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Abstract

Traversalthroughobjectgraphsis neededor mary programmingasks.We shav
how this taskmay be specifieddeclaratiely ata high level of abstractionandwe
give asimpleandintuitive semanticgor suchspecificationsThe semanticswhile
intuitive, requiresexistentialquantificationover all objectgraphsto representhe
fact that during traversalwe have only local knowledgeof the graph. Sincewe
cannotsearctexplicitly overall objectgraphswe reducetheinfinite quantification
to a graphproblemover the classgraph. The algorithmis implementedn a Java
library calledDJ. The systemis aspect-orienteth thatit makesa clearseparation
betweentraversalandbehaior, andit is adaptve in thatit relieson reflectionto
fill in the detailsof thetraversalalgorithmat run-time.

1 Intr oduction

A commontaskin object-orientegprogrammings to take anobjecto in anobject
graphandfind all theobjectso’ thatarereachabldrom o accordingo somesearch
criterion. In [8] we introducedthe idea of using an expressionin a declaratie
languageto expresssucha searchcriterion. We referto suchan expressionasa
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travesal specification For example,the simplesttraversalspecifications of the
form“from A to B”. Thismeansgivenanobjecto of classA, find all theobjects
of classB thatarereachabldrom o.

In orderto find all the B-objects,we needto engagein search. This paper
present@nalgorithmfor corvertingadeclaratie searctcriterionto asearchalgo-
rithm. We give suchanalgorithmfor two language®f traversalspecification.The
primarytechnicalproblemin thealgorithmis a coherentreatmenof inheritance.

The key ideaof the searchalgorithmis thatfrom an objecto, we searchonly
thoseedgedrom o thatmightleadto aB-object,basedn the classstructureof the
objectgraph. We may explore objectsthat are not on the pathto a B-object, but
thatis anunavoidableconsequencef searchingpasedonly on meta-information.

Oncewe have corvertedthe declaratve criterionto asearchalgorithm,we can
identify the subgraphexploredby the searchalgorithm,andinvoke visitor objects
eitherjustatthetamgetnodesor atall thenodesin thesubgraph.

The conceptof automatedraversalgenerationusing succinctrepresentation
was introducedin [15] andis extensiely treatedin [8], whereit is the key idea
of Adaptive Programming(AP). Our mostcomple languageof traversalspeci-
fications, called strategy graphs is introducedin [10] togetherwith an efficient
implementation.

This paperprovides a self-containeddescriptionof the semanticsand algo-
rithmsfor Adaptive Programmingn afew pagesInsteadof referingto classgraph
pathsas[10] doesthe basicmeanings defineddirectly in termsof objectgraphs.
By dealingdirectly with the searchalgorithmin the objectgraph,it avoids the
complicationsof thetraversalhistoriesof [15].

We beggin in section2 with a simple example. Section3 discusseghe rela-
tionship betweenDJ and aspect-orienteghrogramming. Section4 presentsour
notation,andsection5 present®ur modelof classesandobjects.In section6, we
formulatethe basictraversalproblemin the termsof our model. The key to the
problemis to find asetFIRST(c, ') suchthate € FIRST(c, ') iff it is possiblefor
anobjectof classc to reachanobjectof typec’ by apathbeginningwith anedgee.
Section7 givessemanticso the coretraversalspecification®f DJ andshavs how
to interpretthem as searchalgorithms. Section8 completesthe story by shaw-
ing how to computethe FIRST setsstatically Section9 discusseselatedwork.
Finally, section10 presentsomeconclusionsandideasfor furtherdevelopment.
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Figurel: Classgraphfor EquationSystem.

2 A Simple Example

Weillustrateautomatedraversalgeneratiorwith a simpleexample writtenin Java
usingtheDJ library.
Consideran equationsystemthat containsequationswith aleft-handsideand

aright-handside. We usea mathematicahotationwhosestructureis definedby
theclassgraphin Figurel. A typical setof equationsnight be

X1

(X2 + X3)

X2 = (X5 + (X3 * X1))

X3

(X5 + (7 * 5))

We saya variableis definedif it appearon the left-handsideof an equation
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andthatit is usedif it appear®n theright-hand.In the example,variablesx1, X2
andX3 aredefined,andvariablesx2, X3 andx5 areused.The purposeof our Java
programis to collectthe definedandusedvariables.

