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Abstract. Aspect-orientedprogramming(AOP)enablestheprogrammerto mod-
ularize concernsthat cut acrossother concerns.Adaptive programming(AP)
enablesthe programmerto practiceconcern-shyprogramming.A programis
concern-shyif it hidesthe detailsof a certainconcernsit cutsacross,andasa
result exhibits adaptive behavior. AP can be viewed as an instanceof AOP in
severalways,andvice-versa,AOPcanbeviewedasaninstanceof AP in several
ways.In thischapter, wecompareAOPandAP anddiscusstheir integration.The
bene�tsof theintegrationare:bettersupportfor ubiquitoustraversal-relatedcon-
cernsandbettersupportfor shyaspect-orientedprogramming.We illustratethe
couplingof AOP andAP by describingDJ, a hybrid tool of DemeterandJava,
andby describingDAJ, ahybrid tool of DemeterandAspectJ.

1 Intr oduction

Aspect-orientedprogramming(AOP) andadaptive programming(AP) arecloselyre-
lated�elds. Chronologically, AOP is a younger�eld thanAP. Conceptually, however,
the �eld of generalAP methodsis a branchof generalAOP methods.Both AP and
AOPdealwith separationof concerns;bothaspireabettermodularizationof otherwise
crosscuttingconcerns,but their perspective is different.In this chapterwe explain the
closerelationshipbetweenAOPandAP andlay out variouswaysin which thetwo can
becombined.

1.1 An AOP perspectiveon AP

From an AOP perspective, AP is a form of concern-shyprogramming.A concernis
somethingthattheprogrammercaresabout.A programis concern-shyif it relievesthe
programmerfrom the detailsa certainconcern,to which the programcanthenadapt
automatically.

The mostpracticedform of AP is structure-shyprogramming.Structure-shypro-
grammingrelievestheprogrammerfrom thedetailsof thestructuralconcernby making
thebehavioral concernadaptive.WithoutAP, thebehavior andthestructureof thepro-
gramaretypically tangled.Changesto thestructure(e.g.,classgraph)requirechanges
to thecodeof theprogram(e.g.,traversalof objectstructures).Structure-shyAP factors



out thestructureconcerninto anexplicit abstractionover theconcreteclassgraph,and
thenexpressestheprogramin termsof anabstractionover thetraversalof objectstruc-
tures.Theprogrambecomesmorerobustto structuralchanges;andchangesto theclass
graphdonotnecessarilyentailchangesto thecode.Theprogramis capableof adjusting
itself to somechangesin theclassgraph.Theprogramis thensaidto beadaptive.

The best-known exampleof structure-shyAP is Demeter. The DemeterJ[18,24]
softwareallowstheprogrammerto succinctlyspecifyfew traversalstrategy[19] meth-
odsin placeof the many methodsthat would be neededto traversea complex object
structure.Thesetraversalmethodsare automaticallygeneratedat compile-timeby a
preprocessor. A traversalstrategy describesa traversalat a high level, only referringto
theminimal numberof classesin theprogram'sobjectmodel:theroot of thetraversal,
the targetclasses,andwaypointsandconstraintsin betweento restrictthe traversalto
follow only the desiredsetof paths.If the objectmodelchanges,often the traversal
strategy doesn't needto bechanged;thetraversalmethodscansimply bere-generated
in accordancewith thenew model,andthebehavior adaptsto thenew structure.Pro-
grammingwith traversalstrategiesis thusknown asadaptiveprogramming[16].

Onecanview anadaptive programascomprisingof aspect.The traversalstrategy
is anaspect;theclass-graphis anaspect;andthetwo areweavedtogetherusingtheAP
library to generatetheworkingprogram.

1.2 An AP perspectiveon AOP

From an AP perspective, AOP is fundamentallya form of module-shyprogramming.
Programmingis module-shyif themodularstructureof theprogramdoesnot prevent
concernsthat cut acrossotherconcernsto be modularized.The aspectconstructpro-
videstheprogrammerwith theability to expressevenconcernsthatcrosscutthemodu-
lar structureof theprogram.

Typically, therearetwo sourcesof programmingconcerns:theproblemspaceand
theprogramspace.Problem-spaceconcernsareconcernsaboutthesolutionof theprob-
lem.Program-spaceconcernsareconcernsaboutthestructureof theprogram.Program-
spaceconcernscrosscuttheproblem-spaceconcerns.

Decidingontheright decompositionis themostcrucialprogram-spaceconcernthat
theprogrammerfaces.It is a crucialconcernbecauseit affectsall otherproblem-space
concerns.A good decompositioncan minimize scatteringand tangling of problem-
spaceconcerns,while a poordecompositioncanhindermodularization.This is know
as“the tyranny of thedominantdecomposition”.

AOPreducesthesigni�canceof thedominantdecompositionby providing aspects
thatmaycrosscutthemodularstructure.AOPfactorsout theproblem-spaceconcerns
into aspects,whichareshywith respectto themodularstructureof theprogram,rending
thedecompositionprogram-spaceconcernlessimportant.

AOPmodularizesproblem-spaceconcernsthatcut acrosstheprogram-space.Con-
cernsno longerneedto be expressedonly within the program's hierarchicalmodular
decomposition.Concernsthatdonot �t into thedecompositionandcrosscutthemodu-
lar structurecanbeexpressedin aspectswithout makingcodewithin modulestangled.
ThuswesaythatAOPis module-shy.



ShynessAdaptiveprogrammingisaboutshyprogramming.AOPappliestheconceptof
module-shyness.AP appliestheconceptof concern-shyness.AP enablestheprogram-
mer to practice(structure)shyprogramming.Programmingis shyif it hidesdetailsof
otherconcerns(e.g.,thestructure)it cutsacross.

