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Abstract

Traversalthroughobjectgraphsis neededfor many programmingtasks.Weshow
how this taskmaybespecifieddeclaratively at a high level of abstraction,andwe
giveasimpleandintuitive semanticsfor suchspecifications.Thesemantics,while
intuitive, requiresexistentialquantificationover all objectgraphsto representthe
fact that during traversalwe have only local knowledgeof the graph. Sincewe
cannotsearchexplicitly overall objectgraphs,wereducetheinfinite quantification
to a graphproblemover theclassgraph. Thealgorithmis implementedin a Java
library calledDJ.Thesystemis aspect-orientedin thatit makesa clearseparation
betweentraversalandbehavior, andit is adaptive in that it relieson reflectionto
fill in thedetailsof thetraversalalgorithmat run-time.

1 Intr oduction

A commontaskin object-orientedprogrammingis to take anobjecto in anobject
graphandfind all theobjectso� thatarereachablefrom o accordingto somesearch
criterion. In [8] we introducedthe idea of using an expressionin a declarative
languageto expresssucha searchcriterion. We refer to suchan expressionasa�
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traversal specification. For example,thesimplesttraversalspecificationis of the
form “ ���	��

������� ”. Thismeans:givenanobjecto of class� , find all theobjects
of class� thatarereachablefrom o.

In order to find all the B-objects,we needto engagein search. This paper
presentsanalgorithmfor convertingadeclarative searchcriterionto asearchalgo-
rithm. Wegivesuchanalgorithmfor two languagesof traversalspecification.The
primarytechnicalproblemin thealgorithmis acoherenttreatmentof inheritance.

Thekey ideaof thesearchalgorithmis that from anobjecto, we searchonly
thoseedgesfrom o thatmight leadto a � -object,basedon theclassstructureof the
objectgraph. We may explore objectsthat arenot on the pathto a � -object,but
thatis anunavoidableconsequenceof searchingbasedonly onmeta-information.

Oncewehaveconvertedthedeclarative criterionto asearchalgorithm,wecan
identify thesubgraphexploredby thesearchalgorithm,andinvoke visitor objects
eitherjustat thetargetnodesor atall thenodesin thesubgraph.

The conceptof automatedtraversalgenerationusing succinctrepresentation
was introducedin [15] andis extensively treatedin [8], whereit is the key idea
of Adaptive Programming(AP). Our mostcomplex languageof traversalspeci-
fications,calledstrategy graphs, is introducedin [10] togetherwith an efficient
implementation.

This paperprovides a self-containeddescriptionof the semanticsand algo-
rithmsfor AdaptiveProgrammingin afew pages.Insteadof referingto classgraph
pathsas[10] does,thebasicmeaningis defineddirectly in termsof objectgraphs.
By dealingdirectly with the searchalgorithm in the object graph, it avoids the
complicationsof thetraversalhistoriesof [15].

We begin in section2 with a simpleexample. Section3 discussesthe rela-
tionship betweenDJ and aspect-orientedprogramming. Section4 presentsour
notation,andsection5 presentsour modelof classesandobjects.In section6, we
formulatethe basictraversalproblemin the termsof our model. The key to the
problemis to find asetFIRST� c � c��� suchthate � FIRST� c � c��� if f it is possiblefor
anobjectof classc to reachanobjectof typec� by apathbeginningwith anedgee.
Section7 givessemanticsto thecoretraversalspecificationsof DJandshows how
to interpretthem assearchalgorithms. Section8 completesthe story by show-
ing how to computethe FIRST setsstatically. Section9 discussesrelatedwork.
Finally, section10presentssomeconclusionsandideasfor furtherdevelopment.
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Figure1: Classgraphfor �	������� ���"!�#�$�%��	&�
 .

2 A SimpleExample

Weillustrateautomatedtraversalgenerationwith asimpleexample,writtenin Java
usingtheDJ library.

