c� CT e d � CT e

c� CT d

c� CT djjd � CT c

c�� CT d

c� CT d c6= d

c< d c� CT c

Method Typing

override m, p, (d ! c) ok in CT

` CT expectedcm(d x) ok in p [T-ExpMet h]

override m, p, (d ! c) ok in CT
x : d, this : p ` CT E : c0 c0 � c

` CT cm(d x)f return E g ok in p [T-Met hod]

mover(m, p, CT ) = �

CT 0 =

2

6
6
6
6
4

classcextendsobject f g
classd extendsobject f

expectedcinvoke()
expectedcnoInvoke()

g

3

7
7
7
7
5

CT 2 = CT ; CT 0 CT 2 wellFormed
jp : d, this : p ` CT 2 E : c

` CT aspectualcm(d jp)f return Eg ok in p [T-AspMet h]

Wellformedness

8c2 dom(Patom),
classcextends f���g 2 Patomunique
c�

Patom
object

PatomwellFormed

8c2 dom(Pcomp),
classcextends ( ���2 Pcompunique
c�

Pcomp
object

PcompwellFormed

Overriding

classp extendsq f���g 2 CT
mexists(m, q, CT ) impliesd = q

elsed = mover(m, q, CT )

mover(m, p, CT ) = d

mover(m, object, CT ) = �

mover(m, p, CT ) = q implies
mtype(m, q, CT ) = d ! c

override m, p, (d ! c) ok in CT

Figure 36: Typing Rules
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ExpressionTyping

c= � (x)

� ` CT x : c [T-Var ]

� ` CT E : d0 d0 � d
cfi 2 �elds (d, CT )

� ` CT E:d.fi : c [T-Field ]

� ` CT Er : d0 d0 � d � ` CT Ea : b0

b ! c= mtype(m, d, CT ) b0 � b

� ` CT E:d
r .m(Ea) : c [T-Invk]

��� = �elds (c, CT )

� ` CT new c: c [T-Inst ]

newwarning � ` CT Ea : b0

b fi = �elds (c, CT ) b0 � b

� ` CT new c(Ea) : c [T-New]

� ` CT E : c b f = �elds (d, CT )
� ` CT Ef : bf c� d bf � bi

� ` CT E:d[fi 7! Ef ] : c [T-upd]

� ` CT E : d d � c

� ` CT (c)E : c [T-UCast ]

� ` CT E : d c� d

� ` CT (c)E : c [T-DCast ]

� ` CT E : d c6� d
stupidwarning d 6� c

� ` CT (c)E : c [T-SCast ]

Computation and Congruence:(CT unchangedsoassumedglobal)

d f = �elds (d, CT ) E = new d

new c,! new c(E) [R-Inst ]

b f = �elds (c, CT )

(new c(E)) :d.fi ,! Ei [R-Field ]

c � d

(d)(new c(E)) ,! new c(E) [R-Cast ]

x, Eb = mbody(c, m)

(new c(Ef )) :d.m(Ea)
,! [Ea=x, new c(Ef )=this]Eb [R-In vk]

b f = �elds (c, CT )

new c(���, Ei, ���):d[fi 7! E]
,! new c(���, E, ���) [R-upd]

Ea ,! E0
a

new c(���, Ea, ���) ,! new c(���, E0
a, ���) [RC-NewA]

E ,! E0

E:d.f ,! E0:d.f [RC-Field ]

E ,! E0

(c)E ,! (c)E0 [RC-Cast ]

Ea ,! E0
a

E:d
r .m(���, Ea, ���) ,! E:d

r .m(���, E0
a, ���) [RC-In vkA]

Er ,! E0
r

E:d
r .m(Ea) ,! E0:d

r .m(Ea) [RC-In vkR]

E ,! E0

E:d
r [fi 7! E] ,! E:d

r [fi 7! E0] [RC-UpdA]

Er ,! E0
r

E:d
r [fi 7! E] ,! E0:d

r [fi 7! E] [RC-UpdR ]

Figure 37: ExpressionTyping and Evaluation Rules.



126 4. FORM AL PROPERTIES

mbody(m name, c name, CT ) = E

classp extendsq f F M g 2 CT
aspectualcm(d x) f return E g
cm(d x) f return E g

�
�
�
�

oneof

2 M

mbody(m, p, CT ) = (x, E)

classp extendsq f F M g 2 CT
mnot in M

mbody(m, p, CT ) = mbody(m, q, CT )

mtype(m name, c name, CT ) = d ! c

classp extendsq f F M g 2 CT
cm(d x) f return E g
expectedcm(d x)
aspectualcm(d x) f return E g

�
�
�
�
�
�

oneof

2 M

mtype(m, p, CT ) = d ! c

classp extendsq f F M g 2 CT
mnot in M

mtype(m, p, CT ) = mtype(m, q, CT )

predicate:mexists(m name, c name, CT )

classp extendsq f F M g 2 CT
9M 2 M , s.t.mname(M) = m

mexists(m, p, CT )

�elds (c name, CT ) = cf

�elds (object, CT ) = �

classcextendsd f F M g 2 CT

�elds (c, CT ) = �elds (d, CT ); F

predicate:Mmethod-kind

aspectualcm(d x)f returnE g aspectualMethod

expectedcm(d x) expectedMethod

cm(d x)f returnE g concreteMethod

M concreteMethod_ M aspectualMethod

M notExpectedMethod

Signature Accessors

aspectualcm(d jp)f return Eg
expectedcm(d x)
cm(d x)f return Eg

�
�
�
�
�
�

oneof

= M

msig(M) = d ! c
mname(M) = m

mget(m name, c name, CT ) = M

classp extendsq f F M g 2 Patom

M 2 M , s.t.mname(M) = m unique

mget(m, p, Patom) = M

mset(M, c name, CT ) = CTM

classp extendsq f F M g@CT 0 = CT
Mr = Mn@f Mrj Mr 2 M ,

mname(Mr) 6= mname(Mn)g

mset(Mn, p, CT ) =
classp extendsq f F Mr g@CT 0

Figure 38: Auxilliary de�nitions.
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�elds (c) ratherthanthemore correct �elds (c, CT ). In latersectionsit will bepassedexplicitly.

4.3.1 Lemma[Inheritance preservesmethod signatures]

A methodmaintainsitssignature whenaccessedeitherinherited or directlyde�ned on the receiver.

Formal Statement:

If CT iswell typed,andmtype(m, p) = d ! c, thenmtype(m, q) = d ! c, for q � p.

Proof:

Inductionon q � p, invoking T-Overr ide.

4.3.2 Lemma[Term substitutionpreservestyping]

Evaluationproceedsby replacingmethodinvocationsby the expressionof the method'sbody, with the

formalargumentssubstitutedby theactualargumentterms.We needthe resultingsubstitutedexpression

to bewell typed,andbeasubtypeof the return typeof themethod.This resultisaslightgeneralization,

asit appliesto any expressionwith freevariables,not only methodbodies.

Formal Statement:

If � x : b ` E : d and� ` Ey : a, where a � b, then� ` [Ey=x]E : c, where c � d.

Proof:

Induction on derivationof � x : b ` E : d. This is mostlyidenticalto [IPW01], but we needto add

casesfor new rules.New rules�r st,inherited rulesfollow:

CaseT-Inst: E = new d

Trivially typesto c= d.

CaseT-upd: E = E:d
0 [fi 7! Ef ] � x : b ` E0 : d0 � x : b ` Ef : df

ci fi 2 �elds (d) d0 � d df � ci

By ih: � ` [Ey=x]E0 : d0
0 d0

0 � d0

� ` [Ey=x]Ef : d0
f d0

f � df

Thus,by T-Upd, � ` [Ey=x]E:d
0

h
fi 7! [Ey=x]Ef

i
: d0

0

goesthrough,with c= d0
0 � d0 � d.
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CaseT-Var : E = x d = � (x)

If x 62x, then [Ey=x]x = x, henceholdsunchanged.

Otherwise, x = xi 2 x, then [Ey=x]x = Eyi, where � ` Eyi : ai

By assumption:c= ai � bi = d.

CaseT-Field: E = E:d
0 .fi � x : b ` E0 : d0 d0 � d b fi 2 �elds (d)

By ih: � ` [Ey=x]E0 : d0
0, where d0

0 � d0.

By wellformedsubtyping,we know b fi 2 �elds (d0
0).

Hence, by T-Field , � ` [Ey=x]E : b

CaseT-Invk: E = E:d
r .m(Ea) � x : b ` Er : dr dr � d

mtype(m, d) = b ! c � x : b ` Ea : ba ba � b

By ih: � ` [Ey=x]Er : d0
r, where d0

r � dr.

By ih: � ` [Ey=x]Ea : b0
a, where b0

a � ba.

By Lemma4.3.1, mtype(m, d0
r) = b ! c.

thus,T-Invk holds.

CaseT-New: E = new d(Ea) df f 2 �elds (d) � x : b ` Ea : da da � df

By ih: � ` [Ey=x]Ea : d0
a, where d0

a � da.

Thus,T-New holds,with c= d.

CaseT-UCast: E = (d)E0 � x : b ` E0 : c c � d

By ih: � ` [Ey=x]E0 : c0, where c0 � c.

Thus,T-UCast holds.

CaseT-DCast: E = (d)E0 � x : b ` E0 : c d � c

By ih: � ` [Ey=x]E0 : c0, where c0 � c.

If d � c0 � cthenT-DCast holds.

If c0 � d � c, thenT-UCast holds.

If c0 6� d andd 6� c0, thenT-SCast holds.
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CaseT-SCast: E = (d)E0 � x : b ` E0 : c d 6� c c6� d

By ih: � ` [Ey=x]E0 : c0, where c0 � c.

Thus,d 6� c0 andc0 6� d, soT-SCast holds.

4.3.3 Lemma[Weakening]

If an environment is suYcient to type an expression,the expressionrequiresonly the type bindingsin

the environmentwhich representfreevariablesin the expression.Notably, non-clashingbindingscanbe

addedto theenvironmentwithout aVectingtheexpression'styping.

Formal Statement:

If � ` E : c, then� x : d ` E : c, where x is freein E.

Proof:

By induction. We show only thecasefor T-Var .

CaseT-Var : E = x c= � (x)

By precondition,x 62x, so[Ey=x]x = x, hencetypeisunchanged. �

4.3.4 Lemma[this Type Bounded]

Given a methodvisible on a classp, there existsa non-strict superclassq which suYcesasa this type to

typethebodyof themethodconsistentlywith itssignature: i.e. to asubtypeof itsdeclaredreturn type.

Formal Statement:

If mtype(m, p) = d ! candmbody(m, p) = (x, E), thenfor someq, p � q, there existsc0, c0 � c, so

thatx : d, this : q ` E : c0.

Proof:

By inductionon thenew de�nition of mbody(m, p).

Basecaseis where m is de�ned directly on p. If m is a normal or aspectualmethod,the basecaseis

true by T-Met hod, with q = p. If m is anexpected, mbody is unde�ned, sothe preconditiondoes

not hold in thiscase.

For the inductive case, we notethatby inductiontheproperty holdswhenmis inherited from q.
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4.3.5 Theorem [SubjectReduction]

Evaluationof an expressionproceedsin steps;eachstepwill producean expressionwhich typesto

the sameor a subtypeof the previousstep. In other words; evaluationpreservesthe (sub)typeof the

expression.

Formal Statement:

If � ` E : candE ,! E0, then9c0, st � ` E0 : c0, where c0 � c.

Proof:

Inductionon thederivationof E ,! E0. We needto addcasesto the inductionto accountfor R-Inst

andR-Upd, in additionto expressingthecasesinherited from [IPW01].

CaseR-Inst: E = new c E0 = new c(new cf ) cf f = �elds (c)

By T-inst , new cf : cf , soby T-new, � ` E0 : c.

CaseR-Upd: E = new c(E
n
) :d[fi 7! Ef ] ci fi 2 �elds (c)

E0 = new c(E0���Ei� 1, Ef , Ei+ 1���En)
By T-upd, � ` Ef : b, where b � ci. Thus,by T-new, � ` E0 : c.

CaseR-Field: E = new cf (E) :d.fi cfi 2 �elds (d) E0 = Ei

By T-New, � ` Ei : b, where b � c.

CaseR-In vk: E = new cr(���) :d.m(Ea) x, Eb = mbody(m, cr)

E0 =
h
Ea=x, new cr(���)=this

i
Eb

By T-Invk, a ! b = mtype(m, d), and� ` Ea : a0, where a0 � a.

By Lemma4.3.4, 9b0 � b s.t. x : a, this : d ` Eb : b0, where b � c.

By 4.3.3, � x : a, this : d ` Eb : b0 ,

andby 4.3.2 (page127), � ` [Ea=x, new d(Ed)=this]Eb : b00, where b00� b0.

Finally, by transitivity: b00� c.

Note that mbody is unde�ned for expectedmethods,but sinceR-In vk is alsounde�ned for this

happenstance, thecaseiscomplete.

CaseR-Cast: E = (c)(new d(Ea)) d � c E0 = new d(Ea)

By d � c, T-UCast typesE0 : c.
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CaseRC-Field: E = E:d
r .f Er ,! E0

r E0 = E0
r
:d.f

By T-Field , � ` Ef : d0 andd0 � d andcf 2 �elds (d).

By ih � ` E0
r : d00, where d00� d0.

By T-Field , cf 2 �elds (d00), so� ` E0 : c

CaseRC-NewA: E = new c(���, Ef , ���) Ef ,! E0
f E0 = new c(���, E0

f , ���)

By T-New, � ` Ef : d.

By ih, � ` E0
f : d0, where d0 � d.

Thus,By T-New, � ` E0 : c.

CaseRC-In vkA: E = E:d
r .m(���, Ea, ���) Ea ,! E0

a E0 = E:d
r .m(���, E0

a, ���)

By T-Invk, � ` Ea : a.

By ih, � ` E0
a : a0, where a0 � a.

Thus,By T-Invk, 9c0 st c0 � cand� ` E0 : c0.

CaseRC-In vkR: E = E:d
r .m(Ef ) Er ,! E0

r E0 = E0
r
:d.m(Ef )

By T-Invk, � ` Er : d0, andd0 � d.

By ih, � ` E0
r : d00, where d00� d0.

Thus,By T-Invk, 9c0 st c0 � cand� ` E0 : c0.

CaseRC-UpdA: E = E:d
r [fi 7! Ef ] Ef ,! E0

f E0 = E:d
r [fi 7! E0

f ]

By T-Upd, � ` Ea : a.

By ih, � ` E0
a : a0, where a0 � a.

Thus,By T-Upd, 9c0 st c0 � cand� ` E0 : c0.

CaseRC-UpdR: E = E:d
r [fi 7! Ef ] Er ,! E0

r E0 = E0
r
:d[fi 7! Ef ]

By T-Upd, � ` Er : d0 andd0 � d.

By ih, � ` E0
r : d00, where d00� d0.

Thus,By T-Upd, 9c0 st c0 � cand� ` E0 : c0.

CaseRC-Cast: E = (c)Ec Ec ,! E0
c E0 = (c)E0

c

By ih, � ` E0
c : c0.

Sinceevaluationgoesto E0, RC-Cast succeeds:c0 � c.

Hence� ` E0 : c.
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4.3.6 Theorem [Progress]

Evaluationof awell typedexpressioncannotfail in anindeterminateway; allcontained�eld updates,�eld

references,andmethodreferencesmake sense. The onespecialcaseisanattemptto invoke anexpected

method, which cannotbe detectedby the type systemdirectly—however, the conceptof complete

expressionsin Section4.5.1 (page167) addressesthis.

Formal Statement:

If � ` E0 2 c, andE0 containssubexpressionE, then

1. if E = new c0(E) :c.fi, thend f = �elds (c) andfi 2 f .

2. if E = new c0(E) :c[fi 7! Ef ], thend f = �elds (c) andfi 2 f .

3. if E = new c0(E) :c.m(Ea), then

(a) eithermbody(m, c) = (x, eb) andsize(ea) = size(x)

(b) or mdenotesanexpectedmethod:mbody(m, c) isunde�ned.

Proof:

AC executionhasonemoreway of dynamicallyfailingthanFJ:in additionto failingon adowncast,it is

possible to failby attemptingto executeanexpectedmethod.TheProgresstheorempreciselymatches

how expectedmethodsdiVer betweenmtype (usedby typechecking)andmbody (usedat runtime).

Proof by inspectionof eachevaluationrule: appealto appropriatetypecheckingruleguaranteesit will

proceedor fail asperabove. �

4.3.7 Theorem [Type Soundnessfor Atomic Collaborations]

We de�ne avalueV asanexpressioninvolvingonly new candnew c(V ) forms.A well typedexpression

will evaluateto avalue, or fail on eitheradowncastor anattemptto invoke anexpectedmethod.

Formal Statement:

If � ` E : c, andE ,! � E0, with E0 in normal form, thenE0 iseitheravalueV , or oneof two error

cases,where E0 containsanexpressionof the form:

1. (d)new c(E), where c6� d

2. new c0(Ec) :c.m(Em), where c.mrefersto anexpectedmethod.