TheLaw of Demeterhasthe �a vor: A methodshouldnot rely on too muchinfor-
mationaboutotherclasses/objects.Generalizedto theconcernlevel we get:A concern
shouldnot rely toomuchonotherconcerns:in otherwords,aconcernshouldbeshyof
otherconcerns.

Shynesscanbede�ned in many differentways:An implementationof aconcern���

is ��� -shyif:

– The ��� implementationreliesonly onminimal informationof ��� implementations.
– The � � implementationcanadaptto smallchangesin � � implementations.
– The ��� implementationis looselycoupledwith ��� implementations.
– The �

� implementationcanwork with �
	

�

, ��	 	

�

, ��	 	 	

�

, �
��� , whicharecloseor similar
to �

� implementations.

AP is concern-shyprogramming.A specialcaseof concern-shyprogrammingis
structure-shyprogrammingwherewe write concernsthatareshyof a graphstructure
with nodesand edges.Examplesof suchgraphstructuresare classgraphsand call
graphs.

An Adaptive View of Aspects AOP containsmultiple instancesof AP. Shynessap-
pearsin differentplacesin AOP, Observedin differentlevels.Aspectsaremodule-shy.
Onecanview aspectsasadaptivepiecesof code.Eachaspectis concern-centric, andthe
aspectweaver putsthe aspectstogether. We cannoteliminatescatteringandtangling,
but we can minimize it. Adaptivenesshelpsus addresstangling and scattering.The
weaver is a mechanismfor addressingtanglingandscattering.An aspect-shyprogram
is anobliviousprogram.

2 The Rootsof AOP and AP

Severalresearchgroupshavebeenworkingon ideassurroundingAOPbeforethename
AOPwascoined.Thework onDemeter/APatNortheasternUniversityis onesuchearly
instanceof AOP, whichdealswith concernsthathavescatteredandtangledimplemen-
tations.

Cleanseparationof concernswasthe interestof theDemeterresearchgroup,even
beforeAOPexisted.Theideaof separatingstructuralandbehavioralconcernswastaken
a stepfurther in separatingsynchronizationconcernsin the form of synchronization
patternsandseparatingmarshalingconcernsusingadaptiveparameterpassing.(Seethe
chapterby CristaLopesin this book.)

AP asanamewasintroducedaround1991.An earlyde�nition of AOPfrom North-
easternwithout usingtheAOPterminologyis in theAP book[16].Themainmessage
wasto minimizedependenciesbetweenconcernimplementationsso thata largeclass
of concernimplementationmodi�cationsshouldhaveminimal impactonotherconcern
implementations.



WhenthecollaborationbetweenNortheasternandXeroxstartedthename“adaptive
programming”wasreplacedandthebetterterm“AOP” introduced,alongwith ageneral
de�nition andmany moreexamplesof AOP.

The new separateterm is a very goodonesinceit allows to distinguishtwo key
ideas:“bettermodularizationof concerns”(key ideabehindAOP)and“concern-shyness”
(key ideabehindAP). Beforethe introductionof AOP, the conceptof AP tried to �ll
bothroles.

Giventhenew termof AOP, thede�nition of AP wasreworkedin termsof AOPand
we call it herestructure-shyAP. Thereasonwasto avoid confusionandto havea clear
distinctionbetweenAP andAOP:

De�nition 1. Structure-shyAP is thespecialcaseof AOP where someof thebuilding
blocksare expressiblein termsof graphsandwhere theotherbuilding blocksrefer to
thegraphsusingtraversal strategies.A traversal strategy maybe viewedas a partial
speci�cationof a graph pointing out a few cornerstonenodesand edges.A traversal
strategy crosscutsthe graphsit is intendedfor, only mentioninga few isolatednodes
andedges.

Thede�nition of structure-shyAP in termsof AOPis intentionallygeneral.Traver-
sal strategies may be viewed as regular expressionsspecifyinga traversalthrougha
graph.(Formally, a traversalstrategy for a graphG is a subgraphof thetransitive clo-
sureof Gwith somebypassinginformationadded.)Sincetraversalstrategieshavemany
applications,it is likely thatmany incarnationsof AOPwill qualify asstructure-shyAP.

For example,AspectJusesstaticcall graphsandtheir ”instances”aredynamiccall
trees.In AspectJ,we canwrite a traversalstrategy: "from jp to *" in the form
cflow(jp) andthisquali�es asanapplicationof structure-shyAP.

2.1 Law of Demeter

An exampleof theoverlapbetweenAP andAOP is apparentin the Law of Demeter.
TheLaw of Demeter[17] is astylerule for OOPwhosegoalis to reducethebehavioral
dependenciesbetweenclasses.Its primary form saysthat a method � shouldonly
call methods(andaccess�elds) on objectswhich arepreferred suppliers: immediate
partson this , objectspassedasargumentsto � , objectswhicharecreateddirectly in

� , andobjectsin globalvariables(in Java,public static �elds). Limiting which
methodscancall which othermethodskeepsprogrammersfrom encodingtoo much
informationabouttheobjectmodelinto amethod,thuslooseningthecouplingbetween
thestructureconcernandthebehavior concern.

In orderto write codethat follows the Law of Demeterin an ideal way, methods
whosead-hocimplementationis scatteredacrossseveralclassesneedto becleanlylo-
calized.Theresultis a cleanseparationof variousbehavioral concernsfrom concerns
aboutthe structuralinformation(classgraph).Following the Law of Demeter, a pro-
grammingstyle rule for loosecouplingbetweenthe structureandbehavior concerns,
canresultin a largenumberof smallmethodsscatteredthroughouttheprogram,which
canmake it hardto understandthe high-level pictureof what a programdoes.Adap-
tiveprogrammingwith traversalstrategiesandadaptivevisitorsin DemeterJavoidsthis
problemwhile evenbettersupportingthis loosecouplingof concerns.



