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Abstract

Many middlevare platformsuse computationalreflectionto supportadaptivefunctionality Most
approadesintertwine the activity of observingbehavior(introspection)with the activity of changing
behavior(intercession).This paperexploresthe useof language constructsto sepaate theseparts of
reflectivefunctionality Specifically reflectivecomponenbpemtionsare definedin termsof two types
of primitives: refractionsand transmutations.Theserelatively low-level opemations can be grouped
and combinedin different waysto constructdifferent meta-objectprotocolsfor various cross-cutting
concerns.Thissepaationand“packaging” of reflectiveprimitivesis intendedo facilitate the designof
correctandconsistenadaptivemiddlevare. Thisprototypeanguage wasconstructedisinga souice-to-
souicecompilersud that codewritten usingthesenew language constructsare expandednto standad
Javacode Limitationsof this approad andinsightsrevealedby our studyare presented.
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1 Intr oduction

Increasinglydistributedapplicationsarerequiredto adapto theirervironmentduringexecution.This
needarisegartly from theemegenceof adynamicandheterogeneousobilecomputinginfrastructure,
andpartly from userswho expectthe Internetto provide the same(or higher)quality of serviceasfound
in telephonenetworks and cabletelevision networks. To meet(or even approachtheseexpectations,
distributed software mustadaptto its environmentin several dimensions.For example,communica-
tion softwaremustaccommodatevirelessnetworksthatarefar lessreliableandstablethantheir wired
counterpartsin addition,userswill expectseamlesfiandof amongdifferenttypesof networks (cellu-
lar PCS,wirelessLAN, wired LAN) andcomputingdevices(wearablecomputey palmtop,traditional
workstation). Hence,userinterfacesmustconformto deviceswith widely varying display character
istics and capabilities,from corventionalworkstationsto palmtopdevices. Moreover, the relianceon
relatively inexpensve commodityhardware resourcesboth insidethe network andat its edge,places
muchof theburdenof faulttoleranceon host-lesel software. Finally, applicationamustconfrontthe vul-
nerabilityof aconnectionlespacletinfrastructureby protectingthemselesagainsintrusionsandother
securitythreats.

Adaptabilitycanbeimplementedn differentpartsof the system.Integratingadaptve behaior in the
applicationitself is possible put this approacHeadsto redundaneffort andcomplex code,anddoesnot
addressnteroperabilityamongdifferentapplications.However, eventhe mostadvancednetwork pro-
tocolscannotdirectly meetthe changingneedsof all applicationsandnew network-level servicesare
relatively slow to be standardize@dnddeployed. Anotherapproactthatis gainingin popularityis to in-
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troducea layer of adaptie middlenvare betweerapplicationsandunderlyingtransportserviceg1-10].
Middlewarecanbe usedto enhancepplicationperformanceandfunctionality regardlesf the degree
of underlyingnetwork support. The appropriatemiddlevare platform can help to insulateapplication
component$rom platformvariationsandchangesn network conditions,andsimplify the maintenance
of fault-toleranceand securityinvariants. Many approacheso the designof adaptve middlevarein-
volve computationateflection[11,12], which refersto the ability of a computationaprocesdo reason
about(and possiblyalter) its own behaior. Typically, the base-leel functionality of the programis
augmentedvith one or more metalevels, eachof which obsenesand manipulateghe baselevel. In
object-orientecervironments the entitiesat a metalevel are called meta-objectsandthe collection of
interfacesprovided by a setof meta-objectss calleda meta-objecprotocol,or MOP [13,14]. Different
MOPsmay be constructedo handledifferentdimensionsof adaptability[14].

Ourinterestin reflectionarisesfrom ourwork onthe RAPIDwareproject,which addressethedesign
anduseof adaptve middlewvarefor protectionof critical infrastructuressuchaspower grids, financial
systemsand commandand control networks. In mary suchernvironments,an eventassimpleasin-
creaseaclet losson a wirelesschannelcantrigger different (and possiblymultiple) responsesrom
the middlewvare,dependingon the eventcharacteristicendthe currentsystemstate. Possiblerespond-
ing subsystem@clude communicatiorguality of service(increasingredundang on a communication
channel) fault tolerancgestablishingcommunicatioron analternatve network interface)mobile com-
puting (invoking servicesfor disconnecteaperation),and security (respondingo possiblemalicious
channejamming). TheRAPIDwareprojectfocuseson developingunified softwaretechnologiesbased
onrigoroussoftwareengineeringrinciples,to supportdifferentdimensionof adaptability

We begin our study by examining the foundationsof computationateflection. Most adaptve mid-



dleware approachesdoptan interpretationof reflectionin which the processof observingbehaior
(introspection)and changingbehaior (intercessionreintermingled. In this paper explore the idea
of usinglanguageconstructgo separatdhe two major aspectf reflection. Specifically we develop
aframavork for definingmetamodelsn termsof two typesof primitive operationsrefractions which
provide a (limited) view of theunderlyingbase-lgel componentandtransmutationswhich modify the
functionality of the base-lgel componentWe arguethat suchseparatiorcansimplify the development
of adaptve functionality by constraininghe possibleresponsesf the systemto eventswhile helpingto
ensurecorrectnesandconsisteng amongdifferentadaptve subsystemslin this manneythe proposed
techniquesare intendedto complementexisting approacheso adaptve middleware designby facili-
tating the developmentof higherlevel adaptve servicessuchas MOPs. Moreover, adaptve systems
needmechanismsgor defusingconcernsaboutsubjectvity [15-17]. Supportingreflectve mechanisms
in anadaptve systemsuggestshat modificationof the reflective interfacesis necessarasthe system
changes.Without interfaceadaptationthe metalevel won'’t provide an accuratereflectionof the base
level. Equally, systemadaptorsnay needaugmentedor subjectve, views of the baseevel to make cor-
rectdecisions.n asisterpaper{18] theseconceptsandmethodsareusedto build metamorphicsodkets
thatcanadaptto changesn the network environment.

The remainderof the paperis organizedasfollows. In Section2, we discussthe origins of reflec-
tion andits applicationto middlewvare. Section3 describeghe basicconceptof separatingeflectionin
orderto supportthe developmentof metamorphicsoftware. In Section4, we describea prototypeim-
plementatiorwherebywe addedseveralnew constructgo the Jara programminganguagewe referto
the prototypeasAdaptiveJava, or simply AJ. Section5 discussefiow AJ wasimplemented.Section6

discusseselatedwork in the adaptve middlewarecommunity Section7 discussesvhatextensionsand



enhancement@reproposedanddiscusses$uturedirections.andSection8 present®ur conclusions.

