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Abstract

Traversalthroughobjectgraphsis neededfor many programmingtasks.Weshow
how this task may be specifieddeclaratively at a high level of abstraction,and
we give a simpleandintuitive semanticsfor suchspecifications.Thealgorithmis
implementedin aJava library calledDJ.

1 Intr oduction

A commontaskin object-orientedprogrammingis to take anobjecto in anobject
graphandfind all theobjectso� thatarereachablefrom o accordingto somesearch
criterion. For example,given an objecto of class � , find all the objectsof class�

that are reachablefrom o alonga path that goesthroughsomeobjectof class�
. In orderto make thesearchtractable,we typically searchbasedon local meta-

information. In suchasearch,wesearchonly thoseedgesfrom o thatmight leadto
anobjectthatsatisfiesthesearchcriterion,basedontheclassstructureof theobject
graph.Wemayexploreobjectsthatarenotonthepathtoadesiredtargetobject,but
thatis anunavoidableconsequenceof searchingbasedonly onmeta-information.�

Work supportedby the National ScienceFoundationundergrantsCCR-9804115and CCR-
0097740andby ARPA andBBN underagreementF33615-00-C-1694.
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In thispaperwepresentasimplesemanticsfor suchasearch,andintroducean
algorithmfor performingthe search,given a searchcriterion like the oneabove.
Thesemanticsandalgorithmaddresstwo technicalproblems:themeaningof the
modaloperator“might”, andthetreatmentof inheritance.We give anexampleof
thisalgorithmasembodiedin theDJ library for Java [3].

Section2 presentsour notation,andsection3 presentsour modelof classes
andobjects. In section4, we formulatethe basictraversalproblemin the terms
of our model. The key to the problem is to find a set FIRST� c 	 c��
 such that
e � FIRST� c 	 c��
 if f it is possiblefor anobjectof classc to reachanobjectof typec�
by apathbeginningwith anedgee. Section5 givessemanticsto thecoretraversal
specificationsof DJ andshows how to interpretthemassearchalgorithms. Sec-
tion 6 completesthestory by showing how to computetheFIRST setsstatically.
Section7 presentsan exampleshowing how theseconceptsareemployed in the
DJ library. Section8 discussesrelatedwork. Finally, section9 presentssome
conclusionsandideasfor furtherdevelopment.

2 Notation

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

If A andB aresets,a relationfrom A to B is asubsetRof A  B. If a 	 b � R, we
will write R� a 	 b
 , a Rb , and � a 	 b
 � R interchangebly. A relationfrom A to A is
oftencalleda relationon A.

We denotecompositionof relationsby concatenatione.g. x � RS
 z if f there
existsay suchthatx Ry andy Sz. Wealsowrite x Ry Sz. R� denotesthereflexive
transitive closureof R.

We often think of directedgraphsas relations(andvice versa),so we write
C � c1 	 c2 
 or c1 C c2 whenthereis anedgefrom c1 to c2 in C. We take asgiventhe
definitionof apathin adirectedgraph.

3 The Model

Definition 1 A classgraph(sometimescalleda classdiagram) consistsof a setC
(of “classes”), a setE (of fieldnames),for each e � E a relation(alsonamede)on
classes(“has part namede”), anda reflexive, transitiverelation � on classes(“is
a subclassof”). WewriteC � c1 	 c2 
 iff there existse � E such thate� c1 	 c2 
 .

Eachrelatione codestheeffect of finding thee partof anobject. Usually the
relation e is a partial function (that is, for any c1, thereis at most one c2 such
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that e� c1 	 c2 
 ), but we will not needthis property. Whene� c1 	 c2 
 , we sometimes
saythatc1 hasane-part of typec2. (Thesignificanceof theword “type” will be
explainedmomentarily).Weuse � to denotethereflexive, transitive closureof the
inheritancerelation,soc � c� meansthatc is eitherthesameasc� or is oneof c� ’s
descendants.

WeuseC to denotetheentireclassgraph � C 	 E 	���� . Wewrite � for theinverse
of � .