Thedrawbackof following theLaw of Demeteris thatit canresultin alargenumber
of smallmethodsscatteredthroughouttheprogram,which canmake it hardto under-
standthehigh-level pictureof whata programdoes.[29] studiedthreemedium-sized
object-orientedsystemsandfoundthat in all threesystems,50%of themethodswere
lessthan2 C++ statementsor 4 Smalltalklines long. Theexamplein thenext section
alsodemonstratesthis effect.

2.2 Coupling AOP and AP

AOPandAP have thesamebene�t list, namelyunderstandability, maintainability, and
reusability.

AP canbene�t from AOP in thatAP capabilitiescanbe moreeasilyimplemented
with anAOPlanguagethanwith anOO language.AOPcanalsobene�t from AP. AP
helpsby decouplingaspectsfrom graphstructures.Without AP, AOP would needto
violatetheDRY principle:Don't RepeatYourself.

Morespeci�cally, DemetercanhelpAspectJby easeof programmingin thefollow-
ing ways:

– Parameterizeintroductionswith traversalspeci�cations
– Make typepatternsstructure-shy
– Visitorsareshorterthantraversaladvice
– Usetraversalspeci�cationsin dynamiccall graphin additionto objectgraph.

For example,wecanusetheAP library to improvetheexpressivenessof c�o w-like
pointcuts.Sowhenwe havea loggingaspectin AspectJ:

aspect Logging {
pointcut whatToLog (C c) : call ( void foo()) && target (c);
before whatToLog ( C c) { ... };

}

which logs all calls to foo() on C-objects,we may want to log only calls to a
subsetof C-objects:

aspect Logging {
pointcut whatToLog (A a, B b, C c) :

call ( void foo ()) && target (c) &&
reachable (from ( call (* A. bar()) && target (a ))

via ( call (* B.bar ()) && target (b ))
to ( call ( void foo() && target (c ))));

before whatToLog ( A a, B b, C c) { ... };
}

Herereachable is anew pointcutdesignator:

reachable (from jp1 via jp2 to jp3);

describesthe subsetof join points jp3 that arereachablefrom jp2 andthat arein
turn reachablefrom jp1.



reachable() canbeviewedasa specialcaseof the if pointcut.It expressesa
traversalconstraintin termsof thedynamiccall graph.

A commonway to achieve structure-shynessis to usepredicatesthat selectnodes
andedgeseitherusinglocal informationor usinggraphconnectivity. Prominentexam-
plesaretheAspectJpoincutssuchasthis, target,args,call, executionthatselectpoints
in the call graph.Anotherprominentexampleare the traversalstrategies in Demeter
that selectnodesandedgesbasedon graphconnectivity. The c�o w constructof As-
pectJfalls into thiscategory. And in Demeterweusetraversalstrategiesto selectnodes
andedgesin objectgraphsthatareconstrainedby classgraphs.

Thefollowing treeshowsdifferentformsandusesof concern-shyness.

concern-shy
structure-shy

local predicates
call graph
class graph

connectivity-based predicates: strategies
call graph
class graph

3 Dynamic Adaptive Programming

DJ is a pure-Java packagefor adaptive programmingthatallows traversalstrategiesto
beconstructedandinterpreteddynamicallyatrun-time.Traversalstrategiescanbeused
with adaptive visitorsor in a genericprogrammingstyleby adaptingthemto theJava
Collectionsframework.TheDJpackagemakesheavy useof Javare�ection andwegive
thehighlightsof this implementation.

With theadditionof re�ection to Java[9], it becamepossibleto interpreta traversal
strategy at runtime.DJ [22] is a pure-Java packagethat providesthis capability. This
makesit easierto addtraversalstrategiesto aJavaprogram,becausethereis noneedto
modify thecompilationprocessto run thepreprocessoror to convert thesourcecodeto
theDemeterinput languagesyntax.Insteadtraversalstrategiescansimplybeexpressed
asJavastringsin ordinaryJavacode,or evenconstructeddynamicallyfrom anexternal
sourcenot known at compiletime.

3.1 Example

The exampledomainfor this paperwill be that of processingXML Schemade�ni-
tions [5]. A simple task that onemight want to implementis checkinga schemafor
unde�nedtypes.This taskinvolvestwo traversalsof the objectstructurerepresenting
the schemade�nition: one to collect all the typesde�ned in the schema,andoneto
checkeachtype referenceto seeif it' s in the setof de�ned types.Figure1 shows a
UML classdiagramthat representsa smallsubsetof theXML Schemade�nition lan-
guage;�gure 2 and the relatedlistings show the Java codefor theseclasses,along
with the methodsfor thesetwo traversals.The methodsgetDefinedTypeNames



andgetUndefinedTypeNames on classSchema arethe public interfacesto the
traversals,andthemethodsaddDef andaddUndef do theactualtraversal,building
up thesetsof typenames.

Schema

public String name
public String value

Attribute

SchemaItem

TypeDef

SimpleType AttributeDecl

ElementDecl

ComplexType

SequenceGroup

Decl

0..*

0..*

0..1

adecls

edecls

type

attrs

content

attrs 0..*

0..*

0..*

1..*items attrs

Fig.1. UML diagramfor XML Schemas.

abstract class SchemaItem {
void addDef (Set def ) { }
void addUndef (Set undef , Set def) { }

}

abstract class TypeDef extends SchemaItem {
Attribute attrs [];
void addDef (Set def ) {



import java .util .*;

class Schema {
Attribute attrs [];
SchemaItem items[];
public Set getDefinedTypeNames () {

Set def = new HashSet ();
addDef ( def);
return def;

}
public Set getUndefinedTypeNames () {

Set undef = new HashSet ();
Set def = getDefinedTypeNames ();
addUndef (undef , def );
return undef;