2 Background

Computationaleflection,asproposedoy Smith[11] and Maes[12], refersto the ability of a com-
putationalprocesgo reasonaboutitself. Recently reflectionhasgainedconsiderableattentionin the
middleware community becauset offers a principled (as opposedto ad hoc) meansto obsere and
modify base-leel behaior [13]. While middlevareresearchersave longrecognizedheneedfor adap-
tive functionality, in middlevare,mary systemdacked this degreeof formalism. The problemwith ad
hoc approacheso the designof adaptve middlewareis thatthey do not allow multiple dimensionsof
adaptabilityto be addresseth a unifiedway. Whereasa givenexternaleventcanpotentiallyaffect sev-
eral differentpartsof the middleware (andindeedsomehighetlevel functionsof anapplication),such
cross-cuttingaspectsaredifficult to expressn anadhocframework.

Ideally, amiddlewvaredesignercould systematicallyspecifytherelationshipdetweereventsandsev-
eral possiblemiddlevare responsessuchas codemigration, tuning of communicationprotocols,and
faulttoleranceactions.However, theactualrun-timeresponsewill alsodepencdnQoSpreferenceand
securityrequirementsas specifiedby the applicationdesigner Moreover, a unified framework should
enablethesepreferenceso be specifieddeclaratvely, therebyinsulatingthe applicationdesignerfrom
middleware details. Cornversely ad hoc solutionscannotsupportsuchseparatiorof concernbecause

thereis no underlyingframenork for integratingadaptabilityconstraint§rom multiple sources.



2.1 Propertiesof Reflection

Maes[12] presentdive propertieshatareconsideredmportantin the designandimplementatiorof

anobject-orientedeflectve architecture Thesefive propertiesarebriefly includedhere.

Property 1: Disciplined separatiorbetweenthe object-level and
themeta-level.

Property 2: Uniform self-representation.

Property 3: Completeself-representation.

Property 4: Consistentelf-representation.

Property 5: Modificationsto the meta-lerel resultin changego

therun-timecomputation.

Thesepropertiesveredefinedwith respecto anobjectorientedlanguaggOOL) designedo support
reflection.However, thesedefinitionscanberecasto applyto reflectve middlewvareasdiscussedbelow.

Propertyl indicatesthat the meta-level andthe level thatincludesthe imperatve function, or base-
level, are cleanly separated.Thatis, designand implementationof base-lgel aspectshouldnot be
entangledwith the designand implementationof the meta-level aspects. Clearly, this separateshe
concernsof implementingthe imperatve functionality from thoseof reflection, promotinga cleaner
design.

Property2 meansthat not only arefields, methods metaobjects,etc. modeledas objects,but that
theseobjectsalsohave arefractve andtransmutatre interface. Thus,obsenationandmodificationcan
take placein muchthe sameway at differentdepthsof encapsulation.

Property3, from the point of view of the designof areflective object-orientedanguagemplieseach
objectin the systemhasa meta-representatio.his is impossiblejn a practicalsensesinceeachmeta
objectusedto composehe meta-level is itself an object. This resultsin aninfinite sequencef meta
objects.Practically this meansaway to "top out” is implementednto thelanguagesuchthataninfinite

numberof objectswon’t be constructed.



Anotherinterpretatiorof property3 might be thatall usefulpermutation®f the imperatve function
arerepresentedly therefractve andtransmutatre aspectsThatis, thereflectionof theimperatve func-
tion canbe considereccompleteif it includesaninterfaceto obsere andmodify all usefully modified
characteristicof the imperatve function. Oneway to accomplishmight be to reflectevery objectin
the system.However, asdiscussedbove, we know thatthis resultsin aninfinity of objectsandthusis
impossible from a practicalpoint of view, without artificially terminatingthe sequencef metaobject
creation.To ensurethatall usefulpermutationgreincludedrequirescarefulselectionon wherereflec-
tion beginsandends.A morepracticalapproachmight beto explicitly includethe necessaryefractve
andtransmutatre interfacessuchthatusefulpermutationganbeimplementedvhenneeded.

Anotherway to stateproperties4 and5 is that systemis causallyconnected.Property4 essentially
indicatesthat any modificationto the base-lgel is reflectedin the meta-level. Corversely Property5
ensureghatany modificationmadeto the meta-level is carriedbackto the base-lgel. Theseproperties
arenecessaryor reflectionto provide a usefulinterfacefor observingandmodifying a system.

Thesdive propertiesgventhoughsomeof themmayor maynotbefully attainablerepresenthebasic
goalsof a reflectve, metamorphianiddlevare framewvork. In a nutshell,it is desirableto implement
thesefive propertiessuchthatthe tendeng of the systemto preempthow it is later usedis reasonably
minimized. This appliesbothduringtheimplementatiorof anapplicationthatuseshis middlevareand

duringrun-timereconfiguration.

2.2 Preemptionvs. OpenImplementation.

A key issuethatarisesin the applicationof reflectionto middlewvareplatforms,andthe subjectof our

study is the degreeto which the systemshouldbe ableto changeits own behaior. As discussedy



Kiczalesfor meta-level interfaceq19] (andearlierby Shav andWulf for programmindanguage$20])
preemptioroccurswhenthedesigneiof a programminganguageor frameavork makesa decisionin the
implementatiorthat preventsa programmefrom usinga featureof thelanguageor framewvork in away
thatwould otherwiseseemnatural. Thatis to say decisionanmadewhenthe framework is implemented
preemptvely restricthow a programmercaneffectively usethe frameawork.

Ontheotherhand,a completelyopenimplementatiorimpliesthatanapplicationcanbe recomposed
entirely at run-time. Specifically it is possiblefor all the default component®f the systemto be de-
stroyed andand new onesinstantiatedsuchthatthe goal of the imperatve (base-lgel) computations
changed.For example,this extremeallows a calculatorto be recompose@sa video player Thus,a
run-timerecompositiorcanproducea systemthatis inconsistentvith the programmess intendedgoal.
Moreover, ahigherdegreeof opennest asystementailsgreateresourceconsumptiorio constructand
maintainingthe necessarygatastructureghatenablerun-timereflection.In particular storageandpro-
cessingpowerareneededo supportmeta-model§21-23], whichmustbereifiedasobjectsandmaintain
acausakonnectvity to thebase-leel.

Typically, the analysisand modificationof a run-time systemrequiresthat metamodelde reified.
Additionally, thesemetamodelsieedto be causallyconnectedo the base-lgel application[12]. These
two requirementsesultin the metamodebeinginstantiatecasadditionalobjectsin therunningsystem,
requiringstoragaesourcesbove thoseusedby the base-lgel application.Causakonnecwity requires
thatadditionalcomputationatesourcesreexpendedo maintainthis causakelationship.

Thus, completeopennesspatrticularly at run-time, is not entirely desirable. In fact, it seemsthat
greateropennesss moredesirablan languageshanin run-timereflectve systems.

