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Abstract. Aspect-orientegirogramming AOP)enablesheprogrammeto mod-
ularize concernsthat cut acrossother concerns. Adaptive programming(AP)
enablesthe programmerto practiceconcern-shyprogramming.A programis
concern-shyif it hidesthe detailsof a certainconcernst cutsacrossandasa
result exhibits adaptve behaior. AP canbe viewed as an instanceof AOP in
severalways,andvice-versa AOP canbeviewed asaninstanceof AP in several
ways.In this chapterwe compareAOPandAP anddiscusgheirintegration.The
bene tsof theintegrationare:bettersupportfor ubiquitoustraversal-relate¢on-
cernsandbettersupportfor shy aspect-orientegrogrammingWe illustratethe
couplingof AOP andAP by describingDJ, a hybrid tool of Demeterand Java,
andby describingDAJ, ahybrid tool of DemeterandAspectJ.

1 Intr oduction

Aspect-orientegorogramming(AOP) and adaptve programming(AP) are closelyre-

lated elds. Chronologically AOP is ayounger eld thanAP. Conceptuallyhowever,

the eld of generalAP methodsis a branchof generalAOP methods.Both AP and
AOPdealwith separatiorof concernspothaspirea bettermodularizatiorof otherwise
crosscuttingconcernsput their perspectie is different.In this chapterwe explain the
closerelationshipbetweerAOP andAP andlay out variouswaysin which thetwo can
becombined.

1.1 An AOP perspective on AP

From an AOP perspectie, AP is a form of concern-shyprogramming A concernis
somethinghatthe programmeraresabout.A programis concern-shyf it relievesthe
programmeifrom the detailsa certainconcernto which the programcanthenadapt
automatically

The mostpracticedform of AP is structue-shyprogramming.Structure-shypro-
grammingrelievestheprogrammefrom thedetailsof the structuralconcerrby making
thebehaioral concernadaptve. Without AP, the behaior andthe structureof the pro-
gramaretypically tangled.Changego the structure(e.g.,classgraph)requirechanges
to thecodeof theprogram(e.g. traversalof objectstructures)Structure-shyAP factors



outthestructureconcerninto anexplicit abstractioroverthe concreteclassgraph,and
thenexpresseshe programin termsof anabstractiorover thetraversalof objectstruc-
tures.Theprogrambecomesnorerobustto structuralchangesandchangeso theclass
graphdonotnecessarilgntailchangeso thecode. Theprogramis capableof adjusting
itself to somechangesn theclassgraph.The programis thensaidto beadaptive

The best-knavn exampleof structure-shyAP is Demeter The DemeterJ18,24]
softwareallows the programmeto succinctlyspecifyfew traveisal strategy [19] meth-
odsin placeof the mary methodsthat would be neededo traversea complex object
structure.Thesetraversalmethodsare automaticallygeneratecat compile-timeby a
preprocessoA traversalstratey describes traversalat a high level, only referringto
theminimal numberof classesn the programs objectmodel:theroot of thetraversal,
thetaiget classesandwaypointsandconstraintin betweento restrictthe traversalto
follow only the desiredsetof paths.If the objectmodel changespften the traversal
stratgy doesnt needto be changedthetraversalmethodscansimply bere-generated
in accordancevith the new model,andthe behaior adaptso the new structure Pro-
grammingwith traversalstratgyiesis thusknown asadaptiveprogramming[16].

Onecanview anadaptve programascomprisingof aspectThe traversalstratgy
is anaspectthe class-graplis anaspectandthetwo areweavedtogethersingthe AP
library to generatehe working program.

1.2 An AP perspective on AOP

From an AP perspectie, AOP is fundamentallya form of module-shyprogramming.
Programmings module-shyif the modularstructureof the programdoesnot prevent

concernghat cut acrossother concerngo be modularized.The aspectconstructpro-

videsthe programmenwvith the ability to expressevenconcernghatcrosscuthe modu-

lar structureof the program.

Typically, therearetwo sourcesof programmingconcernsthe problemspaceand
theprogramspaceProblem-spaceoncernsreconcerngboutthesolutionof theprob-
lem.Program-spaceoncernareconcernsaboutthestructureof theprogramProgram-
spaceconcerngrosscuthe problem-spaceoncerns.

Decidingontheright decompositions themostcrucialprogram-spaceoncerrthat
the programmefaceslt is a crucialconcernbecausét affectsall otherproblem-space
concernsA good decompositioncan minimize scatteringand tangling of problem-
spaceconcernswhile a poordecompositiorcanhindermodularizationThis is know
as“the tyranry of thedominantdecomposition”.

AOP reduceghe signi cance of the dominantdecompositiorby providing aspects
that may crosscuthe modularstructure AOP factorsout the problem-spaceoncerns
into aspectsywhichareshywith respecto themodularstructureof theprogramyending
thedecompositiorprogram-spaceoncernessimportant.