}
void addDef (Set def ) {

for ( int i = 0; i < items .length ; i++)
items [i]. addDef (def);

}
void addUndef (Set undef , Set def) {

for ( int i = 0; i < items .length ; i++)
items [i]. addUndef (undef , def );

}
}

Fig.2. Java code.



for ( int i = 0; i < attrs .length ; i++)
attrs [i]. addDef (def);

}
}

class Attribute {
String name;
String value ;
void addDef (Set def ) {

if (name .equals ("name "))
def .add( value);

}
void addUndef (Set undef , Set def) {

if (name .equals ("type ")
&& ! def.contains (value ))

undef .add (value );
}

}

class SimpleType extends TypeDef { }

class ComplexType extends TypeDef {
SequenceGroup content ;
AttributeDecl adecls [];
void addDef (Set def ) {

super .addDef ( def);
content .addDef (def);

}
void addUndef (Set undef , Set def) {

content .addUndef (undef , def);
for ( int i = 0; i < adecls .length ; i ++)

adecls [i ].addUndef (undef , def);
}

}

class SequenceGroup {
Attribute attrs [];
ElementDecl edecls [];
void addDef (Set def ) {

for ( int i = 0; i < edecls .length ; i ++)
edecls [i ].addDef (def );

}
void addUndef (Set undef , Set def) {

for ( int i = 0; i < edecls .length ; i ++)
edecls [i ].addUndef (undef , def);

}
}



abstract class Decl extends SchemaItem {
Attribute attrs [];
void addUndef (Set undef , Set def) {

for ( int i = 0; i < attrs .length ; i++)
attrs [i]. addUndef (undef , def );

}
}

class AttributeDecl extends Decl {
}

class ElementDecl extends Decl {
TypeDef typeDef ;
void addDef (Set def ) {

if (typeDef != null )
typeDef . addDef (def);

}
void addUndef (Set undef , Set def) {

if (typeDef != null )
typeDef . addUndef (undef , def );

}
}

NotethattheLaw of Demeteris strictly followed:eachmethodonly refersto �elds
de�ned on the sameclass.However, the overall algorithm is lost in the noiseof all
thetraversalmethods.Theactualfunctionalbehavior is split betweentheSchema and
Attribute classes.Moreover, even thougheachmethodonly refersto local �elds,
decidingwhetherto traversea �eld requiresknowledgeof the overall classstructure:
for example,in SequenceGroup , the addDef methodonly needsto traversethe
edecls �eld becauseanelementdeclarationmayincludea typede�nition; if theob-
ject modelwereextendedsothatanattributedeclarationcouldalsoincludea typedef-
inition, theaddDef methodin ComplexType would have to bechangedto traverse
theadecls �eld, eventhoughnothingaboutComplexType itself changed.

Anotherway of implementingthis examplewould beto usetheVisitor designpat-
tern [7], by creatingtwo classesTypeDefVisitor and DeclVisitor , moving
the traversalmethodsinto visit methodson thoseclasses,andmakingsubclasses
overridingvisit(Attribute) to performthebehavior of checkingfor de�nedand
unde�nedtypes.While this would eliminatethescatteringof traversalmethodsacross
theclassstructure,thesamesetof traversalmethodswouldneedto bewritten,andthey
would still needto bemodi�ed whentheobjectmodelchanges.

3.2 Adaptiveprogramming with DJ

DJ is a library of classesthat make traversalslike the previous examplemucheasier
to de�ne, understand,andmaintain.Figure3 showsanalternateimplementationof the
Schema classthat de�nes the two traversalssuccinctlyusingtheClassGraph and
Visitor classesfrom theedu.neu.ccs.demeter.dj package.



import edu .neu.ccs .demeter . dj.*;

class Schema {
Attribute attrs [];
SchemaItem items[];
static final ClassGraph cg = new ClassGraph ();
public Set getDefinedTypeNames () {

final Set def = new HashSet ();
cg .traverse ( this ,

"from Schema via ->TypeDef ,attrs ,* to Attribute ",
new Visitor () {

void before ( Attribute host ) {
if (host .name. equals ("name "))

def. add(host .value );
}

});
return def;

}
public Set getUndefinedTypeNames () {

final Set def = getDefinedTypeNames ();
final Set undef = new HashSet ();
cg .traverse ( this ,

"from Schema via ->Decl ,attrs ,* to Attribute ",
new Visitor () {

void before ( Attribute host ) {
if (host .name. equals ("type ")

&& !def .contains ( host.value ))
undef .add (host. value);

}
});

return undef;
}

}

Fig.3. Usingtraverse from theDJ library.



A ClassGraph objectis a simpli�ed representationof a UML [2] classdiagram;
its nodesaretypes(classesandprimitive types)andits edgesare(uni-directional)as-
sociationsand(bi-directional)generalizations.

Thedefault ClassGraph constructorbuilds a graphobjectusingre�ection from
all theclassesin thedefault package;a stringcontaininga packagenamecanbe pro-
videdasaconstructorargumentto build aclassgraphfrom anotherpackage.Themeth-
odsaddPackage(String pkgname) andaddClass(Class cl) canbeused
to addotherpackagesandclassesto aclassgraphobject.A traversalis doneby calling
thetraverse methodonaClassGraph object.It takesthreearguments:therootof
theobjectstructureto betraversed;astringspecifyingthetraversalstrategy to beused;
andanadaptivevisitor objectdescribingwhatto doat pointsin thetraversal.