Proof:

Followsfrom Theorems4.3.5 and 4.3.6.
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T-att ach

� onlyWellTyped PcompwellFormed
� = makeRho(j, Pcomp, � )
8j 2 j, Pcomp, j, � (j) exactlyOnce
8j 2 j, Pcomp, j, � (j) subtypingPres
� , � ` j L ok � , � ` j A ok � , � ` j X ok

� ` attachj PcompL A X ok

T- -; T-L-

� , � ` j L; ok � , � ` j A; ok � , � ` j X; ok

� , � ` j L ok j, k 2 j
j.d.n 62rhs(L)
� , � ` k.c.m=j.d.n compatible
mget(m, c, � (k)) concreteMethod
mget(n, d, � (j)) expectedMethod

� , � ` j (k.c.m!= j.d.n) @L ok

� , � ` j L ok j, k 2 j
� , � ` k.c.m=j.d.n compatible
mget(m, c, � (k)) concreteMethod
mget(n, d, � (j)) concreteMethod

� , � ` j (k.c.m
 j.d.n) @L ok

� , � ` j L ok j, k 2 j
j.d.n 62rhs(L) � (k.c) = � (j.d)
mget(m, c, � (k)) aspectualMethod
mget(n, d, � (j)) expectedMethod
t ! s= mtype(n, d, � (j))
() ! s= mtype(invoke, t, � (j))
() ! s= mtype(noInvoke, t, � (j))

� , � ` j (k.c.m 69) j.d.n) @L ok

T-Ar ound

� , � ` j A ok j, k 2 j � (k.c) = � (j.d) = � (l.f )
mget(m, c, � (k)) notExpectedMethod
mget(o, f , � (l)) concreteMethod
mget(n, d, � (j)) aspectualMethod
� , � ` k.c.m=l.f .ocompatible

� , � ` j (aroundk.c.mdo j.d.n defaultl.f .o)@A ok

T-Export tX-

8(export k.c.masn) 2 X ,
k 2 j mexists(m, c, � (k))
(export k.c.mas ) uniquein X
� , � ` (export k.c.masn), X noNewOverrides
� , � ` (export k.c.masn), X allOldOverrides

� , � ` j X ok

8(export j.p.m0 asm) 2 X , s.t.m0 6= n0
�

� (k.c) �� � (j.p)
�

) m6= n

� , � ` (export k.c.n0 asn), X noNewOverrides

8classd extends f���g 2 � (k),�
V moverriderelates� (k) c, d

mexists(m, d, � (k))

�

) 9(export k.d.masn) 2 X

� , � ` (export k.c.masn), X allOldOverrides

tL-c ompat

� k = � (k) t ! s= mtype(m, c, � (k))
� j = � (j) q ! p = mtype(n, d, � (j))
� k(c) = � j(d) � k(s) = � j(p) � k(t) = � j(q)

� , � ` k.c.m=j.d.n compatible

Figure 39: CompositeCollaborations Typing rules
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t-o nce t-subt yping

8classcextends f���g 2 JT,
9!p s.t. classp extends ( ���k.c��� 2 CT

CT , k, JT exactlyOnce

8

8
>><

>>:

classcextends f���g 2 JT
classd extends f���g 2 JT
classp extends ( ���k.c��� 2 CT
classq extends ( ���k.d��� 2 CT ,

c� JT d , p � CT q

CT , k, JT subtypingPres

� -WellF ormed

8
�

classcextends f Fc g
classd extends f Fd g

2 CT ,

letting f 0
c = f � (c.f )jcf f 2 Fcg
f 0
d = f � (d.f )jdf f 2 Fdg

f 0 2 f 0
c ^ c6= d ) f 0 uniquein

�
f 0
c [ f 0

d

�

c � CT d , � (c) � CTskel � (d)
c� CT d ^ � (d.f ) = f 0 ) � (c.f ) = f 0

(moverriderelatesCT c, d) )�
(� (c.m) = � (d.n)) , (m= n)

�

� WellFormedFor CT , CTskel

� -onlyWellT yped

� ; onlyWellTyped

� ` Patomok � onlyWellTyped

(k 7! Patom)@� onlyWellTyped

� (k) = CTk

(k 7! Patom)@ = �

� (k) = Patom

(k0 7! )@� 0 = � k 6= k0 � 0(k) = Patom

� (k) = Patom

overr iderel at es

9 p s.t. c � CT p ^ d � CT p ^ mtype(m, p, CT ) = mtype(m, c, CT ) = mtype(m, d, CT )

moverriderelatesCT c, d

Figure 40: Auxilliary CompositeCollaborations Typing rules
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trans(� , x, CTskel) = xtrans

trans(� , CT , CTskel) =
n

classc0 extendsd0 f F0 M0 g
�
�
�

classc0 extendsd0 f���g 2 CTskel

if 9!cs.t. � (c) = c0

^ classcextendsd f F M g 2 CT
thenclassc0 extends f F0 M0 g =

trans
�

� , classcextendsd f F M g
�

elseF0 = F; M0 = M;

o

c0 = � (c) d0 = � (d)
F0 = trans(� , c, F) M0 = trans(� , c, M)

trans(� , classcextendsd f F M g) =
classc0 extendsd0 f F0 M0 g

c0 = � (c) m0 = � (p.m)
d0 = � (d) E0 = � (E)

trans(� , p, cm(d x)f return Eg ) =
c0 m0(d0 x)f return E0g

c0 = fresh d0 = fresh m0 = � (p.m)
� 0 = � [c7! c0, d 7! d0] E0 = � 0(E)

trans(� , p, aspectualcm(d jp)f return Eg ) =
aspectualc0 m0(d0 jp)f return E0g

c0 = � (c) m0 = � (p.m) d0 = � (d)

trans(� , p, expectedcm(d x) ) =
expectedc0 m0(d0 x)

c0 = � (c) f 0 = � (p.f )

trans(� , p, cf ) = c0 f 0

� (E) = E� � (� ) = � �

E0
r = � (Er) E0

a = � (Ea)
m0 = � (d.m) d0 = � (d)

� (E:d
r .m(Ea)) = E0:d0

r .m0(E0
a)

E0 = � (E)
f 0 = � (d.f ) d0 = � (d)

� (E:d.f ) = E0:d0
.f 0

E0 = � (E) E0
f = � (Ef )

f 0
i = � (d.fi) d0 = � (d)

� (E:d[fi 7! Ef ]) = E0:d0
[f 0

i 7! E0
f ]

� (x) = x

c0 = � (c) E0
a = � (Ea)

� (new c(Ea)) = new � (c)( � (Ea) )

� ((c)E) = (� (c)) � (E)

� (new c) = new � (c)

c0 = � (c) � 0 = � (� )

� (x 7! c@� ) = x 7! c0 @� 0

S
CT = CT[

CTr =
n

classcextendsd f F1; F2 M1; M2 g
�
�
�

classcextendsd f F1 M1 g 2 CT1

classcextendsd f F2 M2 g 2 CT2

o

CT 0 =
S

CTr, CT
S

CT1, CT2, CT = CT 0

S
CT , CT; = CT

� (k, ) = � k( )

� (k.c) = � (k)(c) � (k.c.m) = � (k)(c.m)

� id

� id = � s.t.8c, m, � (c) = c ^ � (c.m) = m

Figure 41: Translation functions over �
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maptype(j, p, Pcomp) = c

( classcextends ( ���j.p��� ) 2 Pcomp unique

maptype(j, p, Pcomp) = c

makeSkel(CT ) = CTskel

makeSkel(CT ) = f classcextendsd f gj
classcextendsd f���g
classcextendsd ( ���

�
�
�
�

oneof

2 CT g

rhs

rhs

0

@
!= j.d.n
69) j.d.n

 j.d.n

1

A = j.d.n

makeRho(j, Pcomp, � ) = �

� (skel) = makeSkel(Pcomp)
8j 2 j, � (j) = � j. s.t.

8classcextendsc0 f F M g 2 � (j),
� j(c) = maptype(j, c, Pcomp)
8b f 2 F, � j(c.f )is fresh
8M 2 M , m= mname(M)

if 9 c00s.t. c< � ( j) c00

^ moverriderelates� ( j) c, c00

then � j(c.m) = � j(c00.m)
else � j(c.m)is fresh

if m62mname(M) then�
9c00s.t. c< � ( j) c00 ^ � j(c0.m) = m0

�
)

� j(c.m) = m0

if b f 62F then�
9c00s.t. c< � ( j) c00 ^ � j(c0.f ) = f 0

�
)

� j(c.f ) = f 0

makeRho(j, Pcomp, � ) = �

Figure 42: Auxiliary compilation functions
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desugar(A, j, Pcomp, L , � ) = j0, P0
comp, L0, � 0

j0, P0
comp, L0, � 0 = desugar(A, j, Pcomp, L , � )

p= maptype(k, c, P0
comp) = maptype(j, d, P0

comp)
= maptype(l, f , P0

comp)
jj, rr, g fresh
a ! b= mtype(m, c, � (k))
jp, rv, CT 0 = aroundTemplate(c, a x, b, � (k))
� 00= � 0[g7! CT 0]

classq extendsqs ( lq@k.qq@l0q
classr extendsrs ( lr s.t. k. 62lr

)

= P0
comp

P000
comp=

8
>>><

>>>:

classq extendsqs ( lq@g.qq@k.qq@l0q
classr extendsrs ( lr
classjj extendsobject ( g.jp
classrr extendsobject ( g.rv

L00=

8
<

:

k.c.m
 g.c.do
l.f .o!= g.c.dont
j.d.n 69) g.c.aspMeth

desugar
�

(A @aroundk.c.mdo j.d.n defaultl.f .o),
j , Pcomp, L , �

�

= g@j0, P000
comp, L00[ L0, � 00

desugar( A; , j , Pcomp, L , � ) = j, Pcomp, L , �

aroundTemplate(c, a x, b, Patom) =
jp, rv, P0

atom

jp, rv fresh
classcextendsd f���g 2 Patom

f pi, qi j classpi extendsqi f���g 2 Patom,
pi, qi 6= c, dg

aroundTemplate(c, a x, b, Patom) = jp, rv,

classcextendsd f
bdo(a x)f return

this.aspMeth(
new jp[host 7! this][a 7! x]

).val;
g
expectedbdont(a x);
expectedrv aspMeth(jp y);

g
classjp extendsobject f

chost; a x;
rv invoke() f return

new rv[val7! this.host.do(this.x)];
g
rv dontInvoke() f return

new rv[val7! this.host.dont(this.x)];
g

g
classrv extendsobject f

bval;
g
classp0 extendsq0 f g

���
classpn extendsqn f g

Figure 43: More Auxiliary compilation functions
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compile(T ) = Patom

compile(C, � ) = Patom

compileall(T ) = compile(T , � ; )

Patom= compile(C, � ) � 0 = � [k 7! Patom]

compile(collabk = C in T , � ) =
compile(T , � 0)

compile(Patom, � ) = Patom

j0, P0
comp, L0, � 0 = desugar(A, j, Pcomp, L , � )

� = makeRho(j0, P0
comp, � 0)

Patom= insert(j0, P0
comp, � , � 0)

P0
atom= link(L0, Patom, � )

P00
atom= exp(X, P0

atom, � , � id )

compile(attachj PcompL A X , � ) = P00
atom

insert(j , Pcomp, � , � ) = Patom

insert(j , Pcomp, � , � ) =S
j2 j

trans(� (j), � (j), � (skel))

exp(X , Patom, � ) = P0
atom

CTskel= makeSkel(CT )
� exp = makePi(X , � , � id )

exp(X , CT , � ) = trans(� exp , CT , CTskel)

link(L, Patom, � ) = P0
atom

P0
atom= linkOne(L, Patom, � )

link( L; L, Patom, � ) = link( L, P0
atom, � )

link( L; , Patom, � ) = Patom

linkOne(L, Patom, � ) = P0
atom

p = � (k.c) = � (j.d) m0 = � (k.c.m) n0 = � (j.d.n)
bm0(a x)f return E g = mget(m0, p, Patom)
expectedbn0(a x) = mget(n0, p, Patom)
P0

atom= mset( bn0(a x)f return E g , p, Patom)

linkOne( (k.c.m!= j.d.n), Patom, � ) = P0
atom

p = � (k.c) = � (j.d) m0 = � (k.c.m) n0 = � (j.d.n)
bm0(a x)f return Em g = mget(m0, p, Patom)
bn0(a x)f return En g = mget(n0, p, Patom)
P00

atom= mset(bm0(a x)f return En g , p, Patom)
P0

atom= mset(bn0(a x)f return Em g , p, P00
atom)

linkOne( (k.c.m 
 j.d.n), Patom, � ) = P0
atom

p = � (f .c) = � (j.d) m0 = � (k.c.m) n0 = � (j.d.n)
aspectualr m0(s jp)f return Em g = mget(m0, p, Patom)
expecteda n0(bx) = mget(n0, p, Patom)

� m = � id

�
r 7! a, s7! b, s.invoke 7! � (j.b, invoke),

s.dontInvoke 7! � (j.b, dontInvoke)

�

P0
atom= mset(a n0(b jp)f � m (Em)g, p, Patom)

linkOne( (k.c.m 69) j.d.n), Patom, � ) = P0
atom

makePi(X , � , � exp ) = � 0
exp

makeOnePi(X, � , � exp ) = � 0
exp

� 0
exp = makeOnePi(X, � , � exp )

makePi(X@X , � , � exp ) = makePi(X , � , � 0
exp )

makePi(X; , � , � exp ) = � exp

cc= � (k.c) mm= � (k.c.m)
� 0

exp = � exp [cc.mm7! n]

makeOnePi( (export k.c.masn), � , � exp ) = � 0
exp

Figure 44: The Compilation of Composite ACs.
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4.4 CompositeACs Maintain Soundness

Wepresentaproof thatthecompilationprocesspreservestype-checking.The proofsin thissectionare

straight-forward but numerous,aswe are proving a preservationproperty over typing. The proofstrack

theevaluationstepsof compile, in Figure 44.

Intuitively, thecompositionisamulti stepprocess:

1. The collaborationsare desugaredto simplerforms.

2. Eachof the constituentcollaborations'inheritancehierarchy is extendedto have the sameshape

asthe output collaboration.This involvesrenamingexistingclassesto the output names,inserting

intermediateclassesin the inheritancehierarchy (if necessary), andalpha-renamingmethodsand

�elds.

3. The now identicallyshapedcollaborationsare combinedpointwiseat theclasslevel, unioningtheir

setsof members. Alpha renamingguaranteesthat there will be no nameclash,and sinceeach

composedcollaborationwaswell-typed,eachonewascompleteandremainsseparate.

4. At thisstagetheoutputcollaborationiscomplete, but themethodsfrom eachcollaborationhaveno

connectiontot thoseof others.The insertedmethodsare connectedby explicitly linking expected

methodsfrom oneto concretemethodsfrom theother.

We show thateachsteppreservestyping,andhencethat thewholeprocesspreservestyping.

4.4.1 Desugaring PreservesTypes

The�r ststepin the compilationis to remove usesof the around .. do .. defaultconstruct by desugaring

them to a generatedcollaborationandits attachmentinto the compositecollaborationbeingcompiled.

We show that thispreservestyping.

4.4.1.1 Lemma: [aroundTemplateResultsare Well Typed]:

The desugaring processgeneratesatemplatecollaborationto hold theclosure representinganintercepted

method.The collaborationissimpleenoughto betriviallywell typed.

Formal Statement:

If jp, rv, CT = aroundTemplate(p, a x, b, Patom), where p, a,

andbare classnames,andx are argumentnames,and` Patomok,

then` CT ok, andCT hasthesamesubtypingrelationasPatom.
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Proof:

By trivial observation.

4.4.1.2 Lemma: [� Attach Weakening]:

The environmentof compiledcollaborations,� , canbeextendedwith additionalcollaborationswithout

aVectingtype-checking,aslongasthere isno nameclash.

Formal Statement:

If � ` attachjPcompL A X ok ^ ` CT ok ^ k 62j

then� [k 7! CT ] ` attachjPcompL A X ok.

Proof:

� [k 7! CT ] onlyWellTypedstill holds,andsincek 62j , no othertypecheckingrule isaVected.

4.4.1.3 Lemma: [� Lookup Weakening]:

Formal Statement:

8� , k, j, CT s.t. j 62dom(� ), k 2 dom(� )

It holds:� (k) = (� [j 7! CT ]) (k)

Proof:

Followsimmediatelyfrom � -l ookup.

Corollaries to 4.4.1.3: Let � 0 = � [j 7! CT ], where j 62dom(� )

1. 8m, c, k, mget(m, c, � (k)) = M ) mget(m, c, � 0(k)) = M

2. 8m, c, k, mtype(m, c, � (k)) = M ) mtype(m, c, � 0(k)) = M

4.4.1.4 Lemma: [Trivial attach is OK]:

If we extend� to bind k to the well typedcollaborationCT , andalsoextendawell typedcomposite

collaboration(with participantsPcomp) to alsoattachk sothatall inheritancerelationshipsare maintained,

thenthe resultingcompositecollaboration(with participantsP0
compandwhere eachparticipantp iseither

unchangedor extendedto maptypek.c) isalsowell typedin thenew � environment.
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Formal Statement:

8� , j , Pcomp, P0
comp, L , A, X , CT , k

s.t. I � ` attachjPcompL A X ok,

II ` CT ok

III k 62j

IV P0
comp, k, CT exactlyOnce

V P0
comp, k, CT subtypingPres

VI 8p, q,

^

0

B
B
B
B
B
@

9i.e, s.t.
�
classp extendsq ( i.e

�
2 Pcomp

) 9!i0.e0 s.t.
�

classp extendsq ( i0.e0
�

2 P0
comp

9i0.e0, s.t.
�

classp extendsq ( i0.e0
�

2 P0
comp

) 9!i.e s.t.
�
classp extendsq ( i.e

�
2 Pcomp

1

C
C
C
C
C
A

VII 8p, q, la.da, lb.db, l0.d0,

^

0

@

�
classp extendsq ( (la.da@lb.db)

�
2 Pcomp�

classp extendsq ( l0.d0
�

2 P0
comp

1

A

) 9 c s.t. l0.d0 = la.da@k.c@lb.db

_ l0.d0 = la.da@lb.db

then� 0 ` attachj0P0
compL A X ok, where � 0 = � [k 7! CT ] andj0 = k@j .

Proof:

Letting� 0 = makeRho(j0, P0
comp, � 0), we needto show:

N TS: � 0 onlyWellTyped ^ P0
compwellFormed

8j 2 j0, P0
comp, j0, � (j) exactlyOnce

8j 2 j0, P0
comp, j0, � (j) subtypingPres

� 0, � 0 ` j0 L ok ^ � 0, � 0 ` j0 A ok ^ � 0, � 0 ` j0 X ok

By 4.4.1.2, � 0 ` attachjPcompL A X ok.

By Line VI in antecedent,P0
compwellFormed

Alsoby antecedent(LinesIV andV),

we know P0
comp, k, CT exactlyOnce, P0

comp, k, CT subtypingPres,

andthus 8j 2 j , P0
comp, j, CT exactlyOnce, 8j 2 j , P0

comp, j, CT subtypingPres.

Hence 8j 2 k@j , P0
comp, j, CT exactlyOnce, 8j 2 k@j , P0

comp, j, CT subtypingPres.

soit remainsto show that � , � ` j L ok ^ � , � ` j A ok ^ � , � ` j0 X ok

) � 0, � 0 ` j0 L ok ^ � 0, � 0 ` j0 A ok ^ � 0, � 0 ` j0 X ok
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We will show this for � , � ` j A ok: casesfor X andL are similar. We induct over lengthof A in

� , � ` j A ok. Basecaseis trivially true. For the inductive casewe needto show that:

� , � ` j (aroundkk.cc.mmdo jj.dd.nndefaultll.V.oo)@A ok

) � 0, � 0 ` j0 (aroundkk.cc.mmdo jj.dd.nndefaultll.V.oo)@A ok

ExpandingT-Ar ound (Figure 39, page133), we needto show

thatgiven:

1 � , � ` j A ok

2 jj, kk 2 j

3 � (kk.cc) = � (jj.dd) = � (ll.V)

4 mget(mm, cc, � (kk)) notExpectedMethod

5 mget(oo, V, � (ll)) notExpectedMethod

6 mget(nn, dd, � (jj)) aspectualMethod

7 � , � ` kk.cc.mm=ll.V.oocompatible

... it followsthat:

1 � 0, � 0 ` j0 A ok

2 jj, kk 2 j0

3 � 0(kk.cc) = � 0(jj.dd) = � 0(ll.V)

4 mget(mm, cc, � 0(kk)) notExpectedMethod

5 mget(oo, V, � 0(ll)) notExpectedMethod

6 mget(nn, dd, � 0(jj)) aspectualMethod

7 � 0, � 0 ` kk.cc.mm=ll.V.oocompatible

1: By ih, � , � ` j A ok ) � 0, � 0 ` jj A ok.

2: By jj = k@j , it followsjj, kk 2 j ) jj, kk 2 jj .

3: By makeRho, � (kk.cc) = � kk(cc) = maptype(kk, cc, Pcomp)

and � 0(kk.cc) = � 0
kk(cc) = maptype(kk, cc, P0

comp).

Sinceboth PcompandP0
compare wellformed,maptypeis uniquelyde�ned for both, andby antecedent

Line VII , � (kk.cc) = p ) � 0(kk.cc) = p. Similarlyfor jj.dd andll.V.

4–6: By 4.4.1.3(corollary 1), M = mget(mm, cc, � (kk)) ) M = mget(mm, cc, � 0(kk)) .

7: By 4.4.1.3(corollary 2),

� , � ` kk.cc.mm=ll.V.oocompatible) � 0, � 0 ` kk.cc.mm=ll.V.oocompatible.
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4.4.1.5 Lemma: [Composition of Linking]:

Well typedlinking instructionsreferring to diVerent methodsdo not interfere; if collaborationsare well

typedanddiVer only in the linking instructions,aslongasthey referto diVerentmethods,thecollabora-

tion with theunion of the linking instructionsisalsowell typed.

Formal Statement:

If � ` attachjPcompL0 A X ok ^ � ` attachjPcompL00A X ok ^ rhs(L0) \ rhs(L00) = ;

then� ` attachjPcompL0 [ L00A X ok.

Proof:

By following the de�nitions of type-checkingrules,we seethat L0 [ L00 aVectsonly T-L-Copy and

T-L-Provide. For T-L-Provide we needto show that if two subsetsof L0 andL00are separatelywell

typed,their union isalsowell typed.The casefor T-L-Copy issimilarandomitted,asis the identical

argumentfor
�

(k.c.m!= j.d.n)@L00
�

�
� L00.

ih : 8k.c.m, j.d.n, L0
� , L00

� , s.t.
�

(k.c.m!= j.d.n)@L0
�

�
� L0 ^ L00

� � L00,
0

@V � , � ` j
�

(k.c.m!= j.d.n)@L0
�

�
ok

� , � ` j L00
� ok

1

A ) � , � ` j
�

(k.c.m!= j.d.n)@L0
� [ L00

�

�
ok.

