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Abstract

Traversalthroughobjectgraphsis neededor mary programmingasks.We shav
how this task may be specifieddeclaratiely at a high level of abstraction,and
we give a simpleandintuitive semanticgor suchspecificationsThe algorithmis
implementedn a Javalibrary calledDJ.

1 Intr oduction

A commontaskin object-orientegprogrammings to take anobjecto in anobject
graphandfind all theobjectso’ thatarereachabldrom o accordingo somesearch
criterion. For example,given an objecto of classA, find all the objectsof class
C thatarereachablegrom o alonga paththat goesthroughsomeobjectof class
B. In orderto make the searchiractable we typically searchbasedon local meta-
information In suchasearchwe searctonly thoseedgedrom o thatmightleadto
anobjectthatsatisfieshesearctrriterion,basedntheclassstructureof theobject
graph.We mayexploreobjectshatarenotonthepathto adesiredametobject,but
thatis anunavoidableconsequencef searchingpasedonly on meta-information.
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0097740andby ARPA andBBN underagreemenF33615-00-C-1694.



In this papermwe presenta simplesemanticgor sucha searchandintroducean
algorithmfor performingthe search given a searchcriterion like the oneabove.
The semanticandalgorithmaddresswo technicalproblems:the meaningof the
modaloperator‘might”, andthe treatmenbf inheritance.We give an exampleof
thisalgorithmasembodiedn the DJ library for Java[3].

Section2 presentour notation,and section3 presentour model of classes
and objects. In section4, we formulatethe basictraversalproblemin the terms
of our model. The key to the problemis to find a set FIRST(c,c') suchthat
e € FIRST(c,c) iff it is possiblefor anobjectof classc to reachanobjectof typec
by a pathbeginningwith anedgee. Section5 givessemanticgo the coretraversal
specificationof DJ andshavs how to interpretthemas searchalgorithms. Sec-
tion 6 completeghe story by shaving how to computethe FIRST setsstatically
Section7 presentsan exampleshaving how theseconceptsare employed in the
DJ library. Section8 discusseselatedwork. Finally, section9 presentssome
conclusionsandideasfor furtherdevelopment.

2 Notation

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

If AandB aresetsarelationfrom AtoBisasubseRof AxB.If a,be R, we
will write R(a,b), aRb, and(a,b) € RinterchangeblyA relationfrom Ato A is
oftencalledarelationon A.

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

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

3 The Model

Definition 1 A classgraph(sometimegalled a classdiagran) consistsf a setC
(of “classes”), a setE (of field names)for ead e € E arelation(alsonamede) on
classeq"has part namede”), anda refleive transitiverelation < on classeg"is
asubclasof”). We write C(cq, o) iff there existse € E sud thate(cy, o).

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
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thate(cy, ¢2)), but we will not needthis property Whene(cs, c;), we sometimes
saythatc; hasane-partof typec,. (The significanceof the word “type” will be
explainedmomentarily).We use< to denotethereflexive, transitive closureof the
inheritancerelation,soc < ¢ meanghatc is eitherthe sameasc’ or is oneof ¢’’s
descendants.

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

An objectgraphis amodelof the objects representeih 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(o01,0,), then

clasgo;) (< e>) clasg0y)
We saythato is of typec whenclasgo) < c.

An objectis of type c whenits classis someclassthatis a descendanof c.
This correspondso the usualexpectationin atypedobject-orientedanguageif a
variableis of typec, its valueis eithernull or is anobjectwhoseclassis eitherc or
adescendenf c.

The traversalof an edgelabelede correspondsgo retrieving the value of the
e field. Condition3 captureghe notionthatevery edgein the objectgraphis an
imageof ahas-as-pardgein the classgraph: Thereis anedgee(01,07) in O only
whenthereexist classe%; andc, suchthato, is of typec, ¢; hasane-partof type
Cp, andoy is of typec,, thatis,

clasgo;) < cj ecy > clasgo,)

Seefigure 1.

As we did for classgraphswe useO to denotethe entireobjectgraphwhose
setof objectsis O.
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Figurel: Typicallink in anobjectgraph.If thereis ane-edgefrom 0l to 02, then
thereis a pathclasgol) <e> clasgo2) in theclassgraph.

