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Abstract

Modulesandaspectar diVerentapppacheso acommongoalof
constuocting large complexsoftware quickly Unfortunately neither
issolelysuy cient.

We demonstratéhatthe diVerencedbetweenmodulesandaspects
are not irreconcilake, andthat a caefully craftedmodulesystentan
caterto aspect-dentedfeatues. We shav thatit is possilte to com-
binethe software-engneeling featuesof modulesystemwith aspects’
abilitiesto modulaize crosscuttindpehaiors.

We presentan existencegproof in the form of a prototype mod-
ule system AspectualCollaborationscombining separateompila-
tion, modularreasoningtype safereuse and aspectuainterception
of behaior from obliviousbasemodules.Typesoundness shavn to
hold for aminimalmodelof the system.

By tempeing the power of aspectwith encapsulatiohoundares
maintainedby a module systemthe desirale qualitiesof both are
achiered while tempeing their respectie weaknesses.
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Chapter 1

Thesisand Anti-thesis

HIS thesisexploesthe intersectionof module systemandthe aspectnd object oriented stylesof

programming(hencefoth aop andoop, respectiely).

The key ideabehind module systemss that by alloving the languageo enforce encapsulatioof
implementationdetailsbehind an interface clientsof the implementedoehaior are forcedto remain
obliviousto the detailof itsimplementation—antienceate immuneto changeso the implementation
aslong asthe interfaceis unchanged. Programsconstucted from modulescan thus be analyzedn
thesesmallerpieces(the modules) ratherthan asmonolithic stuctures. If a moduleis reused time
spentundestandingit is amotized over all uses. Modulescan be implementedseparatelyresulting
in steamlinedparalleldevelopment,and reusedin other programs,resultingin an overall reduction
in programmingtaskswithout avecting other modulesof the program. Thus, modulesallon larger
programsto be constucted,andby enalting paralleldevelopmentandreusealsosigni cantly speedip
thisconstuction.

However, not all behaiors t neatlyinto a module Common examplesae emor handlingand
context-sensite behaior (where behaior variesdependingon from where it is invoked). In general,
suchbehaiors rely on, and modify, eventsin other pats of the program. We may nd that codein
one moduleaVectsan invariant maintainedoy anothermodule: for examplewe may wishto mirror a

le-systems directory layout in memory, without having to rewrite eitherthe i/o moduleor its client.
The speci cationis compactbut the implementatiortouchesall diskoperations.

The Aspect-GentedProgammingaop) manifestcanbe summaizedas‘languagebtare modulesput
programmes have concens. The key insight/opinionis that a singlekind of module bounday—be
it alongmethod, classpr setof classes—witiot be suY cientto captue all the kindsof concensthe
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programmerwishego expess.In orderto cleanlymodulaize his concens, the programmerneedso
drav moduleboundaiesin diVerentdirectionsunderdiVerent scendps.

Unfortunatelythis alsoimpliesthatthe interactionpointsbetweenmodulesbecomdessegular for
exampleif we wishto modulaize a behaior thatisimplicigff] invoked whenever a varialie is modi ed,
we cannotusethe sameinterfacethat we would hase used,had we wantedto modulaize a setof
classesxposinga subsebf their membes. The diVerencein interfacess that the implicit interface
allavs extemalbehaior to beimposeduponthe module while traditionalinterfaceexposepats of the
moduleto the extemal world. The needof exible concen interactionseemto contradictthe strict
regmentationof module interfaces. Thus, mary languagesVer a trade-0/: either a module system
that catesto diVerent dimension®f concensbut with simpleinteractiondbetweenthe modulesasin
Hyper/J;or amodulesystenthatcaptuescomplexinteractionbetweenconcensbut oVering corversely
simplermmodulaity constucts,asin AspectJ.

This thesisnvestigatesvhat happensf we attemptto combinemodulesand aspectsWe designa
languageprovide an implementationusing Jva asa baseobject-oiiented (00) languageand formally
analyzea smallmodel of the languageisinga much smalledlanguagesthe oo core. We aimto shav
thatwith suitale designamodulesystentaninteractwell with aspect-dentedfeatues.

Contribution and ThesisOrganization By addingaspect-dented(ao) featues,we provideamodule
systenthat combinesthe featuesof a traditionalmodule system(suchasmodularreasoning,exible
reuse program composition,andtype-safeseparateompilation)with aspect-dentedfeatues(suchas
interceptionand contol of methodexecutionsin other collaborations)The systerrallovs aspectand
basecodeto beseparatelgompiled,andallovsaspect® bereusedicnsamethodof diVerentsignatues
in atype-safenannemwithout requiring dynamiccasts.

The thesiss organizedasfollows:

The restof this chgterexploeswhat trade-d/s are required to combine aspectand modules. We
identify the diVering goalsof aspect-aentedandmodularprogramming,discusseghy the two com-
plementeachothernaturallyandhow it ispossike to combinethemsothattheir respectie weaknesses
are addessedvhile maintainingtheir desirale propetties. The centralthesisof this dissemtionis ex-
pandedon in SectiorfL3 (pagel5), andthe detailsof our systenare discusseih SectionL2.7 (page
17).

Chepterf] (pae 21) brie y analyzethe largebody of relatedwork, includingroles(Section2.4, page
28), collaboration-oiented designsand full- edged module systemgSectionp.5, page43), aspect-
orientedlanguageSectionp.g, page67), formal semantic¢SectionR.4, page7s), and suppot for

Iwhy implicit invocationis interestingis coveredin the next section.
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crosscuttindgeatuesin software engneeiing (Sectiorp.g, page79.

Chapterf] (pae 83) presentdspectuaCollaborationsvith a numberof smalleexamplesiooking at
how aspectandmodulescombineto produceseeralemergenpropeties.

Chapter§ (pa 115) presents formal modelof our systembasedn the minimal Featherveight Jva
semanticsWe shav thatour extensionso the basdanguageetaintype soundnesiSectionl.3, page
123), thatcompilationof collaborationpresevestyping (Sectiorft.4, page139), andthatno dynamic-
emor locationsare inseted by compilation(Sectiond.g, page166). The chapterends(Sectionft.§,
pagel70 with adiscussioof languagelesigrirade-d/s.

Chapterf (page 187) concludesvith future work.

1.1 Modulesvs Aspects

Therés aseeminglynherent contradictionbetweenaspectandmodules.This sectionsummaizesthe
basefor thiscontradictionwhile the nextsectionrshavs how the contradictioncanbe amelioratedThe
interestedeadeiis directedto [LLOOJ], which this sectionsummaizes.

1.1.1 Modules

Modulesystempresenttrade-c\/s betweenencapsulatioand exibility. By hindeling extemnal code
from accessinthe internalsof amodule threefundamentahbilitiesare enalted:

Decomposabilit% key bene t of modulaizing program developmentis to easethe programmers
burden of undesstandingthe program by alloving piecesto be undestoodin isolationfrom each
other. This propetty additionallyisolateslevelopmentteamdrom eachother, alloving development
to proceedn parallewithout dangerf teamsnterfeiing with eachother.

Composabilityt is naturalto wantto apply modularreasoningecuisiely to largermodules:con-
stiuctingthemnot monolithically but from smalleiconstituentmodules.This allovsthe programmer
to balanceexibility, which ismaximalin a at arcchitectue, againstompehensibilitywhich is maxi-
mizedin anestechierachicalaichitectue.

Adagptability Developingand undestandinga module costsconsiderdl resouces,soit is important
to be alle to amotize that expenditue over severalusef the module A modulesystenthatallovs
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modulego bereusedn awide varety of situations—includingrthennamesandassumptionsetween
importeeandimporter may not matchprecisely—igmportantto realizebene tsfrom modulesystems.

However, theseabilitiesare enalted by the in-ability to referto or modify the internalsof a module
Two weaknessesisefrom this inability Primarily, codefor one concen canbe scattezd throughout

severalmodules,and sereralconcens' implementation$e tangledin the samemodule This happens

if the systemacksa mechanisnto textuallylocalizeconcens which crosscuthe several modules—a
lackimplied by the above inability Additionally in order for uses of a moduleto be alde to modify its
behaior, theimplementomeeddo have foreseerthe desied variancepoints.

The capabilitiesf modulesystemstemfrom severalintertwined principles.

Encasuldion. Decouplingamodulesinterfacefrom itsimplementatiorallovsthe latterto vary with-

out avectingary clients,which are written againsthe former, aslong asthe interfaceremainsthe
same By limiting acceso whatis declaed in the interface the interfaceencapsulatee modules
implementation Encapsulatioallovsmodulego beimplementecandmanagedeparatelgndin par-
allel. More importantly encapsulatioallons a programmerto contol how well pats of amoduleare
undesstood.If anentity is privateto amodule the programmercaneasilynd all refeencesandthus
undesstandboth the entity andalsoall contextswhere it is refeenced. The behaior of anexpoted
entity canstill be undesstood,but the programmerhasgiven up contol of how it will beused]

HierarchicalCompositionlt is easieto undestanda largecompositeodule consistingpf smalleras-
semlied modules,than a monolithic atomianodule of the samefunctionality asthe former canbe
undestoodby r stundesstandinghe constituenpatsandthenhow they t togetheywhile the latter
needgo beundestoodin its entirety to be undestoodat all. Compositionis alsoimportant for local
knowledge A compositanodulecanbetracedn atop-dovn mannetto “zoomin” onlocalbehaior:
compositiondescibeshow that pieceinteractawith the restof the module while the atomicmodule
oVersno suchguides.If contentsae not expoted from a compositenodule encapsulatiostatically
assuesthat they cannotbe refeencedor modi ed by codeoutsidethe compositenodule However,
hierachicaldecompositiormalesit inconvenientto expresscomplex,tightly coupledbehaiors, as
thesemay requie very broadinterfacepetweenthe composedanodules.

Extemnal Assenllg. Extemalassemniip of modulesallovsmoduledo bewritten not only independently
of eachother, but alsoollivioust to eachother A moduleis quanti ed overitsimporntsandconstraints,
allaving it to be usedin ary ervironmentcapale of ful lling theserequilementsratherthanahad-

wired contextof other modules.Thus, extenal assen of modulesemoreshadwired assumptions

2Aspect-oientationadditionallyallovs extemal moduleso modifyexpotted entities thusrendeing them undesstoodnot atall.
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abouthow amodulewill beusedppeningit up to reusean othercontextshanoriginally ervisioned.
ThisallavsprogrammereVort to besaed, but perhapsnore importantly allovscompehensiorof the
modulesbehaior to be reusedaswell. To promote exibility, the assenip canoften perform limited
adaptatiorof modulesfor exampleto reconcilediVerencesn namesandtypes.

Non Type-lvasie Extensionln orderto achiee type safereuse multiple instantiation®f a module

mustbekeptseparatasthey may have beenassembdwith incompatitbe imports. A guidingprinciple

in thisregad isinvasienessle ned by Ernst[Ern0d] aswhether‘[a modulesin uence] canbedetected
by inspectinghe targetmodule’ A wealer form of this propety is whetherit is possite to confuse
oneinstantiatiorof amodulewith another Section.5.1.1 (page45) discussehis situationatlength,

where subtypings usedto relatea moduleinterfaceto itsimplementation.

1.1.2 Aspects

Aspecoriented programmingimproves compehensionand maintainabilityof complex programsby
localizingbehaiors and facetsthat would otherwisebe scattezd and tangled,attackingpreciselythe
weaknesseasted for modularprogramming. Thesebehaiors aie refered to asconces asper Dijkstra
[Dij74)).] Crosscuttingatthe concen level leadgo scatteing andtanglingat the implementatiorevel.
Kiczaletal. [KicOl] de ne anaspedts‘a well modulaizedimplementatiorof acrosscuttingoncen?

Kiczalesandthe Aspect&omnmnunity have alsopopulaizedthe following de nitions.

Join Point: A regon in a programs execution,which may be dependenbn dynamicpropetiesof the
program. For example enteing a method, the evaluationof an expessionor invoking a method
whensomepropety holds.

Pointcut:A setof relatedjoin points. A pointcutdesigrtar is a succincttextualdeclaratiorof such
a pointcut. The join-pointmodedescibeswhich regonsin the program a pointcut designatorcan
descibe

SThisis commonlymisattibuted[ to Pamas[. Dijkstraquotesfrom aletter he hadrecentlywritten:

We know thata program mustbe correctandwe canstudyit from that viewpoint only; we alsoknow thatit shouldbe
eY cient andwe canstudyits €Y ciencyon anotherday, soto speak.In anothermood we may askourseleswhether
andif so: why, the program is desirate. But nothing is gained—onthe contray!'—by tacklingthesevarous aspects
simultaneouslylt iswhat| sometimefave called‘the separatiomf concens”, which, evenif not perfectlypossite, is
yetthe only availalte techniquefor eVective ordering of onesthoughtsthat! know of. Thisiswhatl meanby “focussing
onesattentionuponsomeaspect”it doesnot meanignoring the otheraspectst isjustdoingjusticeto the factthatfrom
thisaspec$'point of view, the otherisirrelevant. It is beingone- andmultiple-trackmindedsinultaneously
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Advice:A modi cation to ajoin point. This includesinseting orthogonalbehaior or replacinghe
original expessiorwith somethingcompletelydiVerent.

Aspectpromote ad hoc exibility atthe expensef safety The power of aspect-aentedsoftware
developmentliesin managng crosscuttingoncensby contwolling scatteng andtangling:

CrosscuttingCrosscuttingeoncensare issueshat the programmercaesabout,but cannotlocalizeto

oneinstancef aprogrammingconstuct. For exampleasyncheonizationconcen isnot crosscuttingf

it meely talksaboutone sectionof the programtext, while amore advancedsynchonizationconcen

thatspeci eshat somesetof methodscansinmultaneouslgxecutein acritical sectionaslong assome
condition holds,is crosscuttingSucha concen will be crosscuttingsthe adhoc implementatiorof

the policy will likely be speadout over eachof the avectedmethods.

Scéteing Scatteing isthe conditionwhereaconcen isimplementedn seeralnon-contiguougplaces
in the program. Aspectsontmol scatteing by modulaizing the placesn a programs execution (join
points)where ceitain code(advice)sto be executed.

Tangling Tangling,the dual of scatteing, occuis when several concens overlapin aregon of the
programtext. This hampesmaintainabilityasthe programmemustmentallycategoize statements

the programtext by which concen they belongto. Aspectorientationreducesanglingby localizing
concens,alloving conceptgo betextuallyseparateget appliedto overlappingoin points.

However, with the ability to globallyavectjoin points,advicetradedow-level traceabilityfor high-
level modulaity: it becomesvery diY cult to reasonlocally abouta snippetof code becausét may
be aVectedby extemnal advice but eachaspechow localizebehaior whosecodewould be scattezd.
Unfortunately the improvementin high-level modulaity is achieed by looseningthe encapsulation
constraintshat enalte the fundamentapropetiesof modulesdiscusseih SectionfL1] (page9). Thus,
nave aspecteaseompeehensiorof the programatthe high level, but atthe low level are had to reuse
reasorabout,composganddecompose

As wasthe casefor module systemsthe powers of aspectaiise from a number of fundamental
propetties.

Non Behaior-Invasie ExtensionConcemn compositionwill typicallyrequite thatthe extendingcon-
cem's execution be interleaed with or contolled by the execution of the baseconcen. The base
behaior canbe implementedwith suchextensiorin mind, by usingthe obsever patten [GHIVS3|
or variationstherof However, in general suchforesightcannotbe assumedwe want the baseto
remainoliviougo the invariantsimposedon it. This promotesboth claiity, by keepingthe concens
separateand exibility, by alloving behaiorsto be extendedn waysnot foreseerat desigrtime.
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Join PointModi cdion. To be alde to expresscomplexinteractionsbetween concens, one concen
(the aspectinay neednot only to be informed aboutexecutionsof regonsin the other concen's
implementatior{the base)but alsato modify theseexecutions A regon of interestin the baseascalled
thejoinpointandthe modi cation appliedo it by the aspecisthe adsice Typicallytheregon denoted
by ajoin pointisthe executionof amethodbody andthe modi cation of the aspecisto interceptthe
executionof the method,insteadexecutingthe body of the advice which may delegatéo the original
methodbody Thus,we spealof the methothterceptignower of aspect-aentedprogramming.Such
power could allov the programmerto gracefullyrecover from ermors by retrying method callswith
diVerent argumentsto implementsecuity featuesby only alloving methodexecutionsto proceed
undersomecircumstancegndto optimize expensie computationdy diverting callsto speciatase
methodslependingn detailsof the call.

Geneic Advice.There is atrade-d/ betweenexpiessienesandreusabilityof advicethat needgo be
weighedcaefully Simpleadviceis likely quite reusale: a commonexamples aloggng concen,
which is generallyapplicake to methodsof ary signatue. More complicatecbehaiors, suchasper-
formanceoptimizationswill likely be more tightly boundto the detailsof the method. Ideallythe
programmershouldbe alde to choosenow to balanceeusabilityagainsexpessie power. This choice
shouldnot comeatthe costof giving up run-time type safety

1.1.3 Modular Reasoningin Object-Oriented Languags

Smilar restictionsto modularreasoningae alreadypresentin object-oliented languagethat featue
dynamicdispatch—suchshva. In thesdanguagesincethe dynamictype of the receverisnot statically
known, we cannotpredictto which implementatiora methodinvocationwill dispatch.

It is naturalto questionwhat the fundamentatliVerence between the two restictions ale—why
we acceptrestictions for object-oliented programswhich we nd objectionake for aspect-dented
programs. This is a complexquestionandit is had to distinguishwhy aspectuahterceptioncomes
acpssasa greaterimpedimentto modularreasoninghan dynamicdispatch asultimately both eVect
non-localcontol ow. There are several distinctionsthat can be made highlighting the diVerences
betweenthe eVects:

Control.Many oo languagekave constuctswhich limit how a clas©r a methodmay be extended.
In Bva,the nal keyword will hinderthe subsequerndverriding of amethodor extendingof a class.
Similarly a methodcanonly be overriddenin contextsin which it is viside; thus private methods
are guaranteedb be locallycompehensile. This thesisshavs one way to implementan analgous
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level of contmol for aspect-aentedlanguaged-urthemore, a methodcanperform sometestsagainst
the dynamictype of the recever, andthuscontrol its behaior; aspectuaVectshase no suchruntime
repesentation.

An incidentaleVect of our modulesbeingclosedio clasextensionsto reducethe scopeof analysis
necessyrno consevatively detemine which methodimplementationganbe the resultof dynamic
dispatchBecausef the closug, all methodswvhich override the targetmethodcanbe easilyfound by
searhingthe module Importantly this seath canbe donelocallyto the module andis valid for all
re-usesWere modulesopento clasgxtensionthe resultof the analysisould dependon the context
of the modulesre-use andthe analysisvould needto berepeatedor eachuse

Porer While amethodoverride avectsoneimplementationanaspectanavectawhole setof meth-
ods,includingthosenot yet de ned whenthe aspectvaswritten. A similareVectcanoccurwith over-
rides:a supeclassanadda methodwhich is spuiouslyoverriddenby anexisting—Ioit unknovn—
methodin the subclassHowever, thiswill only be acceptedy a Jva compilerif the two methods
have preciselythe samesignatug, thusreducingthe risk of spuiousoverridesf]

Behaioml SubtypingThere hasbeensigni cantwork on enforcing thatanoverriding methodcanbe
substitutedor the overriddenone;onesuchappoachisto usecontract$o ensue behaioralsubtyping
[FCROT). It isin generalundecidate whether suy ciently expiessie contractsare substitutale, so
contractviolationscanonly bedetectedatruntime SimilareVortswould berequiredin the aopworld

to ensue thataspectuahterceptiondoesnot interfee with localreasoning.

Ultimately the samgusti cation appliegor wantingaop featuesisthe sameasfor wantingto reduce
theirimpedimentto modularreasoningwe wantto be alle to easilyundestandhow a programworks.
This involvesa balancédetweenexpiessie contol stiuctures,which impedeour ability to reasorocally
abouta program,andencapsulatiopropeties,which aid localreasoning.

4Jvasmethodoverloading ulesalsoplay apat, but not suy cientlyto warantdiscussiohere; they are aryway staticallyisambiguated
andrequie only localanalysis.
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1.2 Thesis: Modules andAspects

Thecentd themeof thisthesidsthatit is possile to combinepowerful moduleconstuctswith aspect-
orientedprogramming. By tempeing the power of aop with encapsulatioboundaies maintainecby
a module systemwe hope to maintainthe desirale qualitiesof eachsystemwhile tempeing their
respectie weaknessesThe key to maintainingmodularreasoningn the presenceof aspect-aented
featuesis that aspectuahethodsar still subjectto encapsulatiorestictions;collaborationgre alie to
control whetheramethodcanbe interceptedby contmolling its visibility

On onehand,aweaknessf modulesystemaloneisthatthey fail to contmol scatteing andtangling.
To eVectiely distiibute pre-compiledsoftware requilesforeseeindiow a modulewill be usedand ex-
tended. For examplein a graphicaluserinterfaceapplicationone may needto provide enoughhooks
for the obsever desigrpatten [GHIVOJ to allow allinterestingeventsto be captued. Thus, to provide
necessgrsuppot for managng crosscuttingpne would needthe prescientability to predict all future
useof apre-compiledmodule

On the other hand,aspect-dentedprogrammingalone in its current form, lacksdirect suppot for
reuseandcomposition.Teamsanno longereY cientlywork in paralletelyingonly on commonmodule
interface§. However, the biggestostbene t isthe ability to undestandorogramsin amodularmannesfi
If advicecanbeaddedo ajoin point by ary aspectwe mustdiscaer andundesstandall aspectglobally
in orderto compehendamethodslocalbehaior. We thusneedomniscientreasoningo undeistandhe
programslocalbehaior.

Module systemandaspect-aentationhare complementar stengthsandweaknessespthe obvious
remedyisto combinethe two. However, encapsulatioandthe mechanismt reducescatteing appear
to bein directcontradictionitheformerplacestongemphasisn diVerentiatingthe interior of amodule
from the exteiior, while the latterwantsto allov extemal concensto modify the intemalsof amodule

We shav thatit isindeedpossite to combinemodulesystemandaspect-dentedfeatuesin aco-
hesve systemWe illustrateour argumentby presentingaconcetesystemcalledAspectué@lollabations
combiningmodularandaspect-aentedfeatues.We shav thatthe systenpossessesary of the positive
gualitieof both modulesandaspectsndformally prove type soundned®er asmallimodelof the system.
We evaluateour designchoicesby compaing its expessienes®n a challengeroblem to that of two
existingsystemsAspectandHyper/J on the sameproblem.

5Teamsanwork independentlyoneteamperusecaseHowever, interactiondetweenuse-casenplementationsiould requie some
form of aspectuahteraction.
5The relationshigbetweenmodularreasoningn oop andaop is discusseih Sectio
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1.2.1 Sketch of AspectualCollaborations

Toachiwethe goalof combiningaspectandmoduleswe desigramodulesystenwith explicitsuppot
for aspectudkatues.We do not strive to implementacompletesystem—notdfp developmenttoolsand
deluggng infrastucture ae lacking,aswell ashaving an unpolishedsyntax—ht shav a minimal yet
functionallycompletesystenthatsuy cesto demonstratéhe viability of the appoach. This sectiongives
ahigh-level overview of the systemto give aconcetefoundationfor the propetieswe have discusseso
far A more detaileddesciption of Aspectu&ollab@tion(hencefoth ac)sis givenin SectionB.1] (page
83).

An ac consistef a participant graph, where the nodesare Jva-clas$ike entitiescalledpaticipants,
andthe edgesar is-aandhas-aelations. The setof paticipantsis closed;it canbe extendedonly by
recompilingthe whole collaboration. A paticipanthaszen or more membes— elds or methods—
obeying the normal semanticef Jwamembes.

Collaborationsae eitheratomic with directly declaed paticipants,or composite composedrom
previously compiledcollaborations.The composectollaborationsie refered to asconstitueebllabo-
rationsof the compositecollaboration.A compositecollaborationdeclaesa paticipantgraph, which
we callthe output collaborationandmapshe paticipantsfrom the constituentcollaborationgnto the
output collaboration.Membeis on the mappedoatticipantsmay be linked with other membesto im-
plementmember-l@el import of behaior acosscollaboratiorencapsulatiohoundares. Encapsulation
boundaresare maintainedy explicitexpot declarationgnly expoted membescanbelinked.

Ultimately a collaboratiorwill be producedwith no un-satis edimports. Thisis a completeappli-
cation,andcanbetreatedike ary Jvapackage

The abore descibesamodulesystemperhapsuitalie to be named‘Collaborations” but containing
no aspectudeatues. The featue thatjusti es the “Aspectual’adjectve is thatin additionto method
import, compositioncanalsospecifymethodinterception. Participantscancontain—inadditionto nor-
malmethodsandimport prototypes—aspectualethodswhich canbelinkedto interceptthe execution
of extemal method=of ary signatue, contolling how andwhetherthe intercepted—host—methoebe-
cutes.

Clifton and Learens[CLO0Z note that Pamas[Par73] madethree obsevationsaboutmodules,and
thatwhile the secondhoint— exible modulaity—is the typicalfocusof aop, histhird point—modular
reasoning—wasalsoworthy of investigatiorfl The needfor modularreasoninghasalsobeennoted by

Aldrich aswell asDantasandWalker [PW03]

“Pamas' r stobsevationwasthat modulaizationincreaseproductiity by alloving paralledevelopment.
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1.2.2 Resulting Properties

Aspectuﬁlollabmtionéorm the backboneof this dissetation, providing an existenceroof thataspects
andmodulesvork wellin the samesystemThe focuson modulesasthe basigor compositiorallovsusto
leverageencapsulatioto provide usefulpropetiessuchastype safetyseparateompilation,andprogram
composition.This allovs usto provide type-safeseparateompilationof geneically reusale aspectdpr
ade nition of type safetywhich guaranteethat the compilationprocessioesnot introducedowncasts,
nor requile the programmero usedowncasts$o achiee genercity, in additionto the normalguarantees
that programswill not getstuck.The extendede nition of type safetyis motivatedby compaisonto a
hypotheticatype systenwhich requiresall typesn signatuesto be Object andargumentso be downcast
to more precisetypesinsidemethodbodies. While this would resultin methodswhich staticallyseem
to be extremelygeneic andreusale, it comesatthe price of requiring the programmerto awaysinset
castanddealwith possile dowvncasterorsmarually AspectuaCollaborationgvoid usingor requiring
subtyping(andits inherent downcastsjo achiee type-safegeneicity. Sectionf. (pagel66) precisely
documentghis stongerde nition of type safety

By combining modulesand aspectén one unifying constuct, we achiee the following proper-
ties:

SimpleDesign.Rather than having several programming constucts, we nd that well undesstood
conceptsuchasmodulestheirinterfacesandtheir compositionsuy ceto captue complexbehaiors.
SectiorB] (pageB3) discussebe desigrin greaterdetail.

Flexibe ModulesEachmoduleiswritten againsthe clas®rganizatiorthatbestsuitsits needsDiVer-
encesn clasgraphsare reconciledduring modulecompositiongeneratingresultingclasgraphthat
containseachof the constituentlasgraphs.An exampleof diVerent clasgraphsbeingcomposeds
shavn in SectiorB.2.] (pagess).

Geneic ModulesThe module systenis powerful enoughto allov separateompilation—including
compilationof aspectandadvice—gt exible enoughto subsumenary use®f parametic geneicity.
This latterability isillustratedn SectionB.4 (pageds).

HierarchicaModulesOur modulesallov behaior—both object-olientedandaspect-aented—tobe
composedrom smallermodules(which themselgsmay be composite).This allovs modulesof dif-
ferentgrarulaiity to be usedn the constuction of asystemEncapsulatioallovsamodulein sucha
systento bereplacedy anotherwith the sameaxtemnalinterface alloving the systento be exible
assenibd. The runningexamplen SectionB4 (page) illustrateshis propetty aswell.
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Aspectualodulelnterfice.Traditionalmodulesexplicitlyimport andexpot behaior acossheir in-
terfacesAspect-orentedprogrammingallovsbehaior to beinsetedinto amodulethatis not explic-
itly avare of the modi cation. Suchmodi ability canbe seenasa secondkind of moduleinterface
This interfaceis the dualof atraditionalmoduleinterface in thatits elementcanbe written to, but
not read.Aninnovation of AspectuaCollaborationsgs to accountfor thisjoin-point interfaceaswell,
albeitin arudimentay way.

In a purely module-oiiented systemthe programmermust foreseeall required variancepoints. By
accountingfor aspecbrientationin the interface we reducethis requiementto decidingwhethera
givenjoin point shouldbe privateor pubic.

The interactionwith modularinterfacess key to maintainingraceabilityatall levelsthe programmer
knows that encapsulatedehaior cannotbe modi ed by extemal aspectsTo seehow an expotted
methodis modi ed, one needgnerely inspectthe enclosindevel in the compositionhierachy. Sec-
tion (pagel9) discussdsow modularreasoningnteractswith aspectudkatues.

Our current module systenequateshe setof possile modi cation pointswith the setof expoted
methodshut thislimitationisdueto scopenot fundamentatiesign A more advancedsystenalloving
modi cation join pointsto beexpotted separatelifom the methodghey repesentissletchedasfuture
work.

Type-Saf Sepaate Compiléion. To be alde to reuseaspect-aentedbehaior, the behaior mustbe
geneic with respecto the behaior it modi es. By leveragng the encapsulatiofeatuesof modules,
we ale alde to combineseparateompilationandtype safegenerc advice Our type-safetguarantees
ate stongerthansimilarsystemi Hyper/J andAspectiseeSection£.5.7 (page62 andP.6.3 (page
68), respectiely), aswe are alde to provide suchgeneicity without requiring dynamicdowvncasts—
eitherin userwritten or compilergenerated¢ode A detailedcompaisonandevaluationof AspectJ,
Hyper/J, and acs for implementinga cachingaspects presentedn [[LOG3]. Chapterf} (pagells)
presents minimalmodelof the compilationschemgandprovesits type systensound.
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1.3 Anti-thesis

EquaN! important, perhapsasit isto lay out whatisclaimed,sto preciselyspecifywhatisnotclaimed.

Speci callywe presentinexistencg@roof thataspectandmodulesanbe combinedsoasto maintain
severalpropetties. We claimthatthe combinationillustrateshe usefulnesanddesirabilitto combinethe
two. The readerwhenexaminingour examplesshouldkeepin mind thatour claimisthatkey language
conceptsanco-existandprovide usefulpropetieswhen combined not thatwe have presentedhe best
way in which to combinethem. Speci cally we do not claimthat our existenceproof, the presented
AspectuaCollaborationsystemissuitalte for everyday programmingor widespeadadoption.Examples
in thethesisae structuredto clearlyexpositsomepropety of the languageratherthanexemplifyingbest-
practiceprogrammingstyle While it islikely thatthe write-only behaior of join pointswill requite the
criteria for program decompositiorto be reconsidexd for aspect-dented modules,suchasaspectual
collaborationsye have not investigatedvhatthe eéVectsmight be

While we shav that modulesand aspectsanfruitfully co-exist,the aspect-dented programming
modelpresenteds very rudimentay, andthe modulecompositionlanguage&anbe overly nicky. No-
taldy, we will presenta modelfor AOP which restictsjoin pointsto be methodsandadviceto inter-
ceptionof thosemethods'executions. Thesewere chosenbecaus¢hey are minimal, yet suy cient to
captue mary commonaspectsCrosscuttingpehaiorsare captued by alloving severalsuchintercepting
methodgo be declaedin the samecollaborationandthusshae state In generalcrosscuttinggoncens
canbe separateihto ashaed pat which is attachednly once andaduplicatedpat which will require
sereral attachment$o aVect all necessgrjoin points. The rudimentay natue of AspectualCollabo-
rations'implementationis exposedn that this separatiomust be performed marually ratherthan be
inferred from attachmentleclarations.

Thisisduebothto practicatonstrainten whatcanbeimplementedn alimited time frame andalso
purposefullyto retainsomecorrespondenct the formallyanalyzeanodelof the languageTo promote
more widespeadaccest the ideasbehind Aspectualollaborationsthe systentould be substantially
polished,mostlikely with signi canttool suppot to aid in compositionspeci cation. Alternately the
core ideasof usingmoduleencapsulatioto contmol join pointscouldbereimplementedn, for example
the Aspectinodel. In sucha scendb, join pointscould be encapsulately adviceexpessingisibility
Suchscendpsatre speculatie, andare not pat of our claims.
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Chapter 2

Related Work

VVERAL arasf reseath meetat the intersectionof aspectandmodulesthis chapteroVers a brief

uwey of the various elds.

We subdvide the worksreviewedinto severalcategoies: Rolesllon objectsbehaior to beseparated
into several cooperatingobjectslices.uml's [BRJ§] collaborationsaptue how largescalebehaiors
emergefrom several collaboratingobjects. Collab@tion-aenteddesigns this chapterinvestigatehow
several suchobject-collaborationsan be supeimposedinto one cohesie program. Modem module
systentgpicallyallov very exible compositionof behaiorswhile maintainingthe propetiesthatmale
themusefuin programmingin thelarge Aspect-entedystensimilarlydecomposerogramsnto several
crosscuttingoncenswhich interactat so-calledoin points. At join points,aspects one concen ae
ale to in uence andavectbehaior implementedn anotherconcen, while the avectedconcen remains
obliviousto the modi cation. Finally we look atafew fomalsystemsndalsothe cross-cuttindeatues
availibe in systemaimedmore generallyat soft@reengineieg

2.1 Roles, Collaborations and Layers: Terms and Common Concepts

Forthe purpose®f this sunvey, we will de ne a collaboratiorasanideal(in a platonicsensepbject-
orientedsolutionto a problem. The intentionis to enalte the solutionto be easilymadeconceteand
reusedn applicationsThus,the collaboratiorwill typicallydefersomedetailsalloving it to manipulate
anddelegatéo the ervironmentof itsreuse

This sectiorcompaesse/eralexistingsystemasingacommonterminology. To make the compaison
more coheent, we de ne acommonsetof termsandsyntaxandusethat for all systemsLikewise we
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focuson core conceptsand thus may omit featuesthat do not have closecorrespondences other
systems.

2.1.1 Terms

A collabationis a patial clasgraph. The nodesof a collaboratiorae paticipans, andare relatedvia
both has-aandis-aedgesPatticipantsate class-lig constuctsthat containmethodsand elds (membes
collectiely), andcanbe instantiategeeraltimesto createa paticipant-objecigraphl]

The maindiVerencebetweenpaticipantsandfull- edged classdsthe knowledgethatthey represent
metely a pattial sliceof the full behaior necessgratrun time. Use-speci cdetailsare omitted from the
collaborationandlinkedinto the collaboratiorat deplgmentime.

The motivation usinga collaboration-ocienteddesigrto sole ataskis twofold:

Abstaction.The solutionis expesseaver a minimal setof classegbstractingll detailsthat are not
essentidbr the task,andclearlyquantifyingwhich detailsare expectetb be lled in by deplyment.
Thisisassumetb male thetaskof undestandingndanalyzingheimplementedehaior signi cantly
easiethanhadit beenembeddednto aconceteapplication.

Reuself the expectedetailsare quanti ed in asomevhat geneic manney the collaboratiorcanbe
reusedbetween several applications—indeedt may alsobe reusale severaltimeswithin the same
application.

A collaboratiorisdeplgedinto aconceteapplicatiorby settingup mappingdetweenconcetehost
entities(classesnethods, elds) andtheir correspondingentitiesin the collaboration.The hostentities
taken asa whole are refered to asthe base We'll call this processttachinghe collaboratiorandbasge
andthe speci cationof the relevantdetailghe attachment

2.1.1.1 Collaboration Interfaces

A collaboratiorwill in generahave two interfacego the base:

The explicitinterhcehasa clearrepesentatiorin the avectedcode Almostall modulaity constucts
have anexplicitinterface Thisinterfacespeci esvhatisrequiedby the modulefrom itservironment,
andwhatit providesto its clients.An examplasaCsouce le: itsimportsare speci edby itsinclude
declarationsihile the corespondindneaderle declaeswhatthe le provides.Anotherexamplésa
Jvaclassit requiresthe membes ( elds andmethods)nherited from its supeclassandprovidesthe

1An instanceof aclasss anobject;we callaninstancef a paticipanteithera paticipantinstancer paticipantobject.
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non-privatemembesit declaes.The commonthemefor entitiesin explicitinterfacesgsthattheir use
is—adhe namesuggests—explidit the code

The implicitintericeis lesscommonthan explicitinterfacesandis in somesenséts dual. While the
explicit interfaceallows entitiesin a collaborationto be usedextemnally the implicit interfaceallovs
themto bemodi ed Typically the use®f the modi ed entity will be unavare thatit hasbeenavected,
thuspromptingthe choiceof name An exampleof suchaninterfaceisdynamicdispatctof overridden
methodsin Jva; thisredirectionto the mostspeci cimplementatiorbasedn the run-time type of
thereceverisnot repesentedtallin the code Aspect-orentedprogrammingextractshe conceptof
implicit interceptionfrom inheritance insteadurning it into anorthogonallanguagéeatue.

2.1.1.2 Typing Considerations

Within the collaborationthe paticipanttypesar relatedby has-andis-arelations.When the collab-
orationis attachedo abasewe cancharacteare the attachmenby how theserelationsare modi ed. If
therelationsare updatedo re ect the attachmentyve sy thatthe relationsare covariant Alternatelythe
typesof the collaboratiorare late-boundasthe typesin the collaboratiorare not boundto classesntil
attachmentime.

For examplein anobject-olientedlanguageextendingaclassvith asubclassanbe seerasattaching
the subclast® the supeclasg. If the typesinherited from the supeclassanbe specializeih the subclass,
they are covariant, while if they sty unchangedthey ar invariant. Considerthe clas#\nimal which eats
Food. We would like to extendAnimalwith type Cow. If we canexpresghat Cow canonly eatGrass
(is-aFood), the attachmenis covariantfj

Similarly we cancharactéee the collaboratiorandits attachmentby whetherthey themselgsare
objectsandif sq have types.If collaborationsanbe manipulateatrun time, they are r st-classbjects.
Alternately collaborationsanbe expressedspurely compile-timeentities with no representatiolin the
languageXvas packageare compile-timeentities while objectsare run-time entities.

2.1.1.3 Rolesvs Participants

To a cettain extent, the termsroleand paticipantare synoryms; both referto a patial or incomplete
class-lik constuct. We have somevhat arbitraily chosenthe systemstompositionmechanisnasthe
basidor disciminating the two terms. Systemshat rely primaiily on subclassingsthe composition
mechanismve callRole (or mixin) Oriented,while thosethatusewrappesor directcodeinsetion are

2This analgy becomesven more clearin the casef mixins,which are geneic subclassesrametéredover their supetype
3A dualissugo covariancenot dealtwith here iswhethertypesare encapsulatedn the contextof aLion (is-aAnima) which eatsMeat,
isthe type Grassviside?
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Collaboration-Otented. However, this distinctionis in no way standat nomenclatug; several of the
reviewed papesin the following sectionsisethe term rolewhere we would usepaticipant

2.1.2 Comparison Criteria

We will focuson a few criteria more than others: in paticular we feel that staticpropeties and
predictabilityar important in designinglargesystems.Thus, in additionto expessienesgcanthe
languagesole a given problem) we are looking for staticcheckingof staticpropetties,andwould also
like to seesuchcheckingbe donein amodularfashion.

Similarly we ate looking at reusabilityof collaborationdesignswhich doesnot requie separate
compilation,but is aidedby it. Note thatin Jva, compilationdoesnot imply a program will not fail
dynamicallyJvastypesystenallovsthe programto attemptto casibbjectso speci ctypesatrun time.

If the objectbeingdowncasts not of the expectedype the downcaswill fail atrun time.

As castae commonin Jva programsthey cannotbe rejectedout of hand,but we will classifihe
systenby whethersuchcastse anoptionalor mandatoy risk, andwhere the error would occur If a
casfailsin user-witten code thenthe programmercananalyzehe logic, inseting dehuggng statements
if necessygrto deducewhy the failure occus. If, on the other hand,a castn compiler-generatedode
wete to fail, the userhasno stating point (otherthanthe souce codeof the compiler)to gur e out why
the programis failing. Consequentlywe will restict ourselesto frowning upon castsnseted by the
compilationprocessandthosenecessgrto achie&e meaningfuteuse

2.2 Recurring Example

To evaluatethe systemgresentedn this chapter we will usearecuring example An illustrationof
the problemin a solution-neutramanneris shavn in Figue fl. The exampleshavsthreebaseclasses—
asproper uml classes—arsiveral of the role-like conceptghat we wish to relateto the base The
shadeddoxesgroup rolesinto collaboratinggroups;this may be a formal grouping with encapsulation
boundaties,or alesformal groupingimplementedy namingcorvention.

Classeate relatedoy two kindsof relationshipsReferencerelationshipare dravn with dottedlines:
an Emplgee refeencesa Workplace Propetty shaing relationshipse indicatedwith solidlines: an
Emplgyee shaessomequalitieswith a Person We do not meanto imply what form theserelationships
shouldtake in the solution.



2.2. RECURRING EXAMPLE

25

Person
0

+Knowledge +Address

+Name
+Sex f&
+Learn()

LlodyWright

Outdoors

+Leak()

Employee

Figure 1: A sketch of the recurring problem.

We wishto repesensituationsuchasa personbeingemploed, andthe emploeefacetshamng the
basigropetiesof the person,while alsopossessirgnploee-speci gpropeties. For examplepropetties
stemmingrom a personare name homeaddessandgenderwhile the propettiesof having aworkplace
and paying taxesstemfrom beingan emplgee The workplacecanbe either a building or the great
outdoors, dependingon the profession.There ar diVerencesandsimilaitiesbetweenthe two: while a
building hasan addesspropety it canshae with the workplace the outdoors doesnot, however, both
provide cettain working conditionsto their emploees. Additionally we wanta personto be alle to have
two jobs:banlkersmay teachnight courses.

All personscanlean to increaseheir knowledge but a personwho isateachewill getmore out of
agiven attemptatleaning, even when not on the job. Similarly abanler cangive nancial advice but
only whenin the role asa banler—perhapbe need<reditinformationthat only the banler canaccess.

We will usethisexampleasamotivatingthreadin compaing the varioussystems-or spaceeasonst
isnot feasile to implementthe whole exampldor eachsystemsowe will choosehe patsthatrepesent
both whata given systendoeswell, andalsowhat causediY culty.
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Aspect-Or iented Features

) Advice Sepaate
Jin Reusable Type Advice from
point Point cut Advice safety Point cut
meth signature sign yes
meth signature paramsign yes
" meth ~ " “signature ~ sign ~ T yes T T T
meth signature  paramsignpat yes
meth pattern obj. array yes
" meth T pattern ~ ~  a-poly a-gen ) yes
meth pattern aj-poly aj-gen yes
~ meth  signature 7 2
Aspectual Collaboration meth signature gen yes yes
"Hyperd |7 meth " “signature  ~ paramsign = obj. array = yes
Sall class constr paramintro manual yes
-Or iented Languages
Asgecil meth,class pattern subt-poly aj-gen yes
ASC 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

S\eal diVerent organizatiorcriteria canbe usedto classifyhe relatedwork in the following sections;
we summaize the featuesin atatularformatin Figuesg andf. In orderto t on the pagethetalie has
beenboth splitinto two talesfocusingseparatelgn aspecbrientedandmodularfeatues.Additionally
the columnscontainseveralcontractions.

The aspect-dentedfeatues(Figue ) are:
Jinpoint: whatcanbeadvisedEitherdynamicmethodexecutiongmeth) or staticclasstiucture (class.
Pointcut: how join pointsae speci ed. Either asa singlemethodsignatug] (signature), matchingthe
sighatue againssomepatten (pattern), or aclassiame(constr).
Reusde adiice: in which way reusale adviceis geneic. Can be hadwired signatue match (sign),
signatue matchaftertype-mappingparamsign), signatue matchaftertype-mappingandregularexpes-
siontranslatior{paramsignpaj), translatiorof argumentso anamay of Object andsimilarlyfor result(obj.
array), Aspectd'geneicity schemeby having typesObject andwvoid to be type variaes(aj-poly), or use
informationfrom the joinpoint to specializa methodintroductionto typesfrom the join point (param-

intro).

“4In thissection asignatue refessboth the nameof amethodandthe type of its arguments.
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Module System Features

Type
Modul- Typesare Encap-
arity Late-bound  sulation Comments
Object and ClassInheritance
class yes No self-typereference
Tcollab T T T T T T yes  Type invasive, mandatory downcasts -
collab yes yes

Very exible reuse,not type safe
Similar to CGV, more structured.

collab yes yes Quite clean
Dif cult type system.

Wrappers,intersection types

family yes yes AOP delegatedto AJ.
“renement yes yes 7 Similarto Caesar
Aspectual Collaborations collab yes yes
" Hyper/} 1 Tcollab " yes T T T T Around advice difcult” ~ =~ "~
Sally Only introductions

Aspect-Or iented Languages
éscs

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

Advicetypesakty: the extentto which advicestypesafe Advicecanboth staticallyanddynamicallyype
safein thatno errorswill occurin the advice(yes), somevhattype safebut canresultin dynamicerors
in weaver-generatedode(aj-gen), explicitly rely on downcastgrom Object—very exible but with no
languagesuppot—obj. array), or allov (andrely upon)the programmerto write customcompile-time
checkgmanual).
Sepate advicefrompointcut: whetheradviceandpointcutcanbe separatelgpeci ed.

The modularfeatues(Figue f) ar:
Typemoduldaty: what the unit of type mappingis. We canprovide no mappingat all, singleclasses
(clas9, or setof classe&ollab). Two other schemeare family-polymophism (family) andthe related
collaboratiorre nement (re nement).
Typesarelate-bound:whetherimported behaior remapsypesn itssignatuesto theimporting modules
types(yes), or whetherthe imported behaior refeencesmposests own typesasseparatérom thoseof
theimporting module
Encpsulgéion: whetherbehaior and typesin the module ar protectedfrom accessand accidental
captue by extemalbehaiors (yes).
Comments:ary additionalcommentstypicallythiswill be the systens'distinguishindeatue.
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2.4 Mixin and Role-Or iented Designs

Categdzing a paticular systemaseitherrole- or collaboration-based boundto be subjectie. Earlier
in this chapter we de ned a role asa paticipant that usesprimarily subclassingsthe composition
mechanismywhereasvrapper-basechechanismare usedn collaboration-oienteddesigns.

This sectioncovers relatedwork in the role-basedlesigncategoy. We have attemptedo placethe
systemsovered in a continuum. This ordeling is highly subjectie, andis intendedto be desciptive
ratherthanpresciptive.

2.4.1 Rolesin Chameleon

Kristenseamd@sterye[ de ne aroleas

Role: A role of anobjectis a setof propettieswhich ae important for an objectto be
alle to behae in acettainway expectedy asetof otherobjects.

Thus, arole corresponds$o aninstanceof a paticipantin a collaboration.The setof other objects
refered to comesponddo the other paticipantinstancesn the collaboration. Recently Graversen
and@stertye [GB02 have extendedoleswith a multi-role grouping constuct, and hae shavn how
rolescanbe usedto perform aspect-dented programming. The authos additionally[G@03 discuss
implementationstrateges for Chameleon,their implementationof the descibed rolesin a statically
compiledoo language

2.4.1.1 Desciiption

Chameleorcombinegrototypeandclass-baséaheritanceinto onesystemA paticipantin chameleon
caneitherinherit behaior throughanis-aor aplared-k relation. The diVerenceisthatthe latterrefeence
goesnot to a paticipant, but aninstanceof thattype However, played-hy alsoinducesa subtyping
relationshipso that substitutabilitys maintainedfor both relations. Method inheritanceoccurs acoss
both relationsand invocationsof played-by inherited methodsmaintainthe role objectasthe recever

(thethis or selfbinding)wheninvoked.

It isunusualto mix object-andclass-basedhertancewithin the samesystembut this organization
allovs the programmerto reusethe intuitive undesstandingof inheritance overriding, andreceversto
undestandhow the baseand collaboratiorwill interact. For example a role canbe usedin all places
where its hostis expectedalloving the behaior of the hostto be transpantly overriddenon per-use
basis.
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Person Building Outdoors
+argue() ; [
FLWright
+Leak()
Employee Workplace
+workExperience() i
Lumberjack Teacher School Bank

+largue()

Figure 4: A small role example.

Patticipantsandhosttypesare not segegatedand may referto eachother freely but hostsare pre-
sumedto be largelyobliviousto the paticipantsthat are are attachedo them. Patticipantsare tightly
boundto their hostclassesndcanonly be reusedvith subtype®f their hostclass Conversely a host
objectcanbe delegatedo by severalpaticipantinstancesimultaneouslyandsereralpaticipantobjects
of the sameype canbe attachedo the samehostobject.

Explicit Behaior

Figure f§ shavsasmalpaticipantgraph.In thediagam,ahalfarow isusedo repesenthe plajed-by
relation,while the normalhollow arrow headis usedfor theis-arelation.

Figue B shavs severalobjectgraphswhich will be usedto discusshe systenfurther on. For now,
we useonly the middle gure. Dependingon which refeencewe useto accesthe Karl object,we will
get either the behaior of a person (if accesseda the aRerson refeence)or ateacher(if accesseda
aTeache). SinceTeacheris-aEmplgee which in turn played-by Person it follows that we canusethe
Prof objectwhere ever Karl would be applicale.

To attacha paticipantto abasebject,we merly instantiatehe paticipantwith the baseasthe root
of the paticipants played-by relation. This paticipantinstancecanbe transpantly usedin placeof the
hostobject. It may be convenientto useanabstractactoly to combinethe instantiatiorof both the host
objectandthe paticipant.

Beside®bject-basedlynamicinheritance Chameleondoesnot needor provide ary non-classical
typingfeatues.We cannotusecovaliantsubtypingetweenEmplyee andWorkplaceto restict aTeacher
to work in a Schooj or aBanler in aBank Likewise sinceOutdoors is not a subclassf Building the
Outdoors cannotbe a Workplace However, sincea FrankLloyd Wright designeduilding is a subclass
of Building we areale to reuseexistingroleswith subclasse$ basepaticipantsthe basdsopento later
extensionThreesuchcaseare shavn in Figure B, which shavs—leftto right:
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aPerson aPerson aPerson

someBank > Hillside Hoods
(( kari:person :Building ( Karl:Person ) :FLWright Karl:Person .outdoors

F [ [ r
(Prof:Teacher)_( :Bank ) ( :Teacher )—( :School ) ( :Lumberjack )—( :Workplace )
aTeﬁ]er angher aLumZberjack
Shouldn't be allowed, but is Should be allowed, and is Should be allowed, but isn't

Figure 5: Someusesof roles.

(a) A mismatchbetweenthe kind of emplg/eeandthe kind of workplace:a Teacherneedghe building
to play the Schoolrole, ratherthanthe Bankrole

(b) Usingamore speci cclasshanBuildingasthe Schodk baseobjectf

(c) An attemptto have a Lumberjacls workplacebe Outdoors, which is staticallydisalleved by the type
system.