We begin our investigationby focusingon the reflectve interfacesexhibited by componentsRather



than consideringMOPs as orthogonalportalsinto base-lgel functionality [14], we consideran alter
native architecturen which MOPsare constructedrom a setof primitive operations.While different
MOPsaddresdglifferentaspectof behaior, they maywell overlapin their useof theseprimitives.
Figure 1 illustratesthis view of MOPsandtheir composition. Different MOPs are definedfor dif-
ferentdimensionf adaptability(e.g.,fault tolerancesecurity quality-of-servicepower consumption)
EachMOP accessethe baselayerthrougha subsebf the primitive operationsandthesesubsetsnay
intersect.Thisdesignappearso exhibit severaldesirabldeaturesFirst, explicitly definingintersections
in MOP functionality may facilitatecoordinatechdaptatiorto events. SecondadditionalMOPscanbe
constructedo addressssueghatdid notarisein theoriginal design.Third, limiting interactionwith the
basdevel mayimprove the ability of the systenmto check,at run-time,the consisteng of modifications
with the specifiedbehaior of thecomponentFinally, sinceMOPsarecomposeaf mutableprimitives,
they canbeadaptedo meetthe subjectve concern®f adaptve agents MOPscanbeaugmentear new

onesbuilt suchthattheseagentscanconstructviews of the systento suittheir needs.

Meta Level MOPs

Base Level

Figure 1. Relationship between MOPs and primitive operations.

In this paperwe proposeanapproactio definingandconstructingsuchprimitive metaoperationthat
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is basedon whetherthe operationinvolvesintrospectioror intercessiorof the base-lgel. We point out
thatin herlandmarkpaperon computationakeflection,Maes[12] providesthe following definition:
Computationakeflectionis the activity performedby a computationakystenmwhendoing computation
about(andby that possiblyaffecting)its owncomputation[12] Interestingly mary workson reflection
reinforcethe parentheticalmplicationin Maes’ definitionandcombineintrospectionandintercession.
As shown in Figure 2, we caninsteadview theseas functionally orthogonalto eachotherandto the
imperatve computationof the application. The computationdimensionof the applicationhasthe goal
of fulfilling theprinciplegoalimbuedby thedesignerThegoalof theintrospectiordimensioris to allow
the applicationto obsenre itself, while that of the intercessiordimensionis to allow the applicationto

modify its own behaior andstructure.

Introspection

Computation

N
S
6\ o
%
%)

Figure 2. Dimensions of component behavior.

We hypothesizeéhat designinga reflectve middlevare systemsuchthat theseaspectf reflection
arenotentangleavill helpclarify the meta-interhceandmeta-objecprotocoldefinitions.Additionally,

a functional division betweenthe imperatve goal and the goalsof the obsenation and modification
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aspectsnay simplify the implementatiorof systementitiesthatareallowedto obsere but not modify
componentsanexampleis thedatagatheringagentf anintrusiondetectionsystenor afaulttolerance

module.

3 Model of Adaptive Components

Thebasicbuilding blocksusedin ouradaptve systemarecomponentsA componentanbeaccessed
throughthreeinterfacescorrespondingo thethreedimensiongliscusse@bove. Operationsn thecom-
putationdimensionare known asinvocations andwe will seeshortly why we distinguishinvocations
from simple methods.Operationdn the introspectiondimensionare calledrefractions sincethey of-
fer only a partial view of internalstructureandbehaior. Operationgn the intercessiordimensionare
calledtransmutationsthey areusedto transformthe imperatve behaior of the componentFollowing

areformal definitionsof theseterms.

Computation: The interpretationof the imperatve function of a
computerapplication
Refraction: Thefunction of observinganapplications composi-

tion, resource®r otherinternalpropertiesn a prin-
cipledfashion.

Transmutation: The function of transformingan applications com-
putationalinterpretationn aprincipledfashion.

Refractve andtransmutatre interfacesarereified by metacomponentso supportintrospectionand
intercession Figure 3 illustratesthe structureimplied by our understandingf thesecomponeninter-
faces.In this figure, the meta-level reflectsthe base-lgel computation.A causalconnectionbetween
themeta-level andthebase-lgel is maintainedsuchthatany changesesultingfrom the useof refractve
andtransmutatre interfacesarecarriedto the base-lgel.

With the above definitionsin hand,a formal definition of computationametamorphosisanbe pre-
sented.

11



S

<> Computation >‘ ’<> Computation >

©

Meta—-level

Figure 3. Basic Metamodel

Computationalmetamorphosiss the principled transmutatiorof of a running system
from one compositionto anothersuchthat the imperatve goal remainsunchanged.The
setof compositionghat have the sameimperatve goal composeghe morphol@y of the
imperatve function. Eachmemberof this setis calleda polymorph

In short,this definitionrecastghe propertyof completnessuchthata run-timeadaptve systemcan
be consideredompleteaslong astheimperatve goal of the systemis maintained.Implicitly, it canbe
assumedhatsucha systenremaingunctionalsuchthatit doesnot crashor exhibit anomalousehaior

asaresultof beingrecomposed.

3.1 The Role of Encapsulation

Most object-orientedanguagesre basedon a staticbinding of inheritancebetweensubclasseand
superclassesThis structureprohibitsdynamicrestructuringof a programat run-time. For this reason,
we adoptencapsulatiomsthe principle mechanisnfor the compositionin our system.Encapsulation,

asshown in Figure5, providesa meansby which the functionality of a componentanbe extendedor
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Figure 4. Morphology of an Application

limited by dynamicallyencapsulatingt within another Moreover, the addition,deletionandexchange

of encapsulatedomponentganbe carriedout dynamicallyat run-time.

/I—e
O

9
QAT

Figure 5. Abstract view of encapsulation.
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The compositionof a systemcanbe viewed asthe parameterizationf onecomponentvith another
We representheserelationshipausing notationfrom Gen\oca[24]. Specifically S = G[F] statesthat
systemsS is composedf componeniG parameterizedby F, or that F is encapsulatethy G. Multiple
componentganbe encapsulatedithin anothercomponentndis representedsS = G[E,F]. Figure6
shawvs a structuralvisualizationof the systemS = G[E,F[A,B]]. Noticethatthe morphologyof a system

built usingencapsulatiowanbe describedy a setof systemdefinitions:

(

G|E, F]

S =1 G[E,F|A, B]

HIGE, F]

\

Moreover, a systempolymorphmay resultfrom encapsultingparameterizingn existing system

within anew componensuchthatS = H[G[E,F]].

G,

E G
A, G

Figure 6. Tree View of a Composition
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3.2 Absorption

Componentsare constructedrom objectsdefinedin an object-orientedanguage(OOL). We used
Javain our study The processof constructinga componentfrom an existing classis referredto as
absorption In effect, an object,asprovided for by the OOL, canbe considerech componentwithout
refractive andtransmutatte capacity Thatis, objectsare essentiallyblack boxesthat do not facilitate
reflection.