A traversalstrategy speci�es the endpointsof the traversal,usingthe from key-
word for the sourceand the to keyword for the target(s).In between,any number
of constraintscanbe speci�ed with via or bypassing . The two traversalsin �g-
ure3 traversefrom Schema to Attribute ; in otherwords,they visit attributesin a
schema,becausetype namesappearin attribute valuesfor both de�nitions andrefer-
ences.They differ in theirconstraints:to �nd thenamesof typesde�nedby theschema,
the�rst traversalonly looksatattributesof typede�nitions (TypeDef objects);to �nd
the namesof typesreferencedby the schema,the secondtraversalonly looks at at-
tributesof declarations(Decl objects).The->TypeDef,attrs,* syntaxis a pat-
ternspecifyingthesetof associationedgeswhosesourceis classTypeDef andwhose
label (�eld name)is attrs ; the asteriskmeansthat an edgein the setcanhave any
targettype.

Traversalstrategy interpretationis doneasdescribedin [19], with a few modi�-
cationswhosedetailswill be presentedin a future paper. The generalidea is that at
eachobjectin thetraversal,thoseassociations(includinginheritedassociations)which
canpossiblyleadto a target object(subjectto any constraintsspeci�ed in the traver-
sal strategy) aretraversedsequentially;if an objectis encounteredwhich hasno pos-
sible path leadingto a target object, the traversalreturnsto the previous stepin the
traversal.For example,in our XML Schemaexample,the items �eld of Schema
containsanarrayof SchemaItem objects;this arraymaycontainTypeDef objects,
sinceTypeDef is a subclassof SchemaItem , so the elementsof the arrayaretra-
versedaspart of the getDefinedTypes traversal.However, someof the elements
may be AttributeDecl objects,andthereis no possiblepathto a TypeDef ob-
ject; if oneof theseelementsis encounteredin thearray, it is simplyskippedover. The
adecls �eld of ComplexType is never traversedat all, sinceit canonly containan
arrayof AttributeDecl objects.Note that if the adecls �eld werea Vector
insteadof an array, it couldcontainobjectsof any type,andsoDJ would have to tra-
verseit in caseoneof its elementswerea TypeDef objector someotherobjectthat
could leadto a TypeDef . If parametricpolymorphismis addedto Java, suchasthat
proposedin [3], this problemwill be easierto avoid: the type of adecls could be
List<AttributeDecl> andDJwouldknow it couldavoid it.

An adaptive visitor classis a subtypeof theVisitor classin theDJ package;it
implementstheAdaptive Visitor patterndescribedin [16, pp. 426-427].TheAdaptive
Visitor patterndiffers from the Visitor patternaspresentedin [7] in two ways:only



a minimal setof methodsneedsto bede�ned, namelythosedescribingthe functional
behavior to be performedat pointsalong the traversal,ratherthanonemethodeach
for every classin thetraversal;andno accept methodsneedto bede�ned, nor does
traversalbehavior needto bede�nedin thevisitormethods.Thesetwo differencesresult
in a unit of behavior thatcanadaptbothto changesin theobjectmodelandchangesin
thetraversal.

Duringa traversalwith adaptivevisitor � , whenanobject � of type � is reachedin
thetraversal,if thereis amethodon � namedbefore whoseparameteris type � , that
methodis calledwith � astheargument.Then,each�eld on theobjectis traversedif
needed.Finally, beforereturningto thepreviousobject,if thereis amethodon � named
after whoseparameteris type � , thatmethodis calledwith � astheargument.The
Visitor subclassesde�ned inline in �gure 3 only de�ne onebefore methodeach,
which is executedat Attribute objects,theendpoint of thetraversal.

DJ alsoprovidessupportfor genericprogramming[23]: the asList methodon
ClassGraph adaptsan object structureand a traversalstrategy into a List , part
of Java's Collectionsframework [10]. The object structureis viewed as a collection
of objectswhosetype is the target of the traversalstrategy; the collection's iterator
performsthe traversalincrementallywith eachcall to next . Figure4 shows how to
rewrite thepreviousexampleusingasList .

DJ alsohasedgevisitor methodsthat get executedwhenever certainedgesin the
objectgrapharetraversed(sofar, visitor methodexecutiondependedonly on theclass
of theobjectbeingtraversed).

An edgehastheform n l(source, target) or n(source,l,target) . In
the�rst casethenameof thepart-ofedgeis �x ed(l ), in thesecondcaseit is variable.
n is eitherbefore or after . around is only availablein analphaversionof DJ.

For a part-ofedge,thefollowing signaturesarematched,in order:

1.n_l(S, T)
2.n_l(S, Object)
3.n_l(Object, T)
4.n_l(Object, Object)
5.n(S, String, T)
6.n(S, String, Object)
7.n(Object, String, T)
8.n(Object, String, Object)

wheren startswith before or after . S is the sourcetype of the edge,l is
the label of the edge,andT is the target type of the edge.For example,if an edge
->Employee,salary,Currency is traversed,then�rst thevisitor method

before_salary(Employee, Currency)

is invoked,if it exists,followedby

before_salary(Employee,Object),

etc.



import edu .neu.ccs .demeter . dj.*;

class Schema {
Attribute attrs [];
SchemaItem items[];
static final ClassGraph cg = new ClassGraph ();
public Set getDefinedTypeNames () {

final Set def = new HashSet ();
List typeDefAttributes =

cg .asList ( this ,
"from Schema via ->TypeDef , attrs,* to Attribute ");

Iterator it = typeDefAttributes .iterator ();
while ( it.hasNext ()) {

Attribute attr = (Attribute ) it. next();
if (attr .name. equals ("name "))

def. add(attr .value );
}
return def;

}
public Set getUndefinedTypeNames () {

final Set def = getDefinedTypeNames ();
final Set undef = new HashSet ();
List declAttributes =

cg .asList ( this ,
"from Schema via ->Decl ,attrs ,* to Attribute " );

Iterator it = declAttributes .iterator ();
while ( it.hasNext ()) {

Attribute attr = (Attribute ) it. next();
if (attr .name. equals ("type ")

&& !def .contains ( attr.value ))
undef .add( attr.value );

}
return undef;

}
}

Fig.4. UsingthecollectionadaptorasList .