By inductionon lengthof L =
�

(k.c.m!= j.d.n) @L0
�

�
[ L00

� .

N TS: � , � ` j
�

L0
� [ L00

�

�
ok

j, k 2 j

j.d.n 62rhs(L)

� , � ` k.c.m=j.d.n compatible

mget(m, c, � (k)) concreteMethod

mget(n, d, � (j)) expectedMethod

By induction,� , � ` j
�

L0
� [ L00

�

�
ok. compatible,expectedMethod, andconcreteMethoddo not de-

pend on L, so hold by direct appealto antecedent.Since� , � ` j
�

(k.c.m!= j.d.n)@L0
�

�
ok, we

concludethat j, k 2 j .

It remainsto show that j.d.n 62rhs(L0
� [ L00

� ).

By � , � ` j
�

(k.c.m!= j.d.n)@L0
�

�
ok, it follows: j.d.n 62rhs(L0

� ).

By rhs(L0) \ rhs(L00) = ; , andj.d.n 2 L0, we concludethat j.d.n 62rhs(L0
� [ L00

� ).
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4.4.1.6 Lemma: [desugargenerateswell typed collaborations]:

Desugaring translatesmethod interception declarationsinto collaborationswhich are attachedto the

currentcollaboration,andlinking instructionsto perform the interception.There are severalstepsto the

process,leadingto a longerproof, but fundamentallyit relieson thepreviouslemmas.

Formal Statement:

If � ` attachj PcompL A X ok

letting j0, P0
comp, L0, � 0 = desugar( A, j, Pcomp, L , � )

it holds � 0 ` attachj0P0
compL0 A; X ok

Proof:

Inductionover lengthof A. Namesreferto de�nition of desugarin Figure 43(page137).

CaseBase: A = A; output = input.

CaseRec: A = A@(aroundk.c.mdo j.d.n defaultl.f .o)

By ih: � 0 ` attachj0 P0
compL0 A; X ok, implying � 0 onlyWellTyped

By 4.4.1.1 (page139): ` CT 0 ok, and� 00onlyWellTyped.

By gfreshand 4.4.1.2 (page140), � 00` attachj0 P0
compL0 A; X ok.

Let Pbis
comp=

8
>><

>>:

P0
comp

classjj extendsobject ( ;

classrr extendsobject ( ; .

We wishto show that � 00` attachj0 Pbis
compL0 A; X ok. T-Att ach usesPcomp(boundto Pbis

comp) in four

ways:wellFormed, exactlyOnce, subtypingPres, andmakeRho. By inspection,Pbis
componly diVersfrom

P0
compby the additionof two wellformedclasses,andthusis itselfwellformed(recallthat jj andrr are

fresh).exactlyOnceusesPbis
comp(asCT ) only in thepositiveposition,sothataddingtwo classeswill not

aVectthe result.subtypingPres'suseof Pbis
comp(asCT ), but asit diVersfrom P0

componly in addingclasses

with no mappedclasses,doesnot aVectthepreservationof subtypingrelationshipsin mappedclasses.

Lastly, by inspection,makeRho(j0, Pbis
comp, � 00) only extendsthe skeletonof makeRho(j0, P0

comp, � 00) to

accountfor thenewly introducedclasses,jj andrr. The de�nition of � j usesPbis
compasPcompin maptype,

but here again,the lackof any mappingsfor jj or rr guaranteesthat8k, c, maptype(k, c, P0
comp) = p

) maptype(k, c, Pbis
comp) = p.

We thusconclude:� 00` attachj0 Pbis
compL0 A; X ok.

By inspectionof aroundTemplate, CT 0 hasthe samesubtypingrelation—augmentedby jp andrv—

as� (k).

By � 00` attachj0 Pbis
compL0 A; X ok, theattachment� 00(k) to Pbis

compsatis�es�
Pbis

comp, k, � 00(k) exactlyOnce
�

and
�

Pbis
comp, k, � 00(k) subtypingPres

�
.
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InspectionshowsthatP000
comphasthesamesubtypingrelationasPbis

comp, andthat for eachclassq in P000
comp,

k.qqismappedto q iV g.qqismappedto q.

Additionally, classesg.jp andg.rv are mappedto the classesthatwere introducedinto Pbis
comp: jj andrr.

Eachclassin g is thuseithermappedexactlyasthe correspondingclassin k, or doesnot existin k.

By inspection,there are preciselytwo classesin gwhich are not in k: jp andrv, andboth are mapped

exactlyonce, andboth they and the classesthey are mappedto extendobject. We concludethat�
P000

comp, g, � 00(g) exactlyOnce
�

and
�

P000
comp, g, � 00(g) subtypingPres

�
.

Thus, we instantiate4.4.1.4 (page140) with � = � 0, j = j0, Pcomp= Pbis
comp, P0

comp= P000
comp, L = L0,

A = A; , X = X , CT = CT 0, andk = g. Most antecedentsare obvious. Antecedentin Line VI

(page141) followsfrom Pbis
compandP000

comphaving samesubtypingrelation,andLine VII (page141) holds

by ghaving sameattachmentask, describedin greaterdetailabove.

It followsthat � 0[g7! CT 0] ` attachg@j0P000
compL0 A; X ok

which isequivalentto � 00` attachg@j0P000
compL0 A; X ok.

It remainsto show thatgeneratedlinking instructionsarewell-typedaswell. The environmentwhich

they will beexecutedin is theonereturnedasaresultof desugar, sowe needto show that

� 00, � ` (k.c.m 
 g.c.do) ok

� 00, � ` (l.f .o!= g.c.dont) ok

� 00, � ` (j.d.n 69) g.c.aspMeth) ok.

By construction,8c, p, maptype(k, c, P000
comp) = p ) maptype(g, c, P000

comp) = p

Let � = makeRho(g@j0, P000
comp, � 00), asit will beusedto typecheckthe linking declarations.

By construction, if a ! b = mtype(m, c, � (k)) (for typesa, b 2 dom(� (k)) ,

thena ! b = mtype(do, c, � (g)) (for typesa, b 2 dom(� (g)) .

By construction of P000
comp, � (k.a) = � (g.a) and� (k.b) = � (g.b).

It followsthat � 00, � ` k.c.m=j.c.do compatible, andthus� 00, � ` (k.c.m 
 j.c.do) ok.

Similarlyfor != and 69) . Weneedto show, for l.f .o!= g.c.dont, thatl.f .oisnot anexpectedmethod.

This followsfrom T-Ar ound. Thus� 00` attachg@j0P000
compL00X ok.

By freshg, L00andL0 are independent,

soby Theorem4.4.1.5: � 00` attachg@j0P000
compL00[ L0, X ok.
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4.4.2 Insertion PreservesTyping

Giventwo (without lossof generality)well typedatomiccollaborations,CT1 = Patom, andCT2 = P0
atom,

that are written over identicalclasshierarchies,but with disjointmethodand�eld names,we will show

that theunion of the two isalsowell typed.

While theunion isstraightforward, quitesomemachinery isrequiredto show thattheenvironments

(� and� ) usedto translatetypesandnamesin acollaborationpreserve typing.

4.4.2.1 makeRho GeneratesWellFormedFor � :

The mappingenvironmentmakeRho is generatedfrom the typemappingsin the compositecollabora-

tion, andcontainsalpha-renaminginformationfor composedcollaborations'typesandmembernames.

Eachattachedcollaborationhasa privateenvironment� , which is containedin � . The WellFormedFor

property guaranteesthat the renamingperformed via � will not breakseveralpropertiesnecessary for

maintainingtyping.

Formal Statement:

8� , j , Pcomp, s.t. � ` attachj Pcomp ok

Letting� = makeRho(j , Pcomp, � )

it holds: 8j 2 j , � (j) WellFormedFor � (j), � (skel)

and ` � (skel) ok
Proof:

By makeRho(j , Pcomp, � ) (Figure 42, page136), we know for eachj:

CTskel=
n

classp0 extendsq0 f gjclassp0 extendsq0 ( ���2 Pcomp

o

8classcextendsc0 f F M g 2 � (j),

� j(c) = maptype(j, c, Pcomp)

8b f 2 F, � j(c.f ) is fresh

8M 2 M , m= mname(M )

if 9 c00s.t.c< � ( j) c00

^ moverriderelates� ( j) c, c00

then � j(c.m) = � j(c00.m)

else � j(c.m)is fresh

if m62mname(M ) then

(9c00s.t.c< � ( j) c00 ^ � j(c00.m) = m0) ) � j(c.m) = m0

if b f 62F then

(9c00s.t.c< � ( j) c00 ^ � j(c00.f ) = f 0) ) � j(c.f ) = f 0



4.4. COM POSITE ACS M AIN TAIN SOU N DN ESS 147

andwe needto show thisimplies:

8

(
classcextends f Fc g

classd extends f Fd g
2 � (j), s.t. c6= d

letting fc = f � j(c.f 0)jc0 f 0 2 Fcg

fd = f � j(d.f 0)jd0 f 0 2 Fdg

c � � ( j) d , � j(c) � CTskel � j(d)

f 2 fc ) f uniquein
�

fc [ fd
�

(c � � ( j) d ^ � (d.f ) = f 0) ) � j(c.f ) = f 0

(moverriderelatesCT c, d) )
� �

� j(c.m) = � j(d.n)
�

, (m= n)
�

By � ` attachj Pcomp ok, it holdsPcomp, j, � (j)subtypingPres,

andin turn: c � � ( j) d , � j(c) �
Pcomp

� j(d).

SinceCTskelhasthesamesubtypingrelationasPcomp, it follows: c � � ( j) d , � j(c) � CTskel � j(d).

By 8b f 2 F, � j(c.f ), it holdsf 2 fc ) f uniquein
�

fc [ fd
�

.

To show that c � � ( j) d ^ � (d.f ) = f 0 ) � (c.f ) = f 0, it suYcesto realizethat f cannotbe in Fc

(sincec6= d), andthatc00= d enablesimplicationfrom makeRho:

b f 62F ^
�
9c00s.t.c< � ( j) c00 ^ � j(c00.f ) = f 0

�
) � j(c.f ) = f 0

To show that (m overriderelatesCT c, d) )
�

(� j(c.m) = � j(d.n)) ( (m= n)
�
, setc00 = p (recallc00

from makeRho), where p isguaranteedto existby overriderelates.

Likewise, (m overriderelatesCT c, d) )
�

(� j(c.m) = � j(d.n)) ) (m= n)
�

followsfrom noticingthat

eachmethodmappingmadeby makeRho for � is either freshor mappedto be equivalent to the

overriddenmethodon asupertype(c00in makeRho). We needonly noticethat the only equivalences

thussetup are of the form � j(c.m) = � j(c00.m), which impliesm= n.

To seethat ` � (skel) ok, we noticethatby makeRho, � (skel) = makeSkel(Pcomp).

By � ` attachj Pcomp ok it followsthatPcompWellFormed.

Thus,by inspectionof makeSkel, it followsthat ` � (skel) ok.

4.4.2.2 Lemma[� � COLLAB generateswellFormed results]:

We show that the collaborationgeneratedby asystematicapplicationof � will generatea resultwhich is

well formed.
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Formal Statement:

8JT, CTskel, � s.t.

` JTok

` CTskelok

� WellFormedFor JT, CTskel

thenlettingCT = trans(� , JT, CTskel)

It holds:CT wellFormed.

Proof:

N TS: 8c2 dom(CT ),

classcextends f���g 2 Patomunique

c� object

It suYcesto show that subtypingis non-circularandeachclassnamec is de�ned at mostonce. Both

propertiesfollow directly from CT having samesubtypingrelationasCTskeland` CTskelok, which

impliesCTskelwellFormed.

4.4.2.3 Subtypingand Inheritance of Fieldsand Method :

Inheritancefor �elds andmethodsisde�nedoveratomiccollaborations,but weonlyneedtheseproperties

for proofsin thissection.

Formal Statement:

8 Patom, c, d s.t.c �
Patom

d ^ ` Patomok,

�elds : 8b, f , b f 2 �elds (d, Patom) ) b f 2 �elds (c, Patom)

mtype : 8b, a, m, b ! a = mtype(d, m, Patom) ) b ! a = mtype(c, m, Patom)
Proofsketch:

By inductionon thesubtypinghierarchy. �

4.4.2.4 Subtypingand Inheritance of � :

We show that thesamepropertieswhich hold over inheritancehierarchiesare preservedunder� .

Formal Statement:

8c, d, � , JT, CTskel, s.t. c< JT d ^ ` JT ok ^ ` CTskelok ^ � WellFormedFor JT, CTskel

it holdsthat

8f , � (d.f ) = f 0 ) � (c.f ) = f 0

8m, � (d.m) = m0 ) � (c.m) = m0
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Proof:

Let classcextends f Fc Mc g 2 JT

� (d.f ) = f 0

� (d.m) = m0

Fields. Directlyfrom WellFormedFor,

c � JT d ^ � (d.f ) = f 0 ) � (c.f ) = f 0.

Methods. By c � JT d, d isawitnessto moverriderelatesJTc, d. Thus,directlyby WellFormedFor,

(moverriderelatesJT c, d) )
�
(m= n) ) (� (c.m) = � (d.n))

�

4.4.2.5 Lemma[trans � preserves...]:

We usethe two previouslemmasto show that � preservesthe behavior of severalauxiliary functions,in

additionto subtyping.

Formal Statement:

8JT, CTskel, � s.t.

` JTok

` CTskelok

� WellFormedFor JT, CTskel

it follows—thisisalsothe ih(atd):

lettingCT = trans(� , JT, CTskel),

8classd extendse f F M g 2 JT :

� : 8c, d � JT c , � (d) � CT � (c)

�elds : 8c, fi, cfi 2 �elds (d, JT) ) � (c) � (d.fi) 2 �elds (� (d), CT )

mtype: 8b, c, m, mtype(d, m, JT) = b ! c ) mtype(� (d), � (d.m), CT ) = � (b) ! � (c)

mget: 8m, M, mget(d, m, JT) = M ) mget(� (d), � (d.m), CT ) = trans(� , d, M )

mover: 8m, p, mover(d, m, JT) = p ) mover(� (d), � (d.m), CT ) = � (p)

mover(d, m, JT) = � ) mover(� (d), � (d.m), CT ) = �

Proofs:
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Directproofof � : Followsfrom WellFormedFor andthatCT hassamesubtypingrelationasCTskel.

Inductive proofsof methodand �eld properties: By induction of d up subtypinghierarchy to �eld or

method'sde�ning class.object isnot encountered,asinput iswell typed,andthusall visible members

are de�ned locallyor on asupertype. The oneexceptionismover, which hasthisasthe � case.

Let classd extendse f F M g 2 JT,

�elds : CaseLocal: cfi 2 F
Directlyfrom � -�e ld .

CaseInher it ed: cfi 2 �elds (e, JT)
by ih, � (c) � (e.fi) 2 �elds (� (e), CT )

by � property, d � JT e ) � (d) � CT � (e)

by 4.4.2.3, � (c) � (e.fi) 2 �elds (� (d), CT )

and 4.4.2.4, � (c) � (d.fi) 2 �elds (� (d), CT )

mtype: CaseLocal: cm(bx) 2 M
Directlyfrom � -met hod.

CaseInher it ed: mtype(e, m, JT) = b ! c
by ih, mtype(� (e), � (e.m), CT ) = � (b) ! � (c)

by � property, d � JT e ) � (d) � CT � (e)

Hence, by 4.4.2.3: mtype(� (d), � (e.m), CT ) = � (b) ! � (c)

and 4.4.2.4, mtype(� (d), � (d.m), CT ) = � (b) ! � (c)

mget similarto mtype.

mover We needto pay attentionto � .

We wantto show that: 8m, p, mover(d, m, JT) = p ) mover(� (d), � (d.m), CT ) = � (p)

mover(d, m, JT) = � ) mover(� (d), � (d.m), CT ) = �

CaseLocal: mover(d, m, JT) = e
By de�nition of mover in Figure36(page124) mover(d, m, JT) = eisimpliedby mexists(m, e, JT).

By � -met hod, mexists(m, e, JT) ) mexists(� (e.m), � (e), CT ).

Thusmover(� (d), � (d.m), CT ) = � (e).
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CaseInher it ed: mover(d, m, JT) = p p 6= e p = mover(e, m, JT)
By de�nition of mover in Figure 36 (page124) mover(d, m, JT) = mover(e, m, JT) is implied

by : mexists(m, e, JT).

By � -met hod, : mexists(m, e, JT) ) : mexists(� (e.m), � (e), CT ).

Thusmover(� (d), � (d.m), CT ) = mover(� (e), � (d.m), CT ).

By ih mover(e, m, JT) = p ) mover(� (e), � (d.m), CT ) = � (p),

lettingusconcludethatmover(d, m, JT) = p ) mover(� (d), � (d.m), CT ) = � (p).

CaseNot Overr idden: mover(d, m, JT) = �
Repeatingthereasoningof theInher it ed casewith � (� ) (which isunde�ned)textuallyreplaced

by � showsthat thiscasefollowsaswell.

4.4.2.6 Lemma[� PreservesTyping - Induction]:

We show that � preservesthat typing of classes,methods,andexpressions.To allow this resultto be

reusedin contextswhere we cannotshow ` JT ok (notably Theorems4.4.3.1, page160, and 4.4.3.2,

page164), we presentit separatelyfrom theprimary client (Theorem4.4.2.7, page157), where JT iswell

typed.

We will inductover all classesPatomin JT; all methodsM in classPatom; andexpression(methodbody)

E of M, with the following inductionhypothesis:

Formal Statement:

ih: 8� , JT, CTskel s.t. � WellFormedFor JT, CTskel

lettingCT = trans(� , JT, CTskel)

it holds:I 8
classp extendsq f F M g 2 JT

class� (p) extendsq0 f F0 M0 g 2 CT

` JT classp extendsq f F M g ok ) ` CT class� (p) extendsq0 f F0 M0 g ok

II 8M, p ` JT M ok in p ) ` CT trans(� , p, M ) ok in � (p)

III 8E, p � ` JT E : p ) � (� ) ` CT � (E) : � (p).
Proof:

Let classp extendsq f F M g 2 JT bemappedto class� (p) in CT . By � � coll ab, thecorresponding

classin CT is: class� (p) extendsq0 f trans(� , p, F) trans(� , p, M ) g 2 CT .
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I: Classes. We needto show that

` JT classpextendsq f F M g ok ) ` CT class� (p) extendsq0 f trans(� , p, F0) trans(� , p, M 0) g ok

We needto show the following derivationholds:

1

c0
f f 0 = trans(� , p, F) d0

g g0 = �elds (q0, CT )

8f 0 2 (f 0 [ g0), f 0 uniquein (f 0 [ g0)

2 8M 2 trans(� , p, M ) , mname(M ) uniquein mname(trans(� , p, M ))

3 ` CT trans(� , p, M ) ok in � (p)

` CT class� (p) extendsq0 f trans(� , p, F) trans(� , p, M ) g ok [T-Cl ass]

We show eachnumberedproperty in turn

1. Fieldsare unique and non-shadowed

In JT: cf f = F dg g = �elds (q, JT)

Correspondsto: c0
f f 0 = trans(� , p, F) d0

g g0 = �elds (q0, CT )

N TS: 8f 0 2 (f 0 [ g0), f 0 uniquein (f 0 [ g0)

Noting thatp 6= q, thisfollowsdirectlyfrom WellFormedFor.

2. Method namesare unique in a class 8M 2 M , mname(M ) uniquein mname(M ) .

N TS: 8M 2 trans(� , p, M),

mname(M) uniquein mname(trans(� , p, M))

By � -*Met h, andmname, mname(trans(� , p, M )) = � (p.mname(M )) .

By WellFormedFor, for two methodsc.mandd.n:

� exp (c.m) = � exp (d.n) ( (m= n) ^ (moverriderelatesCT c, d).