To solve this problem,we identify two traversals. Thefirst, usedVars, maybe
definedby!

from EquationSystem through Expression through rhs to Variable

Wewishto visit all theVariable objectsthatarereachablédrom agivenEquationSystem
objectvia apaththatgoesthroughsomeExpression objectandthroughsomerhs
edge.

TheseconddefinedVars, is expressedy thetraversalspecification
from EquationSystem bypassing Expression to Variable

Thisillustratesthe bypassing clause.This specifieghatthe pathfrom the equa-
tion systemto thevariableshouldnot go throughanExpression object?

The codefor this taskis shavn in figure 2. The methodcollectVars takes
as argumentsthe currentclassgraph cg (which is constructedby reflectionin
SystemClient by callingnew ClassGraph()),andastringtravspec thatspec-
ifies the traversalto be performed.It first createsa visitor v to implementthe be-
havior thatis to be performedduringthetraversal.In this casethevisitor methods
areexecuteduponreachingthetarget(before (Variable)) andat completionof
thesearch(getReturnValue). Oncethevisitor is createdcollectVars thenini-
tiatesthe traversalby calling the traverse methodof the currentclassgraphcg,
passingasargumentgheobjectat which to startthetraversal(this), thetraversal
to beperformed(travspec), andthevisitor to be executedalongtheway (v).

The executionof cg.traverse(this, travspec, v) follows the visitor
pattern4]. Everytimethetraversalreachesnoden, thetraversalcallsv.before (n).
Thus,whenthenodeis avariable ,themethodbefore (Variable v1) (the“visi-
tor method")is called,addingthe nodeto the set.

ThemethodsgetUsedVars andgetDefinedVars simply call collectVars
with two differenttraversalspecifications.Onecould easilyconstructmorecom-
plex combinationse.g. checkingfor undefinedrariablesby first creatingthe setof

lwe could as well have defined this set by from EquationSystem through rhs to
Variable; thevariantin thetext illustratesmultiple through clauses.

2We could as well have defined this set by from Equation System through lhs to
Variable.



class EquationSystem{
static String usedVarsSpec =
"from EquationSystem through Expression through rhs to Variable";
static String definedVarsSpec =
"from EquationSystem bypassing Expression to Variable";
HashSet collectVars(ClassGraph cg, String travspec){
Visitor v = new Visitor(){
HashSet return_val = new HashSet();
void before(Variable vi){return_val.add(v1l);}
public Object getReturnValue(){return return_val;}
};
cg.traverse(this, travspec, v);
return (HashSet)v.getReturnValue();
}
HashSet getUsedVars(ClassGraph cg) {
return this.collectVars(cg, usedVarsSpec);
}
HashSet getDefinedVars(ClassGraph cg) {
return this.collectVars(cg, definedVarsSpec);

}

class SystemClient {
void use() {
EquationSystem s = new EquationSystem(...);
ClassGraph cg = new ClassGraph();
HashSet usedVars = s.getUsedVars(cg);
HashSet definedVars = s.getDefinedVars(cg);

Figure2: Findingthevariablesn anequationsystem



definedvariables andthencheckingeachusedvariablefor undefinedneswhenit
is visited?3

Unlike thecaseof theordinaryvisitor patternno preparatiorin theunderlying
objectsis necessaryn orderto usethislibrary.

Note thatwe musttraversethe entireright-handside of eachequationto find
theusedvariables gventhoughno variablemaybe presenin asubexpressione.g.
in (7 * 5) above, sinceon the basisof the classgraphin figure 1, ary expres-
sion might containa variable. If we modifiedthe classgraphto adda subclass
of Expression for, say Combination0fNumericals, which never containeda
variable thenthetraversalwould notsearchsucha subexpression This distinction
doesnotmatterin this example,but it mightif thevisitor did non-trivial processing
onthe objectsfoundduringthe search.

The DJ library includesa powerful languageof traversal specificationsand
methods;theseare detailedin [3]. An introductionto DJ, with emphasion its
reflectve propertiesmaybefoundin [13].

3 DJasAOP

We may regard DJ asa variety of AOP. To understandiow DJ fits into AOP, we
first considercorventional programming. In corventional programming,a pro-
gram consistsof a setof procedureghat are invoked procedually, thatis, from
otherproceduresOrdinary OOPfits into this model,sincemethodsarea kind of
procedure.