Absorbingcomponentprovidesa way to recognizevhenactionsthatboredown throughthe encap-
sulationlayers,suchasinheritance shouldterminate.Figure7 illustratesthe absorptionof a classand
the metaficationof theresulting“base-lerel” componento supportrefractionsandtransmutationsAs
partof theabsorptiorproceduremutablemethodscalledinvocationsarecreatedn the base-lgel com-
ponentto exposethe functionality of the absorbedlass.Invocationsaremutablein the sensehatthey
canbeaddedandremovedfrom existing componentatrun-timeusingmeta-level transmutationsHow-
ever, the relationshipbetweeninvocationson the base-lgel componentand methodson the base-lgel
classneednot be one-to-onelndeed Whena components addedto anadaptve systemit maybenec-
essaryto modify the componens interfacesuchthatit fits properlyinto the systemstructure. Since
componeninterfacesare mutableand composedf primitive operationsaugmentatiorof an existing
interfaceis possible.Thus,acomponentanbeadaptedo achieze asubjectvefit. However, someof the
base-lgel methodsmay be occludedor even combinedundera singleinvocationasthe systems form

is modified.
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Figure 7. Component absorption and metafication

3.3 Metafication

Metaficationis usedto createrefractionsandtransmutationshat operateon the basecomponentas
shawvn in Figure 7 Refractionsandtransmutationembodylimited adaptve logic andareintendedfor
defininghow the baselevel canbe inspectedand changed.Thelogic for how andwhy thesetool-like
operationshouldbe usedis provided at othercomponentevels or by othercomponentgntirely. That
is, a componenimay refractand transmutetself or a componentcan be refractedand transmutedy
another For instancean executionthreadproviding the imperatve functionality of the systemmight
be definedasS = A[B] whereA is a metacomponenteflectingB. Anotherexecutionthread,R, could
adaptS usingtherefractionsandtransmutationslefinedby A to recomposé = A[C].

Implementinga metamorphisystemusingcomponentgreatesa uniform self-representatiom two
differentways. Thefirst is that,exceptfor the needof bootstrappingirom the underlyingOOL objects,
the systemcanbe built with the uniform useof componentsThe seconds thatboththebaseandmeta-
levels are constructedusing components.Thus, the meta-level can also be given a meta-lerel. This

meta-meta-ieel canthenbe usedto refractandtransmutehe meta-level. In theory this reification of
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meta-levelsfor meta-levelscould continueinfinitely.

4 A Prototype Language: Adaptive Java

In orderto gaina betterunderstandin@f how the additionof refractve andtransmutve elementgo
a languagewould affect its useandstructure we defineda prototypelanguage AJ, asan extensionto
Java.

In this initial study we simply usedCUP [25], a parsergeneratoffor Java, to implementAJ. CUP
takesour grammarproductionsfor the AJ extensionsandgeneratean LALR parsey calledajc, which
convertsAJ codeinto Jara. Semanticroutineswere addedto this parsersuchthat the generatedava
codecouldthenbe compiledusinga standardlarza compiler

We emphasizeéhat AJ is a prototypewhosepurposes to improve our understandingf which lan-
guageconstructsand mechanismsre desirablein dynamicand adaptve languages.Eventually we
intendto reimplementthe AJ grammaras a compiledlanguageand extend the Java JVM to support
neededdynamicconstructssuchas dynamiccastingandimmutableinvocationsandvariables. In this
sectionwe provide someexamplesof the languageconstructsusedto coderefractve andtransmutve

software.

4.1 BasicComponentStructure

Figure8 shavsthelanguagestructureof atypical AJ componentMost Java statementaresupported
within invocationandconstructoblocks. Constructorén AJ areessentiallydenticalto Javaconstructors
and are immutable,only being usedto provide flexibility in the initial instantiationof a component.

StandardJava methodsare replacedby invocationsand standardmmutablevariabledeclarationsare
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supplementedvith mutablevariabledeclarations.Mutable variablescan be addedand removed from

componentsysingtransmutationat the meta-level, in muchthe sameway ascaninvocations.

/* A sinple conponent */
conponent Basi cConponent {
/* Constructor */

publ i ¢ Basi cConponent () { ... }

/* Invocation */

public invocation void nethodl(String arg) { ... }
¥

Figure 8. AJ component structure .

Optionally, acomponentanbe declaredo extendanothercomponent.Extendinga componengen-
capsulateshe extendedcomponentwithin the newly declaredcomponent.The extendedcomponents
calledthe inner componentvhereaghe extendingcomponenis calledthe outer component Inheri-
tanceis simulatedby examiningthe outer componens invocationsfor the desiredinvocation. If the
invocationisn’t found thena recursve searchis performedof encapsulatedomponentsFor instance,
let S = A[B[C]] bea systemcomposedy extendingcomponenC with B andthenextendingB with
A. If theexecutionof invocationA. exec( ) is requestedfirst componenf thenB andfinally C will
besearchedor exec() . Thefirstinstanceof exec() foundwill beexecutedthusallowing innerin-
vocationsto be overriddenby thosefound at more outerencapsulatiotevels. It is worth noting, that
simulatinginheritancen this way allows theinheritancechainto be decomposedndrecomposedavith

differentcomponentspossiblymodifying theinternalprocessingf componentomposition.
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4.2 Absorbing Existing Classes

The absorbskeyword is usedto constructa componenfrom a regular Java class. Figure9 shows
the AJ codefor absorbinga Java soclet classinto a socket componenthatis usedonly for receving
paclets. Invocationsarecreatedo exposeselectedunctionality of the absorbedlass,in this caseonly
thereceve andclosemethods.The absorbedlassis accessetly the absorbingcomponenthroughthe

basekeyword. The othermethodof the baseclassarehiddenat thethis level.

/* receive-only socket conmponent */
publ i ¢ component RecvSocket absorbs Socket

/* constructor */ ]
publ i ¢ RecvSocket (int port, String group,
byte ttl) _
t hrows UnknownHost Excepti on, | OExcepti on

set Base(new Recv(port, group, ttl));

public invocation void recei ve(Dat agr anPacket p)
t hrows | OException

base. recei ve(p);

public invocation void cl ose()
t hrows | OException

base. cl ose();

Figure 9. Absorbing a class into a Component

4.3 Reifying a Meta-level

Meta-componentencapsulatethercomponentandsupporionly reflectve functionality. Theencap-

sulatedcomponents the meta-componergbasdevel. Metacomponentgaredeclaredusingthe metafy
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keyword. Figure 10 shavs anexamplein which we metafythe RecvComponentomponentlefinedin
Figure9. Both arefractionandatransmutatioraredefined.

Ref r act i ons areusedo examinetheinner, or basecomponentThebasecomponenisimmutable
from within arefraction. Thatis, the basecomponentanonly be inspected.Assignmentof variables
andcalling base-lgel invocationds not supported.

Transnut at i ons supportintercessiorof the baselevel. Invocationsof this type canexecuteonly
setor invoke operationson the baselevel. Thus,valuesof variablescanbe changedand components

recomposed.