AOP modularizegproblem-spaceoncernghatcut acrosshe program-spaceCon-
cernsno longerneedto be expressednly within the programs hierarchicalmodular
decompositionConcernghatdo not t into thedecompositiorandcrosscuthemodu-
lar structurecanbe expressedn aspectsvithout makingcodewithin modulestangled.
Thuswe saythat AOPis module-shy



ShynessAdaptive programmings aboutshyprogrammingAOPappliestheconcepbf
module-shynes#P appliesthe conceptof concern-shynes&P enableghe program-
merto practice(structure)shy programmingProgrammings shyif it hidesdetailsof
otherconcernge.g.,thestructure)it cutsacross.

The Law of Demeterhasthe avor: A methodshouldnot rely on too muchinfor-
mationaboutotherclasses/object§&eneralizedo the concernlevel we get: A concern
shouldnot rely too muchon otherconcernsin otherwords,a concerrshouldbe shy of
otherconcerns.

Shynesganbede nedin mary differentways:An implementatiorof aconcern
is -shyif:

— The implementationreliesonly onminimalinformationof  implementations.

— The implementatiorcanadaptto smallchangesn  implementations.

— The implementatioris looselycoupledwith  implementations.

— The implementatiorcanworkwith , | , ,Wwhicharecloseor similar
to implementations.

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

An Adaptive View of Aspects AOP containsmultiple instancef AP. Shynessap-
pearsin differentplacesin AOP, Obsenredin differentlevels. Aspectsaremodule-shy
Onecanview aspectaisadaptve piecesf code Eachaspects concern-centricandthe
aspectwearer putsthe aspectsogether We cannoteliminatescatteringandtangling,
but we can minimize it. Adaptivenesshelpsus addresganglingand scattering.The
weaveris a mechanisnfor addressinganglingandscattering An aspect-shyrogram
is anobliviousprogram.

2 The Rootsof AOP and AP

Severalresearclgroupshave beenworking onideassurroundingAOP beforethename
AOPwascoined.Thework on Demeter/APat Northeastertniversityis onesuchearly
instanceof AOR, which dealswith concernghathave scatterecandtangledimplemen-
tations.

Cleanseparatiorof concernsvasthe interestof the Demeteresearchgroup,even
beforeAOPexisted.Theideaof separatingtructuralndbehaioral concernsvastaken
a stepfurther in separatingsynchronizatiorconcernsn the form of synchronization
patternsaandseparatingnarshalingconcernsisingadaptve parametepassing(Seethe
chapterby Cristal opesin this book.)

AP asanamewasintroducedaround1991.An earlyde nition of AOPfrom North-
easternwithout usingthe AOP terminologyis in the AP book[16]. The main message
wasto minimize dependenciebetweenconcernimplementationsothata large class
of concernmplementatiormodi cationsshouldhave minimalimpacton otherconcern
implementations.



WhenthecollaboratiorbetweerNortheastermndXerox startedhename*adaptive
programming'wasreplacedandthebetterterm“AOP” introducedalongwith ageneral
de nition andmary moreexamplesof AORP.

The new separatderm is a very goodone sinceit allows to distinguishtwo key
ideas!'bettermodularizatiorof concerns’{key ideabehindAOP)and“concern-shyness”
(key ideabehind AP). Beforethe introductionof AOR, the conceptof AP triedto I
bothroles.

Giventhenew termof AOR thede nition of AP wasreworkedin termsof AOPand
we call it herestructure-shyAP. Thereasonwasto avoid confusionandto have a clear
distinctionbetweenmAP andAOP:

De nition 1. Structue-shyAP is the specialcaseof AOP whele someof the building
blocks are expressiblein termsof graphsand whete the other building blocks referto
the graphsusingtraveisal strategies. A traversal strategy may be viewedas a partial
speci cation of a graph pointing out a few cornerstonenodesand edges. A traversal
strategy crosscutgthe graphsit is intendedfor, only mentioninga few isolatednodes
andedges.

Thede nition of structure-shyAP in termsof AOPIis intentionallygeneral Traver-
sal stratgjies may be viewed as regular expressionsspecifyinga traversalthrougha
graph.(Formally, a traversalstrat@y for a graphG is a subgraplof the transitive clo-
sureof G with somebypassingnformationadded.Sincetraversalstratgieshave mary
applicationsit is likely thatmary incarnation®of AOPwill qualify asstructure-shyAP.

For example Aspectlusesstaticcall graphsandtheir "instances”aredynamiccall
trees.In Aspect],we canwrite a traversalstratgy: "from jp to *" intheform
cflow(jp) andthis quali es asanapplicationof structure-shyAP.