ImplicitBehaior

Aspectuainterceptionis possike through so called“constituentmethods”on paticipants,which
canbe invoked befoe, after or insteadof the correspondinghostmethod. Figure 4 sketchessucha
methodon Person argue Regadlesof whetherKarl isrefeencedasa Personor Teacheror ary other
paticipant,if there is a Teacherpaticipantattachedwhenerer Karl argueshe hasthe benet of the
teachesexpeienceandaccest schoolresouces andthusarguedbetter

All callsto argueon Personatre intercepted,andimplicitly forwardedto the de nition on Teacher
Thus the Teacher paticipantis alde to add behaior to the basewhile alloving the baseto remain
obliviousto the modi cation. The interceptionis bestthought of asan automaticdelegatiorcall from
hostmethodto Teachelsinterceptionmethod: the recever of the delegatiorcall change$rom Karl to
Prof .f| Thisview allavsusto easilynodelthe semanticsf the call: the original calleris callingamethod
on anobjectof precisetype Person but whenthe methodruns,it isrunningwith arecever of precise
type Teacher This malesa diVerenceshouldthe Teachels arguemethodinvoke other methodson the
recever. for examplethe more advancedbehaior may needaccest the workExperienceonly availate
on subclasse$ Emplgee.

Since paticipantsare not formally groupedinto collaborationstemplate-clasmles can crosscut
only single-classehaior. Similarly beingbaseddn methodoverriding, advicecan crosscubnly sin-
gle methods—thisalsomeanghat unlessexplicitly delegatedadviceand pointcut are speci edat the

5The Hillside Home Schoolopenedn 1887 andisthe r sthuilding designedby FrankLloyd Wright [[a]l.
6The useof delegatiorher isinteresting,asChameleorhitherto hasgoneto somelengthto male callsto methodsinherited via the
played-by link notbe delegatingbut insteadmaintainthe recever unchanged.
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samdime.

2.4.1.2 Assessment

The useof object-lerel inhertancelendsa very intuitive behaior to the system.However, thiscomes
with asigni cantcost:it is very low-level, forcing the programmerto marually setup plays/ plared-g
relationshipbetweenhostsandpaticipants andto male sue that existingpaticipantsare reusedf de-
siralte. For examplethe programmemustmarually ascetain thatthe Emplgyee/ Workplacerelationship
for aTeacherpaticipantis associatedith a Schoo] ratherthana Bankworkplace

By not having a conceptof collaboration,and insteadaddingpaticipantsto the baseapplication,
mary typing issuesie simpli ed. Cornverselypaticipantreusebecomesigni cantly limited; rolesare
eVectively haid-wired to their basgandits classes)Sincethe hosttype is known, there is no needfor
adwancedlanguagdeatuesto associatbehaior in the paticipantwith the base The extentof the
attachmenmtmachiney necesswiis the ability to attacha paticipantinstancdo a hostobject. However,
it is very diY cult to reusethe collaborationin other situations:while the Outdoors provided all the
behaior necessgrto be a Workplace the factthatit wasnot a subclassf Buildingmadeit diY cult to
modelaLumberjackasan Emplgee.

Implicit behaior, asachieedby aspectuahterceptionof methodexecutionsposesifew unansvered
guestions:

(a) Were there no aspectuahterception, the attachmenmechanisntould be completelydeclaratie.
Sincethe paticipantscontainrefeenceso the hostbut not vice versa,garbagecollection suy cesto
remove unusedpaticipants.However, interceptionrequilesthatthe hostcontainarefeenceto the par-
ticipantwith theintercepting—constituent—methodothatit canbeforwardedto. Thisin turn implies
thatthe paticipantwill remainattachedo the basebjectuntil explicitly detachedExplicit detachment
poseghe questionwhat the semanticare of a detachedaticipant—whichwould be unobsevalle in
a systemwithout interception. Sinceit no longerhasa paent object, much of its behaior becomes
unde ned, mostlikely resultingin adynamicerror shouldthe programattemptto invoke it.

(b) Constituentmethodemale it had to predictthe behaior of the object. Not only mustwe know all
declaed constituentmethodsn the systengsimilarto the globalknowledgeneededn AspectJ) e must
traceand predict the precisebehaior of the programto know which constituentmethodsare attached
to apatticularhostobjectatrun time.

(c) It is unclearhow multiple constituentmethodsinteractwhen interceptingthe samemethod call.
Presumaly, order of attachmenisimportant.
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Figure 6: The sample problem represented(left) astemplate-classroles, and (right) elaborated into classes.

Asthe systenwithout implicit behaior is admiraly intuitive, oVering simpleandpowerful seman-
tics,we hopethat future developmentsare alle to resole thesequestionsvhile retainingthe additional
expressienessvordedby implicit behaior.

2.4.2 Rolesfor Collaboration-Oriented Designs

VanHiIstandNotkin shav how C++ templateclassesanbe usedto sinulatesetsof mutually
recusive roles,implementinga collaborationwhere eachpaticipantis a template-clagele. The roles
are eVectively mixins, expressedy parametering the templateclassver its supeclass.The resulting
mixin-classesan be usedashostsfor anothercollaborationto attachadditionalbehaior. Aslong as
there is no branching,eachsequencef collaborationattachmentsvill resultin eachhostclasshaving
onemostspeci c mixin-classFor eachhostclassthe most-speci cmixin-classs the one which should
beinstantiatedThus, we needto late-bindthe nal paticipantnamefor eachhostclass.

Late binding of patticipantsis achieed by eachpaticipant alsobeing parametered by the nal
clasof other paticipantsin the collaboration. This schemes very similarto a patten usedby Jiazzi
(Sectionp.4.4, page38), where eachmodule alsoimports the nal typesof the systemput diVersin
thattemplate-claggaticipantsare notparametazedby their own nal classThis suggestfhie somavhat
unexpectedcendo where a paticipantis alle to instantiatethepaticipants put not itself

2.4.2.1 Explicit Behavior

Figure § shavs an exampleapplication consistingf two layersthat canbe thoughtof ascollaborations
repesentinghe geneic personandthe emplgee quality However, no encapsulatiors provided be-
tweenthe collaborationssothe boxesfor the layersare shavn for pedaggic reasonsThe bi-directional
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associatiometween Person and Buildingis repesentedasa broken line becauséhe outgoing associa-
tion from eachpaticipantactuallyrefeenceghe template-clagsarametefor the other paticipant. The
template-claggarameteawill bereplacedy refeencedo actuaklasseshenthe templateclasssinstan-
tiated.

The rolesar instantiatedby declamg typedefdor the template-clagsles.In orderto achiee late-
binding of classnamesall templateclasseim the applicationmust be instantiatecat one timef] For
exampleto de ne the actualclassegepresentinga personwho is an emploee anda building thatis a
workplaceonewould s¥:

1 typedef Person< EmptyClassB_Workplace> / BW_Person

2 typedef Buildinge EmptyClassP.Emplgee > [ BEBuilding

3 typedef Emplgee< BW_Person B_.Workplace> / B.Emplgee;
4 typedef WorkPlace PEBuilding P-Emplgee> /B_Workplace;

The four generatedlasse®rm amutuallyrecusive set,shavn in the right handsideof Figue f. While
the patticipantsare initially independen{ason the left sideof the gur e), whenwoventogetherthe ref-
erenceto importedtemplateclassese replacedy refeencego the mostspeci ctypesin eachhierachy.
The associatiobetweenPersonandBuildingbecomes refeencefrom PW_Personto B Workplace and
from PW_Buildingto P.Emplgee.

The gure andtypedefsewre asthe motivationfor anumberof obsevations.

DistinctCollabastion Types Sinceeachcollaborationis parametdzed by the mostspeci ¢ typesof
the resultingapplicationvarious usef a collaborationcannotbe confusedvith eachother. Inter-
estinglythis doesnot imply covariance but it doestendto produceunbranchingclas$ierachies,so
that downcastings relatively safe An implementatiorof an abstractnethodinherited from another
collaboratiomrmust still declae the methodsignatue usingthe super-collaboratiositype which can
then be downcastto the speci ctypein the current collaboration.However, the inability to confuse
collaborationsneanghat the downcastcannotfail on attemptingto downcasta dynamictype from
anothercollaboration.

SharedCollabagtion Types If sodesied, typesfrom a collaborationcanbe shaed betweenmultiple
sub-collaborationsThis is achieed by instantiatinghe shaed typesasthe mostspeci ¢ types,and
thenusingthose ratherthanEmptyClasssthe supeclas®f the sub-collaborations.

LateandEaty TypeBinding The parametarationresultsn amix of earlyandlatebindingof classes.
Sincearole is parametdred over all othempaticipantsin the layer, but not itself it canreferto the

If we were to instantiateeachcollaboratiorlayer separatelyve would not achiere late-binding,and would be unable to directly
instantiatehe mostspeci cclassn eachhierachy. Insteadwe would needto rely on anabstractactor patten.
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most precisetype of other paticipants(and canthus instantiatehem) but cannotinstantiatdtself
Instantiatioris thusbestleft to afactol role which likewisecaninstantiatall rolesbut itself

Self-typerefeencein argumentss similarlytroublesome The expectedvirtual in this case)nethod
visittakestwo argumentsPersonandBuilding AssuméehatanEmployeesvisit methodwantso invoke
theworkplaceswork methodwith thevisitedemplgeeasheargumentBecauseisitisinherited from
Person which alsooccussin the signatue of the method (a self-type) the type is early-bound,and
hencewhenthe methodisoverriddenin Emplgee, the methodsignatue (andsampleéemplementation)
will be:

1 void visifWB_PersonvisitedB.Workplacewp) f

2 P_Emplgeevisiting= this;

wp.work(visiting;

3
4 wp.work( (P-Emplgee)visited);
59

Notice thatBuildinghasbeenautomaticallyate-boundo Workplacebut sincePersonisthe self-type
andhenceearly-boundthe methodtakesa Person,ratherthanEmplo/ee andthevisitimplementation
mustdowncasthe visitingpersonto an Emploee However, in mary situationsthe Personhierachy
will be branchlessothe downcastdoesnot necessdy imply ahigh riskfor run time eror.

This alsocomplicateshe parametelfist to the Emplojeetemplate which mustadditionallytake the
generatedVB_Personclasssanargument.

Complexity Even for a smallexamplethe instantiationecomequite complex. In the generatase
eachrole-templatewill needto be parametdzed over the mostspeci c typesfor every other role-
templatdn the collaborationandeachrole-templatehatit subclassé® allow it to override methods).
Composingn collaborationseachwith m role-templatesywe seethat the topmostcollaborationwill
has'em(m 1) role parametey,the secondollaboratiorwill ha'em(m 1+ 1) role parameter,anda
collaborationi layersdown will ha'em (m 1+ i) parametes. Thus,the applicatiorwill in general
hase )
nm+mi 1) = X nt + X mi= nfn+ —m(nz 2k mr(m+ n)
i=1 i=1 i=0

parametesin total, for mntypedef§.

Impot andExpot of Beh&ior There are two waysto import behaior from other collaborationsin-
herit animplementedmethod—amiliarto oop—or declae an abstractnethod, suchascooperate-
With, thatcanbeimplementedy beingoveriddenin alower layer. Both theseschemebadwire the

8 Our estimategor parametetist sizeare signi cantly lower than puUishedestimate which ma be indicative of some
fundamentamisundestandingon our pat.
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orderof compositionjf appliednaiely: if the inheritanceschemes usedtheimporting collaboration
mustbe lower thanthe implementingone andvice versafor overriding anabstracinethod.

One workaound is only to useabstractethodsto import behaior, andnotto override them with
their implementation.Rathet their implementationgie given diVerent namesandthe import and
implementatiorae connectedoy overriding the abstractnethodwith a methodthat forwardsto the
true implementation. By performing this forwarding in a layer lower than both import andimple-
mentation both are guaranteetb bevisitde throughinheritance regadlesof the relatie orderof the
two layers. Thisapppbachremovesthe ordeting constrainbetweenthe collaborationsandadditionally
removesthe requilementthat imports and expoits hase a by-namecorrespondengan exchangdor
maruallywiring up theirimport/export relationships.

2.4.2.2 Implicit Behavior

Implicit behaior follows naturallyfrom the useof inheritanceandsubtypingasthe compositiorstrategy
To intercepta hostmethod, a paticipantde nes a methodwith the samename andis composedo
inherit from the hostpaticipant. To proceedwith the interceptedmethod,the paticipantmerelyinvokes
the overriddenmethodby asupercall.

Asin the caseof importing behaior, the ordering of collaborationdecomesmportant, but cannot
be assuagely the samemeans. While the method interception can be achieed by overiding the
interceptedmethodin the mostspeci ctypeandforwarding to the interceptingmethod,the intercepted
methodnow lacksa“super” callto proceedwith the interceptedmethodf]

Additionally sincemethod interceptionis basedon overriding, the stiict type rulesthat applyto
methodoverriding alsoapplyto interception,makingsystematiteusediY cult. For examplethisscheme
cannotbe usedo write ageneric loggng behaior thatis appliedto sereralexistingmethods.

Sincepatticipantsare not formally groupedinto collaborationgemplate-clagslescancrosscubnly
single-cladsehaior. Similarly beingbasedn methodoverriding, advicecancrosscubnly singlemeth-
ods.

2.4.2.3 Assessment

The choiceof mixins,ratherthanmultiply inherited supeclasse$y represenpaticipantsallovs pattici-

pantsanaturaway to intercept—thoughmethodoverriding—behaior in the hostclasse®y leveragng
the well-undestoodconceptof inhelitance the appoachpresents naturalstyleto expiessingollabo-
rations.Unfortunately expessingollaborationastuplesof class-aluedvariadesquickly becomesery

9For Jva, this canbe worked aound usinginner classe§ectior@ (pagel94) descibeshow this canbe done in the contextof
Jiazzi.
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cumbesome The authos repott their compilerhaving troubde with the deeplynestecclasseandthe
very long classnameageneratedrom templateinstantiationand suggestiraving matricesto aid in the
compositionof classed.his would seemanareaeminentlysuitedto tool suppot.

GiventhatC++ suppots multiple inheritance the choiceof mixinsratherthanmultiple inheritance
of paticipantclasseis interesting.The authos claimnot needingmultiple inheritanceasa valualte trait
in its own right, andalsopoint out that interactionbetweenmethods(we assume¢hey meanaspectual
interception,in the currentterminology) is disalleved for multiply inherited classes.

However, the chosenorganizationhasdravbacks,suchaslong classnstantiationclausesnd the
mixture of lateandearlybinding of classnamegdditionally while interactionbetweenpaticipantsis
necesswrfor implicit method captuge, lack of encapsulatiobetween collaborationsmpliesthat they
cannoteVectively be developedin isolation,asinadertent and intentionalnamecaptue needsto be
takeninto account.

2.4.3 Mixin Layers

M ixin Layer4SBO8&Y promotemixinsto language-kel entitiesratherthansinulatedby templateclasses.
The authosexpessa collaboratiorasanestednixin, where the outermixin representshe collaboration
andencapsulatée inner mixinsrepresentingaticipants.

This apppachaddessesvo concenswe expessedn SectionR.4.3 (page32): thatlargecollabora-
tionsor long chainof collaboratiorattachmentaere diY cult for the compilerto handle andthatthere
wasno explicit grouping of paticipantsinto a collaboration.Theseconcensar addessedby explicitly
repesentinghe collaboratiorasa languagentity asopposedo labelinganinformal grouping of roles
asacollaboration Asin template-clagsaticipantsjnheritanceis usedto staticall}composepaticipants
into nal classesut ratherthanhaving to maruallyassenib eachpaticipant-mixinsparameter-listhis
isautomaticalljhandledvhen a collaboration-mixinis declaed to subclasacollaboration.

Mixin layers' key innovationis leveragng the naturalencapsulatioof inner-classe® achiae auto-
maticassenip of paticipants.This organizatiorinherits mostof the bene tsanddravbacksfrom that
of usingplaintemplateclassesyith the notable diVerencethatall paticipantnamesre early-boundand
that eachcollaboratiorgenerateits own mutually recussive setof typesthat canbe shaed with several
othercollaborations.

2.4.3.1 Explicit Behavior

Becaus¢hey are shaed betweenall most-speci ctypes,the early-bindingof typename# mixin layers
is opento type con ation: the signatue of an expectednethodinherited from a super-collaboration
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Figure 7: An illustration of how the sample problem might be expressedin Mixin Layers.

must necessdy specifytypesfrom its own collaborationin its signatue that must be downcastto the
current collaboratiorto be usedin the current collaboration.While template-clagzaticipantstendto
createbranchlesslassierachies,mixin layers shae typesfrom super-collaborations—tre¥ect is that
the downcasthiare more oppottunitiesto fail thanthoseof template-clagsaticipants.

Figue [ illustrateghe situationof type con ation by shaving how Mixin layers would repesent
two kindsof Emploees—aeachingcollaboratioranda Bankingcollaboration Mixin layers' paticipant
namese boundby namecorrespondenct paticipantsin a super-collaboratiorsothe fully quali ed
nameis shavn in the gures. Eachcollaborationis compiled separatelytheir presumedinking is
illustratedasdotted arows: The paticipant inheritancerelationshipsare implied by the inheritance
relationshipsetweenEmplgee, andBankingandTeaching Notice that the expectednethodworkin in
Emplgee.Rersonisimplementedn the two sub-collaborationd-lowever, the signatuesof the methods
de ned in the sub-collaborationstill refeencethe typesin Emplgee. Thus, type checkingcannot
guarante¢hata Teacheris not told to work in aBank

Similar problems plaguethe use of factoy methods. While eachcollaborationcan declae ex-
pectedmethodsto instantiatehe most-speci ctype of eachpaticipant,the retum type of suchmeth-
odsis the least-speci dype Thus, even instantiationrequitesdowncasting. Associatingnstantiation
with dynamiccastss unfortunate andthe authos suggesthat specifyingpaticipantsasvirtual classes
[MMPN 93, [Tho97] would allav late binding of paticipant names. This would allon paticipantsin
attachectollaborationgo late-bindthe nal classiame while retainingthe conceptof a collaboration

encapsulatings paticipants.However, it is uncleamwhat restictionssucha changewould imply. Cer-
tainly the typing schemewould needto disallev static elds in paticipants,asthe type of such elds
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would belatebound.

2.4.3.2 Implicit Behavior

The techniquesuggestefibr implementingexplicitbehaior for template-clagsles(Sectiorp.4.2, page
32) applyto Mixin Layersaswell. However, the largerscopeof modulaity allowvs a collaboratiorto be
crosscutratherthansingleclasses.

2.4.4 Jiazzi: A Module Systemfor Java

Jazzi [MFHQT] is the Jva implementationof the Units module systenr{FFd. In overview, a unit
is a packageof behaior with formally declaed imports and expots. Units are linked togetherinto
largerunitsby resolvingwhich conceteunit is refeencedby animport declaratiorandredirectingthe
importing refeencego the conceteunit.

Instantiatinga unit is distinct from refeencingit during linking. This is in contrastto Hyper/J
(SectionR.5.7, page62 and AspectualCollaborationwhich con ate the two concepts:composinga
collaboratiorwill inset a cop of the collaborationinto the result. Two useof a collaboratiorcanthus
not shae statethrough staticvariales. Jiazziallovs both to be varied separatelyhowever, shaing is
rae asidiomaticJiazzprogrammingpattens,suchasthe openclasgatten (de ned belaw), do not lead
to—andare not compatitte with—multiple usef aunit instance

Unit signatuesare the basigor the compile-timepropetiesof the modulesystemA unit signatue
is eitheratomic consistingf clas$ierachiesandmethodsignatues,or compositeconsistingf nested
unit signatues. A unit declaeszein or more imported signatues,and providesan expoted signatug.
Similarly the implementatiorof a unit is eitheratomicor composite staticallychecled to conform to
its expoted signatug, given the guaranteesf the imported units' signatues. Separateompilationis
suppoted by generatingemporay stub Jva packageand classeom imported units' signatues,and
compilingthe unit implementatioragainsthose A compiledunit with no imports canbe usedasa Jva
package

The Jiazziapppoachis exible enoughto encodesereralusefulprogrammingpattens, even though
the systendoesnot natively suppot them.

Mixin Inheitance Classesanextendimported classeslloving mixinsto be expressedlirectly Since
the unit containsseveralclassedjazzis alle to expesanixin layers.

Late Binding Latebindingisneededo beale to allav the mostspeci ctypein achainof mixin layers
to be instantiated.This is expessedlirectly by importing the nal unit into eachof the constituent
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units. Thus, eachunit candecidewhetherthe intermediatetype or nal type shouldbe used.When
usedtogetherwith mixin-inheritance thisis calledthe OpenClasPatten.

InteceptionThis isdiscusseih Sectiorp.4.4.3

2.4.4.1 Explicit Behavior

Figure§ shavstwo atomicJiazziunits. Person Buildingimportstwo units(on the left sideof the unit, by
graphicalcorvention): the initial classe@n) andthe nal classe§ina), andexpots (on the right side)
extendedversionsof the initial classe@ut). Internally all refeencego Person andBuildingate to the
nal versionswhich are alsothe only imports with constuctors: hencethesecanbe instantiated The
nal classeate declaedto beindirectsubclassed the expoted classesyhich in turn are subclasses
theinitial classe8Becausthesesubclassinglationshipare known, intemalrefeencego the nal classes
canseeall the declaed methodgincludingthe unexpoted ones) while extemalrefeencesanonly see
methodsn the expoted signatue

The PersonBuildingunit makesno requiementsof the initial classesindexpots extendedversions
that are guaranteedb have cettain methods.Emplgee Workplacedoesmale requiementsof its initial
classesequiling that Emplgee have a getNamemethod. Thesemethodsare refeencedin the concete
behaior implementecy the package

The getWorkplacemethod,ratherthanretuming the localWorkplacetype is declaedto retum the
nal type Similarly the introducedrelationshipsie betweenthe localtypesandthe nal versionsof
their endpoints.Thus, Out.Emplgee hasaworkplacerefeenceto Final.Wrkplace

The bottom of Figure [§ alsoshavs how we canwire the two units together creatinga reusale
PersonEmplgee package UseRersonEmplgee takesthat unit andcloseghe loop, linking the output of
PersonEmplgee to its nal import, andlinking in atrivial packagé¢o bethe super-mosbaseclasse®r
PersonandEmplyeef By closingthe loop, the classeis the unit canno longerbe modi ed. Figue
(paged? shavstheresultof all the linking: acompactlashierachy.

2.4.4.2 Implicit Behavior

Methodsdeclaed on the imported supeclassae inherited into the localsubclasand canthusbe over-
ridden. Combinedwith latebindingof class-namethisallovsinterceptionof methodexecution. How-
ever, like Hyper/J there are only limited provisiondor geneicity with respecto the interceptedmethod.
McDir mid andHsieh[MH 03] descibe how methodnamesandsignatuescanvary basedn template

1OWe couldalsohave donethisdirectlyon PersonEmplgee if we hadnot neededareusale unit.
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Figure 8: Two atomic units; Imports and exports are shadedboxes, with imports on the left and exportson the
right.

replacementandhow thiscanbeusedo captue aclas®f crosscuttingoncens,andalsoshav how the
open-claspatten cancaptue somecrosscuttindgehaior.

The crosscuttindeatuesallov behaior accossseveralhostclasse® be modulaized,but the lackof
automatednethodinterceptionmalessuchcrosscuttindnad to reuse Only if all interceptedmethods
have the expectedsignatue—moduloimported type bindings—cara unit's crosscuttingoehaior be
reusedn anothercontext.

Automaticallygeneratedéhterceptionmethodswould allow Jiazzio be usedasabackendto provide
both AspectandAspectuaCollaborationadvicesemanticsThere is arestiction in thatthe semantics
of Jwas super call allavs the overridden method(i.e the proceed() pseudo-methodn AspectJjo be
invoked only from within the textual scopeof the overriding method. Future work in Sectionp.1.§
(pagel9d) presents techniquewhich useghe baoque semanticef Jvas inner classet circumwent
this, allaving r st-clasgoin-point objectsto escapdoth the lexicaland dynamicscopeof the method
execution.
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Figure 10: The result of linking.

To implementaspectuahterception,the interceptingmethodsmustbe declaed on subclasses the
interceptedmethods owner. Thus, order of compositionbecomesmportant, andit becomedliY cult
to have symmetict interceptionbetweentwo units: unit A wantsto intercepta methodin unit B, but
B wantsto intercepta (diVerent) methodin A. There doesnot existan order of compositionsuitatte.
One workaoundissimilarto the suggestiofor exibleimportsfor template-classlesin Sectiorp.4.2.]]
(pageld?2): deferinterceptionto aunit C thatislinked at the bottom of the subtypinchierachy, andthus
canoverride methodsrom both A andB andforward from oneto the other.

2.4.4.3 Evaluation

Jiazzgtreatmenibf signatuesis very exible, verifying thata unit satis eanimport'srequied sighatue
(andlikewise guaranteeingxpotts) ratherthan delaiing one or more speci ¢ signatuesfor the unit.
Thus, a unit cansatisfyinterfaceshat were not viside in the contextin which it wascompiled. Thisis
in contrasto Caesas'(Sectionp.55, page56) collaborationswhich could satisfyseveral Collaboration
Interfacesbut only thoseexplicitly declaed by the collaboratioff] AspectualCollaborationspn the
otherhand,esche appliedsignatuesaltagetherfor one principalsignatue per collaborationThis does
not costcollaborationsiry expessienesasthey currently hase no parametcity, but if parametzation
were developedin the future (Sectiorp.13, pagel90), thisdesigrchoicewould needto be revisited.

Becaussignatuesapplya view to their targetunit, signatuesdo not fully descibe the contentsof
the unit. Notaldy, knowing the signatuesof a unit's declaed imports andthe signatuesof the units
appliedto thoseimportsisnot suy cientto decidewhetherthe applicatiorislegal.

Figure i1 illustrateshe situation. The unit on the left, AddFoo, repesents smallunit thatimports
someclasgrequiing abar memberto exist)andexpotsasubclassf thatclassvith amemberfoo added

11t appeasthat Caesarequilesanimplementatiorto declae exactlyone collaboratiorinterface but thatis likely not afundamental
restiction.
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: :
UseAddFoq H H
AddFoo) AddFod = OuterExportedClass
| : =
! 1 +foo
" 1
ImportedClass ImportedClass X
bar = 0
1 bar ' 1
1 1
1 i -
-=-=--a . |
1 . '
ExportedClass OuterimportedClass : ExportedClass !
+foo foo B +foo -
bar
H

Figure 11: Both the imported and exported signaturesof a unit determine whether an import is legal.

to it. On the right, a compoundunit UseAdiFoo useghat to addfoo to someimported classand
re-expotstheresult.

While AddFoo compilesUseAdiFoo will not. The reasonis that OuterimportedClassrequilesa foo
memberto be viside, which causea clastwith the memberaddedoy AddFoo.[q To discwer thiserror,
it isnot suy cientto look attheimpor requilementsof the unit. Looking atthe applicatiorof Outerim-
portedClassto ImportedClass the signatuessuggesthat everything shouldwork: ImportedClassmales
wealer requirmentghanwhat OuterimportedClassguaranteedt is only whentakingthe expoted sig-
natuesinto accountthatthe true signatue requiementsor ImportedClassbecomeappagnt: not only
doesit requile abar memberto exist,it alsorequiesafoo memberto notexistf

Anotherway to look atthe problemisthatthere isanambiguityin OuterExportedClass it isnot ob-
viouswhich foo to expot: the oneinherited from OuterimportedClass or the onefrom ExportedClass
Jiazzprovidesthe toolsto disambiguatby usingencapsulatioto hide one of the membes (in Jvaonly
the addedmembercanbe hidden,asther isno mechanisnto uninheiit amember).

2.5 Collaboration-Oriented Designs

Rathenhan inheritance asthe previoussectionthe systemsummaizedin this sectionprimarily use
wrappesor directcodeinsetion to composeaticipantbehaior. One criterion usedo includesystems
in thissectionisthatthey allov someanalysisf the behaior in the collaboratiorseparatelfrom its use
in anapplication.

12[MFHSE‘ identi esthe issueandoVersaworkaound for this, by usingencapsulatioto hide the addedioo method.
Bwe use'to exist” and“be viside” interchangedy, asthe conceptsareinterchangedb in the eyesof encapsulation.
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Attachmentinterface

i '
' '
' '
] Employee | —mapped-by _ mapped-by | Workplace ]
' '
b +workIn (Workplace) +getEmployees () : Employee[] E
'

' +getName () +getAddress () ]
: )
' '
' '

+getAddress _Workplace()
+getName Employee ()

, Employee : Person { :
I String getName(Employee e) { returnt
: getPerson(e).getFullName(); } : s A 1
[ 1
' -
. Workplace : Building {
1 String getAddress(Workplace wp) PersonAttach AntAttach
| getBuilding(wp).getAddress(); }
: } +makeEmployee (Person) s Employee +makeEmployee (Ant) : Empiloyee
'_} ____________________ tmakeWorkplace (Buildingj: Workplace +makeWorkplace (AntHill) : Workplace
@ +getAddress_Workplace (Workplace) +getAddress Workplace (Workplace)
+getName_ Employee (Employee) +getName Employee (Employee)
Person Building Ant AntHill
+getFullName () +getAddress () +makeupName () +addressBehindBarn ()

Figure 12: Teachersand Antsin ClassGraph Views

25.1 ClassGraphViews

WhiIeunpubished,OvIingerandLieberher'sCIassGraphViews[ male agoodstating point for
collaboration{ratherthanrole-) orienteddesignsThe paperpresents smalldomainspeci clanguage
(dd) for implementingthe facadepatten [[GHIVOE], focusingon mechanismatherthanpolicy

A collaboratioris presented@sa setof paticipantclassesyhich are augmentedvith expectedmeth-
ods. Expectedmethod (calledmapmethodsn the paper)defer behaior to unspeci edhost classes.
Thesemethods'signatuesare known, allonving the collaboratiorto be compiledasawhole The Class
GraphView compilerscanshe collaboratiorfor suchmethodsandcreates Jva interfacethat contains
methodsignatuescorrespondingo all the expectednethodsf the collaborationTo avoid nameclashes
andpossily ambiguousverloading,eachmethodnameis modi ed to containthe nameof its owning
paticipant.

Figue .3 shavsavariantof the recuring exampleexpiessedsacombinationof conceteclasseand
classegeneratedrom declarationfn the mappingdd . The examplereuseshe Emplo/ee/Workplace
collaboratioriwice, by mappingt againsPerson/BuildingandAnt/AntHill. The collaboratiorsrequited
interfaceis presentedisa Jva interfaceusingnamemanglingto expesswhich paticipanteachmethod
is mappedo. Attachmentinterfachasbeengeneratedthusshavn in aslightlydarler shadejrom the
collaborationandeachpaticipantin the collaboratiorhasa refeenceto the speci cattachmenbbject
which instantiatedt. Invocationsof expectedmethodsare forwardedto appopriate methodson this
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object.

Implementation®f the attachmentnterfacehave beengeneratedrom declarations the mapping
languagedeclaing type mappingsandmethodimplementationghe dottedbox in Figure [l sketchesan
exampldor PersonAttach AntAttachissimilarandthusomitted. In the gur e, typemappingsie shavn
asdottedcurved lines. The mappingrelationis not inhetently a subtypingrelation,anddiVersin a few
key regads:

(a)The attachmenimappingcanbeappliedo ahostclassvithout modifyingthatclassandahostclassan
be mappedo paticipantsn sereralcollaborationsirmultaneouslyAchieving thiswith subtypingwould
requite multiple inheritance aseachhostwould thenbe asubtypeof paticipantsn severalcollaborations

simultaneously

(b) The attachmenmappingallavsrequiledbehaior to be providedin ary way thatcanbe expiessedh
the mappinglanguagewhile subtypingequiesa precisesignatue andnamematch.Indeed there need
not be ary hostclasseatall, aslong asthe methodsn the attachmeninterfaceare implemented.

(c) Subtypesie transpamtly upcasto their supetypeswheninvokinginherited behaior with signatues
written over the supetypes,while mappedobjectsmust explicitly be translatedetweenthe baseand
collaboratiortypekinds.

To abstracthe precisenatue of the relation,the generateattachmenimplementatiorclassesontain
methodsto managedhe associatiobetweenthe hostand collaborationtype kinds. Belaov, we explain
how the principle behind mappingis fatally awed, and cannotbe madetype-safevithout signi cant
redesign.

2.5.1.1 Explicit Behavior

The paperdescibeshow the interfacecanbe implementedoy an attachmentlassinstancesf which
actasfactoiies(or lense§Hol93]) atrun time to maphostobjectsto paticipantobjects.Attachments
per object,andwhile the paperdescibesa systenthat requiesthe clasof eachhostto be primed for
“hosting” patticipants,thisis not a fundamentatestiction—in retrospectit would be more naturalto
implementthe paticipant-hostrelationon the attachmenbbject.

The attachmentlasss generatedrom a succinctspeci cation,andin additionto the methodsre-
quired by theinterfaceprovidesmethoddor wrappingahostobjectasapaticipantinstanceandlikewise
for unwrappingsuchan instanceio exposehe host. It is necessgrto wrap hostobjectsin paticipant
instancebecaus¢he behaior in the collaboratioris written over paticipanttypes. Emplge€es workin
methodrequiesan argumentof type Workplace which neitherBuildingnor AntHill ar; by wrapping
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them objectof thesetypesin awrapperof Workplace they canbe passedsargumentso workin. Be-
havior provided by the collaborationis accessebly instantiatinghe attachmentlassusingthe factoy
methodgo createpaticipantobjectsfrom one or more hostobjects andinvoking the desied behaior
on the resultingpaticipantobjects.

The patticipantbehaior caneitherside-&/ctthe underlyinghostobjectsvia expectednethodsor
elseretum a result,which the attachmenbbjectcantransfom from a paticipantinstanceanto a host
object. The expectednethodsate forwardedto methodson the hostobjectvia the attachmenbbiject.

There is no encapsulatiobetweenhostandcollaborationapat from thatenfoicedby the program-
mer, but to promotereuseof collaborationghe attachmenbbjectautomaticallyranslatebetweenhost
and collaboratiortypes. The paperdescibeshow a hashtale is usedto memoizethe translation:this
meanghatif the saméhostobjectis passethto the collaborationit will be wrappedasthe samepattici-
pantobjectboth times. This correspondso the conceptof “wrapperrecycling”in Caesa(Sectior.5.5,
pagesb).

Unfortunately the lack of a covariant type systemmeanghat a wrappertype from one attachment
is not distinctfrom one from anotherattachment.This caneasilyresultin dynamiccastingerrors. For
examplethe Emplo/eepaticipantof Figure [l iscommonfor both PersonandAnt; while theattachment
objectsperform run time checksandthusavoid con ating a Person-Emplgeewith an Ant-Employee
there isno protectionfor the programmenwho attemptgo passanAntHill-W orkplaceasanargumento
a Person-Emplgeeworkin method.An exampleof suchasituationis:

1 void someMetho@Personperson,AntHill anthil)

2 PersonAttachp_ad= new PersonAttaclt); /I Generated Attachment Classes
3 AntAttachaad= new AntAttach();

4 Emplgee emp= p_ad.makEmplgee(person);

5 Workplacewp = a.ad.makWorkplace(anthit

6  emp.vorkin(wp);

7

g

where a personis told to work in an anthill. To illustratethe risk of dynamicerrors, assumehat
empworkin(wp) in turn invokesgetAdiressWorkplace(wp)on the attachmenbbject. The attachment
classmplementghis methodby unwrappingwp to aBuildingin orderto callgetAddress() but sincewp
isactuallya AntHill, thiswill fail dynamicallySimilarproblemscanbe encounteedif class-scopéddtatic)
statds declaed on the paticipants—accessitige staticstatefrom the wrong attachmenbbjectwill also
resultin castingermors.

The lackof encapsulatioallovshostmethodgo explicitly delegateéo collaboratiorbehaior, which
allows collaboratiorbehaior to be easilyreused.There are no provisionsto allov hostmethodsto be
interceptedwhile the hostremainblivious;there is no implicit behaior.
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2.5.1.2 Assessment

GassSraphViews‘ocusednore on mechanisnthanpolicy providing avery straight-forvard systenior
reusingcollaborationsThe systens'salientpointswere that apat from the minimal processinglonein
nding the expectednethodsandgeneratinghe attachmentlassit relieson plainJva. Assuchit canbe
thoughtof asatool-suppoted programmingpatten more thananew languageonstuct. The Demeter
project[[ie9q] hasshavn how powerful suchappoachesanbe

However, the systensWered from threedravbackswhich prompteda changeof directionto more
staticlanguagelesigns:

(a) The lack of encapsulatiobetweenattachmentsausednore dynamicobjectmanagemerproblems
thanthe exibility it allovedwasworth.

(b) Passingargedata-stucturesasargumentsvascomplex:araysneededo becopied,with eachelement
individually wrapped. Collection classesuchasVector were even more problemati¢ asthe elements
are stoed asObject. Sincetheseelementscould in turn be collectionclasses completetraversalof
the argumeng object structure is the only way to translateobjects. It would seemthat this aw is
fundamentalo separatelgompiledobject-basedollaborationshut we hase not seerdiscussionf it in
otherpuHications.

(c) The systens' exibility madeit diY cult to explainhow it wasmeantto be used. For exampleno
hostclasseare necessyr it is fully feasike to write an attachmentlassnarually thatimplementghe
attachmeninterfaceby accessingiformationstoedin adatabase
The projectwasabandonedyith the judgmentthatit wastoo exible: typicallythismuch exibility

is not needed anda more restictive systemwould be alle to provide bettersuppot to the program-
mer. However, the very simplecompilationprocesslloved a prototypeimplementatiorto be quickly
assenibd,andasfaraswe ar avare, it wasthe r stimplementatiorof ary of the collaboration-oiented
languagelesignpresentedhere in Section2.g (page43.

2.5.2 Dynamic Framevork Adaptation

A frameworis a collaborationconsistingof paticipantsthat ae expessedsabstractlassesyith de-
ferred behaior expesse@dsabstractnethods.The similaity betweencollaborationsindframevorksis

highlightedby the work on framevork adaptatioffSML99, MSLOI]. The papespresenthe desigrand
implementationof constuctsto dynamicallyattachframevork collaborationgo hostclassesAs with
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! ]
1 '
.
i Employee Workplace '
'
'
1 +workIn (Workplace) : +getEmployees () : Employee[] 1
1 +getName () +getAddress () 1
'
"""""" ‘P%
A\
PersonAdapter AntAdapter
P_Employee P_Workplace A_Employee A_Workplace 1
+getName () +getAddress () +getName (Workplace) +getAddress ()
[FmakeEmployee (Person) :P_Employee fmakeEmployee (Person) :A Employee
FmakeWorkplace (Workplace) :P_Workplace fkmakeWorkplace (Workplace) :A Workplace
Person Building < > Ant AntHill <
+getFullName () +getStreetAddress () : +noSuchName () +addressUnknown ()

Figure 13: Both a Personand an Ant can be Employees

ClassGraphViews, the dynamicnatue of the processmpliesthat the hostclasseare not necessdy
avar of the framavork, with the couplingbetweenthe two beingachieed by instantiatiorof attach-
mentobjects.Alsolike cgv, implicit behaior, suchasinterceptionof methodexecutionsin the basgeis
not suppoted: all usesf collaboratiorbehaior ar explicitin the code Asaconsequengddynamic
Framevork Adaptation(dfa) canbe implementedasa local (ratherthan global)programmingpatten,
or implementecasadd thatgeneratesouce code The authos presentoth appoachespresentinga
smallattachmentanguagé¢hat generateattachmentlassesndinner classes.

Unfortunately the similaity to cgv extendsalsoto both the needand the lack of covariance of
attachmentsFigure [l illustrateiow the PersonandAntHill scenap of Figure i3 (pagetd) is expessed
asa framevork adapter The main diVerencefrom the apppbachin cgv is that mappingdoesmply
subtypingn dfa. Attachmenisrepesentedsaclasshatcontaingnnerclassegpesentinghe mapping
of ahostclasgo a collaboratiorpaticipantby subclassinipe paticipant. These"wrapper” classeaie
relatedto the hostobjectshy has-aelations.The useof inner classe® representattacheaticipants
easilyallonvsthefull oo paradignio be usedo implementthe deferedbehaior, typicallyby forwarding
to hostclasse@fterproper un/wrapping of argumentandretum values).This organizatiorallovs the
hostandcollaboratiorto be separatelgompiled,with the attachmentompiledaftervards.

The paticipantsthus hase subtypegor eachattachment.To accesdefered behaior, a paticipant
mustbe downcasto the wrappertype for the attachment Figuie Figue [I4 illustrateghe situation. To
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[ "
' '
! Employee 1
' '
' '
] +WorkIn (Workplace) '
1 2 1 PersonAdapter
: Ja\ :
' I 1
[} ]
i Manager 1 P_Employee —=>| Person
' '
[} '
: +MeetIn (Workplace) : +WorkIn (Workplace) +Effort ()
s X 5
]
P_Manager > Bossy
+MeetIn (Workplace) +Talk()

Figure 14: Inheritance provesdif cult.

allov workin to accesthe expectedyetAdiressmethodof its argumentthe Workplacepaticipantmust
be downcastto the properwrappertype—eitherto a P.Workplaceor A_ Workplace dependingon the
precisaypeof the Emplgee—sothatthe properaddessnethodcanbeinvokedon the hostobject. This
unfortunatelyleadgo alackof statictype safetyasin the cgv case An key improvementover the cgv
casasthatthe downcaswill happerin codewritten by the programmer allowving the ultimatecausdo
be more easilyundesstood.

Using subclassinfpr attachmentllows late-bindingdispatchto be usedto downcastthe recever
of anexpectednethod,but posegproblemswhen paticipantshare subclassinglationshipshemselgs.
Figure [I4 shavs a hypotheticalcasewhere multiple inheritanceseemsiecessgr Managere nes the
Emplgee paticipant. The wrapperP_Manageneeddo subcladsoth the Managepaticipant(to provide
animplementatiorfor Meetlr), andwrapperP_Emplgeeto inherit the implementatiorof workin sothat
the wrapperis non-abstractandhenceinstantiatale.

If it were possite to implementhe openclaspatten (seeSectiorp.4.4, pagess), the desiedbehaior
could be achieed by lineaiizing the subclassingelationshipsEmplgee > P_Emplgee > Manager>
P_Manager However, thissolutionwould requite breakingthe directinheritancebetweenEmploeeand
Managerthusrequiiing languagsuppot for modifyingcompiledclasses.

This exampleandthe diY culty Jva hasin expressingt providesaninterestinginsightinto the evo-
lution of frameavork designgo full- edged module systemsMary of the designdetailswe nd fault
with stemfrom the diY culty of simulatinga modulesystenusingoo languagdeatues. This hasbeen
remarled upon befoe by Szypeski[Sz\03.
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2.5.2.1 Assessment

Framevork adaptatiorshaesmary of the stengthsof cgv, notally beingvery dynamicand having
a straightfonad appoachto reusingmulti-classbehaior. The biggestdiVerencebetweenthe two is
the organizatiorof the attachmentin cgv, the attachmentnformationis encapsulateish a classyith
deferedbehaior providedto the collaboratiorvia at methodsmplementingageneratedvainterface
while in dfa, the attachmenimplementationusesnner classethat extendcollaborationpaticipants.
Additionally thework on framevork adaptatiomasasigni cantlymore adwancedanguagéor expessing
attachmentlasses.

Sincea clasonstuct is usedto repiesentthe attachmentgclassnheritancecan be usedbetween
attachmentspattial attachmentsanbe expessedisa classwhich is then extendedto completethe
attachmentin our examplethe mapbetweenBuildingandWorkplacecouldbeexpresseéh thecommon
super-attachmensubclassad mapEmplgee to Personits hostclassThus, seeralsimilarattachments
canreusethe shaed supeclasgor commonalities.

However, we note that attachmentmplementatioraside the fundamentalaws in Sectionp.5.1.73
(paged?), which leadto cgv beingabandonedhare not beenaddessed.The authos do not discuss
staticpropetties suchastype safetysoit is possike that expessienesss seenasmore important than
typesafetyn promotingtheir statedjoalof improved maintenancandundesstandabilityMSLOT). This
conclusiorisbore out by the providedprototypeimplementatiors[MeZ] useof the JvaRe ection api,
which doesnot suppot statictype checkingto implementattachment.

2.5.3 Adaptive and AspectualComponents

Adaptie Plug&Pa Componentappe) [ML9§ andtheir successsrAspectuaComponentd[LM 99,
take the concept®f reusale behaior expessedver multiple paticipantsandshav how thisinfrastuc-
ture canbe usedasa componentarchitectue.

AspectuaComponentse presentecsan extensiorof appcs, but the latterhave avery diVerentin-
terfaceto the applicatiorthanthe AspectuaComponentswhosebehaiorsare usedin afashionsimilar
to ClassGraphViews, Framevorks, Caesa(Sectionf.55, page56), and Object Teams(Section.5.6,
pageb9. appspresenbnly asingleentry-point to their behaior, while the othersystemallov methods
to be calledon paticipantinstanceaftersuitalbe attachmenandlifting of hostobjectgo paticipantob-
jects.However, apat from thisdiVerence the maindiVerencebetweenappsandAspectuaComponents
isthatthe latteraimsto suppot the expessiorof reusale aspect-aentedbehaior.
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L} L r
+ EmployeeWorkplace \ TeacherSchool !
------------------------------------------------------- . e e L TR T
v ] ' ]
' ' [} '
! Employee - Workplace ' ! Teacher School | :
9 1 i +Library 1
i |tworkIn(Workplace) +getEmployees () : Employee[] ' [ +<<expect>> getSchool () : School '
: +<<expect>> getName () +<<expect>> getAddress () : : +<<replace>> argueBetter () :
: +getWorkplace () : Workplace : [ +<<expect>> argueBetter() :
] [} '
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Figure 15: Composingthe TeacherSchoaind EmplgyeeWorkplacecomponentsto a base.

Lieberher et al. [LLM99] identify the tight couplingof aspect® the programthey adviseasone of
the biggeshindranceso reusen AspectJAspectuaComponentdeveragehe paticipantgraphconcept
to expessaspectandadviceover the paticipantgraph, which is mappedo anhostclasgraphby an
attachmen{connectoiin their terminology).

25.3.1 Implicit Behavior

Becauséhe explicitbehaior is similarto both cgv andframavorksadaptationye will focuson implicit
behaior. Both appes and AspectualComponentsdescibe expressie compositionsystemsHowever,
thisdiscussiomwill focuson their core featues.

Implicit behaior in AspectuaComponentds expressedby replacingdefered methodsimplemen-
tation. A simplemethodinterceptionis shavn with a Teachels argueBettermethod,illustratedn Fig-
ure , with the connectorthatconnectshe Base Emplgee, andTeachercollaborationshavn textually
beneathWhene/er methodargueis invoked on a Person argueBettertakesover, perhapgxecutingthe
original methodin additionto refeencingthe Library oVered by the Teachels Schoolworkplace
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We nd thatwhen sereralmethodsneedto be intercepted the apppachbecomesery ambiguous.
Figure [1§ shavs (graphically abstractingrom the textual repesentatiorof beneath)a simpleloggng
componenthatlogsreadandwrite calls.ParticipantLoggerde nestwo methodsyeadOpandwriteOp,
that are alde to interceptary loggedreador write hostmethod. The connectorLogReadWriteAccess-
ConnectormapseadOpto all methodsmatchingthe namepatten get*, on all classematchingthe name
patten Shaes.*(andsimilarlyfor writeOp andset*). The typesvoid, Object, andObject[] are overloaded
to conform to geneic signatues To male the interactioninteresting we modify slightlythe behaior
of readOpandwriteOp from [LLM9g], addinginformationaboutwhatisaccessedsshavn in Figure [I§.

The intentisthatfor eachloggedoperation the valuebefoe executionof the interceptedmethodis
repoited. We thusneeddisplgStringto invoke the unloggedversionof eachmethod. How the design
would achiere thisis unclear but it is easyto visualizesyntaxto allov suchrefeencedrom within the
modifying collaboration—w& hase assumethat a call to the expectedmethodinvokesthe intercepted
methoddirectly

AsAspectuaComponentsale anextensiorof appcs, paticipantscanalsode ne normaloo behaior,
in additionto expectandreplacemethods.The paticipantProvider de nesa sampldmplementation
for the methodcallSha/String

To usethe loggng behaior, we might instantiatehe attachmentandusethatinstanceo instantiate
paticipantdy One instantiatiorwill avect all the get* and set* methods alloving the componentto
crosscusereralmethodsin severalclassesilt is unclearwhat the extentof the implicit featuesof the
componentae: the examplef the papersuggedhisisaglobalside-&ectof compilingthe attachment
connectoy but the presentatiorlsohintsataper-objectdeplymentfq For concetenessye will assume
thatimplicit featueshave globalextent,andthatexplicitbehaior needso be maruallylifted to patici-
pantobjectdo beactivated. The testingnethodsn Figue [§ illustratethe two scendos, exercisingboth
implicit andexplicitfeatues.

We encounterseveraldiY cultiesin predictingthe eVectsof our testcode For exampletestimplicit
invokestwo methodswhich we know to be modi ed by the attachment.The callto setX on Point is
interceptedby the writeOp method,which callsdisplgString andwhich in turn callsthe hostmethod
mappedto readOp However, it is unclearwhit get* methodreadOpis mappedto in the callinside
displaString Figure [[§ shavsthatreadOpis mappedo atotal of sixmethoddt]

In general,even suchcomplexmappinglogic will not suy ce Considerthe next call, to Rectan-
glesetmints, which is alsomappedto writeOp. There doesnot exista correspondingeadOpthat is

WThisissimilarto Aspectdtyping of aound adviceandits proceedmethod;seeSectio m (pagerl).

BHow behaior is useds extrapolatedrom [; the scendo doesnot appeain [].

16per-object deployment would open anotheroption to resolvingthe issue brought up in the discussiorf Figue E of how a
connectoris relatedto tof classes.

Thelac (Sectior@) implementatiorof aspectualomponentsolesthis by disalleving replacemethodgo beinvokeddirectly
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1 collaboration Logging;
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expected ObjectreadOp();

replace ObjectreadOf) f
Systenout.printin"Read"+ displgString));
return expected ();

g

expected void writeOp(Object[] metharg;

replace void writeOp(Objecf] methargs¥
Systenout.printin"Write "+ displgStrind));
expected ();

9

private StringdisplgStrind) f
return "accesson "+this.shavStrind)+” was"+ readO).toStrind);

g
expected StringshowStrind);

I/ unchangedfrom [LLM9g

/I call the original method

// also unchanged
/I no return becausevoid

/ modi ed to call original readOp method

18 participant Provider f

Loggerlogger;
StringcallShavStrind) f return logger.shwString); g

|
1 void testimplici{Rectangle, Point p) f | s void testExplici{Provider prov) f
2 p.setX(1); , & Stringresult= prov.callShe/String);
3 r.sethintg(p,r.getLine().getUL()); 17 System.ouprintin("The resultwas”+r esult);
4 g e g
|

Figure 16: A sampleimplementation of the Loggingollaboration, and two testmethods.
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obviousto ahumanreadermuchlesshe automatedttachment.