/* Meta receive-only socket conmponent */
publ i ¢ component Met aRecvSocket netafy RecvSocket

/* Constructor */
publ i c Met aRecvConponent (i nt port, String group, byte ttl)
t hrows UnknownHost Excepti on, | CExceptl on

set Base(new RecvConponent (port, group, ttl));

/* Transmnutation that sets the data stream
conpression level. */
public transnutati on void Set Conpression(int |evel)

{
}

/* Refraction that returns the observed
bytes transfered by the RecvSocket
conponent. */

public refraction | ong GetBytesXm t ()

{

return bytes_transfered;

Figure 10. Metafying a component
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4.4 Indir ection

An invocationis calledusingthei nvoke keyword, asshovn below. This causeghe retrieval of a
matchinginvocationobjectfrom aHashMapthatis thencastto the appropriatenvocationtype. This ef-
fectsa prototypicalindirectbindingfor invocations.Indirectionenablesupportfor adaptingcomponent

interfacesandsupportingsubjectve MOPs.

i nvoke rSock. recive(pckt);

4.5 Immutability

Immutability is animportantconceptin the constructionof refractions. Refractions by definition,
provide only viewing portalsinto the processingf the baselevel program. From the perspeciie of a
refraction,the baselevel is immutable.Immutability comesin two basicflavors. Shallov immutability
is likely themostwell known. An objectthatis shallov immutabledisallovs ary setoperationge.g.as-
signingto a variable)or callsto baselevel methods.Thus,only get operationse.g. readinga variable,
areavailableto refractions.Deepimmutability is a supersetof shallov immutability thatallows callsto
baselevel methodghatdon't issuesetoperationsor call methodghat causemodificationof base-lgel
behaior or structure.As of this writing, AJ supportsshallov immutability in refractions.However, it
is recognizedhatderiving algorithmsandtools thatcanverify baselevel methodsasusableby refrac-
tionswould help extendmetalevel functionality. Thesetypesof algorithmscould alsobe usedfor the
automaticcateyorizationof metalevel invocationsaseitherrefractionsor transmutationspbviating the

necessityof their explicit declaration.
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4.6 Limitations

Therearea numberof limitations presentn our prototype. Many of theselimitations canbe traced
to the obsenationthatthe AJ semantiaoutinesoutputa languagehatdoesnt supportmary desireable
dynamicconstructssuchasdynamiccasting,or immutability. Uncovering someof thesedeficiencies
(with respectto dynamicsoftware) was instructve and helpedfurther our understandingf adaptve
systemsOtherlimitations, suchasmuchof the generated¢odebeingdeclaredoublic andthusexposed
to possiblemisuse arenot considerederiougproblemdor a prototypeimplementationin a production
compilerthesetypesof problemswill be removed and their existencedoesnt inhibit our use of the

prototypeasaresearchool.

5 Implementation Details

Java CUP [25] wasusedto implementthe AdaptJprototypelanguage.For this initial study AdaptJ
wasimplementedasa parsey calledajc, that corverts AdaptJcodeinto Java. This Java codecanthen
be compiledjust lik e otherJava code. This prototypehelpedus understandhow AdaptJcould be used
to implementreflectve programsandwhat languageconstructsaredesirablen languageshat support

adaptation.

5.1 LanguageProductionsand Parsing

Figure 11 shaws the Java CUP [25] grammarproductionsfor the addition of componentgo the
Java [26] languageOther productionswere also addedto supportinvocations,refractionsand other
AdaptJlanguageconstructySeeAppendicesA, B, C andD). From this extendedgrammarJarza CUP

producesa LALR parser Semantiaoutineswereaddedo this parsersuchthatJava codewasproduced
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andcould thenbe compiled. Notably, we considerAdaptJto be a prototypebuilt to helpimprove our
understandingf whatlanguageconstructsandmechanismsredesirablan dynamicandadaptve lan-
guages Eventually we intendto reimplementhe AdaptJgrammarasa compiledlanguageandextend

theJavaJVM to supportneededlynamicconstructsuchasdynamiccastingandimmutableinvocations

andvariables.

conmponent _decl aration ::=

nodi fi ers_opt COVPONENT | DENTI FI ER conponent _opt s
conponent opts :: =

i nterfaces_opt conponent _body

| METAFY cl ass_type component args i nterfaces opt
conponent _body

| ABSORBS cl ass_type conponent _args i nterfaces_opt
conponent _body

| EXTENDS cl ass_type conponent args interfaces_opt
conponent _body
component .args :: =
| LPAREN argunent i st _opt RPAREN

conmponent body :: = _
LBRACE conponent bbody _decl arati ons_opt RBRACE

conponent _body _decl ar ati ons_opt ::=
| conponent body_decl arations

corrponeht _body_decl arations ::=
conponent body_decl arati on
| conponent body_decl arations conponent body_decl aration

conponent _body _decl aration ::=
conponent _menber _decl arati on
| staticdnitializer
| constructor declaration
| block
conponent menber decl aration :: =

fielddeclaration
| invocation.declaration

| nmutablefielddeclaration

| rmodifiers opt CLASS | DENTI FI ER super opt interfaces opt
cl ass_body

| rmodifiers.opt COMPONENT | DENTI FI ER conmponent opts

| interface.declaration

Figure 11. Parse productions for the Adaptd component (See Appendices A, B, C and D for further details)

AdaptJcodefor the extensionof an InputStreamComponems shavn in Figure 12. The extended
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componentis a componentonstructedy absorbinga standardlasa InputStream.It is notablethat at
this time propernamemanglingsupportfor invocationsis not provided by the AdaptJprototypeparser
As such,overloadedinvocationsthat only differ in numberandtype of algumentsare not supported.
Thus,it wasnecessaryo provide uniguenamedor invocationoverloadingwhenextendingcomponents.
This limitation will be correctedvhenAdaptJis reimplmentedhsa compiledlanguage.

Figuresl3, 14 and 15 shav an exampleof the Jara codegeneratedrom the AdaptJcodeshavn in
Figure12. This codecontainsthe structuresand methodsneedto storeandretrieve invocationobjects
from a HashMap. As shown in Figure 12, an invocationis called usingthe i nvoke keyword. An
invocationcall is thentranslatednto Java asthe retrieval of aninvocationobjectfrom a HashMapthat
is thencastto theappropriatenvocationtype. The AdaptJparseralsoconstructspecialabstractlasses

to supportthe castingof invocationsasshowvn in Figure 16.
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i nport java.lang.*;
i mport | ava.net. *;
i nport java.io.?*;
publ i ¢ conponent Ml nput St reanConponent ext ends
| nput St r eanConponent {
publ i ¢ Myl nput St r eanConponent (| nput St r eanConponent al nput Strean) {
set Base(al nput Stream ;

¥
prot ected Myl nput St reanConmponent () { }

public invocation void closel SC1() throws | OException {

i nvoke cl osel S1();
byt esxfer = 0;

public invocation int readl SC1() throws | OException {

int n=invoke readl S1();
byt esxfer += n;
return n;

public invocation int readl SC2(byte[] b) throws | OException {
int n =invoke readl S2(b);
byt esxfer += n;
return n;

}

public invocation int readl SC3(byte[] b,int off,int |en)
throws | CException

int n=invoke readl S3(b, off, len);
byt esxfer += n;
y return n;

public | ong bytesxfer = 0;