Settingc= d = p, m= mname(M1) andn = mname(M2), we see:

� (p.mname(M1)) = � (p.mname(M2)) ,

(mname(M1) = mname(M2)) ^ (mname(M1) overriderelatesCT p, p).

overriderelatesis re�exive for thede�ning classof amethod:

� (p.mname(M1) = � (p.mname(M2)) , mname(M1) = mname(M2).

By ` JTok, (mname(M1) = mname(M2)) , (M1 = M2),

thus� (p.mname(M1) = � (p.mname(M2)) , (M1 = M2).
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3. Methods are well-typed: By ih(II).

II . Methods: Casesfor eachkind of method.We will show that

` JT M ok in p ) ` CT trans(� , p, M ) ok in � (p)

CaseT-ExpMet h: M = expectedcm(d x)

trans(� , p, M ) = expected� (c) � (p.m)( � (d) x)

N TS: override � (p.m), p, � (d) x ! � (c) ok in CT

By T-ExpMet h in JT, override m, p, d x ! cok in CT

which impliesmover(m, p, JT) = r ) mtype(m, r, CT ) = d ! c.

By 4.4.2.5 (page149)[mover] and[mtype], it followsthat:

mover(� (p.m), � (q), CT ) = � (r) ) mtype(� (p.m), � (r), CT ) = � (d) ! � (c)

which showsoverride � (p.m), p, � (d) x ! � (c) ok in CT

CaseT-Met hod: M = cm(d x)f return Eg

trans(� , p, M ) = � (c) � (p.m)( � (d) x)f return � (E)g

N TS: override � (p.m), p, � (d) x ! � (c) ok in CT

^ x : � (d) , this : � (p) ` CT � (E) : � (c0), � (c0) � � (c)

Like T-ExpMet h, by 4.4.2.5 (page149)[mover] and[mtype]:

override � (p.m), � (q), � (d) ! � (c)ok inCT

By ` JT M ok in p, x : d, this : p ` JT E : b, where b � JT c.

By ih(III ), x : � (d) , this : � (p) ` CT � (E) : � (b)

By 4.4.2.5 (page149)[� ] andb � JT c, � (b) � CT � (c).

Hence, ` CT � (p.m)ok in� (p).

CaseT-AspMet h: M = aspectualcm(d x)f return Eg

trans(� , p, M ) = aspectualc0 � (p.m)(d0 x)f return � (E)g

N TS: : 1 mover(� (p.m), � (p), CT ) = �

2

CT 0 =

2

6
6
6
6
6
6
6
6
6
4

classc0 extendsobject f g

classd0 extendsobject f

expectedc0 invoke()

expectedc0 noInvoke()

g

3

7
7
7
7
7
7
7
7
7
5

CT ; CT 0 wellFormed

3

� 0 = � [c7! c0, d 7! d0] (asper � � AspMet h)

jp : d0, this : � (p) ` CT ;CT 0 � 0(E) : c0
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By T-AspMet h, we know:

1 mover(m, p, JT) = �

2 JT0 =

2

6
6
6
6
6
6
6
4

classcextendsobject f g

classd extendsobject f

expectedc invoke()

expectedcnoInvoke()

g

3

7
7
7
7
7
7
7
5

3 JT; JT0 wellFormed

4 jp : d, this : p ` JT;JT0 E : c

Step. Line1

By 4.4.2.5 (page149), mover(m, p, JT) = � ) mover(� (p.m), � (p), CT ) = �

Step. Line2

By proof statement,CT = trans(� , JT, CTskel)

By 4.4.2.2 (page147) and` JT ok and` CTskelok, CT wellFormed

By inspection,CT 0 wellFormed

By � -AspMet h: � (c) and� (d) are fresh;thusCT ; CT 0 wellFormed

Step. Line3

We know that jp : d, this : p ` JT;JT0 E : c.

Unfortunately, we cannot invoke ih(III ) on the correspondingexpressionover CT ; CT 0, asit does

nothold that: � WellFormedFor JT; JT0, CTskel, asneither� nor CTskelare de�ned for candd in JT0.

Let JT2 = JT; JT0

CT 2skel= CTskel;

"
classcextendsobject f g

classd extendsobject f g

#

By c, d not in JT, � , CTskel: � 0 WellFormedFor JT2, CT 2skel.

We cannow invoke ih(III ), showing jp : � 0(d), this : � 0(p) ` trans( � 0,JT2,CT 2skel) � 0(E) : � 0(c).

We now needto show that thisimpliesjp : d0, this : � (p) ` CT ;CT 0 � 0(E) : c0

Directlyby � 0: jp : d0, this : � (p) ` trans( � 0,JT2,CT 2skel) � 0(E) : � (c).
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Remainsto show:

CT ; CT 0 = trans(� 0, JT2,CT 2skel)

We start by expandingJT2:

= trans(� 0, JT; JT0, CT 2skel)

SinceJT andJT0 are non-overlapping:

=
S trans(� 0, JT, CT 2skel),

trans(� 0, JT0, CT 2skel)

Since� 0 extends� justto dealwith candd in JT0:

=
S trans(� , JT, CT 2skel),

trans(� id [c7! c0, d 7! d0], JT0, CT 2skel)
By vigoroushand-waving: sincetransproducesemptyclassesfor thoseappearing in CT 2skelbut not

in JT (preciselycandd):

=
S (CT ; < emptycandd classes> ) ,

trans(� id [c7! c0, d 7! d0], JT0, CT 2skel)

similarly, for classesin CTskelbut not in JT0:

=
S (CT ; < emptycandd classes> ) ,

(< emptyclassesfrom CT > ; CT 0)
Thus,CT and< emptyclassesfrom CT > declare exactlythe sameinheritancehierarchy, but the

former is populatedwith methodsand�elds, andthe latter is empty. Similarlyfor the right hand

column.Additionally, asthecolumnsare disjoint,we see:
= (

S
CT , < emptyclassesfrom CT > ) ; (

S
< emptycandd classes> , CT 0)

Lastly, by handwavy inspectionof
S

: the union of two identicalhierarchies,onepopulatedandone

not, is justthepopulatedhierarchy.
= CT ; CT 0

Thus,jp : d0, this : � (p) ` CT ;CT 0 � 0(E) : � (c).

III : Expressions. For eachexpression,nts that the expressionE well-typedin JT impliesthat � (E) is

well-typedin CT . We will only useih(III ) in thesecases,sorepeatingit asih:

� ` JT E : c ) � (� ) ` CT � (E) : � (c).

CaseT-Var : E = x c= � (x)

N TS: � (x) = c ) � (� )(x) = � (c)

Followsdirectlyfrom � � � .
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CaseT-Field: E = E:d
r .fi � ` JT Er : d0

cfi 2 �elds (d, JT) d0 � JT d

N TS: � ` JT E:d
r .fi : c ) � (� ) ` CT � (E) : � (c)

By ih and� ` JT Er : d0, � (� ) ` CT � (Er) : � (d0)

By 4.4.2.5 (page149)[� ] andd0 � d, � (d0) � CT � (d)

By 4.4.2.5 (page149)[�elds ] andcfi 2 �elds (d, JT), � (c) � (d.fi) 2 �elds (� (d), CT )

Thus,T-Field holds, � (� ) ` CT � (E) : � (c).

CaseT-Upd: E = E:d
r [f 7! Ef ] � ` JT Er : c c � JT d

b f 2 �elds (d, JT) � ` JT Ef : b0 b0 � JT b

N TS: � ` JT E:d
r [fi 7! Ef ] : c ) � (� ) ` CT � (Er):� (d) [� (fi) 7! � (Ef )] : � (c)

Step. � (Er) typesto� (d)

By ih, � (� ) ` CT � (Er) : � (c)

By 4.4.2.5 (page149)[� ], � (c) � CT � (d)

Step. � (Ef ) �ts � (d.fi)

By ih, � (� ) ` CT � (Ef ) : � (b0)

By 4.4.2.5 (page149)[�elds ], � (b) � (d.fi) 2 �elds (� (d), CT )

By 4.4.2.5 (page149)[� ], � (b0) � CT � (b)

Sowe concludethatT-Upd holds.

The proof obligations(nts) for the remainingcasesare similar, andomittedfor brevity.

CaseT-Invk: E = E:d
r .m(Ea) � ` JT Er : d0 d0 � d

mtype(d, m, JT) = b ! c � ` JT Ea : a a � JT b
By ih: � (� ) ` CT � (Er) : � (d0)

By 4.4.2.5 (page149)[� ]: � (d0) � CT � (d)

By ih: � (� ) ` CT � (Ea) : � (a)

By 4.4.2.5 (page149)[mtype]: mtype(� (d), � (d.m), CT ) = � (b) ! � (c)

By 4.4.2.5 (page149)[� ]: � (a) � CT � (b)

HenceT-invk holds:� (� ) ` CT � (E) : � (c).



4.4. COM POSITE ACS M AIN TAIN SOU N DN ESS 157

CaseT-new:

We will not encounterthiscase, by input programbeingwell typed.

CaseT-Inst: E = new c

� (E) = new � (c), andby T-Inst , � (� ) ` CT new � (c) : � (c)

CaseUCast: E = (c)Ec � ` JT Ec : c0 c0 � c

By ih, � (� ) ` CT � (Ec) : � (c0)

By 4.4.2.5 (page149)[� ], � (c0) � � (c)

Henceby T-UCast � (� ) ` CT (� (c)) � (Ec) : � (c).

CaseDCast: E = (c)Ec � ` JT Ec : c0, c � c0

By ih, � (� ) ` CT � (Ec) : � (c0)

By 4.4.2.5 (page149)[� ], � (c) � � (c0)

Henceby T-DCast � (� ) ` CT (� (c)) � (Ec) : � (c).

CaseSCast: E = (c)Ec � ` JT Ec : c0, c6� c0, c0 6� c

By ih, � (� ) ` CT � (Ec) : � (c0)

By 4.4.2.5 (page149)[� ], � (c) 6� � (c0) and� (c0) 6� � (c)

Henceby T-SCast � (� ) ` CT (� (c)) � (Ec) : � (c).

4.4.2.7 Lemma[� PreservesTyping]:

Applyingthemappingenvironment� to awell-typedcollaborationCT will generateawell typedresult.

Formal Statement:

8JT, CTskel, � s.t.

` JTok

` CTskelok

� WellFormedFor JT, CTskel

thenlettingCT = trans(� , JT, CTskel),

it holds:` CT ok.

Proof:

To prove ` CT ok, we needto show thatT-coll ab holds:

8Patom2 CT , ` CT Patomok

CT wellFormed

` CT ok [T-Coll ab]
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CT wellFormed follows from 4.4.2.2 (page147). In termsof JT, we canrestatethe remainingproof

burdenasshowing that:

(8Patom2 JT, ` JT Patomok) ) (8Patom2 trans(� , JT, CTskel), ` trans( � ,JT,CTskel) Patomok)

By inspectionof � -coll ab, Patom2 trans(� , JT, CTskel) is eithera classp0 translatedfrom from classp

in JT, or a classwhich is not in JT. The lattercasewill have no �elds or methods,andthustrivially

well typed.Recallthatwellformednesswasshown above.

Thus,it remainsto show for classp extendsq f F M g 2 JT:

` JT classp extendsq f F M gok ) ` trans( � ,JT,CTskel) < class� (p) in CT > ok

where class� (p) (2 CT ) is the imageof classp (2 JT).8

This followsdirectlyfrom Theorem4.4.2.6 (page151).

4.4.2.8 Lemma[Collaboration Union preservesTyping]:

Two well typedandidenticallyshapedcollaborationswill, whenunioned,produceawell typedresult.

Formal Statement:

8CT1, CT2 s.t.

` CT1 ok ^ ` CT2 ok,

^ 8c, d,

9F1, M1 s.t.classcextendsd f F1 M1 g 2 CT1

, 9F2, M2 s.t.classcextendsd f F2 M2 g 2 CT2

^ 69M1, M2 s.t. mname(M1) = mname(M2)

^ M1 in someclassin CT1

^ M2 in someclassin CT2

^ andsimilarlyfor �eld names
it holdsthat ` CTr ok, where CTr =

S
CT1, CT2.

Proofsketch:

By inductionover type-checkingof methodbodies.Sincethe methodbodiesandnearly all auxiliary

functions(Figure 38, page126) remainunchangedby
S

(by a weakeningargument),the induction is

largelytrivial.

The onefunctionwhich ismodi�ed is �elds , which canbeshown to return theunion:

�elds (c, CTr) = �elds (c, CT1) [ �elds (c, CT2).
8 One caveatis thatalthoughthe imageof classp 2 JT isclass� (p) 2 trans(� , JT, CTskel), it doesnotnecessarily follow that � (p) is

trans
�

� , classp extendsq f F M g
�

= class� (p) extends� (q) f trans(� , p, F) trans(� , p, M) g. This isbecausethe � -coll ab may insert

someother classfrom CTskelbetween� (p) and� (q); thuswhile it holdsthat � (p) � CT � (q), � (q) may not be the directsuperclassof
� (p).
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By antecedent,F1 andF2 are distinct,the logical implicationholds:

Wd f 2 �elds (c, CT1)

d f 2 �elds (c, CT2)
, d f 2 �elds (c, CTr).

Most typecheckingrules(by cunningdesign)use2 ratherthanequality, andcanthusbeeasilyshown

to hold for CTr. The oneexceptionis T-new which requiresa precisematchbetweenits arguments

� ` Ea : d and�elds . Like T-SCast , this judgmentis not allowed in the sourceprogram,sowill not

beencountered.9 �

4.4.2.9 Lemma[Insert CollaborationsPreservesTyping]:

Combiningall the previouslemmasin thissection,we show that the output collaborationgeneratedby

extendingall constituentcollaborations(j 2 j) to have the shapeof Pcomp, renamingthemaccording to �

(= � (j)), and�nally unioningthem,will generateawell typedresultif speci�cationiswell typed.

Formal Statement:

8� , j , Pcomp, L , A, X , s.t. � ` attachj PcompL A X ok

letting � = makeRho(j , Pcomp, � )

then` insert(j , Pcomp, � , � ) ok.

Proof:

By 4.4.2.1 (page146),
�
8j 2 j , � (j) WellFormedFor � (j), � (skel)

�
^ ` � (skel) ok

Thus, 4.4.2.7 applies:8j 2 j , ` trans(� (j), � (j), � (skel)) ok.

Let eachsuchtranslated� (j) be calledCT j. All CT j have the sameclass-namesand inheritance

hierarchy—preciselythat of � (skel). Inspectionof makeRho shows that eachmethodin CT j will

eitheroverride anothermethodin CT j andthushave the samenameasthe methodit overrides,or

be a topmostmethodandhave a freshname. Sinceeachsuchoverriding group musthave a topmost

member, which hasa freshname, we concludethatno methodfrom oneCT j hasthe samenameasa

methodin anotherCT j.

Thusby 4.4.2.8 (foldedover � (j) ): `
S

j2 j
trans(� (j), � (j), � (skel)) ok.

By Figure 44 (page138):
S

j2 j
trans(� (j), � (j), � (skel)) = insert(j , Pcomp, � , � ).

9Section4.6.2.1 (page173) explainstheneedto replaceT-new, with T-upd andT-inst rulesandcorrespondingexpressions,andwhy
thisisnot not neededin FJ.
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4.4.3 Linking PreservesTyping

Weneedto show thattheevaluationof linking andexport declarationsdoesnot aVectthe typingof the

program. To do thiswe will appealto the propertiesguaranteedby the type-checkingrulesin Figure 39

(page133). However, we needto show that thesepropertiesalsohold for the intermediateresultsaswe

processthedeclarations.To thisendweshow thateachevaluationstepmaintainsthesameshape, de�ned

thus:

shape(CT ) =
n

(c, d, sigsc)
�
�
� classcextendsd f F M g 2 CT

sigsc = f (mname(M ), mtype(M )) jM 2 M g
	

4.4.3.1 Lemma[Linking preservestyping]:

Oncewe have createdanatomiccollaborationCT by compilingacompositeone, we link the methods.

The key insightis that linking doesnot modify theshape(CT ) of thecollaborationin any way, andonly

modi�es methodbodiesin sucha way that they are guaranteedto type in the contextof the method's

signature. We concludethat linking maintainstyping.

Formal Statement:

8� , j , Pcomp, L , X s.t.

� ` attachj PcompL X ok

Letting� = makeRho(j , Pcomp, � )

CT = insert(j , Pcomp, � , � )

CT 0 = link(L, CT , � )

then` CT 0 ok

^ shape(CT ) = shape(CT 0).
Proof:

Let the ih atn be: 8CTacc, L1���Ln, Lrests.t.

L1���Ln; Lrest= L

CT0 = CT

CT1 = linkOne(L1, CT0, � )

���

CTn = linkOne(Ln, CTn� 1, � )

it holds:̀ CTn ok

^ shape(CT ) = shape(CTn)

Proof by inductionover n.
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BaseCase: n = 0, Lrest= L, andCTn = CT

By 4.4.2.9, ` CT ok, andtheshape(Figure 42, page136) equalityholdsby CTn = CT .

InductiveCase: CTn = linkOne(Ln, CTn� 1, � )

By ih(n � 1), ` CTn� 1 ok

^ shape(CT ) = shape(CTn� 1)

Thus, we merely need to show that we maintain ` CTn� 1 ok also for CTn, and that

shape(CTn� 1) = shape(CTn). Typecheckingguaranteesthatcertainpropertiesandrelationshipsbe-

tween� , � , andCT (suchaspropertiesguaranteedby typechecking)hold. By equivalenceof shapes

(shape(CT ) = shape(CTn� 1)) , thesepropertiesalsohold for CTn� 1.

We look ateachof the linkOne functions.

Case != : Ln = k.c.m!= j.d.n

By � ` attachj PcompL X ok,

it follows� , � ` j (k.c.m!= j.d.n) @L ok,

which by de�nition (T-L-provide): � , � ` k.c.m=j.d.n compatible

mget(m, c, � (k)) concreteMethod

mget(n, d, � (j)) expectedMethod,

which in turn (tL-Co mpat ): � k = � (k) t ! s= mtype(m, c, � (k))

� j = � (j) q ! p = mtype(n, d, � (j))

� k(c) = � j(d) � k(s) = � j(p) � k(t) = � j(q) .
To link != , the rule in Figure 44 (page138) copiesthe bodyof concretemethodto the [soon-to-be

formerly]expectedmethod.

Firstwe mustshow that the preconditionsfor the linking hold. We require that k.c.m bea concrete

method(with body), while requiresj.d.n must be expected. Theseconditionsare guaranteedby

T-L-provide.

The linking rule lin k- != createsanew methodwith thesignature of j.d.n andthebodyof k.c.m. To

show thatthemethodbodiestypecheck,it suYcesto notethatby tL-Co mpat , themethodsignatures

of j.d.n andk.c.mare identicalaftertranslationby � . Hence, replacingthe expectedmethodwith the

newly constructedoneto createCT 0 = CTn we do not breaktyping,and` CTnok.

Becausethe signaturesof the replacedexpectedmethodandthe constructedone it wasreplacedby

are identical,theshapeisunchangedaswell. Thus:shape(CTn� 1) = shape(CTn).
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Case
 : Ln = k.c.m 
 j.d.n

Very similarto != ; we swapratherthancopy methodbodiesfrom identicalsignatures.

Case 69) : L = k.c.m 69) j.d.n p = � (k.c) = � (j.d)

Step. Describingtheproofobligation

By insert, classp extends f���g 2 CT0 is the generatedclassinto which k.c.m andj.d.n have been

inserted. By equivalenceof shapes,thesemethodsare alsoin classp extends f���g 2 CTn� 1.

