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1 Intr oduction

Increasingly, distributedapplicationsarerequiredto adaptto theirenvironmentduringexecution.This

needarisespartly from theemergenceof adynamicandheterogeneousmobilecomputinginfrastructure,

andpartly from userswhoexpecttheInternetto providethesame(or higher)qualityof serviceasfound

in telephonenetworks andcabletelevision networks. To meet(or even approach)theseexpectations,

distributedsoftwaremustadaptto its environmentin several dimensions.For example,communica-

tion softwaremustaccommodatewirelessnetworksthatarefar lessreliableandstablethantheir wired

counterparts.In addition,userswill expectseamlesshandoff amongdifferenttypesof networks(cellu-

lar PCS,wirelessLAN, wired LAN) andcomputingdevices(wearablecomputer, palmtop,traditional

workstation). Hence,userinterfacesmustconformto deviceswith widely varying displaycharacter-

istics andcapabilities,from conventionalworkstationsto palmtopdevices. Moreover, the relianceon

relatively inexpensive commodityhardwareresources,both insidethe network andat its edge,places

muchof theburdenof fault toleranceonhost-level software.Finally, applicationsmustconfrontthevul-

nerabilityof aconnectionlesspacket infrastructureby protectingthemselvesagainstintrusionsandother

securitythreats.

Adaptabilitycanbeimplementedin differentpartsof thesystem.Integratingadaptivebehavior in the

applicationitself is possible,but thisapproachleadsto redundanteffort andcomplex code,anddoesnot

addressinteroperabilityamongdifferentapplications.However, even themostadvancednetwork pro-

tocolscannotdirectly meetthechangingneedsof all applications,andnew network-level servicesare

relatively slow to bestandardizedanddeployed.Anotherapproachthatis gainingin popularityis to in-
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troducea layerof adaptive middleware betweenapplicationsandunderlyingtransportservices[1–10].

Middlewarecanbeusedto enhanceapplicationperformanceandfunctionality regardlessof thedegree

of underlyingnetwork support. The appropriatemiddlewareplatform canhelp to insulateapplication

componentsfrom platformvariationsandchangesin network conditions,andsimplify themaintenance

of fault-toleranceandsecurityinvariants. Many approachesto the designof adaptive middlewarein-

volvecomputationalreflection[11,12], which refersto theability of a computationalprocessto reason

about(andpossiblyalter) its own behavior. Typically, the base-level functionality of the programis

augmentedwith oneor moremetalevels, eachof which observesandmanipulatesthe baselevel. In

object-orientedenvironments,theentitiesat a metalevel arecalledmeta-objects,andthecollectionof

interfacesprovidedby asetof meta-objectsis calledameta-objectprotocol,or MOP[13,14]. Dif ferent

MOPsmaybeconstructedto handledifferentdimensionsof adaptability[14].

Our interestin reflectionarisesfrom ourwork on theRAPIDwareproject,whichaddressesthedesign

anduseof adaptive middlewarefor protectionof critical infrastructures,suchaspower grids,financial

systems,andcommandandcontrol networks. In many suchenvironments,an event assimpleas in-

creasedpacket losson a wirelesschannelcantriggerdifferent(andpossiblymultiple) responsesfrom

themiddleware,dependingon theeventcharacteristicsandthecurrentsystemstate.Possiblerespond-

ing subsystemsincludecommunicationquality of service(increasingredundancy on a communication

channel),fault tolerance(establishingcommunicationon analternativenetwork interface)mobilecom-

puting (invoking servicesfor disconnectedoperation),andsecurity(respondingto possiblemalicious

channeljamming).TheRAPIDwareprojectfocusesondevelopingunifiedsoftwaretechnologies,based

onrigoroussoftwareengineeringprinciples,to supportdifferentdimensionsof adaptability.

We begin our studyby examiningthe foundationsof computationalreflection. Most adaptive mid-
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dleware approachesadoptan interpretationof reflectionin which the processof observingbehavior

(introspection)andchangingbehavior (intercession)are intermingled. In this paper, explore the idea

of usinglanguageconstructsto separatethe two major aspectsof reflection. Specifically, we develop

a framework for definingmetamodelsin termsof two typesof primitiveoperations:refractions, which

providea(limited) view of theunderlyingbase-level component,andtransmutations, whichmodify the

functionalityof thebase-level component.We arguethatsuchseparationcansimplify thedevelopment

of adaptive functionalityby constrainingthepossibleresponsesof thesystemto eventswhile helpingto

ensurecorrectnessandconsistency amongdifferentadaptive subsystems.In this manner, theproposed

techniquesare intendedto complementexisting approachesto adaptive middlewaredesignby facili-

tating the developmentof higher-level adaptive servicessuchasMOPs. Moreover, adaptive systems

needmechanismsfor defusingconcernsaboutsubjectivity [15–17]. Supportingreflective mechanisms

in anadaptive systemsuggeststhatmodificationof the reflective interfacesis necessaryasthe system

changes.Without interfaceadaptation,themetalevel won’t provide anaccuratereflectionof the base

level. Equally, systemadaptorsmayneedaugmented,or subjective,viewsof thebaselevel to makecor-

rectdecisions.In a sisterpaper[18] theseconceptsandmethodsareusedto build metamorphicsockets

thatcanadaptto changesin thenetwork environment.

The remainderof the paperis organizedasfollows. In Section2, we discussthe origins of reflec-

tion andits applicationto middleware.Section3 describesthebasicconceptof separatingreflectionin

orderto supportthedevelopmentof metamorphicsoftware. In Section4, we describea prototypeim-

plementationwherebywe addedseveralnew constructsto theJava programminglanguage;we referto

theprototypeasAdaptiveJava, or simply AJ. Section5 discusseshow AJ wasimplemented.Section6

discussesrelatedwork in theadaptivemiddlewarecommunity. Section7 discusseswhatextensionsand
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enhancementsareproposedanddiscussesfuturedirections.andSection8 presentsour conclusions.

2 Background

Computationalreflection,asproposedby Smith [11] andMaes[12], refersto the ability of a com-

putationalprocessto reasonaboutitself. Recently, reflectionhasgainedconsiderableattentionin the

middleware communitybecauseit offers a principled (as opposedto ad hoc) meansto observe and

modify base-level behavior [13]. While middlewareresearchershavelongrecognizedtheneedfor adap-

tive functionality, in middleware,many systemslackedthis degreeof formalism. Theproblemwith ad

hocapproachesto thedesignof adaptive middlewareis that they do not allow multiple dimensionsof

adaptabilityto beaddressedin a unifiedway. Whereasa givenexternaleventcanpotentiallyaffect sev-

eraldifferentpartsof themiddleware(andindeedsomehigher-level functionsof anapplication),such

cross-cuttingaspectsaredifficult to expressin anadhocframework.