Consideranequationsystemthatcontainsequationswith a left-handsideand
a right-handside. We usea mathematicalnotationwhosestructureis definedby
theclassgraphin Figure1. A typical setof equationsmight be

')(+*-,.'�/�0�'21�3
'	/�*-,.'�4�05,6'	1879':(;323
'21<*-,.'�4�05,.=87<4 323

We saya variableis definedif it appearson the left-handsideof an equation
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andthat it is usedif it appearson theright-hand.In theexample,variables
')(

,
'�/

and
'21

aredefined,andvariables
'	/

,
'	1

and
'	4

areused.Thepurposeof our Java
programis to collectthedefinedandusedvariables.

To solve thisproblem,weidentify two traversals.Thefirst, �:%�&;>�?@���)% , maybe
definedby1

�;���A
B�	��� ��� ����! #�$�%���&A
C��D��	���@E�DC�	F�G��	& %2%;���"!��;D	���"�@E�D<�;D:%H���<?@�����;��I�J;&
Wewishtovisit all the ?@��� �;��I�J�& objectsthatarereachablefromagiven �	������� ���"!�#�$�%��	&�

objectvia apaththatgoesthroughsome�2F�G��	& %�%����"! objectandthroughsome��DK%
edge.

Thesecond,>	&;� �A!@&�>;?@����% , is expressedby thetraversalspecification

�;���A
B�	��� ��� ����! #�$�%���&A
<I	$;G �@%2%;�A!�E9�	F�G��	& %2%;���"!�����?���� �;�"I J�&
This illustratesthe I�$�G��@%�%��L!@E clause.This specifiesthat thepathfrom theequa-
tion systemto thevariableshouldnotgo throughan �	F�G��	& %2%;���"! object.2

The codefor this taskis shown in figure2. The method M��	J�J�&@M��2?����)% takes
as argumentsthe currentclassgraph M"E (which is constructedby reflection in
#�$)%A��&�
�N	J	��&�!	� by calling ! &�O8N2J2��%2%"P;�@��G2D ,Q3 ), andastring ���@��R�%LG@&@M thatspec-
ifies thetraversalto beperformed.It first createsa visitor R to implementthebe-
havior thatis to beperformedduringthetraversal.In thiscase,thevisitor methods
areexecuteduponreachingthetarget(I &;�	����& , ?@�����;��I�J;& 3 ) andat completionof
thesearch( E	&���S@&��;�	�;!�?��2J�� & ). Oncethevisitor is created,M��2J2J;&@M"��?@���)% thenini-
tiatesthetraversalby calling the �2����R�&��)%"& methodof thecurrentclassgraph M"E ,
passingasargumentstheobjectat which to startthetraversal( �;D)�	% ), thetraversal
to beperformed( �2�@��R)%QG &@M ), andthevisitor to beexecutedalongtheway ( R ).

The execution of M"EUTV���@��R�&;��%�& , �;D)�	%XWY���@��R)%LG@&@MZW[R 3 follows the visitor
pattern[4]. Everytimethetraversalreachesanoden, thetraversalcalls RUT\I@&��	����& , n 3 .
Thus,whenthenodeis a variable,themethodI &;�	�;�	& , ?@��� �;��I�J�&HR (;3 (the“visi-
tor method”)is called,addingthenodeto theset.

ThemethodsE	&;��]K%"&�>�?�����% and E	&;�;^@&;� �A!@&�>;?@����% simply call M��	J�J�&�M"�2?�����%
with two differenttraversalspecifications.Onecouldeasilyconstructmorecom-
plex combinations,e.g. checkingfor undefinedvariablesby first creatingthesetof