2.1 Law of Demeter

An exampleof the overlapbetweenAP and AOP is apparenin the Law of Demeter
ThelLaw of Demetel[17] is astylerule for OOPwhosegoalis to reducethebehaioral
dependenciebetweenclasseslts primary form saysthat a method  shouldonly
call methods(andaccesselds) on objectswhich are preferred supplies: immediate
partsonthis , objectspassedsargumentdo , objectswhicharecreateddirectlyin

, andobjectsin globalvariablegin Java,public  static  elds). Limiting which
methodscan call which other methodskeepsprogrammerdrom encodingtoo much
informationaboutthe objectmodelinto amethod thuslooseninghe couplingbetween
the structureconcernandthe behaior concern.

In orderto write codethat follows the Law of Demeterin anideal way, methods
whosead-hocimplementatioris scatteredicrosssereral classeseedto be cleanlylo-
calized.Theresultis a cleanseparatiorof variousbehaioral concernfrom concerns
aboutthe structuralinformation (classgraph).Following the Law of Demeter a pro-
grammingstyle rule for loosecoupling betweenthe structureand behaior concerns,
canresultin alargenumberof smallmethodsscatteredhroughouthe program which
canmake it hardto understandhe high-level picture of what a programdoes.Adap-
tive programmingwith traversalstratgyiesandadaptve visitorsin Demeterivoidsthis
problemwhile evenbettersupportingthis loosecouplingof concerns.



Thedrawbackof following the Law of Demeteiis thatit canresultin alargenumber
of small methodsscatteredhroughoutthe program,which canmake it hardto under
standthe high-level picture of whata programdoes.[29] studiedthreemedium-sized
object-orientedsystemsandfoundthatin all threesystems50% of the methodswere
lessthan2 C++ statement®r 4 Smalltalklineslong. The examplein the next section
alsodemonstratethis effect.

2.2 Coupling AOP and AP

AOP andAP have the samebene t list, namelyunderstandabilitymaintainability and
reusability

AP canbene t from AOP in that AP capabilitiescanbe moreeasilyimplemented
with an AOP languagehanwith an OO language AOP canalsobene t from AP. AP
helpsby decouplingaspectsfrom graphstructures Without AP, AOP would needto
violatethe DRY principle:Don't Repeatrourself

More speci cally, Demetercanhelp Aspectby easeof programmingn thefollow-
ing ways:

— Parameterizéntroductionswith traversalspeci cations

— Make typepatternsstructure-shy

— Visitorsareshorterthantraversaladvice

— Usetraversalspeci cationsin dynamiccall graphin additionto objectgraph.

For example we canusethe AP library to improve theexpressvenesf ¢ o w-like
pointcuts.Sowhenwe have aloggingaspecin AspectJ:

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

}

which logs all callsto foo() on C-objects,we may wantto log only callsto a
subsebf C-objects:

aspect Logging {
pointcut whatToLog (A a, B b, Cc¢)
cal (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, Bb, Cc) { .. }

}

Herereachable is anew pointcutdesignator:

reachable (from jpl via jp2 to jp3);

describeghe subsetof join pointsjp3 that arereachabldrom jp2 andthatarein
turnreachabldérom jp1.



reachable() canbeviewedasa specialcaseof theif pointcut.lt expresses
traversalconstrainin termsof the dynamiccall graph.

A commonway to achieve structure-shyness to usepredicateshat selectnodes
andedgesitherusinglocal informationor usinggraphconnectvity. Prominentexam-
plesarethe AspectJpoincutssuchasthis, target,args, call, executionthat selectpoints
in the call graph.Another prominentexampleare the traversalstratgiesin Demeter
that selectnodesand edgesbasedon graphconnectvity. The c ow constructof As-
pectJfallsinto this cateyory. And in Demetemwe usetraversalstratgiesto selectnodes
andedgesn objectgraphsthatareconstrainedy classgraphs.

Thefollowing treeshavs differentformsandusesof concern-shyness.

concern-shy
structure-shy

local predicates
call graph
class graph

connectivity-based predicates: strategies
call graph
class graph

3 Dynamic Adaptive Programming

DJis a pure-Jaapackagdor adaptve programminghatallows traversalstratgiesto
beconstructe@ndinterpreteddynamicallyatrun-time.Traversalstratgiescanbeused
with adaptve visitors or in a genericprogrammingstyle by adaptingthemto the Java
Collectionsframenork. The DJpackaganakesheary useof Javare ection andwe give
thehighlightsof thisimplementation.

With theadditionof re ection to Java[9], it becamepossibleto interpretatraversal
strat@y at runtime.DJ [22] is a pure-J&a packagethat providesthis capability This
malkesit easierto addtraversalstrat@iesto a Java program because¢hereis no needto
modify the compilationprocesgo run the preprocessaor to corvertthe sourcecodeto
theDemeteiinputlanguagesyntax.Insteadraversalstratgyiescansimply beexpressed
asJava stringsin ordinaryJava code,or evenconstructealynamicallyfrom anexternal
sourcenotknown at compiletime.