Ideally, amiddlewaredesignercouldsystematicallyspecifytherelationshipsbetweeneventsandsev-

eral possiblemiddlewareresponses,suchascodemigration, tuning of communicationprotocols,and

fault toleranceactions.However, theactualrun-timeresponseswill alsodependonQoSpreferencesand

securityrequirementsasspecifiedby the applicationdesigner. Moreover, a unified framework should

enablethesepreferencesto bespecifieddeclaratively, therebyinsulatingtheapplicationdesignerfrom

middlewaredetails. Conversely, ad hoc solutionscannotsupportsuchseparationof concernbecause

thereis no underlyingframework for integratingadaptabilityconstraintsfrom multiplesources.
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2.1 Propertiesof Reflection

Maes[12] presentsfive propertiesthatareconsideredimportantin thedesignandimplementationof

anobject-orientedreflectivearchitecture.Thesefivepropertiesarebriefly includedhere.

Property 1: Disciplinedseparationbetweenthe object-level and
themeta-level.

Property 2: Uniform self-representation.
Property 3: Completeself-representation.
Property 4: Consistentself-representation.
Property 5: Modificationsto the meta-level result in changesto

therun-timecomputation.

Thesepropertiesweredefinedwith respectto anobjectorientedlanguage(OOL) designedto support

reflection.However, thesedefinitionscanberecastto applyto reflectivemiddlewareasdiscussedbelow.

Property1 indicatesthat themeta-level andthe level that includesthe imperative function,or base-

level, are cleanly separated.That is, designand implementationof base-level aspectsshouldnot be

entangledwith the designand implementationof the meta-level aspects.Clearly, this separatesthe

concernsof implementingthe imperative functionality from thoseof reflection,promotinga cleaner

design.

Property2 meansthat not only arefields, methods,metaobjects,etc. modeledasobjects,but that

theseobjectsalsohavea refractive andtransmutative interface.Thus,observationandmodificationcan

takeplacein muchthesamewayat differentdepthsof encapsulation.

Property3, from thepoint of view of thedesignof a reflective object-orientedlanguageimplieseach

objectin thesystemhasa meta-representation.This is impossible,in a practicalsense,sinceeachmeta

objectusedto composethe meta-level is itself an object. This resultsin an infinite sequenceof meta

objects.Practically, thismeansaway to ”top out” is implementedinto thelanguagesuchthataninfinite

numberof objectswon’t beconstructed.
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Anotherinterpretationof property3 might bethatall usefulpermutationsof the imperative function

arerepresentedby therefractiveandtransmutativeaspects.Thatis, thereflectionof theimperativefunc-

tion canbeconsideredcompleteif it includesan interfaceto observe andmodify all usefullymodified

characteristicsof the imperative function. Oneway to accomplishmight be to reflectevery object in

thesystem.However, asdiscussedabove,we know that this resultsin aninfinity of objectsandthusis

impossible,from a practicalpoint of view, without artificially terminatingthesequenceof metaobject

creation.To ensurethatall usefulpermutationsareincludedrequirescarefulselectionon wherereflec-

tion beginsandends.A morepracticalapproachmight beto explicitly includethenecessaryrefractive

andtransmutative interfacessuchthatusefulpermutationscanbeimplementedwhenneeded.

Anotherway to stateproperties4 and5 is that systemis causallyconnected.Property4 essentially

indicatesthat any modificationto the base-level is reflectedin the meta-level. Conversely, Property5

ensuresthatany modificationmadeto themeta-level is carriedbackto thebase-level. Theseproperties

arenecessaryfor reflectionto provideausefulinterfacefor observingandmodifyinga system.

Thesefiveproperties,eventhoughsomeof themmayormaynotbefully attainable,representthebasic

goalsof a reflective, metamorphicmiddlewareframework. In a nutshell,it is desirableto implement

thesefive propertiessuchthat the tendency of thesystemto preempthow it is laterusedis reasonably

minimized.Thisappliesbothduringtheimplementationof anapplicationthatusesthismiddlewareand

duringrun-timereconfiguration.

2.2 Preemptionvs. Open Implementation.

A key issuethatarisesin theapplicationof reflectionto middlewareplatforms,andthesubjectof our

study, is the degreeto which the systemshouldbe ableto changeits own behavior. As discussedby
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Kiczalesfor meta-level interfaces[19] (andearlierby Shaw andWulf for programminglanguages[20])

preemptionoccurswhenthedesignerof aprogramminglanguageor framework makesadecisionin the

implementationthatpreventsaprogrammerfrom usinga featureof thelanguageor framework in away

thatwould otherwiseseemnatural.That is to say, decisionsmadewhentheframework is implemented

preemptively restricthow aprogrammercaneffectively usetheframework.

On theotherhand,a completelyopenimplementationimpliesthatanapplicationcanberecomposed

entirely at run-time. Specifically, it is possiblefor all the default componentsof the systemto be de-

stroyedandandnew onesinstantiatedsuchthat thegoalof the imperative (base-level) computationis

changed.For example,this extremeallows a calculatorto be recomposedasa video player. Thus,a

run-timerecompositioncanproducea systemthat is inconsistentwith theprogrammer’s intendedgoal.

Moreover, ahigherdegreeof opennessin asystementailsgreaterresourceconsumptionto constructand

maintainingthenecessarydatastructuresthatenablerun-timereflection.In particular, storageandpro-

cessingpowerareneededto supportmeta-models[21–23],whichmustbereifiedasobjectsandmaintain

acausalconnectivity to thebase-level.

Typically, the analysisandmodificationof a run-timesystemrequiresthat metamodelsbe reified.

Additionally, thesemetamodelsneedto becausallyconnectedto thebase-level application[12]. These

two requirementsresultin themetamodelbeinginstantiatedasadditionalobjectsin therunningsystem,

requiringstorageresourcesabove thoseusedby thebase-level application.Causalconnectivity requires

thatadditionalcomputationalresourcesareexpendedto maintainthis causalrelationship.

Thus, completeopenness,particularly at run-time, is not entirely desirable. In fact, it seemsthat

greateropennessis moredesirablein languagesthanin run-timereflectivesystems.

