
Eliminating Cycles in Composed Class Hierarchies

Robert J. Walker
Departmentof ComputerScience
Universityof British Columbia

201-2366Main Mall
Vancouver, BC V6T 1Z4

Canada
walker@cs.ubc.ca

TechnicalReportTR-00-07

8 July2000

Abstract
Multiple classhierarchiescanbeusedeachto representa
separaterequirementor designconcern.To yield a work-
ing system,thesedisparatehierarchiesmustbecomposed
in a semanticallymeaningfulway. However, cyclescan
arisein the composedinheritancegraphthat restrict the
spaceof composablehierarchies.This work presentsan
approachto eliminating thesecycles by meansof sepa-
ratingthetypehierarchyfrom theimplementationhierar-
chy;separatesolutionsareprovidedfor languagespermit-
ting multiple inheritance,suchasC++, andthosepermit-
ting only interfaces,suchasJava. The resultingacyclic
classhierarchywill maintain the significant constraints
imposedby the original, separatehierarchies,such as
type-safety.

Categories and Subject Descriptor s

D.1.5 [Programming Techniques]: Object-Oriented
Programming; D.1.m [Programming Techniques]:
Miscellaneous—composition; D.2.2 [Software Engi-
neering]: DesignToolsandTechniques—object-oriented
designmethods; D.2.3 [Software Engineering]: Coding
ToolsandTechniques.

General Terms

Algorithms,Design,Languages.

Keywords

Subtype, subclass,subject, flattening, correspondence,
forwarding, integration, summary function, subject-
orientedprogramming,effectivesubtype,classhierarchy,
implementationhierarchy, typehierarchy.

1 Intr oduction
When one has,or needsto have, different views of an
object-orientedsoftwaresystem,onecanconsiderthereto
bemorethanoneclasshierarchyin existence,eachmod-
elling a differentfacetof the system.For example,each
classhierarchycanrepresentaseparaterequirementorde-
signconcern[4, 3]. To createaworkingsystem,thesesep-
arateclasshierarchiesmustbe combinedtogether(com-
posed) in sucha way that the resultingclassesdefineat-
tributesand methodsthat aresemanticallycorrectcom-
binationsof the original hierarchies.The waysin which
onemayor shouldcombineclasshierarchiesis partof the
problemaddressedby suchwork assubject-orientedpro-
gramming[6, 9], whereeachclasshierarchyis calleda
subject.

Oneof the difficulties that arisesin sucha composi-
tion processis thecreationof cycleswithin thecomposed
subject. We presenta methodfor removing suchcycles
by meansof separatingthetypehierarchyfrom theimple-
mentationhierarchywhile preservingthesignificantcon-
straintsimposedby the individual input subjectsprior to
composition.

In Section2, we describebackgroundregardingcom-
position of subjects,and how cycles arise in composed
subjects. Section3 relatesour approachto eliminating
thesecycles. Section4 detailsthe completealgorithms
for generalgraphs.Weconcludethepaperwith Section5.

2 Composing Subjects
Clarkeetal. [4] detailwhyonewouldhavedifferentviews
of anobject-orientedsoftwaresystem,eachof which can
be modelledin a separatesubject. To createa working
system,theseseparatesubjectsmustbecomposedin such
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Figure 1: Two simple, input subjects.

awaythattheresultingclassesdefineattributesandmeth-
ods that are semanticallycorrectcombinationsof those
from theoriginal subjects.

Elements(suchasclasses,methods,andattributes)in
separatesubjectscan be deemed,by a humanbeing, to
overlapor to representthesameconcepts,andso,should
be composed. Therefore,the correspondencesbetween
suchelementsandameansof integrating(i.e.,combining)
themneedto bespecified.A commonmeansin subject-
orientedprogrammingfor specifyingcorrespondenceis
to specifythatelementswith identicalnamescorrespond,
andfor integrationthatinvocationof thecomposedmeth-
odscauseeachof the original implementationsto be in-
voked in somearbitraryorder;this combinationis called
merge-by-name. Forexample,considerthetoy examplein
Figure1. Here,weseethattheclassesA andB aredefined
differently by the two subjects,1 althoughthe inheritance
relationshipis identical.