Theexpressions1. through8. arepointcutdesignatorsfor executionjoin pointsof
traversals.For example,n l(S, Object) selectsall join pointsduring a traversal
wherewe traversea part-ofedgecalledl startingfrom an objectof typeS (boundin
the �rst argument)andgoing to any kind of object (boundto the secondargument).
ThoseDJ pointcutdesignatorscanonly selectjoin points in traversalswhile AspectJ
hasa muchrichersetof join points.The DJ pointcutdesignatorscanbe simulatedin
AspectJusingpointcutssuchasthis , target , args andcall .

3.3 Implementation Highlights

In this sectionwe presentsomehighlightsof the implementationof DJ andsomeex-
amplesof interestinguses.

WhentheClassGraph constructoris called,it createsa graphobjectcontaining
re�ective informationaboutall theclassesin a package.In Java, however, thereis no
way to geta list of all classesin a package;packagesarejust namespaces,not contain-
ers.Moreover, theJVM only knowsaboutclassesthathavealreadybeenloaded,andit
only loadsclasseswhenthey arereferenced.Sincea classgraphmight beconstructed
beforemany of theclassesin thepackagehave beenreferenced,theconstructorhasto
discover classessomeotherway: it searchesthe classpath(providedby the JVM as
System.getProperty("java.class.path" ) ) for all .class �les in subdi-
rectoriescorrespondingto thepackagename.For eachclass�le that is found, it calls
Class.forName() with theclassname,which causestheJVM to loadtheclassif
it hasn't alreadybeenloaded.If thereareclassesthatneedto beaddedto a classgraph
thatdonot exist as.class �les in theclasspath,for exampleif they areloadedfrom
thenetwork or constructeddynamically, they will needto beaddedexplicitly by calling
addClass() .

A classgraphmayalsobecreatedfrom anotherclassgraph� anda traversalstrat-
egy � , formingthesubgraphof classesandedgesin � thatwouldbetraversedaccording
to � . Thiscanbeusedto removeunwantedpathsfrom aclassgraph,suchasbacklinks,
ratherthanhaving to addbypassing constraintsto every traversalstrategy.

Thetraverse methodonClassGraph is implementedin a two-stageprocess:
�rst, a traversal graph is computedfrom the classgraphand the traversalstrategy
(which itself is convertedinto a strategygraph, whosenodesaretheclassesmentioned
in the traversalstrategy andwhoseedgeseachhave constraintsattachedto that leg of
thetraversal);then,theobjectstructureis traversed,usinginformationfrom thetraver-
sal graphto decidewhereto go next at eachstep,andvisitor methodsareinvokedas
needed.The traversalgraphcomputationtakestime proportionalto theproductof the
numberof edgesin theclassgraphandthenumberof edgesin thestrategy graph;since
the sametraversalstrategy is often reusedmultiple timeswith the sameclassgraph,
the traversalgraphcanbe saved andreusedwithout needingto be recomputedevery
time. The classTraversalGraph hasa constructorthat takesa traversalstrategy
anda ClassGraph object,aswell asmethodstraverse andasList . Thetraver-
salcomputationalgorithmis alsoavailableasaseparatepackage,theAP Library [25].

At eachstepin a traversal,the �elds andmethodsof the currentobject,as well
asmethodson thevisitor object,areinspectedandinvokedby re�ection. Someof this
re�ectiveoverheadcouldbeavoidedbygeneratinganew class(atrun-time)thatinvokes



theappropriate�elds andmethodsdirectly; this is plannedfor a futureadditionto DJ.
Otherapplicationsof partial evaluationto speedup the traversalmay be possibleas
well.

Theimplementationof asList is somewhattrickier thanregulartraversal:thelist
iteratormustreturnin themiddleof the traversalwhenever a targetobjectis reached,
andthenresumewhereit left off whennext is calledagain.An earlierversioncreated
anad-hoccontinuation-likeobjectthatwassavedandrestoredateachiteration,but this
waserror-proneandnotveryef�cient; thecurrentversionusesaseparateJavathreadas
acoroutine,suspendingandresumingateachiteration.An additionalprovidedmethod
gather canbeusedto copy all thetargetobjectsinto anArrayList , which is faster
still, but thelist returnedby asList hastheadvantagethatcallsto set ontheiterator
canreplacetargetobjectsin theoriginalobjectstructure.

Java'sre�ection system,unlikeothermeta-objectprotocols[12], hasnomechanism
for intercession: thereis noway to makea new subclassof Class thatbehavesdiffer-
ently for certainmeta-operationssuchasmethodinvocation.However, DJ'sVisitor
classdoesallow alimited formof intercession.It hasthemethodbefore(Object obj,
Class cl) (andcorrespondingafter ), whichis invokedby theClassGraph.traverse
methodat eachtraversalstep;it looks for a methodnamedbefore with a singlepa-
rameterwhosetypeis theclassrepresentedby cl , andinvokesit with obj asargument.
This methodcanbeoverriddenby a subclassto performmoredynamicbehavior based
on therei�ed classobjectof theobjectbeingtraversed.Figure5 showsasimplepretty-
printingvisitor thatusesthistechnique,alongwith amethodonclassSchema thatuses
it.

Note that the XMLPrinter visitor classis generic,in that it makesno mention
of any of the XML Schemaclassesbut is parameterizedby a mappingof classesto
elementnames.

4 Static AdaptiveProgramming

DJ shows how AP is bestconceptuallyintegratedwith Java. Basically, we madethe
conceptsof AP availableasJavaclasses:ClassGraph , Strategy andVisitor .