3.1 Example

The exampledomainfor this paperwill be that of processingKML Schemade ni-
tions[5]. A simpletaskthat one might wantto implementis checkinga schemafor
unde nedtypes.This taskinvolvestwo traversalsof the objectstructurerepresenting
the schemade nition: oneto collect all the typesde ned in the schemaandoneto
checkeachtype referenceto seeif it's in the setof de ned types.Figure 1 shavs a
UML classdiagramthatrepresents small subsebf the XML Schemade nition lan-
guage; gure 2 and the relatedlistings shav the Java codefor theseclassesalong
with the methodsfor thesetwo traversals.The methodsgetDefinedTypeNames



andgetUndefinedTypeNames  on classSchema arethe public interfacesto the
traversalsandthe methodsaddDef andaddUndef do the actualtraversal,building
up the setsof typenames.

0”*
Schema as Attribute
toms 1 ars 0.F | public Sting name
Schemaltem public String value
B .
0.1
TypeDef Decl
[% [% attrs
- adecls 0o
SimpleTypg | ComplexType AttributeDecl

0”*
contents | sequenceGroup—22ECS ™| ElementDe

type |

Fig. 1. UML diagramfor XML Schemas.

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

}

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




import java .util %

class Schema {

Attribute attrs  [];

Schemaltem 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 .ength ; 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. Javacode.




for (int i = 0; i < attrs .ength ; 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 J.addUndef (undef , def);

class SequenceGroup {
Attribute attrs  [J;
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 J.addUndef (undef , def);




abstract class Decl extends Schemaltem {
Attribute attrs  [J;
void addUndef (Set undef , Set def) {
for (int i = 0; i < attrs .ength ; 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);
}

Notethatthe Law of Demeteiis strictly followed:eachmethodonly refersto elds
de ned on the sameclass.However, the overall algorithmis lost in the noise of all
thetraversalmethodsTheactualfunctionalbehavior is split betweerthe Schema and
Attribute classesMoreover, eventhougheachmethodonly refersto local elds,
decidingwhetherto traversea eld requiresknowledgeof the overall classstructure:
for example,in SequenceGroup , the addDef methodonly needsto traversethe
edecls eld becausanelementdeclarationmayincludeatypede nition; if the ob-
jectmodelwereextendedsothatanattribute declaratiorcould alsoincludeatype def-
inition, theaddDef methodin ComplexType would haveto be changedo traverse
theadecls eld, eventhoughnothingaboutComplexType itself changed.

Anotherway of implementingthis examplewould beto usethe Visitor designpat-

tern [7], by creatingtwo classesTypeDefVisitor and DeclVisitor , moving
the traversalmethodsinto visit =~ methodson thoseclassesand making subclasses
overridingvisit(Attribute) to performthebehaior of checkingfor de ned and

unde nedtypes.While this would eliminatethe scatteringof traversalmethodsacross
theclassstructurethe samesetof traversalmethodsvould needto bewritten, andthey
would still needto be modi ed whenthe objectmodelchanges.

3.2 Adaptive programming with DJ

DJis alibrary of classeghat make traversalslik e the previous examplemucheasier
to de ne, understandandmaintain.Figure 3 shavs analternatdmplementatiorof the
Schema classthat de nesthe two traversalssuccinctlyusingthe ClassGraph and
Visitor  classedrom theedu.neu.ccs.demeter.d] package.



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

class Schema {
Attribute attrs  [];
Schemaltem 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 );
}
D
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);
}
D
return  undef;
}
}

Fig. 3. Usingtraverse  from theDJlibrary.




A ClassGraph objectis asimpli ed representationf a UML [2] classdiagram;
its nodesaretypes(classesandprimitive types)andits edgesare (uni-directional)as-
sociationsaand(bi-directional)generalizations.

Thedefault ClassGraph constructotbuilds a graphobjectusingre ection from
all the classesn the default packagea string containinga packagenamecanbe pro-
videdasa constructoargumento build a classgraphfrom anothepackageThe meth-
odsaddPackage(String pkgname) andaddClass(Class cl) canbeused
to addotherpackagesndclasseso aclassgraphobject.A traversalis doneby calling
thetraverse methodonaClassGraph object.It takesthreeargumentstheroot of
theobjectstructureto betraverseda stringspecifyingthe traversalstratgy to be used;
andanadaptivevisitor objectdescribingwhatto do at pointsin thetraversal.

A traversalstratgy speci esthe endpointsof the traversal,usingthe from key-
word for the sourceandthe to keyword for the target(s).In between,ary number
of constraintscan be speci ed with via or bypassing . The two traversalsin g-
ure 3 traversefrom Schema to Attribute  ; in otherwords,they visit attributesin a
schemapecausdype namesappeatin attribute valuesfor both de nitions andrefer
encesThey differin theirconstraintsto nd thenameof typesde ned by theschema,
the rst traversalonly looksat attributesof typede nitions (TypeDef objects);to nd
the namesof typesreferencediy the schemathe secondtraversalonly looks at at-
tributesof declarationgDecl objects).The->TypeDef,attrs,* syntaxis a pat-
ternspecifyingthe setof associatioredgesvhosesources classTypeDef andwhose
label (eld name)is attrs ; the asteriskmeansthatan edgein the setcanhave ary
targettype.