1We could as well have defined this set by _a`QbdcfehgaiQjlkLmab.nQolpLq.khrdcsklth`Qb.ihultv`atAqwkQbx jl`Lmaj.yQzar ; thevariantin thetext illustratesmultiple kat{`Qb.ihuat clauses.
2We could as well have defined this set by _{`hbdc|ehgaiQjlkLmab.nfo.pLq.khr}c~klth`Qb.ihultfz.tAqwkQbx jl`Lmaj.yQzar .
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M�J2��%2%H�	�����������"!�#�$)%��	&�
)�
%A�@��� �2M9#��2� �A!@E��K%�&;>�?����)%�#"G@&@M *
� �����A
B�	������� ���"!�#�$�%��	&�
<�;D	������E�DC�2F�G	��& %�%�����!���D��	���@E�DC�;D:%H����?��������"I J�& ���

%A�@��� �2M9#��2� �A!@E�>	&��@�A!@&�>�?�����%�#"G@&@M *
� �����A
B�	������� ���"!�#�$�%��	&�
9I�$�G��@%�%��L!@E��2F�G��	& %�%����"!��	��?@��� �;��I�J�& �)�� �@%LD #�&��BM��2J2J�&�M"��?@����% , N	J2��%2%�P��@��G2D�M"E�W~#��2���L!@E����@��R)%LG@&@M 3 �
? �	%��������<R * ! &�OC? �	%;�"����� ,Q3 �� ��%LD #�&;�9��&��;����!���R@�2J * ! &�O � �@%QD�#�&�� ,Q3 �
R�����>�I@&��2�;��& , ?��������"I J�&HR (�3 ���	&;�;�	�;! ��R@��J�Td�;>2> , R (�3 �6�
G2��I�J	�2M9��I �2&�M"��E2&;�;S@&;������!�?@��J"�@& ,L3 ���	&;�;�	�;!��	&;�����;! ��R��2J �6����

M"EUTV���@��R�&;��%�& , �;D)�	%XWY���@��R)%LG@&@MZW[R 3 �
�	&;�;�	�;! ,d� ��%LD�#;&;� 3 R�TVE	&���S@&��;�	�;!�?��2J�� & ,L3 ��

� �@%LD #�&���E	&��;]K%"&�>;?@����% , N	J2��%2%�P��@��G2D�M"E 3 �
�	&;�;�	�;!C��D:�2%�T.M��	J�J�&@M��2?����)% , M"E�W��K%"&�>�?�����%�#"G@&@M 3 ��

� �@%LD #�&���E	&���^@&;� �L! &�>;?@���)% , N	J��@%2%�P�����G�D�M�E 3 �
�	&;�;�	�;!C��D:�2%�T.M��	J�J�&@M��2?����)% , M"E�WY>	&;� �A!@&�>;?@����%�#�G &@M 3 ��

�

M�J2��%2%9#�$�%��	&�
)N2J���&�!��<�
R	�@��>��K%�& ,L3 �
�2������������!�#�$)%A��&�
�% * ! &�OC�	��� ��� ����! #�$�%���&A
 , T2T2T 3 �
N2J2�@%�%"P;�@�"G�D
M"E * !@&�O8N2J2�@%�%"P;�@�"G�D ,Q3 �� �@%LD #�&��9�K%"&�>�?�����% * %�TVE	&;��]K%"&�>�?�����% , M"E 3 �� �@%LD #�&���>	&;� �A!@&�>;?@����% * %�T�E	&���^�&�� �L! &;>�?@���)% , M�E 3 �
T�T2T�

�

Figure2: Findingthevariablesin anequationsystem
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definedvariables,andthencheckingeachusedvariablefor undefinednesswhenit
is visited.3

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

Note thatwe musttraversetheentireright-handsideof eachequationto find
theusedvariables,eventhoughnovariablemaybepresentin asubexpression,e.g.
in

,.=
7�4@3
above, sinceon the basisof the classgraphin figure 1, any expres-

sion might containa variable. If we modified the classgraphto adda subclass
of �2F�G	��& %�%�����! for, say, N���
�I)�A! ��������! �;�����;
�&;����M;��J@% , which never containeda
variable,thenthetraversalwouldnotsearchsuchasubexpression.Thisdistinction
doesnotmatterin thisexample,but it might if thevisitor did non-trivial processing
on theobjectsfoundduringthesearch.