An objectgraphis amodelof theobjects,representedin theheapor elsewhere,
andtheir referencesto eachother:

Definition 2 If C is a classgraph,thenanobjectgraphofC consistsof:

1. a setO (of “objects”),

2. a mapclass: O � C, and

3. for each e � E, a relation(alsodenotede)on O

such that if e� o1 	 o2 
 , then

class� o1 
 ��� e � 
 class� o2 

Wesaythato is of typec whenclass� o
 � c.

An object is of type c whenits classis someclassthat is a descendantof c.
This correspondsto theusualexpectationin a typedobject-orientedlanguage:if a
variableis of typec, its valueis eithernull or is anobjectwhoseclassis eitherc or
adescendentof c.

The traversalof an edgelabelede correspondsto retrieving the valueof the
e field. Condition3 capturesthenotion that every edgein the objectgraphis an
imageof ahas-as-partedgein theclassgraph:Thereis anedgee� o1 	 o2 
 in O only
whenthereexist classesc1 andc2 suchthato1 is of typec1, c1 hasane-partof type
c2, ando2 is of typec2, thatis,

class� o1 
 � c1 ec2 � class� o2 

Seefigure1.

As we did for classgraphs,we useO to denotetheentireobjectgraphwhose
setof objectsis O.
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Figure1: Typical link in anobjectgraph.If thereis ane-edgefrom o1 to o2, then
thereis apathclass� o1
 � e� class� o2
 in theclassgraph.

All partsareoptional (allowing for null values)or multi-valued(for a given
objecto1, theremaybemany objectso2 suchthate� o1 	 o2 
 ). Thelattercaseallows
usto handlecollections:if classc1 containsa field e that is a collectionof objects
of type c2, we may representthis ase� c1 	 c2 
 andusemulti-valuededgesin the
objectgraph,ratherthanintroducethenotionof collectionsinto ourmodel.

We might proposetheadditionalconditionthat if class� o1 
 � c1 ande� c1 	 c2 
 ,
then thereexists an o2 suchthat e� o1 	 o2 
 and class� o2 
 � c2. This meansthat
everyedgepredictedby theclassgraphexistsin theobjectgraph.All thetheorems
in thepaperaretrueunderthis strongerdefinition,but theadditionalconditionis
undesirablebecauseit rulesoutnull fields.

4 The Problem

Thecomputationalproblemwe wish to studyis thefollowing:

We are at an object o of classc in object graphO and we wish to find all
reachableobjectsof type c� . However, we have no informationaboutthe object
graphotherthanthatit is a legalobjectgraphfor C. Whichedgesmustweexplore
in orderto find all theseobjects?

Wecanformalizetheproblemasfollows. For eachpairof classesc andc� , we
needto find a setFIRST� c 	 c��
 suchthat e � FIRST� c 	 c��
 if f it is possiblefor an
objectof classc to reachanobjectof typec� by a pathbeginningwith anedgee.
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More precisely,

FIRST� c 	 c� 
���� e � E � thereexistsanobjectgraphO of C and
objectso ando� suchthat:

1. class� o
�� c,
2. class� o��
 � c�
3. o eO� o���

Thelastcondition,oeO� o� saysthatthereis apathfrom o to o� in theobjectgraph,
consistingof anedgelabellede, followedby any sequenceof edgesin thegraph.

Our lack of information aboutthe actualobject graphis representedby the
existentialoperator. Sincewe cannotsearchexplicitly over all objectgraphs,our
goalis to find astaticalgorithmto computethesesets.

5 TraversalAlgorithms

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

Definition 3 Let R � � c1 	! ! ! �	 cK 
 be a non-emptysequenceof classes.Let p �
� o1 	! ! ! "	 oN 
 bea path in O. We saythat p is an R-pathiff there is a subsequence
o j1 	! ! ! #	 o jK (K � 1) of p such that for each i, o ji hastypeci, and jK � N (that is,
thelast elementof thepathmustbepart of thesubsequence).Wesayan R-pathis
minimal iff it hasno initial segmentthat is alsoanR-path.