By T-L-copy, k.c.misanaspectualmethod,andj.d.n isexpected.Sobindingtheseto somevariables:

aspectualr m(s jp)f return Em ; g = mget(m, c, � (k))

expecteda n(bx) = mget(n, d, � (j))

Letting m0 = � (k.c.m) n0 = � (j.d.n)

r0 = � (k.r) a0 = � (j.a)

s0 = � (k.s) b0 = � (j.b)

E0
m = � (k, Em)

By 4.4.2.1 (page146) and 4.4.2.5 (page149)[mget], thecorrespondingmethodsin CTn� 1 are:

aspectualr0 m0(s0 jp)f return E0
m ; g = mget(m0, p, CTn� 1)

expecteda0 n0(b0 x) = mget(n0, p, CTn� 1)

We will replaceexpectedmethodn0 with aconcretemethodbasedon E0
m. By lin k- 69) :

� m = � id

"
r0 7! a0, s0 7! b0, s0.� (j.s.invoke) 7! � (j.b.invoke),

s0.� (j.s.noInvoke) 7! � (j.b.noInvoke)

#

CTn = mset
�
a0 n0(b0 jp)f � m (E0

m)g, p, CTn� 1
�

We needto show that ` CTnok andthatshape(CTn) = shape(CTn� 1). The latterfollowssimilarly

to thecasefor != , sowe focuson the former.

Sincethe only diVerencebetweenCTn� 1 andCTn is the methodn0, it thussuYcesto show that

n0 type-checksin CTn. To simplify, we needto show ` CTn a0 n0(b0 jp)f � m (E0
m) g ok in p which is

impliedby theobligation:

N TS: jp : b0, this : p ` CTn � m (E0
m) : a0

Step. Thepudding:dischargingtheobligation

By ih ` CTn� 1 ok andshape(CTn� 1) = shape(CT0).

By T-AspMet h and 4.4.2.9 (page159), we know that:
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CT 0 =

2

6
6
6
6
6
6
6
4

classr0 extendsobject f g

classs0 extendsobject f

expectedr0 � (j.s.invoke)()

expectedr0 � (j.s.noInvoke)()

g

3

7
7
7
7
7
7
7
5

(CTn� 1; CT 0) wellFormed

SuYcesto show that:

jp : s0, this : p ` (CTn� 1;CT 0) E0
m : r0

Our strategyis to show that link providespreciselythe conditionsneededto type the body of the

method.

Webegin by notingthat(CTn� 1; CT 0) wellFormed impliesr0, s0 62dom(CTn� 1), andby ` CTn� 1 ok,

we concludethatr0, s0 are not referencedin CTn� 1.

LettingCTskel= makeSkel(CTn� 1; CT 0), it canbeseenthat:

(a)CTskelhassamesubtypingrelationshipasCTn� 1; CT 0,

(b) � m is the identity for all membersin CTn� 1, and

(c) there are no overriddenmembersin CT 0.

It triviallyholdsthat � id WellFormedFor(CTn� 1; CT 0), CTskel.

Thus,by inspection,� m WellFormedFor(CTn� 1; CT 0), CTskel.

Given(by ih):

jp : s0, this : p ` CTn� 1;CT 0 E0
m : r0

It followsfrom 4.4.2.6(III ) (page151)10

) � m (jp : s0, this : p) ` trans( � m ,(CTn� 1;CT 0) ,CTskel) � m (E0
m) : � m (r0)

� jp : b0, this : p ` trans( � m ,(CTn� 1;CT 0) ,CTskel) � m (E0
m) : a0

� jp : b0, this : p ` JT � m (E0
m) : a0

where JT =
S

trans(� m , CTn� 1, CTskel), trans(� m , CT 0, CTskel), andby inspectionof
S

, it holds:

trans(� m , (CTn� 1; CT 0), CTskel) =
S

trans(� m , CTn� 1, CTskel), trans(� m , CT 0, CTskel).

Since� m is the identitymapover all of CTn� 1, it followsthat:

trans(� m , CTn� 1, CTskel) = CTn� 1; < emptyclassesfrom CT 0 >

10It would be appealingto be able to invoke Theorem 4.4.2.7 (page157) directly, but this is not justi�ed unlesswe can show `
CTn; CT 0 ok. This isnot possible, asCT 0 de�nesclassesr0 ands0, which mustbeunde�nedfor aspectualmethodk.c.mto bewell typed.
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Likewise, by de�nition of � m , it canbeseenthat

trans(� m , CT 0, CTskel) =

2

6
6
6
6
6
6
6
6
6
4

classa0 extendsobject f g

classb0 extendsobject f

expecteda0 � (j.b.invoke)()

expecteda0 � (j.b.noInvoke)()

g

< emptyclassesfrom CTn� 1 >

3

7
7
7
7
7
7
7
7
7
5

Thus, trans(� m , CT 0, CTskel) de�nesclassesa0 andb0, which alreadyoccur in CTn� 1. Conversely,

r0 ands0 in trans(� m , CT 0, CTskel) are empty andunreferenced. By T-L-copy, methodswith pre-

cisely the signaturesfrom trans(� m , CT 0, CTskel) existon CTn� 1's b0 class.Thus, we concludethat

the requirementsmadeon trans(� m , (CTn� 1; CT 0), CTskel) to type � m (E0
m) are alreadysatis�edby

CTn� 1.

It follows jp : b0, this : p ` CTn� 1 � m (E0
m) : a0.

Therefore, ` CTn� 1a
0 n0(b0 jp)f � m (E0

m)g ok in p.

Recallthat expecteda0 n0(b0 x) = mget(n0, p, CTn� 1)

andthat CTn = mset( a0 n0(b0 jp)f � m (E0
m)g, p, CTn� 1) . Clearly, thereplacedexpectedmethod

hasthe samesignature asthe replacingconcretemethod(both namedn0). Sincewe have shown the

concretemethodwell typed,it followsthat ` CTn ok.

4.4.3.2 Theorem: [Export preservestyping]:

Similarlyto linking, compilationof export declarationsmaintaintyping. For historical reasons,export is

aVectedby systematicrenaming.11

Asthisis the lastcompilationstep, thisalso�nishestheproof thatcompilationpreservestyping.

Formal Statement:

8� , j , Pcomp, L , A, X , s.t. � ` attachj PcompL A X ok

letting� = makeRho(j , Pcomp, � )

CT = insert(j , Pcomp, � , � )

CT 0 = link(L0, CT , � )

CT 00= exp(X , CT 0, � , � id )

then` CT 00ok

11SeeSection4.6.3 (page178) for adiscussionon how the linking declarationsare implemented,which ishighly applicable to exports
aswell.
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Proof:

By 4.4.3.1 (page160), ` CT 0 ok, andshape(CT 0) = shape(CT ). It thussuYcesto show that exp

doesnot breakthis.

exp worksby building up a� exp from export declarationsX , thenapplyingthat to CT 0. Thus,letting

CT 0
skel= makeSkel(CT 0), we have our proof obligation:

N TS: � exp WellFormedFor CT 0, CT 0
skel

Inlining thede�nition of WellFormedFor, we needto show that:

8

(
classcextends f Fc g

classd extends f Fd g
2 CT 0,

letting f 0
c = f � (c.f )jcf f 2 Fcg

f 0
d = f � (d.f )jdf f 2 Fdg

f 0 2 f 0
c ^ c6= d ) f 0 uniquein

�
f 0
c [ f 0

d

�

c � CT d , � exp (c) � CTskel � exp (d)

c � CT d ^ � exp (d.f ) = f 0 ) � exp (c.f ) = f 0

(moverriderelatesCT 0 c, d) )
� �

� exp (c.m) = � exp (d.n)
�

, (m= n)
�

It is temptingto structure the proof similarlyto that of link: by inductionover lengthof X . Unfor-

tunately, this isnot straight-forward, asthe typingof X isnot conjunctive. PropertiesallOldOverrides

andnoNewOverridesare globalproperties;subsetsof X will in generalnot generate� which satis�es

WellFormedFor.12

Instead,we proceedby notingthatmakeOnePimodi�es only methodnamemappingsin � ; thussince

the initial � in exp is � id , which hasthe identity mappingfor classand �eld names,we conclude

that � exp will alsohave the identity mappingfor �eld andclassnames.Sinceit holdstrivially that

� id WellFormedForCT 0, CT 0
skel, we concludethatonly thepartsof WellFormedFor referring to method

namesneedto beshown to hold. Thus,we simplifyour burdento:

8

(
classcextends f���g

classd extends f���g
2 CT 0,

(moverriderelatesCT 0 c, d) )
� �

� exp (c.m) = � exp (d.n)
�

, (m= n)
�

We show thisby contradiction.It cannotbethat:

9

(
classcextends f���g

classd extends f���g
2 CT 0,

(moverriderelatesCT 0 c, d) ^ :
� �

� exp (c.m) = � exp (d.n)
�

, (m= n)
�

12 Asa sidenote, induction would be possible if makeOnePiwere rede�ned to work over all export declarationsfor a methodsin a
givenoverriderelatessetsimultaneously.
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By Theorem 4.4.3.1 (page160), shape(CT ) = shape(CT 0), allowing us to applytyping properties

betweenPcompandCT to arrive atabsurdities.We look atboth directionsof
�
� exp (c.m) = � exp (d.n)

�

, (m= n). Both caseshave aspreconditionmoverriderelatesCT 0 c, d. To simplify the proofs,we

choosed sothatc � d.13

Case6) : moverriderelatesCT 0 c, d

� exp (c.m) = � exp (d.n)

m6= n
noNewOverrides (Figure 39, page133) guaranteesthat

8(export j.d.m0 asm), (export k.c.n0 asn) 2 X , s.t.m0 6= n0

(� (k.c) �� � (j.d)) ) m6= n

.

This contradicts� exp (c.m) = � exp (d.n), which impliesthatm= n.

Case6( : moverriderelatesCT 0 c, d

� exp (c.m) 6= � exp (d.n)

m= n
allOldOverrides (Figure 39, page133) guaranteesthat

8(export k.c.n0 asn) 2 X ,

8classd extends f���g 2 � (k), m
 

V moverriderelates� (k) c, d

mexists(m, d, � (k))

!

) 9(export k.d.masn) 2 X

For � exp (c.m) 6= � exp (d.n), we conclude(export k.d.m0 asm), (export k.c.n0 asn) 2 X where m 6=

n.

By T-Export , (export k.d.mas ) uniquein X . It impossible for 9(export k.d.masn) 2 X to hold,

which is impliedthat it does,leadingto acontradiction.

4.5 Complete and SafeCollaborations

By allowing well-typedmodulesto becomposedwhile retainingtheir statictypingconstraints,we have

intendedto provide a systemwhosedynamicerrorscanbepredicted.While it is true that a well-typed

programwill not encounterdynamicmethodlookuperrors,wecannotimmediatelyruleout all dynamic

errors:castingoperationscanstill fail, andexpectedmethodscanbeinvokedbefore beingprovided.

The compilationprocessitselfmay introducedynamicerrors. For example, we canimagine an ill-

advisedgenericity schemewereeachatomicmoduleistypecheckedin isolation,but whereeachexported
13 We know thischoiceispossible, asevery setof classesrelatedby moverriderelatesCT 0 will necessarily have atopmostelement.



4.5. COM PLETE AN D SAFE COLLABORATION S 167

methodhastheexternalsignatureobjectmeth(objectarg), andinternallycastsargumentsto morespeci�c

required types. While this would allow a very largenumber of con�gurationsto be composedinto

well-typedresults,the resultingprogramcouldhardly beexpectedto run without dynamicerror.

Thus,we are promptedto de�ne propertiesto describewhetherpotentialdynamicerrorsare present

in a given expression.We usethesepropertiesto show that our compilationprocesswill not introduce

any suchpotentialerrors.Coupledwith no restrictionson thekindsof signatureswhich canbeexported,

we concludethat there is no advantage—from a type-safetypoint of view—to writing programsin a

monolithicor modularstyle.

4.5.1 Atomic Collaborations

L ike [IPW01], we de�ne a safe expressionasonewhich canbe typed� ` CT ok without usingrules

T-DCast or T-SCast . In FeatherweightJava,thecorrespondingevaluationrulesare theonly oneswhich

canfail in a well-typedprogram. Below, we show that suchexpressionsare never createdduring the

evaluationof aprogram,sothat if noneexistinitially, theprogramwill remainssafeduring evaluation.

Our additionsto FJ have introducedanotherpossible dynamicfailure: the attemptto invoke an

expectedmethodthat hasnot beenprovidedwith a concreteimplementation.It is temptingto conse-

quentlyextendthe de�nition of safetyto includenot usingT-ExpMet h either. Upon further thought,

however, adiVerencearises:while castsare only removedfrom the programduring evaluation,expected

methodscanbereplacedby concretemethodsduring thelinking phaseof compilation(link andcompile

of Figure 44, page138).

Instead,we classifyanexpressionascompleteif it is type-checkedwithout theuseof T-ExpMet h. At

thisstage, thereareno propertiesto proveabouttheexpressionswith thisclassi�cation,but wewill revisit

it in Section4.5.2, in thecontextof compilingcompositecollaborations.

We do not oVer any formal de�nitions of safe or complete, asthe propertiesare simpleenoughfor

the informaldescription above to beunambiguous.

4.5.1.1 Lemma[Reduction PreservesSafety]:

If � ` E : c ^ E safe, andE ,! E0, then� ` E0 : c ^ E0 safe.

Proof:

An observationfollowsfrom trivial inspectionof evaluationrules:No ruleinsertscastsinto theprogram

during execution.It thussuYcesto show thatno castbecomesaDCast or SCast .
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This canbe shown by induction over evaluationof E ,! E0. We show only the casefor RC-Cast ,

which is the only applicable rule apart from the R-Cast . R-Cast , in Figure 37 (page125), removes

thecast,andhencemaintainssafety. The otherrulesare trivial.

CaseRC-Cast: E = (c)E00 E00,! E000 E0 = (c)E000

By antecedent,DCast andSCast do not occurin � ` (c)E00: c.

AsE00isasubexpressionof E, they do not occurin � ` E00: c0, either.

The only alternative is thatUCast applies,andthusc0 � c.

By 4.3.5 (page130), � ` E000: c00, where c00� c0.

By ih, E000safe.

By transitivity, c00� c, andthusE0 safe.

4.5.1.2 Lemma[Reduction PreservesCompleteness]:

If � ` E : c ^ E complete, andE ,! E0, then� ` E0 : c ^ E0 complete.

Proof:

An observation follows from trivial inspectionof evaluationrules:No rule insertsexpectedmethods.

Unlike casts,which canexposediVerent castsduring evaluation14 methodkindsdo not change, and

thuswe are done.

4.5.1.3 Lemma[Progressof Safeand Complete Programs]:

If � ` E : c ^ E safe ^ E complete, andE containssub-expressionE0, thentwo implicationshold:

1. if E0 = (d)new d0(E) thend0 � d.

2. if E0 = E:d
0 .m(E0) thend.mdoesnot referto anexpectedmethod.

Proof:

Followsfrom not usingthe rulesT-ExpMet h, T-DCast , or T-SCast in the typederivationof E.

14For example(b)(( object)(( c)� � � )) staticallyappearsto beadowncastfrom object to b, but will evaluateto thestupidcast(b)(( c)� � � ))
(assumingthatc isnot relatedto b).
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4.5.1 Theorem [Safeand Complete ProgramsDo Not Stick]

If � ` E : c ^ E safe ^ E complete, andE ,! � E0, with E0 beinga normal form, then E0 is a

valueV .

Proof:

Followsfrom Theorems4.3.7 (page132), 4.5.1.1, 4.5.1.2, and 4.5.1.3.

4.5.2 CompositeCollaborations

I n the previoussection,we introducedthe conceptsof an expressionbeingsafe andcomplete, which

respectivelymeantthattheexpressiondid not haveany down or stupidcasts,anddid not referto expected

methods.We pointedout that while safetywasimmutable statically, annon-completeexpressioncould

becomecompleteduring linking.

Weshow below thatby providingconcretebodiesfor expectedmethods,acollaboration'sexpressions

will not becomelesscompleteduring compilation,andthatcompilationdoesnot aVectsafety.15

4.5.2.1 Lemma[ExpressionSafetyand Completenessare Preserved by Compilation]:

If � ` attachj PcompL A X ok

and Patom= compile(attachj PcompL A X , � )

where � = the � generatedby compile

then 8j 2 j , Ej in � (j), E in Patoms.t.E = � (j)(Ej)

Ej safe ) E safe

Ej complete) E complete
Proof:

CaseSAFE:

Directlyfrom inspectionof � (E) usedto calculateE = � (j)(Ej), noting thatno castsare inserted(or

removed).

15 Of course, we cannotprovide concrete methodsto expectedmethodsthat are not visible. It is thus a good ideato warn the
programmerif anexpectedmethodisneitherprovidednor exported: the methodwill not bevisible to subsequentlinking, andthusany
expressionwhich referencesit cannotbecomecomplete.
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CaseCOMPLETE:

Directly from trans(� , M, CTskel), usedto createoutput collaboration,no method becomesex-

pectedduring composition.

4.5.2.2 Theorem [Compilation is Completely Safe]:

If � ` attachj PcompL A X ok

Patom= compile(attachj PcompL A X , � )

8j 2 j , � (j) safe ^ � (j) complete

thenPatomsafe ^ Patomcomplete.

Proof:

By Theorem4.5.2.1, eachexpressionE in Patomwhich correspondsto Ej in � (j) issafe.

By inspectionof trans, every expressionE hasacorrespondingEj.

4.5.3 No Mandatory Risks

Justbecausethe compilationprocessdoesnot introduceany dynamicerror locations,we cannotclaim

that we oVer completesafety. In Section3.7 (page108) we criticized AspectJandHyper/J for having

genericity systemswhich require that downcastsbe usedto recover argumenttypes. This impliesthat

generic AspectJandHyper/J programscannotbe safe; even if the compilationschememaintainssafety,

thisachieveslittle, astheprogramsdid not have theproperty to begin with.16

It is clearlypossible to write safegeneric aspectsin AspectualCollaboration:Listing34 (page119)

shows sucha program. Indeed—whilewe will not prove the claim—it is only necessary to introduce

castsinto anac if the join-point or return-valueobjectsneedto escapethetextualextentof theaspectual

method,which isanecdotallyquite rare.

4.6 Discussionof Language Design

Ratherthandiscusslanguagedesignin thecontextof theprototypeimplementation,weuseour formally

presentedsemanticsasacontext.We highlighthow severalissues�t together, andwhich trade-oVswere

madein thedesign.
16In our judgment,not maintainingsafetyis a greaterdrawbackthanmandatingunsafeprograms:failure of a mandatory downcastis

transparent to the user, while failure of acompiler-introduceddowncastisopaqueto all but compilerarchitects.AspectJ'scompilationis
discussedin greaterdetailin Section2.6.2.2 (page71).
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4.6.1 Composable Type Checking

Thefull typecheckingruleshave beenformallypresentedin Figure 39 (page133), but intuitivelywe can

summarizethemasascertainingthat for acomposedcollaboration,certainpropertieshold:

1. There isanunambiguousmappingof typesin constituentcollaborationsto the typesin theoutput

collaboration,

2. Importedmethodshave thesamesignaturesastheir expectedplaceholders,

3. Subtypingrelationshipsof typesin constituentcollaborationsremainunchanged,and

4. Overriding relationshipsin constituentcollaborations'methodsremainunchanged.

Severallesserpropertiesare alsochecked(for examplethat the rhs of a provide declarationis actually

anexpectedmethod),but are more localin eVect.

4.6.1.1 UnambiguousTypes

The needfor unambiguoustypemappingsis illustratedby failingsin severalof thecollaborationoriented

designs.17 Notably, multiple type mappingsled to possible castingerrors in ClassGraphViews (Sec-

tion 2.5.1, page44) andunde�ned semanticsin Adaptive Components(Section2.5.3, page50). In each

of thesecases,theproblemsarosewhenseveraltypesfrom oneconstituentcollaborationwere mappedto

thesametypein theoutputcollaboration.In very broadterms,theproblemwith many to onemappings

is thateventhoughtwo typesfrom acollaborationmay have thesameexportedinterface, unlessthey have

preciselythesameinternalinterface, we cannotcon�ate them.