We begin our investigationby focusingon thereflective interfacesexhibitedby components.Rather
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thanconsideringMOPsasorthogonalportalsinto base-level functionality [14], we consideran alter-

native architecturein which MOPsareconstructedfrom a setof primitive operations.While different

MOPsaddressdifferentaspectsof behavior, they maywell overlapin their useof theseprimitives.

Figure1 illustratesthis view of MOPsandtheir composition.Dif ferentMOPsaredefinedfor dif-

ferentdimensionsof adaptability(e.g.,fault tolerance,security, quality-of-service,powerconsumption)

EachMOP accessesthebaselayer througha subsetof theprimitive operations,andthesesubsetsmay

intersect.Thisdesignappearsto exhibit severaldesirablefeatures.First,explicitly definingintersections

in MOP functionalitymayfacilitatecoordinatedadaptationto events.Second,additionalMOPscanbe

constructedto addressissuesthatdid notarisein theoriginaldesign.Third, limiting interactionwith the

baselevel mayimprovetheability of thesystemto check,at run-time,theconsistency of modifications

with thespecifiedbehavior of thecomponent.Finally, sinceMOPsarecomposedof mutableprimitives,

they canbeadaptedto meetthesubjectiveconcernsof adaptiveagents.MOPscanbeaugmentedor new

onesbuilt suchthattheseagentscanconstructviewsof thesystemto suit their needs.

Meta Level

Base Level

MOPs

Figure 1. Relationship between MOPs and primitive operations.

In thispaper, weproposeanapproachto definingandconstructingsuchprimitivemetaoperationsthat
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is basedon whethertheoperationinvolvesintrospectionor intercessionof thebase-level. We point out

that in her landmarkpaperon computationalreflection,Maes[12] provides the following definition:

Computationalreflectionis theactivity performedby a computationalsystemwhendoingcomputation

about(andby thatpossiblyaffecting)its owncomputation.[12] Interestingly, many workson reflection

reinforcetheparentheticalimplication in Maes’definitionandcombineintrospectionandintercession.

As shown in Figure2, we caninsteadview theseasfunctionally orthogonalto eachotherandto the

imperative computationof theapplication.Thecomputationdimensionof theapplicationhasthegoal

of fulfilling theprinciplegoalimbuedby thedesigner. Thegoalof theintrospectiondimensionis to allow

theapplicationto observe itself, while thatof the intercessiondimensionis to allow theapplicationto

modify its own behavior andstructure.

Intercession

Computation

In
tr

os
pe

ct
io

n

Figure 2. Dimensions of component behavior .

We hypothesizethat designinga reflective middlewaresystemsuchthat theseaspectsof reflection

arenotentangledwill helpclarify themeta-interfaceandmeta-objectprotocoldefinitions.Additionally,

a functional division betweenthe imperative goal and the goalsof the observation and modification
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aspectsmaysimplify the implementationof systementitiesthatareallowedto observe but not modify

components;anexampleis thedatagatheringagentsof anintrusiondetectionsystemor afault tolerance

module.

3 Model of AdaptiveComponents

Thebasicbuilding blocksusedin ouradaptivesystemarecomponents. A componentcanbeaccessed

throughthreeinterfacescorrespondingto thethreedimensionsdiscussedabove. Operationsin thecom-

putationdimensionareknown as invocations; andwe will seeshortlywhy we distinguishinvocations

from simplemethods.Operationsin the introspectiondimensionarecalledrefractions, sincethey of-

fer only a partial view of internalstructureandbehavior. Operationsin the intercessiondimensionare

calledtransmutations; they areusedto transformtheimperativebehavior of thecomponent.Following

areformal definitionsof theseterms.

Computation: The interpretationof the imperative function of a
computerapplication

Refraction: Thefunctionof observinganapplication’s composi-
tion, resourcesor otherinternalpropertiesin a prin-
cipledfashion.

Transmutation: The function of transformingan application’s com-
putationalinterpretationin aprincipledfashion.

Refractive andtransmutative interfacesarereifiedby metacomponentsto supportintrospectionand

intercession.Figure3 illustratesthestructureimplied by our understandingof thesecomponentinter-

faces.In this figure, the meta-level reflectsthe base-level computation.A causalconnectionbetween

themeta-level andthebase-level is maintainedsuchthatany changesresultingfrom theuseof refractive

andtransmutative interfacesarecarriedto thebase-level.

With theabove definitionsin hand,a formal definitionof computationalmetamorphosiscanbepre-

sented.
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Figure 3. Basic Metamodel

Computationalmetamorphosisis the principled transmutationof of a runningsystem
from onecompositionto anothersuchthat the imperative goal remainsunchanged.The
setof compositionsthat have the sameimperative goal composesthe morphology of the
imperative function.Eachmemberof this setis calledapolymorph.

In short,this definitionrecaststhepropertyof completnesssuchthata run-timeadaptive systemcan

beconsideredcompleteaslong astheimperativegoalof thesystemis maintained.Implicitly, it canbe

assumedthatsuchasystemremainsfunctionalsuchthatit doesnotcrashor exhibit anomalousbehavior

asa resultof beingrecomposed.

3.1 The Role of Encapsulation

Most object-orientedlanguagesarebasedon a staticbindingof inheritancebetweensubclassesand

superclasses.This structureprohibitsdynamicrestructuringof a programat run-time. For this reason,

we adoptencapsulationastheprinciplemechanismfor thecompositionin our system.Encapsulation,

asshown in Figure5, providesa meansby which thefunctionalityof a componentcanbeextendedor
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Figure 4. Morphology of an Application

limited by dynamicallyencapsulatingit within another. Moreover, theaddition,deletionandexchange

of encapsulatedcomponentscanbecarriedoutdynamicallyat run-time.

R

T

R

T

R

T T

T

Figure 5. Abstract view of encapsulation.
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Thecompositionof a systemcanbeviewedastheparameterizationof onecomponentwith another.

We representtheserelationshipsusingnotationfrom GenVoca[24]. Specifically, S = G[F] statesthat

systemS is composedof componentG parameterizedby F, or that F is encapsulatedby G. Multiple

componentscanbeencapsulatedwithin anothercomponentandis representedasS = G[E,F]. Figure6

showsastructuralvisualizationof thesystemS= G[E,F[A,B]]. Noticethatthemorphologyof asystem

built usingencapsulationcanbedescribedby asetof systemdefinitions:
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Moreover, a systempolymorphmay result from encapsulting(parameterizing)an existing system

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

Figure 6. Tree View of a Composition
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3.2 Absorption

Componentsareconstructedfrom objectsdefinedin an object-orientedlanguage(OOL). We used

Java in our study. The processof constructinga componentfrom an existing classis referredto as

absorption. In effect, an object,asprovided for by theOOL, canbe considereda componentwithout

refractive andtransmutative capacity. That is, objectsareessentiallyblack boxesthatdo not facilitate

reflection.