A key innovationof AOPR, asembodiedn systemdik e AspectJjs amechanism
to allow procedurego be invoked declamtively. Sucha mechanisnidentifiesa
set of eventsduring the computationat which proceduresmay be invoked (the
join points),a declaratie languageor specifyinga setof suchevents(the “point
cut designators”)anda meansof associatingproceduresvith suchdeclaratiely-
specifiedsets.This is adynamicjoin pointmodel.

In DJwe have:

¢ thecomputationis thetraversal.In DJ, thisis alsospecifieddeclaratiely.

e thejoin pointsarethe beginningandendof the traversalandthe passagef
thetraversalthrougha nodeor edgein the objectgraph.

3A slightly better designwould have cg be a static variablein SystemClient and having
collectVars referto SystemClient.cg. Herewe have madecg a parameteto male this de-
pendencexplicit.



e thepoint cutdesignatorsllow specificatiorof thefollowing point cuts: the
beaginningandendof thetraversal thepassagef thetraversalthroughanode
of aspecifiedype,andtraversalof anedgefrom onenodeof aspecifiedype
to anothemodeof a specifiedtype.

e proceduresare associatedvith a point cut by making them into methods
of a visitor. The nameof the visitor and the type of its agument(e.g.
before(Variable v1)) sene asthe languageof point cut designators.
Here,asin AspectJ, datapassedhroughthe join pointis boundto a pa-
rametersuchasv1.*

Becausehecomputatioris specifieddeclaratrely, themechanisnior invoking the
visitors canbe hiddeninsidethe implementatiorof the traversal. This allows the
separatiorof the traversalbehaior from the aspecbr visitor behaior.

The methodcollectVars is an aspectin the senseof [6]: eachis a modu-
lar unit of crosscuttingmplementation.It is a modularunit becauset is a Java
method.lt is crosscuttinghbecausea naive implementatiorwould requiredetailed
knowledge of mary differentclasses. We don't carehow mary classesare be-
tweenEquationSystemandVariable. Thesedetailsarenotwiredinto thecode,
becauséhey canbereconstructet run-timevia reflection. Furthermorethis ar-
chitecturepasseghe testof obliviousnesdecausdhey requireno preparationn
theunderlyingobjectmodel.

We call thesemethodsadaptivemethoddecaus¢heirbehaior dependenthe
structureof theclassgraph.Theseparatiorof traversalspecificationwhereto go),
behaior (whatto do), andclassgraphstructure(context to evaluatein) allows the
methodto bereused.

4 Notation

We will beusingrelationsasour fundamentatool, sowe will needsomenotation
for dealingwith relations.

If AandB aresetsarelationfrom AtoBisasubseRof Ax B. If a,be R, we
will write R(a,b), aRb, and(a,b) € R interchangeblyA relationfrom Ato Ais
oftencalledarelationon A.

4In thecurrentversionof DJ,anedge-traersaljoin pointis specifiedy avisitor methodsignature
like cbefore (Equation eqn, String label, Expression exp). thisjoin point occursjust
beforethetraversalof ary edgefrom anEquation objectto aExpression object.It bindseqn and
exp to the sourceandtargetobjects respectiely, andlabel to thelabelof theedge.

51f the methodwerewritten in goodobject-orientedstyle following the Law of Demeter9], the
implementatiorwould requiremethodsn eachof theseclasses.



We denotecompositionof relationsby concatenatiore.g. x (RS z iff there
existsay suchthatx Ry andy Sz. We alsowrite xRy Sz. R* denoteghereflexive
transitive closureof R.

We often think of directedgraphsas relations(andvice versa),so we write
C(cy,C) or ¢; C ¢ whenthereis anedgefrom c; to ¢, in C. We take asgiventhe
definitionof a pathin a directedgraph.

5 The Model

Definition 1 A classgraph consistsof a setC (of “classes”), a setE (of field
names),for eat e € E a relation (also namede) on classeg(“has part named
e”), andarefleive transitiverelation < onclasseq“is a subclasf”). Wewrite
C(c1,Cp) iff there existse € E sudh thate(cy, Cy).

Eachrelatione codesthe effect of finding the e partof anobject. Usuallythe
relation e is a partial function (that is, for ary ci, thereis at mostonec, such
thate(cy, ¢2)), but we will not needthis property Whene(cs, c;), we sometimes
saythatc; hasane-partof type c,. (The significanceof the word “type” will be
explainedmomentarily).We use< to denotethereflexive, transitive closureof the
inheritancerelation,soc < ¢ meanghatc is eitherthe sameasc’ oris oneof ¢’’s
descendants.