We illustratethe situationwith the more intuitive, but analogous,caseof Java interfaces:in thiscase

the interfaceExtClassmodelsthe commonoutput type, the two concrete classesA and B model the

dissimilar, but con�ated, constituenttypes,andthe downcastsmodel the diVerencebetweenexported

andinternal interfaces.

17In thiscontext“unambiguous”meansthat eachoutput type is mappedto at mostone type for eachconstituentcollaboration,and
eachconstituenttypeismappedto exactlyoneoutput type.
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1 class A implementsExtClassf
2 void someOp() f /�� � � � / g
3 void binaryMethod(ExtClassarg)f
4 this .someOp();
5 ((A)arg).someOp();
6 g
7 g
8

9 interfaceExtClassf
10 void binaryMethod(ExtClass);
11 g

12 class B implementsExtClassf
13 void someOtherOp() f /�� � � � / g
14 void binaryMethod(ExtClassarg)f � � � g
15 g
16

17

18 � � �
19 ExtClassoA = � � � ;
20 ExtClassoB = � � � ;
21 oA.binaryMethod(b);

If objectsoA andoB are the sametypeat runtime, everything is �ne , but if they are diVerent (oA is

anA andoB is a B), then a dynamiccastingerror will occurwhen arg (which is a B) is downcastto A.

Typemappingsfor collaborationsdo not requireadowncast,soif weallowedthistypemappingtheresult

would beanunsoundsystem:A.binaryMethodwould attemptto invoke a methodwhich doesnot exist

insteadof failingon adynamiccasterror.

The diYculty is that if A andB are from the samecollaboration,we cannotcreatea typewhich can

representeitheroA andoBwithout combiningthetwo typesin allcontexts:thecodein thecollaboration

will becompiledwith theassumptionthatthey are thediVerent. One way to �x thiswould beto modify

the jvm (or at leastour Java compilationscheme)to passalonga view representation[SS89] to indicate

which of the typeswe are using.

However, if A and B are from diVerentcollaborations,eachcollaborationis an implicit context to

generateanunambiguoustypefor the objects.Sinceboth collaborationswill have beencompiledin ig-

noranceof thetypefrom theothercollaboration,wecancreateaunion typewithout additionallanguage

support.

4.6.1.2 Identical Type Signatures

In orderto achieve modulartyping,we require thatanimport is ful�lled with exactlythesamesignature

asit wasdeclared. Section4.6.4 (page179) explainswhy this isasuYcient,but not necessary condition,

andhow we couldrelaxit in the future.

4.6.1.3 SubtypingUnchanged

In order to allow composedcollaborationsto remainwell typed,we needto guaranteethat subtyping

remainsunchanged.However, this needsto be a bidirectionalimplication. Let A and B be from a

constituentcollaboration,while P andQ are the typesthey are mappedto (respectively) in the output

collaboration.It is obviousthat we require: A � B ) P � Q, asotherwiseinheritanceassumedin

the compiledcodefor A will be lost,anddowncaststhatshouldsucceedwould fail. For example, in the
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examplebelow, were P (mappedto A) notto bea subclassof Q (mappedto B), thenuseMethwould no

longerseesomeMethin thecomposedprogram.

1 class B extends Object f
2 B someMeth() f � � � g
3 g

4 class A extends B f
5 B useMeth()f return this .someMeth();g
6 g

However, we alsorequire A � B ( P � Q. This guaranteesthat no new inheritancerelationsare

introduced.For example, if typeC were mappedto output typeR, sothatP � R � Q, thenwhile the

programwould bewell typed,we would no longerbeinvoking thesomeMethwe were expecting.Even

worse, typecaststhat formerlywould have failedfrom aC (R) to aA (P), cannow succeed.

1 class B extends Object f
2 B someMeth() f � � � g
3 g

4 class A extends B f
5 B useMeth()f return this .someMeth();g
6 g
7 class C extends B f
8 B someMeth()f � � � g
9 g

Thus,the casewe have presentedfor A � B ( P � Q isnot asstrongasthe ) direction,andit is

possible that in future it couldbe removed in certain situations.However, we would have to revisit the

proofsto show that thisrelaxationis indeedsafe.

4.6.1.4 Overriding unchanged

Largely, thisfollowsfrom subtypingunchanged,but we alsoneedto take exports into account.Thus,in

order to maintainoverriding, we require thatall overriddenandoverriding methodsbeexported to the

samename. If the methodisonefrequentlyoverridden(suchastoString), thismay require many export

statements.Furthermore, overriding relationshipscannotbeintroducedby export declarations.

4.6.2 Constructors

I ronically, even thoughFeatherweightJavaandSun'soYcialJavadiVer widely in how they useconstruc-

tors,we run into diYcultiesin both cases.

4.6.2.1 Featherweight Java Constructors

In Featherweight Java, a program is evaluatedby rewriting the main expressionin the context of the

ClassTable. Becausethere are no side-eVects,there is no conceptof objectequality, only equivalence.

As such,an objectvalue(where the �elds of the objecthave alsobeenevaluatedto values)is uniquely
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representedby the textualrepresentationof its constructor. The constructor thusrepresentsthe binding

of expressionsto �elds in theobject,includinginherited �elds.

This causestrouble whenwe wantto composecollaborations.Let the two single-classcollaborations

we wishto composebea andb, andclassAB bethecomposedresultof classesA andB (aconventionwe

usethroughoutthissection):

1 collab a = atom
2 class A extends Object f
3 Object oA;
4 A makeA() f return new A(new Object());g
5 g

1 collab b = atom
2 class B extends Object f
3 Object oB;
4 B makeB() f return new B(new Object());g
5 g

1 class AB extends Object f
2 Object oA a;
3 Object oB b;
4 AB makeB b() f return new AB(new Object()); g
5 AB makeA a() f return new AB(new Object());g
6 g

Field and method nameson AB have been� -converted by the compositionprocess(in this case

by addinga suYx of their constituentcollaboration).We are assumingimplicit constructors, de�ned

unambiguouslyby concatenationof inherited �elds and�elds directlyon theclass.

The problem is that the bodiesof makeA a andmakeB b both passonly one argumentto the con-

structor, while the composedclass's constructor hastwo �elds, andhencehasa constructor with two

arguments.Our solutionto this problem is to prohibit constructors in the source program, replacing

constructor expressions(new C(E)) with constructor-lessinstantiation(new C) and functionalupdate

(Er[f 7! Ef ]). Constructor-lessinstantiationcreatesan objectwith default valuesfor all �elds. Recall

that the default valueof a �eld of type D is the constructor-lessinstantiationof its type: new D. The

corresponding(working)programwould be:

1 collab a = atom
2 class A extends Object f
3 Object oA;
4 A makeA() f return new A [oA 7! new Object]; g
5 g

1 collab b = atom
2 class B extends Object f
3 Object oB;
4 B makeB() f return new B [oB 7! new Object]; g
5 g

1 class AB extends Object f
2 Object oA a;
3 Object oB b;
4 AB makeA a() f return new AB [oA a 7! new Object]; g
5 AB makeB b() f return new AB [oA b 7! new Object]; g
6 g

This works�ne.
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A wrongsolution

An earlierattemptat a solutionwassimilar, but critically �awed. We presentit here asa curiosity

becauseit would have worked�ne, asfarasproving soundness,but modeledanincorrectsemantics.

The ideawasto avoid addingconstructor-lessinstantiationandfunctionalupdateto the languageby

introducingoverloadedconstructorsanddefault values.FeatherweightJava requiresthat eachclasshave

exactlyone constructor, andour previouslypresentedmodelhasno constructors, while this approach

would allow multiple constructors.

Sogiven thecollaborations:

1 collab a = atom
2 class A extends Object f
3 Object oA;
4 A(Object oa) f this .oA := oa;g
5 A makeA() f return new A(new Object());g
6 g

1 collab b = atom
2 class B extends Object f
3 Object oB;
4 B(Object ob) f this .oB:= ob; g
5 B makeB() f return new B(new Object());g
6 g

To support compositioninserting new �elds, compilationwould augmentthe constructor to use

defaultvaluesfor unmentioned�elds. All thatwasneededwasfor theexpressionto specifywhich (of the

now multiple)constructorswasreferenced.Usingsubscriptsto indicatewhich constructor is referenced,

thecomposedprogrammight look like:

1 class AB extends Object f
2 Object oA a;Object oB b;
3 ABa(Object oa) f this .oA a := oa;this .oB b := new Object(); g
4 ABb(Object ob) f this .oB b := ob; this .oA a := new Object();g
5 AB makeA a() f return new ABa(new Object()); g
6 AB makeB b() f return new ABb(new Object());g
7 g

There are two problemswith thisapproach.The more obviousproblemisthatthedefaultexpression

of recursive typesis in�nite , if written out naively: aclassC which containsa �eld theC alsoof typeC is

in�nite (theC = new C(new C(new C(���)));). The workaround is to insert methodsto createobjectsof

eachtype, andreferencethosein theconstructor (theC = this .makeC();).

The more fundamentalproblem is that sinceconstructors are the only way to updatea value, and

sincebehavior from collaborationx will only useconstructor Cx(���), which knows only of �elds from

thatcollaboration,statefrom othercollaborationswould belostimmediately.

For example, assumea color �eld (of type Color) is addedto a Rectangleclassvia collaboration

composition.We would like to have the rectanglemaintainits color when moved. The move method

on Rectanglemight look like (assumingwe have a type Int for modelingnumbers) the left, while the

composedconstructor for Rectanglemight beason the right, below.



176 4. FORM AL PROPERTIES

1 Rectanglemove(Int dX, Int dY) f return
2 new Rectangleshp(this .x.plus(dX),this .y.plus(dY),
3 this .w,this .h);
4 g

1 Rectangleshp(Int x, Int y, Int w, Int h) f
2 this .x := x; this .y := y;� � �
3 // default value for color usedin shpconstructor
4 this .color := new Colorcol(� � � );
5 g

The constructorusedto createamovedrectanglecompletelydisregardsthecolorof theold rectangle!

While theschemecould(probably) beshown to betypesound,it would not atall beausefulmodel.

4.6.2.2 Actual Java Constructors

In implementingthe compilationalgorithm for the Java Virtual Machine[LY99], we run into another

complicationwith constructors: they are theonly entity in thevirtualmachinewith ahard-codedname.

For all other methodsand �elds —with the arguable exceptionof the main method—we are free to

� -convert membernamesand referenceswhen inserting the constituentcollaborationsinto the host

collaborationto avoid nameclashes.18

However, this option is not available for constructors,asthey are hardwired to be named< init> .19

Eachclassisguaranteedto haveat leastoneconstructor, guaranteeinganunavoidable nameclashfor each

generatedoutputclass.SinceidiomaticJavausesconstructorsheavily, wehaveno option but to dealwith

the issuesomehow.

Our solutionisto generatenew constructorsthatinvoke theexistingconstructors,where theexisting

constructorsare transformedinto plainmethods.The questioniswhich constructorsto compose, andin

which orderto invoke them.

FigureFigure45 illustratesageneralcase;constructorreferenceisshown asacompositionrelationship

from subclass-to superclass-constructor. Becausethere may beseveralconstructorsin aconstituentclass,

we must specifywhich onesto compose. For example, the �gur e suggeststhat constructors g and h

correspond,asdo c andd.

From atypingperspective, therequirementisthatwegenerateconstructorswith thesamesignaturesas

theexistingconstructorsin theconstituentclasses,soasto satisfytheir usesin thecodeof theconstituent

collaborations.

Additionally, while there is a partial order for invoking the constructors (for eachclass,its super-

classmustbe initialized�r st), there is still signi�cant room for reordering. The �gur e shows two such

18 There issomesubtletyinvolved,sothatwe maintainall subtypingandoverriding relationshipswhile avoiding to introduceany. This
iswhy makeRho (Figure 44, page138) issolarge. The type-checkingrulestX-a llOld , tX-n oNew, andt-subt yping (Figure 39, page
133) are alsoprimarily aimedatmaintainingsubtypingandoverriding relationships.

19Objectconstructorsarenamed< init> , of which therecanbeseveralfor eachclass.There isalsoasingletonclass-constructor< clinit> .
Additionally, theseconstructor methodsneedto be invoked with a invokespecialinstruction, to avoid dynamicdispatch. Technically,
avoidingdynamicdispatchisonly anissuefor thesuperconstructor, but the jvmenforcestherestriction thatconstructorsbeinvokedonly
with the invokespecialinstruction. We will ignore < clinit> andthespecialinvoke instruction in our discussion.
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Figure 45: Two collaborations (oneand two) to be composed,and their constructors.

1 class TopClassf
2 TopClass()f overriddenmeth(); g
3 void overriddenmeth() f
4 // empty
5 g
6 g

7 class BotClassextends TopClassf
8 �nal Object o = new Object();
9 void overriddenmeth() f

10 if (o == null ) System.err.println(”That wasunexpected”);
11 g
12 public static void main(String[] args)f new BotClass(); g
13 g

Figure 46: The above listing illustratesa casewhere we get an unexpected result, becausemethod overriding
allows us to escapethe expectedcontext of execution. The example illustratesthat overriddenmethin BotClass
is executed before its constructor, becausedynamic dispatch from TopClass's constructor will dispatch to the
overriding method in BotClass. The example would not “w ork” (ie, would not break) were the �eld a primiti ve
type like int, assuch typesdo not have identity, and can thus be copied and inlined when marked �nal, further
breaking assumptionsabout the order of evaluation.

orderings,astwo arrowsthroughtheconstructors.

Lastly, there isanotherconstraintwould like to satisfy:thatno methodisexecutedin anuninitialized

context.For example, wewould like thatno methodfrom one.Y isexecuteduntil constructorc hasbeen

invoked. Unfortunately, this is very hard to achieve becausethosemethodsmay be exported. If, for

example, constituentclasstwo.Y were to beprovidedamethodfrom one.Y andinvoke thatmethodin its

constructor d, the methodwould executein anuninitializedcontextin the constructor ordering of the

thin solidarrow, while it would be�ne in the ordering of the thick dottedarrow. In general,there isno

oneorderwhich canguaranteethisproperty, asimport/export relationshipscanbemutuallydependent.

However, thisproblemexistseven in plainJava,assketchedin Figure 46.

In general,the thin solidarrow seemsamore intuitive order, andis theonewe choose.
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c0 � c can export both mcan be expected e) ac c) ae implementation
want ? yes yes probably not no easy
copy no yes no no no easy (a)
delegate yes yes yes yes no easy (b)
references no no yes yes yes complex (c)

(a) implementation is shown by LINK- != in Figure 44 (page138)

(b)

p = � (k.c) = � (j.d) m0 = � (k.c.m) n0 = � (j.d.n)
expectedbn0(ax) = mget(n0, p, Patom)
P0

atom= mset( bn0(ax)f return this.m0(x) g , p, Patom)

link( (k.c.m!= j.d.n) @L, Patom, � ) = link(L , P0
atom, � ) [LINK- != ]

(c) implementation
would require com-
plex book-keeping
in some environ-
ment, stored with
compiled collabora-
tion.

Figure 47: Possible implementations for provide

4.6.3 Semanticsfor Provide

A natural questionto askis whetherthe provide declarationwhich providesconcretebehavior from c

to expectedmethode(c != e) workson methodreferences(by redirectingall existingreferencesto eto

referencec) or by copying the methodbody from c to createa concretemethode.20 It is temptingto

reasonthatit doesnot matter, asamethodbodyismerelyanexpression,andit shouldnot matterwhether

we passby copy or passby reference. Alas,it doesmatter, asthe intuition temptingusto disregard the

questionisbasedon afalseassumption:thatwe do not mutatemethodbodies.

Let usposethe questionfrom anotherangle:Assumeanatomiccollaborationwith concretemethod

candexpectedmethode. A secondcollaborationimports the resultingcollaboration,providesc != e,

andattachesadviceac to c. Shouldinvocationsof ebeadvisedby ac (written e) ac in Figure 47)?What

of thecasewhere we adviseewith ae: shouldinvocationsof cbeadvisedby ae (c) ae)?

Similarly, when we declare m != e, mustm be concrete, or shouldwe note that ewill be provided

with thesamebehavior asm, whenit iseventuallyprovidedconcretebehavior?After m != e, are we left

with oneor two methods?Are we able to export both underdiVerent names?If c isoverridden,should

dynamicdispatchaVecte(c0 � c)?

We have severalimplementationstrategies,with diVerent eVects.We cancopy c'sbody to e, we can

createabodyfor eto delegateto c, or we canupdateall referencesof eto becomec. Figure 47 summarizes

the trade-oVs for eachof the threeimplementations.We choosecopy ratherthandelegateonly because

valuedsymmetry in theadviceimplicationsover beingable to have anexpectedmethodasthesourceof

a provide. Additionally, were we to implementthe delegatescheme, we would needsomebookkeeping

20Which of theseis thecaseisnot reallygermane, but it is the former. This isclari�ed in rule lin k- != in Figure 44 (page138).
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to avoid circulardelegations.

Embarrassingly, while our implementationof theformalmodelfollowsthisreasoning,wehadnot yet

realizedthe tradeoVs involved when implementingthe full system,andthuschoseto usereference. Our

headachesin gettingthe full systemto work promptedusto labeltheapproachas“complex.”

4.6.3.1 Similarly for Export

Similarargumentscanbemadefor export declarations.[Ald03a] pointsout thata requirementfor mod-

ularity isthattheencapsulatedimplementationof amoduleshouldbeunaVectedby how it isused,unless

variancepointsare explicitly exported. Unfortunately, this is not the casewith aspectualcollaborations;

adviceattachedto a collaboration's exported methodswill interceptboth external usesof the method

aswell asencapsulateduses.Thus,the collaboration'sbehavior hasnotbeensuYcientlyencapsulated,as

externaladvicecanaVectthe internal implementation.This eVectoccursbecause—like providedeclara-

tions,andfor the samereasons—exportsare eVectedby renamingthe member. Thus,both internaland

external referencesshare the samemethod,andsinceadviceinterceptionis implementedasa rewriting

of themethod,both are aVected.

There issimpleworkaround: ratherthanexporting themember, export amethodthatforwardsto it.

This forwardingmethodcanbefreelyadvisedwithout aVectingthe internalbehavior. In thecurrent full

implementation,thismustbedonemanually, but are-implementationwould likelydo thisautomatically.

Severalsimilarapproachescanalsobe used:if the collaborationonly wanteda methodto be advisable

by beforeadvice, then the unexported methodcould be modi�ed to invoke a stubmethodupon entry.

By exporting the before-stub, external referencesare allowedto attachbefore advice, but are not able to

aVect the method'sbehavior. However, at this point we needto askwhetherit would not be betterto

justusethesubject-observer pattern.

4.6.4 Flexible typing rules for Linking

Whilewe allow attachedcollaborationsto have diVerent shapes,subjectto someconstraints,we have

signi�cantly stricter constraintsfor the methodlinking—both for providing expectedmethodsandfor

aspectualinterception.Speci�cally, werequirethatbothmethods(hostandaspectualmethod,or expected

and concrete method)are inserted into preciselythe sameclass,and additionally, that expectedand

concretemethodshaveexactlythesamesignature. While theserestrictionsaresuYcientfor typesoundness,

they are not necessary.

For example, giventhedelegateimplementationof lin k- != , our compilationschemepreservestyping

aslongasthe linkedmethodreturnsasubtypeof itsdeclaredtype.
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Even greater�exib ly canbe achieved were we to allow someargumentsto be speci�edin the !=

declarationsyntax. This would allow us to provide a concretemethodto an expectedmethodwith a

subsetof the concretemethod's arguments.However, suchfunctionalitywould not addto the expres-

sivenessof the language;we canachieve the sameresultby creatinganadaptercollaborationto perform

the delegation.Indeed,were the above generalschemeimplemented,it would be by a desugaring into

anadaptercollaborationandsomelinking instructions.

Lastly, there is no fundamentalreasonwhy the concrete (or aspectual)methodshouldbe de�ned

on the sameclassasthe expected(or intercepted);they could be declared on a superclass.Inheritance

guaranteesthat the methodsare visible on all subclasses,thuspreserving typing. However, this too, can

beamelioratedby anadaptercollaborationwhich insertsa methodwhich overridesandforwardsto the

inherited one.