A similarquanday appeasin testExplicit Here, Provided.callSheString predictalty invokesshow-
Stringon the paticipantinstancevaialde logger The unresoled questionis which of the three host
typescormresponddo the paticipant Logged The situationis similarto the diY cultiesfound in cgv,
where Emplgees played Persors could not be distinguishedrom thoseplayed by Ants.

2.5.3.2 Assessment

Adaptire Plug & Play Componentsrovide an attractve—andvery likely type-safe—mearis expess
multi-clasbehaior. The authossuggesa simpleandpowerful mixin-like schemdor componenttom-
position,with anattachmentanguagehat is restictive enoughto be easilyimplementedn atype safe
manner Example®f appe presentedn [ML9§ suggesa staticimplementatiorwhere paticipantcode
isinsetedinto the hostclasseseatlyside-steppinthe diY cultiesdiscoeredin both cgv (Section.5.,
page44) anddfa (SectiorR5.3, page4?) in keepingobjectsfrom diVerent useof the componentsepa-
rate With asafédmplementatiordemonstratedye canspeculataboutmore adwancedmplementations
thatmaintainthe samesemanticbut alsoprovide separateompilation.

Unfortunatelythe extensiorof appsto AspectuaComponentss not aspolished While the authoss
presentan interestingand explessie compositionsystemijt is basedaiound a core with very unclear
semanticsOur examplefare illustratedhe diY culty in unambiguouslynterpreting attachmentbased
on wild-cards, at leastaspresenteder. This diY culty motivatesour discussionf join-point tuplesin
SectionB.5.3 (pageldd).

Assuminganunambiguouinterpretation,we are nonetheleskeft with a systenthatcannotstatically
guaranteéackof dynamicerrorsin generatedode The geneicity mechanismyhich involvesautomatic
wrappingof primitive types,downcastingandimplicit argumentgo interceptedmethods,introduces
severaloppottunitiesfor dynamicerrorsin automaticallygeneratedtode A simpleexampleof sucha
casevould bereversingorderof elementsn the Object[] argsaray passetb the writeOp corresponding
to RectanglssetPints. This appeasstaticallyo bewell typedoperation but whenexpected()isinvoked,
the Object repesentinghe lastint will be casto a Point, resultingin adynamicerror.

25.4 PIROL andLAC

Thedynamitanguagma[ hasheenusedo implementboth the DynamicView Connectorcon-
stuct (dvc) of PIROL [HM 04] andversionof AspectuaComponentsalledLua AspectuaComponents
(lac) [HMOF]. The implementationteveragd_uasdynamicmeta-leel featuesto expesghe necessgr
linking betweencollaboratiorandhost. We will focuson evaluating ac, asit buildson dvcs.
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Accodingto [Her02), | ac isthe r stimplementatiorof AspectuaComponentgSection2.5.3, page
50 andthuspettinentto our discussionf thatwork. Becausef its similaity to AspectuaComponents,
we do not descibe the syntaxanddetailof | ac here: the syntaxdescibedin the papesdo diVer slightly
but the fundamentatonceptsemainunchanged.

Notahly, the problematicscenao we encounteedfor AspectuaComponent®ccuisher aswell, and
interestinglythe authos usea very similarpulish-subsébe scendp to descibe the featuesof lac. An
importantimprovementover AspectuaComponentss thata more exible typing schemas proposed.
Figue [1§ shavs how a Loggingcollaboratioris mappedo the basecollaborationShaes avectingthe
behaior of sereralmethods.The LogReadWriteAccessonnectorshouldprovide animplementatiorfor
the shawvStringmethod, by accessingehaior on the classet is mappedio. A key questionis what
interfacegto the hostclasseare availalte to the implementationof the method. The straightfonad
ansver of requiring an explicitimplementatiorfor eachhostclassunscontray to the desie of using
succinctrepesentationsf the attachmentletails—amdicatedby the useof the imprecisebut compact
Shae.* ratherthanthe more preciseroint,LingRectanglén the example

The authos' suggestiois to male the interfaceavailale to the attachmenbethe intersectionof the
attachedypes. Thus, the implementatiorof showvStringcanaccesthe color method. Were Rectangle
not mappedthe the namemethodwould becomevisitle aswell, asit is declaed on Point andLine, but
not Rectangle This is similarto matchingin the LO OM model[BFP97.

The proposedyping schemecanonly allov accesto membes that are identicalacossall mapped
classedvlaking the systenmore expessie posegsliY culties. For examplewhile the methodsignatue
Object get()uni es the hypotheticakignatuesof Point get()andLine get), the signatue void set(Object)
doesnotunify the hypotheticakignatuesof void set(Point) andvoid set(ing). Insteadthe argumenof
the unifying signatue needgo be a subtypeof both Point andLine, which in generatloesnot exist.

The lower operation,which exposeshe hostobjectof a paticipantobject,is an operationwhose
signatue resemiesthe get method. This impliesthat if a paticipantis attachedo severalhostclasses,
the lower operationwill retum alesrecisetypethanif the paticipantwere attachednly once Since
paticipantscanonly be mappedio objecttypes,a leastprecisetype is known to exist: Object The
programmerwould then needto downcasthe resultof lower to asuy ciently precisetypeto invoke the
required behaior. In othersituationsamore precisecommonsupetype may exist.

In the contextof aspectualomponentswe posedhe questionof which getmethodisinvokedif we
wereto callto readOp The implementatiorallovsusto ansverthe questionjn thel ac implementation,
it isanerror to attemptto invoke a replacemethod. This meanghat invocationsof an expectmethod
thatwere previouslyalloved will becomedisallevedif we addareplaceclauseo the expectednethod.
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<<Signature>:
Employment
Employee Workplace
Manager
implements A A binds wraps
_________________ [ e e e e e e e m e — e ——
1 1 !
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<<Implementation>: <<Implementation>: <<Attachment>: 1 1
Banking Teaching EmplPers 1 1
1
Employee Workplace Employee [— Workplace PersonEmployee BuildingWorkplace 1
1
1
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1
. ~ P |
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'_ir.np_le_m;n_t;t_io_d__—"'--- .'_I;p_le_m;n_ta_t;o_r! !
: Attachment : : Attachment : % :
BankingDeployment TeachingDeployment |
E 1 Bossy 1
1
1
A 1
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Figure 17: Caesarorganization

2.5.,5 Caesarand Collaboration Interfaces

M eziniandOstemanrexploke the eVectsof separatingterfacefrom implementatiojMO 03
MO03d], culminatingin the componentsystemCaesar Caesamalestwo main contributionsto the
stateof the art of collaborationslt proposes type systenbasedn family polymormphism[Em01], and
additionallyapplieshe concepiof modulesignatuesto collaborationsT hisleadsaturallyto attachments
thatare parametezedover collaboratiorimplementations.

Figure [[7 illustratesiow two collaboratioimplementationsTeachingandBanking,both implement
acommoncollaboratiorinterface Employment. Attachmentsie written againstollaborationnterfaces,
ratherthanimplementationmakingit possike (but not mandatoy) to reusé¢he samettachmentor both
implementations.

A patticularcombinationof collaboratiorimplementatiorandattachmenis repiesentedby adeplg-
meniclassDeploymentinstanceare usedat run time to exposehe collaboratiors behaior to the base
applicationandto provide translatiorsevicesbetweenhostandcollaboratiortypes.
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2.5.5.1 Explicit Behavior

Like the other collaborationsystemseviewed, Caesas'deplaymentsare object-basedio accesa de-
ployed collaboratiors behaior, a deplyment classs instantiatedand usedasa wrapperfactowy to lift
baseapplicationobjectsinto the deplymenttype-kind. The wrappedobjectsthusexposehe behaior
of the collaborationto the restof the application. Wrappedobjectscan exposebasemethodsto the
collaborationgxecutionof the collaboratiorbehaior canside-&/kectthe baseobjectsby suchimported
methods Collaboratiormethodscanretum paticipantinstancedf invoked from the basgthesepattic-
ipantinstanceseedto be unwrappedo exposehe resultingbaseobjectsbefoe beingretumed. Like
cgvsin SectionP.5] (page44), Caesawill reusethe samewrapperfor a given object,soasto enale
objectequialencedestsn both baseandcollaboratiordomains.

Deploymentsandtheir containedpatticipanttypesar pat of the Basewhich poseghe questionof
how the patticipanttypesof TeachingDeplgmentandBankingDeplpmentate related.For exampleboth
deploymentswill hare exposedan Emplo/ee type and cae mustbe taken to avoid confusingobjects
createdby one deplymentwith thoseof another If sucha confusionwere to happendynamicerrors
will likely occurin generated¢ode

Familypolymormphism[Ern01] aimgto staticalljhindersuchdynamicemorsby resticting typeequality
to deplymentinstanceghat canstaticallybe proven to aliasto the samedeploymentobject. Unfortu-
natelythere are two dravbackdo the choiceof family polymomphism:while it isavery expessie typing
discipling it hasyet to be proven sound;secondlyit canprove equalityof two typesonly whenit can
staticallyprove thatthey comefrom the samedeplymentinstance While aliasanalysisanbe aidedby
programmingpattens, suchasstoiing deployymentobjectsin nal varales,it iswill bediY cult for the
programmerto predicthow more complicatedusewill betyped.

In privatecorrespondanc@stemann[Dst03] pointsout that precisetype matchingbetweenfamily
objects(suchasdeplgymentobjects)s not suy cient. The reasoris that family types,which group and
namea setof covariantly polymorphic types,canbe instantiatedndusedin turn to de ne new family
types.Ostemanngivesthe following exampleslightlyalteed, to illustratethe potentialpitfall.

Fractionmult(Fractionf) f
this .denomtimes(fdenom)

999

1 class Mathf 1 MathbM = new Math(BinalyNumRep);

2 nal NumRepnr; 2 MathcnM= new Math(ChurchNumRep;
3 Math(NumRepr) f this.nr=nr;g 3 bM.FractionbF=

4 virtual class Fractionextends nr.Numberf 4 cnMFractioncnF=

5 nr.Numberdenom // numerator is inherited s bF.mult(cnF)// no good!

6

7

8
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Eventhoughboth bM andcnM ate of preciselythe sameype thisis not suy cientto guarante¢hat
their containedvirtual typesare compatille. Invoking mult on their respectie inner typeswill resultin
abinaly encodechumberattemptingto multiply a Church-numeralencodechumber. not a suppoted
operation.

Ostemannconcludeghatif we were alde to guarante¢hat not only were the outertypesprecisely
the samehbut alsothat speci c internal typeswere preciselythe samethat might be suy cient for type
soundnes$ut suchtypingschemeare almostasdiY cult andrestictive asthe simplerobjectequivalence

requiement.

2.5.5.2 Implicit Behavior

Implicit behaior is achiered by alloving pointcutsandadviceto be expessedn the deployymentclass,
andthen actvatedby a deplyymentclause The implicit behaior is only active during the extent of
the deplyment clause However, it is not clearpreciselywhat that extentis. Severalcombinationof
visibility (ae third party classeavectedby a call* pointcut?) andtemporalextentare possike. Some

interestingpossibilitiesie:

1 The eVectsof the deploymentare globallyvisilde to allthreadsvhile the currentthreadis executing
in the lexicalextentof the clause

2. The eVectsof the deploymentare viside only within the deplged collaboration,on executions
within the control- o w of the deplymentclause

3. The eVectsof the deploymentale viside only to objectscreatedn the contol- o w of the deplg-
mentclausgethroughouttheir lifetime

Ostemann[Dst03], con r msthatf isthe mostsensile of the threg andalschow Caesaworks.
Another questionis whetherdeplyment clausesie re-entrant. It is possile that the deployment
clauseendsup recussively invoking itself Alternately severalthreadscan executethe sameclausgon
the samedeplgymentobject. Suchreentrancesaneitherduplicatetheir eVects(sothat befoe adviceis
executedoncefor eachclauseentry), or beidempotentwith no eVectbeyond the r stinvocation.

2.5.5.3 Assessment

The useof family polymoiphismaddsstatictype safetyto the powerful concepiof dynamiccollaboration
instantiation. Unfortunately family polymomphismhasnot beenproven sound,andrelieson aliasing
analysifo prove typeequality It isour hopethatthe authois present formal evaluationof their system.
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The additionof collaboratiorinterfacesllovs attachmentto be abstractedver the concetecollab-
orationimplementatiorbeingattachedA conceptof collaboratiorre nementleveragesuchabstraction
by alloving the sameattachmento bereusedor a collaboratiorandits re nements.

An altenateformulationwould replacehe collaboratiorsignatue with a—possiy abstract—collab-
orationanduseonly re nement, ratherthaninterfaceimplementationto addconceteimplementation.
Thiswould allov familiaroo conceptdike defaultbehaior, inhertance andoverriding to be appliedto
multi-clasdehaiorsaswell. Similarreasoninganalsobe appliedio the attachmentaswell: implemen-
tation re nement could be matchecdby attachmente nement, highlightingthe covariancerelationship
betweenthe two.

If suchan apppbachwere adopted,specialcae would needto be taken not to imply multiple-
inheritance aswe sav in dcg (Figue [l4, page49). Banking.Managén Figue [[7] (page56) is a sub-
classhoth of Banking.Empjee and Emplyment.Managerbut thete is no subtypingrelationshipbe-
tween theseclasses Jiazzi(Sectionp.4.4, page38) solesthis with the open-claspatten, explicitly
lineaiizing the subtypingelationshigasBanking.Manager Emplyment.Manager Banking.Empjee >
Emplyment.ManagerAn implicit lineaiizationwould possity work well with Caesas'suggesteseman-
tics,eVectively lifting the programmingpatten into the languagesemantics.

A lastconcen isthe useof wrappesto lift objectsof basdypesinto the type kindsof the deplged
collaboration. Sectionp.5.1.9 (page47) discussesow this proved diY cult to get right for aggegate
objectssuchasvectoisandarays. Arrays,for examplewould seento requie thatanew aray be created
andpopulatedwith the wrappedelementof the input aray—thusincurring anO(n) costfor method
dispatch.At methodexit, even if the aray were not retumed asa result,the aray would needto be
inspectecandcompaedto the input aray to detemine how to receatethoseeVectsin the basearray.
One resolutionwould be to provide lifting-aware versionsof collectionclassesyhich would lift each
objecton a per-needbasistatherthanthe whole collectionatonce

2.5.6 Object Teams

An ObjecteaniHer03, Her03, VH0J] is acollaboratiorde ned asasetof possity abstracpaticipant
classescopedvithin apossily abstracenclosingeamclassEachpaticipantclas€ande ne behaior,

andis alde to declae deferedbehaior.

The collaboratioris re ned asawhole with paticipantseitherinherited, introduced,or pointwise
overriddenby localpaticipants.Figure 1 illustrateswo collaborationsEmplymentdeclaesthreepar-
ticipantswher Emplgee andManageare in aintra-teamsubtypingelationshipCollaborationTeaching
subtype€mplyment andthusimplicitly setsup subtypingrelationship®etweenthe similarlynamed
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Employment
Workplace getWorkplace (Employee);
Employee |- — — — — = — — = — — = 1
Workplace 1
1
Zﬁ |
Manager - — = = = — — — — — | e e >{ Person| r — = School
|
+lecture() I
. Zﬁ !
! [
————————— > Bossy |
Teaching I
I
Employee Workplacer = = 11— = = = = = = = = — — !

+Books

+LearnFast ()

+lecture()

Figure 18: Object TeamsExample.

classei the two teams.Thus, Emplyment.Emplgee isin two is-arelationshipsinultaneouslyintra-
collaborationsubtypingwith Emplyment.Managerand and inter-collaborationsubtypingwith Teach-
ing.Emplgee. In generalmultiple inheritancecanrequire disambiguatioim the casewvhere there does
not existone mostspeci cmethodwith agiven namein aclas{j

For exampleFiguee [1 shavs two diVerentimplementationsf the methodlecture. In Emplyment
there is only one possite meaning:it mustbe from Manager However, in Teachinghere are two most
speci cimplementationsthe one inherited from Emplyment.Managerandthe one declaed in Teach-
ing.Emplyee. [Her03] refesto aforthcomingformalizationof the type systembased—li& Caesar—on
family polymormphism,which would formalizethe semanticef the systenmaswell.

In additionto subtypingapaticipantmay alsadeclae aplaed-ig relationshigpindingit to ahostclass.
Emplgee and Managetboth have plared-lp relationshipso baseclassesPerson and Bossy respectiely
Theserelationshipallowv behaior to beimportedfrom the baseclassesndcanbeaddedo apaticipant
atary pointin there nementhierachy. Thus,attachmenis aspeciatasef collaborationre nement.

25.6.1 Explicit Behavior

The played-by relationshipallonvsthe paticipantsdefered behaior to be providedvia delegatiorto the
hostclass.This relationships usedto wrap hostobjectsin paticipanttypes,sothat the hostbehaior
andobjectscanbe providedto andmanipulatedy the collaborationThe mappingstranspamnt, sothe

BThis issuevaspreviouslydiscusseith Figwe@ (paged9).
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eVect of the played-by relationshigs to male it appeathat the paticipantis a super-typeof the host
objectaswell. However, thisis slightof handi;it is uncleathow the automationvrappingandunwrapping
would beimplementedn astaticallftypedlanguagesuchashva.

To usecollaborationbehaior, the collaborationis instantiatedand the paticipantsate either in-
stantiatedand accesseds r st-classypes(disambiguatetly the collaborationinstance)r elsemeth-
ods directly on the collaborationinstanceis invoked. In Figure 1§ we could use Teachinglike so:
Building = new Teaching().getWtkplacdsomelerson); Meanwhile the teamEmplymentis not instan-
tiatatbe asnot all paticipantshave played-by relationshipsiWorkplaceis unattached.

2.5.6.2 Implicit Behavior

Object-Teamcollaborationgsanalsoexpressmplicit contol o ws. Thisis donevery muchin the same
way asconstituenmethodsfor Chameleorsroles(SectiorR.4.1, page29): control canbetransfezdto a
paticipantmethodbefok, after or insteadf ahostmethodsexecution. Befor or aftermethodsare alde
to interceptselectedirgument®f the hostmethod. The typing requiementsfor replacementnethods
are not discusseexplicitly and[Her03] givesonly examplesvhere the interceptingmethodhastype void

I void. We caninfer from [HM 0] thatthisis meantasageneic type

Our commenton the diY culty posedby multiple methodattachmentsnentionedin Section.5.3
(pageb0) seento applyto Object Teamsaswell.

The implicit behaior of acollaborations actvatedor deactvatedby invoking side-&/ectingmethods
on the collaboratiorobject. discussagentrancyn the contextof the socalledumpingAspect
problem [BMV0(], andis soled by deactvating the collaborationon somerecussive calls. However,
it is unclearwhat the eVectis of multiple threadsactivating and deactiating the collaborationandthe
ordering of methodinterceptionds not discussed.

2.5.6.3 Assessment

There is a greatresemlancebetween Object-Teamsand CaesarBoth perform object-baseavrapping
andallov collaborationsimplicit behaior to be actvateddynamically Both rely on family polymor-
phismfor type safetythusour remarkson the relationshipn Caesabetweenfamily polymomphismand
virtualtypesapplyher aswell.

The biggestliVerencebetweenthe two systemishow Caesaemphasizegruseof attachmentwhile
Object-Teamgely on collaboratiorre nement.
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2.5.7 Hyper/J. AdvancedConcem Manipulation

Hyper/JandMuIti—dimensionalseparationmf concens|[[TOHS99 generalizéhe ideadbehindsubject-
orientedprogramming[HO 93, PKK™ 98] by moving to ner-grainedunits of combination.Concens

ar extractedrom compiledapplicationsandcomposednto runnalbe applications.

A concen is captued by a HyperSlice—aamedsetof classesontainingmethodsand elds—and
canbe composedvith other HyperSliceso createpointwise-composediasseis away very similarto
AspectualCollaborations.Behaior defered in one slicemay be implementedn another in general,
compositionsetaup pointwiserelationshipsamongelementf a group of methods alloving one con-
crete methodto replacesereral defered methods,or alteinatelyconcatenatinghem so that invoking
oneimpliesexecutionof all bodies.[OKH * 9| descibesseveraltypesof possite relationshipsike re-
placemenandmergng. Bracletingrelationshipallov behaior to beinseted befoe or afterexecutions
of amethod, but cannotdirectly be usedto control the methods execution, like Aspectd'proceedor
AspectuaCollaboratiorsinvoke.

HyperSlicese pure Jva, avoiding the needto stoe ary metadatan the slice Thus, concensare
easyto undestandanddevelop usingoV-the-shelftools, but requite the programmerto look elsavhere
to undesstandthe restictionson how concens t together Notaly, no encapsulatiors availalte via
HyperSlicesary methodcanbe accessei its nameis known. Additionally this meanghat concepts
thatshouldbe separatbecomecon ated. An examplds the useof abstractto denoteboth thatmethod
shouldbe overridden by subclassesdthat the methodis in the requited interfaceof the HyperSlice
Usingthistechniqueto representefered behaior will staticallyestict classesith suchbehaior from
beinginstantiatedUnlesghere isa“base’HyperSliceghathasno requied methodsandalsctakescake of
all objectinstantiationusingthe abstractkeyword to repesennecessgmetadatavill malke instantiation
diY cultf To this end, a methodcanaltematelybe declaed to throw a Hyper/J-speci cexceptionto
signathatit is deferedandthatits bodyisto betreatedasastub

On-demandremodulaization allovs a HyperSliceto be teasedut of a setof classegossily gen-
eratecby composingslicespr by compilationof Jva souce)andusedseparatelyn Sectionp.14 (page
191), we speculatthatAspectuaCollaborationgoulduseencapsulatioto drive adead-codelimination
analysito achiee the samegoals.

2.5.71 Explicit Behavior

Figue [19 graphicallyshavstwo separateompositionsThreehypeisliceswith light backgounds—Per-
son.Building TeacherSchoo) and Emplgee Workplace—are composedo form anew hyperslice—Per-

BThere isacettain similaity to the Deferred Structure Patten in Sectior@ (pages?).
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[Teacher School Employee Workplace
Teacher Employee g“‘p“’yees Workplace
N
verifyWellFormed () : boolean] School fgetwWorkplace () : Workplace workplaceligetEmployees () : Collection
{+peforerrgue (args:Object(]) +getName () 0.1 hireEmployee (Employee)
,* {+afterargue (args:Object(]) +getEmployees () : Collection| +fireEmployee (Employee)
' |+getworkplace () : Workplace +getAddress ()

3
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+sortbooks ()
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workplace i reEmployee (PersonTeacherEmployee)
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+beforeArgue (args:Object []) 0.. 1. riremmployee (PersonTeacherEmployee)
+afterArgue (args:Object[]) +getAddress ()

+getWorkplace () : BuildingWorkplaceSchool
+argue ()
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+sortbooks ()
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I 1 I 1

+sortbooks () e e '
+read()
Ant_Employee

Figure 19: A graphical illustration of the Hyper/Jsolution to the recurring example.

son Emplgee Teacher—which containsall three SinmultaneouslyEmplgyee Workplaceand Ant_AntHill
are composedo createa packagémplementinganemplged ant(shavn in lessedetail).

The detailsof the HyperModule declarationspecifyingeachcompositionare omitted, represented
insteadgraphicallyand by the namef the generatealassesThus, the namePersonEmplgeeTeacher
indicateghat it is the combinationof thosethree classesWhile the nameof the resultingHyperSlice
is under direct control, this is not immediatelytrue for classesAlthoughit is possike to contol the
resultingname the Hyper/J developes preferthe mergeytnamelirective ] which composesll classes
with identicalnamesalsosolvingthe questiorof whatto callthe resultingclass.

The resultingsliceis shavn asa darleneduml| packageo suggesthatwe have derived, ratherthan
declaedthe namesandcontentof its classes.

We usethe merge-ly-namesemanticto imply severalmethodcompositionsTeacherhasanabstract
method getWorkplace (andis thusitselfabstract)that the HyperModule composesvith the concete
methodof the samenameon Emplgee. The resultingclasss not abstracasall of its requied methods
have beensatis edby composition.

20we couldnot nd ary exampleshatdo notusemerge-ly-name
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Figure 20: Composing Employee and Person, and applying that to Librarians.
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Implicit Behavior and Encapsulation

The classe®sultingfrom compositioncontainthe elds andmethodsfrom the composealassesyith

all typestranslatednto the typesof the resultingHyperSlice The dottedline betweenargueand be-
fore/afterArguerepresents ba&etrelationshipresultingin acomposedrguemethodthatincludescalls
to the befoe andaftermethods.Thus,the Teachelsbetterarguingskillsate implicitly invoked whenever
aPersonargues.

The argumentso the methodinvocationare passeth anarray to the bracletingmethodsalloving
the bracleting methodsto avect executionby side-&/ectingthe argumentso the bracletedmethodf]
However, while the representatiorof the argumentaisanaray of Object[] allovsabracletto bereused
acossseveralhostmethods,it achieesgenercity at the risk of dynamiccastingerrors: if the braclet
needso male assumptionaboutthe typesof the bracleted methods arguments—whiclis likely for

2t jsuncleawhetherthe actualargumentsanbe substitutedor merely side-&/ected.
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ary but trivial behaiors—theobjectswill needto be downcastto more precisetypes.SinceHyper/Jis
unabe to guarante¢hat thesetypesar valid, there ae no checkshat the braclet is appliedto proper
methodssothe dynamiccastsnay fail atruntime

While compositionof HyperSlicesewritestype refeencesthe namesof membes ar in general
not translated—althougbompositiondeclarationg€an combine methods. There is no provision for
hiding membesor classethat are neededput shouldremainprivate A workaoundisthatthey canbe
renamedo nameswhich ar likely to be uniqueandhad to guessThuswe canderive the interfaceof
thecomposedlassdsy takingthe union of the constituentlasseshembesandsubsequentiyombining
methodghatare declaedto be composed—eithdwy merge-ly-namedefault or explicitly composedn
theHyperModule If the constituentyperSliceare themselgscomposedihisprocessanberecusively
appliedto derive the interfacesf the constituentsr st.

Unfortunately lack of encapsulatioimpliesthat we mustperfomm this recuisive analysigachtime
we recompilea HyperSlice Figure RQ shavs an exampleof recomposingomposedyperSlices.We
would like to reusethe Personand Emplo/ee behaiorsfor the Librarian by inseting theminto the re-
sultof Figure [[9, PersonEmplyee Teacher Becausave foreseePerson Emplgee beinga commonly
reusedcombination,we chooseto r st composethosetwo slices,befoe composingthat with Per-
son Emplgee Teacher to createa slicewith person/emplgee behaior both for teaches and librar-
ians: Person Emplgee TeacherLibrarian The two intermediay slices—easultingfrom HyperModule
compositions—arshavn usinga darler backgound, to signifythat we do not have souce codefor
thesebut have ratherinferedthe interfacegrom their HyperModuledeclarations.

Whencomposedheresultingslicewill not behae asexpectedthere were two sortbooks methods—
one from Person, one from Librariar—that hare now beencomposed. Their compositionwasnot
intentional,but ratherthe resultof them having the samenameandbeingexpoited by default. Sincewe
did not think to renamethemto unique namestheir namesnatched andwere thuscomposedThus,
lackof encapsulatiomalesit diY cult for usto delive properinterfacesrequining usto traversethe entire
compositiorhierachy, andmakingit imperatve thatwe do sq in orderto undeistanchow the composed
slicedbehae

One methodthatspiingsto mind to male the taskof deliving generateéhterfacedractale isto cache
the calculatednterfacedor eachcomposedyperSlice In orderto keepa cachednterfacecurrent, it
must be invalidatedif its inputs change Eachmodi cation of an interfaceinvalidatesall dependent
interfacesmaodifyingthe implementatiorof a library will requie recheckingnot only every useof that
library, but every transitve useof the library aswell. For example were we to add a read method
to classerson we would silentlyintroduce a compositionrelationship—bt only afterrecomposing
Person Emplgee andthen Person Emplgee_TeacherLibrarian
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While cachingworks, it works only at the tool level. The logic behindwhen interfacesneedto
be redeivedis perfomed extemally to the languagewhich meanghat the languageannotassdrary
invariantson theseinterfaces.Order of recompilationof composedyperSlicebecomesnimportant
issue On the other hand, if Sliceswere encapsulatetdehind an interface—eitherdeclaed signatue
or sequenc®f expoits—deiving an interfacewould at all timesneedto look only one level up the
compositionhierachy, and dependeninterfaceswvould never be invalidatedunlessa leaf changedts
interface Were aleafsinterfacemodi ed, only directdependentsvould be invalidated andaslong as
the dependentmterfacesemainvalid, analysigs nished.

However, becauseompositionis staticlinking, even if encapsulatioguaranteestalte interfacesit
doesnot guaranteestalle behaior. If we changea leafimplementationwe needto recomposehe
whole path from the leafto the root in order to seethe updatedcodein the client. However, this
is an implementation—rathethan languageor tool—issugasjustin time linking (likely using Jvas
class-loadenechanismyvould bypasshisissue

2.5.7.3 Evaluation

[LLO03] nds that HyperSlicesare well in captuing and composingeusale concensin atype-safe
manney but lack suyY cient expessienesso cornvenientlyperform behaioral crosscutting.While Hy-
per/Js HyperModule de nitions male it explicit howconcens are composedalleviating the “come-
from” natue of aspectghe seemindackof encapsulatiomalesundestandingvhatconcensare com-
posedimpossite without performing a full traceof the concen compositionhistory to gatherup the
accunulatedinterfacesfor the slices,and openingup slicecompositionto inadertent namecaptue

However, adancedools,suchasthe ConcerMappindEnvironmefffHO ]|, provide the programmer
greaterdirectinsightinto the resultof composition thusmitigatingthe eVectsof lack of encapsulation.
This is similarto the appoachtaken by AspectJfor which plug-ins[AJO) for Eclipse[[BM]| hae been
developedin orderto helpthe programmerundesstandthe behaior of the programin the presencef
aspects.

2.5.8 Parametic Introductions

Palametcintroductio are motivatedby HanenbergandUnlands obsevationthatthere is kind
of crosscuttinghat Aspectinodulaizespoorly: reusale introductions.In Aspectderminology, anaspect
canhave sereralkindsof advice:event-like methodinterceptionsate the mostcommonadvice but other
kindsof adviceexistaswell. Classesanbe advisedvith introductiorfalsocalledintetypedelaationsof
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methodsand elds, and statictyping relationshipganbe modi ed. A commonidiom is for an aspect
to modify a targetclasgo implement an interface and alsointroducebehaior that both dependn
the signatue of the interface andalsopatially providesit.F{ Aslong asthe remainingmethodsin the
interfaceare alleadyimplementecby the classandthere are no nameclasheghisis an eVective code-
reusdgechnique

Hanenberg@ndUnlanddescibe Sally their aspect-dentedlanguagéhatgeneralizeAspectdintro-
ductions. Sallys parametic introductionsextendAspectd'pointcut designatarto take on class-alued
join points,alloving introductionsto be expressedstemplateso be expandedver suchjoin-point val-
ues.The pointcutsyntaxs likewiseextendedo allov matchingover classiamedo generatéoin points.
The unit of introductionis a pattial Jvaclas®r interface:zeo or more membes (or methodsignatues,
in the caseof interfacesare introducedinto atargetclas®r interface

The languagédacksstaticchecks put is expressie enoughto allowv a clas®f error conditionsto be
detectedat compiletime. Notahly, the existencdor lack) of a methodon a classanbe asseed by
the programmerasa necessitjor the paramefc introduction to male sense This requilementcan
be expressedsa pointcut, and consequenthadvisedvith emror-advicethat haltscompilationwith an
informative method. This apppachcanpotentiallybe more preciseandend-usefriendlythancompiler-
generatedhecksput doesrequire that the aspect'authorhave the disciplineto designandimplement
suchcheckdor eachaspect.Unfortunately the constraint&xpressing requiled methodsignatue can
be quite verbosemaruallyimplementingcheckghusbecomedoth eror prone andcumbesome Ad-
ditionally interaction$etweenintroductionsmustbe marually diagnosed.

It appeasthat apat from the pointcut mechanismaspectuatollaborationgeneralizésallys intro-
ductoly capabilityanddo sowhile addingseparateompilationandautomaticstatictype safetyThere is
asuper cialsimilaity betweenSallyspointcutsystemandour aboted desigrof matchingtemplategsee
Sectiorfd.6.5, pagel80), in thatboth passuplesof claseandmethodvaluedjoin pointsto the introduc-
tion, or attachmenfor aspectualollaborationslt ispossile thatreseath into Sallyspointcutdesciptors
will be usefulwhen designinghe programmer-leel syntaxfor AC's new pointcut model, sketchedin

Sectionb.1] (pagel8?).

2.6 Aspect-Oriented Languages

Whileseeal ofthesystenis the previoussectiondase aspect-dentedfeatues they have beenpimaily
role- or collaboration-basesl/stemwith ao featues. This sectioncoverslanguagethat have asprimary

22Aspectallavs introductionsto argetedo interfacesthe eVectisthatary classleclaed to implementthe interfacewill receve
the introductions.Sectiong.6.2 andB.1 (pagel08 (which summaize )discussheidiomin greaterdetail.
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targetthe captue of aop concepts.

2.6.1 D: Domain-Speci c AspectLanguags

GistaLopesPh.Dthesis{ identi ed two whole-systenaspectéVand[[Var03 callthemsevice
aspectsthreadconcurencycoorinationandremotemethodinvocation. Lopespresentswo domain-
speci clanguages—colleatly calledD—to captue theseaspectsndarguesornvincinglythatthe base
programplusaspects easieto undeistandthanthe monolithic programwith the saméunctionality

LopesoVered a prototypeimplementatiorfor Jwva andconducteda medium-scaleeal-world testof
the aspectsimplementinga distibuted game Additionally the DemeterProject [Pem9§ at North-
eastar hasimplementedhe two aspectanguage® complementhe three domainspeci c languages
that form the core of the Demetersystem—desbing classtiucture, behaior over thoseclassesand
traversalghroughthem.

2.6.2 AspectJ:A GeneralPurposeAspectLanguage

Whiledomainspeci clanguagesuchasthosethat male up D cansuccinctlycaptue solutiongo one
domainof problems,there are two signi cantcostsn usingthe dd appoach:

1 To captue anew domainof aspects new languagenustbewritten for thatspeci cdomain.

2. To undestandhow the domainspeci ¢ programsinteract,we needto undestandnot only the
programsthemselgs but alsohow the semanticef the languagemteract. The issuds exacerbated
by the factthat by their natue aspectsendto be crosscuttingwhich impliesthat the interface
betweenthe languagess likely to be crosscuttingiswell. For examplea smallchangen the class
stiucturing aspecin Demeter/Jcan completelychangeboth the semanticef the traversaland
behaior aspectsThus, domainspeci c languagetend to requie a deepundestandingon the
pat of the programmey of how the dd sare implemented.

Building on this insight from expeiencewith D, AspectJKLM* 97, LK9§ aimedto provide a
uniform languagédor expessingspectsThe statedyoalsof the projectwere to addaspect-aentation

seamlessty the basdanguagéin thiscaseklva),andto provide a principledmeta-pogrammingfacility
Thisisavery diVerent tackthanthe collaboration-olenteddesign®f Sectionp.1] (page21), where the
aspectare packagednto rolesor collaborationghat are composedwvith the baseapplication(or each
other, in symmetical cases).
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<aspect> EmployeeWorkplace

Employee employees workplace| Workplace
—— AN 0..1
+getWorkplace(): Workplace +getEmployees(): Collection

+hireEmployee(Employee): void
+fireEmployee(Employee)

| T

C. ) S I
,,,,, C——(C———— - - - - - - - - -

<aspect> TeacherSchool |
|

Teacher | N m

I

+verifyWellFormed(): boolean e
+<<around>>betterArgue(): interceptargue 4

+<<pointcut>> interceptargue ()

<aspect> BankerBank

——————
—
N
1
1
1
1

St 4| 33
=" N

<aspect> AttachBankerBank
Licimpiements>: person = Banker
<aspect> AttachTeacherSchool [ Bank

+<implements>: Person = Teacher, Librarian

<aspect>AttachEmployeeWorkplace

+<implements>: Ant = Employee

+<implements>: AntHill = Workplace

+<implements>: Building = School, Library

+<pointcut> interceptargue(): call Person.argue()

Person Building
+Knowledge |77 """ """t T TR m T +Address
+Name
+Sex
+argue()

Figure 21: The Recurring Examplein AspectJ

Aspectallonvsaspectto be very convenientlyprogrammedn the small,andthe systenhasvalidated
aopin themindsof alargesoftwale engneeling comnunity. Indeed outsidethe aopresearh community,
andeven patially insideit, aop is usednterchangedl with AspectJ.

2.6.2.1 Explicit Behavior

The recuring examplefrom Sectionp.3 (page24) canbe expessedn AspectJFigure P sletcheshe
stiucture of sucha solution. The fundamentaideais that the reusale behaiors—theshadedaoxesin
Figue fl (page25)—ae expessedly abstracaspectssingdva interfacedo expesshe types. In Fig-
ure P, we repesentispectasshadedlassesvhile interfacese shavn in reverse white on black. Three
conceteaspectsittach*, extendthe abstracbehaior aspectsEachconcete aspectieclaesimplements
relationshipdetween host classeand aspecinterfacetypes. For example AttachEmplgeeWorkplace
declaesthat Ant implementgandthussubtypesin Jva) Emplgee. This alsointroducesaconcetehas-a
relationshigetweenAnt andAntHill to corespondwith the abstractelationshighetweenEmplgee and
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Workplace AttachBankrBankissimilar but attacheghe more speci cinterfaceBanler andBank rather
than Emplgeee andWorkplace Likewise AttachTeacherSchooélsooverridesthe abstracpointcutfrom
TeacherSchoolith aconcetede nition, alloving aPersonto betterArgue

Unfortunatelythe situationisnot without aws. We did not meanto introduceacommonsupetype
Emplgee for Ant andPerson Notably, thisis atype-ivasie [Ern0J] moduleimplementationalloving
usto testatruntimewhetherAnt hasbeenlinkedwith the Emplo/eemodulevia aninstance-ofest.

Lackingatypesystenthatcanexpessovaliiance we ae unalle to expresthatwe wishEmplgeeand
Workplaceto vary together For examplethe conceterelationshipntroducedoetweenAnt/ AntHill and
Person Buildings of type Emplgee Workplace there are no languagéacilitiesto hinderthe Schoolfrom
hiring anAnt. Thisisnot only for the introducedrelation:ary typerefeence(like thatin hireEmplgees
signatue) is unabe to distinguistbetweenthe attachments.

Anotherproblem with thisapppoachis thatthe exampleasshavn here, will introducethe concete
emploeees-vorkplacerelationshipwice into Person’ Building oncevia AttachleacherSchoohndonce
via AttachBankrBank Jva doesnot allov multiple elds with the samenamein a classso lack of
encapsulatiobetweenthe attachmentsequilesusto redesigrour solution.

The TeacherSchodhspecadditionallyhasthe Librariar Library interfacetypeswhich are alsomple-
mentedby Persorf Building We hadoriginally designed.ibrarianasaconceteclassn the aspectbut this
causegroblems:while we could easilyimplementthe Emplgee Workplacetypeswe could not access
the Person' Buildingbehaior. Lackof symmetic attachmenforcedusto redesigrihe aspect.

A minor issuds thatit is undesirale for the stucture of the programto be visilde at runtime For
example mary modulesystemslo not male it possile to discoer at runtime whethera programwas
written asa monolithic whole or composedrom smallemieces.This is a desirale propety if for no
other reasorthan alloving subsequenefactoingsof the code without avectingprogram semanticf]
However, in this organizationa simpleinstanceotestwill allov the programto discaer thata classsa
subtypeof Teacher andhencededucethe TeacherSchoohspec{which is known to de ne Teache) has
beenappliedto Person

In systemsvhich arent typeinvasie, suchasliazzendAspectuaCollaborationjt is not possite to
namethe type Teacher it would needto be explicitlyimported into the baseprogramin orderto even
staticallycompile Even whenit compilesthe nameunderwhich it is imported andthe nameunder
which it is usedto—perhaps—modifthe behaior of Person afe diVerent, sothe instanceofpredicate
would be guaranteetb alwaysbe false

2:"Wand[lvﬂ] pointsout thatthe powerful re ective capabilitie®f Aspectdpointcutsemanticallov very ne grainedrefactoings
to bediscaered, beyond the large-gainedrefactoingswe discusbere.
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abstract aspect AbsAspf
Object str = "aString;
abstract pointcut somecall();
Object around ():somecall(}
/I no proceed
return str;

|
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|
|
l
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|
|
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|

19
20
21
22

24

«Q

%5
aspect ConcAspextends AbsAspf
pointcut somecal)):
execution ( Type®st. ());

26
27
28

 public class Type®stf

Object oklmeth()f return new Object();g
Stringok2meth() f return "hi"; g
Integerbadlmetl() f return new Integer(1),g
int bad2metlf) f return 2;g9

public static void main(Strincargs|]) f
Type®sttt = new Type®st();
Systenerr.printin(” 1 "+tt.ok1meth()); // CastSucceeds:(Object) str
Systenerr.printin(’2 "+tt.ok2meth()); // CastSucceeds:(String)str
Systenerr.printin("3 "+tt.bad1metK)); / CastRails: (Integer)str
Systenerr.printin("4 "+tt.bad2metK)); / CastFRails: (int) str

. BreakingAspectdtypesystem.

2.6.2.2 Implicit Behavior

The con ation of typeswe introduceby reusinghe EmplyeeWorkplaceaspecis potentiallyproblematic

leadingin the worst caseo castingerrors caughtonly by the running systemHowever, shouldsuchan

ermror occur—forexampleif anAnt ishiredby aSchool—thisisdueto anerror in the programmer-visike

code andcanbe dehuggedby tracingthe program, usingthe stackiraceto help pinpoint the problem.

Unfortunatelythe geneic typesystenfor advicecanresultin castingerrorsin generatedode Since

the errorsdo not take placein programmer-visike code they are somevhat more problematicto dehug

thanothercastingerors.

Aspecthasasomevhatuncorventionalgeneicity mechanisnfor aound advice:

If the adviceretumswoid, it canmatchary signatue. The languagéakescake of propagatinghe

resultof the proceedcallto the callerof the advisedoin point.

If the adviceretums Object, it canmatchary signatue. The proceed call will retum a result

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

This allows the adviceto retum completelydiVerent resultghanthe advisedmethod. Primitive

typesandvoid are automaticallyvrappedn wrapperobjectsnsidethe advice andcorrespondingly

unwrappedndretumedoutsidethe advice

All otherretum typesmuch exactlymatchthe signatue of their use

Unfortunatelyboth primitivesandrefeencetypesetumedasObjectimply acorrespondinglowncast

in the generatedode to allow the propertypeto beretumedfrom the advice Combinedwith separate
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compilationandabstracaspectst is quite possilte to write codethatwill never causea statictypeerror,
yetcauseastingrrorsatrun time, andrequie achangdo the (possily third-paty) abstracaspecto x.
ListingR.1 shavs a smallprogramwhich compileswithout error, yet causesastingerrorsin generated
code exploitingpreciseljthe generatedowncast.

The possibilityfor castingerrorsare inherentin all apisthatretum a commonsupetype andrequie
the clientto downcastWe male apoint of the useof castingn Aspectdadvicefor fourreasons.  (a)
It pointsout the dangerof usingin-bandsignaling—iis now impossike to restict adviceto wraponly
methodgthat retum void, andsimilarlyObject. This is especiallanissuean abstracaspectsyhere the
pointcut and advicear implementedoy diVerent programmes. (b) It createsa falsesensef secuity,
assomecaseslre caught,but not othes—hadstr beentyped Stringratherthan object,an error would
have beensignaleddy ajc . (c) The erorsoccurin codethatis beyond the programmess contiol and
visibility (d) Lastlytypeermorsare delgeduntil the aspects usedwhich may occurin asituationwhere
the aspect'developmenthasbeenclosed—boughirom athird-paty, or versionbranch.

Extentof adrice

Aroundadvicesaheto contol the executionof theinterceptedmethodby callingthe proceedquasi-
method. Quasi-membersuchasthis andsuperare well known in Jva, with well de ned semantics.

ListingR.2 shavshow Jvassuperquasi-arade works,in asomevhatunusuakcenap: we captue
it in a closue (ananorymousinner clasextendingClosur). We thenlet the closue escap¢o aglobal
scopgandhenceunknowvn extent).We captue two suchclosues,andwheninvoked, both have closues
the properscopethe overriddenmethodisinvoked.

ListingR.3 shavs a similarprogramfor investigatinghe extentof Aspectdproceedpseudo-method.
We intendedto illustratethat there is additionalstatenecessgrfor the proceedmethod: the join point
captued. Sincethe adviceis not instantiategber join point, we expectedhisinformationto be stoed
staticallyon the aspecandthusthe r standseconctlosuesto (eroneouslyhave the sameeVect. Our
pessimisiis unfounded:the programrunsasit should.

Inspectiorof the compiledbytecodesuggesthatthe ajc designeshave usedamore robuststrategy:
insteadf aglobalvarialde to hold join-point informationfor proceed anadditionabrgumentsaddedo
the method,to hold join-point closue information. However, this changeshe signatue of the method.
Thus, our attemptdo sulvert the callsto proceedin LinesP.3 BHL] have no eVectwhethercommented
out or not, asthe true proceedmethodhasa signatue we cannotexpiessn the Jvasoucelanguageand
thuscannotoverridef}

2“The Jvasoucelanguageallovsonly asubsebf identi ersallovedby thejvm, to enalte preciselythiskind of programmanipulation
without fearof clashingvith programmerchoseridenti ers.
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impor t java.util ;
class Super€stSupf
void methodStringfrom) f
Systenerr.println(’ stsup”+from);
g
g

abstract class Closure f
abstract void doit();
g

public class Super€&stextends Super€stSupf
static Vector closues= new Vector();
void method nal Stringstr) f
supermethod"meth "+str); //
Systenerr.printin(”body meth "+str);
Closure cl = new Closure() f
void doit() f
Super&stsupermethod”closure of " +str);
g
g
closuesadi(cl);
g

public static void main(Strinf] args) f
Super@stst = new Super€st);
st.method"main?’);
st.method’"mainZ2);

Iterator it = closuresiterator();
while (it.hasNext())f
Closure cl = (Closure) it.next();
cl.doit();

g
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impor t java.util ;
aspect Capture f
pointcut somecall(Stringtr):
execution ( ProceedEst (String) &&
args(str);
void around nal Stringstr): somecallstr) f
Systenerr.printin("around "+str);
Closure cl = new Closure() f
/Ivoid proceedsStrings) f

/I Systemerr.printin("Not proceeding'+s);

1l

void doit() f proceedclosure of "+str); g

g;
ProceedE&stclosuesadi(cl);
g
g

abstract class Closure f
abstract void doit();

g

public class ProceedEstf
static Vector closures= new \ector();
void method nal Stringstr) f
Systenerr.printin("body meth1 +str);
g
void methodZ nal Stringstr) f
Systenerr.printin("body meth2"+str);

g

public static void mair(Strind] args) f
ProceedEstpt = new ProceedEst);
pt.methodX"mainZl’);
pt.methodZ"mainZ2);

Iterator it = closukes.iteratox);
while (it.hasNext)) f
Closure cl = (Closure) it.next();
cl.doit();
g
g
g

e L e e o e e = -

: AnalyzingAspectdproceedsemantics.
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2.6.3 JAsCo: Aspectualdava Beans

Buildingupon componentsatherthan module systemsAsCo [EVIDJ extendshe ideasof Aspectual
ComponentySectionR.5.3, page50 to Jva Beans.An Aspectualva Beancontains—inadditionto
normalJvaBeanbeh&ior—ahookclausghatallovsthe beanto interceptandmodify (replace in JAsCo
terminology) basemethods.Incorporatingaspectudeatuesinto the Jwa Beanmodelis quite seamless
asjoin pointsare closelyrelatedto Jva Beanskvent propagatiorinfrastucture.

Hooks do not declae which basgoin pointsthey avect, but ar ratherappliedto the systenby
loadinga ConnectorThe connectoris a method-like entity thatinstantiatesiyhenloaded,one or more
aspecbeansaandspeci eswhich basgoin pointsare to be avected(andin what order) by the hooksin
the aspecbeang] Basemethodsare speci edusingwildcadsto patten matchagainstlasssignatue,

andmethodname

2.6.3.1 Similarities to AspectualComponents

The in uencesof AspectuaComponentsnale themselgsfelt moststionglyin how methodimport and
interceptionis expessedh JAsCa In both, the componentcontaingts own oo behaior, which canbe
abstracandoverriddenby inheritance

JAsCo oVers both type-safehook reuse which canonly be appliedto method join points with
known signatues,and lesssafegeneicity, which presentargumentsandretum valuesasObjects and
perfomscast®ehindthe sceneto the properspeci ctypes.This schemésvery similarto how Hyper/J
(SectionR.5.7.2, page64) dealswith argumentsindhow Aspect]SectionR.6.2.9, page71) dealswith
retum valuesandalsosWwers from the samerisksof dynamicerrors asthosesystemslo. For example
assuminghe type of one of a setof interceptedmethodsis a String andfor anotherit is Integer, then
a hook abe to intercept both would repesentthe retum type asObiject; if the hook were to retum
someobjectof a subclassther than that retumed by the proceed a faileddowncastin the generated
codewould ensue However, in casesvhere type geneicity is not requited or desied, the hook can
declae the expectedsignatue of the interceptedmethod; methodsof the wrong signatue will not be
intercepted andthe hook cansafelyassumereciselypesboth for argumentsindretum value

2.6.3.2 DiVerencesfrom AspectualComponents

The major diVerencebetween aspectuatomponents—indeedll collaborationoriented designs—and
JAsCo is that AsCodoesot oVer ary type manipulationaspat of its connectionto the restof the
systemthusavoiding the pitfall of unsoundtype systemsThus, there is no way to declae paticipants

SBasanethodscanbe methodson ary JvaBeanin the systemnot necessiy the aspecbean.
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and have them mappedto applicationtypes. This follows from the philosoply of Jwva Beanswhich
achiere reusabilitypy usingObject insteadf applicatiortypesin their interfacesHowever, this severely
limits what functionalitya beancanimport from the hostapplication. If an aspectuabeanwishesto
accesbasdunctionality it musteither hadwire applicationtypesor marually implementa frameavork
adaptatiorsystensimilarto the onediscusseith Sectiorp.5.3 (pageA?).

An improvementover aspectualomponentssthat JAsCodoesnot addessow to interceptmatched
methodpairs (suchasgett, set* to matchgetterandsettempairs). While suchdeclarationare intuitively
attractve in mary caseswe found in Sectionp.5.3. (page5l) that they can easilybecomehad to
undeistandn edgecases.