It is interestingto seehow AP is bestintegratedwith AspectJandthis is achieved
by theDAJ project[26,28]. Thegoalsof theAspectJintegrationare:

1. keepit assimpleaspossibleto make it easyto useby AspectJprogrammersand
2. improvetheperformanceover theJava integration(DJ)
3. makeit easyto de�ne domain-speci�clanguagesto providestructure-shyrepresen-

tationsof objects(asanoptionalfeature).

In DAJ we wantstructure-shyrepresentationof objectsaswell asbehavior. We fo-
cusonstructure-shybehavior becausestructure-shyobjectrepresentationsaredescribed
in [16].

4.1 Strategygraph intersection

While in DJ we may work with any numberof classgraphviews, using a strategy
to de�ne eachview, in DAJ we work only with onemainclassgraph.But this is not a



public XMLPrinter (Map map) { this .map = map; }
Map map;
String indent = " ";
public void before (Object obj , Class cl) {

String elementName = (String ) map.get (cl);
if (elementName != null ) {

System .out .println (indent + "<" + elementName + "> ");
indent += " ";

}
}
public void after (Object obj, Class cl) {

String elementName = (String ) map.get (cl);
if (elementName != null ) {

indent = indent .substring (2);
System .out .println (indent + "</" + elementName + " >");

}
}

}

class Schema {
...
void print() {

Map map = new HashMap();
map.put (Schema . class , "schema " );
map.put (SimpleType . class , "simpleType ");
map.put (ComplexType . class , "complexType ");
map.put (ComplexTypeContent . class , "complexContent ");
map.put (SequenceGroup . class , " sequence ");
map.put (ElementDecl . class , "element " );
map.put (AttributeDecl . class , " attribute ");
Visitor v = new XMLPrinter (map);
XSD.cg. traverse ( this , "from Schema to *", v);

}
}

Fig.5. Usingvisitor methodintercession.



restrictionto theexpressivenessof DAJ; wecompensatethelackof multipleclassgraph
viewsby makingthestrategy languagemoreexpressive.We adda strategy intersection
capabilitysothatwe cande�ne a strategy eachFile asfollows:

declare strategy: down:
"from * bypassing -> *,parent,* to *";

declare strategy: eachFile:
"intersect(from CompoundFile to File, down)";

down is a strategy that selectsonly the down links in a recursive datastructure
by bypassingall parentlinks. eachFile is a strategy that reachesall File -objects
reachablefrom a CompoundFile -object,but only following down links.

To gettheequivalentof

cg.traverse(o, whereToGo, whatAndWhenToDo)

in DAJ, we introducea secondkind of declaration,calleda traversaldeclaration.It
de�nesanew methodusingthestrategywhereToGo andtheclassof whatAndWhenToDo:
WhatAndWhenToDo.

declare traversal:
void someName(): whereToGo (WhatAndWhenToDo);

4.2 Visitor classes

WhatAndWhenToDois a Java identi�er naminga class(declaredelsewhere)contain-
ing visitor methodswhich areinvokedduringthetraversal.Argumentsto thetraversal
will bepassedto theconstructorof thevisitor. Thereare� vekindsof visitor methods:

– void start() is invokedat thebeginningof thetraversal.
– void before(ClassName) is invoked whenan objectof the given classis

encounteredduringthetraversal,beforeits �elds aretraversed.
– void after(ClassName) is invoked whenan objectof the given classis

encounteredduringthetraversal,afterits �elds havebeentraversed.
– void finish() is invokedat theendof thetraversal,that is, afterall the�elds

of theroot objecthavebeentraversed.
– Object getReturnValue() is invoked at the end of the traversal,and its

valueis returnedastheresultof thetraversal(suitablycastto thetraversal's return
type).

In thefuture,all thecapabilitiesin DemeterJwill beaddedto DAJ. Thismeansthat
we will havearoundmethodsin DAJ visitors.

In the currentimplementationof DAJ, we have the restrictionthat traversaland
strategydeclarationsmustbeputinto separate.trv �les. Thisis asmallinconvenience
andhasthe advantagethat the AspectJcompilerdoesnot needto be modi�ed. After
strategy andtraversaldeclarationshave beenaddedto AspectJ,it alsomakessenseto
adda new pointcutdesignatorto AspectJ:traversal(s) for a traversalstrategy s.



It selectsall join pointsin thetraversalde�ned by s andcanbe freely combinedwith
otherpointcutdesignators.

The implementationof DAJ translatesthe .cd �les to classde�nitions with pars-
ing methodsusingthe ANTLR tools [27] andit translatesthe .trv �les to AspectJ
introductionsde�ning theappropriatetraversalmethodsusingtheAP Library [20,25].
It thenweavesall theAspectJ�les together.

Weconcludewith asimpleaspectthatde�nestwo methodseachFile andfindDirectory .

aspect FileSystemTraversals {
declare strategy: eachFile:

"intersect(from CompoundFile to File, down)";

declare traversal:
void listAll(): eachFile(FileLister);

declare traversal:
void findDirectory(Ident target):

"intersect(from CompoundFile to CompoundFile, down)"
(DirFinder);

declare strategy: down:
"from * bypassing -> *,parent,* to *";

}

DAJ hasachievesthegoalsmentionedat thebeginning.It is easyfor AspectJpro-
grammersto useDAJ: only two new declarationsneedto be learned,namelystrategy
andtraversaldeclarations.Theimplementationis anorderof magnitudefasterthanDJ
andclassdictionarieshavebeenaddedasanoptionalfeature.

5 RelatedWork

Thenotionof adaptivenessandshynessis linkedto thenotionof quanti�cation in [6].
Aspect-OrientedProgrammingis quanti�cationbecauseanaspectworkswith anentire
family of baseprograms.