ThusanR-pathis a paththroughtheobjectgraphthatpassesthroughobjects
of thetypesspecifiedby R in theorderspecifiedby R. It maypassthroughobjects
of otherclassesalongtheway, but it mustendat theendpointof R.

Givenanobjecto, wecanvisit all theendpointsof minimalR-pathsstartingat
o asfollows:

Algorithm search � o 	 R
 :
Let c1, . . . , cn betheclassessuchthatR � � c1 	! ! ! �	 cn 
 .

1. If o doesnothavetypec1, thenfor eache in FIRST� class� o
 	 c1 
 ,
andeacho� suchthate� o 	 o��
 , do search � o� 	 R
 .

2. If o hastypec1, andR � � c1 
 , thendo visit � o
 .
3. If ohastypec1, andR � � c1 	 c2 	! ! ! �	 cn 
 , thendosearch � o 	#� c2 	! ! ! "	 cn 
!
 .
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In case1 wearenotyetonapath,sowe follow theFIRSTedgesto guideusto
thefirst goaltypec1. Wecanfind therequiredobjectso� by retrieving thevalueof
o’s e-field. In case2, we have reachedthelastgoaltype,sowe visit theobject.In
case3 wehave reachedthefirst goaltype,sowerecuron therestof thegoalpath.

Wecouldfind all R-paths,by modifying step2 to continuesearching:

2� If o hastypec1, andR � � c1 
 , thendovisit � o
 . Thenfor eache in
FIRST� class� o
 	 c1 
 , andeacho� suchthate� o 	 o�$
 , dosearch � o� 	 R
 .

If theobjectgraphis acyclic, thesealgorithmswill alwaysterminate,sinceev-
ery stepeitherdecreasesthelongestchainof links in theobjectgraphor decreases
the lengthof R. If thegraphmaybe cyclic, thenwe needto mark eachsearched
objectwith thestateR in which it wasreached,or elsecarryaroundthesetof pairs
� o 	 R
 thatwe have alreadysearched.This will allow usto avoid repeatedvisits to
thesameobjectin thesametraversalstate.

DJallowstheuseof agraph,calledastrategygraph, to specifyamorecomplex
traversal[10]. A strategy graphcanbemodeledasa non-deterministicfinite-state
automaton:

Definition 4 A strategy graphis givenbya setof statesQ, a relationSonstates,a
mapclass: Q � C, a setQI % Q of initial states,anda setQF % Q of final states.
Wedenotesuch a strategy graphby S.

Definition 5 A path p � � o1 	! ! ! �	 oN 
 in O is an S-path iff there is a subsequence
o j1 	! ! ! #	 o jK (K � 1) of p anda path � q1 	! ! ! #	 qK 
 in S such that for each i, o ji has
typeclass� qi 
 , jK � N, andqK � QF. Asbefore, wesaythat an S-pathis minimal
iff it hasno initial segmentthat is alsoan S-path.

Givenanobjecto, we canvisit all theendpointsof minimal S-pathsstartingat
o asfollows,whereQ� rangesover subsetsof Q:

Algorithm search � o 	 S
 : search� � o 	 QI 
 wheresearch� � o 	 Q��
 for any
Q�&% Q is definedby:

Procedure search� � o 	 Q��
 :
1. If class� o
('� class� q
 for any q � Q� , then for each

q � Q� , for eache in FIRST� class� o
 	 class� q
!
 , and
eacho� suchthate� o 	 o��
 , search� � o� 	 Q�)
 .
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2. If class� o
 � class� q
 for someq � Q�+* QF, thenvisit � o
 .
3. Otherwiselet Q� � �,� q � Q�-� odoesnothavetypeclass� q
#�/.

� q� �10 q � Q� suchthato hastypeclass� q
 andS� q 	 q��
#� .
Thensearch� � o 	 Q� ��
 .

Thisalgorithmis muchlike theprecedingone,exceptthatthesetQ� maintains
the stateof a run throughthe non-deterministicautomatonS. In step1, we are
not at a point on the subsequence,so we usethe FIRST setsto searchany edge
thatmayleadusto any of thefirst goalclasses.In step2, we have reacheda final
state,so we visit the objectwe have reached.In step3, we areat a setof states
Q� . Someof thosestatesrepresentgoalclassesthatwehavenotyet reached.Other
statesaregoal classesthat we have now reached.We createthe next setof goal
classesby carryingalongthosethatwe have not yet reached,andtakinga stepin
theautomatonS for thosethatwe have reached.