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(cs,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(o;,02) andclasgoz) < c,. This meansthat
every edgepredictedby theclassgraphexistsin theobjectgraph.All thetheorems
in the paperaretrue underthis strongerdefinition, but the additionalconditionis
undesirabldecausét rulesoutnull fields.

4 The Problem

Thecomputationaproblemwe wish to studyis the following:

We are at an objecto of classc in objectgraphO and we wish to find all
reachableobjectsof type ¢’. However, we have no informationaboutthe object
graphotherthanthatit is alegal objectgraphfor C. Which edgesanustwe 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 pathbeginningwith anedgee.
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More precisely

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

Thelastcondition,0 eO* o' saysthatthereis apathfrom oto ¢’ 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.

5 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,---,0jc (K> 1) of p sud thatfor ead i, 0, hastypec;, and jx = N (thatis,
thelast elemenbf the pathmustbe part of the subsequence)ie sayan R-pathis
minimaliff it hasnoinitial sggmentthatis alsoan R-path.

Thusan R-pathis a paththroughthe objectgraphthat passeshroughobjects
of thetypesspecifiedby R in the orderspecifiedoy R. It maypassthroughobjects
of otherclassesalongtheway, but it mustendatthe endpointof R.

Givenanaobjecto, we canvisit all theendpointof minimal R-pathsstartingat
o asfollows:

Algorithm seach(o,R):
Letcy, ..., ¢y betheclassesuchthatR= (cy,...,Cn).
1. If odoesnothavetypecs, thenfor eachein FIRST(clasg0),c1),
andeacho’ suchthate(o,0'), do seach(d,R).
2. If ohastypec;, andR = (c;), thendovisit(0).
3. If ohastypecs, andR=(cy,Cy,...,Cn), thendosearh(o, (cy,...,Cn)).



In casel we arenotyeton apath,sowe follow the FIRST edgedo guideusto
thefirst goaltypec;. We canfind therequiredobjectso’ by retrieving the valueof
o's efield. 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.

DJallowstheuseof agraph,calledastrategy graph to specifyamorecomple
traversal[10]. A stratgy graphcanbe modeledasa non-deterministidinite-state
automaton:

Definition 4 A stratgy graphis givenby a setof statesQ, arelationSon statesa
mapclass: Q — C, asetQIl 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 (K> 1) of panda path (qy,...,0) in Ssud thatfor ead i, o}, has
typeclasgq), jk = N, andgkx € QF. Asbefoe, wesaythatan S-pathis minimal
iff it hasnoinitial segmentthatis alsoan S-path.

Givenanobjecto, we canvisit all theendpointof minimal S-pathsstartingat
o asfollows, whereQ' rangesover subset®f Q:

Algorithm searh(o,S) : seach’(o,Ql) whereseach/(o,Q) for ary
Q' C Qis definedby:

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. OtherwisdetQ’ = {qe 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-deterministi@automatonS. 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
classedy carryingalongthosethatwe have not yet reachedandtakinga stepin
theautomatorss for thosethatwe have reached.

We typically startthe algorithmwith a uniquestartstateandan objecto that
matcheghatstate.

As before,whenthe objectgraphis agyclic, this always terminates. If the
objectgraphcanbecyclic, thenwe needto carryarounda “seen” set,asabove.

6 Calculating FIRST

We developastaticdescriptionof FIRST usinga sequencef lemmas.This allows
usto computeFIRSTfrom the classgraph.We startwith afixedclassgraphC.

Lemma 1l TheeexistsanobjectgraphO of C andobjectsos, 0, sudthatO(0;,0,)
iff clasgo;) < C > clasgoy).

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

Lemma 2 TheeexistsanobjectgraphO of C andobjectso;, 0, sud thatO*(0;, 0,)
iff clasgo;) (< C >)* clasg0p) .

Proof. Again, the forward directionis immediate.For the reverse,inducton
the standarddefinition of (—)* (reflexive transitve closure),usingthe preceding
lemma.

A pictureof this situationis shavn in figure 2.
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Figure2: A pathin anobjectgraph. If thereis a pathin the graphfrom o, to oy,
thenclasgo;) (< C >)* clasg0,).

Lemma 3 Let ¢; and ¢, be classes. Thenthete exists an objectgraph O of C
and objectso;, 0, sud that clasgo;) < ¢; andclasgo,) < ¢c; and O*(04,0,) iff
c1 > clasg0;) (< C >)* clasg0op) < cy.