Instantiationof a beanis implicit upon attachingthe bears hook to somesetof join pointsin the
base The beancandynamicallycontmol its applicabilityby expotting amethodto detemine whetherit
wantsto intercedein agiven executionof its hostjoin point, alloving the beanto avectexecutiononly
in cettain situationsA connectolisalle to attachsereralAspectBeansatonetime, alloving it to declae
the nestingorder and precedencef the beansaspectudeatues. More dynamicinteractionscanbe
delegatedo speciamethodsn the beanwhich allov onehookto only run if anotherisnot applicale,
or to vary the behaior of onehook in the presencef another

2.6.3.3 Summay

The JAsCo systenoVers a powerful extensionto the existing, matue technolgy of Jva Beans. To
t into that context, conceptdike type encapsulatiomust be abandonedn favor of usingObject in
signatues.Similarly aimingto be apracticabystemit is usefulto expott aspeci cmethodto detemine
whethera hook is applicale to a method execution. However, this gainsno expessienessover just
addinga conditionaltestin the hook itself Similarly the implicit instantiationof the hook's enclosing
beanis convenient,but a more minimal systenwould separatéhe conceptof instantiatinga beanand
attachingahook.

2.7 SemanticModels for Aspects

U p tothispoint,of our discussionye hare concentratedn relatedvork which is of amore practicaljf
not implementedpatue. The following sectiongover work on modelgo formally descibe andreason
aboutthe behaior of suchsystems.



76

2. RELATED WORK

2.7.1 Lammel Method-Call Interception Semantics

RaIfLémme providesa direct semanticor method-callinterceptionandadvicein a minimal
object-oiientedlanguagevith side-&/ects.Separateompilationof aspecandbasgrogramis suppoted,
alongwith apointcutlanguagenddynamicattachmenbf advice The paperdoesnot provide amech-
anismto remove the advice By oVering a direct evaluation,ratherthan compilation, semanticsthe
paperoVers valualte insightinto the runtime ervironmentsthat needto be maintainedn order to lift
method-calinterceptioninto the targetlanguage

The modelfor adviceis limited in the paper asadvicecannotin uence whethera method call
continues, merly acces#is argumentsand retum values. Furthemore, while aspectae separately
compilalte from their basgthey are very tightly coupled:adviceandpointcutform aunit thatisevaluated
in the contextof the basgprogram. There is thuslittle reuseof aspectgndseparateompilationcannot

betranslatednhto separateompehension.

2.7.2 Spectatordor Modular Reasoning

GiftonandLeaens{m [CLOZ], [CLO3] addesghe lackof modularreasoningn aspect-dentedpro-
grams,andAspectdn paticular The authos suggesaddingpre- andpost-conditiongo Jva, usingthe
JvaModeling Languagg . BROZ. They notethatin the presencef aspectuadvice globalreasoning
is neededo undestandwhethera methodinvocationsatis ests contractuapostconditions.Not only

isthe advicenon-localto the method,it is alsonot appagntwhetheragiven methodhasadviceatall.

The authors' proposato addesshe lackof modularreasonings to classifyaspectaseitherspectators
or assistantwhere spectatarark restictednot to modify the postcondition®f the methodghey advise
Aassistangge not soresticted,andthusform ageneralizationf spectata. The bene t of the distinction
is that advicewritten asa spectato(for exampleloggng) doesnot breakmodularreasoningven if the
advisednethodisobliviousto the aspedf§ However, in orderto suppot modularreasoningthe method
cannotremainobliviousto the assistardadvice andthe methoddeclaratiomeedso be augmentedo
explicitly declae which assistanisaccepts.

Thus, modularreasonings maintainedat the expensef hadwiring methodso their advice The
authoss presentargumentsuppoting their intuition that in mary situations spectatoadvicesuy ces,
which doesnot needsuchexplicitacceptancéom the method. Additionally they suggestechanisms
whereby advicecanbe acceptedt largergrarulaity—thusalloving awhole packagé¢o acceptssistant

%The authosnotethatin orderto shav the spectatopropety, objectaliasingnustbetakeninto accountasotherwiseside-d/ectsin
theincormrectlyclassi edspectatoaspectay modify the post-conditionof the advisednethod.
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advicewith one declaration—anddditionallysuggesa requied locationfor suchdeclarationso that
modularreasonings not lostin the processThe current semanticef Aspectg&anbe restoed by adding
sucha clauseo the begnning of a packageexplicitly acceptingall advice

An interestingfacetof thiswork isthatit use@nappoachotherthanencapsulatioto attainmodular
reasoningit restictsthe obliviousnessf the baseo the aspectln away, it canbe seerasexpoting a
join point, but hadwiring atight couplingto the aspectvhich it is expotted to, ratherthanalloving a
loosercouplingcontmolled by modularcomposition.

2.7.3 AspectSandbax Semantics

AspecSandbo(asb) is a workbenchfor expermentationwith aspect-aentedfeatues. Two papes
were presentedtthe foal workshopataosd 2002 usingasb to highlightthe semanticef aspects.

[MKDO0Z presentsan object-oiiented calculusmodelling a subsebf AspectJjncluding dynamic
join pointsand contol- o w predicates.A direct semanticss presentedwhich is transfomedinto a
compilationsemanticby the patial evaluationof the aspeciveaver overtheinterpretedprogram. Around
adviceandtypingis not discussed.

[WKD]| presentasigni cantlysimpleprocedurabasganguageThe semantictr advisednethodss
presentedsarun-time programtransfomationon the procedue bodyandapplicale advice generating
anew expessionwith the desied nestingof advicebodies.

Both papesfocuson whole-piogramtransfomationsandare thusnot directlyapplicake to separate

compilationor modularreasoning.
2.7.4 A Theory of Aspects

Walkertal. [WZL 3] presentanorthogonalextensiorto the simply-typedambdacalculugo expess
join pointsandadvice An importantcontribution istheir join-point model,which decouplegoin points
from program stuucturing attifacts. bin pointsate labelson arbitray expessionstatherthan named
functions.Furthemore, labelsae r stclasvaluesn the program,andthusallonv expressiontabeledoy

themto be protectedfrom unwantedadviceby lexicalscoping.

The labelsand advicecanbe seenasdynamicallyscopedunctionsthat are appliedto the resultof
evaluatingthe labeledexpessiongthe functionsare the resultof composinghe advicethat appliego
the label). Thus, the core calculuVers only afteradvice with no interceptionabilities. However, the
soucelanguagencodesiound adviceasafteradviceby wrappingthe labeledexpessiorin athunk (so
thatthe term ebecomeshe value( _.€)).
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Advice is resticted to applyonly to a paticular label(speci edat declaratiortime). This is less
restictive thanit may seemat r st,asthe labekvaluemay be passeth from anenclosingabstractiongr
otherwiseevaluatedatruntime Furthemmore, in amore pemissiely typedcore languagepolymormphic
adviceshouldfollow naturallyfrom the rulesgivenin the paper

Adviceis appliedto an expessiorby primitive adviceapplicationoperatos. The eVect of the ap-
plicationis that the adviceis added(either r stor last,dependingon the applicationoperator)to each
occurenceof its labelin the expession.Sincethe applicationoperatos alsoare r st-clasgxpessions,
advicecanbe appliedat runtimef]

The papergoeson to shav how more adwancedfeatues—suclaspointcuts—carbe addedduring
the translatiorphasgbut the biggesttontribution is that the authois corvincingly demonstratéhat by
addingaspect-dentationasothogonat stclas$eatuesto the core languagewell-undestoodprinciples,
suchaslexicalscoping,canbe leveragedo contml the power of aspectaswell. Similarly when new
featues(suchasmore powerful typing disciplinesare addedto the basdanguageaspectautomatically
becomemore expessie.

2.8 CrosscuttingConcems and Software Engineering

Promisingonnectiobetvxeenuse-casamdaspectba/e recentlybeenhighlighed[fad3d, @3], sug-
gestingthat aop may be a synerggtic implementationtechnolay for systemsnodelledin uml. The

restof this sectiondiscussesomesoftware-engneeiing appoachedo dealingwith crosscuttingsystem
featues.

2.8.1 Composition Pattemns

GarkeandWaIke addghe conceptof CompositioPattensto uml [BRXP9]. The implementa-
tion suggestiorfer compositiorpattens[EW 014, stonglyin uencedthe expessiorof reusale

aspectandhypesslicedn thisthesisandwe proposethat AspectuaCollaborationglo a paticularly el-

egantjob of repesentingCompositionPattens. It is unclearwhether CompositionPattens captue

multiple attachmentsf a collaborationandhow shaing of membes betweensuchattachmentsiould

beexpessed.

2There appeasto be no way to remawadvice onceattached.
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2.8.2 ArchX3va

Arhaa [ACNO2 RC02 AId0O34] proposes systento staticallyguarantearchitecturaiintegity of an
application.Aldrich et al. de ne “communicationintegrity” to be animplementatiorpropetty: thata

componenttommnunicateslirectlyonly with component# isdirectlyattachedo. Archdvacomponents
are r stclassandcanby passedndconnecteddynamicallyduring programevolution.

Communicationintegity is very closeto the Lav of Demeter[LH89, Lie9d], which positsthat
software maintenancéurdensae reducedf objectsencodeassumptionsnly aboutneighboing objects,
where neighbosare de ned asobjectgassedsargumentso amethod,or containedn a eld refeence
on the class.The Lav of Demeterhastwo forms. The clasgorm resticts a clasdo accessinglasses
thatare one edgeaway in astaticclassafeencegraph. The objectform is more restictive, alloving an
objectto comnunicateonly with the speci cinstanceseachale viadirect eld refeenceor asmethod
arguments.

An Archda componentis a class-lik constuct with methodsand elds andinheritance Compo-
nentscanextendJva classesComponentdliVer from Jva classes thatthey canadditionallycontain
ports, connectiondeclarationbetweenports, andalsoinner components.

Ports are bi-directionalinterfacesy which componentsonnectto eachother Eachport declaes
a number of requird—impoted—andexpoted methods,allonving the componentclasgo expot its
methodsvia the ports, andto import behaior via suchports. Ports canadditionallycontainbroadcast
methods:rrequired methodshat canbe connectedo severalimplementationsBroadcasmethodsmust
have a void retum type andconstitutea language-kel subject-obseer patten, alloving components
to beinformedof andreactto extemal events.

Connectoslink severalcomponentsports together connectingpairs of same-namethethodswith
oppositepolaity. Provided andrequiled methodsdeclaed in a port mustbe connectedo exactlyone
methodof the oppositepolaiity andidenticalsignatue.

The primary diVerencebetweenArchdva componentanda modulesystenis that while a module
systentanrestict the direct visibility of entitiesin a module it cannotcontol how an entity is used,
onceexpoted. Archdva, on the other hand,limits how expoted functionscanbe used,but assumes
thattypesare commonto all componentslt achieesthiscontiol by hindeling clientsof the component
from creatingandexpoting closues(suchasobjectinstanceghat captue refeencego the component.

For examplelet File be a componentwith a methodwrite which it expottsto Trusted Archdva
guaranteethat sinceTrusted is the only declaed client of write, no other component—forexample
Untrusted—will gaindirect accesso it. If Trusted wantsto expot the write behaior, it cando so
only by explicitly declang a forwarding methodthat refeenceswrite, andthen declamg Untrusted as
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aclientof thatforwarding method. Likewise Untrustedwould needto explicitly declae ary subsequent
re-expotsof thatmethod.

In contrastamodulesystenwould male it impossike for Untrustedto directlyinvoke ary methods
on File but Trusted could createa smallobjectcontaininga methodforwarding to write, and pasghis
objectto Untrusted Untrustedwould thenbealde to invoke write directly andmore importantly could
passhisobjectto ary otherclientwithout ary further declaration.

2.8.3 Traits

Blak etal. descibe Traits[BSDO3|: smallsetof methodsthat canbe addedto classeasa unit. Traits
cancomposendinherit from othertraits,andcanbe addedto severalclassesimultaneouslyTraitsdo
not have classear ary run time repesentation.

Blacket al. relatetheir expefencesin applyingtraitsto the Smalltalkcollection-claskierachy. It
is mentionedthat the hierachy hasbeenthe targetof seeral redesignsnd refactoings, andis thus
expectedo be closeto an optimalimplementatiorfor its functionality The authoss repott that those
classesefactoedwith traits,improvedtheir undeistandabilitpnduniformity, removed codeduplication,
andalsoresultedn asetof traitswhich canbereusedoth to developnew collectionsandcollection-like
usercode

As presentedtraitsheaily leveragethe dynamicnatue of Smalltalko bind required methodsusing
dynamicdispatch.The straightfonad implementatiorfor Jvawould treateachtrait asa setof method
de nitions, where the method-declarationare inseted into the targetclassollowing the overriding
rulespresentedn the papef The authosreferto this operationas® attening” the trait. To separately
compilea trait, we mustalsospecifyits interfaceto the restof the systemzthe signatue of methodsit
requireson the target(eitherfrom othertraits,or directlyimplementedoy the targetclass)andalsothe
signatuesit requitesof all methodarguments.

This is preciselywhatis provided by a collaboration:a (in generakeveral)classvith someprovided
behaior, and explicit signatuesof all requited beha&ior. The main diVerenceis that traitsare alde to
leveragethe dynamicnatue of Smalltalkto omit staticdeclaration®f the requied interfaceswhile
staticcompilationrequilessuchdeclarationsConsequentjtraitsin Smalltalkcanresole overriding by
overwiiting selectednethoddeclarationf] Traitsin Jva would needto redirect existingrefeencesto

28 (a)A trait overridestargesinherited methods(b) The targetoverridesthe traitsmethods(c) A trait overridesits composedraits'
methods.

29 An attractve featue of the designis that the desied semanticsanbe implementedvia a speci cinsetion order of traitsinto the
host,allowving traitsto overwrite trait-declaed—hut not target-declaad—methods.
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1 Rectangle>> width
2 "Answer the width of the receier”
3 "cornerx originx

1 collaboration acrectangle;
2 participant Rectangld
3 expected Point getCornex);

1 attach ...acrectange..;

15 RectangleMorpk= acrectangle.Rectangfe

I
|
I
I
I
_______________________ 4 expected Point getOrigin(); Do provide getCornerRint to getCorner;
.5 int width() f return . 1 provide getOriginRint to getOrigin
1 TRectangle >> width Loe this .getCornex).getX() Iow Il ... exports...
2 "Answer the width of the receiver 7 this .getOrigir().getX(); 1200
3 "selfcornerx selforiginx s g . 2 CornerClass+= acrectangleCorner f
P9 g : 22 provide getXto getX;
1 1 participant Point f 23 [l...exports...
1 RectangleMorph | un  expected int getX(); L g
2 subclass #RectangularMorph ' 1 // expectedint getY();// not needed = ...
3 uses: TRectangle I Bg X
4 | I
5 /I methods corner and origin : :
6 [/l visible in RectangularMorph |, :
I I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 22: Behavior representedas (top left) a Smalltalk method, (bottom left) a Trait and its use, (middle) an
Aspectual Collaboration, and (right) a snippet of its attachment.

required methodsignatue-stubdo insteadooint at the methods implementationsa speciataseof the
linking declarationsf providedmethods.

The programmercanalsoselectiely specifythat somemethodsmplementedoy the trait shouldbe
treatedasif they hadno implementation.AspectuaCollaborationglo not have this capabilitybut this
ability would be easyto add. Indeed,we mention sucha capabilityin Section5.14 (pagel9l), in the
contextof sinulatingHyper/Js ability to extracta hypesslicefrom a compiledpackageln the interim,
this canbe avoidedby a programmingpatten introducingexpectednethodsasvaiancepoints.

A simpleexamplefrom Blacket al.is shavn in Figute P2, illustratingthe original Smalltalkmethod,
that method repiesentedasa trait, and how the trait would be representedasa collaboration. The
collaboratiomeeddo declae two paticipantsandalscthe signatuesof expectednethods.Finally the
collaboratioris attachedo the baseclassandmethodrefeencesxplicitly resoled.

A trait cannotnameits own clas®r that of anothertrait andthuscannotexpesssetf relatedraits.
In Smalltalkthe only explicituseof classnamésto instantiatebjectswhereasn Jva,typesare needed
for all declarations.Thus, traits'inability to namethemselgsor classeis in Smalltalka problem that
canbeworked aiound by the abstractdctor patten, while in Jva, it becomes shav-stopper In Jva,
traitswould needto expressnformationsimilarto eitheracollaboratioror aHyperSliceto nameclasses
andthe provided by thoseclassesThus, a trait would seemto be a collaborationcontainingseveral
paticipants,but only one paticipantwith provided behaior. To completethe mapping,we could
addaby-name-mappingleclarationsothat the aspectuatollaboratiorcompilerautomaticallynatches
providedandexpectednethodshy their namesandsignatues.
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Traitshiggestveakness—iaur opinion—isitsrelianceon tool suppot to oVsetits lackof encapsula-
tion. Lackof encapsulatioimpliesthatit quickly becomesliY cult to deteminethe interfacegrequired,
provided,andunresoled con icts) of acompositerait. Thisis especiallyrue with con icts, which can
easilyarisewhentwo independentlydevelopedtraitsdeclae the samemethod. Sincetraitscanbe com-
posedhierachically to marually predictthe con ict would require the programmerto recussively walk
thewhole compositiorhierachy. Blacketal. foundinteractve tool suppot very usefuin refactoing the
hierachy into traits;identifying compaositioncon icts seemsn obvious and usefulapplicationof such
tool suppot.

Blacketal.identi ed severalshotcomingsof the SmallBlk collectionhierachy thattraitswere alde to
addessWe repeatsomeof themhelg, asthey ar likely alsoapplicale to AspectuaCollaborations.

MisinheitanceThe collectionhierachy wastoo deep To gainsomereuse spuiousinheritancewas
introduced. For examplea Rectanglenay be a declaed a subclassf Point sothat the Origin canbe
reused.However, arectanglds not reallya point, and someinherited methodsmustbe overridden
to actcormectly Blacket al. found 167 case®f misinheitanceleadingto inherited methodsbeing
inapplicale to a subclasand thus overridden. This suggestthat the desie for reusewasleading

refactoingsto unnaturakubtypingelationships.

DominantDecompositiofhere ate se/eraldimension®f vaiiability availatbe to a collection:it canbe
ordeted, readonlygrowalde, or perhapsestictedto cettain types.In asingleinheritancesystemsuch
asboth Smalltalkand Jva, we must choosewhich of thesepropetiesis to be the main stucturing
decompositionThe others(which cannotbereusediiainheritance)musteitherbe maruallydefered
to acentraimplementatiortlassor duplicatednto eachof the pemutationgprovidedby the hierachy.

IncomplethiearchiesSincethe possite collectionggrow combinatorally with the numberof featues,
only the mostcommon combinationscan be provided by the library; others mustbe implemented
from scratctby the programmer

Theseshotcomingsale soled by traits,andalsoby collaborationsSincethe implementos do not
neednheritanceother than for pure is-arelationshipsshallev and broad hierachieswill result. Since
compositionis cheapperhap®nly the absolutelymnostcommoncombination®f collaboratiorfeatues
are provided. The restcanbe easilyassemrbd on demandby composinghe propertraitsor collabora-
tions.



Chapter 3

Aspectual Collaborations

R CONTRIBUTIONS ar twofold: both the implementationand the evaluationof a module
systencombiningaop with modules. This chapterdiscussethe designand implementationof
AspectuaCollaborationgsa modulaity constuct aound the full Jvalanguagewhile the nextchapter

coversananalysisf aformalmodelof the system.

3.1 DesignOverview

An Aspectudlollabationconsist®f a paticipantgieph where the nodesare Jva-clasdike entities
calledpaticipants,and the edgesar is-aand has-aelations. The setof paticipantsis closed;it can
be extendedonly by recompilingthe whole collaboration.A paticipanthaszeo or more membes—
elds or methods—obging the normalsemanticef Jwvamembes. In additionto the membemodi ers
oVered by Jva classepaticipantscanhave threeadditionalorthogonalmembemodi ers:

Expectedhemberaie defered membes that, like abstract membes, must be provided befoe they
canbe used] ThesediVer from abstractmembesin that both methodsand elds canbe expected,
andmore importantlyin thatthe existencef anexpectednemberdoesnot inhibit clasgnstantiation.
Expectedmembes are the ports by which behaior is imported—povided—into a collaboration.
AnotherdiVerencefrom abstracinembesisthatbehaior is provideddirectlyto the declaedexpected
membey ratherthanusingsubclassingndinheritance asis the casdor abstraciethods.It isarun
time emor to invoke an expectedmemberthat hasnot beenprovided with behaior. Sectionft.§

11t isadynamicerror to attemptto invoke anexpectednethodthat hasnot beenprovided.
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(pagel66) de nesthe completepropetty of acollaborationacompletecollaboratiorhasno expected
methodghathave not beenprovidedbehaior.

Aspectuamnethodadviséhe executionof join points. The currentjoin-poininodehasonly onekind of
join point: amethodsexecution. When anaspectuahethodis attachedo advisea hostmethod,ary
invocationof the hostmethodisinterceptedyei ed asajoin-point objectrepiesentinghe invocation,
and passedb the aspectuabperationasan argument. The aspectuanethodcanthen control (and
modify) the detailsof the executionrepresentedy the join point—includingchoosingnot to allow
executeit atall—until retuming control to the host-method original caller Optionally anaspectual
methodmay be constrainedo work with only amore limited setof signatues,thereby gainingaccess
to the argumentsindretumedvalueof the methodinvocation.

Expotedmemberate viside outsidethe collaboration. When composingcollaborationsvith each
other, ary membes that shouldbe visilde in the resultmust be explicitly expotted. Non-exported
membes becomehiddenbehindthe encapsulatiomterfaceof the ac. Note that we will wantto
expot all expectednembes that have not beenprovided, asotherwisethey will not be viside to
subsequerdttachmenspeci cationsgoomingthe collaboratiorto never be executalte.

Theseannotationsie appliedatthe member—rathethanpaticipant—Ilevel for reasonef practicality
ratherthan fundamentatlesign. If we wantedto useimported paticipantsusefully we would arnyway
needto specifithe signatuesof membesthatthe importing moduleneedgo refeenceon the imported
paticipants.Furthemmore, we would needto import paticipantsmentionedransitvely by the signatues
of the imported membes. We would then needto applysomeprogrammingpatten like Jiazze mixin
andopenclasgattensin orderto composdocallyde ned behaior andthe importedbehaior into one
expoted paticipant. We avoid theseobstacleby insteadspecifyingmports andexpotts at the member
levelf]

A collaborations eithercompileddirectlyfrom soucecode or elsecomposedrom alreadycompiled
collaborations.We call the resultingcollaborationthe outputor resultcollaboration,and the already
compiledcollaborationgrom which it is composedthe constituenbllaborationf. The compositionis
akinto statidinking, by which we meanthatachangeo aconstituentollaboratiorwill notbere ected
in the output collaboratioruntil it hasbe re-composedThis is merely animplementatiorchoice and
nothingin the languagalesignvould hindera more dynamicappoach,for exampleémplementedasa

class-loaden thejvm

20ur implementatiorallows collaboration-pivatepaticipantsby omitting them from the type mappingphaseof attachmentThis is
only a possibilityfor paticipantsthat do not appeain the expoted signatue of the collaborationandis alsonot accountedor in our

formalmodel.
SWe usethe terms“output” and*“constituent” to disambiguatécomposed”collaborationwhich canbe taken to be the resultof

compositionor one of the ingredients.
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Unlike someother modulesystemsye chooseto derive the signatue of anac from its declaration,
ratherthanan extemnal signatue appliedto the declarationHowever, the interfaceremainsstalte under
modi cationsto the interfacesof the constituentcollaborationsaslong asthe collaboratiorstill type-
checks,modi cations to the constituentcollaborationsinterfaceswill not avect the interfaceof the
output collaboratiorf}

Thus,acollaboratiorhasexactlyoneinterface ratherthanbeingabe to satisfasetof signatues.The
interfaceof anac consistef the expoted membes of the collaborationalongwith the paticipantson
which thesemembes are de ned. We referto the subsebf interfacemembes that are expectechsthe
requireihterface andthe remaindemsthe provideihterface Sectionl.6.3 (pagel78) discussestenate
semanticor linking required andprovidedinterfaceswhich would truly male the required interfacea
subsedf the providedinterface(ie, we would be alle to specifyan expectednethodasthe souce of a
requiement),andthe trade-d/sinvolvedin the choice

3.2 AspectualCollaborationsby Example

Wewill introducethe conceptsinderlyingAspectuaCollaborationshrougha smallexamplecompos-
ing two dissimilaccollaborationsshaving how by defering stucturaldetailsve cangain ner contol
of the objectstucture; and nally shaving how existingbehaior canbe advised.

3.2.1 Introducing Structure

Asan introductionto collaborationsndtheir composition Figure P3 presentswo diVerent collabora-
tionsdescibing a person. The two constituentcollaboration®n the left and middle are composedy
the declaratioron theright into a collaboratiorcontainingthe elds andmethodsof both. At thisstage
we omit methodsto focuson how patticipants'typesandrefeencedo them are avectedby composi-
tion. The resultof compilingthe collaborationare shavn belon the codeasuml| diagams.Notice that
althoughthe collaborationsvere of diVerent shapesye were alde to stietchthemto t into acommon
paticipantgraph.

The exampleillustrateghe point-wisecompositionperformedon paticipants. The compositecol-
laborationdeclaesa paticipantclasstiucture for the output, into which the contentsf the constituents
ar inseted. The nameof a Personis imported from that of a LegalEntityandsimilarly the locationof

4Sectior@ (pagel90) discussdsture work which may move towardsappliedsignatuesratherthanexpott declarations.
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| I
1 collaboration legal .1 collaboration person .1 collaboration legalperson
2 participant LegalEntity |2 participant Personf | 2 participant Personfg
3 Stringlegalname; b3 expected Stringname b3 participant Adult extends Personfg
49 4 g 1 4 participant Working extends Adult fg
5 participant Human | s participant Active | s participant Jbb fg
6 extends LegalEntity - extends Personf Lo participant Workplacefg
79 17 Activity does; 17 attach legal personf
g participant Emplgee " g .\ & Person+= Person LegalEntity
9 extends Humanf |9 participant Activity f Lo f provide namewith legalnameg
10 Workplacewp; 11 Buildingin; I 1 Adult += Human
| | . .
u g i ng 1 Working += Emploee,Active;
2 participant Workplacef | 1w participant Buildingf | 1 Db += Activity;
1B expected Stringlocation | Stringaddress; |3 Workplace+= BuildingWorkplace
“ g 1 ug [ f provide locationwith addressg
I L B g
I I
_______________________ e de
1
LegalEntity : Person 1 Person
1 1
1 1
1 1
1 1
| |
Human 1 1 Adult
1 1
| |
1 1
1 1
1 1
Employee up. Workplace ! Active [d0es- Activity o Building ! Working Job | —] Workplace

Figure 23: Two collaborations describing a person, with slightly different shapes,and their composition.

abuilding isimported asits addess Notice that compositionis symmetic, alloving both collaborations
to be sinksandsoucesfor their relationships.

A collaboratiorconsistsf threepats: anintrinsicname adeclaratiorof the shapépossily devoid of
methodsand elds) of the output collaborationanda (possily empty)setof attachmentsto the output
collaboration.AcompiledAspectuaCollaboration—eithewith behaior declaed directly like legaland
person or composedrom alreadycompiledcollaborationdjke legalpersonr—is structured similarlyto a
Jva packagebut consistef paticipantsratherthanclasse®part from consistingf amore generatlass
constuct, the primary diVerencebetweena collaboratioranda packagés that a collaborations closed
to subsequergxtensionwhile classesanbe addedto a packaget ary time. Thus,in ACsthe unit of
compilationis a collaborationasopposedo aclas®f a Jva packagf

5This propetty aidsin modularreasoningseeSectio , pageld) by limiting the ability to override a methodin a collaboration
to paticipantsin the samecollaboration.Alsq Section (pagel9l) discussesow this propetty could be usedto enalte program
optimizations.
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The outputollabationdeclaesthe paticipantshatare viside in the output, andalsctheir subtyping
relationshipf. An exampleof an output collaboratiorare the paticipantdeclarationg the composite
collaboratiorlegalperson The purposeof this declarationis that it transfomsa constuction problem
into a veri cation problem: insteadof needingto constuct a setof output classealle to containthe
classtucturesof the constitueniattachedgollaborationsye merly needto verify thatthe mappingof
eachconstituentollaboratiormaintainghe necessgupropeties—areasietaskf] More importantly this
givesusfull control over the the namesf and subtypingrelationshipsimongthe classei the output
collaboration.

The attabmentetailsare speci edat three levels: collaborationclassand member The example
shavs how collaborationegalpersonis composedrom collaborationsegaland person Eachclassn
eachattachedcollaborationis then mappetb a classn the output collaboration. The += notationis
chosento suggesthat the left-handclasgthe output classpccunulatesthe contentsof the right-hand
classed.hus,the declaratiotWorking += Emplgeg, Active declaesthatconstituentlasseBmplgyee and

Active ale mappedo outputclas®Vorking, inseting their elds andmethodsnto the output classTypes
refeencedn inseted elds andmethodsare translateéccodingto the declaedtype mappings.

Lastly imports and expotts ate resoled at the memberlevel. Imports are declaed via expected
membes— eldsor methods—whichdeclae the signatue of the requiled membey andare refeenced
by the behaior in the collaboratiorasif they were declaed asconcete

To import behaior into the collaborationanexpectednemberis providedith the behaior from a
concetemember with identicalsignatue andon the sameclassin the example elds nameandlegal-
nameboth have the samedype andhare beeninsetedinto the sameoutputtype The nameis expected

(alsareferedto asrequirgdwhile legalnamés concete sothe declaratiorprovide namewith legalname

isvalid, andall refeencego nameate redirectedto legainam§

3.2.2 Deferred Structure Pattemn

During compositiontypesare mappedaccoding to the attachmentsothatall refeencego Buildingin
Person are replacedy refeencedo Workplace Thus,both elds Emplgeewp andActivity.in are typed
Workplace Thisbegsanobviousquestionin therightmostillustrationin Figure 3, did the composition

6The implementedanguageandthe modeledanguagef ChapterH (pagells) diVer mostsigni cantlyin whatthe output collabo-
ration cancontain:the implementedAC compilerallavs full va—includingmethodsand elds—while the modelin Feathereightava
allovsonly patticjpantsandsubtypingelations.In the more restictedmodel,amethodmay only be declaedin anatomiccollaboration.

"Section (pagel9?) discussesomedetailson how the mappingto the output collaborationcould be patially derived from
context.

8How providesinteractwith expottsis discusseith Sectio (pagel79. The currentimplementationis critiqued, andwe shav
how abetterimplementatiorstrategycould allov both the expectedand providedmembesto be expotted separatelyt the costof not
beingabe to have expectedelds.
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I I
1 collaboration legal |1 collaboration person .1 collaboration legalperson
2 participant LegalEntity , 2 participant Personf , 2 participant Personfg
3 Stringlegalname; Los expected Stringname Los participant Adult extends Personfg
49 49 4 participant Working extends Adult fg
5 participant Human | s participant Active | s participant Db fg
6 extends LegalEntity Loe extends Personf Los participant Workplacefg
79 17 expected Activity getdoey); 17 attach legal personf
g participant Emplgee | s expected | s Person+= Person LegalEntity
9 extends Humanf ) void setdoes(Activitydoeg; | o f provide namewith legalnameg
1o expected Workplacegetwp(); ' 10 g 110 Adult += Human
u  expected " participant Activity f _— Working += Emplgee, Active
© void setwp(Workplacewp); | = expected Buildinggetin(); ") f export getdoes export setdoes;
B g I expected LB expor t getwp; expor t setwp; g
1 participant Workplacef ! void set.in(Buildingn); i 1 JDbb+= Activity
15 expected Stringlocation | 5 g LB f export getin; export setin; g
6 g Y participant Buildingf A Workplace+= BuildingWorkplace

o Stringaddress [ f provide locationwith addressg

L B g | B g

| I

Figure 24: Using expected methodsto defer structure.

meanto resultin two pathsto Buildingfrom Working? Most likely the ansver is that the composition
wasintendedto resultin only one path, and that we hase unintentionallyintroducedan invariant

someoneWrkingdoes.ir=someoneWrkingwp thatthe programmermmustbe caeful to maintain.

To addesghisissuewe introducea programmingpatten, the DeferedStructurBatten. The patten
leverageexpectednethodswhich declae methodsignatueswithout behaior, to deferhas-aelations
until the classtucture is statie. Figuie P4 shavsthe necessgmodi cations. Insteacbf eachcollabora-
tion encodinghas-aefeenceslirectlyas elds, we declae expectedjetter-and(if neededyetter-methods
for those eldsf] The actual elds, andthe methodsto accesthem, ae addedonly when we wish to
freezethe stiucture, afterthe structure-usingcollaborationdhiave beenadded. Note that refeencego
extemaltypes suchasStringare exemptfrom typemappingduring attachmentandthusalsathe patten.

Figue P§ shavs how a simplehas-astiucture canbe addedto the legalperson collaborationgen-
eratinglegalpersonstructuref To illustratethe useof disambiguationwe have reusedhe namesof
legalpersonin structure. SinceAspectualollaborationhare no match-ty-namerule (ascommonly
usedin Hyper/J),we needto marually composehe similarlynamedclassesSimilarly to provide getin
from structure to the identicallynamedmethodin legalperson we needto disambiguatéo declae
which oneis souceandwhich oneis sink. For exampleto provide the concete methodfrom structure
to the expectedrom legalperson we write provide legalpersondbb.getin with structure.bb.getin. E]

90ne additionabene t to usingthis programmingpatten isthatit allovsusto separatelgontiol readandwrite accest a eld.

10The examplenasbeenslightlycleanedip from the actualsyntaxout expessepreciselythe samenformation.

1To simplifythe presentationpur formalmodelin Chapte] (pagel15) requirsthatall classndmembenefeencesefully quali ed.
Sectio (pagel9?) delhesinto how suchdisambiguatiomight be asoidedin a more matue implementation.
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1 collaboration structure;

2 participant Workingf

3 Db job;

4+ Db getDoes()f return job; g
5 void setDoes(db does)f
6 job = does;g

7 WorkplacegetWP()f

8 return getDoes().gein();g
9 void setWRWorkplacewp) f
10 getDoes().sein(wp);g
n g

» participant bbf

1B Workplacewp;

1 Workplacegetin() f return wp; g
5 void setin(Workplacein) f

i wp =in; g

17 g

18 participant Workplacef g

1 collaboration legalpersonstructure;

2 participant Personfg

3 participant Adult extends Personfg

4 participant Workingextends Adult fg

5 participant Activity fg

6 participant Buildingfg

7 attach legalperson structure f

s Person+= Person

9 Adult += Adult;

10  Working += legalpersonWorking, structure.Working

1 f provide getdoeswith getDoes;provide setdoeswith setDoes;
© provide getwp with getWP, provide setwp with setWP;

13 expor t getDoes expor t setDoes;expor t getWP, expor t setWP, g
1 Activity += legalpersondb, structure.db

f provide legalpersondb.getin with structure.db.getin;

&

6 provide legalpersondb.setin with structure.bb.setin;

7 expor t legalpersongetin asgetln;expor t legalpersonsetin asseting
18 Building+= legalpersonWorkplace structure.Workplace

© 9

Figure 25: Adding the structure.

When providing one memberto anothey it is requied that they have the sametype Earlier we

providedlegalnaméo expectedeld name both of type String When we specifya type mappingin an
attachmenttwo thingsoccur. the membesfrom the constituentypesaie inseted into the outputtype

andall refeencego the constituentypesare translatedo the output type In Figue P4 classictive's

method signatue void setdoes{@ctivity) is translatedo void setdoes(bb) , asActivity is mappedto

Dbb. Thus,afterinsetion collaboratiorstructure's concete methodgyetDoesandsetDoeshave identical

signatuesto legalpersoris expectednethodgyet doesandset does allonving the formerto be provided

to the latter

Lastlythe methodsetDoes(with sereralothers), which hasbeenaddedo classVorking, is declaed

expoted, andthus availalbe to extemal uses. Members that ate not expotted are encapsulatenhside

the collaborationandcannotbe refeencedextemally nor will they be confusedvith identicallynamed

membesfrom othercollaborations.

3.2.3 AspectualBehavior

Thecodein Figure P§ is hadly up to production quality: getWP andsetWP will resultin null-pointer

emorsif no bb objectexists We thusneedto ensue thatgetDoesretumsnon-null. Figure P§ shavstwo

altemateaspectuahethodsvhich provide suchassurancesskeckAltOneandcheckAltTvo—composing
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1 participant Jbfg 1 Building+= Building

|
1 collaboration assetbb; | 1 collaboration legalpersonstructure_asset;
2 participant Wrking f | 2 participant Personfg
3 expected JbgetJb(); s participant Adult extends Personfg
4 expected void setJb(Jh); 14 participant Workingextends Adult fg
5 aspectual ReturnedcheckAltOnddinpointjp) f | s participant Activity fg
6 if (getIb()=null) f setIbpew Ib()); g | 6 participant Buildingfg
7 return jp.invoke(); Lo attach legalpersonstructure, assetbb f
8 g 18 Person+= Person
0 |9 Adult+= Adult;
1 aspectual RetcheckAltTvo(JnPip) f | o Working += Working, Wrking
1 Retret = jpinvoke(); // Try it rst on f provide getJbwith getDoes;
© if (ret.exceptiorf) instanceoNullPointerException f D n provide setJbwith setDoes;
13 setIb(ew Jb()); // Fx it ) around getWPdo checkAltOne;
1 ret = jp.invoke(); // Try again | around setWPdo checkAltTvo;
5 g I B expor t getDoes;expor t setDoes;
16 return ret; 1 16 expor t getWP, expor t setWP, g
7 g | w  Activity += Activity, Jb
18 @ s f export getin export seting
|
|
|
|

_______________________________________________________________________

Figure 26: Guarding againstnull-pointer errors.

them to intercept getWP and setWP respectiely The two aspectuainethodshave slightly diVerent
signatuesto highlightthatthe type namesn the signatue are not hadwired. The programmermay—
indeed,must—choos¢hesesoasto not clashwith ary othertypein the paticipant.

The around getWPdo checkAltOnedeclarationn the attachmenbf the avkwardly namedcollab-

oration legalpersonstructure_asset setsup an interception relationshipso that the aspectuainethod
checkAltOneinterceptsall executionsof getWP. When executed,checkAltOneveri es that expected
gettermethodgetJb—which will be providedgetDoes—retumsnon-null, andif it doesnot, invokesthe
setterwith a newly instantiatedibobject. The aspectuainethodthen invokesthe interceptedmethod
(invoke on the jp object),retuming the result(encapsulateska Returnedobject)directlyto the intercep-
tion frameavork. Becauséype mappinghassetup Jbto be the sameype asbb, the compositionis well
typed. This type mappings necessgr thusJbmustbe mappedo Activity eventhoughit isempty

The secondaspectuahnethodillustratesvhat wouldbe possike in a more matue systembput is not
fully implementedn the current prototype Speci callywhile exceptionganeasilybeinterceptedusing
Jvastry catchstatementshe compilerdoesnot currently inset suchclausemto adviceattachments.
Only atrivial extensionwvould be requiedto achieve the required behaior; currently the null pointer
exceptionneedso be caughtandhandledn the advicedirectly

Assuminga suitally extendedAC compiler the checkAltTvo aspectuahethod r stallovstheinter-
ceptedmethodto execute stoiing the resultin alocalvarialle, ret. If the retumed valuerepresentan
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emor condition—anull-pointer exceptionin paticular—we assuméhat it wasdue to getJbretuming
null, andsetit to anew Jbobject,andtry the methodagain.

It shouldcomeassomesuiprisethatwe caninterceptgetWPwith the aspectuahethodcheckAltOne
astheir signatuesare completelydissimilar Indeed,not only doesthe former take no argumentsvhile
the lattertakesong but the typesusedn checkAltOnés signatue are not even mappedagainsanoutput
type

The reasorthis worksis that the aspectuainethoddoesnot directly wrap the interceptedmethod
(thehostmethod)but ratheris invokedy the interceptioninfrastucture generatedby the compiler The
programmerchooseshe namesf the typesin the signatue of checkAltOne andcorrespondinglasses
ar generatedby the compiler The generatedhfrastucture is alde to interceptexecutionsof amethod,
captuing all detailsnecessgito allov the captued executionto continue in aninstancenf the binpoint
classThat binpoint objectis passetb the aspectuahethodasits only argument.

The generatedbinpoint classprovidesan api to the aspectuamethod, alloving the intercepted
methodto beexecutedin orderto retum aninstanceof Returned which captuesthe result—ifary—of
the interceptedmethodsexecution. Thusthe api of the join-point objectinsulateshe aspectuahethod
from the signatue of the interceptedmethod,allonving the samecompiledaspectuahethodto bereused
to interceptmethodsof ary signatue.

The api generatedor the aspectuahethodaspectual ReturnedcheckAltOnddinpointjp) is:

1 class binpointf 5 class Returnedf
2 Returnedinvoke(); 6 g

3 Returneddontinvoke();
4

g

The signatue of the aspectuahethodobligatest to retum aReturnedobjectasits result,but no stipula-
tionsare imposedn how thisobjectis obtained.The api providesmethodgor generatingretum-value
objecteitherby invoking—or by notinvoking—theinterceptedmethod. Alternately an objectfrom a
previousinvocationcould be retrieved from a varialde. However, neither clasdasa uservisilde con-
stiuctor, sothe two methodsinvoke anddontinvoke are the only waysto createa Returnedobject. The
Returnedobjectresultingfrom a dontinvoke canbe marufactued in a numberof ways, dependingon
how the aspectuahethodis linked. If a default methodfor the interceptionwasspeci edin the com-
positionclause—noshavn in ary examplén thischapterbut requiedfor the Featheneightdvamodel
in the next chapter—dontinvoke will invoke it andwrapits resultin a Returnedobject. Otherwise the
defaultobjectfor the retum typeistaken;for examplefor int it is0, andfor Objectsit is null.
Optionally the api canbe extendedto exposega subsebf) methodargument®r the retum value
This isimplementedby declaing expectedelds correspondingo the exposedargument®n the col-
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laboratiors binpoint paticipant. The binpoint paticipantgeneratedby the around do declaratiorwill
contain elds to sae the actualargument®f the methodinvocation;we needmetly ensue that the
exposedormal argument®xistfor the interceptedmethodand provide thosearguments'elds to the
expectedelds of the aspectuahethods binpoint By leveragng our expected-pavide frameavork, ar-
gumentgandanalgouslyretum valuespre exposedvithout impactingtype safetybut will constrairthe
reusabilityof the aspectuahethodto only beingalde to interceptexecutionsof methodsvhosesignatue
containargument®f the assumetypes.

Type-safeeusasachieedby treatingthejoin-point andretum-valuetypesasexistenti&ypevariatles,
scopecbver the aspectuahethodsbody This meanghatwhile we hare namedthem, the type names
Dinpoint and Returned are only bound to actualclassewithin the method body and are bound to
diVerent classefor eachattachmentf the aspectuahethod. Thus, there canbe no elds or methods
which mentionthe aspectuahethodstypes,apat from the aspectuahethoditself Sincethe method
requiesan argumentof statictype binpoint to be invoked, and we cannotexpessthat type outside
the scopeof the body we realizethat the only placefrom which we could directly invoke an aspectual
methodiswithin its own methodbody

While the typesof the join-point andretum-valueobjectsar existentialthey neverthelesare Jva
objects. This allovs usto stoe them, upcasto Object, in globaldata-stuctures. The only placein
the program where they canbe downcastto a more speci c type is insidethe sameaspectuanethod
attachmenasthey objectscamefrom. Sincea downcastcanfail, it isimportantthatit isin user-witten
code sothatthe programmeris alde to dehugiit if it fails.

3.3 Modular and Aspect-Oriented Propetties

Theintroductiodescibesseyeralimponant propetties of module systemgSectionL1], page9) and
aspect-dentation(SectiorfL17, pagell). This sectiondescibesaspectualollaborations the termsof
thesepropeties.

For modules,we had three propeties—decomposabhilitpmposabilignd adaptabilirwhich stem
from four fundamentaprinciples:

Encasuldion. The expot clausesn Figure Pg are required to accesthe collaboratiors methods,as
otherwisethey would be hiddenfrom view.

HierarchicalCompositionSimilarly the samegur e composetegalpersonstructure, which isin turn

composedrom legalpersonandstructure.
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Extenal Assemlp Becauseomposedconstituentcollaborations—foexampleassetbb and legal-
personstructure—atre unavare of eachother, we caneasilyreplaceone of themwith amore capale

oneby rewriting the attachment.

Non Type-lvasie ExtensionFiguie P8 (page96) attacheemploee.workplacethreetimes,to ant -
employee and personemploee.teacher Eachattachmenis separatewith no implied relationship
betweenthe threeusesMore importantly eachresultingcollaborationisindiguishake from anatomic
collaborationwritten maruallyto copy andinset the codefrom the constituentollaborations.

Similarly aspect-aented programmingcontmols crosscuttirggatterg andtanglinghroughthe three
principles:

Non Behaior-Invasie ExtensionThe whenever codein legalpersonstructure_asset accessggtWP,
it will be automaticallyprotectedagainsihull-pointer errors. This is not behaior invasie, asthe
checkingdoesnot addary viside methodsor classet® the composedaollaborationnor require thatit
be invoked explicitly alloving the codein legalpersonstructure to remainobliviousto the behaior

from assetdbb.

Join PointModi caion. The oblivious extensionis madepossilte by direct modi cation of the join
points.In our examplegetWPwasmodi ed to transfeicontmol to checkAltOne

Geneic Advice.The signatue of checkAltOnedoesnot mentionthe detailsof getWP. Indeed,setWP,

which hasa very diVerent method signatug, is advisedby checkAltTvo, which hasa very similar
signatue to the other aspectuaethod. The typesin the signatuesof the aspectuainethodsform

the api whereby the interceptedmethodexecutionscanbe controlled. Additionally the api shieldghe
aspectuainethodfrom the detailsof the interceptedmethod, suchasits signatue, andwhetherthe
methodexecutionproceedsiormally or throws anexception.

Additionally aop canbe classi ecbasean threecriteria. For aspectualollaborationgheseae:
Join Point Model:Aspectuatollaborationsase only onekind of join point: methodexecutions.

PointcutDesigntor: Currently pointcutsmustbe erumeratedn the attachment.Thus, the ability to
adviseamethodcomeshandin handwith the ability to invoke it.

Advice:Our adviceis alde to contmol the execution of interceptedmethods letting it executeonce
severaltimes,or not atall.
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Listing 3.1: Base

package personbuilding
class Personf
Stringargue()f return "...”; g

1

2

3

49

5 classBuildingf g
6

7

8

9

package antanthilt
classAntf g
class AntHill f g

Listing 3.2: Employee Workplace

collaboration emploee workplace
participant Emplgeef
Workplacewp;
WorkplacegetWorkplace()f return wp; g

g

participant Workplacef
Emplgee[] emploees;
java.util.CollectiorgetEmplgees()f
java.util.Collectiorret = new java.util. ArayLis();
for (int i=0; i< employees.lengthi++) f
ret.add(emploeesi]);
g
return ret;
g
15 void hireEmplgegEmplgeee) f ...g
v void r eEmplgee(Emplgeee)f ...g
B g

B R EB o o v~ o ag s w v e

G R
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Listing 3.3: Teacher School

collaboration teachetschool;

participant Teacherf
expected SchoolgetSchod);
boolean verifyWellFormed() f

java.utillterator ts = getSchod)).getBachers().iterator();

while (ts.hasNext()f
Teachert = (Teacher)ts.next();
if (t ==this) return true;
g
return false;
g
aspectual RV betterArguelntecept(JPjp) f
improveArgumentg);
return jp.invoke();
g
void improveArgumentg) f
Stringtitle = "...sometitle..”;
Book b = getSchod).library.borrowBooktitle);

g

g
participant Schoolf

expected java.util.Collectiorget®eachers();
Library library;,
9

participant Library f
Librariar] librarians
Bool{] books;
Book borrowBook(Stringtitle) f
return bookg...31415..]g
void returnBookBookbook) f ...g

g

participant Librarianf ...g
participant Bookf
StringgetTitle()f return "...”; g

Figure 27: Aspectual Collaborations' solution to the recurring example.
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3.4 The Recurring Examplein AspectualCollaborations

Therelatedwork chapter Chapter (page2l), usesa recuring exampleof emploee andworkplace
rolesto be mappednto eitherapersonandbuilding, or anantandananthill. This sectionslketchesow
AspectuaCollaborationsvould sohe the samegroblem.

The solutionlearesmary of AC's featuesunder-exrcised,but doesillustratethat ACs ar at least
ascapale asrelatedsystemsie in their core areas,n additionto possessingxibility from aspectual
interception. We alsohighlight arashat we hopeto stengthenwith future work, usingthe recuring
examplago motivatethe usefulnessf the proposednodi cation.

Listing.3, B.3, andB.3 shav four collaborationthatare separatelgompiled. They ae looselybased
on Figuesfll (page2s) and[L3 (page48 in Chapterf] (page2l). Thesewill form the basidor exploing
the exibility of AC composition.

Compositionis a dimensionorthogonalto subclassingierachies. The solutionpresentedere, for
presentatiorpurposesusenly modulecompositionto constuct clasvehaior. When to useinheri-
tanceandsubclassirgndwhento usecompositionsanarmeafor furtherresearh in desigrmethodolay,
Refactoing Smalltalle extensie collectionclassierachy with Traits(SectionP.8.3, page80) shaved
thatin somecasebig pre-huilt hierachiescanbe replacedwvith smallcollaborationsvhich uses can
composeaccodingto their needs.

ListingB.4 shavshow we cancomposehreecollaborationso createapersonwho isateacherendan
emploee andlikewiseabuilding thatis a schoolandworkplace This compositionis very diVerentfrom
aninheritance-basedppoach,asit doesnot usesubtypingbut rathercomposition. The composition
alsosetaup anaspectuahterceptionof ary invocationof the Persorsarguemethod,sothatthe Teachels
betterArguelntecept canbeinvokedinstead.

Listing BJ highlightsfour main diVerencesto subtyping-basedttachmentby composingthe em-
ployee workplacecollaboratiorwith the antanthill packagﬁ

1 Mappingof typesfrom the paticipantsof the imported collaborationto the paticipantsof the
importing collaborationallov the schemeto subsumenary usesof parameic polymomphism.
For example assumehat employee workplace collaborationdeclaed only expectedmethodson
the Emplgeg the collaboratiorcould then be seenasparametazing Workplaceover the type of
Emplgee Collaborationganalsoexpessnixin-like behaior, where a paticipantis parametezed
overitsdirectsupeclass.