The DJ library includesa powerful languageof traversal specificationsand
methods;thesearedetailedin [3]. An introductionto DJ, with emphasison its
reflective properties,maybefoundin [13].

3 DJ asAOP

We may regardDJ asa variety of AOP. To understandhow DJ fits into AOP, we
first considerconventionalprogramming. In conventionalprogramming,a pro-
gramconsistsof a setof proceduresthat are invoked procedurally, that is, from
otherprocedures.OrdinaryOOPfits into this model,sincemethodsarea kind of
procedure.

A key innovationof AOP, asembodiedin systemslikeAspectJ,is amechanism
to allow proceduresto be invoked declaratively. Sucha mechanismidentifiesa
set of eventsduring the computationat which proceduresmay be invoked (the
join points),a declarative languagefor specifyinga setof suchevents(the“point
cut designators”),anda meansof associatingprocedureswith suchdeclaratively-
specifiedsets.This is adynamicjoin point model.

In DJ wehave:

� thecomputationis thetraversal.In DJ, this is alsospecifieddeclaratively.

� thejoin pointsarethebeginningandendof thetraversalandthepassageof
thetraversalthrougha nodeor edgein theobjectgraph.

3A slightly better designwould have �.u be a static variable in olpLq6khr}c��hz{mlrlnhk and having�lb{z{zarQ�6k x jl`Lq refer to olpLq.khrdc��hzhmlr.nhk@���.u . Herewe have made �.u a parameterto make this de-
pendenceexplicit.
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� thepoint cut designatorsallow specificationof thefollowing point cuts: the
beginningandendof thetraversal,thepassageof thetraversalthroughanode
of aspecifiedtype,andtraversalof anedgefrom onenodeof aspecifiedtype
to anothernodeof aspecifiedtype.

� proceduresare associatedwith a point cut by making them into methods
of a visitor. The nameof the visitor and the type of its argument(e.g.
I &;�	�;�	& , ?@��� �;��I�J�&+R (�3 ) serve as the languageof point cut designators.
Here,as in AspectJ, datapassedthroughthe join point is boundto a pa-
rametersuchas R ( .4

Becausethecomputationis specifieddeclaratively, themechanismfor invokingthe
visitorscanbehiddeninsidethe implementationof the traversal. This allows the
separationof thetraversalbehavior from theaspector visitor behavior.

The method M��2J2J;&@M"��?@���)% is an aspectin the senseof [6]: eachis a modu-
lar unit of crosscuttingimplementation.It is a modularunit becauseit is a Java
method.It is crosscutting,becausea naive implementationwould requiredetailed
knowledgeof many differentclasses.5 We don’t carehow many classesarebe-
tween�	������� ���"!�#�$�%��	&�
 and ?@�����;��I�J;& . Thesedetailsarenotwiredinto thecode,
becausethey canbereconstructedat run-timevia reflection.Furthermore,this ar-
chitecturepassesthe testof obliviousnessbecausethey requireno preparationin
theunderlyingobjectmodel.

Wecall thesemethodsadaptivemethodsbecausetheirbehavior dependsonthe
structureof theclassgraph.Theseparationof traversalspecification(whereto go),
behavior (whatto do),andclassgraphstructure(context to evaluatein) allows the
methodto bereused.

4 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.

4In thecurrentversionof DJ,anedge-traversaljoin pointis specifiedbyavisitormethodsignature
like �6yQra_hbl`hr	��e{gaiLjlkLmlb.n�rlgan@��olka`Lm6nhu|z{j6yQrhz2��e{�a�h`hrQqaq{mab.nfra�a��� . this join point occursjust
beforethetraversalof any edgefrom an ehgaiQjlkLmab.n objectto a eh�a�{`hrQq{q{mlb.n object.It binds rlgan andrl�a� to thesourceandtargetobjects,respectively, and z{j.yhrhz to thelabelof theedge.