Traversalstratgyy interpretationis doneas describedn [19], with a few modi -
cationswhosedetailswill be presentedn a future paper The generalideais that at
eachobijectin thetraversal thoseassociationgincludinginheritedassociationsyvhich
canpossiblyleadto a tarmget object(subjectto ary constraintsspeci ed in the traver-
sal strat@y) aretraversedsequentiallyjf anobjectis encounteredvhich hasno pos-
sible pathleadingto a target object, the traversalreturnsto the previous stepin the
traversal.For example,in our XML Schemaexample,theitems eld of Schema
containsanarrayof Schemaltem objects;this arraymay containTypeDef objects,
sinceTypeDef is a subclasof Schemaltem , sothe elementsf the arrayaretra-
versedaspart of the getDefinedTypes  traversal.However, someof the elements
may be AttributeDecl objects,andthereis no possiblepathto a TypeDef ob-
ject; if oneof theseelementss encountereéh thearray it is simply skippedover. The
adecls eld of ComplexType is nevertraversedatall, sinceit canonly containan
array of AttributeDecl objects.Note that if the adecls eld werea Vector
insteadof anarray it could containobjectsof ary type,andso DJ would have to tra-
verseit in caseoneof its elementsverea TypeDef objector someotherobjectthat
couldleadto a TypeDef . If parametrigpolymorphismis addedto Java, suchasthat
proposedn [3], this problemwill be easierto avoid: the type of adecls could be
List<AttributeDecl> andDJwould know it couldavoid it.

An adaptve visitor classis a subtypeof the Visitor  classin the DJ packageijt
implementshe Adaptive Visitor patterndescribedn [16, pp. 426-427].The Adaptive
Visitor patterndiffers from the Visitor patternas presentedn [7] in two ways: only



a minimal setof methodsneedgo be de ned, namelythosedescribingthe functional
behaior to be performedat points along the traversal,ratherthan one methodeach
for every classin thetraversal;andno accept methodseedto be de ned, nor does
traversalbehaior needto bede nedin thevisitor methodsThesewo differencesesult
in aunit of behaior thatcanadaptbothto changesn the objectmodelandchangesn

thetraversal.

During atraversalwith adaptievisitor , whenanobject of type isreachedn
thetraversal,if thereisamethodon namedbefore whoseparameteistype ,that
methodis calledwith asthe argument.Then,each eld on the objectis traversedif
neededFinally, beforereturningto thepreviousobject,if thereisamethodon named
after whoseparameteis type , thatmethodis calledwith astheamgument.The
Visitor ~ subclassede nedinlinein gure 3 only de ne onebefore methodeach,
whichis executedat Attribute objectstheendpoint of thetraversal.

DJ also provides supportfor genericprogramming[23]: the asList methodon
ClassGraph adaptsan objectstructureand a traversalstrateyy into a List , part
of Java's Collectionsframawork [10]. The objectstructureis viewed as a collection
of objectswhosetype is the target of the traversalstratgyy; the collection's iterator
performsthe traversalincrementallywith eachcall to next . Figure4 shovs how to
rewrite the previousexampleusingasList

DJ alsohasedgevisitor methodsthat get executedwheneer certainedgesin the
objectgrapharetraversed(sofar, visitor methodexecutiondependednly onthe class
of theobjectbeingtraversed).

An edgehastheform n_I(source, target)  orn(source,l target) .In
the rst casethe nameof the part-ofedgeis x ed(l ), in the seconccaseit is variable.
n is eitherbefore orafter .around isonlyavailablein analphaversionof DJ.

For a part-ofedge the following signhaturesrematchedijn order:

1.n_I(S, T)

2.n_I(S, Object)
3.n_I(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,| is
the label of the edge,andT is the targettype of the edge.For example,if an edge
->Employee,salary,Currency is traversedthen 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  [J;
Schemaltem items[];
static final  ClassGraph c¢g = 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 0;
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 0;
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




The expressiondl. through8. are pointcutdesignatorgor executionjoin pointsof
traversals.For example,n_I(S, Object) selectsall join pointsduring a traversal
wherewe traversea part-of edgecalledl startingfrom an objectof type S (boundin
the rst argument)andgoingto ary kind of object(boundto the secondargument).
ThoseDJ pointcutdesignatorganonly selectjoin pointsin traversalswhile AspectJ
hasa muchricher setof join points. The DJ pointcutdesignatorganbe simulatedin
Aspectdusingpointcutssuchasthis ,target ,args andcall

3.3 Implementation Highlights

In this sectionwe presentsomehighlights of the implementatiorof DJ andsomeex-
amplesof interestinguses.