We useC to denotetheentireclassgraph(C, E, <). We write > for theinverse
of <.

An objectgraphis amodelof theobjects representedh theheapor elsavhere,
andtheir referenceso eachother:

Definition 2 If C is a classgraph,thenan objectgraphof C consistsof:

1. asetO (of “objects”),
2. amapclass. O — C, and

3. for eath e€ E, arelation(alsodenotede) on O
sud thatif e(01,0,), then

clasgo;) (< e>) clasg0y)

We saythato is of typec whenclasgo) < c.



An objectis of type c whenits classis someclassthatis a descendantf c.
This corresponds$o the usualexpectationin atypedobject-orientedanguageif a
variableis of typec, its valueis eithernull or is anobjectwhoseclassis eitherc or
adescendentf c.

The traversalof an edgelabelede correspondso retrieving the value of the
e field. Condition3 captureghe notionthatevery edgein the objectgraphis an
imageof ahas-as-pardgein the classgraph: Thereis anedgee(0;,07) in O only
whenthereexist classe€; andc, suchthato, is of typec, ¢; hasane-partof type
Cp, andoy is of typecy, thatis,

clasgo;) < c1 ec; > clasgop)

Seefigure 3.
e
class(ol) class(02)
é ‘ class graph
object graph
ol e 02
\/ > ~_/

Figure3: Typicallink in anobjectgraph.If thereis ane-edgefrom 0l to 02, then
thereis a pathclasgol) <e> clasgo2) in theclassgraph.

As we did for classgraphswe useO to denotethe entireobjectgraphwhose
setof objectsis O.

All partsare optional (allowing for null values)or multi-valued (for a given
objectos, theremaybemary objectso, suchthate(os,0,)). Thelattercaseallows
usto handlecollections:if classc; containsafield e thatis a collectionof objects
of type ¢, we may representhis ase(c,c;) andusemulti-valuededgesin the
objectgraph,ratherthanintroducethe notion of collectionsinto our model.

We might proposethe additionalconditionthatif clasgo;) < c¢; ande(cy, cy),
then thereexists an 0, suchthat e(0;,02) andclasgo,) < ¢,. This meansthat
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every edgepredictedby theclassgraphexistsin theobjectgraph.All thetheorems
in the paperaretrue underthis strongerdefinition, but the additionalconditionis
undesirabldecausét rulesoutnull fields.

6 The Problem

The computationaproblemwe wish to studyis thefollowing:

We are at an objecto of classc in objectgraphO and we wish to find all
reachableobjectsof type ¢’. However, we have no information aboutthe object
graphotherthanthatit is alegal objectgraphfor C. Which edgesnustwe explore
in orderto find all theseobjects?

We canformalizethe problemasfollows. For eachpair of classe andc’, we
needto find a setFIRST(c,c’) suchthate € FIRST(c,c) iff it is possiblefor an
objectof classc to reachan objectof type ¢’ by a pathbeginning with anedgee.
More precisely

FIRST(c,c') = {e € E | thereexistsanobjectgraphO of C and
objectso andd’ suchthat:
1. clasgo) =,
2.clasgo) <
3.0e0'0 }

Thelastcondition,0 eO* o saysthatthereis apathfrom oto d in theobjectgraph,
consistingof anedgelabellede, followed by ary sequencef edgesn thegraph.

Our lack of information aboutthe actualobjectgraphis representedy the
existentialoperator Sincewe cannotsearchexplicitly over all objectgraphs,our
goalis to find a staticalgorithmto computethesesets.

7 Traversal Algorithms

Before consideringan algorithm for finding the FIRST sets,we considersome
applicationsof thesesets.We canusethesesetsto find not just reachablebjects
of agiventype, but pathsthatpassthroughobjectsof a giventype.