Composingthesehierarchiesthroughthe merge-by-
namerelationshipyields the composedhierarchyin Fig-
ure5. Herewe seethat,wherea methodwasdefinedin a
classin bothinputhierarchies,thecomposedmethodsim-
ply callsoneof theoriginalmethods,followedby acall to
the other. But whereclassB doesnot overridea method
(e.g.,print() in hierarchyS2, or toString() in hi-
erarchyS1), the composedmethodstill calls a method
from eachof theoriginal hierarchies—ineachsuchcase,
oneis aninheritedmethod.

Performingsucha compositionconsistsof a number
of steps:flattening(Section2.1), specificationof corre-
spondence(Section2.2), integration (Section2.3), un-
flattening(Section2.4), andtransformationof references
(alsoSection2.4). In Section2.5, we demonstratehow
this compositionprocessmay leadto cyclesin the com-
posedsubject’s classhierarchy.

1The separatesubjectsareshown asstereotypedUMLTM packages,
afterthenotationof Clarke [3]

2.1 Flattening

Compositionof subjectscanbeperformedby initially flat-
tening the classhierarchy[10]. That is, every attribute
declaration,operationdeclaration,andmethodimplemen-
tation is copieddown from the classthat originally de-
claredit to eachof its subclasses.Flatteningdoesnot al-
ter theinterfaceto aclassor its relationshipto othertypes
in a subject. In a flattenedhierarchy, eachclassdeclara-
tion is completein itself, althougha recordis maintained
of theoriginal inheritancerelationshipsfor lateruse.For
the sake of spaceandtime efficiency, the actualcopying
doesnot occuruntil the endof the compositionprocess
because,in alaterstep,someof thesemethodsmaybeun-
flattened, i.e., returnedto their declaringclasses;instead,
referencesto the appropriatemethodsare madewithin
auxiliary datastructuresusedby a compositortool. Un-
flatteningis discussedfurtherin Section2.4.

Ossheretal. statethatflatteningis performedfor three
reasons[9, p. 183]:

1. “Sincedifferentsubjectscanhavesubstantiallydif-
ferenthierarchies,inheritancemakessensewithin a
singlesubject,but oftennot whenconsideringmul-
tiple subjectstogether.”

2. “Combining inheritancehierarchiesso as to pre-
serve their separateeffectscanyield cycles.”

3. “Languageswith multiple inheritancetend to dif-
fer asto thesemanticdetails,andwe wish to avoid
thesedifferences[...].”

Points1 and 3 indicate that flattening makes the algo-
rithms for compositioneasier. Point 2 will be discussed
in Section2.5.

As an example,Ossheret al.’s subject-orientedcom-
positorwould flattenthe hierarchiesof Figure1 to those
shown in Figure2. Here,we seethatS1.A.print()
andS1.A.toString() needto be flattenedto S1.B
andthatS2.A.print() needsto beflattenedto S2.B.
S1.A.print() is renamedS1.B.super print()
whenit is flattened,to avoidanameclashwith theexisting
S1.B.print() method2. S1.A.print() needsto
beflattenedtoS1.B for thesakeof any callsto thesuper-
class’s methodswithin the implementationsfor S1.B’s
methods;wewill discusstheconsequencesof this in Sec-
tion 2.4.

2.2 Correspondence and Forwar ding

In order to composea setof input subjects,we needto
know how the entities within eachsubjectcorrespond

2Theparticularrenamingschemeuseddependson the implementa-
tion of the compositortool. This particularrenamingis similar to, but
differentfrom, thatusedby Ossheret al.
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Figure 2: The input subjects after flattening.

to thosein the othersubjects,andhence,which entities
shouldbe combinedin someway to form the composed
subject. Thereare somepracticallimitations to the de-
notationof which entitiescorrespond,which we will de-
scribein Section2.3 in thecontext of integration.

Therearemany waysin which onecouldpotentially
specifycorrespondence.Ossheret al. [9] providecompo-
sition rules, wherebyonecanstate,at a high level, rules
for determiningwhichentitiescorrespondwithin anentire
subject. Clarke [3] provides compositionrelationships,
wherebyone can state,at a lower level, which entities
and their componententitiescorrespondon the basisof
simplerrules. Regardlessof the particularinterfacepro-
videdfor thetask,atsomepointwe obtainaspecification
statingwhich entitiescorrespond.Two (or more)entities
cancorrespondonly if their parentsalsocorrespond.For
example,it makesno sensein generalto attemptto com-
posemethodswhenwe arenot composingtheir declaring
classessinceeachcouldbereferencingtheattributesand
operationsof their declaringclass;if the classesarenot
composed,thereis no way to guaranteethat theserefer-
encescouldberesolved,particularlyin any semantically
meaningfulway. Figure3 illustratesonepossiblecorre-
spondencebetweenourexample,flattened,inputsubjects,
which is baseduponentitieswith identicalnamesbeing
consideredto correspond.