We typically startthealgorithmwith a uniquestartstateandan objecto that
matchesthatstate.

As before,when the object graphis acyclic, this always terminates. If the
objectgraphcanbecyclic, thenwe needto carryarounda “seen”set,asabove.

6 Calculating FIRST

Wedevelopastaticdescriptionof FIRSTusingasequenceof lemmas.Thisallows
usto computeFIRSTfrom theclassgraph.Westartwith afixedclassgraphC.

Lemma 1 ThereexistsanobjectgraphOofC andobjectso1, o2 such thatO � o1 	 o2 

iff class� o1 
 � C � class� o2 
 .

Proof: The forward direction is immediatefrom the definition of an object
graphof C. For thereversedirection,constructanobjectgraphwith two objectso1

ando2 andthespecifiedlink. Theresultis anobjectgraphof C.

Lemma 2 ThereexistsanobjectgraphOofC andobjectso1, o2 such thatO�2� o1 	 o2 

iff class� o1 
 ��� C � 
 � class� o2 
 .

Proof: Again, the forwarddirectionis immediate.For the reverse,inducton
the standarddefinition of ��3 
 � (reflexive transitive closure),usingthe preceding
lemma.

A pictureof this situationis shown in figure2.
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Figure2: A pathin anobjectgraph. If thereis a pathin thegraphfrom o1 to o2,
thenclass� o1 
 ��� C � 
 � class� o2 
 .

Lemma 3 Let c1 and c2 be classes. Thenthere exists an object graph O of C
and objectso1, o2 such that class� o1 
 � c1 and class� o2 
 � c2 and O�2� o1 	 o2 
 iff
c1 � class� o1 
 ��� C � 
 � class� o2 
 � c2.

Proof: Immediate.

Theorem 1
FIRST� c 	 c� 
4��� e � c ��� e � 
 ��� C � 
 � � c� �

Proof: We mustshow that thereexists an objectgraphO of C andobjectso
ando� suchthat

1. class� o
5� c

2. class� o��
 � c�
3. o eO� o�

if f c ��� e � 
 ��� C � 
 � � c� .
Theforwarddirectionis immediatefrom thedefinitionof anobjectgraphof C.

For thereversedefinition,considerasequenceof classessuchthat

c ��� e � 
 c1 ��� e1 � 
 c2 ��� e2 � 
  ! ! "��� en6 1 � 
 cn � c�
Thenconstructan objectgraphwith n 7 2 objects,of classesc, c1, . . . ,cn, c� ,

with a link labellede from thec-objectto thec1 object,a link labellede1 from the
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c1 objectto thec2 object,etc. Let o be thefirst objectin this sequenceando� be
thelast.This objectgraphsatisfiestherequirements.QED

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

FIRST� c 	 e
5��� e� �8�90 c� 
 � c ��� e� � 
 ��� C � 
 � � ec� 
#�

7 A SimpleExample

Weillustrateautomatedtraversalgenerationwith asimpleexample,writtenin Java
usingtheDJ library.

Consideranequationsystemthatcontainsequationswith a left-handsideand
a right-handside.A typical setof equationsmight be

:<;>=@?#:-ACBD:&EGF
:�AC=@?#:-HCBI?�:�EKJ�:L;MF&F
:&EN=@?#:-HCBI?#OKJNH/F&F

A possibleclassdiagramfor thesestructuresis shown in Figure3, usingno-
tationsimilar to thatof our previous figures. Theasterisksindicateone-many re-
lations;they areincludedfor UML compatibilitybut arenot partof our model;in
ourmodelhas-as-partrelationsarealwayspossiblyone-many.