Definition 3 Let R = (cy,...,Ck) be a non-emptysequencef classes.Let p =
(01,...,0n) bea pathin O. We saythat p is an R-pathiff there is a subsequence
0j,,---,0j, Of p sud thatfor eadh i, 0, hastypec;, and jx = N (thatis, the last
elemenbf thepathmustbepart of the subsequenceY\e sayan R-pathis minimal
iff it hasnoinitial sggmentthatis alsoan R-path.
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Thusan R-pathis a paththroughthe objectgraphthat passeshroughobjects
of thetypesspecifiedby R in the orderspecifiedby R. It maypassthroughobjects
of otherclassealongtheway, but it mustendat the endpointof R. The sequence
R = (cy,...,Cn) correspondgo the DJ traversaldirective through ¢; through
C ...to Cp.8

Givenanobjecto, we canvisit all theendpointsof minimal R-pathsstartingat
o asfollows:

Algorithm seach(o,R):
Letcy, ..., ¢y betheclassesuchthatR = (c,...,Cp).

1. If odoesnothavetypec;, thenfor eachein FIRST(clasg0),c¢1),
andeacho’ suchthate(o,0'), do seach(d,R).

2. If ohastypecs, andR = (c1), thendovisit(0).
3. If ohastypec;, andR=(cy,Cz,...,Cn), thendoseach(o, (¢, ... ,Cn)).

In casel we arenotyetonapath,sowe follow the FIRST edgedo guideusto
thefirst goaltypec,. We canfind therequiredobjectso’ by retrieving the valueof
o'sefield. In case2, we have reachedhelastgoaltype,sowe visit the object. In
case3 we have reachedhefirst goaltype, sowe recuron therestof the goalpath.

We couldfind all R-paths by modifying step2 to continuesearching:

2" If ohastypec;, andR= (c;), thendovisit(o). Thenfor eachein
FIRST(clasg0),c;), andeacho’ suchthate(o,0'), doseach(d,R).

If the objectgraphis agyclic, thesealgorithmswill alwaysterminate sinceev-
ery stepeitherdecreasethelongestchainof links in the objectgraphor decreases
thelengthof R. If the graphmay be cyclic, thenwe needto mark eachsearched
objectwith thestateR in which it wasreachedor elsecarryaroundthesetof pairs
(o,R) thatwe have alreadysearchedThis will allow usto avoid repeatediisits to
the sameobjectin the sametraversalstate.

This algorithmis easilymodifiedto accomodatéhe bypassing specification
of DJ. An edgespecification like through 1hs in our example,canbeimple-
mentedby extendingFIRST(cy, ¢z) to FIRST(c,e); this canbe doneby an easy
modificationof the algorithmin section8.

6TheDJtraversalfrom ¢; through Cp ... to Cpisidenticalto thistraversaldirective, except
thatit reportsanerrorif the currentobjectis notalreadyof typec;.
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DJallowstheuseof agraph,calledastrategy graph to specifyamorecomple
traversal[10]. A stratgy graphcanbe modeledasa non-deterministidinite-state
automaton:

Definition 4 A strat@y graphis givenby a setof statesQ, arelationSon statesa
mapclass: Q — C, asetQl C Q of initial statesanda setQF C Q of final states.
We denotesud a strategy graphby S.

Definition 5 A path p= (04,...,0n) in O is an S-pathiff ther is a subsequence
0j,,---,0j Of p anda path (q,...,0«) in Ssud that for ead i, o, hastype
clas4q), jk = N, andgk € QF. Asbefoe, we saythatan S-pathis minimaliff it
hasnoinitial sggmentthatis alsoan S-path.

Givenanobjecto, we canvisit all theendpointof minimal S-pathsstartingat
o asfollows, whereQ rangesover subsetof Q:

Algorithm seach(o,S) : seach’(o,1Q) whereseach'(o,Q) for ary
Q C Qisdefinedby:

Procedure seach’(0,Q'):

1. If clasg0) £ clasgq) for ary q € Q, thenfor each
q € Q, for eache in FIRST(clasg0),clasgq)), and
eachd’ suchthate(o,0'), seach’(0/,Q').

2. If clasgo) < clasgq) for someg € Q' NQF, thenvisit(0).

3. Otherwisdet Q" = {g€ Q' | odoesnothavetypeclasgq)} U
{d'|3 g € Q suchthato hastypeclas¢q) andS(q,q)}.
Thenseach'(o,Q").