Whenthe ClassGraph constructoiis called,it createsa graphobjectcontaining
re ective informationaboutall the classesn a packageln Java, however, thereis no
way to getalist of all classesn a packagepackagesirejustnamespacesyot contain-
ers.Moreover, the JVM only knows aboutclasseshathave alreadybeenloaded andit
only loadsclassesvhenthey arereferencedSincea classgraphmight be constructed
beforemary of the classesn the packagehave beenreferencedthe constructothasto
discover classessomeotherway: it searcheshe classpath (provided by the JVM as
System.getProperty(“java.class.path” ) )forall .class les in subdi-
rectoriescorrespondingo the packagename.For eachclass le thatis found, it calls
Class.forName() with the classname,which causeghe JVM to loadthe classif
it hasnt alreadybeenloaded.If thereareclasseshatneedto be addedo a classgraph
thatdonotexistas.class les in theclasspath,for exampleif they areloadedfrom
thenetwork or constructedlynamically they will needto beaddedexplicitly by calling
addClass()

A classgraphmayalsobecreatedrom anotherclassgraph andatraversalstrat-
egy ,formingthesubgraplof classesandedgesn thatwouldbetraversedaccording
to . Thiscanbeusedto remove unwantedpathsfrom a classgraph,suchasbacklinks,
ratherthanhaving to addbypassing constraintdo every traversalstrateyy.

Thetraverse  methodon ClassGraph is implementedn atwo-stageprocess:

rst, a traversal graphis computedfrom the classgraphand the traversalstratgy

(whichitself is corvertedinto a strategy graph, whosenodesarethe classesnentioned
in thetraversalstratgly andwhoseedgeseachhave constraintsattachedo thatleg of
thetraversal);then,the objectstructureis traversed usinginformationfrom the traver-

sal graphto decidewhereto go next at eachstep,andvisitor methodsareinvoked as
neededThe traversalgraphcomputationtakestime proportionalto the productof the
numberof edgesn theclassgraphandthenumberof edgesn the strateyy graph;since
the sametraversalstratagy is often reusedmultiple timeswith the sameclassgraph,
the traversalgraphcan be saved and reusedwithout needingto be recomputecevery
time. The classTraversalGraph hasa constructorthat takes a traversal stratey

andaClassGraph object,aswell asmethoddraverse andasList . Thetraver

salcomputatioralgorithmis alsoavailableasa separat@ackagethe AP Library [25].

At eachstepin a traversal,the elds and methodsof the currentobject, as well
asmethodson thevisitor object,areinspectedandinvokedby re ection. Someof this
re ectiveoverheaccouldbeavoidedby generatingnew class(atrun-time)thatinvokes



theappropriateelds andmethoddirectly; thisis plannedfor a future additionto DJ.
Otherapplicationsof partial evaluationto speedup the traversalmay be possibleas
well.

Theimplementatiorof asList is somavhattrickier thanregulartraversal:thelist
iteratormustreturnin the middle of the traversalwheneer a target objectis reached,
andthenresumewhereit left off whennext is calledagain.An earlierversioncreated
anad-hoccontinuation-lile objectthatwassaredandrestoredat eachiteration,but this
waserrorproneandnotvery ef cient; thecurrentversionusesa separatdavathreadas
acoroutine suspendingndresumingat eachiteration.An additionalprovidedmethod
gather canbeusedto copy all thetargetobjectsinto anArrayList , whichis faster
still, butthelist returnedby asList hastheadwantagehatcallsto set ontheiterator
canreplacetargetobjectsin the original objectstructure.

Java'sre ection systempunlike othermeta-objecprotocolg[12], hasno mechanism
for intercessionthereis noway to make a new subclas®f Class thatbehaesdiffer-
ently for certainmeta-operationsuchasmethodinvocation.However, DJ's Visitor
classdoesallow alimited form of intercessionit hasthemethodcbefore(Object obj,
Class cl) (andcorrespondingfter ),whichisinvokedbytheClassGraph.traverse
methodat eachtraversalstep;it looksfor a methodnamedbefore with a singlepa-
rametemwhosetypeis theclassrepresentelly cl , andinvokesit with obj asargument.
This methodcanbe overriddenby a subclasso performmoredynamicbehaior based
ontherei ed classobjectof theobjectbeingtraversed Figure5 shovs asimplepretty-
printing visitor thatuseghis techniquealongwith amethodon classSchema thatuses
it.

Note that the XMLPrinter  visitor classis generic,in thatit makesno mention
of any of the XML Schemaclassesut is parameterizedby a mappingof classego
elementhames.

4 Static Adaptive Programming

DJ shavs how AP is bestconceptuallyintegratedwith Java. Basically we madethe
conceptof AP availableasJava classesClassGraph , Strategy  andVisitor

It is interestingto seehow AP is bestintegratedwith AspectJandthis is achieved
by the DAJ project[26,28]. The goalsof the AspectJintegrationare:

1. keepit assimpleaspossibleto make it easyto useby AspectJorogrammersnd

2. improvethe performanceverthe Jasaintegration(DJ)

3. makeit easyto de ne domain-speci danguageso provide structure-shyepresen-
tationsof objects(asanoptionalfeature).