Absorbingcomponentsprovidesa way to recognizewhenactionsthatboredown throughtheencap-

sulationlayers,suchasinheritance,shouldterminate.Figure7 illustratestheabsorptionof a classand

themetaficationof theresulting“base-level” componentto supportrefractionsandtransmutations.As

partof theabsorptionprocedure,mutablemethodscalledinvocationsarecreatedonthebase-level com-

ponentto exposethefunctionalityof theabsorbedclass.Invocationsaremutablein thesensethat they

canbeaddedandremovedfrom existingcomponentsat run-timeusingmeta-level transmutations.How-

ever, the relationshipbetweeninvocationson thebase-level componentandmethodson thebase-level

classneednot beone-to-one.Indeed,Whenacomponentis addedto anadaptivesystemit maybenec-

essaryto modify the component’s interfacesuchthat it fits properly into the systemstructure. Since

componentinterfacesaremutableandcomposedof primitive operations,augmentationof an existing

interfaceis possible.Thus,acomponentcanbeadaptedto achieveasubjectivefit. However, someof the

base-level methodsmaybeoccludedor evencombinedundera singleinvocationasthesystem’s form

is modified.
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transmutation

absorbs metafy

Figure 7. Component absorption and metafication

3.3 Metafication

Metaficationis usedto createrefractionsandtransmutationsthatoperateon thebasecomponent,as

shown in Figure7 Refractionsandtransmutationsembodylimited adaptive logic andareintendedfor

defininghow the baselevel canbe inspectedandchanged.The logic for how andwhy thesetool-like

operationsshouldbeusedis providedat othercomponentlevelsor by othercomponentsentirely. That

is, a componentmay refractandtransmuteitself or a componentcanbe refractedandtransmutedby

another. For instance,an executionthreadproviding the imperative functionality of the systemmight

bedefinedasS = A[B] whereA is a metacomponentreflectingB. Anotherexecutionthread,R, could

adaptS usingtherefractionsandtransmutationsdefinedby A to recomposeS= A[C].

Implementinga metamorphicsystemusingcomponentscreatesa uniform self-representationin two

differentways.Thefirst is that,exceptfor theneedof bootstrappingfrom theunderlyingOOL objects,

thesystemcanbebuilt with theuniformuseof components.Thesecondis thatboththebaseandmeta-

levels areconstructedusingcomponents.Thus, the meta-level canalsobe given a meta-level. This

meta-meta-level canthenbe usedto refractandtransmutethemeta-level. In theory, this reificationof
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meta-levelsfor meta-levelscouldcontinueinfinitely.

4 A PrototypeLanguage: Adaptive Java

In orderto gaina betterunderstandingof how theadditionof refractive andtransmutiveelementsto

a languagewould affect its useandstructure,we defineda prototypelanguage,AJ, asanextensionto

Java.

In this initial study, we simply usedCUP [25], a parsergeneratorfor Java, to implementAJ. CUP

takesour grammarproductionsfor theAJ extensionsandgeneratesanLALR parser, calledajc, which

convertsAJ codeinto Java. Semanticroutineswereaddedto this parsersuchthat the generatedJava

codecouldthenbecompiledusingastandardJavacompiler.

We emphasizethatAJ is a prototypewhosepurposeis to improve our understandingof which lan-

guageconstructsand mechanismsare desirablein dynamicand adaptive languages.Eventually, we

intend to reimplementthe AJ grammarasa compiledlanguageandextend the Java JVM to support

neededdynamicconstructssuchasdynamiccastingandimmutableinvocationsandvariables.In this

sectionwe provide someexamplesof the languageconstructsusedto coderefractive andtransmutive

software.

4.1 BasicComponentStructur e

Figure8 showsthelanguagestructureof a typicalAJ component.MostJavastatementsaresupported

within invocationandconstructorblocks.Constructorsin AJareessentiallyidenticalto Javaconstructors

andare immutable,only beingusedto provide flexibility in the initial instantiationof a component.

StandardJava methodsarereplacedby invocationsandstandardimmutablevariabledeclarationsare
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supplementedwith mutablevariabledeclarations.Mutablevariablescanbe addedandremoved from

components,usingtransmutationsat themeta-level, in muchthesamewayascaninvocations.

/* A simple component */
component BasicComponent  
/* Constructor */
public BasicComponent()  ... !
/* Invocation */
public invocation void method1(String arg)  ... !

.

.

.!

Figure 8. AJ component structure .

Optionally, a componentcanbedeclaredto extendanothercomponent.Extendinga componenten-

capsulatestheextendedcomponentwithin thenewly declaredcomponent.Theextendedcomponentis

calledthe inner componentwhereasthe extendingcomponentis called the outer component. Inheri-

tanceis simulatedby examiningthe outercomponent’s invocationsfor the desiredinvocation. If the

invocationisn’t found thena recursive searchis performedof encapsulatedcomponents.For instance,

let S = A[B[C]] be a systemcomposedby extendingcomponentC with B andthenextendingB with

A. If theexecutionof invocationA.exec() is requested,first componentA thenB andfinally C will

besearchedfor exec(). Thefirst instanceof exec() foundwill beexecuted,thusallowing innerin-

vocationsto be overriddenby thosefound at moreouterencapsulationlevels. It is worth noting, that

simulatinginheritancein this way allows theinheritancechainto bedecomposedandrecomposedwith

differentcomponents,possiblymodifying theinternalprocessingof componentcomposition.
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4.2 Absorbing Existing Classes

The absorbskeyword is usedto constructa componentfrom a regular Java class. Figure9 shows

the AJ codefor absorbinga Java socket classinto a socket componentthat is usedonly for receiving

packets.Invocationsarecreatedto exposeselectedfunctionalityof theabsorbedclass,in this caseonly

thereceive andclosemethods.Theabsorbedclassis accessedby theabsorbingcomponentthroughthe

basekeyword. Theothermethodsof thebaseclassarehiddenat thethis level.

/* receive-only socket component */
public component RecvSocket absorbs Socket 
/* constructor */
public RecvSocket(int port, String group,

byte ttl)
throws UnknownHostException, IOException 
setBase(new Recv(port, group, ttl));!

public invocation void receive(DatagramPacket p)
throws IOException 
base.receive(p);!

public invocation void close()
throws IOException 
base.close();!!