Figure 12. Adaptd code for an extended InputStream
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/*
Created with the AdaptJ ajc conpil er
Ny @\DAPTJ version 0.5.0a

i nport java.util.*;

i nport adaptj .| ang. *;

import java.lang.*;

i mport |ava.net.*;

i nport Java.io.*;

public class Myl nput St reamConponent extends | nput StreanConponent {
private | nput StreanConponent base = nul |

protected void ___adaptj i nvoke.init__(IlnputStreanConponent aBase) {
Iterator iter = this.__adaptj_invoketable__ values().iterator();
while (iter.hasNext()) {
((AdathInvocation)iter.next()).__adaptj_setbase__S
) (Obj ect ) aBase) ;

}

public Qoject __adaptj i nvoke. nvocation__(String alnvoc) {
(hj ect invoc = this.__adaptj . nvoke_tabl e__. get(alnvoc);

if (invoc == null) {
if (this.base == null) throw new _ _
Inv%catl%nNotFoundExceptlon("cannot | ocate i nvocation "+
al nvoc) ; o _ _
invoc = this.base. __adaptj i nvoke. nvocati on__(al nvoc);
}
if (invoc == null) throw new ) ) )
Invqcatl%nNotFoundExcept|on("cannot | ocate invocation "+
al nvoc);

return i nvoc;

public Ooject ___adaptj refract_invocation_(String alnvoc) {
t hrow new | nvocat i onNot FoundExcepti on( _
) "cannot | ocate refraction "+al nvoc);

public Ooject ___adaptj transmute.nvocation_(String alnvoc) {
t hrow new | nvocat i onNot FoundExcepti on( _
) "cannot | ocate transnmutation "+al nvoc);

public Object __adaptj getbase_() {
return (Cbject)(this.base);

}

public void __adaptj resetbase__(Ohj ect aBase)
| nput St r eanConponent typbase = (I nput StreanConponent) aBase;
thi s. base = typbase;

) this. ___adaptj .invoke_init__(this.base);

Figure 13. Java code produced by ajc
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prot ected voi d set Base(| nput StreanConponent aBase) {
if (this.base !'=null) throw new
|1l egal BaseAssi gnnment Excepti on("cannot setBase() a non
_ nul | base");
this. ___adapt] _reset base__(aBase);

}

publi ¢ Myl nput St r eanConponent (| nput St r eanConponent al nput Strean) {
set Base(al nput Stream ;

}
prot ected Myl nput St reanComponent () { }

cl ass cl osel SCl cl ass extends cl osel SClrole {
public cl osel SCl1 cl ass( ___Adapt J Basi c_Conponent Cl ass___ aJMd ass) {
super (aJM ass) ;

public void invoke() throws | OException {
((closel Slrole)(this. __adaptj . nvoke_. nvocation__
("closel S1"))).invoke();
byt esxfer = 0;

}

cl ass readl SC1.cl ass extends readl SClrol e {
publ i c readl SC1 cl ass( ___Adapt J _Basi c_Conponent Cl ass___ aJMd ass) {
super (aJMd ass) ;

public int invoke() throws | OException {
int n= ((readl Slrole)(this.__adaptj . nvoke. nvocation__
("readl S1"))).i nvoke();
byt esxfer += n;
return n;

}
}

cl ass readl SC2_cl ass extends readl SC2rol e {
publ i c readl SC2 cl ass( --_Adapt J_Basi c_Conponent _Cl ass___ aJMCl ass) {
super (aJMd ass) ;

public int invoke(byte [] b) throws | OException {
int n= ((readlS2role)(this.__adaptj_i nvoke.invocation__
("readl S2"))).i nvoke(b);
byt esxfer += n;
return n;

}
}

Figure 14. Java code produced by ajc (cont.)
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cl ass readl SC3.cl ass extends readl SC3rol e {

publ i c readl SC3 cl ass( ___Adapt J_Basi c_Conponent Cl ass___ aJMd ass) {
super (aJMd ass) ;

public int invoke(byte [ ] b,int off,int len) throws | OException {
int n= ((readl S3role)(this.__adaptj . nvoke. nvocation__

("readl S3"))).i nvoke(b, of f, 1 en);
byt esxfer += n;
return n;

}
}

public | ong bytesxfer = 0;
protected void ___adaptj construct _() {

this. ___adaptj _i nvoke_put __("readl SC3", new r eadl SC3_cl ass(

_ o ( ___Adapt J Basi c_Conponent C ass_)this));
this. ___adaptj _i nvoke_put __("readl SC2", new r eadl SC2 cl ass(

_ o (___Adapt J Basi c_Conponent C ass__)this));
this. ___adaptj _i nvoke_put __("readl SC1", new r eadl SC1. cl ass(

_ - ( ___Adapt J Basi c_Conponent .Cl ass_.)this));
this. ___adaptj i nvoke_put __("cl osel SC1", new cl osel SC1_c| ass(

(___Adapt J Basi c_Conponent G ass_.)this));
if (this.base !'=null) {
this. ___adaptj .invoke.nit__(this.base);
}
¥
}

Figure 15. Java code produced by ajc (cont.)

/*
Created with the AdaptJ ajc conpiler.
* @\DAPTJ version 0.5.0a

I mport java.util.?*;

I nport java.lang.*;

I nport |ava.net.*;

I mport |ava.io.?*,

i mport adaptj .l ang. *;

public abstract class readl SC2rol e extends AdaptJlnvocation {
protected I nput St reanmConponent base = nul | ;

public void __adaptj setbase___(bj ect aBase) {
t hi s. base = (I nput St reanConponent ) aBase;

}

publ i c readl SC2rol e( ___Adapt J Basi c_Conponent C ass___ aJMJ ass) {
super (aJMd ass) ;

public abstract int invoke(byte [ ] b) throws | OExcepti on;

Figure 16. Java code produced by ajc for invocation type casting
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5.2 Immutability

Immutability is animportantconceptin the constructionof refractions. Refractions by definition,
provide only viewing portalsinto the processin@f thebasdevel program.As such they arenotallowed
to recomposer issuemodificationtype operationghataffect the baselevel. Fromthe perspectie of a
refraction,thebasdevel isimmutable.

Immutability comesn two basicflavorswith respecto objectorientedprograms Shallov immutabil-
ity is likely themostwell known. An objectthatis shallov immutabledisallonvs ary setoperationge.g.
assigningto a variable)or invocationof baselevel methods.Thus,only get operationsg.g. readinga
variable,areavailableto refractions.

Deepimmutability is a supersetof shallov immutability thatalsoallows the invocationof baseevel
methodghatdon't issuesetoperationsor invoke methodgshatcausemodificationof basdevel behaior
or structure. Essentially deepimmutability allows refractionsto invoke baselevel methodsthatdon't
resultin baselevel transmutations.