In DJ,we searchfor all minimal � c1 	! ! ! �	 cK 
 -pathsusingthesearchcriterion

PRQ-S�TVUXWVQ c1
PMQ�S-TVU-WRQ c2 YZY&Y P�T cK

DJ traversalspecificationsallow severalextensionsof thisnotation.Thecriterion

[ S-T]\
c0

PMQ-S�TVU-WRQ
c1

PMQ�S-T8UXWRQ
c2 Y&Y&Y P�T cK

hasthe samebehavior asthe searchabove, but fails if its startingpoint is not of
type c0. DJ alsoallows edgespecificationsof the form PMQ-S�TVU-WRQ

e. This canbe
implementedby extendingFIRST� c1 	 c2 
 to FIRST� c 	 e
 asdefinedin section6 and
modifying thealgorithmin section5 correspondingly.

A aDJtraversalspecificationmayincludeaclausê-_R`GaXbZbZc2d W c1 specifying
that the portion of the pathin which this clauseoccursmay not passthroughan
objectof classc1. The DJ library also includesways to specifystrategy graphs
[10].
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Figure3: Classgraphfor e�f U a P c T dGgR_Gb P�hi\ .

In our example,let us saythat a variableis definedif it appearson the left-
handsideof anequationandthat it is usedif it appearson the right-hand.In the
example,variables

:<;
,
:-A

and
:�E

aredefined,andvariables
:�A

,
:�E

and
:-H

areused.
Thepurposeof ourJava programis to collectthedefinedandusedvariables.

To solve this problem,we identify two traversals.The first traversalmay be
writtenas

[ S�Ti\ e�f U a P c T dGgV_<b P�hi\DPMQ�S-TVU-WRQNSMQ b PRQ-S�TVUXWVQ e�jV` S�h b&bMc T d P-TCk a S cMa8^/l h .
Thesecondmaybewrittenas

[ S-T]\ e�f U a P c T d/gR_Gb P-h]\ ^�_M`/aXb&bMc]d W e�jV` S�h b&bMc T dP�TCk a S cMai^Gl h .
Thereareof coursemany waysof specifyingthesametraversals.For example

the first could have beenwritten as
[ S-Ti\ e&f U a P c T d/gR_<b P-h]\mPRQ-S-T8UXWVQmSMQ b P-T

k a S cMa8^/l h , andthe secondcould have beenwritten as
[ S-T]\ e�f U a P c T dngR_Gb P-h]\PRQ-S�TVUXWVQ l Q b P-TCk a S cRa8^/l h .

TheDJlibrary usesreflectionto computetherelevantFIRSTsets.Thishastwo
advantages:first, it allows the samecodeto be reusedeven if the classstructure
changes.Wesaythis behavior is adaptive[8]. Second,it allows theksystemto be
implementedasapureJava library ratherthanasapreprocessor.

The codefor this taskis shown in figure4. Thestaticmembero W containsa� l&a-b&b8p S ai` Q object that containsa representationof the currentclassdiagram1.
1In a realapplication,thiswould probablydoneglobally ratherthanon aper-classbasis.
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Figure4: Findingthevariablesin anequationsystem
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Themethod o T l&l h o PZk a S b takesa string P&S aRµ<b|` h o thatspecifiesthe traversalto
be performed. It first createsa visitor µ to implementthe behavior that is to be
performedduring the traversal. Oncethe visitor is created,o T lZl h o P&k a S b then
initiatesthetraversalby callingthe PZS aVµ hMS b h methodof thecurrentclassgrapho W ,
passingasargumentstheobjectat which to startthetraversal( PMQ c�b ), thetraversal
to beperformed( P&S aVµ<b|` h o ), andthevisitor to beexecutedalongtheway ( µ ).

The execution of o W Y PZS aVµ hMS b h ? PMQ c�b�¶ PZS aVµ<b2` h o5¶°µ F follows the visitor
pattern[4], augmentedby reflection. Every time the traversalreachesa noden
for whicha ^ h [ TMS�h methodhasbeendefined,it calls µ Y ^ h [ TMS�h ? n F . Thetraversal
algorithmusesreflectionto call the ^ h [ TMS�h methodonly on objectsfor which a
^ h [ TMS-h methodhasbeendefined.Thus,whenthenodeis a variable,themethod
^ h [ TMS-h ? k a S cRa8^/l h µ ;ZF (the “visitor method”) is called,addingthe nodeto the
set.Similarly, oncompletionof thesearch,thetraversalcalls µ Y W�hMPM·XhRPMU-S d k a&l UXh ?|F ,
which returnsthecollectedhashset.