Figure 9. Absorbing a class into a Component

4.3 Reifying a Meta-level

Meta-componentsencapsulateothercomponentsandsupportonly reflectivefunctionality. Theencap-

sulatedcomponentis themeta-component’sbaselevel. Metacomponentsaredeclaredusingthemetafy
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keyword. Figure10 shows anexamplein which we metafytheRecvComponentcomponentdefinedin

Figure9. Both a refractionanda transmutationaredefined.

Refractions areusedto examinetheinner, or base,component.Thebasecomponentis immutable

from within a refraction. That is, thebasecomponentcanonly be inspected.Assignmentof variables

andcallingbase-level invocationsis not supported.

Transmutations supportintercessionof thebaselevel. Invocationsof this typecanexecuteonly

setor invoke operationson the baselevel. Thus,valuesof variablescanbe changedandcomponents

recomposed.

/* Meta receive-only socket component */
public component MetaRecvSocket metafy RecvSocket 
/* Constructor */
public MetaRecvComponent(int port, String group, byte ttl)
throws UnknownHostException, IOException 
setBase(new RecvComponent(port, group, ttl));!

/* Transmutation that sets the data stream
compression level. */

public transmutation void SetCompression(int level) 
.
.
.!

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

public refraction long GetBytesXmit() 
.
.
.

return bytes transfered;!!
Figure 10. Metafying a component
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4.4 Indir ection

An invocationis calledusingtheinvoke keyword, asshown below. This causesthe retrieval of a

matchinginvocationobjectfrom aHashMapthatis thencastto theappropriateinvocationtype.Thisef-

fectsaprototypicalindirectbindingfor invocations.Indirectionenablessupportfor adaptingcomponent

interfacesandsupportingsubjectiveMOPs.

invoke rSock.recive(pckt);

4.5 Immutability

Immutability is an importantconceptin the constructionof refractions. Refractions,by definition,

provide only viewing portalsinto the processingof thebaselevel program.From theperspective of a

refraction,thebaselevel is immutable.Immutability comesin two basicflavors. Shallow immutability

is likely themostwell known. An objectthatis shallow immutabledisallowsany setoperations(e.g.as-

signingto a variable)or calls to baselevel methods.Thus,only get operations,e.g. readinga variable,

areavailableto refractions.Deepimmutability is asupersetof shallow immutability thatallowscallsto

baselevel methodsthatdon’t issuesetoperationsor call methodsthatcausemodificationof base-level

behavior or structure.As of this writing, AJ supportsshallow immutability in refractions.However, it

is recognizedthatderiving algorithmsandtools thatcanverify baselevel methodsasusableby refrac-

tionswould helpextendmetalevel functionality. Thesetypesof algorithmscouldalsobeusedfor the

automaticcategorizationof metalevel invocationsaseitherrefractionsor transmutations,obviating the

necessityof theirexplicit declaration.
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4.6 Limitations

Therearea numberof limitationspresentin our prototype.Many of theselimitationscanbetraced

to theobservationthattheAJ semanticroutinesoutputa languagethatdoesn’t supportmany desireable

dynamicconstructs,suchasdynamiccasting,or immutability. Uncoveringsomeof thesedeficiencies

(with respectto dynamicsoftware)was instructive and helpedfurther our understandingof adaptive

systems.Otherlimitations,suchasmuchof thegeneratedcodebeingdeclaredpublic andthusexposed

to possiblemisuse,arenotconsideredseriousproblemsfor aprototypeimplementation.In aproduction

compiler thesetypesof problemswill be removed and their existencedoesn’t inhibit our useof the

prototypeasa researchtool.

5 Implementation Details

Java CUP[25] wasusedto implementtheAdaptJprototypelanguage.For this initial study, AdaptJ

wasimplementedasa parser, calledajc, thatconvertsAdaptJcodeinto Java. This Java codecanthen

becompiledjust like otherJava code.This prototypehelpedusunderstandhow AdaptJcouldbeused

to implementreflective programsandwhat languageconstructsaredesirablein languagesthatsupport

adaptation.

5.1 LanguageProductionsand Parsing

Figure 11 shows the Java CUP [25] grammarproductionsfor the addition of componentsto the

Java [26] languageOther productionswere also addedto supportinvocations,refractionsand other

AdaptJlanguageconstructs(SeeAppendicesA, B, C andD). Fromthis extendedgrammarJava CUP

producesaLALR parser. Semanticroutineswereaddedto thisparsersuchthatJavacodewasproduced
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andcould thenbe compiled. Notably, we considerAdaptJto be a prototypebuilt to help improve our

understandingof whatlanguageconstructsandmechanismsaredesirablein dynamicandadaptive lan-

guages.Eventually, we intendto reimplementtheAdaptJgrammarasa compiledlanguageandextend

theJavaJVM to supportneededdynamicconstructssuchasdynamiccastingandimmutableinvocations

andvariables.

component declaration ::=
modifiers opt COMPONENT IDENTIFIER component opts

;
component opts ::=

interfaces opt component body
| METAFY class type component args interfaces opt

component body
| ABSORBS class type component args interfaces opt

component body
| EXTENDS class type component args interfaces opt

component body
;

component args ::=
| LPAREN argument list opt RPAREN
;

component body ::=
LBRACE component body declarations opt RBRACE

;
component body declarations opt ::=

| component body declarations
;

component body declarations ::=
component body declaration

| component body declarations component body declaration
;

component body declaration ::=
component member declaration

| static initializer
| constructor declaration
| block
;

component member declaration ::=
field declaration

| invocation declaration
| mutable field declaration
| modifiers opt CLASS IDENTIFIER super opt interfaces opt

class body
| modifiers opt COMPONENT IDENTIFIER component opts
| interface declaration
;

Figure 11. Parse productions for the AdaptJ component (See Appendices A, B, C and D for fur ther details)

AdaptJcodefor the extensionof an InputStreamComponentis shown in Figure12. The extended
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componentis a componentconstructedby absorbinga standardJava InputStream.It is notablethatat

this time propernamemanglingsupportfor invocationsis not providedby theAdaptJprototypeparser.

As such,overloadedinvocationsthat only differ in numberandtype of argumentsarenot supported.

Thus,it wasnecessaryto provideuniquenamesfor invocationoverloadingwhenextendingcomponents.

This limitation will becorrectedwhenAdaptJis reimplmentedasacompiledlanguage.