Sincewe would not gain any expressiveness,we usethe more restrictive, but alsomore straight-

forward, typingrules.

4.6.5 SpecifyingJoin-point Tuplesby Matching

Eagle-eyedreaderswill havenoticedthatwehavenot discussedany way to attachacollaborationmultiple

timesin asystematicway; onereasonto wantto do this is to advisesetsof join-point tuples(jts ). There

are two reasonsfor the omission:Primarily, the semanticswe desire can be achieved by a sequence

of compositions,and thus setsneednot be dealtwith at a semanticlevel. Secondarily, we have not

implementedthematchingsyntaxdescribedin thissection.

Aiming for asemanticswhich isequivalentto serial compositionsimpli�esandclari�es thesemantics

signi�cantly, it doesso at a considerable price of convenienceto the programmer: requiring that the

programmerexplicitlywrite out all attachmentsisunattractive if the jts is large.

As a concreteexample, Figure 48 shows a basecollaborationconsistingof a numberof classeswith

�elds andget methodsfor the �elds, anda logging collaborationwhich is meantto log invocationsof

theadvisedmethod.However, sincewe lackany printing primitivesin our minimallanguage, we merely

invokeamethodnamedprint, which doesno printing andinsteadjustreturnsitsargument.21 Wewantto

write attachmentdeclarationsover theexamplesothateachof theget? methodsisadvisedby the l.L.logit

aspectualmethod.Figure 49 showsasequenceof collaborationsto achieve preciselytheeVectwe desire.

However, asfearedandexpected,the resultishardly succinct.

21The examplealsoillustrateshow existentiallytypedobjects—inthiscasethereturn-valueobjectreturnedby jp.invoke—canescapethe
scopeof itsaspectualmethod.
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1 collab base= atom
2 class Varsextends Object f
3 Str str;
4 Bazbaz;
5 Varsmake() f return
6 new Vars[baz7!
7 new Baz.make()]; g
8 Str getStr() f return this .str; g
9 BazgetBaz() f return this .baz;g

10 g

11

12 class Bazextends Object f
13 Varsvars;
14 Bazmake() f return this ; g
15 VarsgetVars() f return
16 this .vars; g
17 g
18 class Str extends Object f g

1 collab l = atom
2 class L extends Object f
3 aspectual RV logit(JPjp)f return
4 (RV) this .print(jp.invoke());g
5 Object print(Object o)f return o; g
6 g

Figure 48: Samplebaseand logging collaborations.

4.6.5.1 A First Attempt

Insteadof repeatingourselves,it is temptingto imagine a linking languagewith featuressimilarto As-

pectJ'spointcuts:around exec base.� .get� do l.L.logit default somemeth;. This approachimmediately

grindsto ahalt: whatvalueof somemethdo we specifyasthedefaultmethod?Sincethe typingrulesde-

mandthatsomemethhave thesamesignature asthe interceptedmethod,andfor our purposeswe always

want the interceptedmethodto be invoked, the obviouschoiceis to passthe interceptedmethodasthe

defaultaswell.22 To do this,weneedto nameeachjoin point in thepointcut. A straight-forward declara-

tion attemptmight be: for < meth> in exec base.� .get� around < meth> do l.L.logit default < meth> ;.

This allowsusto namethemethodsandpassthesamemethodasthe interceptedmethodanddefault.

We cannow move to the next �aw with thisapproach: l.L.logitcanonly interceptmethodsmapped

to the sameoutput typeasl.L. Thus,we mustalsoaccountfor typemappings;in general,we want not

only setof valuesfor a templatevariable (like hmethi ), but asetof value-tuplesto beboundto atupleof

templatevariables.Section3.5.3 (page104) givesfurthermotivationfor thisobservation.

We want to write an compositecollaboration,parametrizedby templatevariables,that expressesa

completeattachment,sothatwhenfoldedoverasequenceof tuples,thesameeVectasexplicitexpansion

is achieved. Figure 49 shows the eVect we are aimingfor. Eachof the get methodsis advisedby the

l.L.logit, andall methodsare exported.

4.6.5.2 A SecondAttempt

Givenacollaborationdeclarationaspertheleft sideof Figure50, wecouldinstantiateit with thebindings

(out7! log s, in 7! base, H 7! Vars, methname7! getStr), to generatealmostexactlythe leftmost

22 We do not suggestthatpassingthe samemethodto beadvisedandbethe default isagoodidea.Indeed,the semanticsshowsthat if
the interceptedanddefault methodsare the same, the dontInvoke methodwill recursively invoke the aspectualmethod,andthusentera
non-terminatingcomputation.The full Java implementationallowsthedefault to beleft unspeci�ed.
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19 collab log s = composite
20 attach base,l
21 class Vars
22 extends Object (f base.Vars, l.Lg
23 class Baz
24 extends Object (f base.Bazg
25 class Str
26 extends Object (f base.Strg
27 around base.Vars.getStr
28 do l.L.logit
29 default base.Vars.getStr;
30 expor t base.Var.make asmake;
31 expor t base.Baz.make asmake;
32 expor t base.Var.getStrasgetStr;
33 expor t base.Var.getBazasgetBaz;
34 expor t base.Baz.getVarsasgetVars;

35 collab log sb= composite
36 attach log s, l
37 class Vars
38 extends Object (f log s.Vars,l.Lg
39 class Baz
40 extends Object (f log s.Bazg
41 class Str
42 extends Object (f log s.Strg
43 around log s.Vars.getBaz
44 do l.L.logit
45 default log s.Vars.getBaz;
46 expor t log s.Var.make asmake;
47 expor t log s.Baz.make asmake;
48 expor t log s.Var.getStrasgetStr;
49 expor t log s.Var.getBazasgetBaz;
50 expor t log s.Baz.getVarsasgetVars;

51 collab log sbv= composite
52 attach log sb,l
53 class Vars
54 extends Object (f log sb.Varsg
55 class Baz
56 extends Object (f log sb.Baz,l.Lg
57 class Str
58 extends Object (f log sb.Strg
59 around log sb.Baz.getVars
60 do l.L.logit
61 default log sb.Baz.getVars;
62 expor t log sb.Var.make asmake;
63 expor t log sb.Baz.make asmake;
64 expor t log sb.Var.getStrasgetStr;
65 expor t log sb.Var.getBazasgetBaz;
66 expor t log sb.Baz.getVarsasgetVars;

Figure 49: Manually attaching logging to the gettermethods.

1 collab houti = composite
2 attach hini , l
3 class Varsextends Object < = f hini .Varsg
4 class Bazextends Object < = fh ini .Bazg
5 class Str extends Object < = fh ini .Strg
6 class hHi < = f l.Lg
7 around hini .hHi .



methname

�

8 do l.L.logit
9 default hini .hHi .



methname

�
;

10 expor t hini .Var.make asmake;
11 expor t hini .Baz.make asmake;
12 expor t hini .Var.getStrasgetStr;
13 expor t hini .Var.getBazasgetBaz;
14 expor t hini .Baz.getVarsasgetVars;

1 collab advised=
2 match (hHi ,



methname

�
) in base

3 wher e


methname

�
˜ /get� / f

4 class hHi extends f
5



methname

�
();

6 g g
7 attach hini , l
8 class Varsextends Object < = f hini .Varsg
9 class Bazextends Object < = fh ini .Bazg

10 class Str extends Object < = f hini .Strg
11 class hHi < = f l.Lg
12 around hini .hHi .



methname

�

13 do l.L.logitdefault hini .hHi .


methname

�
;

14 expor t hini .Var.make asmake;
15 expor t hini .Baz.make asmake;
16 expor t hini .Var.getStrasgetStr;
17 expor t hini .Var.getBazasgetBaz;
18 expor t hini .Baz.getVarsasgetVars;

Figure 50: A proposedtemplate collaboration (left), and a matching clauseto generate value-tuplesfor it (right).
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collaborationFigure 49.23 To duplicatethewhole �gur e, we would needthebindings:

(in 7! base, out7! log s, H 7! Vars, methname7! getStr)

(in 7! log s, out7! log sb, H 7! Vars, methname7! getBaz)

(in 7! log sb, out7! log sbv, H 7! Baz, methname7! getVars)

The exactintermediary collaborationnamesare unimportant;more important isthatthey chaineach

collaborationto the previous. What remainsis to somehow generatethesetuplesautomatically. The

right-handsideof Figure 50showsa suggestedmatchtemplate, which matchesagainstbaseto generate

the above bindings,and appliesthem to the template. The main diVerenceis that the chainingof

intermediatecollaborationsisautomatic, with the reservedvariable hini takingthe nameof the previous

intermediateresult.More examplesof matchingspeci�cationsare given in [LLO03].

Conclusion

While thesketchedschemeappearsworkable; it hasseveralfaultswhich have leadusto postponeim-

plementationandinsteadsearch for abetterscheme. (a)From anaestheticview-point, the textualnature

of the tuplesis unfortunate. Althoughwe achieve compile-timeerror detectionof erroneouscomposi-

tionsgeneratedby poorlywritten templates,amore principledcorrectnessproperty would bepreferable.

(b) The schemecouplesa templatetightly to the matchclausewhich generatesa setof bindings.This

enforcesa top-down-only decomposition,which is overly restrictive. It would be preferable to be able

to declare a setof tuplesin a constituentcollaboration,andonly exposethe typesof the valuesin the

interfaceof the collaboration.(c) The setof tuplesgeneratedby a matchingclauseis hard to predict;

the obviousmeaningof a matchclauseis to generateeachdistincttuple which correspondsto a match

in the basecollaboration.However, this means,unintuitively, that addingadditionalconstraintsto the

match-clausecanpotentiallyincreasethenumberof tuplesgenerated.

The schemeis thusboth fragile andopaque. It would bepreferable to have a more explicit scheme.

The systemsuggestedin the future work Section5.1.1 (page187) will hopefullyamelioratetheserestric-

tionsby insteadproviding analgebraof join points,which canthenbemanipulated.

4.6.6 LessMinimal Join-point Models

Compared to more mature ao systems,suchasAspectJ,the join-point modelwe support is minimal in

the extreme:only interceptionof methodexecutions(asoutlinedin Section3.1, page83). In contrast,

AspectJsupportsmethodinvocations,variable access,andpredicatesover thehistory of thecomputation.

23The only diVerenceis that in Figure 49, we have class Vars( f base.Vars, l.Lg in oneline, where in our templatewould generatetwo
suchtypemappings(onefor base.Vars, andonefor l.L). The generatedcollaborationwould not bewellformed(aseachoutputclasscanbe
declaredat mostonce, andthe seconddeclarationlacksa superclass),but a simplepreprocessingpasscaneasilycollectall typemapsinto
onewellformeddeclaration.
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1 collab keepc�ow;
2 par ticipant C f
3 static int counter;
4 aspectual RV c�o wsrc(JPjp) f
5 counter++;
6 RV rv = jp.invoke();
7 counter�� ;
8 return rv;
9 g

10 boolean c�o wP() f
11 return (counter> 0); g
12 g

1 collab condbefore;
2 par ticipant Aspectf
3 expected boolean pred();
4 expected void beforeadvice();
5 aspectual R c�o wtrg(Jjp) f
6 if (pred()) f // run advice
7 beforeadvice();
8 g // else just proceed
9 return jp.invoke();

10 g
11 g

1 collab c�o waspect;
2 par ticipant Pf g
3 attach keepc�ow,condbefore f
4 P+= C, Aspectf
5 provide c�o wPto pred;
6 expor t beforeadvice;
7 expor t c�o wsrc;
8 expor t c�o wtrg ;
9 g

10 g

Figure 51: Simulating AspectJ's c�o w predicate.

Other publishedsystemshave oVered generic region support, allowing any subexpressionto be treated

like a join point.

Our argumenthasbeenthatsinceour areaof investigationisthecombinationof modulesandaspects

rather than advancedjoin points, a minimal join point model would suYce. However, it is easyto

speculatewhatamore mature implementationwould look like.

The aspectualmethodparadigmcaneasilybe usedto capture the executionof any region: method

executionsaremerelythosewhichareeasiestto identify. A simplecodetransformationcanbeusedto turn

variableaccess,subexpressionevaluation,andmethodinvocationsinto methods,andthusinjecttheminto

our join-point modelof methodexecutions.Encapsulationallows us to perform suchtransformations

without fearof pollutingsubsequentusesof the transformedcollaboration.

Likewise, predicatescanbe expressedasaspects:AspectJ's c�o w predicatecanbe implementedasa

collaborationassketchedin Figure 51. Two generic collaborationsinteractto producethe required be-

havior: keepc�ow implementsacounterwhich keepstrackof how many timesagivenmethodhasbeen

recursivelyentered(whenexecutionis in thec�o w of themethod,counter > 0), andcondbefore condi-

tionallyexecutesbefore advicebefore basedon anexternalpredicatepred. The composedcollaboration

c�o waspectexports threemethods:two aspectualmethodsc�o wsrc andc�o wtrg which needto advise

the methodwhosec�ow we are concernedaboutandthe methodto be thusadvised,respectively; and

requiredbeforeadvice, which is themethodimplementingthebefore advice.

There are severallimitationsof thissketchedapproach.

1. Becausethe two aspectualmethodsare on the sameparticipant P, both the source and target

of the c�ow predicatemust be on the sameclass. An alternate formulation would put them

on diVerent classes,but this would require that the source and targetwere on classeswith no
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Figure 52: Exampleof Diamond Import.

subtypingrelationship. Section4.6.1 (page171) discussesthe causesfor this behavior, andunder

which conditionsit couldberelaxedin the future.

2. We have only illustratedbefore advice. To implementaround advicewould be essentiallythe

same, but lack of closuresrequire us either to hardwire the around adviceinto the conditional

collaborationor to resort to dynamiccastsin orderto provideproceedfunctionality.

3. The useof side-eVectsandstaticvariableslimits this approachto the full Java implementation.A

more mature implementationwould keepaper-threadcounter.

4. Note thatweonly de�ne ac�ow condition;wedo not haveany support for automaticallyderiving

which targetmethodsmight be in the c�ow of a particularsource. Thus, if we wantedto advise

every methodreachable fromaparticularc�ow source, our proposedsystemwouldnot besuYcient.

In general,suchcalculationsrequireaconservative �o w analysis,which canbecomecoarse-grained

in adynamicallydispatchedlanguage.

4.6.7 Diamond Import

Modulesystemstypically needto support a module being imported twice into a client module via

diVerent paths.The left-handsideof Figure 52 illustratesa motivatingcasein a compiler: the symbol

table isneededboth by theparserandthecodegenerator. The compilermodulethushastwo (transitive)

import pathsto thesymboltable. This isknown asDiamondImport [Mac86].24

We needto make sure that typesof the two usesof the symboltable are the same. One way to

guaranteethisisto parametrizethetwo modules,ParserandCodeGen,over theinstanceof SymbolTable:

insteadof directlyinstantiatingaSymbolTable, themodulesare abstractedover it. The Compilermodule

24Severalreferenceslist [Mac86] astheorigin of thisexample, but thepaperfailsto usetheword “diamond”.
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instantiatesthe SymbolTable andlinks both the ParserandCodeGenmoduleswith it, asshown in the

middlecolumnof the �gur e.

Aspectualcollaborationssolve the problem by never specifyinghow importsare to besatis�ed:there

is no way for eitherParseror CodeGento specifythat they wish to import a SymbolTable. Rather, the

collaborationsdeclare which methodsare required. Then thecomposingcollaboration,Compiler, is free

to provide theserequirementsin any way, the moststraight-forward beingcomposingthe SymbolTable

module.

The approachis appealingin its simplicity, but doeshave onedrawback. If a gui were subsequently

developedto help debug compiledprograms,it too would needto usethe SymbolTable, to allow De-

bugging codeandTracingcodespeakto eachother. Using the sametechniqueasearlier, it is easyto

share aninstanceof theSymbolTable modulebetweenthe two.

Unfortunately, thisapproachbreaksif we try to combinethe gui andthe Compiler into asingleide

application:wenow havetwousesof theSymbolTable, asshown in theright-handsideof the�gur e. Even

thoughwecanmaptypessothatthere isacommontypefor theSymbolTableof theCompilerandthatof

the gui, they would not share state:the ParserandDebuggerwould seediVerent line-numbervariables.

The designermustforeseethat theCompilerandgui are not the �nal usesof theSymbolTable, andthus

deferattachingit. In thissmallexample, theremedyisto createtwo new collaborations:PartialCompiler

andPartialGUI which do not includetheSymbolTable, but in thegeneralcase, with severalcomposition

stagesbetweentheattachmentof thesharedcollaborationandthe join of themultiple uses,thisisnot an

attractive option.



Chapter 5

Discussion

5.1 Future Work

Thereare severaldirectionsof investigationthatwould allow the systemto besigni�cantlymore expres-

sive.

5.1.1 Multiple Attachmentsand Join-points in interfaces

Twoseeminglyorthogonalissuesare infactrelated:How to bestdeclare multiple attachmentsof a col-

laborationand how to increasethe expressivenessof point-cut descriptors. In the presentedsystem,

attachmentsare mustbeenumeratedexplicitly, andthe point-cutscanonly capture methodswhich can

alsobe provided (andhenceinvoked) in the current context: aspectualcollaborationscannotcontain

join-point-valuedentitiesin the interface.1

Of the two, the latteris themore gallingproblem,asequatingtheability to advisewith theability to

invoke a methodresultsin invariantsbecomingdiYcult to maintain.2 It would bepreferable to separate

advisabilityfrom visibility, allowing amoduleto export oneor moreabstractpoint-cuts:setsconsistingof

join pointswhosevaluesare unknown. More precisely, asperSection3.5.3 (page104), we would like to

beable to import andexport setsof join-point tuples. For example, if we have severalpush-pop method

pairs, it would not suYceto make onesetof pushmethods,andonesetof pop methods,asthiswould

breakthecohesionof thepairs.

1Section4.6.5 (page180) presentsandcritiquesanaive attemptto automateenumerationfor attachments.
2Section3.5.1 (page99) discussesmodularreasoningin greaterdetail.
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In thissection,we sketchanew join-point modelandshow how it providestheexpressivenesswe are

looking for.

5.1.1.1 Join-point Tables

We are hoping to divorce the declarationof join pointsfrom their use, andto allow both imports and

exports of them to be propagatedthrough modularcomposition.Thus, the useof a join point canbe

“f ar” from its declaration,and we will needmetainformation about the declarationto ensure that a

join point is usedin wayscompatible with its declaration.Without suchmetainformation,erroneous

usewould still be caughtat compiletime, it becomesdiYcult both to diagnosethe causeof the error

andwhich (if either)of the modulesis at fault andshouldbe �x ed—boththe importing andexporting

modulesmay have beenusedsuccessfullyin othercontexts.

Our notion of a type of a join point stemsfrom which detailsthe it is willing to exposeto advice:

typesandaccessto argumentsandresults,andthrown exception.Optionally, ajoin-point typecanexpose

lessinformation,increasingits applicabilityat the expenseof expressiveness.The typeof a tupleof join

pointsis the tupleof the typesof the join pointsit contains.

A setof tuplescontainshomogeneouslytypedtuples,andthusthe typeof the setisdescribedby the

tuplesit contains;thus, it is convenientto view the setof join-point tuplesasa Join-Point Table (jpt ).

We view eachtuple in the setascorrespondingto one row in the table, where eachpositionin tuple

correspondsto a column in the table. We staticallyknow the numberandtype of columns,while the

numberof rowsandthe contentsof the cells(the join-point values)are unknown until compositionsare

elaborated.

We will sketch an algebrato (a) construct join pointsfrom methods,(b) combinejoin pointsinto

tuples(actuallysingletontables),(c) manipulatethe typesof table columns(reorder or drop columns,

or abstractover column type), (d) concatenateidenticallytyped tables,(e) andusethe tablesto drive

attachment.We will not formallypresentthe syntaxof theseoperations,becausewe do not yet have a

semanticsto interpret the syntaxwith. Instead,thissectionillustrateswhat sortsof problemswe aim to

tacklewith thenew approach.