5If themethodwerewritten in goodobject-orientedstylefollowing theLaw of Demeter[9], the
implementationwould requiremethodsin eachof theseclasses.
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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.

5 The Model

Definition 1 A classgraphconsistsof a setC (of “classes”), a set E (of field
names),for each e � E a relation (also namede) on classes(“has part named
e”), anda reflexive, transitiverelation ¡ on classes(“is a subclassof”). Wewrite
C � 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
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 �6¡¤£ . 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 �§�d¡ e ¥�� class� o2 �
Wesaythato is of typec whenclass� o��¡ c.
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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 �
Seefigure3.

e

e

o1 o2

class(o1) class(o2)

class graph

object graph

Figure3: Typical link in anobjectgraph.If thereis ane-edgefrom o1 to o2, then
thereis apathclass� o1�§¡ e¥ class� o2� in theclassgraph.

As we did for classgraphs,we useO to denotetheentireobjectgraphwhose
setof objectsis O.

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
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everyedgepredictedby theclassgraphexistsin theobjectgraph.All thetheorems
in thepaperaretrueunderthis strongerdefinition,but theadditionalconditionis
undesirablebecauseit rulesoutnull fields.

6 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.
More precisely,

FIRST� c � c� �Kª9« e � E ¬ thereexistsanobjectgraphO of C and
objectso ando� suchthat:

1. class� o�Xª 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.

7 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 ª�� c1 �}®}®}®6� cK � be a non-emptysequenceof classes.Let p ª
� o1 �}®}®}®l� oN � bea path in O. We saythat p is an R-pathiff there is a subsequence
o j1 �}®}®}®.� o jK of p such that for each i, o ji hastypeci , and jK ª N (that is, the last
elementof thepathmustbepart of thesubsequence).WesayanR-pathis minimal
iff it hasno initial segmentthat is alsoan R-path.
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ThusanR-pathis a paththroughtheobjectgraphthatpassesthroughobjects
of thetypesspecifiedby R in theorderspecifiedby R. It maypassthroughobjects
of otherclassesalongtheway, but it mustendat theendpointof R. Thesequence
R ª�� c1 �}®}®}®6� cn � correspondsto the DJ traversaldirective �;D	������E�D c1 ��D��	���@E�D
c2 T�T2TV�	� cn.6

Givenanobjecto, wecanvisit all theendpointsof minimalR-pathsstartingat
o asfollows:

Algorithm search � o � R� :
Let c1, . . . , cn betheclassessuchthatR ª�� c1 �}®}®}®6� cn � .

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

2. If o hastypec1, andR ª�� c1 � , thendo visit � o� .
3. If ohastypec1, andR ª�� c1 � c2 �}®}®}®6� cn � , thendosearch � o �.� c2 �}®}®}®l� cn �}� .

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 ª�� c1 � , thendovisit � o� . Thenfor eache in
FIRST� class� o�l� 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.

This algorithmis easilymodifiedto accomodatethe I�$;G �@%�%��A!�E specification
of DJ. An edgespecification,like �;D	���"�@E�D8J"DK% in our example,canbe imple-
mentedby extendingFIRST� c1 � c2 � to FIRST� c � e� ; this canbe doneby an easy
modificationof thealgorithmin section8.

6TheDJ traversal_{`Qb�c c1 kath`Qb.i{uat c2 ¯°¯°¯ kQb cn is identicalto this traversaldirective,except
thatit reportsanerrorif thecurrentobjectis notalreadyof typec1.
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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 ªB� o1 �}®}®}®6� oN � in O is an S-path iff there is a subsequence
o j1 �}®}®}®.� o jK of p and a path � q1 �}®}®}®6� qK � in S such that for each i, o ji has type
class� qi � , jK ª N, andqK � QF. Asbefore, wesaythat an S-pathis minimal iff it
hasno initial segmentthat is alsoanS-path.