Figures13, 14 and15 show anexampleof theJava codegeneratedfrom theAdaptJcodeshown in

Figure12. This codecontainsthestructuresandmethodsneedto storeandretrieve invocationobjects

from a HashMap. As shown in Figure 12, an invocationis calledusing the invoke keyword. An

invocationcall is thentranslatedinto Java astheretrieval of an invocationobjectfrom a HashMapthat

is thencastto theappropriateinvocationtype.TheAdaptJparseralsoconstructsspecialabstractclasses

to supportthecastingof invocationsasshown in Figure16.

24



import java.lang.*;
import java.net.*;
import java.io.*;

public component MyInputStreamComponent extends
InputStreamComponent  

public MyInputStreamComponent(InputStreamComponent aInputStream)  
setBase(aInputStream);!

protected MyInputStreamComponent()  "!
public invocation void closeISC1() throws IOException  
invoke closeIS1();
bytesxfer = 0;!

public invocation int readISC1() throws IOException  
int n = invoke readIS1();
bytesxfer += n;
return n;!

public invocation int readISC2(byte[] b) throws IOException  
int n = invoke readIS2(b);
bytesxfer += n;
return n;!

public invocation int readISC3(byte[] b,int off,int len)
throws IOException  

int n = invoke readIS3(b,off,len);
bytesxfer += n;
return n;!

public long bytesxfer = 0;!
Figure 12. AdaptJ code for an extended InputStream
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/*
Created with the AdaptJ ajc compiler.
@ADAPTJ version 0.5.0a

*/

import java.util.*;

import adaptj.lang.*;

import java.lang.*;
import java.net.*;
import java.io.*;

public class MyInputStreamComponent extends InputStreamComponent  
private InputStreamComponent base = null;

protected void adaptj invoke init (InputStreamComponent aBase)  
Iterator iter = this. adaptj invoke table .values().iterator();
while (iter.hasNext())  
((AdaptJInvocation)iter.next()). adaptj setbase (

(Object)aBase);!!
public Object adaptj invoke invocation (String aInvoc)  
Object invoc = this. adaptj invoke table .get(aInvoc);

if (invoc == null)  
if (this.base == null) throw new

InvocationNotFoundException("cannot locate invocation "+
aInvoc);

invoc = this.base. adaptj invoke invocation (aInvoc);!
if (invoc == null) throw new

InvocationNotFoundException("cannot locate invocation "+
aInvoc);

return invoc;!
public Object adaptj refract invocation (String aInvoc)  
throw new InvocationNotFoundException(

"cannot locate refraction "+aInvoc);!
public Object adaptj transmute invocation (String aInvoc)  
throw new InvocationNotFoundException(

"cannot locate transmutation "+aInvoc);!
public Object adaptj getbase ()  
return (Object)(this.base);!

public void adaptj resetbase (Object aBase)  
InputStreamComponent typbase = (InputStreamComponent)aBase;
this.base = typbase;
this. adaptj invoke init (this.base);!

Figure 13. Java code produced by ajc
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protected void setBase(InputStreamComponent aBase)  
if (this.base != null) throw new

IllegalBaseAssignmentException("cannot setBase() a non
null base");

this. adaptj resetbase (aBase);!
public MyInputStreamComponent(InputStreamComponent aInputStream)  
setBase(aInputStream);!

protected MyInputStreamComponent()  "!
class closeISC1 class extends closeISC1 role  
public closeISC1 class( AdaptJ Basic Component Class aJMClass)  
super(aJMClass);!

public void invoke() throws IOException  
((closeIS1 role)(this. adaptj invoke invocation

("closeIS1"))).invoke();
bytesxfer = 0;!!

class readISC1 class extends readISC1 role  
public readISC1 class( AdaptJ Basic Component Class aJMClass)  
super(aJMClass);!

public int invoke() throws IOException  
int n = ((readIS1 role)(this. adaptj invoke invocation

("readIS1"))).invoke();
bytesxfer += n;
return n;!!

class readISC2 class extends readISC2 role  
public readISC2 class( AdaptJ Basic Component Class aJMClass)  
super(aJMClass);!

public int invoke(byte [] b) throws IOException  
int n = ((readIS2 role)(this. adaptj invoke invocation

("readIS2"))).invoke(b);
bytesxfer += n;
return n;!!

Figure 14. Java code produced by ajc (cont.)
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class readISC3 class extends readISC3 role  
public readISC3 class( AdaptJ Basic Component Class aJMClass)  
super(aJMClass);!

public int invoke(byte [ ] b,int off,int len) throws IOException  
int n = ((readIS3 role)(this. adaptj invoke invocation

("readIS3"))).invoke(b,off,len);
bytesxfer += n;
return n;!!

public long bytesxfer = 0;

protected void adaptj construct ()  
this. adaptj invoke put ("readISC3",new readISC3 class(

( AdaptJ Basic Component Class )this));
this. adaptj invoke put ("readISC2",new readISC2 class(

( AdaptJ Basic Component Class )this));
this. adaptj invoke put ("readISC1",new readISC1 class(

( AdaptJ Basic Component Class )this));
this. adaptj invoke put ("closeISC1",new closeISC1 class(

( AdaptJ Basic Component Class )this));
if (this.base != null)  

this. adaptj invoke init (this.base);!!!
Figure 15. Java code produced by ajc (cont.)

/*
Created with the AdaptJ ajc compiler.
@ADAPTJ version 0.5.0a

*/

import java.util.*;
import java.lang.*;
import java.net.*;
import java.io.*;

import adaptj.lang.*;

public abstract class readISC2 role extends AdaptJInvocation  
protected InputStreamComponent base = null;

public void adaptj setbase (Object aBase)  
this.base = (InputStreamComponent)aBase;!

public readISC2 role( AdaptJ Basic Component Class aJMClass)  
super(aJMClass);!

public abstract int invoke(byte [ ] b) throws IOException;!
Figure 16. Java code produced by ajc for invocation type casting
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5.2 Immutability

Immutability is an importantconceptin the constructionof refractions. Refractions,by definition,

provideonly viewing portalsinto theprocessingof thebaselevel program.As such,they arenotallowed

to recomposeor issuemodificationtypeoperationsthataffect thebaselevel. Fromtheperspectiveof a

refraction,thebaselevel is immutable.

Immutabilitycomesin two basicflavorswith respectto objectorientedprograms.Shallow immutabil-

ity is likely themostwell known. An objectthatis shallow immutabledisallowsany setoperations(e.g.

assigningto a variable)or invocationof baselevel methods.Thus,only get operations,e.g. readinga

variable,areavailableto refractions.