2By designa Jva packagés atrivial collaboration.
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Listing 3.4: Composite 1

1 collaboration personemploee.teacher

2

3 participant TeacherEmplgeeRersonf g
4 participant SchoolWorkplaceBuilding g
5 participant Libraryf g

6 participant Librarianf g

7 participant Bookf g

8

9 attach personbuilding

10
n
12
3

I

5 &

22

L)

employee-workplace teacherschoolf
TeacherEmplgeeRerson+=
Person Emplgee, Teacherf
provide getSchoolith getWorkplace;
around arguedo betterArguelntecept,
g
SchoolWrkplaceBuilding=
Building Workplace,Schoolf
provide getleacherswith getEmplgees;
9
Library += Library;
Librarian+= Librarian
Book += Book;

Listing 3.5: Composite 2
1 collaboration antemploee
2
3 participant AntEmplgeef g
4 participant AnthillWorkplacef g
5
6 attach antanthill emploee workplacef
7 AntEmplgee += Ant, Emplgee;
s AnthillWorkplace+= AntHill, Workplace

Listing 3.6: Composite 3

2

3 participant Emplgeefersonf g

4 participant WorkplaceBuilding g

5

6 attach personbuildingemplgee workplacef
7 EmplgeeRerson+= Person Emplgeef

8 expor t argue;

9 expor t getWorkplace;

0 g

u  WorkplaceBuilding= Building Workplacef
2 expor t getEmplgees;

B 9

14 g

Figure 28: Compositions, graphically (omitting members)and textually (in full).

1 collaboration personemplgee_buildingverkplace
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2. Eventhoughboth personemploee teacherandant emploee hare composedndreusedhe Em-
ployee paticipant,there isno typingrelationshigpetweenthem (otherthanboth shamg supetype
Object), andeachrefels unambiguouslyo a speci cworkplace:a SchoolWrkplaceBuildingpr an
AnthillWorkplacerespectiely In aninheritancebasedystemsuchcomiantsubtypingof refeences

requiresadwancedyping schemes.

3. Conversely this alsoimpliesthat compositiondoesnot subsuménheritance Usingonly compo-
sition, we cannotcaptue that an emplgee is exclusiely either a teacheror a banler. Luckily,
compositionis orthogonalto sub-typing,soit is possite to keepteacherandbanler in separate
collaborationsyet stillimposea sub-typingrelationshipwith acommonsuper-type

4. Thereisno ordering betweenthe composegbaticipants:The Teachetypedoesot depencbn the
Employeetype only thatthe expectedjetWorkplacemethodis somehw ful lled—or expotedto

be provided|later

The lack of ordeling meanghat we are freeto combinecommon combinationgnto more easily
managedb units. Listing[3.§ combineghe personbuildingandemploee workplacecollaborationgnto
one compositecollaboration personemplgee buildingvorkplace Listing[B.7 achieesexactlythe same
eVectasListingB4, but by attachinghis pre-composedollaboratiorasone unit ratherthantwo.

We can alsoleveragethe lack of typing relationshipsy composingthe personemplgee building-
workplace a secondtime to the teacherschool collaboration,this time to Librarianand Library par-
ticipants. This is shavn in Listing B§, which is similarto the declarationcomposingteacherwith
person/emplgee but doesnot give libraiansary betterargumentatie skills. The ability to applyPer-
sonEmplgee to Librariansatis eghe desie to be alde to hase a Lumberjacks Workplacebe Outdoors,
eventhoughthe Outdoors is-not-aBuilding(seeFiguesfl, page2sandf}, page30).

This smallexampleillustrateghat AspectualCollaboratiors compositionis a very exible tool for
constucting programs.We have shavn how collaborationsanbereusedboth in diVerentbaseapplica-
tions,andsimultaneouslyn the sameapplication.

3.5 Emegent Properties

Thesectionabole illustrateshow ACs ale asexpessie asseveralrelatedrole or collaboration-oiented
systemsat leastfor our recuring example Eachsystenwill of coursehave speciafeatuesthat setit
apat from others. AspectuaCollaborationgaintheir power from combininga modein modulesystem
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Listing 3.7: Composite 4 Listing 3.8: Composite5

collaboration personemplgee_teacher collaboration personemplgee_teachetlibrarian
participant TeacherEmplgeeRersonf g
participant SchoolWorkplaceBuilding g
participant Libraryf g

participant Librarianf g

participant Bookf g

participant TeacherEmplgeeRersonf g
participant SchoolWorkplaceBuilding g
participant Libraryf g

participant Librarianf g

participant Bookf g

teacherschoolf

1

2

3

4

5

6

7

8

9 attach personemplgeeteacher
10 personemplgee_buildingverkplacef
n

12

13

1
2
3
4
5
6
7
8
9 attach personemplgee buildingverkplace
10
n
12
13

TeacherEmplgeeRerson+= TeacherEmplgeeRerson+=
EmplgeeRerson Teacherf TeacherEmplgeeRerson
provide getSchoolith getWorkplace; SchoolWrkplaceBuilding=
1 around arguedo betterArguelntecept 14 SchoolWrkplaceBuilding
5 g s Librarian+= Librarian EmplgeeRerson
16 SchoolWorkplaceBuilding= 1 Library += Library, WorkplaceBuilding
7 WorkplaceBuildingSchoolf 7 Book+= Book
18 provide getleacherswith getEmplgees; 18 0
© g

20 Library += Library f
2 expor t borrowBook expor t returnBook

2 g
2 Librarian+= Librarian
24  Book+= Book;

Figure 29: Compositions, graphically (omitting members)and textually (in full).
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with aspectugbowers. By alloving modularcompositionto contmol aspectsseveralpowerful synerges
ar attained.The following sectiongxploe someof thesdn greaterdetail.

3.5.1 EncapsulationComposition, and Modular Reasoning

We have repeatedlynentionedhow combiningencapsulatioandmodularcompositionlead€o mod-
ularreasoningThis sectionexploesthe claimin greaterdetail.

Modularreasonings importantbecausge wantour ability to reasorabout—toundestand—apro-
gramto scalewith the sizeof the program. Techniquedike modulesystemaimto allov largeprograms
to be constuctedby splittingtheminto macpscopianits—themodules—whictare suy cientlyisolated
from the restof the programto be written in separatelyModulaiity allovsusto write largerprograms
becaus¢he patts canbe developedseparatelgnd then assenibd, and canthus be developedin par-
allelby teams.Teamsof programmes cancooperatevithout modulaity, but modulaity improvesthe
manageabilitpf the programmingtask even for asingledevelopeff

Aspect-Oientationallons a new clasof behaiorsto be modulaized, thusincreasinghe possite
parallelisrandmanageabilitpf the programmingtask.Notally, sereralconcensthat crosscuor tangle
eachother (desdbed in SectionfL1d, pagell) cannoteasilybe separateéhto distinct modulesin
conventionalmodule systemshut can often be modulaized usingaspects.aop achieesthis level of
expressienessdy alloving onemoduleto exibly specifyandmodify join pointswithin anothemodule
Unfortunatelythistrades-& encapsulatiofor expessieness.

To illustrate imagne a database-baett systenassketchedin Figure B3. The commit methodis key
to the databassemanticsand callsa number of other methodsto achieve its behaior.[] For the sale
of argumentassuméurther thatthe operationsnustbe invoked in order, without ary otheri/o being
perfomedby the thread.

3.5.1.1 AoP without Encapsulation

A typicaluseof aop isto inset pro ling codeinto anotherprogram or module;pro ling is only tan-
gentiallyrelatedto the detailsof the basgprogram, makingit avery good t for aop. Assuminghatthe
pro ler writesto a le, it is critical that the intemal callsof commit are not modi ed by the pro ling
aspect.Thus, in orderto safelyusethe databasenodule there mustbe somedocumentatiorof how
the modulemay be modi ed. If the languageprovidesfor suchinformation, it canbe veri ed by the
compiler elsethe documentatiormustbe marually maintainedalongwith the code

13 Someof the propettiesof modulesystemsanbe achigedin otherways: for exampleobject-oiientedsystemsansinulatemodule
interfacesvith abstracsuper-classeSzypeski Ii however, argueshatit iswrongto assumeéhatinhertancesubsumesiodulaity.
1A realdatabaseould probally not hae aracecondition betweenverifying atransactiomndclosingit.
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For example assumehat the languagausedto implementBigHonkinAppprovidesno suppot for
hiding methods.lt is not atall obviousthat advisingall methodsn the nal applicatiorwill alsomodify
the sensitie commit method. Indeed,to derive the setof viside methodson the root, we needto trace
allthe compositionsip to leafmodules.

From the oppositeperspectie, imagne that someprogrammerhasthusunintentionallyadvisedhe
databasmodule rendeing it incorrect. In orderfor its maintainetto dehug the misbehaing code all
adviceattachedo the module mustbe identi ed andundesstoodaswell. Without additionalsuppot,
this would imply a globalseach of the program, asthere is no pathfrom the databasenoduleto the
pro ling aspecin Figure .

There are severalpossibilitieso dealwith thesdssuesGooddocumentatiomrmay alleviatethe burden;
anide or otherprogrammingaid cantoolify the marualdocumentationallaving for exampleall advice
attachedo amethodto beidenti ed; or the languageanberich enoughto allow the programmerboth
to protectsensitie behaiorsandto quickly identify how a given methodhasbeenmodi ed. Rigorous
documentation—forexample all join pointstouchedby a pointcut could be marled assuchwith a
commentpointingto the pointcutdesciptor—allovsthe programmerto avoid duplicatingthe seach of
the programfor applicale advice but is only asgood asthe programmerapplyingit, both in discipline
andcorrectnessSimilarly idesare useful providing amediatedealityin which the relationshipetween
aspectind bases explicitly repesentedjnsteadof requiring the relationshipto be inferred from the
program souce but only help when used,canonly provide assistanaan the aspectsurrently loaded,
andthenonly on crosscuttindgeatuesundestoodby theide. We hold thatthe languag@eedgo be alde
to standon its own, aswe ultimatelycanonly reasoraboutthe propetiesof the languageandnot the
programmingervironmentasa whole—unlessve includeit in the languagele nition.

3.5.1.2 Aop with Encapsulation

If insteadur aop languagéadencapsulatioto control join point visibility neitheride nor documenta-
tion would be neededof coursestill niceto hase). Sensitie methodsn amodulecaneasilybe protected
simplyby not beingexpoted. Thus,if the databasmoduledepend®n commit not beingmodi ed by

advice it merly needdo avoid expotting it. If, however, commit andclose needto be invoked from

anextenal module there are two options:the programmercanopt to tightly couplea setof modules,
allaving themgreateraccest® eachother—suctasattachingadviceto sensitie methods—ht requiring

thatthey be undesstoodasa unit (from which sensitie methodsae not expoted); altenately instead
of expotting commit andclosg methodswhich invoke them canbe expoted. Sincetheseforwarding

methodsare not refeencedby the intemalsof the module ary adviceattachedo themwill not avect
the intemalsof the databasmodule yet allov the methodgo beinvoked.
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Transactions |

commit () |

open () ;

write(); ‘@
if (verify())
else rollback()

}

commit QueryWizard

verify

close

Profile |, ‘H\N‘\W‘\\h\"\\\WHWh\\‘\\N‘\\\\W\\“Hh\“\\h\\‘\\\WWW‘\\h‘“‘\\\N‘WW\\\\\“\\\W\\W\N‘\\\N‘\\\\\‘“\WW\\\\\“‘\\\\W\WW‘\\\\\"\\\\\“HWH\}‘J\\\\\\‘\\\\NWW‘\\\\\“\\\\W\}‘JW\\\\W\\\WW‘Hh\"\\\\\“‘\\\\}W“\WWHWW\\ i
write ()

Figure 30: A hypothetical large application with a databaseback-end. Thick arrows show composition, thinner
arrows show advice propagation.

Aldrich pointsout thata desirale propetty of amoduleisthatit shouldfunctionidentically
in valiouscontextssinceaop allovsviside methodgo be modi ed, thissuggesthatin mary situations
the module shouldonly expot forwading methods,and not the methodsthemselgs. Similarly by
expoting anemptymethodstubwhichisinvokeduponentry to anunexpotedmethod,the programmer
canguarante¢hatthe unexpoted methodcanreceve only “before” adviceH

In a module systemwith encapsulationi is easyto deducewhich modulescan potentially have
adviseadnexpotted method:we melely needto retracethe compositiorhierachy backtowardsthe root
until the methodis no longerviside. Thus, it could be that DataManagementeedshe Filesystento
monitor commitsactvities: Databasevould thusneedto re-expot commitfrom the Transactiormodule
However, there would be no needto expott commit out of the DataManagememhodule To undeistand
how commitfunctionswe needonly look atthe two compositenoduledDatabaseandDataManagement
to nd out preciselyhow the methodhasbeenadvised.

3.5.1.3 Modular ReasoningSummary

By limiting aspect-dentedinterceptionto join pointsexplicitly expoted from a collaborationwe sig-
ni cantly increasehe the ability to reasorabouta collaboratiorin isolation. True modularreasonings
not achieed, aswe cannotreasoraboutexpoted methodshut we are alde to protectsensitie methods
from extemaladvice andalsoeasilydiscoer which methodscanbe reasonedbout.

BExpotting forwarding methodsandstubss alsodiscusseith Sectio (pagel79.
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Programmingpattenscanalsancreasenodularreasoningbilities.If acollaboratiorwishego expot
the abilityto invoke amethod,but doesot wishto beavectedby adviceappliedo the expotedmethod,
thiscanbe achieed by expoting amethodwhich delegatet the internalimplementationThis would
allov usto guaranteghat all intemal invocationsof the method proceedasexpected—foexampleto
maintainsomeinvaiiant—whilealsoalloving extemnalrefeencego invoke the behaior.

The increasedhbility to reasonocally abouta collaborationis not without cost, however. By re-
stiicting which methodscan be advisedve restict the ability of aspect-dentedprogramsto exibly
modulaize behaiorsin the collaboration. To achiee maximum exibility for ao featues,we would
needto expott asmary methodsaspossite from the collaborationphbviouslyhampeing our modular-
reasoningbility

Which of theseoptionsis optimal dependson the collaborationand how it is used. It is upto
the programmerto balancehe needsof aop againsthe ability to reasonabout and undeistandthe
collaboratiorin isolation.

3.5.1.4 Obliviousness Seendipity, and Brittleness

QJanti catiorandoliiviousnessve beenidenti ed [FFO(] asthe core conceptof aop. Practitiones
valuethe propetty thatthe basecode—thecodebeingavectedby anaspect—benavare of the aspect.
This is often seenasthe de ning propetty of aop: in order for a systento qualify asaspecbriented,
obliviousnesmustbe preseved.

Fundamentallyan aspect\ectsa baseprogramby modifyingthe behaior of the baseat someof its
join points. The propetty of obliviousneshastwo sub-popetties: whetherthe bases obliviousto the
declaratiorof join points—join-pointobiviousnessandwhetherthe bases obliviousto how the join
pointsar avectedby subsequerddvice—ad/iceobiviousness

We suggesthat the propetty of obliviousnes# join-point declaratiorrisesnot from arequiement
of aop, but ratherfrom a seendipitouspropetty of oo languageghat methodsare a closematchto the
regonsof 0o programswe wishto advise While somework [[M 99, MLWR 0] hasexploedjoin points
of very ne grarulaity, for mostpurposeshe grarularity atalevel of elds, methodsandclassesl ces.

Seendipitouslyoo languagealreadynameexactlythesefeatues, so the obvious choiceis to usethe
existingnamedgo alsonamejoin points.

If we have encapsulationye mustexplicitly expot methodsasjoin pointsin order to make them
visille to extemnal advice It would seenthat the propety of encapsulatiohaslostusthe propety of
join-point obliviousness.
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On the contray, if we lackencapsulatiorgvery join point is eVectively expotted. In this situation,
with the knowledgethataop will be usedon a projectcomeshe realizatiorthatall methodscanbe join
points. Thuswe canretainjoin-point obliviousnesenly by remainingobliviousto the useof aop on the
projectaltayether

3.5.2 SeparatelyCompiled and Type-safeReuseof Aspects

Earlierin SectiorB.2.3 (pages9), we introducedthe api provided by generategbin-point classesnd
explainedhow it insulateshe aspectuamethod from the signatue of the hostmethod, allonving the
aspecto be separatelgpompiledandreusedvith diVerentbaseapplication§] The formalanalysisf our
systempresenteth Chaptej (pagells), provesatypesoundnegsopety for both atomiccollaborations
(suchasListingB.3, page94) andcompositecollaborationgsuchasListingB.4, page96). The semantic
model over which this is proved closelymodelsthe separateompilationdescibed for our prototype
full-Java implementation.Thus, we have provally type-safeseparatelgompiledaspectsFurthemore,
the type-safetypropetiesallov anaspecto be completelygeneric in the signatue of the join pointsit
adviseswithout requiring ary dynamicchecking.

Asfaraswe know, thisisthe r staspecsystento combineseparateompilationwith type-safeand
genercallyreusale aspectsPrevioussystembave eitherrequired adviceto preciselymatchthe typesof
the interceptedmethod[TOHS99, [CanD3), are not staticallytyped[WKD], [TK03, RIR0J], or generate

codethatcanresultin dynamiccastingerrors [KHH ™ 01].F]
Two propetties regading dynamic castsate asseéed. The r st, that of safetypresgation(asper

[IPW9d)), guaranteethat no dynamicerror locationsae introducedduring evaluation,so a safepro-
gram cannever fail dueto adynamicemor. Sectionl.g (pagel66) speci esthis propetty formally A
secondoropetty is that our aspectslo not require the introduction of dynamicerror locations(specif-
ically downcasts}o achiee reusabilityof adviceover join-points repesentingmethodswith diVerent
signatues.

A counteexampleof ahypotheticabystenwhich is soundbut not usefullysafés onewhich achiees
its reusabilityoy alloving adviceto exposehost-methodargumentsisaraysof type Object Thisiseasily
shavn to be sound,andallovs somegeneic behaiorsto be expiessedbut ary advicethat wantsto
invoke methodson thusexposedrgumentsnustdovncasthemto more precisetyped Sincethishap-
pensin the user-witten code no dynamicerror locationsare introducday the compiler thuspreseving
safetybut intuitively the dynamicerror locationsare requiretly the languagelackof expessieness.

16K eepingin_ mind thatour systenis symmetic, we usethe term “base”loosely
T7sectio E (pagess) illustratediow Aspectd’compilationschemeanresultin dynamicerrorsin compiler-generatedode
18This shouldnot be confusedwith usingthe type hierachy to selecsetsf methodso be advised.
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Listing 3.9: Counting books, illustrating the need for join point tuples

1 collaboration countthings 1 collaboration pet.counter,
2 16
3 participant ThingHolderf 1 participant TeacherEmplgeeRersonf g
4 int counter, 18 participant SchoolWbrkplaceBuilding g
5 aspectual UP-RV upCounte(UP.JPjp) f 19 participant Libraryf g
6 counter+=1; 20 participant Librarianf g
7 return jp.invoke(); 2 participant Bookf g
8 0 22
9 aspectual DN_RV dnCountefDN _JRp) f z attach personemplgee_teacher,countthingsf
10 counter =1; 24 TeacherEmplgeeRerson+= TeacherEmplgeeRerson
u return jp.invoke(); »  SchoolWrkplaceBuilding= SchoolWrkplaceBuilding
2 g 26  Library += Library, ThingHolderf
1B 0 27 around borrowBookdo upCounter,
28 around returnBookdo dnCounter,
29 expor t counterasnumBooksOuf

0 g

a  Librarian+= Librarian
2 Book+= Book
<]

3.5.3 Jin-Point Tuples

A collaboratioris the unit of compositiorfor ACs. This allovsusto convenientlyexpressow related
adviceshouldinteract,andis key for achieing type-safetyseeSection4.6.11, pagel7l).

For examplea libraty may wantto maintainstatisticsothatit knows how mary booksare “out.”
Listing Bg illustrateshow this canbe achieed, by addingan extemnally viside numBooksOutvarialle,
which is automaticallykept up to datewith aspectuainethods—¥ectiely befoe advice—whichare
attachedo the borrowBook andreturnBookmethods.

A commonobsevationisthatanaspecwill consisbf atupleof cooperatingadvice—irthiscasgethe
aspectuahethodsupCounteranddnCounter—togetheravectingthe shaed stateof the counter How-
ever, aneasilyneglectedacetis thatcorrespondinglyjoin pointsalsoform cohesie tuples.Considerthe
methodshireEmplgee and r eEmplgeein ListingB.3 (paged4), andpositthatwe alsowantto maintain
acountof the numberof emplgreesin the workplace It would be easyto reusecount thingsto achiee
this: it suy¥ cesto wrapupCounterawound executionsof hireEmplgee, andsimilarlyfor dnCounter.

The key insighthere is that we want two attachment®f the counting collaboration: once with
upCounter 7! borrowBook anddnCounter 7! returnBook andoncewith upCounter 7! hireEmplgee
anddnCounter 7! r eEmplgee. This is very diVerent from what we canexpesswith pointcuts:one
attachmentvith upCounter 7! f borrowBook, hireEmplgee g anddnCounter 7! f returnBook r e-
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Emplgee g. The diVerenceis thatthe former caseexpiessea setof tuplesof join points,makingit clear
that we want adviceattachedo hireEmplgee to correspondo adviceattachedo r eEmplgee, while

in the lattercasgwe expiessa tuple of setsof join points,where it is not clearthat sucha correspon-
denceeven exists.Had we speci eddnCounter 7! fg, we would not have advisedary join point with

dnCounter, clearlybreakingthe intendedpaiting of up anddown advicefd

Thus,tuplesofjoin pointsallov usto reasorabouthow agroup of join pointsrelate(andby extension,
alsoaboutsetf suchtuples) while setof join pointsmale it diY cult to reasoraboutpairsof elements
in diVerent sets. The trade-0/ is that specifyinghe setsof tuplescanbe lesssuccinctthan specifying
simplesetsof join points (andhencetuplesof join-point sets).Sectionf.6.9 (pagel80) descibesone
appoachto specifyingetf join-point tuples.

In Chapterg (page2l), severalof the analyzedollaboration-olentedsystemendedup with unclear
semanticbecausthey attemptedo descibe the attachmenof the collaboratiorasatuple of setof join
points,ratherthana setof join-point tuples.For examplethiswas r stnotedin the discussionf appc
andAspectuaComponentsn SectionR.5.3 (page50).

3.5.4 Shaing

Ou:ewe focuson multiple attachmentef behaior, two questionsiaturallyarise:how to specifyseeral
attachmentsuccinctlyandhow attachmentsiteract.

Aswe ae primarily interestedn semanticever syntax—whatve canexpressn the languagerather
thanhow bestto write it—we omit the r stquestiorfor now andfocushow multiple attachmentsf the
samecollaboratiorinteractf] The centralissués how to allov somestateto bein ascopeshaed acoss
the attachmentsandsomestateto be duplicatecandthusprivateto eachattachment.

Ultimately regadles®f the syntaxusedo expresghe organizationthe solutionisto leveragecollab-
orations.The collaboration—itglassespethod,and elds—isdecomposeihto two sub-collaborations:
one attachednce andthe other attachedseveraltimes. We referto theseasthe shaed andduplicated
attachmentsAsanexampleto modeladvicewhich shaesa globalcounterandisincrementedn access
of ary one of seeralmethodsn diVerent classesye would createa shaed collaboratiorcontainingthe
counterasa class-scope@tatic incrementmethod. The duplicatedcollaborationwould containtwo
paticipants;one importing the staticincrementmethod,andone providing an aspectuahethodwhich

11t is possite to sinulatetuplesusingabstracaspectandpointcuts:eachtuple canbe expressedsa concete sub-aspeatontaininga
singletorpointcutfor eachtuple position.

20A preliminay syntaxfor generatingmultiple attachmentsrom templatesmatchedagainsthe host collaborationis presentedn
Sectio M (pagelB0).
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Source

. Attach member
CO”abOI‘atlon clauses attachments

Participant

Declarations constituent aspectual other member
collaborations method collab attachments
| | result
java files commented- ( load from filesystem ) ( recursive invoke)
out modifiers ‘ ‘ complt led
compiled compiled . —)_. H
collaborations collaboration members CO”abOl'.atlon
- (.class files) (.class files) (.class fIIES)
javac
compiled compiled
.class files —@—» collaboration combine .classes collaboration

(.class files) (.class files)

I 4 -

Figure 31: A data o w over-view of the compiler for Aspectual Collaborations.

invokesthe increment. This organizatiorallovs the shaed collaboratiorto be attachednce andthen
shaed by eachaspectuahethod.

The normaltyping rulesfor collaboratiorattachmensuy ce to guarante¢hat shaed statedoesnot
sacrce type safety One complicationis that type-mappingof the shaed collaborationneedsto be
suitalte for all duplicatedattachmentsThis is easyto achiee for simplecollaborationsuchasthe one
outlinedabaove, but may requite refactoing in the caseof duplicatectcollaborationsvith rich stuucture.

3.6 Implementation

TheprototypeAspectuaCoIIaborationCompiIer, acc, followsafundamentatlesign:collaborationaie
compiledseparatelyand composedat the object-codelevel. The objectcodethe compilerworks on
is Jwva bytecode which turnsout to be very convenientsinceit providesa fully disambiguateudersion
of the collaboration.Bytecodeis managesstandat Jva .classles, which resultdn easyrenamingof
membes, re-targetingefeencego point to othermembes, andmoving callgraphsfrom one group of
classe® another

Figue Bl isadata- ow road-mapof how collaborationare compiledto executale programs.Partic-
ipantsare compiledby transliteratinghemto Jwvaandcompilingwith anoV-the-shelfvacompiler The
transliteratiomeplacesollaboration with packag, patticipant with class commentsut all additional
keywords we have introduced(suchasaspectualand expected, and createsstubbodiesfor expected
methods After compilation,the .classles are annotatedccoding to the commented-oukeywords,to
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allov the compiledcollaboratiorto betreatedcorrectlyin subsequerdtagewithout requiring manifests
or interface les to bemaintainedn the le-system.The jvmde nition [[Y9d] requilesthatajvmignore
all annotationst doesnot undeistand,ensumg that the compiledcollaborationgonsistof 100% legal
.classles.

Having collaborationde legal Jva packageteadsto a usefulfeatue. The jvm requiesthat all
non-abstracinethodshare methodbodies sonormallyacc generateshot stubsor expectednethods.
Allowing the userto optionallyprovide stubmethodbodiesfor expectednethodss acornvenientmeans
to unit testcollaboration isolation.

To composetwo collaborationsccoding to an attachmentwe r st generateoutput paticipants.
cacs do not have extendsclausednsteachaving explicit de nitions of all paticipants,includingthose
repesentingei ed methodsandretum values.Theseare compiledasperthe atomiccase

Eachconstituentcollaborations then inseted into the output collaborationaccoding to the par-
ticipant map of the attachment. Eachconstituentpaticipant is inseted into the appopriate output
paticipant,with eachof its membesrenamedo namesvhich are both fresh(to avoid nameclashesind
illegalin Jva (to avoid spuiousnameclasheﬂ Referencedo paticipanttypesandmembemamesre
systematicallienamedo maintaincollaborationnternal refeences We usethe term alphaenamintp
meanthe systematicenamingof an entity andall refeencedo it. Alpharenamingis possike because
AspectuaCollaborationsie closedthe compilerwill be ale to staticallynd all refeencedy seaching
all paticipantsn the collaboration.

Somecae mustbe taken not to breakoverriding relationshipsmethodsmustbe renamedike the
methodghey override If amethodoverridesan extemal method(suchastoStringwhich is de ned on
Jwvasglobalsupeclas®©biject), it cannotberenamedatall,andnameclashesanbecomeunaoidable. In
suchcasesarual disambiguatiofis requiled. Jwva constuctors hase similarrestictions(all constuctors
are had-wiredwith the namexinit>), in additionto restictionson how they canbeinvoked.

Referencesnsidethe now-populatedpaticipantsate redirectedasper the attachmenspeci cations.
Expotting amemberisimplementedy alpha-enaminghe memberto the expoted name Providing a
memberto anexpectednemberisimplementedy redirectingall refeencegrom the expectednember
to the providedmember

Aspectuamethodsinterceptionof methodexecutionssimplementecby generating collaboration
with three paticipantscorrespondingo the the hostpaticipantandtwo rei cation paticipants. The
generatedollaboratioris basedn the signatue of the now-known hostmethod. A new intercepting
versionof the hostmethodisgeneratedyhosebodyinstantiatethe rei ed-executionpaticipant,stoiing
in it the recever andargumentso the methodcall,andpassingt to the aspectuahethod. The rei ed

2The jvmhasalargersetof legalidenti ersthan lvadoes.
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method paticipants invoke methodinvokesan expectedmethodthat will be mappedto the original
hostmethod,passing the captued argumentsandinstantiatingarei ed retum objectwith the results
of thatcall. Lastlythe now generatedollaborations composednto the outputcollaboratiorasf it were
amarually written collaboration—equiring no specialanguagesuppot—sothatthe new hostmethod
is expotedto replacehe original hostmethod,andthe original hostmethodis provided sothatinvoke
canaccess.

The generatedodeneeddo be caefully craftedto catchexceptionsand null values but contains
no locationswhere dynamicerrors (suchascastsganoccur Notice alsothat the schemeaequiesno
modi cation of eitherthe aspectuahethodnor the hostmethod;the extentto which the composition
modi es object-codesto reditectrefeencegso membesandtypes.

3.7 Convenience Expressieness Safety: An Etemal Compromise

BothAspectédeyper/J oVer similarfunctionalityto ac, but without stongencapsulatioboundares.
Although the three projectshave diVering aims,it is still informative to compae the three to attempt
to detemine whetherthe restictive or verboseprogrammingmodelstypical of stiongly encapsulated
moduless worth the increasen staticsafety This sectionsummaizessucha comparson, descibedin

greaterdetailin [LLO0J.

3.7.1 What'sthe Problem

Wepresenachallengeproblem andattemptto sole it to the samdevel of geneicity andreusabilityfor
eachlanguageThe geneic problemis to implementa memoizatiorandcachingbehaior. Speci cally
we wantto verify thatno Containeris over its capacitylimit. A Containermay recuisiely containone
or more Container or Simpleitems. EachSimpleitem hasa weight, while a Container hasa capacity
which descibesthe maxinum total weightit cancontainin its nestedsubcontainex. The challenge
is to introducecachingcode so that we perform only minimal necessgrrecomputatiornto checkthe
constraints.Sincecode reuseand concen separatioris a touted stength of all three appoacheswe
have programmedour solutionso be asgeneic andreusale aspossile. Not only shoulda solutionbe
geneic in the methodbeingmemoizedbut alsathe computationof whenthe memoizedvalueneedgo
be discaledshouldbe separate

We focuson three main concensthat seemboth intrinsicto the problem andworthy of reuseon
their own. To sinulatethe generataseof asseniimg behaiorsnot speci callydesignedo interactwith
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Aspectd|

<<aspect>>
Caching
<<interface>> <<aspect>>
Cached Back
+cachedvValue: Object
+allInvalidated(): Vector] <<interface>> back <<interface>>
+clearCache () : void Target ac Source
+getSource () : Target +getTargets () : Vector
+pointcut cachled(t:Cached)
+pointcut invallidate (t:Cached) -
+around cache (t:Cached): Object +pointcut sz)ClatG(S:SOJrCG, t:Target)
tbefore invalildate (t:Cached) +around aspociate(s:Source, t:Target): vdid

<<aspect>> <<aspect>> H <<aspect>>

SuperimpéseCaching Adapt E SuperimposeBack

+declare parent: Item implementes ’j'“arget
tdedlare parent: Container implements Source

+dec nt: 1taii i -
declare parent: Container implements Cached +alllnvalidated(): Vector

+pointcut cached (t:Cachpd) . +getTargets () : Vector
+pointcut invalidate (t:bached) LN +pointcut modifyTargets (s:Source,tiTarget)
'

1

Item
0..n
+name: String
“=dlicheck(): int
Simple hONY Container
+weight: int Sl +capacity: int
toheck () : int "~ p|tadditem(i:Item): voidle--"""

+check () : int

Figure 32: A graphical representationof the AspectJsolution.

eachother, we introducesmalldiVerencesn the apisof the concens.

FiguresBd andR] illustratethe stiucture of the AspectindHyper/J solutionsto the programming
challenge The Hyper/J andac solutionsdiVer signi cantly at the methodlevel, but ate similarat the
clasandcollaboration/slicéevel, sothe Hyper/Jillustrationdoesdoude duty illustratingboth.

Common to all three languagess the implementationof the three baseclassetem, Container,
and Simple All solutionshave the constrainthat theseshouldremainuntouched,asper the assumed
desirabilityto eVectnon-invasve modi cation.

3.7.2 AspectJSolution Summary

Aspecﬂaeveragesh/as inner-clasinterfacego provide interfacedor reusale behaiors. Aspectallons

methodintroductiongo beappliedo allclassebatimplementaninterface thusimplementinghe com-

mon functionalityof the reusale behaior. Methodsfrom the interfacethatdo not have acomresponding
introductioncreatethe required interfaceof the behaior.
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This organizationemulatesthat of [HK02 to testhow well Aspectimplementsstandat design
pattens. Given that the authoss are well versedin the languagewe take the paperasexemplifying
idiomaticAspectdtyle

The resultare shavnin gure Figue B3 There ae ve aspectstwo reusale abstracaspectsvith
inner-classterfacesintroductions andadvicewritten againsabstracpointcuts(CachingandBacR; two
attachmentspectsrhich eachsubclassne abstracaspectind connectthe abstracinformationto the
concete application;and one adapteraspectwhich reconcilesdiVerencesn apis betweenthe aspects
andthe conceteclasseslhe classeandaspectare descibedin dependencwyrder. the baseclasseand
abstractaispectare independenbf eachother, while the two attachmenaindone adapterclasslepend
on boththe baseclassesndabstracaspects.

With pointcutsand aiound advice it waseasyto abstractlyexpessthe behaior and attachit to
the baseprogram. There were three fundamentaissuesgenteed abouttyping issuesexplainedn the
following paragaphs.In generalpone of theseassueitroducepe errors, but do introducelocatiorfer
typeerrors. A simplebehaior like cachingis unlikely to run into ary problems,but asbehaiors grow
more complex,thisislesscornvincinganargument.

The r stissues that Aspectd'geneicity mechanisnfor aound methods(seeSectionp.6.2.2, page
71) isunalde to give the cachedetum valueameaningfutype;it isstoedasObject. If anothertypethan
the expecteds stoedin the cachedeld, aruntime castingeror will occur

The secondssudsthatthe aspectare not decoupledrom the baseclassed astiict senseThe use
of inheritanceandoverriding to expot andimport behaior from the baseclassemto aspect'abstract
behaior meanghat animported methodmustbe provided by a methodwith preciseljthatname In
somecasesi is possike to introduceadaptatiormethodswith the expectechamethat forwad to the
concete (andincorrectly named)method, but this is not always possite. For example hadthe base
classealreadycontainedmethodswith thatname but with diVerent signatues,we would not have been
alle to reusethe aspect.

The lastissuds thatthe reuseastype-inasig introducingacommonsupetypefor all (re)usesf the

abstracaspectSectior.6.2.] (pages9 and[[LOGJ explainwhy thisis not alaysdesirale.

3.7.3 Hyper/J Solution Summay

Hyper/Jhasa very decoupledsolution (Figue BJ): in additionto the basepackagethere are three
separatelyompilalbe package€achpackageanbecompiledin isolation;only the compositiorrequies
that the compiled packages—amore generallyHyperSlicedanteract. Compositionis speci edby a
HyperModulevhoseeVectis suggesteby thick dashedrowsin the gure, but is not shavn separately
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Figure 33: A graphical representationof the Hyper/Jsolution. The Hyper/Jillustration also senesasa high-level
illustration of the Aspectual Collaboration solution.

The resultof running Hyper/Jwith on the hypemoduledeclarations anew hypesslice—epresenteds
a Jvapackage—containirgll the composedlicesandimplementinghe cachingoehaior.

The solution oVers more reusethan AspectJasinsteadof addingto the basecode a new base
packages createdwhich containghe cachingbehaior. Thus, even the basehypesslicecanbe reused.
Additionally the compositionis not type-invasie, which guaranteethat multiple (re)usesf ahypeislice
do not createtype equivalenceghatwould not be presenin amonolithic (ratherthancomposedyersion
of the program.

There are somedravbacksaswell: the method-excutionargumentexposedo befoe advicelose
their types,insteadbeing passed@san array of Object. The systenwill automaticallywrap primitive
argumentaluesn objectgo stoethemin theargumentrray, alloving befoe adviceto remainoblivious

to the signatue of the methodit adviseslf we needto manipulater inspecthe argumentso anadvised
method, we needto downcastthe argumentso more precisetypes. Thus, if adwancedbehaior is
required,adynamicerror mustberisked.

Unfortunately method interception—i.e amound advice with optional invocation of the advised

method—cannotake adwantageof suchgenercity, asHyper/J oVersno native interceptionmechanism.
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With the help of the Hyper/J developes, we were alle to usethe hypemodules linking declarations
to setup methodinterception, but our solutionrequired foreknavledgeof the interceptedmethods
signatug, in additionto beingquite avkwad.

3.7.4 AspectualCollaborations Solution Summary

Becaus@spectuaColIaborations'smplementa modulesystemthey are very well suitedto the taskof
composingeusale behaiors. Like the Hyper/J solution,there ate four separatelgompilalle Aspectual
Collaborationsone for the cachingbehaior, oneto calculatehe dependencief®r cachenvalidation,
the commonbasgactuallya Jva package)and an adaptercollaboratiornto reconcilethe diVerencein
the expectedapi of the cachingoehaior andthatoVered by the basecollaboration.The four collabora-
tionsare constituentso acompositecollaborationwhich generatea programthat containghe caching
behaior in the base

The compositionof the reusale behaiors is non-invasie andtype safejin Section.g (pagel66)
we shav thatthe compilationprocessloesnot requite or introduceary dynamicerrors. Sincemethod-
interceptionis natively andtype-safelsuppoted by the modulelinking languageno lossof type safety
or geneicity occuss. It wassimilarlystraightfonard to connectexplicitimports andexpots acossthe
collaborations.

The AC expott declarationallov the compositionto producea packagevith exactlythe sameset
of visilde typesandsignatugsasthe basecollaborationjt is thuseasyandpainless$o reusethe caching
behaiorsagainin the resultingbasepackage

The maindravbackwe found wasthat the type-checkingor linking is very consevative, requiring
the concete methodto not only be viside on the expectednethods classbut actuallypresent. Thus,
we cannotprovide an inherited methodto an expectedmethodon alocal class.This canbe worked
aound by addingaforwaiding methodin anadaptatiortollaborationUnlike the situationdescibedfor
Aspectdn SectiorB.7.9 (pagel09), thisforwarding methodneednot be expoted, andis thusinviside to
subsequeniseor composition. Sectionft.6.3 (pagel78) discussesn altenative implementatiorof the
provide declarationyhich would allonv inherited methodgo be usedaswell.

3.7.5 Summay

Sipiising} [LLO0]] foundthateachsolutionwasof acomparale size We expectedAspectuaCollab-
orations requirementthat all compositioninteractionge explicitly speci edto male its solutionmore
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verboseand lessntuitive thanthe AspectindHyper/JF} which are explicitly aimedat providing con-
venienceand expiessienessn methodinterceptionand module composition. However, for this small
exampleit turned out that the requiementsof reusabilityconstrainedhe featuesof both to a point
where their solutionswere asverboseasthatfor acs. Furthemmore, sinceac hasnative suppot for such
featues,we arguethatthe ac solutionis more intuitive. Lastlysinceour solutionmaintainsstatictyping

propeties and predictability(by virtue of encapsulation)ye arguethatit will remainmaintainale as
projectsscale

2A\e were willing—and expecting—toarguethat the trade-0/ of concisenesandintuitivenessvasworthwhile to achise the pre-
dictabilityandstaticsafetyof AspectuaCollaborations.
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Chapter 4

Formal Properties

HIS chapterpresentaminimalmodelof AspectuaCollaborationgacs),which isamenale to formal
analysisAs such,we do not aimto captue the entirety of the ac languagebut ratherits essential

propeties. We presenta compilationsemanticef moduleshasediiound a Jva-like core languageThe
core languages a consevative extensiorof Featherweight Jva (FJ) [[PW0]], andis keptintentionally
minimal. Modulesare eitherwritten directlyin the core languageor composedirom previouslycompiled
moduleswvhich in turn canbe eithercompositeor atomic

An Atomicac isonewritten directlyin the core languageThis correspondso apackagén Jval] or
a“classatle” in FJ Sectiorf4.3 (pagel23) presents soundnesgroof for the type-checkingandevalu-
ation rulesfor atomiccollaborationsThe proof buildsdirectly upon the rulesandproofsof [[PW0T],
augmentedo accounftfor our paticularsyntaxandextensionto the core languageThe soundnes®sult
guaranteethatawell typedexpressiornin anatomiccollaboratiorwill evaluateto avalue or elsehalton
oneof two possile error conditions:afaileddowncasbor anattemptto invoke anexpectednethod.

Compiling a Compositac rewrites sereral compiled constituentollaborationsnto an atomic ac.
Linking instructionsoptionallyprovide concete behaiorsto expectednethodssettingup interception
relationshipsetweenmethodsandalsoexpoting methodsunderdiVerent namego be viside outside
the encapsulatiohounday of the module We presentyping ruleswhereby a compositecollaboration
is staticallcheclked andcompilationruleswhereby it isrewritten to anatomicac. Sectiorf.4| (pagel39)
shavs that a well-typed compositecollaboratiornwill compileinto a well typed atomic collaboration.
The ruleshighlightanimportant propety: thatthe resultingatomiccollaborationcontainano dynamic
error locationghatwere not presentin the constituentcollaborationsThus, the presentecdompilation

lpackagear in factspeciatasesf Atomic Collaborations.
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schemeshavs how to separatelgompilehighly reusale geneic aspectwithout sacrcing staticsafety
Although not shavn in our rules,the full implementatiorallovs the aspecto tradeoV somegeneic-
ity for expiessie power, by exposingargument®of interceptedmethod executionsto the intercepting
aspectuahethod.

4.1 Program Syntaxand Evaluation

Featherweightacaptuesthe essencef Jvain asmalkide-&/kectfreesemantichatcant ononepage
We have kept the core languageassmallaspossile, but to achiee the desied combinationof featues
andsoundnes$are neededo addafew syntactidorms.

Sincethe programis composedrom severalcollaborationsye mustkeeptrackof which classable is
usedfor names.Informally speakinga setof classes—eitheompiledor composite—fam a classabe
(CT or JT) which is usedto look up clasge nitions, methodson classesandis alsousedto derive
the subtypingrelation. Atomic acs and Featherwight Jwva programsare self-containedthus needno
othercollaboration$o type checkandevaluatetheir expessionghus,it oftenmalessenséo assuméehe
clasgalle is a globallyviside binding. This isin shap contrasto compositeac, whosetype checking
andtransfomation rulesdependon usingthe properclassabesfor the subtypingrelationshipsf their
constituentollaborationsTo accuratelyaccountfor compositeacs, we needto passhe classalle asan
explicitvariade. To maintainthe avor of the original semanticsye shav thisasa subsadpt.

The full syntaof acsisgivenin FigueBg (pagel23). A programisa at listof collaboratiorbindings,
terminatedby ananorymouscollaboratiorandanexpiessionEachcollaboratiorin the source program
is eitheratomicor composite

Program evaluationis a two stepprocess.First, the compileriteratesover the list of collaboration
declarationgype checkingeachand compilingit to anatomicac which isboundin anervironment.
Finally the expiessioris evaluatedn the contextof the terminatinganorymouscollaboration.

4.1.1 Atomic Collaborations

A\tomiccollaborationsonsistof a tale of classesachwith a nameunique within the scopeof the
collaborationandwith asetof elds andmethodswith namesuniquewithin the classThe well-typed
and-formednessonstraintand evaluationrulesare shavn in FiguresB7 (pagel2s) andpg (pagel26).
The languageisedin atomiccollaborationsliVersfrom Featheneight Jvain threeways:
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1 Weomit explicitconstuctor declarationsnsteadelyingon the orderof eld declaration imply
aconstuctor.

2. Classesancontaintwo new kindsof methods:expectedandaspectuamethods which respec-
tively declae methodswith deferedbehaior andmethodswvhich canbelinkedto interceptother
methodsexecutions.

Suchlinkingsare perfomedduring compositionandallonv behaior to both explicitlyandimplic-
itly transfebetweencollaborations.

3. Expressionsie extendedwith two new forms: functionalupdateof a eld, andconstuctor-less
instantiation.Functionalupdate df 7! E;], retumsa copy of the objectowith eld f modi ed
to be E;. Constuctor-lessnstantiationpew t, instantiatean objectof class, with defaultvalues
for all elds. The defaultvaluefor a eld of typet isthe expessiomew t. In astiict or eagerly
evaluatedanguagenstantiatiorof acirculartypewould divergef] However, beingside-&/ectfree
FJdoesnot needade ned evaluationorder, sothisdoesnot causeusproblems.

Thesetwo expessioneeplaceconstuctorinstantiationnew dEq  E,), whichisno longeralloved
in the souceprogram,but which may occurduring evaluation(like socalled‘stupid castsin Jva).

4.1.2 Composite Collaborations

Qmpositeollaborations:onsistof a number of paticipantscomposedrom constituentclasseffom
attachedenclosing,collaborations.The patticipantsform a subtypinghierachy, and canbe trivially
translatedo a setof classewhich are populatedwith membes and elds from the constituentclasses.
Eachcomposedlasontainsthe all the membes from the constituentclassesmappedto it, suitaly
renamedo avoid nameclasheandwith typesmappedaccoding to the compositecollaboratiors par-
ticipant declarations An illustrationof the processs shavn in Figure B3 (pagelll): four constituent
collaborations;ontainingatotal of eightconstituentlassesje composednto threecomposedlasses.

Oncecomposedthe membeson acomposedlassie linked, settingup import andexpott relation-
shipshetweenthe composedaollaborationsn additionto settingup methodinterceptionsor aspectual
methods This processs shavn in detailin Figure {4 (pagel3d).

The modi cationsto the atomicexpessiorsyntaxare motivatedby the realizatiorthatthe composed
claswill have alargersetof elds thanary of the constituentlassesndthusimply needinga diVerent
constuoctor thanary of the constituents Any mention of an constuctor in a constituentcollaboration

2 Assume hasa eld alsoof typet. The expessiomewt | (evaluate$o) new t(newt) | new t(new t(new t))
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will beinapplicake in the resultingcomposedollaboration.To ensue thatcomposedollaborationsie
well formed,we thusdisallev constuctorsfrom occuring in the souce program, but do allov themto
be generatediuring evaluation.Constuuctor-lessnstantiatiorsidestepthe issueby not mentioningary
eld valuesn theinstantiationjnsteadyiving themdefaultvalues.

Featheneight Jva disallevs elds in anobjectto be mutated;the only option is to retum a newly
instantiate@bjectwhich containghe desiedvaluedor elds. Thiscauseaproblemfor our organization
becauseve disallev constuctor instantiationin the souce program, nor do we know all the elds that
shouldremainunchangedasthe classmay be composedrom paticipantsfrom several collaboration,
eachcontributing elds only that collaborationknows about. Functionalupdateaddesspreciselythis
problem, creatinga new objectof the sametype with all elds but the updatedone copiedfrom the
souceobject.

Becausave needto know the clasgo which eld f belongswvhen translatingexpessiore.f from
a constituentcollaboration,we assumehat a prepiocessowr diligent programmerhasannotatedall
receversof eld andmethodlookupswith the statictype of the recever. Thisiswritten asa supescipt
on the recever, soE.f would bewritten E*°f, if cwasthe statictype of E which guaranteethat eld f
isviside. Theseannotationsie checledalongwith otherexpessionby the typecheckingphase

The statictyping annotationse only usedduring composition;apat from type checking(andthus
presevation of typing during evaluation)they hase no in uence over the evaluationof the program.
Notably, the annotationc on E*f is not neededn orderto look up eld f—indeed,it is the job of
typecheckingto prove thatwhatever objectE evaluateso, it will have asuitalte eld f. Thatevaluation
doesnot needthe compile-timetype of aterm is dueto Featherweight Jva not alloving elds to be
overloaded.The full Jvalanguageaswell asClassi@a [FKF99], doallov elds to be overloadedand
thusboth require similarannotationst runtime

4.2 Semanticdy Example

Flgur@ shavsasimplefj-ac program,which introduceghe syntaxfor the interpreterof our minimal
model. The programde nestwo atomicacs, aspect andbase anda resultingcompositeac madefrom
composinghe two atomiccollaborationsThe syntaxshavn in this examplés the actualinput syntax
of our prototypeinterpreter [DvI], andis somevhatmodi ed from the syntaxusedin the proofswhich
follow, soasto be more corvenientfor interpretation. The “=" and“!” charactesturn theIr grammar
into anll (1) grammarwhoseabstractyntaxtreeis easieto manipulate The sames true for linking
declarationsthe keywordswith andprovide are not neededn the formal semanticsgndthe interpreter
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collab base= atom
class B extends Objectf
Bmale()f return new B; g
B someMethod) f return !this.male(); g
B someOtherMethod) f return !this.importedBehaior(); g
expected BimportedBehaior();

g

class C extends Object f
Objecto;
Cmale() f return new C; g
aspectual Returnednodont(binRoint thisjoinpoin) f
14 return !thisjoinpointdontinoke();
5 g
16 C exportedBehaior() f return =this[o > !this.male()]; g

1
2
3
4
5
6
7
8
9 collab aspect= atom
10
n
12
13

g
18 // This is the anonymous output collaboration
19 composite attach [baseaspect]
20 classD extends Object< = [baseB aspect.C]
2 with
22 provide aspect.C.expdedBehaior => base.BmportedBehaior;
2z around base.BsomeMethod=> aspect.C.nodontlefault base.BsomeOtherMethod
24 export base.B.someMethoe> advised
> [/ this "main” expressionis evaluated in the context of the output collaboration
26 Inew D.advised);

Figure 34: Source program, syntaxextendedto be LL(1)

requiresthatsymbolsuchas= and7! bewritten out long-handin ascii. In future exampleswe revert
to the prettier syntaxpresentedn the semantics.

4.2.1 Atomic Collaborations

Atomic:ollaboratiorbase(in the Figure 34) de nesoneclas®, containingfour methodqthreenormal,
and one expected)while collaboratioraspectde nes classC, with one eld andthree methods(two

normal,one aspectual).

4.2.1.1 Classeor Participants

In the contextof our formally presentednodel (Section§.3, pagel123 and §.4 pagel39), we usethe
termsclassand paticipantinterchangedl. If we were to male a distinctionbetweenthe two terms, a
paticipantis a generalizationf a classwith two additionalkindsof methods.It is sometimesisefulto
male thisdistinctionin the full Jvaimplementationacollaboratiorcontaingaticipantsvhile apackage
containsonly classesThis chapterhowever, requiresno suchdistinction,andwe consequentlysethe

termsinterchangedl, tendingto use“class”over “participant”.
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4.2.1.2 Members

Classesanhare four kindsof membes: elds, andthreekindsof methods.

Fields hold per-instancebjectrefeencego other objects.Fieldscannotbe side-&ected;insteadunc-
tional updatecreates copy of the objectwith anew valuefor one eld, andall othersunchanged.