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

Algorithm search � o � S� : search� � o � IQ� wheresearch� � o � Q� � for any
Q�2± Q is definedby:

Procedure search� � o � Q� � :
1. If class� o�³²¡ class� q� for any q � Q� , then for each

q � Q� , for eache in FIRST� class� o�l� class� q�}� , and
eacho� suchthate� o � o� � , search� � o� � Q� � .

2. If class� o�)¡ class� q� for someq � Q�V´ QF, thenvisit � o� .
3. Otherwiselet Q� �{ªµ« q � Q��¬ odoesnothavetypeclass� q�.­ ¶

« q� ¬¸· q � Q� suchthato hastypeclass� q� andS� q � q� �.­ .
Thensearch� � o � Q� �¹� .

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.
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8 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  � o1 � o2 �
iff class� o1 ���d¡ C ¥��d  class� o2 � .

Proof: Again, the forwarddirectionis immediate.For the reverse,inducton
thedefinitionof �dº¤�d  , usingtheprecedinglemma.

A pictureof this situationis shown in figure4.

objects:

their classes:

class graph

object graph

e1

e1

e2

e2

e3

e3

Figure4: A pathin an objectgraph. If thereis a pathin the from o1 to o2, then
class� o1 ���d¡ 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 L� o1 � o2 � iff
c1 ¥ class� o1 ���d¡ C ¥¤�   class� o2 ��¡ c2.

Proof: Immediate.
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Theorem 1
FIRST� c � c� �¼ª9« e ¬ c �d¡ e ¥��{�d¡ C ¥��   ¡ c� ­

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

1. class� o�Zª c

2. class� o����¡ c�
3. o eO  o�

if f c �d¡ e ¥¤�{�d¡ C ¥¤�d �¡ c� .
Theforwarddirectionis immediatefrom thedefinitionof anobjectgraphof C.

For thereversedefinition,considerasequenceof classessuchthat

c �d¡ e ¥�� c1 �d¡ e1 ¥¤� c2 �d¡ e2 ¥���®}®}®l�d¡ en½ 1 ¥�� cn ¡ c�
Thenconstructan objectgraphwith n ¾ 2 objects,of classesc, c1, . . . ,cn, c� ,

with a link labellede from thec-objectto thec1 object,a link labellede1 from the
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�Zª9« e� ¬"�\· c� �{� c �d¡ e� ¥¤�{�d¡ C ¥��   ¡ ec� �.­

9 RelatedWork

It is surprisingto seethat despitethe universalityof traversalsin programming,
very little work hasbeendonein this direction. Until recently, theautomationof
traversalof objectstructuresusingsuccinctrepresentationsis uniqueto Demeter
(seebelow); the rising popularityof markuplanguagesin general,andXML in
particular, createda new interestin traversals. In this sectionwe list somework
relevantto traversals.

In thecontext of object-orienteddatabases, traversalsareheavily used.Some
automationof traversalswassuggestedin [12, 16, 11, 7, 5]. Roughlyspeaking,the
ideain thesepapersis to traverseto atargetwithoutspecifyingthefull pathleading
to it. Castin our terms,onecanview thesetechniquesasa variantof line-graph
strategies(i.e., strategy graphsconsistingof a singlepath); however, their goal is
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to allow theuserto abbreviatethelaboriousspecificationof a full query, andtheir
mainconcernis how to completetheabbreviationwhenit isambiguous,sometimes
usingheuristics.DJ takesadvantageof reflectionto completeits queries.