Deepimmutability is asupersetof shallow immutability thatalsoallows theinvocationof baselevel

methodsthatdon’t issuesetoperationsor invokemethodsthatcausemodificationof baselevel behavior

or structure.Essentially, deepimmutability allows refractionsto invoke baselevel methodsthatdon’t

resultin baselevel transmutations.

As of this writing, AdaptJsupportsshallow immutability in refractions. However, it is recognized

that deriving algorithmsand tools that canverify baselevel methodsasusableby refractionswould

help extendmetalevel functionality. Thesetypesof algorithmscould alsobe usedfor the automatic

categorizationof metalevel invocationsaseitherrefractionsor transmutations,obviating thenecessity

of their explicit declaration.
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5.3 Dynamism and PrototypeLimitations

Therearea numberof limitationspresentin our prototype.Many of theselimitationscanbetraced

to the observation that the outputof the AdaptJsemanticroutinesis not a languagethat supportsdy-

namicrecomposition.As such,certainmechanisms,suchasdynamiccastingandsupportfor run-time

immutability, would have obviatedthenecessityof having to generatespecialclassesfor castinginvo-

cationsandwouldhaveeasedtheimplementationof refractionsandtransmutations.

Uncoveringsomeof theconstructsthatwould be desirablein languagesthat supportdynamic,run-

time adaptabilitywasinstructive. Insight into what an AdaptJcompilerwill needto supportandwhy

thissupportis neededhelpsfurtherextendour understandingof adaptivesystems.

Many otherlimitations,suchasmuchof thegeneratedcodebeingdeclaredpublic andthusexposed

to possiblemisuse,arenotconsideredseriousproblemsfor aprototypeimplementation.In aproduction

compiler thesetypesof problemswill be removed and their existencedoesn’t inhibit our useof the

prototypeasa researchtool.
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6 RelatedWork

In recentyears,numerousresearchgroupshave addressedthe issueof adaptive middlewareframe-

works thatcanaccommodatedynamic,heterogeneousinfrastructures.Theseprojectshave greatlyim-

provedtheunderstandingof how middlewarecanaccommodatedeviceheterogeneityanddynamicnet-

work conditions,particularly in the areaof adaptive communicationprotocolsandservices.Herewe

focuson thosecontributionsthataremostrelatedto thework presentedhere.

Severalprojectinvolveadaptiveextensionsto CORBA [5,6,8,27]. For example,in theAdaptproject

atLancaster[5], CORBA is extendedto supportopenbindings,whichenablemanipulationandreconfig-

urationof communicationpathsthroughtheuseof objectgraphs.Thismechanismcouldbeuseddirectly

to implementdynamicallycomposableservicesfor FEC andotherQoS-relatedfunctions. In contrast

to a CORBA-baseddesign,however, our focusin this studyis on programminglanguageconstructsto

supportadaptive interfacesto arbitrarycomponents.

ThePCLprojectbeingconductedbyAdve[28] alsofocusesonlanguagesupportfor adaptability. PCL

is intendedfor usedirectly by applications.Our conceptof “wrapping” classeswith basecomponents

is similar to theuseof Adaptors usedin PCL. However, modificationof thebaseclassin PCL appears

to belimited to changingvariablevalues,whereasAJ transmutationscanmodify arbitrarystructuresor

subcomponents.Moreover, by combiningencapsulationwith metafication,AJ canbe usedto realize

adaptationsin multiplemeta-levels.

Also relatedis theconceptof compositionfilters [29], which provide a mechanismfor disentangling

the cross-cuttingconcernsof a softwaresystem. This systemdeclaresfilters that interceptmessages

receivedandsentby objects.As such,messagescanbemassagedandcheckedbeforethey aredelivered

to anobject,separatingaspects,suchassecurityauthenticationor boundschecking,from theobjectsthat
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aretherecipientsof thesemessages.AJ’s approachto compositionusingencapsulationcouldbeused

to instantiatea similar messagefiltering designwherecomponentsareextendedandinvocationsadded

suchthata call to an invocationwould befiltered throughsubsequentencapsulationlayers.Moreover,

AJ allows thesefilters to beadaptedduringexecutionto addressenvironmentalchanges.

7 Futur e Dir ections

The absenceof goodsupportfor immutableobjectsin Java limits the safetyof the prototype’s re-

fractive interfaces.Immutable,or read-only, objectsrequiresupportfrom the run-timeenvironmentin

additionto languageconstructsto properlydetectindirectreferenceandmodificationof immutableob-

jects.Theimmplementationof thissupportin theJavavirtual machinerequiresfurtherstudy.

Runtimerecompositionis a difficult problem. Arbitrary recompositionallows a programto be re-

composedsuchthat imperative goalsof thedeveloperarepreempted.This typeof recompositionisn’t

desirableandneedsto be preventedthroughthe useof techniquesthat canverify a recompositionas

beingvalid. A valid recompositionis characterizedthe programcontinuingbehave reliably. If a pro-

gramis not functionally valid, it will crashor function incorrectly. Moreover, recompositionsneedto

beconstrainedby the imperative goal imbuedby thedesigner. A calculatorprogramthat is converted

into a videoplayeris not likely desireable.Thus,a valid compositionmaintainsthe imperative goalof

thedesign.A recomposedcalculatorwill continueto functionasacalculatorwith enhancedfunctionor

improvedperformance.Languagesupportfor thedefinitionof programcompositionandtechniquesto

properlyvalidateaprogram’s recompositionareneeded.

Recompositionof a runningsystemrequiresmechanismssupportingstatemanagement.For instance,

Adaptiveproxysystemsoftenprovideadaptivemechanismsthatallow theinsertionandremovalof filters
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into thedatastream.Suchfilter systemsrequirethatstateinformation,suchasthenumberof bytesread

andwritten on the stream,be transferedto the componentsof the new composition. Managementof

stateis necessaryfor mostany compositionalchange.Theadditionof checkpointingor statetracingthat

supportsadaptivechangewouldbeavaluableadditionto theAJ system.

Finally, compositionandstatemanagementrequiremore than languageandbasicvirtual machine

support.A middlewarelayerneedsto bebuilt supportingeasyaccessanduseof adaptivemechanisms.

Themiddlewarewill providea run-timeenvironmentfor aprogramwrittenusingtheAJ language.