In DAJ we wantstructure-shyepresentationf objectsaswell asbehaior. We fo-
cusonstructure-shypehaior becausstructure-shpbjectrepresentationaredescribed
in [16].

4.1 Strategygraph intersection

While in DJ we may work with any numberof classgraphviews, using a stratgy
to de ne eachview, in DAJ we work only with onemain classgraph.But thisis nota



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 .printin (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 .printin (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);
XSDcg. traverse (this , "from Schema to *', v);

Fig. 5. Usingvisitor methodintercession.




restrictionto theexpressvenes®f DAJ; we compensatthelack of multiple classgraph
views by makingthe stratgy languagenoreexpressve. We adda stratey intersection
capabilitysothatwe cande ne a stratgly eachFile  asfollows:

declare strategy: down:

"from * bypassing -> *parent* to *
declare  strategy: eachFile:

"intersect(from CompoundFile to File, down)"

down is a stratgy that selectsonly the down links in a recursve datastructure
by bypassinaall parentlinks. eachFile is a stratgy thatreachesll File -objects
reachabldrom a CompoundFile -object,but only following down links.

To gettheequivalentof

cg.traverse(o, whereToGo, whatAndWhenToDo)

in DAJ, we introducea secondkind of declarationcalledatraversaldeclarationlt
de nesanew methodusingthestratgyy whereToGo andtheclassof whatAndwhenToDo:
WhatAndWhenToDo.

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

4.2 Visitor classes

WhatAndWhenToDois a Javaidenti er naminga class(declarecelsevhere)contain-
ing visitor methodswhich areinvoked during the traversal.Argumentso thetraversal
will be passedo the constructoiof thevisitor. Thereare ve kindsof visitor methods:

void start() is invokedat the beginning of thetraversal.
void before(ClassName) is invoked when an object of the given classis
encountereduringthetraversal beforeits elds aretraversed.

void after(ClassName) is invoked when an object of the given classis
encountereduringthetraversal,afterits elds have beentraversed.
void finish() is invokedatthe endof thetraversal thatis, afterall the elds
of theroot objecthave beentraversed.
Object getReturnValue() is invoked at the end of the traversal,and its
valueis returnedastheresultof thetraversal(suitablycastto thetraversals return

type).

In thefuture,all the capabilitiesn Demeterivill beaddedo DAJ. Thismeanghat
we will have aroundmethodsn DAJ visitors.

In the currentimplementationof DAJ, we have the restrictionthat traversaland
strat@yy declarationsnustbeputinto separatetrv  les. Thisis asmallincornvenience
andhasthe advantagethat the AspectJcompilerdoesnot needto be modi ed. After
stratgyy andtraversaldeclarationshave beenaddedto Aspectl,it alsomakessenseo
addanew pointcutdesignatoto AspectJtraversal(s) for atraversalstrategy s.



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

Theimplementatiorof DAJ translateghe .cd les to classde nitions with pars-
ing methodsusingthe ANTLR tools[27] andit translateghe .trv  les to Aspect]
introductionsde ning the appropriatdraversalmethodausingthe AP Library [20, 25].
It thenweavesall the AspectJles together

We concludewith asimpleaspecthatde nestwo methodsachFile andfindDirectory

aspect FileSystemTraversals {
declare  strategy: eachFile:
"intersect(from CompoundFile to File, down)"

declare traversal:

void  listAll(): eachFile(FileLister);
declare traversal:
void findDirectory(ldent target):
"intersect(from CompoundFile to CompoundFile, down)"
(DirFinder);
declare  strategy: down:
"from * bypassing -> *parent* to *

DAJ hasachievesthe goalsmentionedat the beginning. It is easyfor AspectJpro-
grammerdo useDAJ: only two new declarationsieedto be learned namelystratayy
andtraversaldeclarationsTheimplementations anorderof magnitudefasterthanDJ
andclassdictionarieshave beenaddedasanoptionalfeature.

5 RelatedWork

The notion of adaptvenessandshynesss linkedto the notion of quanti cationin [6].
Aspect-OrientedProgrammings quanti cation becausenaspectvorkswith anentire
family of baseprograms.

DJis closelyrelatedto DemeterJ24], a preprocessingpol thattakesa classdic-
tionary le (containinga textual representatiomf a UML classdiagram,with syntax
directivesfor parsingandprinting objectstructurespndsomebehavior les (containing
regularJava methodsto be attachedo the classesn the classdictionary, plustraversal
methodspeci cations,visitor methods andadaptivemethodshat connecta traversal
with avisitor class)andgenerateglain Java codefor thoseclassesvith traversalmeth-
odsattachedlongwith a parsermndsomecustomvisitorssuchasfor printing, copying,
orcomparingobjectstructuresDemeter/C+415,21]is apredecessaf Demeterdvith
similar capabilities DJ shareghe sametraversalstratgy languageandtraversalgraph
algorithmsasDemeterJbut doesno codegeneratiorandis a pure-Jaalibrary.