This algorithmis muchlik e the precedingone,exceptthatthe setQ’ maintains
the stateof a run throughthe non-deterministicautomatonS. In stepl, we are
not at a point on the subsequenceso we usethe FIRST setsto searchary edge
thatmayleadusto ary of thefirst goalclassesin step2, we have reachedafinal
state,so we visit the objectwe have reached.In step3, we areat a setof states
Q. Someof thosestategepresengoalclasseshatwe have notyetreachedOther
statesare goal classeghat we have now reached.We createthe next setof goal
classesdy carryingalongthosethatwe have not yet reachedandtakinga stepin
theautomatorsfor thosethatwe have reached.

We typically startthe algorithmwith a uniquestartstateandan objecto that
matcheghatstate.

As before,whenthe object graphis agyclic, this always terminates. If the
objectgraphcanbecyclic, thenwe needto carryarounda“seen”set,asabore.
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8 Calculating FIRST

We developastaticdescriptionof FIRST usingasequencef lemmas.This allows
usto computeFIRST from the classgraph.We startwith afixedclassgraphC.

Lemma 1l TheeexistsanobjectgraphO of C andobjectsos, 0, sucthatO(01,0,)
iff clasgo1) < C > clasg0p).

Proof. The forward directionis immediatefrom the definition of an object
graphof C. For thereversedirection,construcianobjectgraphwith two objectso;
ando, andthe specifiedink. Theresultis anobjectgraphof C.

Lemma 2 TheeexistsanobjectgraphO of C andobjectso;, 0, sudthatO*(04, 02)
iff clasg01) (< C >)* clasg0y) .

Proof: Again, the forward directionis immediate. For the reverse,inducton
thedefinitionof (—)*, usingthe precedingemma.

A pictureof this situationis shavn in figure 4.

el e2 e3

their classes:

class graph

object graph

el e2 e3

objects:

Figure4: A pathin anobjectgraph. If thereis a pathin the from o0, to 0,, then
clasgo;) (< C >)* clasg0,).

Lemma 3 Let ¢; and ¢, be classes. Thenthete exists an objectgraph O of C
and objectso;, 0, sud that clasgo;) < ¢; andclasgo,) < ¢; and O*(01,0,) iff
¢, > clasg0;) (< C >)* clasg0,) < c,.

Proof: Immediate.
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Theorem1
FIRST(c,c)={e|c(Le>)(KC>)* <}

Proof: We mustshav thatthereexists an objectgraphO of C and objectso
ando’ suchthat

1. clasgo) =c
2. clasgd') <
3. 0e0' 0

iffc(<e>)(<C>)*<C.

Theforwarddirectionis immediatefrom thedefinitionof anobjectgraphof C.
For thereversedefinition, considera sequencef classesuchthat

c(<e>)o(<er>)c(< e >)...(<eny1>)cn <

Thenconstructan objectgraphwith n+ 2 objects,of classe<, ¢y, ...,cn, C,
with alink labellede from the c-objectto the c; object,alink labellede; from the
c; objectto the c, object,etc. Let o be thefirst objectin this sequencandd be
thelast. This objectgraphsatisfieghe requirementsQED

Similarly, to find all the edgesfrom an objectof classc that might leadto an
edgee, we compute

FIRST(c,€) = {¢ | (3c)(c (<€ 2)(<C>)"<ec)}

9 RelatedWork

It is surprisingto seethat despitethe universality of traversalsin programming,
very little work hasbeendonein this direction. Until recently the automationof

traversalof objectstructuresusing succinctrepresentationis uniqueto Demeter
(seebelaw); the rising popularity of markuplanguagesn general,and XML in

particular createda new interestin traversals. In this sectionwe list somework

relevantto traversals.

In the context of object-orientedlatabasestraversalsareheavily used.Some
automatiorof traversalswassuggesteéh [12, 16, 11, 7, 5]. Roughlyspeakingthe
ideain thesepaperss to traverseto atamgetwithout specifyingthefull pathleading
to it. Castin our terms,onecanview thesetechniquesasa variantof line-graph
strat@ies(i.e., strat@y graphsconsistingof a single path); however, their goalis
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to allow the userto abbreiate the laboriousspecificatiorof afull query andtheir
mainconcerns how to completeheabbreiation whenit isambiguoussometimes
usingheuristics.DJ takesadwantageof reflectionto completeits queries.