8 Conclusions

In this work, we studieda possibleapproach,basedon separationof introspectionandintercession,

for designingreflective primitives. We developeda prototypelanguage,AJ, andshowedhow it canbe

usedto constructadaptive componentsfrom existing classes.We intendtheselow-level mechanisms

to provide a foundationfor theconstructionandmaintenanceof meta-objectprotocolsfor cross-cutting

concerns(communicationquality, fault tolerance,security, power consumption). Our ongoingwork

addressestwo key issues: the useof refractive and transmutative operationsto supportadaptability

throughrun-timetailoringof componentinterfaces,andtheapplicationof rigoroussoftwareengineering

techniquesto ensureconsistency of adaptedsoftware.
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A Java CUP Parser AJ Terminals

terminal COMPONENT; // component declaration
terminal METAFY; // metafy other components
terminal ABSORBS; // absorbs other components
terminal INVOCATION; // invocation method
terminal REFRACTION; // refraction method
terminal TRANSMUTATION; // transmutation method
terminal INVOKE; // component invoke operator
terminal BASE; // base special identifier
terminal REIFY; // reify an existing component
terminal DEIFY; // deify an existing component
terminal COMPOSE; // compose an existing component
terminal REDUCE; // reduce an existing component
terminal USING; // using with reify
terminal REFRACT; // refract invocation
terminal TRANSMUTE; // transmute invocation
terminal COLONEQ; // recompose an existing component :=
terminal DOLLAR; // mutable reference $
terminal MUTABLE; // mutable variable modifier

B Java CUP Parser AJ Nonterminals

non terminal component declaration, component opts;
non terminal component body, component args;
non terminal component body declarations;
non terminal component body declarations opt;
non terminal component body declaration;
non terminal component member declaration;
non terminal invocation declaration, invocation declarator;
non terminal invocation assignment;
non terminal invocation header, invocation body;
non terminal invoke invocation;
non terminal refract invocation;
non terminal transmute invocation;
non terminal invoke invocation body;
non terminal base expression, base body;
non terminal reify expression, deify expression;
non terminal reduce expression, compose expression;
non terminal mutable field name, mutable field declaration;
non terminal recompose expression, recompose assignment;
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C Java CUP Parser AJ Affected Java Productions

name ::= simple name
| qualified name
| mutable field name
;

block statement ::=
local variable declaration statement

| statement
| class declaration
| component declaration
| interface declaration
;

statement without trailing substatement ::=
block
| empty statement
| expression statement
| switch statement
| do statement
| break statement
| continue statement
| return statement
| synchronized statement
| throw statement
| try statement
| reify expression
| deify expression
| compose expression
| recompose expression
| reduce expression
;

expression statement ::=
statement expression SEMICOLON
| left hand side EQ reify expression
| left hand side EQ deify expression
| left hand side EQ compose expression
| left hand side EQ reduce expression
| left hand side recompose expression
;

statement expression ::=
assignment

| preincrement expression
| predecrement expression
| postincrement expression
| postdecrement expression
| method invocation

| class instance creation expression
| invoke invocation
| refract invocation
| transmute invocation
| base expression
;
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primary no new array ::=
literal
| THIS
| LPAREN expression RPAREN
| class instance creation expression
| field access
| method invocation
| array access
| primitive type DOT CLASS
| VOID DOT CLASS
| array type DOT CLASS
| name DOT CLASS
| name DOT THIS
| invoke invocation
| refract invocation
| transmute invocation
| base expression
;

D Java CUP Parser AJ Added Productions

component declaration ::=
modifiers opt COMPONENT IDENTIFIER component opts
;
component opts ::=
interfaces opt component body
| METAFY class type component args interfaces opt

component body
| ABSORBS class type component args interfaces opt

component body
| EXTENDS class type component args interfaces opt

component body
;
component args ::=
| LPAREN argument list opt RPAREN
;

component body ::= LBRACE component body declarations opt RBRACE
;

component body declarations opt ::=
| component body declarations
;

component body declarations ::=
component body declaration
| component body declarations component body declaration
;
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component body declaration ::=
component member declaration
| static initializer
| constructor declaration
| block
;

component member declaration ::=
field declaration
| invocation declaration
| mutable field declaration
| modifiers opt CLASS IDENTIFIER super opt interfaces opt

class body
| modifiers opt COMPONENT IDENTIFIER component opts
| interface declaration
;

invocation declaration ::=
modifiers opt INVOCATION invocation header

invocation body
| modifiers opt INVOCATION IDENTIFIER

invocation assignment
| modifiers opt REFRACTION invocation header

invocation body
| modifiers opt REFRACTION IDENTIFIER

invocation assignment
| modifiers opt TRANSMUTATION invocation header

invocation body
| modifiers opt TRANSMUTATION IDENTIFIER

invocation assignment
;

invocation header ::=
| type invocation declarator throws opt
| VOID invocation declarator throws opt
;

invocation declarator ::=
IDENTIFIER LPAREN formal parameter list opt RPAREN
;

invocation body ::= block
;

invocation assignment ::=
EQ name SEMICOLON
| EQ NEW class type LPAREN argument list opt RPAREN

SEMICOLON
| SEMICOLON
;

invoke invocation ::=
INVOKE invoke invocation body
;

refract invocation ::=
REFRACT invoke invocation body
;

transmute invocation ::=
TRANSMUTE invoke invocation body
;
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invoke invocation body ::=
IDENTIFIER LPAREN argument list opt RPAREN
| BASE DOT IDENTIFIER LPAREN argument list opt RPAREN
| name DOT IDENTIFIER LPAREN argument list opt RPAREN
| THIS DOT IDENTIFIER LPAREN argument list opt RPAREN
| SUPER DOT IDENTIFIER LPAREN argument list opt RPAREN
| name DOT SUPER DOT IDENTIFIER LPAREN

argument list opt RPAREN
;

base expression ::=
BASE DOT IDENTIFIER base body
;

base body ::=
| LPAREN argument list opt RPAREN
;

reify expression ::= REIFY IDENTIFIER USING name SEMICOLON
;

deify expression ::= DEIFY name SEMICOLON
;

reduce expression ::= REDUCE name SEMICOLON
;

compose expression ::= COMPOSE IDENTIFIER USING name SEMICOLON
;

recompose expression ::= COLONEQ recompose assignment SEMICOLON
;

recompose assignment ::=
name
| method invocation
| invoke invocation
| class instance creation expression
;

mutable field name ::= DOLLAR IDENTIFIER
;

mutable field declaration ::=
MUTABLE type IDENTIFIER SEMICOLON
;
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