As of this writing, AdaptJsupportsshallov immutability in refractions. However, it is recognized
that derving algorithmsand tools that can verify baselevel methodsas usableby refractionswould
help extend metalevel functionality Thesetypesof algorithmscould also be usedfor the automatic
cateorizationof metalevel invocationsaseitherrefractionsor transmutationspbviating the necessity

of their explicit declaration.
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5.3 Dynamism and Prototype Limitations

Therearea numberof limitations presentn our prototype. Many of theselimitations canbe traced
to the obsenation that the output of the AdaptJsemanticroutinesis not a languagethat supportsdy-
namicrecomposition.As such,certainmechanismssuchasdynamiccastingandsupportfor run-time
immutability, would have obviatedthe necessityof having to generatespecialclassedor castinginvo-
cationsandwould have easedheimplementatiorof refractionsandtransmutations.

Uncovering someof the constructghat would be desirablein languageshat supportdynamic,run-
time adaptabilitywasinstructive. Insightinto whatan AdaptJcompilerwill needto supportandwhy
this supportis neededelpsfurtherextendour understandingf adaptve systems.

Many otherlimitations, suchasmuchof the generatedodebeingdeclaredpoublic andthusexposed
to possiblemisuse arenotconsiderederiousproblemsor a prototypeimplementationln aproduction
compiler thesetypesof problemswill be removed and their existencedoesnt inhibit our useof the

prototypeasaresearchool.
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6 RelatedWork

In recentyears,numerougesearckgroupshave addressedhe issueof adaptve middlevareframe-
works that canaccommodatelynamic,heterogeneousfrastructures.Theseprojectshave greatlyim-
provedthe understandingf how middlevarecanaccommodatéevice heterogeneitanddynamicnet-
work conditions,particularlyin the areaof adaptve communicatiorprotocolsand services.Herewe
focuson thosecontributionsthataremostrelatedto thework presentedhere.

Severalprojectinvolve adaptve extensiondo CORPBA [5,6,8,27]. For example,in the Adaptproject
atLancastef5], CORBA is extendedo supportopenbindings,whichenablemanipulatiorandreconfig-
urationof communicatiorpathsthroughtheuseof objectgraphs.Thismechanisncouldbeuseddirectly
to implementdynamicallycomposableservicesfor FEC and other QoS-relatedunctions. In contrast
to a CORBA-baseddesign,however, our focusin this studyis on programminganguageconstructdo
supportadaptve interfacesto arbitrarycomponents.

ThePCL projectbeingconductedy Adve [28] alsofocusesonlanguagesupportfor adaptability PCL
is intendedfor usedirectly by applications.Our conceptof “wrapping” classesvith basecomponents
is similar to the useof Adaptors usedin PCL. However, modificationof the baseclassin PCL appears
to be limited to changingvariablevalues whereasAJd transmutationsanmodify arbitrarystructuresor
subcomponentsMoreover, by combiningencapsulationvith metafication, AJ canbe usedto realize
adaptationsn multiple meta-levels.

Also relatedis the conceptof compositionfilters [29], which provide a mechanisnfor disentangling
the cross-cuttingconcernsof a software system. This systemdeclaredilters that interceptmessages
recevedandsentby objects.As such,messagesanbe massagedndchecledbeforethey aredelivered

to anobject,separatin@spectssuchassecurityauthenticatioror boundschecking from theobjectsthat
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aretherecipientsof thesemessagesAJ’s approactto compositionusingencapsulatiorwould be used
to instantiatea similar messagédiltering designwherecomponentareextendedandinvocationsadded
suchthata call to aninvocationwould be filtered throughsubsequenéncapsulatiomayers. Moreover,

AJ allows theséfilters to be adaptediuring executionto addres®rnvironmentalchanges.

7 Future Directions

The absenceof good supportfor immutableobjectsin Java limits the safetyof the prototypes re-
fractive interfaces.Immutable,or read-only objectsrequiresupportfrom the run-timeervironmentin
additionto languageconstructgo properlydetectindirectreferenceandmodificationof immutableob-
jects. Theimmplementatiorof this supportin the Java virtual machinerequiresfurther study

Runtimerecompositions a difficult problem. Arbitrary recompositiorallows a programto be re-
composedauchthatimperatve goalsof the developerare preempted.This type of recompositiorisn’t
desirableand needsto be preventedthroughthe useof techniqueghat canverify a recompositioras
beingvalid. A valid recompositionis characterizedhe programcontinuingbehae reliably. If a pro-
gramis not functionally valid, it will crashor functionincorrectly Moreover, recompositionsieedto
be constrainedy the imperative goalimbuedby the designer A calculatorprogramthatis corverted
into avideoplayeris notlikely desireable Thus,a valid compositionmaintainsthe imperatve goal of
thedesign.A recomposedalculatorwill continueto functionasa calculatorwith enhancedunctionor
improved performance Languagesupportfor the definition of programcompositionandtechniquego
properlyvalidatea programs recompositiorareneeded.

Recompositiorof arunningsystenrequiresmechanismsupportingstatemanagementor instance,

Adaptive proxy system®ftenprovide adaptve mechanismghatallow theinsertionandremoval of filters

32



into thedatastream.Suchfilter systemgequirethatstateinformation,suchasthe numberof bytesread
andwritten on the stream,be transferedo the component®f the nev composition. Managemenof
stateis necessarjor mostany compositionathange.Theadditionof checkpointingor statetracingthat
supportsaadaptve changewould be a valuableadditionto the AJ system.

Finally, compositionand statemanagementequire more than languageand basicvirtual machine
support.A middlewvarelayerneedgo be built supportingeasyaccessanduseof adaptve mechanisms.

Themiddlewarewill provide arun-timeenvironmentfor a programwritten usingthe AJ language.

8 Conclusions

In this work, we studieda possibleapproachpasedon separatiorof introspectiorandintercession,
for designingreflective primitives. We developeda prototypelanguage AJ, andshaved how it canbe
usedto constructadaptive componentgrom existing classes.We intend theselow-level mechanisms
to provide a foundationfor the constructiorandmaintenancef meta-objecprotocolsfor cross-cutting
concernsgcommunicationquality, fault tolerance,security power consumption). Our ongoingwork
addresseswo key issues:the use of refractve and transmutatre operationsto supportadaptability
throughrun-timetailoring of componeninterfaces andtheapplicationof rigoroussoftwareengineering
techniquego ensureconsistenyg of adaptedsoftware.
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A Java CUP Parser AJ Terminals

term nal COVPONENT; // conponent .decl aration

term nal METAFY; // metafy other conponents

term nal ABSORBS; // absorbs ot her conponents

i nal | NVOCATION; // invocation nethod

nal REFRACTION, // refraction method

nal TRANSMUTATI ON; // transnutation met hod
nal | NVOKE; // conponent invoke operator

nal BASE; // base special identifier

nal REIFY; // reify an existing conponent

nal DEIFY; // deify an existing conponent

nal COVPOSE, // conpose an exi sting conponent
nal REDUCE; // reduce an existing conponent
nal USING // using with reify

nal REFRACT; // refract invocation

nal TRANSMUTE; // transmute invocation

nal COLONEQ // reconpose an existing conponent : =
nal DOLLAR; // nutable reference $