Besidesheingeasierto usewith existing Java code,DJ hasa few otheradvantages
comparedo DemeterJOneis the ability to traverseclassedor which the programmer



doesnot have sourcecode,or is not ableor willing to modify the sourcecode;for ex-
ample,onemighttraversepartsof Java's Swinglibrary of GUI widgets.DJ cantraverse
publicaccessomethodspr mayevenuseprivatemethodsand elds if theJVM'ssecu-
rity managenllowsre ective accesgo privateparts(whichis oftenthe caseoutsideof
applets) Anotherfeatureof DJ which doesnot exist in DemeterJs the ability to work
with subgraphsf aclassgraph;in DemeterJall traversalsarecomputedn the context
of thewhole classgraphde ned in the classdictionary but in DJ you cancreatenew
classgraphsby selectinga subgraphwith a traversalstrateyy. In addition,DJ allows
component$o be moregeneric,by taking classgraphs traversalstratgjies,or classes
to bevisitedasrun-timeparametersTheseattertwo advantagesredueto therei ca-
tion of conceptswhich only exist at compile-timein Demeterdas rst classobjectsin
DJ.

An Adaptive Object-Model[30] is anobjectmodelthatis interpretedat run-time.If
anobjectmodelis changedthe systemchangests behavior. Jasa's objectmodelcan't
be changedat run-time (otherthandynamicclassloading)but DJ interpretsthe object
modelwhendoingtraversals.

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

Jara OQL, is the binding of OQL (ObjectQueryLanguagefrom ODMG 2.0 [4]
to Java, treatsqueryspeci cationsmuchlike DJ treatstraversalstratey speci cations.
An OQLQuery objectcanbe constructedrom a string describinga query;the query
canthenbe executedby calling the execute()  methodon the OQLQuery object.
Queriesare eithercompileddynamicallyat run-time or interpreted An exampleof a
queryis:

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

For anadaptve versionof OQL, se€[8].

DJ hassomeconnectionsvith aspect-orientegrogramming/AOP)[13]. An adap-
tive visitor is a specializedaspectit sayswhatbehaior shouldhapperat certainprin-
cipledpointsin the executionof atraversal.A traversalstratgy canalsobeconsidered
anaspectit addscrosscuttingpehavior whoseimplementatiorwould ordinarily require
scatteringnethodsacrosshe classstructure More detailsaboutthe aspectuahatureof
DJarein [14].

Oneis theability to write visitor methodghatgetexecutedvheneer certainedges
in theclassgraphareexecutedcurrently visitor methodexecutiondepend®nly onthe
classof the objectbeingtraversed).

6 Conclusion

In this chaptemwe discussethow AOPandAP arecoupledlt turnsoutthat’shyness’is
animportantconcepin AOP If aspectarenot”shy” theirusefulnesgreatlydecreases.



We have presentedJ, a pure-Ja&a library supportingdynamicadaptie program-
ming. DJmalkesit easieito follow the Law of Demeterlooseninghecouplingbetween
the structureand behaior concernsand adaptingto changesn the object model. It
is more e xible anddynamicthanthe preprocessingpproachaken by DemeterJpy
interpretingtraversalstratgiesat run-timeandusingre ection to traverseobjectstruc-
tureswith adaptve visitors.

Expressionof pointcutsat a higher level of abstractionis an importantissuein
AOP Traversal-stratgy basecdbointcutsshov oneinterestingway how this canbe ac-
complished.

AORP speci cally Aspect] hasdevelopeda goodmodelfor expressingsetsof join
pointsin a call graphin a structure-shywvay. Indeed,AspectJis anexcellentlanguage
for expressingan objectform Law of Demeterchecler which is a programthatis so
structure-shyhatit workswith ary legal Java program.
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A Onthe Horizon

What's next? To bedone.

A.1 Componentsand aspects

A.2 Aspectualpolymorphism

A.3 Betterjoin 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 atraversal thevisitor cannotviolatedthe strateyy. Functional
visitors.

A.9 Distributed systems
Al10 2
A.11 Debug

How to make AspectJeasierto dehug. Paint you programwith an aspect.Thenthat
aspechelpsyou nd theplacein the programwherea changes neededUsingaspects
to facilitatecodenavigation. Therole of aspectsn the IDE.

A.12 Constraining aspects

The visitor is supposedo adviceA visitor is an exampleof a restrictedaspector a
constraintaaspectslt canonly advicetraversalcodeandonly in sucha way thatthe
advisedoesnot violate the stratayy. It is a controlledaspectHow to do similar things
for AspectJ?