Proof: Immediate.

Theorem 1
FIRST(c,c) ={e|c(<e>)(<C>)* <}

Proof: We mustshawv thatthereexists an objectgraphO of C andobjectso
andd’ 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>)oi(<e >)c(< e >)...(<eny1>)cn <

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

Similarly, to find all the edgesfrom anobjectof classc thatmight leadto an
edgee, we compute

FIRST(c,8) = {¢ | (I)(c (< € >)(<C >)* < eC)}

7 A Simple Example

Weillustrateautomatedraversalgeneratiowith asimpleexample writtenin Java
usingtheDJ library.

Consideran equationsystemthat containsequationswith aleft-handsideand
aright-handside.A typical setof equationsmightbe

X1 = (X2 + X3)
X2 = (X5 + (X3 * X1))
X3 = (X5 + (7 * 5))

A possibleclassdiagramfor thesestructuress shavn in Figure 3, usingno-
tation similar to that of our previous figures. The asteriskdndicateone-maw re-
lations;they areincludedfor UML compatibility but arenot partof our model;in
our modelhas-as-pantelationsarealwayspossiblyone-mag.

In DJ, we searchor all minimal (cy, ..., Ck )-pathsusingthe searclcriterion
through C; through C; ... to Ck
DJtraversalspecificationsllow several extensionsof this notation. Thecriterion
from Cp through C; through C; ... to Ck

hasthe samebehaior asthe searchabove, but fails if its startingpoint is not of
type co. DJ alsoallows edgespecificationf the form through e. This canbe
implementedy extendingFIRST(c;, ¢2) to FIRST(c, e) asdefinedn section6 and
modifying the algorithmin section5 correspondingly

A aDJtraversalspecificatiormayincludeaclausebypassing c; specifying
that the portion of the pathin which this clauseoccursmay not passthroughan
objectof classc;. The DJ library alsoincludeswaysto specify stratgy graphs
[10].
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Figure3: Classgraphfor EquationSystem.

In our example,let us saythat a variableis definedif it appearson the left-
handsideof anequationandthatit is usedif it appearon theright-hand.In the
example variablesx1, X2 andX3 aredefinedandvariablesX2, X3 andX5 areused.
Thepurposeof our Java programis to collectthe definedandusedvariables.

To solwe this problem,we identify two traversals. The first traversalmay be
writtenasfrom EquationSystem through rhs through Expression to Variable.
Thesecondnaybewrittenasfrom EquationSystem bypassing Expression
to Variable.

Thereareof coursemary waysof specifyingthe sametraversals.For example
the first could have beenwritten asfrom EquationSystem through rhs to
Variable, andthe secondcould have beenwritten asfrom Equation System
through lhs to Variable.

TheDJlibrary usegeflectionto computeherelevantFIRSTsets.This hastwo
advantagesfirst, it allows the samecodeto be reusedevenif the classstructure
changesWe saythis behaior is adaptive[8]. Secondit allows the ksystento be
implementechsa pureJava library ratherthanasa preprocessor

The codefor this taskis shavn in figure 4. The staticmembercg containsa
ClassGraph objectthat containsa representatiomf the currentclassdiagran.

1in arealapplication this would probablydoneglobally ratherthanon a perclassbasis.
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class EquationSystem{
static ClassGraph cg = new ClassGraph();
// constructors omitted ...
HashSet collectVars(String travspec){
Visitor v = new Visitor(){
HashSet return_val = new HashSet();
void before(Variable v1){return_val.add(v1l);}
public Object getReturnValue(){return return_val;}
I
cg.traverse(this, travspec, v);
return (HashSet)v.getReturnValue();
}
HashSet getUsedVars() {
return this.collectVars
("from EquationSystem through Expression
through rhs to Variable");
}
HashSet getDefinedVars() {
return this.collectVars
("from EquationSystem bypassing Expression
to Variable");

Figure4: Findingthevariablesn anequationsystem
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The methodcollectVars takesa string travspec thatspecifieshe traversalto
be performed. It first createsa visitor v to implementthe behaior thatis to be
performedduring the traversal. Oncethe visitor is created,collectVars then
initiatesthetraversalby callingthetraverse methodof thecurrentclassgraphcg,
passingasargumentgheobjectat whichto startthetraversal(this), thetraversal
to beperformed(travspec), andthevisitor to be executedalongtheway (v).