Concretenethoddehae exactlylike normal FIJmethods.The clasdaseB de nesthreeconcete meth-
ods: male, someMethodand someOtherMethod and declaes a defered method importedBehaior.

Likewise aspect.Cdeclaestwo concete methods.Both classedeclae a concete male method. This
takesthe placeof a constuctor, but ismore amenale to compositionasit followsthe samesemanticas
anormal method. In the full Jwvaimplementationthe male methodswould be statig but FJhasonly
instancemethods Alternatively suchmethodscouldbe put on afactory class.

Expectedhethodsae similarto Jvasabstractmethodsjn thatthey lackabody but with the signi cant
diVerencethatthey do not inhibit instantiatiorof the containingclass Secondlyexpectednethodsare
not providedthrough overriding, but rathervia direct mutation during the linking process Otherwise
expectednethodsare treatedike normalmethodsjncludingoverriding anddynamicdispatchMethod
baseB.impotedBehaior is the only expectednethodin the smallexample It is a dynamicermor to
invoke anexpectednethodwhich hasnot been“provided:

Aspectuaimethodsare the most constrainedyet mostpowerful, kind of method. Aspectuamethods
musttake exactlyone argumentandretum aresult(Jva allovs methodsto retum void, but FJ lacking
side-&ects requilesall methodgo retum aresult).Furthemore, the typesin the signatue of the aspec-
tual methodmustbe unde ned in the current collaborationandthe method cannotoverride another
methodf]

Aspectuamethodgyaintheir expessienesrom beingalde to be composedoasto interceptexecu-
tionsof othermethods.The argumento aspectuahethodaspect.Cnodont, thisjoinpoint repesentshe
interceptedmethodexecution, rei ed asa r st-classbject. The arguments calledthe joinpointobject
while the resultis calledthe retun-valueobjectTheseobjectsallon the aspectuahethodto control the
executionof the interceptedmethod, without beingawvare of the speci csof the interceptedmethods
signatue or executioncontext. Thisis possile by the join-point objectexposinganapi which allovsthe
aspectuahethodto contmol the executionof the interceptedmethod. Alternately the aspectuahethod
canelectnot to proceedwith theinterceptedmethod.In both casesapi generatearei ed retum value
repesentingeitherthe resultof the interceptedmethods executionor avaluegeneratedly somedefault

3 Asthe signatue typesof anaspectuahethodmustbe unde ned, only anotheraspectuahethodcanhave the samesignatue asan
aspectuahethod. Thus, thisrestiction inhibitsaspectuahethodsoth from overriding or beingoverridden.
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method (speci edduring composition),dependingon whetherthe api wasusedto invoke or not to
invoke the interceptedmethodf]

Asexplainedn Sectior3.2.3 (pages9), the api availatte to nodont i

7 class binPoint f n class Returnedf
s Returnedinvoke(); 2 g

9 Returneddontinvoke();

0 g

The typesof the aspectuainethods signatue are existentialeachlinking of the aspectuainethod
will generateew types. Thus, if a Returnedis stoedin a globalvariale, it mustbe asan object typg
from which it canbe downcasto amore speci ctypeonly in the body of the speci caspectuahethod
from which it wascaptued.

This api isthe key to the geneic reusabilityof separatelgompiledaspectuahethodsalloving them
to intercedein executionsof methodswith unknown signatues. The full collaborationanguagénot
modeledher) allovsthe programmerto exposegoats of the methodsignatue of interceptedmethodto
theaspectuahethod. Thisallovsthe programmerto tradegeneic reusability—theaspectuahethodcan
now only interceptexecutionsof methodsvhosesignatugesincludethe exposedrguments—fogreater
expiessienessallaving the aspectuainethodto accesand modify the argumentgo the intercepted
method.

4.2.2 Composite Collaborations

Compile(d:olIaborationseither atomicor composite canbe composedo createa largercollaboration
containingall the behaiorsof the composedollaborationgyptionallylinking theirimportsandexpots.
Contraly to somemodulesystemsyhere importing amodulesetsup areferenammpositecollaborations
composecopiesf their imports. Impot-by-cop semanticsimpli es the semanticandtype-corectness
propeties, allaving eachcollaboratiorto maintainintemal statewithout requiring complextype ma-
chinery to maintainsoundnes®dditionally copying allonvslinking declarationg be compiledasdirect
manipulatiorof the imported collaboration.

Just like an atomic collaborationhasthree conceptualevels (collaborationcontainsclasseglasses
containmembes, and membes containexpressions)compositecollaborationge composedat three
levels:

4 Type-checkingguaranteethat the reusedetum-valueobjectencapsulatem appopriately typedretum object. However, we do
not needto know thistypein orderto type-checkhe aspectuahethod.

5 The full collaboratiorianguagadditionallyprohibitsmarualinstantiatiorof eitherjoin-point or retum-valuetypes put thisrestic-
tion is practicafkatherthanfor type soundnesgasonsandis thusomitted from our treatment.
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Collabagtions are selectedo becomposedWe callthesethe constituentollaborationskiguie B4 selects
to attachbaseandaspect

Classesfrom thosecollaborationsie mappedo output classe®ur examplemapshaseB andaspect.C
to output clasdD. This hasthe operationakVect of inseting all membes (suitaly renamedo avoid

namecollisionsfrom the mappedtonstituentlasinto the output classo which isismapped Addition-

ally all type refeenceswithin the constituentcollaborationsie redirectedto the output classesihile

baseB.mak instantiateandretumsabaseB object,afterinsetion into D, the methodretumsthe typeto

which baseB hasbeenmapped:D. Thus, baseB.impotedBehaior andaspect.CexportedBehaior have

identicalsignatuesafterinsetion into the output collaboration.

Methodsinseted into an output classcanbe linked to other methodsin that class. There are three
possike linking declarationsto provide a methodto an expectednethod,to swap the bodiesof two
methodsandto allov anaspectuahethodto be wrappedaround anothemmethodsexecutions.

Line P2 (pagel19) directsimportedBehaior to useexportedBehatior. Thisispossite becausthe two
methodshave identicalsignatuesaftertype mapping.

Line P3 (pagell9) setsup aspect.Cnodont to interceptall executionsof baseB.someMethod Op-
erationally freshtypesare instantiatedor binRoint and Returned and the method implementationis
translatedo usethesenew typesinstead.The generatedinPoint classaptuesthe informationneces-
say to proceedwith the captued execution—whichdepend®nly on the signatue of the intercepted
method: the recever object, the methods name and arguments—whilehe generatedreturnedtype
likewisecaptuesthe retumedvalueof the executionf]

In thisexamplewhenary baseB.someMethodh the output programisinvoked,insteadf executing
its methodbody a join-point objectis createdand passedo aspect.Cnodont The aspectuanethod
executedike ary normal method, optionallyinvoking the invoke anddontlnvoke methodson the join-
point objectto proceedwith the interceptednvocationof baseB.someMethodor its link-time speci ed
altemative baseB.someOtherMethoavith the samergumentsespectiely In thisprogram,theaspectual
methodnodont invokesthe altemnatie, by callingdontinvoke.

It isnot necesswito invoke eithermethodon the join-point object. For examplea Returnedobject
may be stoedin a eld on someobjectreachale from the aspectuainethod, and retumed directlyf]
[LLO03] shavsandexamplewhere thisfacility is usedto implementcachingoehaior. The type system
guaranteeat compile time that only Returned correspondingo the retum type of the intercepted

8n full Jva, thisalsoincludesnormalvoid retums, primitive types andexceptions.
“Sinceour formally analyzednini-languagdacksside-&/ectsthis scenap may not be avkward to achiee. However, it is cettainly
possile in the full languagewhich hasside-&/ects.
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expession something vectorof somethir{gossily empty)

E
V values
f eld name
mn,0 methodnames
X,y vanales CT,JT

a,bcdpg paticipantor clas;mames
k,j,I collaboratiomames

aliador setof classeaon),

or setof paticipants(Pcomp

Expression§

T collabk= CinT j CE '\ E Ecf j ESm(E) | Ef 7! E]
C Catom | Ccomp 1 i Xj (9E j newc | new oE)
Y new V)

_______________________________________________________________________

| Atomic Collaborations |

Caltom Patom : Ccomp attaChj Pcompl— AX
Patom classcextendsdf FM g | Peomp classcextendsd ( j.p
F cf : L kem E j.d.n providenethod
M cm(dx)f return Eg : j kem j-dn svapmethotiodies
j expectedc IT(d_X) 3 j k.cm @ j.d.n concretiZprovideethod
j aspectuatm(djp)f return Eg A aroundk.cmdo j.d.n defaultl.f.o intercept
LoX export k.cmasn expar

_______________________________________________________________________

Figure 35: SyntaxRules

methodcanbe retumedin thisway. LastlyLine P4 (pagel19) expotsthe now advisednethodundera
suitalle name:“advised.

Whenrun, the program§“main” expessionnstantiatea D object,andinvokesthe advisednethod.
The advisednethods executionis interceptedby the aspectuainethod, whosebehaior we have de-
scibedabore

4.3 Atomic ACs are Sound

We shav that SubjectReduction (Theorem .35, page130) and Progress([.3.6, page132) hold for
our systemgcombiningto prove Soundnesgf.3.7, pagel32). To achiee this, we closelyfollow the
presentatiomf [[PWOI], extendingtheir proofsto cover the casewe have introducedandverifying that
our introductionshave not invalidatedexistingcases.

Eachproof isimplicitly parametdézedby the current atomiccollaborationthe setof classe€T. As
CT remaingonstantn thissectionwe treatit asaglobalwhenconvenient;for examplewe mightwrite
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8Patom2 Patom ) P
PatomwellFormed

o= elds(d,CT)

8f 2 (f[ g),f uniquein (f[ g
8M 2 M, mnamgM) uniquein mnameM)
et Mokin c

"7 classcextendsdf FM g ok

* PaomOk [T-coll ab]
Subtyping
classcextendsd( 2 CT

CCTd

classcextendsdf g2 CT

C crd

C cred cre ¢ crdjd crc

C crd C crd
C c7d c6d
c<d C crC

| Method Typing |

overridemp,(d! 9 okinCT

> o1 expectedcm(dx) okin p [T-ExpMeth]
overridemp,(d! ¢ okinCT

x:dthis:p cTE: @ & ¢

“or cm(dx)f returnEg  okin p  [TMethod]
mover(g p,CT) = 3

classcextendsobjectf g

classd extendsobject f
CTO= expectedcinvoke()

expectedc nolnvoke()

g
CT2= CT;CT?® CT2wellFormed
jp:dthis:p cr2E:cC

* ot aspectuatm(d jp)f returnEg okin p [T-Aspmen]

__________________________________________________________________________

| Wellformedness|

8c2 dom(Paon),
classcextends_f g2 Pyoninique
¢ __ object

atom

PatomwellFormed

8c2 dom(Pcomy,
classcextends_ (
c __ object

comp

2 Pcompinique

PcompwellFormed

Overriding

classp extendsqf g2 CT
mexistgm, g, CT) impliesd = q
elsed = mover(m g, CT)

mover(m p,CT) =d

mover(m, object CT) =

mover(m,p,CT) = gimplies
mtype(m g CT)=d ! c

overridemp,(d! ¢ okinCT

__________________________________________________________________________

Figure 36:

Typing Rules
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‘CTEIdOdO d \CTEr:dOdO d ot Eai PP
c= (X cf 2 elds(d,CT) b! c= mtype(md,CT) P b
Yot XiC o [Tvar] ‘ot EOf i c [T-Field ] ‘o1 ESmME) i c [T-Invk]
newamning ¢t Ea: P “cr E:c bf = elds(d,CT)
= elds(cCT) bf = elds(cCT) P b "erEflk ¢ d b Db
“cTrhewc:c  [Tnst] ‘et hew dE) i C [T-New] ‘ot B9 7V Ef] i c [T-upd]
) ctE:d c¢c6d
"ecrE:d d ¢ "crE:d c d stupidvamning d6 ¢
“cr (QE:cC [Tucast] ‘et (QE:¢C [T-Dcag] “cr (QE:cC [T-scag]
] Computation and Congruence:(CT unchangedoassumegioba) |
df = elds(d,CT) E= newd Ea)! EQ
newc)! new E) [Rinst]  newq ,Ea )! newd ,E )  [RcNewa]
bf = elds(gCT) E! E°
(new qE))%f | E [R-Field ] Edf ] EQF [Re-Field ]
c d E)] E°
(d(new qE)) ! new E) [Rcas]  (QE! (QE® [Ro-cas]
X, Ep = mbody(c m) Eal E3
(new &) “mEy) E4m( ,E, )! Edm( ,ES )  [Reanvia]
I [Ea=x, new qE;)=this|E,  [Rnv] £ E
bf = elds(cCT) EdmE,) | EYmE,) [RC-InvkR]
newd LE, )9f7! E] | g0
! newd ,E, ) [R-upd] E' E
EC[f 71 E] ) ES[f 7! E) [Rc-Upda]
E ) E°
ES[f 7! E] ! E%9[f; 7! E] [Re-Updr]

Figure 37: ExpressionTyping and Evaluation Rules.
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| mbody(mnamecnameCT) = E |

claspextendsqf FM g2 CT
aspectuatm(dx) f returnE g oW
cm(dx) f returnE g

mbody(m,p,CT) = (X,E)

oneof

claspextendsqf FM g2 CT
mnotin M

mbody(m,p,CT) = mbody(m g, CT)

claspextendsqf FM g2 CT
cm(dx) f returnE g

expectedc m(d x) 2M
aspectuatm(dx) f retunEg

mtype(m p,CT) = d! ¢

clasgpextendsqf FM g2 CT
mnotin M

mtype(m,p, CT) = mtype(m ¢, CT)

claspextendsqf FM g2 CT
9M 2 M, st.mnamgM) = m

mexistgm p, CT)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| mget(mnamgcnameCT) = M |

classpextendsqf FM g 2 Paom
M 2 M, st.mnamgM) = m unique

mget(m, p, Paton) = M

__________________________________________________________________________

Figure 38:

-———-—1

elds (object CT) =

classcextendsdf FM g2 CT
elds(¢CT) = elds(d,CT); F

aspectuat m(d x)f returnE g aspectualMethod

expectedcm(d x) expectedMethod
cm(d x)f returnE g concreteMethod

M concreteMethod_ M aspectualMethod

M notExpectedMethod

aspectuatm(d jp)f return Eg
expectedcm(d x)
cm(d x)f return Eg
msigM) = d! ¢
mnamegM) = m

=M

oneof

| mse(M,cnamgCT) = CTy |

clasgppextendsqf FM g@CT%= CT
M, = Mp@f M;j M, 2 M,
mnamegM;) 6 mnamgMp)g

mse{Mp, p,CT) =
clasgp extendsqf F M, g@CT?°

Auxilliary de nitions.
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elds (9 ratherthanthe more correct elds (¢ CT). In latersectionst will be passedxplicitly

4.3.1 Lemma/[lnheritance preseres method signatues]

A methodmaintainsts signatue whenaccessegitherinherited or directlyde ned on the recever.
Formal Statement:

If CT iswelltyped,andmtype(mp) = d! ¢ thenmtype(mqg = d! cforq p.
Proof:

Inductiononq p, invoking T-Override. .

4.3.2 Lemma[Term substitution preserestyping]

Evaluationproceedsy replacingmethodinvocationdby the expressiorof the methods body with the
formalargumentsubstitutedby the actualargumenterms. We needthe resultingsubstitute@éxpession
to bewell typed,andbe a subtypeof the retum type of the method. This resultis aslightgeneralization,
asit appliego ary expiessiorwith freevariades,not only methodbodies.
Formal Statement:

If x:b> E:dand ~ E,:a wheea b, then * [E~X]E:cwherc d.
Proof:

Induction on derivationof x: b’ E :d. Thisismostlyidenticalto [[PWO0]], but we needto add

casefor new rules.New rulesr st,inherted rulesfollow:

CaseT-Inst: E = newd
Trivially typesto c= d.

CaseT-upd: E= Ef[fi 7' ] x:b  Ep:dy X:b' Ef:ck
Gfi2 elds(df d d d g
Byih: = [E~]Eo:d) & d
C[EAE R @ d i
Thus,by T-Upd, ° [E/~]ES f 7! [Ey=x]E¢ :
goeghrough,withc=d§ dy d.
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CaseT-Var: E=x d= (x)
If x 62%, then[Ey—zx]x = X, henceholdsunchanged.
Otherwise x = x; 2 X, then[E,=]x = Ey;, where ~ Ey,: &
By assumptionc= g k= d.

CaseT-Field: E=Effi x:b Eg:dy d d bf2 elds(d)
Byih: ° [E/~X]Eo: &, whered] d.
By wellformedsubtypingwe know bf; 2 elds (dB).

Hence by T-Field, ~ [E,/~X]JE: b
CaseT-Invk: E = E4m(Ey) x:b E:d d d
mtype(md) = b! ¢ x:b' Ei:lby b

Byih:  [E~XIE : & wherd® d.
Byih: ° [E,/~]Ea.: 2, wherel) b,

By Lemmaft.31, mtype(m d®) = b! ¢
thus,T-Invk holds.

CaseT-New: E=newd(Ey)) df2 elds(d x:b' Ej:dy dy o

Byih: ° [E/~X]Ea: dd, whered) d.
Thus, T-New holds,with c= d.

CaseT-UCas: E= (dEy, x:b  Ep:c ¢ d
Byih: * [E/~X]Ey: @ wheed c
Thus, T-UCag holds.

CaseT-DCas: E= (dE;, x:b  Ep:c d ¢
Byih:  [E/~]Er: @ wherd c

Ifd & cthenT-DCag holds.

If@ d ¢thenT-UCag holds.

If 6 dandd6 & thenT-SCad holds.
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CaseT-SCas: E= (dEy x:b" Ep:c d6 c c6 d
Byih: ° [E/~X]Ey: @ whered c
Thus,d6 Pandd®6 d, soT-SCag holds. .

4.3.3 Lemma[W ealening]

If an environmentis suY cientto type an expressionthe expessiorrequiresony the type bindingsin
the ervironmentwhich represenfreevarialdesin the expessionNotahlly, non-clashingindingscanbe
addedo the ervironmentwithout avectingthe expessiostyping.
Formal Statement:

If ~ E:gthen x:d  E:c wherexisfreein E.
Proof:

By induction. We shav only the casdor T-Var .

CaseT-Var: E=x c= (x)

By precondition,x 62%, so[Ey—zx]x = X, hencetypeisunchanged.

4.3.4 Lemma|this Type Bounded]

Given amethodviside on aclas®, there existsa non-stict supeclasg which suy cesasa this typeto
typethe body of the methodconsistentlyvith its signatue: i.e. to asubtypeof its declaedretum type
Formal Statement:
If mtype(m,p) = d! candmbody(m p) = (X,E), thenfor someg, p g, thereexists?, & ¢ so
thatx : d,this: q° E: &
Proof:
By inductionon the new de nition of mbody(m, p).

Basecasds where mis de ned directlyon p. If misanormal or aspectuamethod,the basecases
true by T-Method, with g = p. If misanexpected mbody is unde ned, sothe preconditiondoes
not hold in thiscase

For theinductive casgwe notethatby inductionthe propeity holdswhenmisinhertedfromqg
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4.3.5 Theorem [Subject Reduction]

Evaluationof an expiessionproceedsin steps;eachstepwill produce an expiessionwhich typesto

the sameor a subtypeof the previousstep In other words; evaluationpresevesthe (sub)typeof the
expession.

Formal Statement:
If ° E:candE)] E%then9d st * E°: & wheed c

Proof:
Inductionon the derivationof E |  E® We needto addcaseto the inductionto accountfor R-Inst
andR-Upd, in additionto expessinghe casemherited from [[PWOI].

CaseR-Inst: E=newc E°= newdnewg) g f = elds(9
By T-inst, new G : G, soby T-new, ~ E%:c

CaseR-Upd: E = new dE")[f; 7! E] Gf 2 elds(d

E°= newdEy Ei 1,Ef,Eiv1 Ep)
By T-upd, ° E;:b wheeb g.Thus,by T-new, ~ E°:c

CaseR-Field: E = newg(E)‘f cf 2 elds(d E°= E
By T-New, ~ E;:b wheeb c

CaseR-Invk: E = new G( Y9m(Ey) i X, Ep = mbody(m, G)

E°= Egx,newqg( )=this E,
By T-Invk,a! b= mtype(md),and ~ E,: & wheed a.
By Lemmat.34, 9 b st xTathis:d’ E,: I, wheeb ¢
By .33, X athis:d® Ep: P,
andby B.33 (pagel2?), ° [Es=x, new d(Eg)=this|Ep : B0 where bP° .
Finally by transitvity: B®° ¢
Note that mbody is unde ned for expectedmethods,but sinceR-In vk is alsounde ned for this
happenstancéhe casdas complete

CaseR-Cas: E= (Q(newd(E)) d ¢ E°= new d(Ey)
Byd ¢ T-UCag typesE®: c
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CaseRC-Field: E= E4f E | E° E°= EOf
By T-Field, ° E;:d°andd® dandcf 2 elds(d).
Byih * E°:d®wheed® &

By T-Field, cf 2 elds(d®,so " E°:c

CaseRC-NewA: E=nevd ,E, ) Ef!
By T-New, ~ E;:d.

Byih, * E?:d’ wheed d.

Thus,By T-New, * E°:c

CaseRC-InvkA: E= ESm( ,E, ) E,!
By T-invk, ~ E;:a

Byih, °~ EJ: &’ wheed a

Thus,By T-Invk, 9¢st @ cand * E°: &

CaseRC-InvkR: E= EYmE) E | E° E°= EO“mE)
By T-Invk, ° E;:d’ andd® d.

Byih, * E%: d®whered® d

Thus,By T-Invk, 9¢st @ cand * E°: &
CaseRC-UpdA: E= EJf 7' E] E ! E? E°= EY[f 7! EV
ByT-Upd, "~ E;:a

Byih, * E:& wheed® a

Thus,By T-Upd, 9¢st @ cand * E°: &

CaseRC-UpdR: E= E9f 7! E] E | E° E°= EOY[f 7! E]
By T-Upd, ° E :d’andd® d.

Byih, * E°: d®whered® d

Thus,By T-Upd, 9¢st @ cand * E°: &

CaseRC-Cas: E= (QE. E;! E? E°= (QE?

Byih, ~ E2:&

Sinceevaluationgoesio E°, RC-Cad succeeds® ¢

Hence " E%:c

E? E°= newd ,E

)

I EY E°=E9m( ,ES )
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4.3.6 Theorem [Progress]

Evaluationof awell typedexpiessiortannoffailin anindeteminateway; allcontainedeld updateseld
refeencesandmethodrefeencesnale senseThe one speciatasas anattemptto invoke anexpected
method, which cannotbe detectedby the type systemdirectly—havever, the conceptof complete
expessioni Sectiont.5.] (pagel67) addessethis.

Formal Statement:

If ° E°2 ¢ andE°containssubexpessiorE, then

1 if E= new AE)®f, thendf = elds(d andf 2 f.
2. if E= new &E)qf; 7! E¢], thendf = elds(d andf, 2 f.
3. if E = new AE)**mMEy), then
(a) eithermbody(m, ¢ = (X, §) andsizdg) = sizgX)
(b) or mdenotesanexpectedmethod:mbody(m, ¢ isunde ned.
Proof:

AC executionhasonemore way of dynamicallyailingthanFJ:in additionto failingon adowncastit is
possile to fail by attemptingo executeanexpectedmethod. The Progr esstheoempreciselynatches
how expectedmethodsdiVer betweenmtype (usedby type checkinglandmbody (usedat runtime).

Proof by inspectiorof eachevaluationrule: appeato appopriatetype checkingrule guaranteeis will
proceedor fail asperabove.

4.3.7 Theorem [Type Soundnesgor Atomic Collaborations]

We de ne avalueV asanexpeessiorinvolving only new candnew V') forms. A well typedexpession

will evaluateto avalue or fail on eitheradowncasbor anattemptto invoke anexpectednethod.
Formal Statement:

If * E:candE! E° with E%in normalform, thenE%iseitheravalueV, or oneof two eror
casesyhere E° containsanexpessiorof the form:

1 (dynew E), wherec6 d
2. new AE)*m(E,), where cmrefesto anexpectedmethod.

Proof:

Followsfrom Theorems4.35 and [.3.6. .
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onlyWellTyped PeompwellFormed , JAok jk2] (ko= (j.d= (L)

= makeRho(j, Pcomp )

mget(m ¢ (k)) notExpectedMethod

Peomp J. (j) exactyOnce i

8 2], mget(o, f, (I)) concreteMethod
812], Peompi, (j)SubtypingRes mget(n, d, (j)) aspectualMethod
“JLC ok * ] A ok ] X ok ,  kcnH.f.ocompatible
attachj Peompl A X ok * j (aroundk.cmdo j.d.n defaultl.f )@A ok
R ) e R = SOl B T TExport [ . B
, “jL ok , “JA ok , “]X ok i 8(export k.cmasn) 2 X,
' ' ' ! k2] mexist{m ¢ (K))
, jLok k2] ! (export k.cmas_) uniquein X
j.dn62hgL) ! . (export kcmasn), X noNewOverrides
" k.cmA.d.n compatible : ,  (export kcmasn), X allOldOwerrides
mget(m ¢ (k)) concreteMethod ! X ok
mget(n, d, (j)) expectedMethod ! ! 0
. J(kemE j.dn) @ ok i 8(export j.p.nPasm 2 X, st.nP6 n°
* 1T ok ko : kg (P ) mén
N Jklar?Fj dncompatibllé 2] i ,  (export kcn’asn), X noNewOverrides
mget(m, ¢ (_k)) concreteMethod : 8classd extends_f g2 (),
mget(n, d, (j)) concreteMethod ! V moverriderelates;y, 6 d
, Cj(kem j.dn @ ok l mexist§m d, (k))
l ) 9(export k.dmasn) 2 X
, jLok k2] | S — -
j.din 62hs(D) k3= (.d) L (export k.cmasn), X allOldOwerrides
mget(m, ¢ (k)) aspectualMethod R 1 — i [:c_érﬁ[iaﬂ ———————————————

mget(n, d, (j)) expectedMethod
t! s= mtype(n, d. (j))

0! s= miype(invoke, 1, (j)) S0 u e memsnd O
I s= mt Invoke, t, (j B B A B MY
0! s= miype(nolnote, t. 0) @z (@ 9= M D=0

, j(kem® j.dn @ ok

= 0 q!
| ., k.cnH.d.n compatible

__________________________________________________________________________

Figure 39: Composite Collaborations Typing rules
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8classcextends_f g2 JT,
9lp s.t.clasgp extends_ ( ke 2CT

CT, k, JT exactyOnce

| classcextends_f F._g

3 classdextends_f Fy_g 2CT,

| lettingf0= f (cf)jg f 2 Fg

| f9=f (df)jd f 2 Fag
classcextends_f g2 JT ! 020~ c6d) founiquein [ 0

classdextends_f g2 JT q
3 classpextends.( kc 2CT g cr d A (((j?) _C;Sge') (d) (cf) = f0
" classgextends._ kd 2CT |, cr = el -
= ( (moverriderelategt G d) )

d1
CT, k, JT Zt - mp ik ((em= (dn), (m=n)
' K subtypingR¥s WellFormedFror CT, CT gyel

__________________________________________________________________________

| -onlyWelIT yped | 1 (K) = CTk
. onlyWellTyped (k7! Paon)@. =
* PaomOk  onlyWellTyped 3 (k) = Patom
(k7! Paon)@ onlyWellTyped 3 (07 )@°= k6K YK = Paom
3 (9 = Pam

__________________________________________________________________________

| overriderelates |

9pstc crp * d crp N mtypemp CT) = mtype(mcCT) = mtype(md,CT)

moverriderelatest ¢ d

Figure 40: Auxilliary Composite Collaborations Typing rules
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n
trang ,CT,CTge = class®extendsd®f FOMOg

class? extendsd®f g2 CTgel
if 9lcs.t. (=0

A classcextendsdf FM g2 CT
thenclass® extends_f FOMOg =

trans ,classcextendsdf F M g o
elseF0= F. MO= M.

=0 d-@
FO= tran{ ,GF) M0O= tran{ ,GM)

trang ,classcextendsdf FM g) =
class® extendsd’f FOMPO g

€= (9 nP= (pm

= (& E°= (B)

trang ,p, cm(dx)f returnEg) =
A nf(dx)f return E%

@= fresh = fresh n’= (p.m)
0= [c71 d7! | E°= QE)

trang ,p, aspectuatm(d jp)f returnEg) =
aspectuat’ m(d®jp)f return E%

A= (9 nP= (pm &= (d
trang ,p, expectedcm(dx) ) =
expected® m(d x)
= (9 f°= (pf)
trang ,p,cf) = Of°
(k)= «()
(kg = (K(9 (kem) = (K)(cm)

_____________________________________________________________

E'= (E) E2= (Ed
= (dm ®= (d
(E4m(Ew) = E°F.n(ED)

E°= (E)
o= (df) = (d

(E4f) = EOF £0

E°= (B) EP= (E)
= (df) &= (d)

(B[ 7! E¢]) = EOC[£071 EQ

x) = x

@= (9 E}= (E)
(new dEa)) = new (9( (Ea))
((9B) = ( (9) (B)

(new @ = new (0

= @@ °= ()

x7'c@)=x7"1C@°

CT, = nclasscextendsdf Fi;F>; M;;M, ¢
classcextendsdf Fi My g2 CTy
classcextendsdf F, M, g2 CT,

CTO=

CT.CT
(ad

~ CT4,CT,,CT = CTO

S
CT,CT. = CT

__________________________________________________________________________

st.8¢cm (9g=c”™ (cm=m

__________________________________________________________________________

Figure 41: Translation functions over
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—— 827, ()= st
t M P - ! = .
Maptypel. p. Poomp = € 8classcextends®f FM g2 (j),
“““““ [makeSIel(CT) = CTaa| i(Q = maptypdj, 6 Peom
l 8bf 2 F, j(cf)isfresh
. 8M 2 M,m= mnamgM)
: if 9 Ps.t.c< () &0

(classcextends_( j.p ) 2 Peompunique 3 (skel) = makeSlel(Pcom)

makeSlel(CT) = fclasscextendsdf gj
classcextendsdf g 2 CTg

classcextendsd ( A moverriderelatesj ¢

oneof

makeRho(j, Peomp ) =

then jcm = ;(m)
””””””””” @’””””””””T else j(cmisfresh
| if m62mnamgM) then
_E jdn : 9™s.t.c< 0) Qon J(d)m) =nf )
rhs@ _® j.dn A =jdn | i(cm) = nf
_ jdn . if bf 62F then
! 9®s.t.c< 0) oA J((pf) = f0 )
; i(cf) = f°

__________________________________________________________________________

Figure 42: Auxiliary compilation functions
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aroundTemplate(c ax, b, Paon) =
jp1 v, Pgtom

ip, rv fresh

classcextendsd f g2 Paom

fp,qj classy extendsq f g2 Pawom
PG 6 Gdg

jT)v %p U)v 0: desuQa(’KvIa%p E! )
p= maptypek, G PS,m) = maptypsj, d, P,

= maptypgl, f, P%)

jj, r, gfresh aroundTemplate(c ax, b, Paor) = jp, 1V,

a! b= mtype(m ¢ (k)
jp,rv, CT %= aroundTemplatgc ax, b, (K))
0= 9g7! CTY

classcextendsd f
bdo@x)f return

thisaspMeth(
classg extendsg ( E@A.qq@_g — B0 new jphost 7! thigl[a7tx]
class gxtendsrs (I stk 62 o g )-val
% classyextendsgs ( T@yqq@k.qqdiy expectedb dont(@x);
P0 = _ classr extendsrs (It expectedrv aspMethip y);
2 classj extendsobject( gijp g _
g classr extendsobject( grv clasgp extendsobject f
<kem gcdo chost ax;

rv invoke() f return
new rvjval 7! this.hostdo(this.x)];

L%= |f.oEk gcdont
© j.dn @ gcaspMeth

(A @aroundk.cmdo j.d.n defaultl.f.0),

desugar 7. Poamol rv dontirnvoke() f return
] com ]
_ g@°, PR0. [O0[ [0, 00 new rvival 7! thishostdont(fAisx)];
» Pcomp )
g
g
) B ) B classv extendsobjectf
desugaf A, ¥ Peompl, ) =1, Peomp L, bval;
g

clasgy extendsq, f g

classp, extendsg, f g

___________________________________________________________________________

Figure 43: More Auxiliary compilation functions
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compile(T) = Patom
compile(C, ) = Paiom

p= (k9= (j.d nP= (kem) = (j.dn)
brf(@x)f return E g = mget(nP, p, Paton)
expectedbn(a@x) = mget(r°, p, Paon)

P%.,= mse( bn(ax)f retunE g, p, Paon)

linkOne( (kcmE j.dn), Paom ) = Pom

compileal(T) = compile(T, )

Paom= compile(C, ) 9= [k 7! Paon

compile(collabk = CinT, ) =
compile(T, 9

N Cp= (k9= (9 nP= (kem) = (j.dn)
compile(Patom ) = Patom ' brf@x)f return Ey, g = mget(nP, p, Paton)
I bnX@x)f return E, g = mget(n’, p, Paton)

_0_0_ 0— | n » My Pato
J% Foomp - desuga(A Jy PeomelL. ) | P = mse(bnm(@x)f returnE, g ,p, Paton)

= makeRho(J0 Oomp ) G 0
Prom= insett(0, PY 0 ' Paiom™= mse(bn(a@x)f return E, g, p, P%
aom— ) comp ,

Pgtom: Iink(U), Patom )
Paom= eXp(X, PRom + id)

linkOne( (kem  j.dn), Paom ) = Plom

p= (f.9= (.0 mP=(k.cm) n° = (.dn)
aspectuat nf(sjp)f return E,, g = mget(nP, p, Paton)
expectedandbx) = mget(n°, p, Patwon)

compile(attachj Peompl A X, ) = P35

""" linset(], Poomp » ) = Patom] ! _ r7'a s7! b sinvoke7! (j.binvoke),
m = i sdontinvoke 7! (j.b, dontinvoke)

inset(f, Pogp . )= ' Plon= mse(@m(bip)f  n(Eng. p. Paon
,z;”ans( 0. 0. (sleh) linkone( (kem ® J.dn), Paom ) = Pl

makeP(Y, , exp)— gxp

CTske= makeSlel(CT) makeOneP(X, , ep) = 9%

exp = MakePi(X, , ig) i
exp(X, CT, )= trang exp,CT,CTske) e = makeOneP(X, , ox)

makeP(X@X, , exp) = makeP(X, , gxp)

makeP(X;, ) exp) = exp

co: (k9 mm= (kcm)

atom linkOne (L, Patom ) exp = explccmm?! n]

link( L;L, Patom ) = link(L, atom )

makeOneP{ (export kcmasn), , exp) = exp
I|nk( L; y Patom ) = Patom

Figure 44: The Compilation of Composite ACs.
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4.4 Composite ACs Maintain Soundness

We presenta proof thatthe compilationprocespresevestype-checkingThe proofsin thissectionare
straight-forvard but numeious,aswe ate proving a presevation propety over typing. The proofstrack
the evaluationstepf compile, in Figure 4.

Intuitively the compositionisamulti stepprocess:

1 The collaborationare desugadto simplerforms.

2. Eachof the constituentcollaborationsinheritancehierachy is extendedio hase the sameshape
asthe output collaboration.This involvesrenamingexistingclasse® the output namesinseting
intermediateclassem the inheritancehierachy (if necessg), andalpha-enamingmethodsand
elds.

3. The now identicallyshapedollaborationare combinedpointwiseatthe classevel, unioningtheir
setsof membes. Alpharenamingguaranteethat there will be no nameclash,and sinceeach
composedollaboratiorwaswell-typed,eachonewascompleteandremainseparate

4. At thisstagehe outputcollaborationscomplete but the method$rom eachcollaboratiorhare no
connectiontot thoseof others. The inseted methodsare connectedy explicitly linking expected
methodgrom oneto concetemethodsrom the other.

We shav thateachsteppresevestyping, andhencethatthe whole procesgresevestyping.

4.4.1 Desugaing PresevesTypes

Ther ststepin the compilationis to remove useof the around .. do .. defaultconstuct by desugang
themto ageneratedollaboratiorandits attachmentnto the compositecollaboratiorbeingcompiled.
We shav thatthis presevestyping.

4.4.1.1 Lemma: [aroundTemplate Resultsare Well Typed]:

The desugang procesgenerateatemplatecollaboratiorto hold the closue repesentingnintercepted
method.The collaboratioris simpleenoughto betrivially well typed.
Formal Statement:

If jp, rv, CT = aroundTemplatep, ax, b, Paon), Wherp, 3,

andb are clasmamesandx are argumennamesand” Pgaiom0k,

then™ CT ok, andCT hasthe samesubtypingelationasPaiom
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Proof:
By trivial obsevation. .

4.4.1.2 Lemma: [ Attach Wealkening]:

The environmentof compiledcollaborations,, canbe extendedvith additionalcollaborationsvithout
avectingtype-checkingaslong asthere isno nameclash.
Formal Statement:
If ° attachjPeompl A Xok ~ ° CT ok " k63
then [k 7! CT] " attachjPcompl A Xok.
Proof:
[k 7! CT] onlyWellTypedstill holds,andsincek 63, no othertype checkingrule is avected. .

4.4.1.3 Lemma: [ Lookup Wealening]:

Formal Statement:
8 ,k,j,CT s.t.j 6dom( ),k 2 dom( )
It holds: (k) = ( [ 7! CT]) (k)
Proof:
Followsimmediatelyfrom -l ookup. .

Corollariesto f.4.1.3 Let °= [j 7! CT], wherej 62dom( )
1 8mgk, mget(mg (k) = M) mget(mg Yk) = M

2. 8mck mtype(mg (K) = M) mtype(mc Ak)) = M

4.4.1.4 Lemma: [Trivial attachis OK]:

If we extend to bind k to the well typedcollaborationCT, andalsoextendawell typedcomposite

collaboration(with paticipantsP.onm) to alsoattachk sothatall inheritancerelationshipae maintained,
thenthe resultingcompositecollaboration(with paticipantsPg,,,andwhere eachpaticipantp is either
unchangear extendedo maptypek.g isalsowell typedin thenew ernvironment.
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Formal Statement:

8 . J, Peomp Poomp L. A, X,CT Kk
st attachjPeompl A XoK,
w ~ CT ok
o k63

v Plompk, CT exactyOnce
v P9k, CT subtypingRes

comp

v 8p, o}
0
9i.e s.t. classpextendsq( i.e 2 Peomp

1
) 9li%@s.t. claspextendsq( %€ 2 PY,
9ie, s.t. classpextendsq( %€ 2 P,

) 9liest. claspextendsq( i.e 2 Peomp
i 8p’ qda—(:g! Ib'—d)l W! l
classpextendsq ( (Io0a@p.ch) 2 Pcom%

n@
classp extendsq( [1Od® 2 Pgomp
) 9c¢ st 9= I,d,@k.odl,.d
_ = lhd@hd
then °° attachjoP%,. [ A Xok, wher °= [k7! CT]andj°= k@.

Proof:
Letting °= makeRho(j°, P%,,, 9. we needto shav:

NTS.  Conlywellyped * Pccompwelll-_ormed
8j 2 J% Pmp % (i) exactyonce
8] 2 JO ompJ (J) subtypingRes

O' (O ]OLOk N O’ 0~ jOKOk N 0’ 0~ IOX ok

By B413, ° attachjPcompl A Xok.

By Llne@ in antecedent? CompweIII-‘ormed

Alsoby antecedenfLinedV] andlV),

weknow PY,. k, CT exactyOnce P%mp K, CT subtypingRes
andthus 8j2j, Pcomp j» CT exactyOnce 8j2j,P ompj CT subtypingRes
Hence 8j 2 k@, PSymp j» CT exactyOnce 8j 2 k@, Pcomp j» CT subtypingRes

soit remaingo shavthat , ~ jLok ~ jAok ~
) 0’ N ]_OE ok AN O, o~

—
ol

ok
ok ~ 0 0% jOX ok

=l
> x|
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We will shav thisfor , ~ | A ok: casesor X andL are similar We induct over lengthof A in
, ] A ok. Basecasastrivially true For the inductive casave needto shav that:
, ] (around kk.ccmmdo jj.dd.nndefaultll.V.0Q @A ok

) 9 9% j9(aroundkk.ccommdo jj.dd.nndefaultll.V.0Q @A ok

Expandingl-Ar ound (Figue B3, pagel33), we needto shav

thatgiven: it followsthat:

o, jJA OOk 9 % OA ok

2 ji Kk 2 | 2 ji, Kk 2 [0

s (kkeg = (jj.dd) = (I.V) s Ykked = 9j.od) = AILV)

« mget(mm c¢ (kK)) notExpectedMethod » mget(mm c¢ 9kK)) notExpectedMethod
s mget(oq V, (I)) notExpectedMethod s mget(og V, YIl)) notExpectedMethod
s mget(nn dd, (jj)) aspectualMethod « mget(nn, dd, (jj)) aspectualMethod
7, kkcomn#l.V.oocompatible 7 9 9% kkcemn¥l.V.oocompatible

. Byih, , "jAok) © ° jjA ok

B Byfi = k@, it followsjj,kk2 ] ) jj,kk2 Jj.

B: BymakeRho,  (kkc¢ = (cd = maptypgKkk, c¢Pcom)

and Ykkcy = R(cd = maptypgkk, ccPY, ).
Sinceboth %pandmpale wellformed, maptypeis uniquelyde ned for both, andby antecedent
LineMIl], (kkcg = p) 9Ykkcg = p. Similarlyfor jj.dd andll.V.
A6: By B4.13(comllary ), M = mget(mm c¢ (kk)) ) M = mget(mm c¢ YKkK)).
B By EaL3(conllay),

,  kkcomnHl.V.oocompatible) % ©° kk.ccmn¥l.V.oocompatible .
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4.4.1.5 Lemma: [Composition of Linking]:

Well typedlinking instuctionsrefering to diVerent methodsdo not interfee; if collaborationgre well
typedanddiVer only in the linking instiuctions,aslong asthey referto diVerentmethodsthe collabora-
tion with the union of the linking instructionsis alsowell typed.

Formal Statement:

If ° attachjPeompL®A Xok * * attachjPeompL®A Xok ~  rhg(LY)\ rhg(LY = ;
then ° attachjPeompL®[ LA Xok.
Proof:

By following the de nitions of type-checkingules,we seethatL°[ L% aVectsonly T-L-Copy and
T-L-Provide. For T-L-Provide we needto shav thatif two subsetsf L° andL®ar separatelwell
typed,their union is alsowell typed. The casdor T-L-Copy is similarandomitted, asis the identical
argumenfor (kcmk j.dn@L%® L%

iho: 8k.cmj.dn,L%,L% st (kcmk jid.n)@__0 L0 ~ 00 |00

(kemE j.dn)@L° ok _

V , .- . —
Ay) | ] (kemE jdn@L° [ L ok

@

]
, ] L%ok

By inductionon lengthof L = (kcmkE j.dn) @° [ L%

NTS: , ] LO[ L9 ok
k2]
j-dn62hgL)
,  k.cnH.d.n compatible
mget(m, ¢ (K)) concreteMethod

mget(n, d, (j)) expectedMethod

Byinduction, , ~ j L% [ L% ok. compatibleexpectedMethogdandconcreteMethoddo not de-
pendon L, sohold by direct appeato antecedent.Since , * | (kcmk j.dn)@L° ok, we

concludethatj, k 2 j.

It remaingo shav thatj.d.n 62hs(L? [ L%).

By , "] (kcmk j.dn)@L° ok, it follows:j.d.n 62rhg(L° ).

By rhs(L% \ rhs(L% = ;, andj.d.n 2 LO, we concludethatj.d.n 62hs(L? [ L%). .
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4.4.1.6 Lemma: [desugargenerateswell typed collaborations]:

Desugang translatesnethod interception declarationsnto collaborationsvhich are attachedo the
current collaborationandlinking instiuctionsto perfoim the interception. There are seeralstepgo the
processleadingto alongerproof, but fundamentallyt relieson the previouslemmas.
Formal Statement:

If * attachj Peompl A X 0k

letting %, P%,npL% °= desugaf A, |, Peompl, )

itholds °° attachjoP%,,,L°A; X ok
Proof:

Induction over lengthof A. Namesreferto de nition of desugarin Figue /3 (pagel3?).
CaseBase: A= A. output= input.

CaseRec: A = A@froundk.cmdo j.d.n defaultl.f.0)

Byih: °° attachj® P, L% A; X ok, implying °onlyWellTyped

By B4.17 (pagel39): © CT ok, and ®onlyWellTyped
Bygfreshand(page140), 00* attachj® PY, L0 A; X ok.

5 comp

Let ngsmp‘ 5 clasgj extendsobject( ;
" classr extendsobject( ;.
We wishto shav that % attachj® PES 10 A. X ok. T-Att ach use$eomp(boundto ngsmg in four

com

ways: wellFormed, exactyOnce subtypm;Rfs andmakeRho. By mspectlonPE’Bsmponly diVersfrom
Pgompby the additionof two wellformed classesndthusis itselfwellformed (recallthatjj andrr are
fresh).exactyOnceusest' Snp(@SCT) only in the positive position,sothataddingtwo classesill not
avectthe result.subtypingRess useof PRis omp(@sCT), but asit diVersfrom Pgom only in addingclasses
with no mappedlassesloesnot avectthe presevation of subtypingelationshipg mappedlasses.
Lastlyby inspectionmakeRho(j°, P2, %) only extendshe sleletonof makeRho(j°, P%,,, % to
accountor the newly introducedclasseg,andrr. The de nition of ; used, ompasPcomdn maptype
but here againthe lackof ary mappingsgor jj or rr guaranteethat8k, ¢  maptypegk, Pcomk =p

) maptypek, 6 PEs) = p.

We thusconclude: " attachj® P25 [0 A, X ok.

By inspectiorof aroundTemplatg CT © hasthe samesubtypingelation—augmentely jp andrv—
as (k).
By % attachj® P2 [°A. X ok, the attachment °(k) to P2 satis es

com

P ok, °{K) exactyOnce and PZs k., °(K) subtypingRes .

comp
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Inspectiorshavsthat Poor?]phasthe samesubtypingelationasPgs;,, andthatfor eachclasgin nggp

k.qgismappedo qiV gqgismappedo g

Additionally classegjp andgrv ar mappedo the classethat were introducedinto ngsmp jj andrr.

Eachclassn gis thuseither mappedexactlyasthe correspondingclassn k, or doesnot existin k.

By inspectionthere are preciselyiwo classes gwhich are notin k: jp andrv, andboth are mapped

exactlyonce andboth they andthe classethey are mappedio extendobject We concludethat
P0,6 °{d exactyOnce and P39, °1g subtypingRes .

Thus, we instantiate f.4.14 (page14Q with = ] = %, Peomp= PRS0 Pome™ P9 L = LY,
A=A ,X=X,CT=CT%andk= g Mostantecedentare obvious. Antecedenin Line V]|
(pagel4l) followsfrom PR pandP000 ghaving samesubtypingelation, andLine 11| (pagel4l) holds
by ghaving sameattachmenask, descibedin greaterdetailabove.
It followsthat qg7! CT9 " attachg@®PR%L° A, Xok
whichisequivalentto %" attachg@P9,L° A; X ok.
It remaingo shav thatgeneratedinking instructionsare well-typedaswell. The ervironmentwhich
they will be executedin isthe oneretumedasaresultof desugar sowe needto shav that

0 * (kem gcdo) ok

9 * (L.f.ok gcdont) ok

0 * (j.dn ® gcaspMeth ok.
By constuction, 8G p, maptypek, g PR%) = p) maptypgg G PR2) = p
Let = makeRho(g@°, ngr%p 99, asit will be usedto type checkthe linking declarations.
By constuction,ifa! b= mtype(m ¢ (k)) (fortypesa,b2 dom( (k)),

thena! b= mtype(do,c (g) (fortypesa, b2 dom( (g).

By constuction of nggpm and (kb = (gb).
It followsthat % * k.cmH.cdo compatiblg andthus © ° (kecm  j.cdo) ok.
Similarlyfor £ and @ . We needto shaw, for I.f.oE gcdont, thatl.f.oisnot anexpectednethod.
This followsfrom T-Around. Thus % attachg@%P33, L X ok.

By freshg L%andL’ ar independent,
soby Theoem@.4.18: ° attachg@°P399, L[ L° X ok. .
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4.4.2 Inserttion PreseresTyping

Gventwo (without lossof generality)vell typedatomiccollaborationsCT; = Paem andCT, = P,
thatare written over identicalclassierachies,but with disjointmethodand eld nameswe will shav
thatthe union of the two is alsowell typed.

While the union is straighforwad, quite somemachiney isrequiredto shav thatthe ervironments
( and ) usedo translateypesandnamesn acollaboratiorpreseve typing.

4.4.2.1 makeRho GeneratesWellFormedFor

The mappingervironmentmakeRho is generatedrom the type mappingsn the compositecollabora-
tion, andcontainsalpha-enaminginformationfor composedollaborationstypesand membernames.
Eachattachectollaboratiorhasa privateervironment , which is containedn . The WellFormedFer
propetty guaranteethat the renamingperfomedvia will not break several propeties necessgrfor
maintainingtyping.
Formal Statement:

8 ,J,Pcomp S:t.  ~ attachj Peomp- - - 0k

Letting = makeRho(j, Pcomp )

it holds: 8j2j, (j) WellFormedFor (j), (skel)

and © (skel) ok
Proof:

By makeﬁho(],%p ) (Figue[d2, pagel36), we know for each:
CTske= clasg’ extendsd’ f gjclassp® extendsc (2 Peomp
8classcextendsf FM g2 (j),
i(9 = maptyp€(j, G Peom)
8bf 2 F, j(cf) isfresh
8M 2 M, m= mnamgM)
if 9 Pst.c< ( @
A moverriderelatesj ¢ ¢°
then iem = (®m)
else j(cmisfresh
if m62mnameM) then
(9%s.t.c< 5 PN (Em)=nP)) (cm)=nf
if bf 62F then
(9%s.t.c< 5 PN () =19 )  (cf) = f°
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ar(dwe needto shav thisimplies:

classcextends._ f f_c,g 2 (i), st.c6 d

classdextends_f F4_g
lettingf. = f j(cf9jPf°2 Fg

fa=f j(df9jefo2 Fag

c 0) d ! ](C) CTskel J(d)
f2f ) funiquein f[ fy
(c pd ~ (df)=19)) (cf)=1°
(moverriderelategr G d) ) jlcm= j(dn) , (m=n)

By ° attachj Peomp- - - Ok, it holdsPcompj, (j)subtypingRes
andinturnic d, (9 — i(d).
comp
SinceCT gk ihasthe samesubtypingelationasPeomp it follows:c ) d , (9 crye ().

By8bf 2 F, j(cf),it holdsf 2 f;) f uniquein [ fy .