DJ is closelyrelatedto DemeterJ[24], a preprocessingtool that takesa classdic-
tionary �le (containinga textual representationof a UML classdiagram,with syntax
directivesfor parsingandprintingobjectstructures)andsomebehavior�les (containing
regularJava methodsto beattachedto theclassesin theclassdictionary, plustraversal
methodspeci�cations,visitor methods,andadaptivemethodsthat connecta traversal
with avisitor class)andgeneratesplainJavacodefor thoseclasseswith traversalmeth-
odsattachedalongwith aparserandsomecustomvisitorssuchasfor printing,copying,
orcomparingobjectstructures.Demeter/C++[15,21] isapredecessorof DemeterJwith
similar capabilities.DJ sharesthesametraversalstrategy languageandtraversalgraph
algorithmsasDemeterJ,but doesnocodegenerationandis apure-Java library.

Besidesbeingeasierto usewith existing Java code,DJ hasa few otheradvantages
comparedto DemeterJ.Oneis theability to traverseclassesfor which theprogrammer



doesnot have sourcecode,or is not ableor willing to modify thesourcecode;for ex-
ample,onemight traversepartsof Java'sSwinglibrary of GUI widgets.DJcantraverse
publicaccessormethods,or mayevenuseprivatemethodsand�elds if theJVM'ssecu-
rity managerallowsre�ectiveaccessto privateparts(which is oftenthecaseoutsideof
applets).Anotherfeatureof DJ which doesnot exist in DemeterJis theability to work
with subgraphsof aclassgraph;in DemeterJ,all traversalsarecomputedin thecontext
of thewholeclassgraphde�ned in theclassdictionary, but in DJ you cancreatenew
classgraphsby selectinga subgraphwith a traversalstrategy. In addition,DJ allows
componentsto bemoregeneric,by takingclassgraphs,traversalstrategies,or classes
to bevisitedasrun-timeparameters.Theselattertwo advantagesaredueto therei�ca-
tion of conceptswhich only exist at compile-timein DemeterJas�rst classobjectsin
DJ.

An AdaptiveObject-Model[30] is anobjectmodelthatis interpretedat run-time.If
anobjectmodelis changed,thesystemchangesits behavior. Java's objectmodelcan't
bechangedat run-time(otherthandynamicclassloading)but DJ interpretstheobject
modelwhendoingtraversals.

DJ's Visitor classis similar to the re�ective visitor describedin [1] and the
Walkabout classdescribedin [11]. However, neitherof theseallows for customized
traversals.

Java OQL, is the binding of OQL (ObjectQueryLanguage)from ODMG 2.0 [4]
to Java, treatsqueryspeci�cationsmuchlike DJ treatstraversalstrategy speci�cations.
An OQLQuery objectcanbeconstructedfrom a stringdescribinga query;thequery
canthenbe executedby calling the execute() methodon the OQLQuery object.
Queriesareeithercompileddynamicallyat run-timeor interpreted.An exampleof a
queryis:

OQLQuery query = new OQLQuery
("select p.getSpouse from p in persons");

Set spouses = (Set) query.execute();

For anadaptiveversionof OQL, see[8].
DJhassomeconnectionswith aspect-orientedprogramming(AOP)[13]. An adap-

tive visitor is a specializedaspect:it sayswhatbehavior shouldhappenat certainprin-
cipledpointsin theexecutionof a traversal.A traversalstrategy canalsobeconsidered
anaspect:it addscrosscuttingbehavior whoseimplementationwouldordinarilyrequire
scatteringmethodsacrosstheclassstructure.Moredetailsabouttheaspectualnatureof
DJarein [14].

Oneis theability to write visitor methodsthatgetexecutedwhenevercertainedges
in theclassgraphareexecuted(currently, visitor methodexecutiondependsonly onthe
classof theobjectbeingtraversed).

6 Conclusion

In thischapterwediscussedhow AOPandAP arecoupled.It turnsoutthat”shyness”is
animportantconceptin AOP. If aspectsarenot”shy” theirusefulnessgreatlydecreases.



We have presentedDJ, a pure-Java library supportingdynamicadaptive program-
ming.DJmakesit easierto follow theLaw of Demeter, looseningthecouplingbetween
the structureandbehavior concernsandadaptingto changesin the object model. It
is more�e xible anddynamicthanthepreprocessingapproachtaken by DemeterJ,by
interpretingtraversalstrategiesat run-timeandusingre�ection to traverseobjectstruc-
tureswith adaptivevisitors.

Expressionof pointcutsat a higher level of abstractionis an important issuein
AOP. Traversal-strategy basedpointcutsshow oneinterestingway how this canbeac-
complished.

AOP, speci�cally AspectJ,hasdevelopeda goodmodelfor expressingsetsof join
pointsin a call graphin a structure-shyway. Indeed,AspectJis anexcellentlanguage
for expressingan object form Law of Demeterchecker which is a programthat is so
structure-shythatit workswith any legalJava program.
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A On the Horizon

What'snext?To bedone.

A.1 Componentsand aspects

A.2 Aspectualpolymorphism

A.3 Better join point models(higher level)

A.4 Statically executableadvice

A.5 Modulesand aspectscombined

A.6 Contracts and aspects

A.7 Integrating methodsand adviceinto a simpler aspectmodel

A.8 Compositionof aspects

Composingavisitor with a traversal,thevisitor cannotviolatedthestrategy. Functional
visitors.

A.9 Distrib uted systems

A.10 ?

A.11 Debug

How to make AspectJeasierto debug. Paint you programwith an aspect.Then that
aspecthelpsyou �nd theplacein theprogramwhereachangeis needed.Usingaspects
to facilitatecodenavigation.Theroleof aspectsin theIDE.

A.12 Constraining aspects

The visitor is supposedto adviceA visitor is an exampleof a restrictedaspector a
constraintsaspects.It canonly advicetraversalcodeandonly in sucha way that the
advisedoesnot violate thestrategy. It is a controlledaspect.How to do similar things
for AspectJ?