nal MJUTABLE; // nutabl e variable nodifier

@
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B Java CUP Parser AJ Nonterminals

non term nal conponent .decl arati on, conponent _opts;

non term nal conponent body, conponent args;

non term nal conponent body_decl arati ons;

non term nal conponent body_decl arati ons_opt;

non term nal conponent _body_decl arati on;

non term nal conponent _menber _decl arati on;

non term nal invocation_.declaration, invocation_decl arator;
non termnal invocation_assi gnnment;

non term nal invocation_header, invocation_body;

non term nal invoke.i nvocati on;

non term nal refract . nvocation;

non term nal transnute. nvocati on;

non term nal invoke. nvocation_body;

non term nal base_expression, base_body;

non termnal reify_expression, deify_expression;

non term nal reduce_expression, conpose_expression;

non term nal nutablefieldnanme, nutablefielddeclaration;
non term nal reconpose_expressi on, reconmpose_assi gnnment;
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C Java CUP Parser AJ Affected Java Productions

name ::= sinpl enane
| qualifiednane
| rmutablefieldname

bl ock_statenment ::=
| ocal _vari abl e_decl ar at i on_st at emrent

| st at ement
cl ass_decl aration
conponent _decl arati on
i nterface_decl aration

i[at Ement Wi thout trailingsubstatenent ::=
oc
enpt y_st at enent

expressi on_st at ement
swi t ch_st at enent
do_st at ement

br eak st at enment

conti nue st at enent
return_statenent
synchr oni zed st at enent
t hr ow st at enent
try_stat enment

rei fy_expression

dei f y_expression
conpose_expressi on
reconpose_expressi on
reduce_expression

—_——— 5 -———

expressionstatenent ::=

st at ement _expressi on SEM COLON

| left _hand.side EQ reify expression

| left _hand.side EQ dei fy expression

| left_hand_si de EQ conpose_expressi on
| left _hand.side EQ reduce expression
| left_hand_si de reconpose_expression

st at enent _expression ::=
assi gnnent

| prei ncrement _expr essi on
| pr edecr emrent _expr essi on
| posti ncrenent _.expressi on
| post decr enent _expr essi on
| nmet hod_i nvocati on

cl ass_i nstance_creati on_expression

i nvoke_ nvocati on

refract i nvocation

transnut e.i nvocati on

base_expressi on
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Io_ri narY_no_new_array L=
itera
TH' S

|

| LPAREN expressi on RPAREN
| class.instancecreation_expression
| field.access

| nethod.l nvocation

| array_access

| primtivetype DOT CLASS
| VO D DOT CLASS

| array_type DOT CLASS

| nanme DOT CLASS

| name DOT TH S

| invoke. nvocation

| refract _invocation

| transnuted nvocation

| base_expression

Java CUP Parser AJ Added Productions

conponent _decl aration ::=
nmodi fi ers_opt COVPONENT | DENTI FI ER conponent _opt s

conponent opts ::=

i nterfaces_opt conponent _body

| METAFY cl ass_type conponent _args interfaces_opt
component _body

| ABSORBS cl ass_type conponent args i nterfaces opt
conponent _body

| EXTENDS cl ass_type conponent args i nterfaces_opt

) conponent _body

conponent args ::=

| LPAREN argument i st _opt RPAREN

conmponent body ::= LBRACE conponent body_decl arati ons_opt RBRACE

component body _decl arati onsopt ::=

| conponent body_decl arati ons

conponent _body_decl arations ::=

conponent body_decl arati on

| conponent body_decl arati ons conponent body_decl arati on
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component body_decl aration :: =
conponent _menber _decl arati on

| staticlanitializer

const ructor decl aration

bl ock

onent menber decl aration :: =

i el d declaration _

i nvocati on_decl aration

mut abl e fi el d decl aration

nodi fi ers_opt CLASS | DENTI FI ER super _opt interfaces_opt
cl ass_body

| nodifiers_opt COMPONENT | DENTI FI ER conponent _opts

| interface_declaration

[

I
I
coO
fi
I
I
I

nvocatjon declaration :;=
nmodi fi ers_opt | NVOCATI ON i nvocat i on_header
i nvocat i on_body

| nodifiers_opt | NVOCATI ON | DENTI FI ER
i nvocati on_assi gnnent
| modifiers.opt REFRACTI ON i nvocati on_header
i nvocat i on_body
| nodifiers_opt REFRACTI ON | DENTI FI ER
i nvocati on_assi gnnent
| nodifiers_opt TRANSMJUTATI ON i nvocati on_header
i nvocat i on_body
| modifiers_opt TRANSMUTATI ON | DENTI FI ER
i nvocati on_assi gnnent

i nvocati on_header ::=
type invocation_decl arator throws_opt

VO D i nvocati on_decl arat or throws_opt

tion_declarator ::
FI ER LPAREN f or mal par aneter Ji st _opt RPAREN

>
<

oCca
| DENTI

i
I
I
i
I
i nvocati on_body ::= bl ock
[

i nvocati on_assi gnnent :: =
EQ nanme SEM COL

EQ NEWcl ass_type LPAREN ar gunent 1 i st _opt RPAREN
SEM COLON
SEM COLON

I
|
I rI\III\I/C}I(<I% I| rrI\I/%(I(aet I r?\?o:cét_l on_body
r

efract i nvocatjon ::=
REFRACT i nvoke.i nvocat i on _body

t einvocatjon ::=
TRANSMUTE i nvoke_.i nvocat i on_body
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i nvoke_i nvocati on_body :: =

| DENTI FI ER LPAREN ar gunent 1 i st _opt RPAREN

| BASE DOT | DENTI FI ER LPAREN ar gunent | i st _opt RPAREN
| nane DOT | DENTI FI ER LPAREN ar gunent | i st _opt RPAREN
| THI S DOT | DENTI FI ER LPAREN ar gunent | i st _opt RPAREN
| SUPER DOT | DENTI FI ER LPAREN ar gunment | i st _opt RPAREN
| nanme DOT SUPER DOT | DENTI FI ER LPAREN

) argunent 1i st_opt RPAREN

base_expression ::=

BASE | DENTI FI ER base_body

,base_body M

| LPAREN argunent i st _opt RPAREN

irei fy_expression ::= REIFY | DENTI FI ER USI NG nane SEM COLON

idei fy_expression ::= DEl FY nane SEM COLON

;educe_expressi on ::= REDUCE nanme SEM COLON

;:onpose_expr ession ::= COVPCSE | DENTI FI ER USI NG nane SEM COLON

econpose_expressi on ;.= COLONEQ r econpose_assi gnnment SEM COLON

r
reconpose_assi gnnent ::=
harke P _ g _

| nmethod.l nvocation

| invoke. nvocation

cl ass_.i nstance_creati on_expression

mut abl e fi el d.oname ::= DOLLAR | DENTI FI ER

PRTRBLE ) Pled 1SSV A" AR SEM oL o
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