XML is a new standardfor definingandprocessingmarkuplanguagesfor the
web[1]. XML usesgrammars(alsocalleddocumenttypedefinitionsorschemas) to
defineamarkuplanguagefor aclassof documents.To selectsubsetsof XML doc-
umentelements,theW3 Consortiumrecentlyintroduceda languagecalledXPath
[2]. The way elementsareselectedin XPath is by navigation, including usinga
succinctnotationsimilar to traversalstrategies. For example,the XPath expres-
sion ��¿2¿�� refersto the setof all � -objectsreachablefrom the � -object. It does
not matterhow many objectsarecontainedbetweenthe � -objectandthe � -object.
XPathexpressionsareusedto describesetsof objects, in thesensethatthevalueof
anexpressionis anunordered collectionof objectswithoutduplicates. This is in
contrastto traversals,whosevalueis asetof paths, sothattheobjectsof eachpath
areexplictly orderedandmayappearmorethanonce,evenon thesamepath.It is
quite easyto implementXPathusingstrategies,usingspecialized“visitors.” The
converse,however, doesnot hold,dueto thelack of structurein XPathexpression
values.

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].

The conceptof automatedtraversalgenerationusing succinctrepresentation
wasintroducedin [15] andis extensively treatedin [8]. The traversalsusingthe
syntaxof [15] essentiallydescribeseries-parallelgraphs,which seemto beanim-
portantspecialcasein practice.However, thealgorithmprovided by [15] cannot
be appliedfor a significantsubsetof combinationsof classstructuresandtraver-
sal specifications.A subsequentpaper[14] removed this restrictionfor thesame
specificationlanguageusingafinite-automatabasedapproachto compilation.Un-
fortunately, thealgorithmof [14] hasexponentialrunningtime in theworst case,
sinceit maygenerateexponentiallymany traversalmethods[10].

Traversalstrategiesareintroducedin [10] togetherwith anefficient implemen-
tation.Thispaperis motivatedby theneedto haveasimplersemanticsfor traversal
strategiesthantheonepresentedin [10].

10 Conclusionsand Future Work

Wehavepresentedasemanticsfor adeclarativespecificationof object-graphtraver-
sals.Ourorganizationseparatestheconcernsof
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� Thesearchor traversalto beperformed,

� Thevisits to objectsof differentclassesto beexecutedalongtheway, and

� Thedetailsof theorganizationof theobjectgraph,which is reconstructedby
reflection.

Thedevelopmentof thispaperitself reflectsaseparationof concerns.In earlier
paperswe expressedthesemanticsof a traversalstrategy througha setof pathsin
the classgraph. This requireda heavier definitionalapproach.In this paperwe
separatethe issues:we definethe FIRST predicateat the level of objectgraphs,
only referring to pathsin object graphsand using an existential quantifierover
object graphs. Only later, to computeFIRST, do we refer to pathsin the class
graph.Thisseparationof basicsemanticsfrom 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 approachto expressthe differentpathconceptsthat
areneeded;we believe thatthisapproachwill behelpful in othercontexts aswell.

Thepaperachievesanotherseparationof concerns:In earlierworkswedefined
themeaningof a traversalspecificationfor anobjectgraphto betraversalhistory:
anorderedsequenceof nodesandedgesdescribingthevisiting order. In thispaper,
we separatethedefinitionof thetraversalhistoryinto two parts:first we definethe
subgraphof theobjectgraphselectedby the traversalspecification(usingFIRST
andsearch)andthenwe may useany traversalapproachwe choose,e.g.,depth-
first, to definea traversalhistory. This separationof traversalgraphfrom traversal
historyleadsto amoreconciseandunderstandabledefinitionof theconcept.

Now thatwe have a simplertechnicalcore,we canhopeto explorequestions
like: Whenthe classgraphchanges,doesthe adaptive programhave to change?
For whatkind of contexts is anadaptive (or aspect-oriented)programcorrect?In
an aspect-orientedprogram,what kinds of changesin the baseprogramrequire
changesin theaspectcode,or conversely, whendo changesin aspectcoderequire
changesin the basecode? We hopeto explore questionsof this kind first in the
context of DJandeventuallyin themoregeneralsettingof AOP.
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