XML is a new standardor definingandprocessingnarkuplanguagesor the
web[1]. XML useggrammargalsocalleddocumentypedefinitionsor schema}to
defineamarkuplanguagdor aclassof documentsTo selectsubset®f XML doc-
umentelementsthe W3 Consortiumrecentlyintroduceda languagecalled XPath
[2]. Theway elementsareselectedn XPathis by navigation, including usinga
succinctnotationsimilar to traversalstratgies. For example,the XPath expres-
sion A/ /B refersto the setof all B-objectsreachabldrom the A-object. It does
not matterhow mary objectsarecontainedetweerthe A-objectandthe B-object.
XPathexpressiongreusedto describesetsof objects in thesensehatthevalueof
an expressionis an unormered collectionof objectswithoutduplicates Thisis in
contrasto traversalswhosevalueis a setof paths sothatthe objectsof eachpath
areexplictly orderedandmay appeamorethanonce,evenonthesamepath.lt is
quite easyto implementXPath usingstrat@ies, usingspecializedvisitors” The
corverse however, doesnot hold, dueto thelack of structurein XPath expression
values.

The Misitor designpatternis discussedn mary software-engineeringvorks
(e.g.,[4]). While this approachidentifies and isolatesthe task of traversal, no
mechanisnto automatethe taskand male it adaptve was previously proposed,
exceptin [8, 10].

The conceptof automatedraversalgenerationusing succinctrepresentation
wasintroducedin [15] andis extensiely treatedin [8]. The traversalsusingthe
syntaxof [15] essentiallydescribeseries-parallefjraphswhich seemto beanim-
portantspecialcasein practice. However, the algorithmprovided by [15] cannot
be appliedfor a significantsubsetof combinationsof classstructuresandtraver
sal specifications.A subsequenpaper[14] removed this restrictionfor the same
specificatiorlanguageausingafinite-automatdasedapproactio compilation.Un-
fortunately the algorithmof [14] hasexponentialrunningtime in the worst case,
sinceit maygeneratexponentiallymary traversalmethodq10].

Traversalstratgiesareintroducedn [10] togethemwith anefficientimplemen-
tation. This papelis motivatedby theneedto have asimplersemantics$or traversal
stratgiesthanthe onepresentedn [10].

10 Conclusionsand Futur e Work

We have presente@semantic$or adeclaratie specificatiorof object-graphraver
sals.Our organizationseparatethe concernof
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e Thesearclor traversalto be performed,
e Thevisitsto objectsof differentclasseso beexecutedalongtheway, and

e Thedetailsof theorganizationof theobjectgraph,whichis reconstructety
reflection.

Thedevelopmenbf this paperitself reflectsa separatiorof concernsin earlier
papersve expressedhe semanticof a traversalstratgy througha setof pathsin
the classgraph. This requireda heavier definitionalapproach.In this paperwe
separatehe issues:we definethe FIRST predicateat the level of objectgraphs,
only referring to pathsin object graphsand using an existential quantifier over
objectgraphs. Only later, to computeFIRST, do we refer to pathsin the class
graph.This separatiorf basicsemanticgrom efficiently computingthesemantics
leadsto a concisedefinition of the meaningof a traversalspecificationbasically
only referringto objectgraphs.

Our derivation of an effective computationfor FIRST illustratesthat a rela-
tional formalismis the right approacho expressthe differentpath conceptghat
areneededywe believe thatthis approactwill be helpfulin othercontets aswell.

Thepaperachievesanotheiseparatiorof concernsin earlierworkswe defined
the meaningof atraversalspecificatiorfor anobjectgraphto betraversalhistory:
anorderedsequencef nodesandedgeslescribinghevisiting order In this paper
we separatehe definition of thetraversalhistoryinto two parts:first we definethe
subgrapthof the objectgraphselectedhy the traversalspecification(using FIRST
andsearch)andthenwe may useary traversalapproachwe chooseg.g.,depth-
first, to defineatraversalhistory This separatiorof traversalgraphfrom traversal
historyleadsto a moreconciseandunderstandabldefinition of the concept.

Now thatwe have a simplertechnicalcore,we canhopeto explore questions
like: Whenthe classgraphchangesgdoesthe adaptve programhave to change?
For whatkind of contexts is anadaptve (or aspect-oriented)rogramcorrect?In
an aspect-orienteghrogram,what kinds of changesn the baseprogramrequire
changesn theaspectode,or corversely whendo changesn aspectoderequire
changesn the basecode? We hopeto explore questionsof this kind first in the
context of DJ andeventuallyin the moregenerakettingof AOR
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