To shavthatc ¢ d A (df) = £ )  (cf) = £ it su¥ cesto realizethatf cannotbein F¢
(sincec6 d), andthat®= d enallesimplicationfrom makeRho:

bf 6F & 9sit.c< g A () =0 ) (cf) = f°
To shav that (m overriderelategt gd) )  ( j(cm) = (dn)) ( (m= n) , set®= p (recall®
from makeRho), where p isguaranteetb existby overriderelates

Likewisg (moverriderelategr ¢ d) )  ( j(cm) = ;(dn)) ) (m= n) followsfrom noticingthat

eachmethod mappingmadeby makeRho for is eitherfreshor mappedto be equialentto the

overriddenmethodon asupetype (¢°in makeRho). We needonly noticethatthe only equivalences
thussetup are of theform j(cm) = ;(m), whichimpliesm= n.

To seethat™ (skel) ok, we noticethatby makeRho, (skel) = makeSlel(Pcomp.
By ° attachj Pcomp- - - ok it followsthatPcomyVellFormed.
Thus, by inspectiorof makeSlel, it followsthat™ (skel) ok. .

4.4.2.2 Lemma]| COLLAB generateswellFormed results]:

We shav thatthe collaboratiorgeneratedy a systematiapplicatiorof  will generateresultwhich is
well formed.
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Formal Statement:
8JT,CTske  Sit.
© JTok
" CTekelOK
WellFormedFor JT, CT gyel
thenlettingCT = trang ,JT, CTse)
It holds:CT wellFormed.
Proof:

NTS: 8c2 dom(CT),

classCextends_f g 2 Paonpnique

C object

It su¥ cesto shav that subtypings non-circularandeachclassiamecis de ned at mostonce Both
propetiesfollow directlyfrom CT having samesubtypingrelationasCTgeand™ CTgke 0k, which
impliesCT ske/wellFormed. .

4.4.2.3 Subtypingand Inheritance of Fieldsand Method :

Inheritancefor elds andmethodssde ned overatomiccollaborationyut we only needthesepropetties
for proofsin thissection.
Formal Statement:

8 Paom G ds.t.C d”™ ° Paomok,
elds : 8bf, bf 2 elds(d, Paon ) bf 2 elds(¢ Pawon)
mtype: 8bam b! a= mtype(d mPaor ) b! a= mtype(c m Paon)

Proofsketch:
By inductionon the subtypinghierachy.

4.4.2.4 Subtypingand Inheritance of

We shav thatthe samepropettieswhich hold over inheritancehierachiesae preseved under .
Formal Statement:
8cd, ,JT,CTge St.c<yrd A ~ JTok N ° CTgeok » WellFormedFror JT, CT gel
it holdsthat
8f, (df)=1%) (cf)=f°
8m (dm=nfP) (cm)=nf
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Proof:
Letclasscextends_f F. M. g2 JT
(df) = £
(dm) = nP
FieldsDirectlyfrom WellFormedFer,
c jyd” (df)=19) (cf)=fC
MethodsBy ¢ ;7 d, disawitnesdo moverriderelatest d. Thus,directly by WellFormedFer,
(moverriderelatestcd)) (m=n)) ( (cm = (dn) .

4.4.2.5 Lemmaf[trans presewes..]:

We usethe two previouslemmado shav that presevesthe behaior of severalauxiliay functions,in
additionto subtyping.
Formal Statement:
8JT,CTske St
© JTok
" CTskeiOk

WellFormedFor JT, CT gyel
it follows—thisis alsothe ih(atd):

lettingCT = trang ,JT, CTgke),
8classd extendsef FM g2 JT:
:8cd yrc, () cr (9
elds: 8cf,, cfi2 elds(d,JT) ) (9 (df) 2 elds( (d),CT)
mtype: 8b,gm mtype(d,mJT) = b! c) mtype( (d), (dm),CT)= (B! (9
mget: 8m M, mget(d, mJT) = M ) mget( (d), (dm),CT) = trang ,d, M)

mover. 8m,p, mover(d,mJT) = p ) mover( (d), (dm),CT) = (p
mover(d, mJT) = ) mover( (d), (dm),CT) =

Proofs:



150 4. FORMAL PROPERTIES

Directproofof : Followsfrom WellFormedFor andthatCT hassamesubtypingelationasCT sy

Inductve proofsof methodand eld propeies By induction of d up subtypinghierachy to eld or
methodsde ning classobjectis not encounteed, asinput iswell typed,andthusall viside membes
are de ned locallyor on asupetype The oneexceptionis mover, which hasthisasthe case

Letclassd extendsef F M g 2 JT,

elds: CaselLocal: cf 2 F
Directlyfrom -e ld.

Caselnherited: cfi 2 elds(gJT)

byih, (9 (ef)2 elds( (¢,CT)

by propety,d sre) (d cr (¢

by B423 (9 (ef) 2 elds( (d),CT)
and 424 (9 (df) 2 elds( (d),CT)

mtype: CaseLocal: cm(bx) 2 M
Directlyfrom -me hod.

Caselnherited: mtype(e mJT) = b! ¢

by ih, mtype( (8, (em),CT)= (B! (9

by propety,d jre) (d cr (€

Hence by B4.2.3 mtype( (d), (em),CT)= (B! (9
and f-424 mtype( (d), (dm),CT)= (B! (9

mget similarto mtype.

mover We needto pa attentionto .
We wantto shav that: 8m p, mover(d, mJT) = p ) mover( (d), (dm),CT) = (p)
mover(d, mJT) = ) mover( (d), (dm),CT) =
CaselLocal: mover(d,mJT) = e
By de nition of mover in Figue B4 (pagel24) mover(d, m JT) = eisimpliedby mexist{m, e JT).
By -mehod, mexist{m e JT) ) mexist{ (em), (&,CT).
Thusmover( (d), (dm),CT) = (9.
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Caselnherited: mover(d mJT)=p p6 e p= mover(e mJT)
By de nition of mover in Figure B (pagel24) mover(d, m, JT) = mover(e m JT) isimplied

by : mexist§m g JT).

By -mehod, : mexist{m e JT) ) : mexist{ (em), (&),CT).

Thusmover( (d), (dm),CT) = mover( (¢, (dm),CT).

By ih mover(e m JT) = p) mover( (¢), (dm),CT) = (p),
lettingusconcludethatmover(d,m JT) = p) mover( (d), (dm),CT) = (p).

CaseNot Overridden: mover(d, mJT) =

Repeatinghereasoningf the Inherit ed casavith ( ) (whichisunde ned)textuallyreplaced
by shavsthatthiscasdollowsaswell. .

4.4.2.6 Lemma| PreseresTyping - Induction]:

We shav that presevesthat typing of classesnethods,and expessions.To allowv this resultto be
reusedn contextswhere we cannotshav ~ JT ok (notally Theoremsfi.4.3.1, page160, and §.4.3.3,
pagel64), we presenit separatelfrom the primary client(Theorem.4.2.7, pagel5?7), where JT iswell
typed.

We will inductover all classeB,omin JT; allmethoddM in clas®0n andexpressior{methodbody)
E of M, with the following induction hypothesis:
Formal Statement:

ih: 8 ,JT,CTge S.t.  WellFormedFor JT, CT gke

letting CT = trany ,JT, CTske)
classp extendsqf F M g2 JT
class (p) extendsof FOM%g2 CT

" j7 classpextendsqf FM gok ) " cr class (p) extendsc? f FO MO g ok

i 8M,p gt Mokinp ) Tt trang ,p,M) okin (p)
w 8E,p s Eip) () cr (B (.

it holds: 8

Proof:
Letclasgp extendsqf F M g 2 JT bemappedo class(p) in CT. By  coll ab, the corresponding
classn CT is: class (p) extendscf trang ,p,F) trang ,p,M) g2 CT.
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I ClassesWe needto shav that
* g1 claspextendsqf FM gok ) " cr class (p) extendsof trang , p, F9) trang ,p, M9) g ok

We needto shav the following derivationholds:
¢f=trang ,p,F) FP= elds({,CT)
" 802 (PO &), f°uniquein (F°[ &)
. 8M 2 trang ,p, M), mnamegM) uniquein mnametrang , p,M))

3 CT trani Py M) okin (p)
* 1 class (p) extendsd’f trang ,p,F) trand ,p,M) g ok [-clasd

We shav eachnumbeed propety in turn
fl. Fieldsare unique and non-shadaved
In JT: gf=F dyg= elds(q JT)
Correspondso: ¢ f0= trang ,p,F) djd= elds(c’ CT)

NTS: 8f%2 (fO[ &), fPuniquein (fOI &)

Noting thatp 6 g, thisfollowsdirectlyfrom WellFormedFer.

B. Method namesare unique in a class 8M 2 M, mnamgM) uniquein mnamegM).

NTS. 8M 2 trang ,p,M),

mnamgM) uniquein mnamegtrany ,p, M))

By -*Meth, andmrame mnamdtrany ,p,M)) = (p.mnamgM)).
By WellFormedFer, for two methodscmandd.n;
ep(CM = op(dn) (- (m=n) * (moverriderelategr G d).

Settingc= d = p, m= mnamgM;) andn= mnamgM,), we see:
(p.mnamgM,)) = (p.mnamgMy)) ,

(mnamgM;) = mnamdM,)) * (mnamgM;) overriderelatest p, p).
overriderelatesisre exive for the de ning clas®f amethod:

(p.mnamgM,) = (p.mnamgMj)) , mnamgM;) = mnamgM,).

By = JTok, (mnamgM;) = mnamgM,)) , (M1 = M,),
thus (p.mnamgM;) = (p.mnamgMy)) , (M;= My).
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B. Methods are well-typed: By ih(fI).
Il. Methods: Casesor eachkind of method.We will shav that
“syMokinp) et trang ,p,M) okin (p)
CaseT-ExpMeth: M = expectedcm(d x)

trang ,p,M) = expected (¢ (p.m)( (d) x)
NTS. override (p.m),p, (d)x! (0 okinCT

By T-ExpMeth in JT, override mp,dx ! cokinCT
which impliesmover(m p,JT) = r ) mtype(mr,CT)=d ! c
By (pagel49)[mover] and[mtype], it followsthat:
mover( (pm), (9),CT)= () ) mtype( (pm), (),.CT)= (d ! (9
which shavsoverride (p.m),p, (d) x! (9 okinCT
CaseT-Method: M = cm(dx)f return Eg
trang ,p,M) = (9 (p.m)( (d) x)f return (E)g

NTS: override (p.m),p, (d)x! (0 okinCT

Ax: (d),this: (p) et (B): (D), (@) (9

Like T-ExpMet h, by (pagel49)[mover] and[mtype]:
override (p.m), (), (d)! (QokinCT
By jrMokinp, x:d,this:p" it E:b wheeb jrc
By ih(lll), x = (d),this: (p) “cr (E): (D)
By B.428 (pageld9)[ Jandb ;g (B cr (9.
Hence " cr (p.m)okin (p).

CaseT-AspMeh: M = aspectuatm(d x)f return Eg
trang ,p,M) = aspectuat® (p.m)(d®x)f return (E)g

NTS. 1 mover(z(p.m), (p),CT) = 3
class® extendsobjectf g
classd? extendsobject f
CTO= expected® invoke()
expected® nolnvoke()
g
» CT; CTOwellFormed
O= [c7' &d7! & (asper AspMenh)

s jp:dhis: (p) criere AE) : @
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By T-AspMe h, we know:
1 movergn p,JT) = 3
classcextendsobjectf g
classd extendsobject f
2 JT0= expectedcinvoke()
expectedc nolrvoke()
g
s JT: IT° wellFormed
jp:dthis:p jropE:cC

IS

StepLinefl

By B.4.2.8 (pageld9), mover(m p,JT) = ) mover( (pm), (p),CT) =

StepLinef

By proof statementCT = trang ,JT, CTgye)

By (pageld7) and™ JT ok and™ CTgeiok, CT wellFormed

By inspectionCT ° wellFormed

By -AspMeh: (9 and (d) are freshithusCT ; CT ° wellFormed

StepLinef

We know thatjp: d,this: p~ ;ryp E: C

Unfortunately we cannot invoke ih ([Il]) on the corespondingexpressiorover CT; CT ©, asit does

notholdthat: WellFormedFor JT; JT® CTe asneither nor CTgeare de ned for candd in JTC.
Let JT2 JT; JT°,

#

classcextendsobjectf g
CcT ZskeI: CTskei

classd extendsobjectf @
BygdnotinJT, ,CTee °WellFormedfor JT2, CT 2gye

We cannow invoke in(I)), shaving jp: %(d), this: %p) "~ trang osr2cT29 AE) : %9.
We now needto shav thatthisimpliesjp : d’ this: (p) “ct.cte YE) : @
Directlyby 0: jp Oo, this : (p) ) trang ©,JT2,CT 2ke) O(E) . (C)
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Remaingo shav:
CT;CT%= trang %JT2,CT 2e)

We stat by expandinglT2:
= trang © JT; JT° CT 2e)

SinceJT andJT? are non-overlapping:
_ Strang ©JT,CT 24),
- trang % JT° CT 20

Since %extends justto dealwith canddin JT%
_ Strang ,JT,CT 244,

trang iq[c7! & d7! d,IT° CT 20
By vigomushand-waving: sincetransproducesemptyclasse®r thoseappeang in CT 2gebut not

in JT (preciselycandd):
_ S (CT;, < emptycanddclasses),
© trang w[c7! ©d 7! ), 3T CT 20
similarlyfor classes CT gebut notin JT
_ S (CT, < emptycandd classes),

(< emptyclassesom CT >; CT9
Thus,CT and< emptyclassefsom CT > declae exactlythe sameanheritancehierachy, but the

former is populatedwith methodsand elds, andthe latteris empty Similarlyfor the right hand

column.Additiogallyasthecolumnsaredisjoint,wesee'
= ( CT,< emptyc@sseﬁsom CT >); ( < emptycanddclasses, CT9
Lastlyby handvavy inspectiorof : the union of two identicalhierachies,one populatecandone

not, isjustthe populatechierachy.
= CT;CT?
Thus,jp: dthis: (p) “criere AE) (9.

ill: Expressions For eachexpessionnts thatthe expessiorE well-typedin JT impliesthat (E) is
well-typedin CT. We will only useih(jll]) in thesecasessorepeatingt asih:

"ot ElcC) () cr (B): (9.
CaseT-Var: E=x c= (X)

NTSS (X =c) ()X= (9

Followsdirectlyfrom
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CaseT-Field: E = E‘f, i Ecd
cf 2 elds(d,JT) d® s d

NTS:  CarEAfiic) () er (B): (9

Byihand “;rE:d () cr (E): (D

By 4285 (paget49)[ ]Jandd® d, () cr (d)

By B.4.2.3 (pageld9)[ elds] andcf, 2 elds(d,JT), (9 (df) 2 elds( (d),CT)
Thus, T-Field holds, () cr (E): (9.

CaseT-Upd: E= EY[f 7! K] “;rEic ¢ srd
bf 2 eIds(d,JT) \JTEf:bO B JTb

NTS: S BT E]ic) () Ter (B UM T (B (9

Step (E) typeso (d)

Byih, () cr (B): (9

By f.428 (pageld9)[ 1, (9 cr (d)

Step (E) ts (df)

Byih, () cr (E): (B

By B4.2.3 (pageld9)[ elds], (b) (df) 2 elds( (d),CT)

By B428 (pageld9) ], () cr (D
Sowe concludethat T-Upd holds.

The proof obligationg(nts) for the remainingcaseate similar andomittedfor brevity.

CaseT-Invk: E = E4m(Ey) ‘g E i & d
mtype(d mJT)=b! ¢ “jEs:a a b

Byih: () cr (E): ()

By (425 (pageld9)[ I: (d) cr (d

Byih: () cr (Ea: (d

By B4.28 (pagel49)[mtype]: mtype( (d), (dm),CT)= (B! (9

By B428 (pagetd9)[ I: (@) cr (b

HenceT-invk holds: ( ) "cr (E): (9.
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CaseT-new:
We will not encountetthis casgby input programbeingwell typed.

CaseT-Inst: E= newc
(E) = new (9,andby T-Inst, ( ) "crnew (9: (9

CaseUCas: E= (QE. " y7E.:@ @ ¢
Byih, () cr (E): (9

By B423 (paged9) 1, () (9
Henceby T-UCas () cr ( (9) (E): (9.

CaseDCas: E= (QE. "j1E.:dlc O
Byih, () cr (E): (9

By 428 (pageld9)[ 1, (9 ()
Henceby T-DCas () cr ( (9) (E): (9.

CaseSCas: E= (QE. " s7E.:&c6 &6 ¢

Byih, () cr (E): (O

By B.428 (pagel49)[ ], (96 () and ()6 (9

Henceby T-SCagt () "cr ( (9) (B9 : (9. .

4.4.2.7 Lemma| PresewresTyping]:

Applyingthe mappingervironment to awell-typedcollaboratiorCT will generateawell typedresult.
Formal Statement:
8JT,CTe S.t.
© JTok
" CTskelOk
WellFormedFor JT, CT gyel
thenlettingCT = trang ,JT,CTe),
it holds:” CT ok.
Proof:
Toprove™ CT ok, we needto shav thatT-coll ab holds:
8Patom2 CT, T Patonfk
CT wellFormed
© CT ok [T-Coll an]
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CT wellFormed follows from (pageld?). In termsof JT, we canrestatehe remainingproof
burdenasshaving that:

(8Patom2 JT, 37 PatornPK) ) (8Paom2 trang ,JT,CTske),  trang IT,CToe PatorPk)
By inspectionof -coll ab, Pyom2 trang , JT, CTge) is eitheraclasg® translatedrom from clasg
in JT, or aclassvhichisnot in JT. The lattercasewill ha/e no elds or methodsandthustrivially

well typed. Recallthatwellformedneswasshavn aboe.

Thus, it remaingo shav for classp extendsqf F M g2 JT:
" g7 classpextendsqf F M gok ) " trang JTcTeg< class(p) in CT > ok
where class (p) (2 CT) istheimageof clasp (2 JT).f

This follows directly from Theorem[.4.2.§ (pagelsl). .

4.4.2.8 Lemma[Collaboration Union preseres Typing]:

Two well typedandidenticallyshapeaollaborationsvill, when unioned,produceawell typedresult.

Formal Statement:

8CT4,CTy s.t.
" CTiok N ° CT; ok,
N 8ad,
9F;, M; s.t.classcextendsdf F; M; g2 CT;
. 9F,, M, s.t.classcextendsdf F, M, g2 CT,
N ®M, M, s.t. mnamgM;) = mnamgM,)
A My in someclassn CTq
N Ms in someclassn CT»

A andsimilarlyfor eld names
it holdsthat™ CT, ok, whee CT,= CT4,CT,.

Proofsketch:

By induction over type-checkingof methodbodies.Sincethe methodbodiesandneast all auxiliay
functions(Figue B3, pagel26) remainunchangedy ~ (by awealeningargument)the inductionis
largelytrivial.

The onefunctionwhich ismodi ed is elds, which canbe shavn to retum the union:

elds(gCT,) = elds(gCTy)[ elds(gCT,).

8 One caveatis thatalthoughthe imageof clasp 2 JTisclass (p) 2 trang ,JT, CTeke), it doesnotnecessdy follow that (p) is

trans |, classpextendsqf F M g = class (p) extends (q) f trang ,p F) trang ,p,M) g. Thisisbecaus¢éhe -coll ab may inset
someother clasgrom CTgelbetween (p) and (g); thuswhile it holdsthat (p) ct  (0), (9 ma not be the direcsupeclasof

(.
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By antecedent;; andF; are distinct,the logicalimplicationholds:

Wdf 2 elds(gCT,)
df 2 elds(gCT,)

Mosttype checkingrules(by cunningdesignuse? ratherthanequalityandcanthusbe easilyshavn

df 2 elds(cCT)).

to hold for CT,. The oneexceptionis T-new which requiresa precisematchbetweenits arguments
" Es:dand elds. Like T-SCad, thisjudgmentis not allovedin the souce program, sowill not
be encounteedf]

4.4.2.9 Lemma/[insen CollaborationsPreseres Typing]:

Combiningall the previouslemmasn this sectionwe shav thatthe output collaboratiorgeneratedy

extendingall constituentollaborationg 2 j) to have the shapef Pcomp renamingthemaccoding to

(= (j)), and nally unioningthem,will generatawell typedresultif speci cationis well typed.

Formal Statement:
8 ,J,PcompL, A, X, s.t.  attachj Peompl A X 0k
letting = makeRho(j, Pcomp )

then™ inset(j, Pcomp , ) Ok

Proof:
By (pageldd), 8j 2], (j) Wellormedror (j), (ske) ~ ° (skel) ok
Thus, B.4.2.7 applies8j 2 j, ~ trans( (j), (i), (skel) ok.
Let eachsuchtranslated (j) be calledCT;. All CT; have the sameclass-nameand inheritance
hierachy—preciselythat of (skel). Inspectionof makeRho shavs that eachmethodin CT; will
eitheroverride anothermethodin CT; andthushave the samenameasthe methodit overrides,or
be atopmostmethodandhave a freshname Sinceeachsuchoverriding group musthave atopmost
membey which hasa freshname we concludethatno methodfrom one CT; hasthe samenameasa
methodin anotherCT;.

— .S N
Thusby [.4.2.3 (foldedover (j)): J,thrans( M, (), (skel) ok.
By Figure f4 (pagel3s): mtrans( (. ), (skeh) = inset(j, Pcomp , )- .

9Sectiorﬂ.6.2.j (pagel73 explainghe needto replacel-new, with T-upd andT-inst rulesandcomrespondingxpressionsandwhy
thisisnot not neededn FJ
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4.4.3 Linking PreseresTyping

Weneedto shav thatthe evaluationof linking andexpott declarationdoesnot avectthe typing of the
program. To do thiswe will appeato the propetiesguaranteetly the type-checkingulesin Figuie
(pagel3x’). However, we needto shav thatthesepropetiesalsohold for the intermediateresultsaswe
processhe declarationsTo thisendwe shav thateachevaluationstepmaintainghe sameshape de ned
thus: n

shap€CT) = (cd,sig9 classcextendsdf FM g2 CT

sigs= f(mnamgM), mtype(M)) jM 2 Mg

4.4.3.1 Lemmal[Linking presewestyping]:

Oncewe have createdanatomiccollaboratiorCT by compilingacompositeone we link the methods.
The key insightisthatlinking doesnot modify the shap€CT) of the collaboratiorin ary way, andonly
modi es methodbodiesin suchaway thatthey are guaranteedo typein the contextof the methods
signatue. We concludethatlinking maintaingyping.
Formal Statement:
8 ., PeompL, X s.t.
attachj PeompL - X 0k
Letting = makeRho(j, Pcomp )
CT = insett(j, Pcomp . )
CT%= link(C, CT, )

then™ CTC%ok
A shapéCT) = shapgCT?O).
Proof:
Lettheih atn be: 8CTaces L1 Ln, LiegSit.
L1 LnLeg= L
CTo =CT
CT, = linkOne(L4, CTo, )

CT,
it holds: CT, ok
"N shapdCT) = shap€CT,)

linkOne(L,, CT,, 1, )

Proof by inductionover n.



4.4, COMPOSITE ACS MAINTAIN SOUNDNESS 161

BaseCasen= 0,L,,= L,andCT,= CT
By 4429, " CT ok, andthe shape(Figue f2, pagel36) equalityholdsby CT, = CT.
Inductve Case CT,, = linkOne(L,,CTy 1, )

Byih(n 1),  CT, 10k
N shap€CT) = shapéCT, 1)

Thus, we meerly need to shav that we maintain = CT, ; ok also for CT,, and that

shap€CT, 1) = shapdCT,). Typecheckingguaranteethat ceitain propettiesandrelationshipbe-

tween , , andCT (suchaspropetiesguaranteetby type checking)hold. By equivalenceof shapes
(shapdéCT) = shap€CT, 1)), thesepropetiesalsohold for CT, ;.

We look at eachof the linkOne functions.

CasekE : Lp,= kcmE jdn

By ° attachj Peompl - X 0k,

it follows , ° j (kcmkE j.dn) @L ok,

which by de nition (T-L-provide): , ~ k.cnr.d.n compatible
mget(m ¢ (k)) concreteMethod
mget(n, d, (j)) expectedMethod

whichin turn (tL-Compt): = (K) t! s= mtype(m ¢ (k)

i= 0) a!  p= mtype(n, d, (j))

K= i(d 9= (M «t= ;9.
Tolink & , therulein Figure 4 (pagel3) copiesthe body of concetemethodto the [soon-to-be

formerly] expectednethod.

Firstwe mustshav thatthe preconditiondor the linking hold. We require thatk.cm be a concete
method (with body), while requiesj.d.n must be expected. Theseconditionsare guaranteedby
T-L-provide.

The linking rulelin k- &£ createsanew methodwith the signatue of j.d.n andthe bodyof k.cm To
shav thatthe methodbodiesypecheck,it su¥ cesto notethatby tL-Co mgat , the methodsignatues
of j.d.nandk.cmare identicalaftertranslatiorby . Hence replacinghe expectednethodwith the
newly constuctedoneto createCT %= CT, we do not breaktyping,and”™ CT ,ok.

Becaus¢he signatuesof the replacedexpectedmethodandthe constuctedoneit Wasreplacecb)7
are identical the shapeisunchangedswell. Thus: shap€CT,, ;) = shap€CT,).
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Case : Lp=kcm j.dn
Very similarto & ; we svapratherthancopy methodbodiesfrom identicalsignatues.

Case®: L=kecm @ jdn p= (k9= (j.d
StepDesabingtheproobligation
By insett, classpextends_f g 2 CTj isthe generatedlassnto which k.cm andj.d.n hase been
inseted. By equivalenceof shapeghesemethodsar alsoin classp extends_f g 2 CT,, ;.
By T-L-copy, k.cmisanaspectuahethod,andj.d.n isexpected Sobindingtheselo somevariabes:
aspectuat m(sjp)f return En, ; g = mget(m ¢ (K))
expecteda n(bx) = mget(n,d, (j))
Letting nP= (kcm) n°= (j.dn)
0= (kr) = (j.a
£= (k9 = (j.b
E2 = (kEp)
By (pagel46) and (pageld9)[mget], the correspondingnethodsn CT,, ; afe:
aspectuat® m(L jp)f return ES, ;g = mget(nf,p,CT, 1)
expecteda’ n(P x) = mget(n’ p,CT, 1)

We will replaceexpectednethodn®with aconcetemethodbasean EZ, ByIin#- ®
P71 &L L7 1, &L (j.sinvoke) 7! (j.hinvoke),
£ (j.snolrvoke) 7! (j.b.nolrvoke)
CT,= mset Ln(Pjpf H(ESQY, p, CTh 1
We needto shav that™ CT,ok andthatshap€CT,) = shap€CT, 1). The latterfollows similarly
to the casdor £ , sowe focuson the former.

m id

Sincethe only diVerencebetweenCT, ; andCT, is the methodr®, it thussuy cesto shav that
n® type-checksn CT,. To simplify we needto shav * cr, & n"(Pjp)f n(E2) g okin p which is
implied by the obligation:

NTS jp: P this:p cr, m(ES) : &

StepThepudling:dishargingheoligation
Byih ° CT, ; ok andshapéCT, ;) = shapgCT).
By T-AspMeth and (pagel59), we know that:
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2 3
classr® extendsobjectf g

classs extendsobject f
CTOo= expectedr® (j.sinvoke)()
expectedr® (j.snolnvoke)()
g
(CTh 1;CT9 wellFormed
Suy cesto shav that:
jp:this:p’ cr, sty Epir®
Our strategyis to shav thatlink providespreciselythe conditionsneededo type the body of the
method.
Webegdn by notingthat(CT, 1; CT9 wellFormedimpliesr®,  62doniCT,, 1), andoy”~ CT, ; ok,
we concludethatr®, & are not refeencedn CT,, ;.
LettingCTge= makeSkel(CT, 1;CT9, it canbeseerthat:
() CT skethassamesubtypingelationshi@sCT,, 1;CT?,
(b) m istheidentity for allmembesin CT,, 1, and
(c) there are no overriddenmembesin CT?,
It trivially holdsthat 4 WellFormedfor(CT,, 1; CT?), CTge
Thus, by inspection, , WellFormedfor(CT,, 1; CT?, CTsel
Given (by ih):
jp:this:p’cr, yero Bt
It follows from B.4.2.8(111) (pagel51)H
) m(ip:Sthis: p)  rang n.(CTh 1:0T).CTag m(ES) : m(r0)
jp: P this: p~ yrang o (CTy 1:0TY) T m(ER) 1 &
jpi P this:p™ 1 m(ES) : & s
where JT=  trang .,,CT, 1,CTske), trang 1, CTC CTge), andby inspectionof , it holds:
trang m,(CTn 1;CT9,CTeke = trang m,CTn 1,CTskd), trang m, CTC CTge)-

Since ,, istheidentity mapover all of CT,, 1, it followsthat:
trang ,CT, 1,CTse) = CTy 1;< emptyclasselsom CT?>

1t would be appealingo be abe to invoke Theorem (pagel5?) directly but this is not justi ed unlesswve canshav °
CThn; CT90k. Thisisnot possite, asCT © de nesclassed ands’, which mustbe unde nedfor aspectuahethodk.cmto bewell typed.
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Likewise by de nition of ., it canbe seeréhat

classa’ extendsobjectf g

class? extendsobject f
expecteda® (j.b.invoke)()

trang m,CTY% CTgke) =
L s expecteda® (j.b.nolnvoke)()

g
< emptyclassesom CT,, ; >

Thus, trang ,,CT% CTge de nesclasseg’ and P, which alreadyoccurin CT, ;. Conversely
rPand< in trang ., CT? CTge are emptyandunrefeenced. By T-L-copy, methodswith pre-
cisgl the signatuesfrom trang ,,, CT? CTge) existon CT, 1's P class.Thus, we concludethat
the requiementsmadeon trany m,(CT, 1;CT9, CT«e) to type ,(E2) ar aleadysatis edby
CT, 1.

It follows jp:Pthisipcr,, m(EY) :&
Therefor, Tt @ (Pip)f W (E2)gokinp.
Recallthat expecteda® n"(’x) = mget(n®,p,CT,, 1)

andthat  CT,= mset(&n{Pjp)f n(ESG p, CTn 1). Clearlythereplace@xpectednethod
hasthe samesignatue asthe replacingconcete method(both namedn?. Sincewe have shavn the
concetemethodwell typed,it followsthat™ CT,, ok. .

4.4.3.2 Theorem: [Export presewestyping]:

Similarlyto linking, compilationof expot declarationsaintaintyping. For histoiicalreasonsxpot is
avectedby systematinenamingﬂ

Asthisisthe lastcompilationstep thisalso nishesthe proof that compilationpresevestyping.
Formal Statement:

8 ,J,PcompL, A, X, s.t.  * attachj Peompl A X ok
letting = makeRho(j, Peomp )

CT = inset(], Peomp , )

CTO= link(LY, CT, )

CT%= exp(X, CT? , )
then™ CT %ok

JJLSe-:-zSectio (pagel78 for adiscussioon how the linking declarationare implementedwhich is highly applicake to expots
aswell.
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Proof:
By (pagel60), = CTCok, andshap€CT? = shapgCT). It thussuy cesto shav thatexp
doesnot breakthis.
exp worksby buildingup a e, from expott declarationX, thenapplyingthatto CT°. Thus, letting
CT%= makeSlkel(CT 9, we have our proof obligation:

NTS.  exp WellFormedror CTO, CT

In&ining the de nition of WellFormedFor, we needto shav that:
classcextends_f F._g
classdextends_f Fq_g

lettingfo = f (cf)jg f 2 Fg
fP=1f (df)jd f 2 Fug
f02f0~ c6d) fOuniquein FO[ P

2 CT?

C cr d ’ exp (C) CTskel exp(d)
C crd” op(df)=10)  op(cf)=1f°
(moverriderelategto G d) ) ep(CM = gp(dn) , (m=n)

It istemptingto stucture the proof similarlyto thatof link: by induction over lengthof X. Unfor-
tunatelythisis not straight-forvaud, asthe typing of X is not conjunctive. PropetiesallOldOwerrides
andnoNewOverrides ale globalpropetties;subsetsf X will in generahot generate which satis es
WellFormedror.[q
Insteadyve proceedby noting thatmakeOnePimodi es only methodnamemappingsn ; thussince
theinitial in exp is iy, which hasthe identity mappingfor classand eld nameswe conclude
that ¢ Will alsohave the identity mappingfor eld andclassiames. Sinceit holdstrivially that
ia WellFormedForCT ©, CT 4, we concludethatonly the pats of WellFormedFor refering to method
n?memeedto be shavn to hold. Thus,we simplifyour burdento:
classcextends_f g
2 CT¢,
classd extends_f g
(moverriderelatego ¢ d) ) ep(CM = gp(dn) , (M= n)
We shav thisby contradiction.It cannotbe that:
classcextends_f g
2 CTS,
classd extends_f g

(moverriderelategto ¢ d) " : exp(CM = ep(dn) , (M= n)

2 Asasidenote induction would be possite if makeOnePiwere rede nedto work over all expott declarationgor amethodsin a
given overriderelatessetsinultaneously
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By Theorem (pagel60), shapg¢CT) = shap€CT9, allawing usto applytyping propeties
betweenP.om@aNndCT to arrive atabsudities.We look atboth directionsof ¢ (CM) = ¢y (d.N)

, (m= n). Both casebae aspreconditionmoverriderelatesto ¢ d. To simplify the proofs, we
choosad sothatc  d[q

Case6): moverriderelategto ¢ d

exp(CM) = exp(dn)

mé n
noNewOverrides (Figue BJ, pagel33) guaranteethat

8(export j.d.mPasm), (export k.cnasn) 2 X, s.t.n’6 n’,
(kg () ) mén

This contradicts e, (CM) = exp (d.N), which impliesthatm= n.

Case6(: moverriderelategto ¢ d

exp(CM) 6 p(dn)

m=n
alloldOverrides (Figue B9, pagel33) guaranteethat

8(export k.cnasn) 2 X,
8classd extends_f g2 (k),m
V moverriderelates G d
mexist§m, d, (Kk))
FOr exp(CM) 6 ey (d.n), we conclude(export k.d.nmP asm), (export k.cn’asn) 2 X where m 6

) 9(export kdmasn) 2 X

n.
By T-Export, (export k.d.mas_) uniquein X. It impossike for 9(export k.dmasn) 2 X to hold,
which isimpliedthatit does)eadingto a contradiction. .

4.5 Complete and SafeCollaborations

By alloving well-typedmodulego be composedvhile retainingtheir statictyping constraintsye have
intendedto provide a systemwhosedynamicerrors canbe predicted. While it istrue thatawell-typed
programwill not encounterdynamicmethodlookup errors,we cannotimmediatelyrule out all dynamic
ermors: castingoperationganstill fail, andexpectednethodscanbe invoked befoe beingprovided.

The compilationprocesstselfmay introducedynamicerrors. For examplewe canimagne anill-

advisedjeneicity schemavere eachatomicmoduleistypechecledin isolation but where eachexpoited

13 We know thischoiceis possile, asevery setof classelatecby moverriderelategto will necessiy have atopmostelement.
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methodhasthe extemnalsignatue object metkobject arg, andintemally cast&rgument$o more speci ¢
required types. While this would allov a very largenumber of con gurationsto be composednto
well-typedresultsthe resultingprogramcould hadly be expectedo run without dynamicerror.

Thus,we are promptedto de ne propetiesto descibe whetherpotentialdynamicemorsare present
in agiven expession.We usethesepropetiesto shav thatour compilationprocessvill not introduce
ary suchpotentialerrors. Coupledwith no restictionson the kindsof signatueswhich canbeexpotted,
we concludethat ther is no adwantage—&rm a type-safetypoint of view—to writing programsin a
monolithic or modularstyle

45.1 Atomic Collaborations

L ike [IPW0QT], we de ne asat expessiorasonewhich canbetyped ~ CT ok without usingrules
T-DCad or T-SCad . In Featherwightlva,the correspondingvaluationrulesare the only oneswhich
canfail in a well-typed program. Belav, we shav that suchexpessionsie never createdduring the
evaluationof a program, sothatif noneexistinitially, the programwill remainssafeduring evaluation.

Our additionsto FJhave introducedanotherpossite dynamicfailure: the attemptto invoke an
expectednethodthat hasnot beenprovidedwith a conceteimplementation.It istemptingto conse-
guentlyextendthe de nition of safetyto includenot usingT-ExpMet h either Upon further thought,
however, adiVerenceariseswhile castare only removed from the programduring evaluation expected
methodsanbereplacedy concetemethodsluring the linking phasef compilation(link andcompile
of Figure 4, pagel38).

Insteadyve classifianexpessiorascompleteif it istype-checkdwithout the useof T-ExpMet h. At
thisstagethere are no propettiesto prove aboutthe expressionwith thisclassi cationput we will revisit
it in Section.5.2, in the contextof compilingcompositecollaborations.

We do not oVer ary formal de nitions of saé or complete asthe propetiesate simpleenoughfor
the informal desciption abose to be unambiguous.

4.5.1.1 Lemma[Reduction Preseres Safety]:
If “E:c ~ EsagandeE! E%then " E°:c ~ E°sat
Proof:

An obsevationfollowsfrom trivialinspectiorof evaluatiorrules:No ruleinsetscastinto the program
during execution. It thussuy cesto shav thatno castbecomesaDCag or SCagt .
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This canbe shavn by induction over evaluationof E ! E® We shav only the casdfor RC-Cagt,
which is the only applicate rule apat from the R-Cagt. R-Cag, in Figue B7 (pagel2s), remores
the castandhencemaintainsafetyThe otherrulesae trivial.
CaseRC-Cas: E = (QE® E®] EO E0= (QE®®

By antecedenDCast andSCags do notoccurin * (9E®: ¢

AsE%is asubexpessiorof E, they do not occurin ~ E%: &, either

The only altenative isthatUCag appliesandthus® ¢

By B35 (pagel30), * E®% N wheed® &

By ih, E%%ag.

By transitvity, @©° ¢ andthusE° saé. .

4.5.1.2 Lemma[Reduction Preserves Completeness]:

If “E:c » EcompleteandE! E%then ~ E°:c A E°complete

Proof:
An obsevation follows from trivial inspectionof evaluationrules:No rule insets expectednethods.
Unlike castswhich canexposediVerent castsluring evaluatiofy methodkindsdo not changeand
thuswe are done .

4.5.1.3 Lemma[Progressof Safeand Complete Programs]:

If " E:c ~ Esat ”~ E completeandE containsub-expessiorE’ thentwo implicationshold:
1 if E°= (d)new do(E) thendy  d.
2. if E°= EX.m(E%) thend.m doesnot referto anexpectedmethod.

Proof:
Followsfrom not usingthe rulesT-ExpMeth, T-DCag, or T-SCad in thetypedelivationof E.

MFor example(b)(( objech)((c) ) staticallyappeasto be adowncastfrom objectto b, but will evaluateto the stupidcasi(b)((c) ))
(assuminghatc isnot relatedto b).
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4.5.1 Theorem [Safeand Complete ProgramsDo Not Stick]

If “E:c ~ Esat " EcompletgandE ! E° with E°beinganormalform, thenE%isa
valueV.
Proof:

Followsfrom Theorems£.37 (pagel3?), B517, A513 and E513 .

4.5.2 Composite Collaborations

| n the previous section,we introducedthe conceptf an expessiorbeingsaé andcomplete which
respectiely meanthatthe expessiorid not have any down or stupidcastsanddid not referto expected
methods.We pointedout that while safetywasimmutable staticallyan non-completeexpessiorcould
becomecompleteduring linking.

We shav below thatby providing concetebodiesfor expectednethodsacollaboratiorsexpessions
will not becomdessompleteduring compilation,andthatcompilationdoesnot avectsafety

4.5.2.1 Lemma[ExpressionSafetyand Completenessare Preserved by Compilation]:

If * attachj Peompl A X ok
and  Pyom= compile(attachj Peomgh A X, )
where = the generatedy compile
then 8j2j,Ein (j),EinPaoms.t.tE= (j)(E)
Ejsak) Esat
Ej complete) E complete
Proof:
Casesare

Directlyfrom inspectiorof (E) usedwo calculatee = (j)(E;), noting thatno castsie inseted (or
removed).

55 Of course we cannotprovide concete methodsto expectedmethodsthat are not viside. It is thusa good ideato wam the
programmerif anexpectednethodis neitherprovidednor expotted: the methodwill not be viside to subsequerinking, andthusary
expessiorwhich refeencest cannotbecomecomplete
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CaseCOMPLETE
Directly from trang , M, CTge), Usedto createoutput collaboration,no method becomesex-

pectedluring composition. .

4.5.2.2 Theorem [Compilation is Completely Safe]:

If ° attachj Pcompl A X ok
8i2j, ()sat " (j) complete
thenPyomsaé "  PyomComplete
Proof:
By Theorem[.5.2.1, eachexpessiorE in PaomWhich comespondso E; in (j) issafe

By inspectiorof trans eey expessiorE hasa corresponding;. .

4.5.3 No Mandatory Risks

Justbecausehe compilationprocesgloesnot introduceary dynamicerror locationswe cannotclaim
that we oVer completesafety In SectionB.7 (pagel08 we criticized Aspectind Hyper/J for having
geneicity systemsvhich require that downcastse usedto recover argumenttypes. This impliesthat
geneic AspectandHyper/J programscannotbe sag; evenif the compilationschemanaintainsafety
thisachieeslittle, asthe programsdid not have the propetty to begn with.[§

It is clearlypossile to write safegeneic aspectin AspectuaCollaboration:Listing B4 (pagel19)
shavs sucha program. Indeed—whilewe will not prove the claim—itis only necessgrto introduce
castinto anac if the join-point or retum-valueobjectaneedto escapéhe textualextentof the aspectual
method,which isanecdotallyuite rare.

4.6 Discussionof Language Design

Rathethandiscushanguagelesigrin the contextof the prototypeimplementationye useour formally
presentedgemanticasa context. We highlighthow severalissued togetherandwhich trade-o/swere
madein the design.

16|n our judgment,not maintainingsafetyis a greaterdravbackthan mandatingunsafeprograms:failure of a mandatoy downcastis
transpantto the user while failure of a compiler-intoduceddowncasts opaqueto all but compilerarchitects.Aspectd'compilationis
discusseith greaterdetailin Sectio (pagerl).
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4.6.1 Composdle Type Checking

Thefull typecheckingruleshave beenformally presentedn Figure B9 (pagel33), but intuitively we can
summaize themasasceriningthatfor acomposedaollaborationcettain propetieshold:

1 Thereisanunambiguousnappingof typesin constituentollaborationso the typesin the output
collaboration,

2. Imported methodshave the samesignatuesastheir expectedplaceholdes,
3. Subtypingrelationshipsf typesin constituentcollaborationsemainunchangedand
4. Overriding relationshipg constituentollaborationgnethodsemainunchanged.

Severallessepropetiesare alsochecled (for examplehatthe rhs of a provide declaratioris actually
anexpectednethod),but are more localin eVect.

4.6.1.1 UnambiguousTypes

The needfor unambiguousypemappingssillustratedoy failingsin severalof the collaboratiororiented
design§] Notahly, multiple type mappingded to possite castingerrorsin ClassGraphViews (Sec-
tion 5.1, page44) andunde ned semantici Adaptive ComponentgSectionp.5.3, page50. In each
of thesecaseghe problemsainsewhen severaltypesfrom one constituentollaboratiorwere mappedo
the samdypein the output collaborationIn very broadterms,the problemwith mary to onemappings
isthateventhoughtwo typesfrom acollaboratiormay hase the sameexpdedinterface unlesshey have
preciselythe samantenalinterface we cannotcon ate them.

We illustratethe situationwith the more intuitive, but analgous,caseof Jvainterfacesin thiscase
the interfaceExtClassmodelsthe common output type the two concete classes and B modelthe
dissimilarbut con ated, constituenttypes,andthe downcastsnodelthe diVerencebetween expoited
andintemalinterfaces.

TIn this context“unambiguous’meanghat eachoutput type is mappedo at mostone type for eachconstituentollaborationand
eachconstituentypeis mappedo exactlyone outputtype
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1 class A implementsExtClasds 2 class B implementExtClass

2 void someOg) f / /g 1 void someOtherO) f / /g
3 void binayMethodExtClassarg)f 1 void binalyMethodExtClassarg)f g
4 this.someO); 5 g

5 ((A)arg).someOf); 16

6 0 17

70 18

8 1 ExtClas®A =

9 interfaceExtClass 20 ExtClasB=

10 void binalyMethodExtClass); 2 0A.binayMethodb);

u g

If objectsoA andoB are the sametype at runtime, everythingis ne, but if they are diVerent (oA is
anA andoB is a B), then a dynamiccastingerror will occurwhen arg (which is a B) is downcasto A.
Typemappinggor collaborationglo not requite adowncastsoif we allovedthistypemappinghe result
would be anunsoundsystemA.binayMethodwould attemptto invoke a methodwhich doesnot exist
insteadf failingon adynamiccasteror.

The diY culty isthatif A andB are from the sameollaborationwe cannotcreatea type which can
representitheroA andoB without combiningthe two typesn all contextsthe codein the collaboration
will becompiledwith the assumptiothatthey ar the diVerent. Oneway to x thiswould beto modify
the jvm (or at leastour Jva compilationschemejo passlonga view repesentatiofS389 to indicate
which of the typeswe are using.

However, if A andB ar from diVerentollaborationseachcollaborationis an implicit contextto
generat@nunambiguousypefor the objects.Sinceboth collaborationsvill ha/e beencompiledin ig-
noranceof the typefrom the othercollaborationye cancreateaunion typewithout additionalanguage
suppot.

4.6.1.2 Identical Type Signatues

In orderto achiee modulartyping, we require thatanimport isful lled with exactlythe samesignatue
asit wasdeclaed. Sectionh.6.4 (pagel79) explainsvhy thisisa suy cient, but not necessgrcondition,
andhow we couldrelaxit in the future.

4.6.1.3 SubtypingUnchanged

In orderto allov composedollaborationso remainwell typed, we needto guaranteéhat subtyping
remainsunchanged. However, this needsto be a bidirectionalimplication. Let A and B be from a
constituentcollaborationwhile P andQ are the typesthey are mappedo (respectiely) in the output
collaboration.lt is obviousthatwe requie: A B) P  Q, asotherwiseinheritanceassumeth

the compiledcodefor A will belost,anddowncastshat shouldsucceedvould fail. For examplein the
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examplebelowy, were P (mappedo A) notto be asubclassf Q (mappedo B), then useMethwould no
longerseesomeMethin the composegrogram.

1 class B extends Object f 4 class A extends Bf
2 BsomeMettf) f g 5 BuseMeth()f return this.someMeth()g
3 g 69

However, we alsorequie A B ( P Q. Thisguaranteethatno new inheritancerelationsae
introduced.For exampleif type C were mappedo outputtypeR, sothatP R Q, thenwhile the
programwould be well typed,we would no longerbe invoking the someMethwe were expecting.Even
worse type castshat formerlywould have failedfrom aC (R) to aA (P), cannow succeed.

1 class B extends Object f 4 class A extends Bf
2 BsomeMettf) f g 5 BuseMeth(f return this.someMeth()g
3 g 69

7 classC extends Bf
s BsomeMeth()f g
9

Thus,the caseve have presentedor A B ( P  Qisnotasstongasthe) direction,andit is
possile thatin future it could be removedin cettain situations.However, we would have to revisit the
proofsto shav thatthisrelaxatiorisindeedsafe

4.6.1.4 Overriding unchangd

Largelythisfollows from subtypingunchangedbut we alsoneedto take expottsinto account.Thus,in
orderto maintainoverriding, we require thatall overriddenandoverriding methodsbe expotedto the
samename If the methodis onefrequentlyoverridden(suchastoString, thismay require mary expot
statementd-urthemore, overriding relationshipsannotbe introducedby expott declarations.

4.6.2 Constructors

| ronicall eventhough Featherweight JwvaandSunsoY cial va diVer widely in how they useconstuc-

tors,we run into diY cultiesin both cases.

4.6.2.1 Featherweight Java Constructors

In Featherwight Jva, a programis evaluatedby rewriting the main expressionin the contextof the
ClassTabe. Becaus¢here ar no side-&/ects,there is no conceptof objectequality only equivalence
As such,an objectvalue(where the elds of the objecthave alsobeenevaluatedo valuesj)s uniquely



174

4. FORMAL PROPERTIES

repesentedy the textualrepresentatiorf its constuctor. The constuctor thusrepresentshe binding
of expessionto elds in the object,includinginherited elds.

This causerouble whenwe wantto composecollaborationsLet the two single-classollaborations
we wishto composée aandb, andclas#\B bethe composedesultof classes andB (acorventionwe
usethroughoutthis section):

1 collab a=atom 1 collab b =atom

2 class A extends Object f 2 class B extends Objectf

3 ObjectoA; 3 ObjectoB;

4 A maleA()f return new A(new Object());g 4  BmaleB)f return new B(new Object());g
5 5

1 class AB extends Object f

2 ObjectoA_a;

3 ObjectoB.b;

4 ABmaleBb() f return new AB(new Object()); g
5 ABmaleAa()f return new AB(new Obiject());g
6

Field and method nameson AB hae been -cornverted by the compositionprocesgin this case
by addinga suy x of their constituentcollaboration). We are assumingmplicit constuctors, de ned
unambiguouslyy concatenationf inherited elds and elds directlyon the class.

The problem is that the bodiesof maleA_a and maleB.b both pasnly one argumentto the con-
stiuctor, while the composedtlass'constuctor hastwo elds, and hencehasa constuctor with two
arguments.Our solutionto this problem is to prohibit constuctors in the souce program, replacing
constuctor expessiongnew C(E)) with constuctor-lessinstantiation(new C) and functionalupdate
(E[f 7! Ef]). Constuctor-lessnstantiationcreatesan objectwith default valuesfor all elds. Recall
that the default valueof a eld of type D is the constuctor-lessnstantiatiorof its type: new D. The
correspondingworking) programwould be:

1 collab a=atom 1 collab b =atom

2 class A extends Object f 2 class B extends Objectf

3 ObjectoA; 3 ObjectoB;

4 AmaleA()f return new A [0A 7! new Object; g 4 BmaleB)f return new B[oB 7! new Object]; g
5 5

1 class AB extends Object f

2 ObjectoA_a;

3 ObjectoB.b;

4 ABmaleAa()f return new AB[0A_a7! new Object]; g
5 ABmaleBb()f return new AB[oA_b 7! new Object]; g
6

Thisworks ne.
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A wrongsolution

An earlierattemptat a solutionwassimilar but critically awed. We presentit here asa curiosity
becausé would have worked ne, asfarasproving soundnessut modeledanincomrectsemantics.

The ideawasto avoid addingconstuctor-lessnstantiatiorandfunctionalupdateto the languagédy
introducingoverloadectonstuctors anddefault values.Featheneight Jva requilesthat eachclasdae
exactlyone constuoctor, and our previously presentednodel hasno constuctors, while this apppach
would allov multiple constuctors.