The executionof cg.traverse(this, travspec, v) follows the visitor
pattern[4], augmentedy reflection. Every time the traversalreachesa noden
for whichabefore methodhasbeendefined,t callsv.before (n). Thetraversal
algorithmusesreflectionto call the before methodonly on objectsfor which a
before methodhasbeendefined. Thus,whenthe nodeis a variable,the method
before(Variable v1) (the“visitor method”)is called,addingthe nodeto the
set.Similarly, oncompletionof thesearchthetraversalcallsv . getReturnValue (),
which returnsthe collectedhashset.

Unlike the caseof the ordinaryvisitor patternno preparatiorin theunderlying
objectsis necessaryn orderto usethislibrary.

The DJ library includesa powerful languageof traversal specificationsand
methods,including the possibility of precomputinghe FIRST sets;see[3]. An
introductionto DJ, with emphasison its reflectve properties,may be found in
[13].

8 RelatedWork

The conceptof automatedraversalgeneratiorusing succinctrepresentationvas
introducedin [15] andis extensvely treatedin [8], whereit is the key idea of
Adaptive ProgrammingAP). Our mostcomple languageof traversalspecifica-
tions, calledstrategy graphs is introducedn [10] togethemwith anefficientimple-
mentation.

This paperprovides a self-containeddescriptionof the semanticsand algo-
rithmsfor Adaptve Programmingn a few pages.Insteadof referingto pathsin
the classdiagramas[10] does,the basicmeaningis defineddirectly in termsof
objectgraphs.By dealingdirectly with the searchalgorithmin the objectgraph,it
avoidsthe complicationsof thetraversalhistoriesof [15].

In the contet of object-orienteddatabasestraversalsareheavily used.Some
automatiorof traversalswassuggestedh [12, 16, 11, 7, 5]. Roughlyspeakingthe
ideain thesepaperss to traverseto atamgetwithout specifyingthe full pathlead-
ing to it. Most of this work concernsavhatwe call minimal R-paths;however the
primary concernis how to completethe abbre&iation whenit is ambiguoussome-
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timesusingheuristics.DJ takesadvantageof reflectionto completeits queries.

MendelzonandWood[?] shav the computationaintractability of finding ac-
tual pathsin an objectgraph,evenwithout the presencef inheritance.We avoid
this difficulty becausewne are searchingonly for potential pathsand acceptthe
possibility of traversingnodesthatarenot actuallyon a pathto thetargetclass.

TheXPath[2] languageés usedto specifysetsof elementsn XML documents.
XPath usesa succinctnotationsomevhat like ours; for example,the XPath ex-
pressionA//B refersto the setof all B-objectsreachabldrom the A-object. The
semanticsof an XPath expressionis an unorderedset of objects. This closely
matcheghe algorithmsas presentedn section5, althoughour implementatiorin
DJ alsocaptureghe pathsby allowing visitorsto be calledon all objectsin those
paths.

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

9 Conclusionsand Futur e Work

We have presentedsemantic$or adeclaratie specificatiorof object-graphraver
sals.Our organizationseparatethe concernsof

e Thesearclor traversalto be performed,
e Thevisitsto objectsof differentclassedo be executedalongtheway, and

e Thedetailsof theorganizationof theobjectgraph,whichis reconstructethy
reflection.

Our deriation of an effective computationfor FIRST illustratesthat a rela-
tional formalismis the right approacho expressthe different path conceptgshat
areneededwe believe thatthis approactwill be helpfulin othercontects aswell.

This papemwasmotivatedby the needto have a simplersemanticgor traversal
stratgiesthanthe one presentedn [10]. Now that we have a simplertechnical
core,we canhopeto explore questiondike: Whenthe classgraphchangesdoes
the adaptve programhave to change?For what kind of contets is an adaptve
(or aspect-orientedprogramcorrect? In an aspect-orientegrogram,whatkinds
of changesn the baseprogramrequirechangesn the aspecttode,or corversely
whendo changesn aspectcoderequirechangesn the basecode? We hopeto
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explore questionof this kind first in the context of DJ andeventuallyin the more
generakettingof AOR

[ Needto redothe bibliography; it will probably becomeshorter! ]
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