As an example, the smallcollaborationin Figure 53 usesa matchtemplate(seeSection4.6.5, page

180) to generateasequenceof tuples:

(Part 7! Vars, name7! foo, FType7! String)

(Part 7! Vars, name7! baz, FType7! Baz)

(Part 7! Baz, name7! var, FType7! Vars)

andtheninterpretstheseto attachacollaborationcounter (not shown), with two aspectualmethods:inc

andreset. Theseaspectualmethodsare attachedpairwiseto eachget-setpair in thecollaboration.
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1 collaboration usecounters;
2 par ticipant Varsf
3 Stringfoo;
4 Bazbar;
5 Stringget foo() f return foo; g
6 void set foo(Stringstr) f foo=str; g
7 Bazget baz()f return baz;g
8 void set baz(Bazb) f bar = b; g
9 g

10 par ticipant Bazf
11 Varsvar;
12 Varsget var() f return var;g
13 void set var(Varsv, Stringmsg)f var = v; � � �msg� � � ;g
14 g

15

16 match f
17 role < Part> f
18 < FType> get < name> ();
19 void set < name> (...,< FType> ,...);
20 g
21 g attach counter f
22 < Part> += Countedf
23 expor t count ascount < name> ;
24 around get < name> do inc;
25 around set < name> do reset;
26 g
27 g

Figure 53: An example useof a match template.

The six join pointswhich correspondto theattachmentof aspectualmethodsare:
1 exec usecounters.Vars.get foo : Vars::void ! String
2 exec usecounters.Vars.get baz: Vars::void ! Baz
3 exec usecounters.Baz.getvar : Baz::void ! Vars

4 exec usecounters.Vars.setfoo : Vars::String! void
5 exec usecounters.Vars.setbaz: Vars::Baz! void
6 exec usecounters.Baz.setvar : Baz::Vars� String! void

The layout of the join pointssuggeststhat we intend to createa table with two columns,where each

row isamatchedget-setpair. Unfortunately, eachrow generatesa tuplewith adiVerent type. However,

if we were to drop the secondargumentto set var, the typeswould have the samestructure, andif we

abstractedover thenon-void type, we cancreatethreesingletontableswith thesametypes:
1 [ exec usecounters.Vars.get foo , exec usecounters.Vars.set foo ] : 9 A,B.[(B::void ! A) � (B::A! void)]
2 [ exec usecounters.Vars.get baz, exec usecounters.Vars.set baz] : 9 A,B.[(B::void ! A) � (B::A! void)]
3 [ exec usecounters.Baz.getvar , (exec usecounters.Baz.setvar jpmatch (W::X� Y ! Z)) W::X ! Z) ]
4 : 9 A,B. [(B::void ! A) � (B::A ! void)]

Thus,we cannow concatenatethe threeone-linetablesandexport them(or advisethemdirectly)asa

singletable with declaredcolumntypes,but with unknown length.

1 getNsetters= [ exec usecounters.Vars.get foo , exec usecounters.Vars.set foo ]

2 + [ exec usecounters.Vars.getbaz, exec usecounters.Vars.set baz]

3 + [ exec usecounters.Baz.getvar , (exec usecounters.Baz.setvar jpmatch (W::X � Y ! Z)) W::X ! Z) ]

4 : 9 A,B. [(B::void ! A) � (B::A ! void)];

5 expor t getNsetters;

The table getNsetterscanthenbeconcatenatedwith othertableswith thesametype.

In the following, we are assumingthatcollab1.setNgetNcompare'ssetjoinpoint returnssomeboolean

type(abstractedby C) insteadof void. Thusto achieveequivalenttypes(uptoalpha-conversion),weneed

to drop onecolumnfrom onetable, andabstractover the return type.
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1 // imported collab1.setNgetNcompare: 9 A,B,C. [(B::A ! void) � (B::void ! A) � (B::A� A ! C)]

2 gs1= collab1.setNgetNcompare rowmatch (Set,Get,Compare)) [ Get , Set]

3 : 9 A,B,C. [(B::void ! A) � (B::A ! C)];

4 // imported collab2.getNsetters,asper above: 9 A,B. [(B::void ! A) � (B::A ! void)]

5 gs2= collab2.getNsetters

6 : 9 A,B,C. [(B::void ! A) � (B::A ! C)];

7 gs1and2= gs1+gs2;

8 expor t gs1and2;

To usethe jpt , we needto write a table comprehensionover its rows,andperform theproperaction

for eachrow. The �nal syntaxhasnot beenworkedout, but it might look somethinglike:
1 attach < gs1and2̀sde�ningcollaboration> f

2 for (A,B,C . Get, Set)in gs1and2f

3 attach counter f

4 < B> += Countedf

5 around < Get> do inc;

6 around < Set> do reset;

7 g g g g

5.1.2 Collaboration Signatures

AspectualCollaborationshave well-de�ned signatures,speci�edby positive export declarations(in con-

trastto negative declarationslike Java's private keyword). Which methodsand classesare visible in a

collaborationcanthusbedeterminedviapurely localreasoning.

However, thecurrentsystemissomewhatunsatisfactory in thatthesignatureof theseexportedmethods

isnot soreadilyapparent. Infact,wemusttracebackto their originaldeclarationsto �nd their signatures,

whosetypesmustthen be tracedto the typesin the current collaboration.3 It is commonfor module-

systemsto separatelydeclare signatures,andthen usethis signature to directly documentthe module's

visibility, ratherthanderiving it from export declarations.

A similarapproachwouldhavetwo mainbene�tsfor aspectualcollaborations:thenamesandsignatures

of exported entitiesof a collaborationwould be directly declared, ratherthan derived, andif declared

separately, signaturescanbereused.

If signaturesare declared separately, this leadsto a naturalrelationshipbetweenthe usesof the sig-

nature. A naturaluseof this relationshipwould be to allow declarationsof parameterizedcollaborations

3Alternatively, toolssuchasjavap will report the namesandsignaturesof all members of arbitrary .class �les—for instancethose
resultingfrom compilationof acollaboration.However, sincewe have previouslyfrowneduponrelyingon toolsto addressshortcomings
in the language, it would behypocritical to usethisasaworkaround.
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to be type-checked separatelyfrom their uses.4 A parameterized collaborationdeclareshow someim-

plementationof a signature is composed,but doesnot specifywhich implementationin particular. The

parameterizedcollaborationcanthensafelybe instantiatedwith any collaborationimplementingthe re-

quiredsignature.

5.1.3 Enabling Code Optimization

A fundamentaldiVerencebetween a packageand a collaborationis that the collaborationis closed

to subsequentaddition while packagesare open; whole collaborationsare the units of compilation.5

Furthermore, collaborationstypicallyexposeonly a smallpart of themselvesto the outsideworld. This

enablesa whole setof program transformationsnot available to Java, or enabled only under unlikely

circumstances.Deadcodeeliminationis onesuch,asis aggressive inlining. Additionally, it may be the

casethatcollaborationsare anaturalunit of analysisfor thingssuchasvariable escapeor aliasing.

As an exampleof how encapsulationenablesoptimization,considerinlining: Aspect-Orientation

allowsa method's invocationto becapturedandobservedexternally to calleror callee;if the methodis

inlined,theinlinedinvocationwouldno longerbeanobservable join point. Thus,without encapsulation,

no methodcanbeinlined,aswe cannotbesure that themethodwill not beadvised.Encapsulation,does

allow the compiler to guaranteethat an unexported methodcannotbe captured in a join point, and

hencebe safelyinlined. Dynamicdispatchexposessimilarproblemsfor possibly overridden methods

even without aspectorientation. To combatthis, Java introducedthe conceptof markingclassesand

methodsas�nal, indicatingthat they may not beoverridden.

Whether inlining bestdoneat the bytecodelevel is anotherquestionentirely. Pro�le-dr iven tech-

niquesat jit time have greaterinsightinto both wheninlining ispossible andwhenit isuseful.

5.1.4 Introducing VariancePoints, Program Slices, and Post-Hoc Remodularization

With a smalladditionto the linking language, we canachieve expressivenesssimilarto HyperSlices:to

extractasubsetof themembersof acollaborationto createasmallercollaboration(seeSection2.5.7, page

62). The additionwhich isnecessary in orderto achieve thisis to beable to remove thebodyof selected

4It is temptingto adda hierarchy to the signature types. However, asillustratedin Section2.4.4.3 (page42), asmodulescanhave
negative constraints(there may not existamethodnamedfoo) on imports,substitutabilitydoesnot follow from extension.

5Unfortunately, thisrestriction ishard to enforce;collaborationsderive greatutility from beingsimultaneouslypackages,andJavawill
happilyaddclassesto a packageat any time. It is thusdiYcult to ensure that no classesare addedto a collaborationafter it hasbeen
compiled.
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methods:to “unprovide” methods,turning normal methodsinto expectedmethods.This introduces

variancepointswhich greatlyincreasetheslice's�exibility.6

Thissmallerslicecanbeseenasaremodularizationof the largermonolithicmodule;usingtheability

to unprovide methods,we are able to start with a monolithic application,and from it cleave smaller

reusable modules(slices).Unfortunatelywe are not, in the generalcase, able to reconstitutethe original

applicationfrom the modules,aseachslicewill contain the declared visible members and classes,in

additionto the reachable, but encapsulated,members andclasseswhich were not exported. It is very

likely that two sliceswill thuseachhave a copy of someunexported behavior andstate. In order to

recreatetheoriginalapplicationfrom theslice, we needto recomposethesetwo unexportedentities,but

cannot,asthey are hiddenbehindthe encapsulationboundary. This is one instancein which Hyper/J's

lackof encapsulationandmerge-by-namesemanticsisabene�t.

As pointed out above, collaborationsare quite amenable to usinga simpleanalysisto determine

unreachable methodsandunusedtypes.While thiswould certainlyresultin smallerclasses,it would have

absolutelyno observable eVectof the behavior of the collaboration,sincethesemethodsare unusedand

hiddenbehindtheencapsulationbarrier.

5.1.5 Deriving Type Mapsand and Attachments

Thereexistseveralredundanciesin the declarationof collaborationattachments:if we want to providea

concretemethodto anexpectedonefrom anothercollaboration,the return typesof eachmethodmust

be mappedto the sameoutput type (andsimilarlyfor arguments).Similarly, if two classesare mapped

to the sameoutput type, it is required that their superclassesbe mappedto superclassesof that output

type. Lastly, but not asclearly, if two participantsare mappedto the sametype, andonehasanexpected

methodwith somesignature, andthe other hasa concretemethodwith the samesignature, it is likely

that the two methodswill belinked.

It would be usefulto avoid someof the redundancyby having the compiler derive the omitted

informationwhen it is unambiguousfrom the context. This could be part of a graphicalcomposition

tool: theprogrammerspeci�esaoneconcreteandoneexpectedmethodto link, andthe idereplieswith

a list of implications,which canthen be acceptedor tweaked. By oVering an interactive composition

process,the ide allowsthe programmerto easilypredict the derivedmappingsandattachments.It is less

clearwhetherthisapproachwould beusefulwithout suchimmediatefeedback.

6Hyper/Jnatively oVerstheability to insert variancepointsinto slices,with anumberof compositionoperators.
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5.1.6 Object-Graph Invariants

Object-orientedprogramsoften make assumptionsaboutthe structure of their constructedobject-graph

beyond thoseguaranteedby the type-checker. Examplesof suchassumptionsare: if it is expensive to

navigatefrom one object to another, the destinationobject may be cachedlocally; an array may be

only partially full, with an external counterkeepingtrackof the highestusedindex; andbidirectional

associationsmodeledastwo uni-directionalones. In general,an applicationencodesany number of

object-graphinvariantsin the detailsof its implementation;theseinvariantshold by de�nition because

they are encodedin how theapplication'smethodsbuildstheobjectgraph,andtheapplication'smethods

are theonly way theobjectgraphismodi�ed.

The assumptionthat theapplication'smethodswill betheonly onesto modify theobjectgraphdoes

not hold in our system;when two collaborationsare composed,they will collaboratively build their

sharedobjectgraph.Sincethe two collaborationsshare thesameobjectgraph,it is likely that theactions

of onecollaborationwill undothe invariantskeptby theother.

To discover this,it would beusefulfor collaborationsto explicitlydeclare theobject-graphinvariants

that they maintainin their methods. Suchinvariantscould be expressedaspre- and post-condition

contractson theindividualmethodsof thecollaboration.The taskwhencomposingtwo collaborationsis

thento verify thattheir invariantsrequirementsandguaranteesarecompatible, andto derivetheinvariants

(both requiredandguaranteed)of the resultingcollaboration.7

5.1.7 Exporting LessonsLearned to AspectJ

Our research hasshown thatmodulesystems—speci�callystrongencapsulationboundaries—andaspect-

orientedprogrammingcanwork well together. Due to the research nature of our language, however, we

oVer only themostfundamentalaop features;aspectualcollaborationsare hardly amature project.

In contrast,AspectJisamatureproject—easilythemostmatureaopsystemavailable today. It wouldbe

very rewardingto seetheissueswehavehighlighted—afocuson encapsulation,hierarchicalcomposition,

andthe importanceof completeattachments—tobeportedto amodulesystemtailoredtowardsAspectJ.

A modulesystemwhich allowed classesandaspects—includingpoint-cutsandadvice—tobe imported

andexported, andthosesameclassesandaspectsto be written in AspectJ, would provide a very strong

foundationfor building largesystems.The main modi�cation to AspectJ's evaluationmodelwould be

that pointcutsneedto be evaluatedbefore export or otherwise“sealed”againstinadvertently capturing

7Asa�r ststep, it would likelybeeasierto have theprogrammerdeclare theinvariantsof thecomposedcollaborationandmerelyverify
that theconstituentcollaborationsare compatible with them.
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(or omitting to capture) join pointswhich matchthe pointcut descriptor, but were not visible in the

declaring context.

Our suggestedapproachiscontrary to Larochelleet al. [LSW+ 03], who alsohighlightthedesirability

of encapsulatingjoin points,but approachthe situationby extendingthe point-cut languageto restrict

visibilityof join points(eVectivelyaddinganegativeconstraintto allpoint-cutsin thesystem),ratherthan

our approachof embeddingjoin pointsinto themodulelanguage. Larochelleet al.'sapproachallowsjoin

pointsto beremovedfrom theglobaljoin-point space, but doesnot allow thisfactto beeasilydiscovered

(becausevisibility is addedasanotheraspect,it too requiresglobalsearch to be discovered);nor doesit

allow aspectsto hierarchicallyrelated,with someaspectsallowedvisibility to asensitive join point, while

others cannotseeit. We feel that the more comprehensive approachof modulesare worth the costof

wrappingbasecodein moduledeclarations,asit aVordstheprogrammergreatgains.

Eric Eidehassuggested[Eid] thatJiazziandAspectJcouldbefruitfully combined.While wehavenot

evaluatedto what extentour soundnessresultscould be appliedto suchascombination,given that we

alsoconsider(next)usingJiazziasabackend,thisseemslike anaturalcombination.

5.1.8 JiazziasAlternative Back End

Generatingandmanipulatingbytecodeis delegatedby acc to the bcel [Dah] package. However, this is

not reallyour core competence. It may bethatby usingJiazziasaback-end,energycouldbefocusedon

more critical tasks.

The biggestdiVerencebetween how the current acc compiler (Section3.6, page106) and Jiazzi

operatesis thatacc directlycomposesclasses,while Jiazzicreatesdeepinheritancehierarchieswhich are

composedvia subclassinganddynamicdispatch.We thusneedto redesignhow we interceptmethod

executions. Insteadof the existingmodi�cations of methods,we can insteadcreatea subclasswhich

overridesthe method.However, we mustbesomewhatcareful in order to capture a join point which is

able to invoke the overriddenmethod. The trick is to createthe join-point object insidethe syntactic

extentof theoverriding method;thisistheonly placefrom where we caninvoke overriddenmethodsin

Java.

Figure 54 sketchesthe how sucha systemwould look. Java restricts super callsto be syntactically

within the overriding method: this is due to interactionswith dynamicdispatch.In mostcontextswe

want to invoke the mostspeci�c versionof a method;only in the overriding methoddo we want to

invoke theoverriddenmethod.We cancloseover thecontextof thesupercallby creatinganinstanceof

ananonymoussubclasswithin theoverriding method.Onceinstantiated,theobjectcanescapethestatic
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1 class BaseClassf
2 int basemeth()f
3 System.out.println(”in basemeth”);
4 return 5;
5 g
6 g
7 abstract class JPf abstract RV invoke();g
8 abstract class RV f g
9

10 // someexisting aspectclass:
11 class AspectClassf
12 static RV aroundmethod(JPjnpt) f
13 System.out.println(”aspectbegin”);
14 // ...
15 RV r = jnpt.invoke();
16 System.out.println(”aspectend”);
17 return r;
18 g
19 g

21 // classAspIntercept would be generated by the system
22 public class AspInterceptextends BaseClassf
23 // just for testing: fake late binding of classnames
24 static BaseClassmakebase()f return new AspIntercept(); g
25 public static void main(String[] args)f
26 System.err.println(” valuewas”+makebase().basemeth());
27 g
28 // end testing
29

30 class RV bm extends RV f int retval;g
31

32 int basemeth()f // method interception
33 System.out.println(”interceptbegin”);
34 JPjp = new JP()f // make it into an object:
35 RV invoke() f // must be done inside basemeth
36 RV bm rv = new RV bm();
37 rv.retval= AspIntercept.super.basemeth();
38 return rv;
39 g
40 g;
41 RV rv= AspectClass.aroundmethod(jp);
42 System.out.println(”interceptend”);
43 return ((RV bm)rv).retval;
44 g
45 g

Figure 54: Sketch of how to reify method-execution join points using overriding and inner classes.

anddynamicextentof the overriding methodandstill invoke the overriding method—thereby allowing

theoverriddenmethodto beinvokedatwill.

Sincewe useplainJava ratherthanJiazzifor thisexample, we are unable to provide typeseparation;

all aspectswill share the samereturn and join-point types. This is a badidea,asthen a downcastof

the return valueobjectis required in order to extractthe resultof the interceptedmethod. We believe

that theseissueswill besolvedby usingJiazziratherthanJava,but thishasnot yet beeneven informally

veri�ed.
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5.2 Summary and Conclusion

Wehave introducedandanalyzeda systemwhich combinesaspect-orientationwith a strong module

system.The contribution of our work isto show thatcombiningaspectsandmodulesisfeasible, andthat

thecombinationallowsimprovestheability to reasonmodularlyaboutaspect-orientedprograms.

Feasible: We have implementedour systemasa prototype compiler asadditionalpre- and post-

processingpassesaroundanoV-the-shelfJavacompiler.Additionally, we have formallyanalyzedamin-

imalmodelof thesystem,basedaroundaFeatherweightJavacore. We stateandprove threeproperties

for atomiccollaborations,andalsothatthepropertiesarepreservedby compilationof well-typedcom-

positecollaborations.

Soundness:a well typedatomiccollaborationwill not get stuckduring evaluation,exceptin two

speci�cways:a faileddowncastor anattemptto invoke anunprovidedexpectedmethod.

Safety: acollaborationwithout any down or stupidcastsis “safe.” Evaluationpreservessafety.

Completeness:acollaborationwithout referenceto any unprovidedexpectedmethodsis“complete.”

Completenessispreservedduring evaluation.

ModularReasoning:By tempering the re�ective power of aspectswith the encapsulationof module

systems,we have demonstrateda systemwhich allowsaspectualinterceptionof join points,while still

supporting modularreasoning.Modulesandaspectscanbe hierarchicallycomposed,thusenabling

hierarchalreasoningaswell.

AspectualCollaborationsdemonstratethat modularencapsulationandaspectualinterceptionare not

mutuallyexclusive, andthatasystemcontainingboth allowstheprogrammerto choosehow to tradeoV

safetyfor expressiveness.
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