Sogiventhe collaborations:

collab a=atom collab b =atom

1 1

2 class A extends Object f 2 class B extends Objectf

3 ObjectoA; 3 ObjectoB;

4 A(Object _oa)f this.oA :=_oa;g 4 B(Object _ob) f this.oB:= _ob; g

5 AmaleA()f return new A(new Object());g 5 BmaleB)f return new B(hew Object());g
6 0 6 0

To suppot compositioninseting new elds, compilationwould augmentthe constuctor to use
defaultvaluefor unmentionedelds. All thatwasneededvasfor the expessiono specifywhich (of the
now multiple) constuctorswasrefeenced.Usingsubsdptsto indicatewhich constuctorisrefeenced,
the composegbrogrammight look like:

1 class AB extends Object f

Object 0A_a; Object 0B_b;

ABy(Object _oa)f this.oA_a:= _oa;this.oB.b := new Object); g
ABy(Object _ob) f this.oB.b := _ob;this.0A a:= new Object();g
AB maleA &) f return new ABa(hew Object)); g

AB maleBb() f return new ABy(new Object());g

~ o o~ W N

There are two problemswith thisappoach.The more olviousproblemisthatthe defaultexpession
of recussive typesisin nite , if written out naively: aclas€ which contains eld theC alsoof typeC is
in nite (theC =new C(new C(new C( )));). The workaoundisto inset methodgo createobjectsof
eachtype andrefeencethosein the constuctor (theC = this.maleC()).

The more fundamentaproblem is that sinceconstuctors ate the only way to updatea value and
sincebehaior from collaborationx will only useconstuctor Cy( ), which knows only of elds from
thatcollaborationstatefrom other collaborationsvould be lostimmediately

For example assume 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 (assumingve have a type Int for modelingnumbes) the left, while the
composedonstuctor for Rectanglenight be ason the right, below.
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1 Rectanglenove(IntdX, IntdY) f return 1 Rectanglgyp(Int x, Int _y, Int _w, Int _h) f
2 new Rectanglg,p(this.x plus(dX)this.y.plus(dy, 2 this.x:= x;this.y:=y;
3 this.wthis .h); 3 // default value for color usedin shpconstructor
40 4 this.color :=new Coloreo( );
59

The constuctor usedo createamovedrectangleeompletelydisegadsthe color of the old rectangle!
While the schemesould (probalby) be shavn to betype sound,it would not atall be ausefulmodel.

4.6.2.2 Actual Java Constructors

In implementingthe compilationalgoithm for the Jva Virtual Machine[[Y99], we run into another
complicationwith constuctors: they are the only entity in the virtual machinewith ahaid-codedname
For all other methodsand elds —with the arguale exceptionof the main method—we are free to

-convert membernamesand refeenceswhen inseting the constituentcollaborationsnto the host
collaboratiorto aoid nameclashef]

However, this option is not availatte for constuctors, asthey ae hadwired to be nameds< init>.[§
Eachclasssguaranteetb have atleasbne constuctor, guaranteeingnunavoidalde nameclashfor each
generatedutput classSinceidiomaticvausesonstuctorsheaily, we hase no option but to dealwith
the issuesomehau.

Our solutionisto generateéew constuctorsthatinvoke the existingconstuctors, where the existing
constuctorsate transfomedinto plainmethods.The questionswhich constuctorsto composgandin
which orderto invoke them.

Figure Figure fg illustratesgeneratasegonstuctor refeenceis shavn asacompositiorrelationship
from subclasge supeclass-consictor. Becaus¢here may be severalconstuctorsin aconstituentclass,
we must specifywhich onesto compose For example the gure suggestthat constuctors g and h
correspondasdo c andd.

From atypingperspectie, therequiementisthatwe generateonstuctorswith the samesignatuesas
the existingconstuctorsin the constituentlassespasto satisfitheir usesn the codeof the constituent
collaborations.

Additionally while there is a patial order for invoking the constuctors (for eachclassits super-
classnustbe initialized r st), there is still signi cantroom for reorering. The gure shavstwo such

18 There is somesubtletinvolved, sothatwe maintainall subtypingandoverriding relationshipsvhile avoiding to introduceany. This
iswhy makeRho (Figue #4, pagel38) issolarge The type-checkingulestX-a llOld , tX-n oNew, andt-subtyping (Figue BY, page
133) are alsoprimarily aimedat maintainingsubtypingandoverriding relationships.

190bjectconstuctorsare nameck init> , of which there canbe severalfor eachclassThere isalscasingletorclass-consictor < clinit> .
Additionally theseconstuctor methodsneedto be invoked with a invokespecialinstuction, to aoid dynamicdispatch. Technically
avoiding dynamicdispatchis only anissudor the superconstuctor, but the jvm enforcesthe restiction thatconstuctorsbeinvokedonly
with the invokespecialnstiuction. We will ignore < clinit- andthe speciainvoke instiuction in our discussion.
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Figure 45: Two collaborations (one and two) to be composed, and their constructors.

class BotClassextends TopClassf

1 class TopClass 7

2 TopClass(¥ overriddenmeth); g s hal Objecto = new Object();

3 void overriddenmett) f 9 void overriddenmetif) f

4 /I empty 10 if (0 == null) Systenerr.printin("That wasunexpected);

5 g n g

6 g ©  public static void mair(Strind] args)f new BotClas$); g
B9

Figure 46: The above listing illustratesa case where we get an unexpected result, because method overriding
allows usto escapethe expectedcontext of execution. The exampleillustratesthat overriddenmethin BotClass
is executed before its constructor, becausedynamic dispatch from TopClas% constructor will dispatch to the
overriding method in BotClass. The example would not “work” (ie, would not break)were the eld a primitive
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 arowsthroughthe constuctors.
Lastlythere isanotherconstraintvould like to satisfythatno methodis executedin anuninitialized

context. For examplewe would like thatno methodfrom one.Y isexecuteduntil constuctor c hasbeen
invoked. Unfortunately thisis very had to achiee becaus¢hosemethodsmay be expoted. If, for
exampleconstituentlasswo.Y were to be providedamethodfrom one.Y andinvoke thatmethodin its
constuctor d, the methodwould executein an uninitializedcontextin the constuctor ordering of the
thin solidarow, while it would be ne in the ordering of the thick dottedarow. In generalthere isno
oneorderwhich canguaranteghis propety, asimport/export relationshipsanbe mutuallydependent.

However, this problem existsevenin plain Jva, assletchedin Figure 6
In generalthe thin solidarow seems more intuitive order, andisthe onewe choose
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@ ¢ canexporthoth mcanbe expected e) a c) a implementation
want ‘ ? yes yes probably not no easy
copy no yes no no no easy (@)
delegate yes yes yes yes no easy (b)
references| no no yes yes yes  complex (c)

(a)implementation is shown by LINK- & in Hgure @ (page138) (c) implementation
would require com-

p= (ko= (d nmP= (kem n’= (j.dn) plex book-keeping
expectedbn’(@x) = mget(n°, p, Paton) in some environ-

ment, stored with
compiled collabora-

(b) link( (k.ecmE j.dn) @, Paom ) = link(C, Poom ) [unk-E ] tion.

Plom= mse( bn’(@x)f returnthisn(x) g, p, Pawon)

Figure 47: Possibleimplementations for provide

4.6.3 Semanticsdor Provide

A natual guestionto askis whetherthe provide declaratiorwhich providesconcete behaior from ¢
to expectednethode(c & € workson methodrefeencegby redirectingall existingrefeencego eto
refeenceq or by copying the methodbody from cto createa concete methodef] It is temptingto
reasorihatit doesnot matter asamethodbodyismerely anexpessionandit shouldnot matterwhether
we passy copy or pasdy refeence Alas,it doesmatter asthe intuition temptingusto disegad the
guestionis basedan afalseassumptionthat we do not mutatemethodbodies.

Let usposethe questionfrom anotherangle:Assumeanatomiccollaboratiorwith concetemethod
candexpectednethode A seconccollaborationmportsthe resultingcollaborationprovidesc & ¢
andattacheadvicea; to ¢ Shouldinvocationsof ebeadvisedy & (writtene) & in Figue fi7)? What
of the casavhere we adviseewith a; shouldinvocationsof cbe advisedy a. (c) &)?

Similarly whenwe declae m & e mustm be concete or shouldwe note that ewill be provided
with the samebehaior asm, whenit iseventuallyprovidedconcetebehaior? Afterm & e are weleft
with oneor two methods?Are we alle to expot both underdiVerent names® cis overridden,should
dynamicdispatctavecte(@ 9?2

We have severalimplementatiorstrateges,with diVerent éVects. We cancop csbodyto e we can
createabodyfor eto delegate ¢ or we canupdateall referenaefseto becomec Figue i summaizes
the trade-0/s for eachof the threeimplementationsWe choosecop ratherthan delegatenly because
valuedsymmety in the adviceimplicationsover beingalle to have anexpectednethodasthe souce of
aprovide Additionally were we to implementthe delegatchemewe would needsomebookkeeping

20which of thesdsthe casés not reallygemane but it isthe former. Thisisclai ed in rulelink- E in Figue@ (pagel3s).
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to avoid circulardelegations.

Embarassinglywhile our implementatiorof the formalmodelfollowsthisreasoningwe hadnot yet
realizedhe traded/s involved when implementingthe full systemandthuschoseto usereferenc®ur
headaches gettingthe full systemo work promptedusto labelthe appoachas‘complex’

4.6.3.1 Similarly for Export

Similarargumentsanbe madefor expot declarationg[Ald034] pointsout thatarequiementfor mod-
ulaiity isthatthe encapsulatachplementatiorof amoduleshouldbe una/ectedby how it isusedunless
valiancepointsare explicitly expoted. Unfortunately thisis not the casewith aspectuatollaborations;
adviceattachedo a collaboratiors expoted methodswill interceptboth extemnal usesof the method
aswell asencapsulatedgses.Thus, the collaboratiors behaior hasnotbeensuy ciently encapsulateés
extemaladvicecanaVectthe internalimplementationThis eVectoccusbecause—Ilikprovide declara-
tions,andfor the samaeasons—exptwrar eVectedby renaminghe member Thus, both intermaland
extemal refeencesshae the samemethod,andsinceadviceinterceptionis implementedasa rewriting
of the method,both are avected.

There issimpleworkaound: ratherthanexpoting the membey expot amethodthatforwaidsto it.
This forwarding methodcanbe freelyadvisedvithout avectingthe internalbehaior. In the currentfull
implementationthismustbe donemarually but are-implementatiorwould likely do thisautomatically
Severalsimilarapppachesanalsobe used:if the collaboratioronly wanteda methodto be advisale
by beforadvice then the unexpoted methodcould be modi ed to invoke a stubmethodupon entry.
By expotting the befoe-stub extenalrefeencesre allovedto attachbefoe advice but are not alle to
avectthe methods behaior. However, at this point we needto askwhetherit would not be betterto
justusethe subject-obseer patten.

4.6.4 Flexible typing rulesfor Linking

Whilewe allov attachectollaborationso have diVerent shapessubjectto someconstraintsye have
signi cantly stticter constraintgor the methodlinking—both for providing expectedmethodsand for
aspectuahterception. Speci callywe require thatboth methodghostandaspectuahethod,or expected
and concete method) are inseted into preciselythe sameclassand additionally that expectedand
concetemethoddare exactlythe samesignatue. While theseaestictionsarte suy cienfor typesoundness,
they are not necesyar

For examplegiventhe delegateplementatiorof lin k- & , our compilationschemepresevestyping
aslong asthe linked methodretumsa subtypeof its declaed type



180

4. FORMAL PROPERTIES

Even greater exibly canbe achieed were we to allov someargumentdo be speci edin the E
declaratiorsyntax. This would allov usto provide a concete methodto an expectednethodwith a
subsebdf the concete methods arguments However, suchfunctionalitywould not addto the expes-
sivenes®f the languagewe canachiee the sameaesultby creatinganadaptecollaboratiorto perfom
the delegation.Indeed,were the abore generabchemeamplementedjt would be by a desugang into
anadapterollaboratiorandsomelinking instructions.

Lastly there is no fundamentateasonwhy the concete (or aspectualinethod shouldbe de ned
on the sameclassasthe expectedor intercepted);they could be declaed on a supeclass.Inheritance
guaranteethat the methodsare viside on all subclassethus preseving typing. However, thistoo, can
be amelioratedy anadapteicollaborationwhich insets amethodwhich overridesandforwardsto the
inherited one

Sincewe would not gainary expessienesswe usethe more restictive, but alsomore straight-
forward, typingrules.

4.6.5 SpecifyingJin-point Tuplesby Matching

Eagle-e;dreadeswill have noticedthatwe have not discussealry way to attachacollaboratiommultiple
timesin asystematiway; onereasorto wantto do thisisto advisesetof join-point tuples(jts). There
are two reasongor the omission: Primaiily, the semanticsve desie can be achieed by a sequence
of compositionsand thus setsneednot be dealtwith at a semantidevel. Secondaly, we hae not
implementedhe matchingsyntaxdescibedin thissection.

Aiming for asemantica/hich is equivalentto sefal compositionsimpli esandclai es the semantics
signi cantly it doesso at a considerdp price of convenienceto the programmer requiling that the
programmerexplicitly write out all attachmentss unattractre if the jts islarge

As a concete example Figure 8 shavs a basecollaborationconsistingdf a numberof classewith
elds andget methodsfor the elds, anda loggng collaborationwhich is meantto log invocationsof
the advisednethod.However, sincewe lackary printing primitivesin our minimallanguageve meely
invoke amethodnamegrint, which doesno printing andinsteadustretumsits argumenff] We wantto
write attachmentieclarationsver the examplesothateachof the gef? methodss advisedy thel.L.logit
aspectuahethod. Figue A9 shavs asequencef collaborationso achiee preciselythe eVectwe desie.
However, asfeaed andexpectedthe resultis hadly succinct.

2The examplealsaillustrateiow existentiallyypedobjects—irthis casghe retum-valueobjectretumedby jp.invoke—canescapéhe
scopeof its aspectuahethod.
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1 collab base= atom un !

2 classVarsextends Object f » class Bazextends Object f i1 collab | = atom

3 Strstr; 1B Varsvarg | 2 classL extends Objectf

4 Bazbaz 1 Bazmale() f return this; g : 3 aspectual RV logit(JPp)f return
s Varsmale() f return 5 Varsget\ary) f return [ (RV) this .print(jp.invoke()); g

6 new Vargbaz7! 1 this .vars g | s Objectprint(Objecto)f return o;g
7 new Baz.ma&()]; g 7 g I s g

8  StrgetSt() f return this.str; g 18 class Strextends Objectf g I

9 BazgetBag) f return this.baz;g |
© g |

I

Figure 48: Samplebaseand logging collaborations.

4.6.5.1 A First Attempt

Insteadof repeatingourseles,it is temptingto imagne a linking languagevith featuessimilarto As-
pectd pointcuts:around exec base .get do |.Llogitdefault somemeth This apppachimmediately

grindsto ahalt: whatvalueof somemethdo we specifyasthe defaultmethod?Sincethe typingrulesde-
mandthatsomemethhare the samesignatue asthe interceptedmethod,andfor our purposesve aways
wantthe interceptedmethodto be invoked, the obviouschoiceis to passhe interceptedmethodasthe
defaultaswell F§ To do this,we needto nameeachjoin pointin the pointcut. A straight-forvard declara-
tion attemptmight be: for <meth> in exec base .get around <meth> do I.Llogit default <meth>;.

This allovsusto namethe methodsandpasshe samamethodasthe interceptedmethodanddefault.

We cannow move to the next aw with thisappoach:|.L.logitcanonly interceptmethodsmapped
to the sameoutput type asl.L. Thus, we mustalsoaccountfor type mappingsin generalwe want not
only setof valuedor atemplatevariate (like hmeth), but a setof value-tupleso be boundto atuple of
templatevarialles. SectiorB5.3 (pageld4) givesfurther motivation for this obsevation.

We wantto write an compositecollaboration parametzed by templatevaiales,that expessesa
completeattachmentsothatwhenfoldedover asequencef tuplesthe sameeVectasexplicitexpansion
is achieed. Figure A9 shavs the eVect we are aimingfor. Eachof the get methodsis advisecy the
l.L.logit andall methodsare expotted.

4.6.5.2 A SecondAttempt

Givenacollaboratiordeclaratiorasperthe left sideof Figure 5Q, we couldinstantiatét with the bindings
(out7! logs, in7! base H 7! Vars methnamé getSt), to generat@lmostkexactlythe leftmost

22 \We do not suggesthat passinghe sameamethodto be advisechndbe the defaultis agoodidea.Indeed the semanticshavs thatif
the interceptedanddefault methodsare the samethe dontinvoke methodwill recussively invoke the aspectuahethod,andthusentera
non-teminatingcomputation.The full Jvaimplementatiorallovsthe defaultto beleft unspeci ed.
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1 collab logs= composite
attach base]
2 classVars
extends Object (f base.¥rs l.Lg
2 classBaz
extends Object (f base.Bay
> classStr
26 extends Object(f base.Sg
around base.¥rsgetStr
do I.L.logit
default base.¥rsgetStr;
2 export base.dr.male asmale;
a expor t base.Baz.malasmale;
2 export base.¥r.getStrasgetStr
x export base.¥r.getBaasgetBaz
u export base.Baz.getivsasget\ars;

B
%6
¥ classVars
3B
39

collab log.sb= composite
attach logs,|

extends Object (f

class Baz

extends Object (f

a class Str

extends Object (f

do I.L.logit

default logs.\ars.getBaz;
expor t log-s.\ar.male asmale;
7 export log.s.Baz.makasmale;
expor t log s.\ar.getStrasgetStr
49 export logs.\ar.getBaasgetBaz;
expor t log.s.Baz.getfsasget\ars , s
I

around log s.\ars.getBaz

s collab log sbv= composite
attach logsb,|

s class Vars
extends Object (f
% classBaz

% extends Object (f
57 class Str

s extends Object(f logsb.Stg
around log sh.Baz.ge#fs

e do |.L.logit

e default log.sb.Baz.getfs

expor t logshVar.male asmale;
expor t log shBaz.makasmale;

e export logshVar.getStrasgetStr

& export logshVar.getBaasgetBaz
expor t logshBaz.getsfsasget\ars;

logs.\ars,|.Lg log-sb.\argy

log s.Bag log_sh.Bazl.Lg

logs.Stg

Figure 49: Manually attaching logging to the gettermethods.

1 collab hout = composite

2 attach hini, |

s class Varsextends Object< = f hini .\Varsy
4 classBazextends Object< = fhini.Bay
5 class Strextends Object< = fhini .Sty
6 classhHi <=fl.Lg

7 around hini .hHi. methname
s do LL.logit

o default Hini.hkHi. methname
o expor t hini .Varmale asmale;

n .Baz.makasmale;

» VargetStrasgetStr;
13 VargetBazasgetBaz;
.Baz.getafsasget\ars;

expor t hini
expor t hini
expor t hini
1 export hini

collab advised=
match (hHi, methnamygn base
where methnameiget /f
classhHi extends _f
- methnamg
99
attach hini, |
class Varsextends Object< = f Hini Vargy
class Bazextends Object< = fhini .Bag
class Strextends Object< = f hini .Strg
classhHi <=fl.lg
around hini hkHi. methname
do I.L.logitdefault hini.hHi. methname
expor t hini .\Var.male asmale;
expor t hini .Baz.makasmale;
expor t hini .\Var.getStrasgetStr
expor t hini \Var.getBaasgetBaz
expor t hini .Baz.get&sasget\ars;

Figure 50: A proposedtemplate collaboration (left), and a matching clauseto genefate value-tuplesfor it (right).
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collaboratiorFigure f9./] To duplicatethe whole gur e, we would needthe bindings:

(in7! base out7! logs, H 7! Vars methnamé& getSt)
(in7! logs, out7! logsh H 7! Vars methnam# getBa}
(in7! logsh, out7! logsbyy H 7! Baz methnamé& get\ars

The exactintermediay collaboratiomamesre unimpoitant; more importantisthatthey chaineach
collaborationto the previous. What remainss to somehw generatahesetuplesautomatically The
right-handsideof Figure p( shavs a suggestethatchtemplate which matchesgainsbaseto generate
the abwe bindings,and appliesthem to the template The main diVerenceis that the chainingof
intermediatecollaborationss automatigwith the reseved varialde hini takingthe nameof the previous
intermediateresult.More examplesf matchingspeci cationsie givenin [LLOG3).

Condusion

While the sketchedschemeappeasworkalle; it hasseveralfaultswhich have leadusto postponem-
plementatiorandinsteadseath for abetterscheme(a) From anaesthetiziew-point, the textualnatue
of the tuplesis unfortunate Althoughwe achiere compile-timeerror detectionof emroneouscomposi-
tionsgeneratedby poorly written templatesa more principledcormrectnespropety would be preferake.
(b) The schemecouplesa templatetightly to the matchclausenhich generatea setof bindings. This
enforcesa top-down-only decompositionwhich is overly restictive. It would be preferake to be alle
to declae a setof tuplesin a constituentcollaborationandonly exposethe typesof the valuesin the
interfaceof the collaboration.(c) The setof tuplesgeneratedy a matchingclausds had to predict;
the olviousmeaningof a matchclausés to generateeachdistincttuple which correspond$o a match
in the basecollaboration.However, this meansunintuitively that addingadditionalconstraint¢o the
match-clauseanpotentiallyincreaghe numberof tuplesgenerated.

The schemas thusboth fragle andopaque It would be preferake to have a more explicit scheme
The systensuggestein the future work Sectionb.1] (pagel87) will hopefullyameliorateheserestic-
tionshby insteadproviding analgebradf join points,which canthenbe manipulated.

4.6.6 LessMinimal Jin-point Models

Compaedto more matue ao systemssuchasAspectJthe join-point modelwe suppot is minimalin
the extreme: only interceptionof methodexecutions(asoutlinedin SectionBJ, pages3). In contrast,
Aspect3uppotsmethodinvocationsyariale accessandpredicatesver the history of the computation.

BThe only diVerenceis thatin Figule@, we have class Vars(  f basevars I.Lg in oneline, where in our templatevould generatéwo
suchtype mappinggonefor baseVars, andonefor I.L). The generatedollaboratiorwould not be wellformed (aseachoutput classanbe
declaed at mostonce andthe seconddeclaratiodacksa supeclass)but a simpleprepocessingassaneasilycollectall type mapsnto
onewellformeddeclaration.
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1 collab keepc ow;
2 participant Cf
3 static int counter,

1 collab condbebre;
2 participant Aspectf
3 expected boolean pred();

______________________________________________________________________

1 collab c owaspect
2 participant Pf g
3 attach keepc ow,condbebre f

| I
| |
l l
| |
4 aspectual RV c owsrc(JPjp) f : 4 expected void bebreadvice(); : 4 P+=C, Aspectf
5 countert+; 1 5 aspectual Rcowtrg(Jjp) f (] provide c owPto pred;
6 RV rv = jp.invoke(); — if (pred()) f // run advice Le expor t bebreadvice;
7 counter b7 bebreadvice(); LT export ¢ o wsrc;
8 return rv; [ g/l elsejust proceed [} export cowtrg ;
s g . return jpinvoke(); e g
10 boolean cowR() f : 0 g : 10 g
1 return (counter>0); g 1 ng I
2 g | |
| I

______________________________________________________________________

Figure 51: Simulating Aspect ¢ 0 W predicate.

Other pubishedsystembare oVered geneic regon suppot, alloving ary subexpessiorto be treated
like ajoin point.

Our argumenhasheenthatsinceour araof investigations the combinationof modulesandaspects
ratherthan adwancedjoin points, a minimal join point model would su¥ ce However, it is easyto
speculatevhata more matue implementatiorwould look like.

The aspectuahethodparadigncaneasilybe usedto captue the executionof ary regon: method
executionsare merlythosewhich ar easiesb identify A simplecodetransfomationcanbeusedo turn
valialle accessubexpessiorevaluation andmethodinvocationgnto methodsandthusinjecttheminto
our join-point model of method executions. Encapsulatioallons usto perform suchtransfomations
without fearof polluting subsequenisesf the transfomedcollaboration.

Likewise predicatesanbe expresseadsaspectsAspectd'c ow predicatecanbe implementedasa
collaboratiorassletchedin Figue B]. Two geneic collaborationsnteractto producethe requiled be-
havior: keepc ow implementsa counterwhich keepgrackof how mary timesa given methodhasbeen
recussively enteed (whenexecutionisin the c ow of the method,counter > 0), andcondbebre condi-
tionally executeshefore advicebebre basedn anextemal predicatepred. The composedtollaboration
¢ o waspectexpotts three methods:two aspectuahethodsc owsrc andc o wtrg which needto advise
the methodwhosec ow we are concened aboutandthe methodto be thusadvisedrespectiely; and
required bebreadvice which isthe methodimplementinghe befoe advice

There ate severallimitationsof this sketchedappoach.

1 Becausehe two aspectuamethodsare on the samepaticipant P, both the souce and target
of the c ow predicatemust be on the sameclass. An altenate formulation would put them
on diVerent classedyut this would require that the souce and targetwere on classewith no
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SymbolTable

| |
| |
| |
1 1
SymbolTable ! | SymbolTable | ! Debugging Tracing

1 1
1 1 /
1 1

Parser CodeGen | | | Parser | | CodeGen | | | Compiler GUI
1 1
| \4 |

Compiler | Compiler | IDE

1 1

Figure 52: Exampleof Diamond Import.

subtypingrelationship Sectionft.6.] (pagel71) discussehie causesor this behaior, andunder
which conditionsit could berelaxedin the future

2. We have only illustratedbefoe advice To implementaound advicewould be essentiallghe
same but lack of closuesrequire us eitherto haidwire the alound adviceinto the conditional
collaboratioror to resot to dynamiccastsn orderto provide proceedfunctionality

3. The useof side-&ectsandstaticvarialeslimits this appoachto the full Jva implementation.A
more matue implementatiorwould keepa per-threadcounter

4. Note thatwe only de ne ac ow condition;we do not have ary suppot for automaticallygeriving
which targetmethodsmight be in the c ow of a paticularsouce Thus,if we wantedto advise
every methodreachale from apaticularc ow souce our proposedystenwould not besuy cient.
In generalsuchcalculationsequire aconsevative o w analysisyhich canbecomecoase-gained
in adynamicallydispatchetanguage

4.6.7 Diamond Import

Modulesystemtypically needto suppot a module being imported twice into a client module via
diVerent paths. The left-handsideof Figure E2 illustratesa motivating casen a compiler the symbol
tabe isneededoth by the paiserandthe codegeneratarThe compilermodulethushastwo (transitve)
import pathsto the symboltatde. Thisisknown asDiamondmpot [Mad38.f?

We needto male sue that typesof the two usesof the symboltaldle are the same One way to
guaranteghisisto parametreethe two modulesParserandCodeGenpver theinstancef SymbolBHe:
insteadf directlyinstantiatinga SymbolaHe, the modulesare abstractedverit. The Compilermodule

24severalrefeencedist Macﬁdi] asthe origin of thisexamplebut the paperfailsto usethe word “diamond”.
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instantiatethe Symbolgle andlinks both the Parserand CodeGenmoduleswith it, asshavn in the
middlecolumnof the gure.

Aspectuatollaborationsole the problem by never specifyindhow imports ate to be satis ed:there
isno way for eitherParseror CodeGento specifythatthey wishto import a Symbollde. Rather the
collaborationgleclae which methodsae required. Thenthe composingollaborationCompiler, isfree
to provide theserequiementdn ary way, the moststraight-forvard beingcomposinghe Symbolale
module

The appoachis appealingn its simplicity but doeshare one dravback. If agui were subsequently
developedto help delug compiledprograms,it too would needto usethe Symbol®He, to allov De-
buggng codeand Tracingcodespeakto eachother Usingthe sameechniqueasearlier it is easyto
shae aninstanceof the SymbolBHe modulebetweenthe two.

Unfortunately this apppachbreaksf we try to combinethe gui andthe Compilerinto asingleide
applicationwe now have twouse®f the SymbolBHe, asshavn in theright-handsideof the gure. Even
thoughwe canmaptypessothatthereisacommontypefor the Symbolgbe of the Compilerandthatof
the gui, they would not shae statethe ParserandDebuggerwould seediVerent line-numbervariales.
The designemustforesedhatthe Compilerandgui are not the nal use®of the SymbolgHe, andthus
deferattachingt. In thissmallexamplethe remedyisto createtwo new collaborationsPartialCompiler
andPartialGUI which do not includethe Symbol®He, but in the generatasgwith seeralcomposition
stagebetweenthe attachmenbf the shaed collaboratiorandthe join of the multiple usesthisisnot an
attractve option.



Chapter 5

Discussion

5.1 Future Work

Thereale se/eraldirectionsof investigatiorthatwould allowv the systento be signi cantlymore expes-
sie.

5.1.1 Multiple Attachmentsand Jin-points in interfaces

Twoseeminglwnhogonalissuesue infactrelated:How to bestdeclae multiple attachmentsf a col-

laborationand how to increasethe expessienesof point-cut desciptors. In the presentedsystem,
attachmentae mustbe enumeratedexplicitly andthe point-cutscanonly captue methodswhich can
alsobe provided (and henceinvoked) in the current context: aspectuatollaborationgannotcontain
join-point-valuedentitiesin the interface]

Of the two, the latteris the more gallingproblem, asequatinghe ability to advisewith the ability to
invoke a methodresultsn invariantsbecomingdiY cult to maintairf| It would be preferake to separate
advisabilitfrom visibility alloving amoduleto expott one or more abstracpoint-cuts:setonsistingf
join pointswhosevaluesare unknavn. More preciselyasper SectionB.5.3 (pagel04), we would like to
be alde to import andexpot setof join-point tuplesFor exampleif we have severalpush-pop method
pairs, it would not suy ceto male one setof pushmethodsandone setof pop methods asthis would
breakthe cohesiorof the pairs.

1Sectio (pagel80) presentandcritiquesa nave attemptto automateenumerationfor attachments.
2Sectio (page9) discussamodularreasoningn greaterdetail.
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In thissectionwe sketchanew join-point modelandshav how it providesthe expiessienessve are
looking for.

5.1.1.1 Jin-point Tables

We are hopingto divorce the declaratiorof join pointsfrom their us¢ andto allov both imports and
expots of themto be propagatedhrough modularcomposition. Thus, the useof ajoin point canbe
“far” from its declarationand we will needmetainformation aboutthe declaratiorto ensue that a
join point is usedin ways compatille with its declaration.Without suchmetainformation, emoneous
usewould still be caughtat compiletime, it becomegliY cult both to diagnosehe causeof the error
andwhich (if either)of the moduless at faultandshouldbe x ed—boththe importing andexpoting
modulegnay have beenusedsuccessfulip othercontexts.

Our notion of atype of ajoin point stemdrom which detailsthe it is willing to exposeo advice:
typesandacces® argumentandresultsandthrown exception.Optionally ajoin-point typecanexpose
lesgnformation,increasingts applicabilityat the expensef expressienessThe type of atuple of join
pointsisthe tuple of the typesof the join pointsit contains.

A setof tuplescontainshomogeneouslyypedtuples,andthusthe type of the setis descibed by the
tuplesit contains;ithus, it is corvenientto view the setof join-point tuplesasa Jin-Roint Talle (jpt).
We view eachtuple in the setascorrespondingo one row in the tadle, where eachpositionin tuple
correspondso a columnin the tabde. We staticallyknow the numberandtype of columns,while the
numberof rows andthe contentsof the cells(the join-point valuespare unknown until compositionare
elaborated.

We will sketch an algebrao (a) constuct join pointsfrom methods,(b) combinejoin pointsinto
tuples(actuallysingletontaldes), (c) manipulatethe typesof tade columns(reorer or drop columns,
or abstracbver column type), (d) concatenatédenticallytypedtaldes, (e) and usethe tabesto drive
attachment.We will not formally presentthe syntaxof theseoperationspecaus&ve do not yet have a
semanticto interpret the syntaxwith. Insteadthis sectionillustratesvhat sots of problemswe aimto
tacklewith the new appoach.

As an example the smallcollaboratiorin Figure b3 usesa matchtemplate(seeSectiond.6.5, page
180) to generatea sequencef tuples:

(Pat 7! Vars name7! foo, FType7! String

(Pat 7! Vars name7! baz Flype7! Bal

(Pat 7! Baz name7! var, Flype7! Varg
andtheninterpretstheseto attacha collaboratiorcounter (not shavn), with two aspectuahethodsinc
andreset Theseaspectuahethodsar attachegairwiseto eachget-sefpairin the collaboration.
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1 collaboration usecounters b3

2 participant Varsf 16 match f

3 Stringfoo; w role <Pat> f

4 Bazbar,; 18 < Flype> get<name ();

s Stringgetfoo() f return foo; g 1 void set< name (...< Flype> ,...);
6 void setfoo(Stringstr) f foo=str; g 20 0

7 Bazgetbaz()f return bazg 2 g attach counterf

8 void setbagBazb)f bar=b;g 2 < Pat> += Countedf

9 g 23 expor t countascount< name> ;
1 participant Bazf 24 around get< name> do inc;

u  Varsvar, 3 around set<name> do reset;
2 Varsgetvar()f return var;g % 0

1 void setvar(\arsv, Stringmsg)f var=v; msg ;g 27 g

1 g

Figure 53: An example use of a match template.

The sixjoin pointswhich comrespondo the attachmenbf aspectuahethodsare:

1 exec usecounters/arsgetfoo : Varsvoid ! String 4 exec usecountersvars.setfoo : Vars:String! void
2 exec usecounters/arsgetbaz: Varsvoid ! Baz 5 exec usecountersvars.sethaz: Vars:Baz! void
3 exec usecounterBaz.gevar: Bazvoid ! Vars 6 exec usecounterBaz.sevar: Baz::¥rs String! void

The layout of the join pointssuggestthat we intend to createa talde with two columns,where each
row isamatchedyet-setpair Unfortunately eachrow generateatuple with adiVerenttype However,

if we were to drop the secondargumentto setvar, the typeswould have the samestiucture, andif we
abstractedver the non-void type we cancreatethreesingletortatleswith the sameypes:

1 [ exec usecountersvarsgetfoo , exec usecountersvarssetfoo] : 9 A,B.[(B:void ! A) (B::A! void)]
2 [ exec usecountersvarsgetbaz, exec usecountersvarssetbaz] : 9 A;B.[(B:void ! A) (B::A! void)]
3 [ exec usecounterBaz.gevar, (exec usecounterBaz.sevar jpmatch (W: X Y! Z)) W:X! 2)]

4 9 AB.[(B:void ! A) (B:A! void)]

Thus, we cannow concatenatéhe threeone-linetadesandexpot them (or advise¢hem directly) asa
singletalde with declaed columntypes but with unknown length.

1 getNsetters= [ exec usecountersvarsgetfoo , exec usecountersvarssetfoo ]

2 + [ exec usecountersvars.getbaz, exec usecountersvarssetbaz]
3 + [ exec usecountersBaz.gevar, (exec usecounterdBaz.sevarjpmatch (W:X Y! Z)) W:=X! 2)]
4 :9AB[B:void! A) (B:A! void)];

s expor t getNsetters;

The tale getNsetterscanthenbe concatenatedith othertaldeswith the sameype

In the following, we ar assuminghatcollabl.setNgetNcompals setjoinpoint retumssomeboolean
type (abstractety C) insteadf void. Thusto achiee equivalenttypes(upto alpha-cowrersion),we need
to drop one columnfrom onetalle, andabstracbver the retum type
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1 /limported collabl.setNgetNcompare: 9 AB,C.[(B::A! void) (B:wid! A) (B:A Al C)]
2 gsl= collabl.setNgetNcomparrowmatch (Set,Get,Compa)) [ Get, Set]

3 :9ABC.[(B:void ! A) (B:A! Q);

4 I/l imported collab2.getNsettersasper above: 9 AB. [(B::void ! A) (B:A! void)]

5 gs2= collab2.getNsetters

6 :9ABC.[B:void! A) (B:A! Q);

7 gsland2 gsl+gs2;

8 export gsland?2

To usethe jpt, we needto write atade compehensiorover its rows, andperfommn the properaction
for eachrow. The nal syntaxhasnot beenworked out, but it might look somethindike:

1 attach < gslandXde ningcollabatiorr f
2 for (A,BC. Get, Set)in gslandZ

3 attach counterf

4 < B> += Countedf

5 around < Get> do inc;

6 around < Set do reset;
790999

5.1.2 Collaboration Signatues

Aspectuélollaboration@a/e well-de ned signatues,speci edby positive expott declarationéin con-
trastto negatve declarationsike Jwvas private keyword). Which methodsand classear visille in a
collaboratiorcanthusbe deteminedvia purely localreasoning.

However, the currentsystenissomavhatunsatisictoy in thatthe signatuie theseexpoitedmethods
isnot soreadilyappagent. Infact,we musttracebackto their original declarationto nd their signatues,
whosetypesmustthen be tracedto the typesin the cumrent collaboratiorfj It is commonfor module-
systemso separatelgeclae signatues,andthen usethis signatue to directly documentthe modules
visibility ratherthanderiving it from expott declarations.

A similarappoachwould hare two mainbene tsfor aspectualollaborationsthe namesandsignatures
of expotted entitiesof a collaboratiorwould be directly declaed, ratherthan derived, andif declaed
separatelgignatuescanbereused.

If signatuesare declaed separatelyhis leadso a naturalrelationshipbetweenthe usesf the sig-
natue. A naturaluseof thisrelationshipvould be to allov declarationsf parametezedcollaborations

SAlternatively toolssuchasjavap will repott the namesandsignatuesof all membes of arbitray .class les—for instancehose
resultingfrom compilationof a collaboration However, sincewe have previouslyfrowned upon relyingon toolsto addesshotcomings
in the languaget would be hypociitical to usethis asaworkaound.
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to be type-checkd separatelfrom their use§l A parametézed collaborationdeclaeshow somem-
plementatiorof a signatue is composedbut doesnot specifywhich implementationn paticular The
parameteazedcollaboratiorcanthen safelybe instantiatedvith ary collaborationmplementingthe re-
quired signatue.

5.1.3 Enaling Code Optimization

A\ fundamentatiiverence between a packageand a collaborationis that the collaborationis closed
to subsequenaddition while packagese open; whole collaborationse the units of compilationf]
Furthemore, collaborationsgypicallyexposeonly a smallpart of themselgsto the outsideworld. This
enallesa whole setof program transfomationsnot availatke to Jva, or enalled only under unlikely
circumstancesDeadcodeeliminationis one such,asis aggessie inlining. Additionally it may be the
casehatcollaborationate anaturalunit of analysifor thingssuchasvaiale escaper aliasing.

As an exampleof how encapsulatioenaltes optimization, considerinlining: Aspect-Orentation
allavs amethods invocationto be captued andobseved extemallyto calleror calleejf the methodis
inlined, theinlinedinvocationwould no longerbeanobsevale join point. Thus,without encapsulation,
no methodcanbeinlined, aswe cannotbe sue thatthe methodwill not be advisedEncapsulatiordoes
allov the compilerto guaranteehat an unexpoted method cannotbe captued in a join point, and
hencebe safelyinlined. Dynamic dispatchexposesimilarproblemsfor possily overridden methods
even without aspecbrientation. To combatthis, Jva introducedthe conceptof marking classeand
methodsas nal, indicatingthatthey may not be overridden.

Whetherinlining bestdone at the bytecodelevel is anotherquestionentirely Pro le-dr iven tech-
niguesatjit time have greaterinsightinto both wheninlining is possike andwhenit isuseful.

5.1.4 Introducing Variance Points, Program Slices and Post-Hoc Remodularization

With a smalladditionto the linking languagewe canachiee expressienessimilarto HyperSlicesto
extractasubseof the membesof acollaboratiorto createasmallecollaboratior{seeSectiorp.5.7, page
62. The additionwhich is necessgiin orderto achiee thisisto be alde to remove the body of selected

41t is temptingto adda hierachy to the signatue types. However, asillustratedin Section (page4?), asmodulescanhave
negatve constraintgtheie may not existamethodnamedfoo) on imports, substitutabilitydoesnot follow from extension.

SUnfortunately thisrestiction ishad to enforce; collaborationslerive greatutility from beingsinultaneouslpackagesnd Jva will
happilyadd classe® a packaget ary time. It isthusdiY cult to ensue that no classeare addedto a collaborationafterit hasbeen
compiled.



192

5. DiscussioN

methods:to “unprovide” methods turning normal methodsinto expectedmethods. This introduces
variancepointswhich greatlyincreasehe slices exibility .fj

This smalleslicecanbe seerasaremodulaizationof the largermonolithic module;usingthe ability
to unprovide methods,we are alle to stat with a monolithic application,and from it cleae smaller
reusale moduleg(slices)Unfortunatelywe ate not, in the generatasgale to reconstitutehe original
applicationfrom the modules,aseachslicewill containthe declaed viside membes and classesn
additionto the reachale, but encapsulatednembes and classewhich were not expoted. It is very
likely that two sliceswill thus eachhave a copy of someunexpoted behaior andstate In order to
receatethe original applicatiorfrom the slice we needto recomposé¢hesetwo unexpoted entities but
cannot,asthey are hiddenbehindthe encapsulatiobounday. Thisis oneinstancen which Hyper/Js
lackof encapsulatioandmerge-ly-namesemantics abene t.

As pointed out abore, collaborationsare quite amenale to usinga simpleanalysigo detemine
unreachale methodsandunusedypes.While thiswould cettainly resultin smalleclasse#, would have
absolutelyno obsevale eVect of the behaior of the collaborationsincethesemethodsare unusedand
hiddenbehindthe encapsulatiobarrier.

5.1.5 Deriving Type Mapsand and Attachments

Thereexistsaeralredundanciem the declaratiorof collaboratiorattachmentsif we wantto provide a
concetemethodto anexpectedne from anothercollaborationthe retum typesof eachmethodmust
be mappedo the sameoutput type (andsimilarlyfor arguments) Similarly if two classeare mapped
to the sameoutput type it is requited that their supeclassebe mappedio supeclassesf that output
type Lastlybut not asclearlyif two paticipantsare mappedo the sameype andone hasanexpected
methodwith somesignatue, andthe other hasa concete methodwith the samesignatue, it is likely
thatthe two methodswill belinked.

It would be usefulto avoid someof the redundancyby having the compiler derive the omitted
informationwhen it is unambiguoug$rom the context. This could be pat of a graphicalcomposition
tool: the programmerspeci esaoneconceteandone expectednethodto link, andtheide replieswith
a list of implicationswhich canthen be acceptedr twealed. By oVering aninteractve composition
processthe ide allovsthe programmerto easilypredictthe delived mappingg&ndattachmentslt isless
clearwhetherthisappoachwould be usefulwithout suchimmediatefeedback.

SHyper/J natively oVersthe ability to inset variancepointsinto sliceswith anumberof compositionoperatos.
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5.1.6 Object-Graph Invariants

Q)ject-dnnteq)rogramsoften male assumptionaboutthe stucture of their constucted object-gaph
beyond thoseguaranteedby the type-checkr. Exampleof suchassumptionake: if it is expensie to
navigatefrom one objectto anothey the destinationobject may be cachedocally; an aray may be
only patially full, with an extemal counterkeepingtrack of the highestusedindex; and bidirectional
associationsiodeledastwo uni-directionalones. In general,an applicationencodesary number of
object-gaphinvariantsin the detailsof its implementationtheseinvariantshold by de nition because
they ae encodedn how the applicatiors methodsbuildsthe objectgraph,andthe applicatiors methods
are the only way the objectgraphismodi ed.

The assumptiothatthe applicatiors methodswill be the only onesto modify the objectgraphdoes
not hold in our systemwhen two collaborationsare composedthey will collaboratiely build their
shaed objectgraph. Sincethe two collaborationshae the sameobjectgraph,it islikely thatthe actions
of onecollaboratiorwill undothe invariantskeptby the other.

To discwer this, it would be usefulfor collaborationso explicitly declae the object-gaphinvaiants
that they maintainin their methods. Suchinvariantscould be expessedspre- and post-condition
contract®n the individualmethodof the collaboration.The taskwhencomposingwo collaborationss
thento verify thattheirinvariantsrequiementandguaranteese compatilbe, andto detive theinvariants
(both requiled andguaranteed)f the resultingcollaboratiorf]

5.1.7 Exporting Lessond_eamed to AspectJ

OJI’ researth hasshavn thatmodulesystems—speci cakyiong encapsulatiohoundares—andaspect-
orientedprogrammingcanwork well together Due to the researh natue of our languagehowever, we
oVer only the mostfundamentadop featues;aspectuatollaborationsie haidly amatue project.

In contrastAspectisamatue project—easilthe mostmatue aop systenavailale today. It would be
very rewardingto seetheissuewe hase highlighted—docuson encapsulatiorierachicalcomposition,
andthe importanceof completeattachments—tbe portedto amodulesystemailored towardsAspect]
A modulesystemwhich alloved classeandaspects—includingoint-cutsand advice—tobe imported
andexpoted, andthosesameclasseandaspectfo be written in Aspectdwould provide a very stong
foundationfor building largesystemsThe main modi cation to Aspect8'evaluationmodelwould be
that pointcutsneedto be evaluatedoefore expot or otherwise'sealed”againstnadwertently captuing

“Asa r ststepit would likely be easieto have the programmerdeclae the invariantsof the composedollaboratiorandmerely verify
thatthe constituentollaborationsie compatilie with them.
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(or omitting to captue) join pointswhich matchthe pointcut desciptor, but were not visilde in the
declamg context.

Our suggestedppoachis contrayy to Laiochelleet al. [LSW* 03], who alsohighlightthe desirability
of encapsulatingin points,but apppbachthe situationby extendingthe point-cut languageo restict
visibility of join points(eVectively addinganegate constrainto all point-cutsin the system)ratherthan
our apppachof embeddingoin pointsinto the modulelanguagel aochelleet al'sappoachallovsjoin
pointsto beremovedfrom the globaljoin-point spacebut doesnot allow thisfactto be easilydiscoered
(becausaisibility is addedasanotheraspectit too requilesglobalseach to be discoered); nor doesit
allov aspectt hierachicallyrelated with someaspectalloved visibility to a sensitie join point, while
others cannotseeit. We feelthat the more compehensie appoachof modulesare worth the costof
wrappingbasecodein moduledeclarationsgsit avordsthe programmergreatgains.

Eric Eidehassuggestelid] thatJiazzandAspect&ouldbefruitfully combined While we have not
evaluatedo what extentour soundnessesultscould be appliedto suchascombination,given that we
alsoconsidel(next) usingJiazzasabackend, this seeméike a naturalcombination.

5.1.8 JiazziasAlternative Back End

Genertingand manipulatingoytecodeis delegatedy acc to the bcd [Dal] packageHowever, thisis
not reallyour core competencelt may bethatby usingJiazzasaback-endgenergycouldbefocusedn
more critical tasks.

The biggestdiVerencebetween how the current acc compiler (SectionB.g, page106) and Jiazzi
operatessthatacc directlycomposeslassesyhile Jiazzicreategsleepinheritancehierachieswhich ae
composedvia subclassingnd dynamicdispatch. We thus needto redesigrhow we interceptmethod
executions. Insteadof the existingmodi cations of methods,we caninsteadcreatea subclaswa/hich
overridesthe method. However, we mustbe somevhatcaefulin orderto captue ajoin point which is
alle to invoke the overriddenmethod. The trick isto createthe join-point objectinsidethe syntactic
extentof the overriding method;thisisthe only placefrom where we caninvoke overriddenmethodsn
Hva.

Figure B4 sletchesthe how sucha systemwould look. Jva resticts super callsto be syntactically
within the overriding method: thisis dueto interactionswith dynamicdispatch.In mostcontextswe
wantto invoke the mostspeci ¢ version of a method; only in the overriding methoddo we want to
invoke the overriddenmethod. We cancloseover the contextof the supercallby creatinganinstanceof
ananorymoussubclassithin the overriding method.Onceinstantiatedthe objectcanescapéhe static
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1
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14

&

class BaseClask
int basemeth(¥
Systenout.printin(’in basemett);
return 5;
9

g
abstract class JPf abstract RV invoke();g

abstract classRVf g

/I someexisting aspectclass:
class AspectClas$
static RV aroundmethodJPjnpt) f

Systenout.printin("aspectbegir);
...
RV r = jnpt.invoke();
Systenout.printin"aspectend’);
return r;

2 /I classAsplintercept would be genemated by the system
22 public class Aspinteceptextends BaseClask

23
24

II'just for testing: fake late binding of classnames
static BaseClasmalebase(f return new Asplintecept(); g
public static void main(Strinf| args)f

System.ar.printin(” valuewas”+malebase().basemeth());

)
/l end testing

class RV_.bmextends RV f int retval;g

int basemeth(f // method interception
System.ouprintin("interceptbegin”);
JPp = new JP(Y¥ // make it into an object:
RV invoke() f // mustbe done inside basemeth
RV_bmrv = new RV_bm();
rvretval= Asplnteceptsuperbasemeth();
return rv;
g
g
RV rv= AspectClassioundmethodjp);
System.ouprintin("interceptend”);
return ((RV_bm)rv).retval,

Figure 54: Sketd of how to reify method-execution join points using overriding and inner classes.

anddynamicextentof the overriding methodandstill invoke the overriding method—theeby alloving

the overriddenmethodto beinvokedatwill.

Sincewe useplain Jva ratherthan Jiazzior this examplewe ar unabe to provide type separation;

all aspectsvill shae the sameretum andjoin-point types. This is a badidea, asthen a downcastof

the retum valueobjectis required in orderto extractthe resultof the interceptedmethod. We believe

thatthesessuesvill be soled by usingJiazzratherthan Jva, but this hasnot yet beeneven informally

ver ed.
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5.2 Summary and Conclusion

We have introducedandanalyzed systenwhich combinesaspect-dentationwith a stong module
systemThe contribution of our work isto shav thatcombiningaspectandmodulessfeasilte, andthat
the combinationallovsimprovesthe ability to reasormodularlyaboutaspect-dentedprograms.

Feasile: We hase implementedour systemasa prototype compiler as additionalpre- and post-
processingasseaiound anoV-the-shelflva compilerAdditionally we have formallyanalyze@min-
imalmodelof the systembasediound a Featheneight Jva core. We stateandprove threepropeties
for atomiccollaborationsandalsathatthe propettiesare presevedby compilationof well-typedcom-

positecollaborations.

Soundness well typed atomic collaboratiorwill not get stuckduring evaluation,exceptin two
speci cways: afaileddowncasbr anattemptto invoke anunprovidedexpectednethod.

Sakty: acollaboratiorwithout any down or stupidcastss “safé’ Evaluationpresevessafety

Completenesacollaboratiorwithout refeenceto ary unprovidedexpectednethodss“complete’

Completenesis preseved during evaluation.

ModularReasoningBy tempeing the re ective power of aspectsvith the encapsulationf module
systemsye have demonstrated systenwhich allovs aspectuahterceptionof join points,while still
suppoting modularreasoning.Modulesand aspectsan be hierachicallycomposedthus enalling

hierachalreasoningswell.

AspectualCollaborationglemonstrat¢hat modularencapsulatioandaspectudhterceptionare not
mutuallyexclusre, andthata systentontainingboth allovsthe programmerto choosenow to tradeoV

safetyfor expessieness.
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