Unlike thecaseof theordinaryvisitor pattern,nopreparationin theunderlying
objectsis necessaryin orderto usethis library.

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

8 RelatedWork

The conceptof automatedtraversalgenerationusingsuccinctrepresentationwas
introducedin [15] and is extensively treatedin [8], whereit is the key idea of
Adaptive Programming(AP). Our mostcomplex languageof traversalspecifica-
tions,calledstrategy graphs, is introducedin [10] togetherwith anefficient imple-
mentation.

This paperprovides a self-containeddescriptionof the semanticsand algo-
rithms for Adaptive Programmingin a few pages.Insteadof referingto pathsin
the classdiagramas[10] does,the basicmeaningis defineddirectly in termsof
objectgraphs.By dealingdirectly with thesearchalgorithmin theobjectgraph,it
avoidsthecomplicationsof thetraversalhistoriesof [15].

In thecontext of object-orienteddatabases, traversalsareheavily used.Some
automationof traversalswassuggestedin [12, 16, 11, 7, 5]. Roughlyspeaking,the
ideain thesepapersis to traverseto a targetwithout specifyingthefull pathlead-
ing to it. Most of this work concernswhatwe call minimal R-paths;however the
primaryconcernis how to completetheabbreviation whenit is ambiguous,some-
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timesusingheuristics.DJ takesadvantageof reflectionto completeits queries.

MendelzonandWood[?] show thecomputationalintractabilityof finding ac-
tual pathsin anobjectgraph,evenwithout thepresenceof inheritance.We avoid
this difficulty becausewe are searchingonly for potentialpathsand acceptthe
possibilityof traversingnodesthatarenotactuallyonapathto thetargetclass.

TheXPath[2] languageis usedto specifysetsof elementsin XML documents.
XPath usesa succinctnotationsomewhat like ours; for example,the XPath ex-
pression�-¸Z¸ � refersto the setof all

�
-objectsreachablefrom the � -object. The

semanticsof an XPath expressionis an unorderedset of objects. This closely
matchesthealgorithmsaspresentedin section5, althoughour implementationin
DJ alsocapturesthepathsby allowing visitors to becalledon all objectsin those
paths.

The Visitor designpatternis discussedin many software-engineeringworks
(e.g., [4]). While this approachidentifiesand isolatesthe task of traversal,no
mechanismto automatethe taskandmake it adaptive waspreviously proposed,
exceptin [8, 10].

9 Conclusionsand Future Work

Wehavepresentedasemanticsfor adeclarativespecificationof object-graphtraver-
sals.Ourorganizationseparatestheconcernsof

¹ Thesearchor traversalto beperformed,

¹ Thevisits to objectsof differentclassesto beexecutedalongtheway, and

¹ Thedetailsof theorganizationof theobjectgraph,which is reconstructedby
reflection.

Our derivation of an effective computationfor FIRST illustratesthat a rela-
tional formalismis the right approachto expressthe differentpathconceptsthat
areneeded;we believe thatthisapproachwill behelpful in othercontexts aswell.

Thispaperwasmotivatedby theneedto haveasimplersemanticsfor traversal
strategies thanthe onepresentedin [10]. Now that we have a simpler technical
core,we canhopeto explorequestionslike: Whentheclassgraphchanges,does
the adaptive programhave to change?For what kind of contexts is an adaptive
(or aspect-oriented)programcorrect? In an aspect-orientedprogram,what kinds
of changesin thebaseprogramrequirechangesin theaspectcode,or conversely,
whendo changesin aspectcoderequirechangesin the basecode? We hopeto
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explorequestionsof this kind first in thecontext of DJ andeventuallyin themore
generalsettingof AOP.º º

Needto redothe bibliography; it will probably becomeshorter! » »
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