A givenentity might exist simultaneouslyin multiple
correspondencerelationships.For example,it would be
possibleto specifythat,in thesubjectsof Figure1,S1.A
correspondswith S2.A andthat,separately, S1.A corre-
spondswith S2.B. This leadsto difficultiesin transform-
ing referencesafter integration,however, aspointedout
in Section2.4. A solutionis the conceptof forwarding,
whereeachinputentitydesignatesonecorrespondenceas
receiving its “identity” in a sense—thecomposedentity
thatwill resultfrom this correspondenceis deemedto be
theonethatmusttake theplaceof theinput entity. “For-
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A
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Figure 3: A correspondence specified for the flattened in-
put subjects.

warding” takes its namefrom the fact that, whena call
is madeto a methodof an input subject,this call is for-
wardedto a particularmethodin thecomposedsubject.

Theothercorrespondencesinvolving this input entity
arestill usefulfor thesake of combiningfunctionality in
differentways. Considerwantingto combinetwo meth-
odsa() andb() in sucha way thatcalling a() causes
both implementationsto be invoked while calling b()
causesonly the implementationof b() to be invoked.
Sucha situationwill result if we specify that a() and
b() correspondbut thatb() is alsoin a correspondence
with nothingelseandthatb() shouldforwardto thelat-
ter correspondence;sucha situationis termeda one-way
correspondence.

Within the context of this paper, we will sometimes
wish to consideronly the correspondencesin which the
participatingentitiesforwardto thecorrespondence—we
are not interestedwhetherother entitiesare involved in
thesecorrespondencesbut do not forward to them. We
shallreferto this asa restrictedcorrespondence.

2.3 Integration

Oncewehaveacorrespondencespecificationin hand,we
may proceedto composethe input subjectsaccordingly.
Oneissueremainsthat is not coveredby correspondence
alone:themeansof integration. Two simpleextremesfor
integrationaremerge, wherethe specificationof a com-
posedentity containsa truecombinationof inputentities,
andoverride, wherea composedentity takes its specifi-
cation from only one input entity therebyreplacingthe
specificationsof other input entities. For the mostpart,
we will not be concernedwith the specifickind of inte-
grationdesiredwithin this paper.

Merging the implementationsof methodsrequires
that all the participating input method implementa-
tions be invoked when the composedmethod is in-
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Figure 4: The integrated subject, prior to unflattening.

voked. The simplest means of performing this is
to have a composedmethod be implementedas del-
egating [7] to each of the input method implemen-
tations, which, having been flattened, are placed
into protected methods. For example, in Figure 4,
B.toString() delegatesto B.S1 toString() and
B.S2 toString(), which contain the implemen-
tations from S1.B.toString() (originally from
S1.A.toString()) andS2.B.toString().

Note that arbitrary kinds of entitiescannotbe inte-
grated:how doesoneinvokeamethodthatis “integrated”
with anattribute,for example?For thisreason,correspon-
denceis limited to entitiesof like kind: subjectwith sub-
ject, classwith class,andso forth. Furthermore,thereis
no simplemeansby which to integratemethodswith dif-
ferentsignatures.Automatedtransformationof typesis
beyond our capabilitiesat present. Even if the parame-
ter typesare identical except for the addition of one or
moreparametersto oneof themethodsdelegatedto, there
is no obvious meansto fill thesein whendefault values
will not suffice. The work of Walker and Murphy [12]
suggestsonepossibility, wheresuchinformationcanbe
reconstructedfrom thehistoryof callswithin thesystem,
but thatwork is presentlytoo muchin its infancy to pro-
vide a suresolution. Instead,we simply considersucha
correspondenceto beuntenableandthatthetwo methods
conflict.

Another problem remains: when we are merging
methodswith returnvalues,we needto somehow com-
bine the valuesthat are returned. Tarr and Ossher[11]
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+ toString(): String

+ print()

A

«subject»

+ toString(): String

calls S1.A.print() followed by S2.A.print()

calls S1.B.print() followed by S2.A.print()

calls S1.A.toString() followed by S2.B.toString()

calls S1.B.size() followed by S2.B.size()

calls S1.A.toString()

S1_S2

Figure 5: The unflattened, composed subject.

allow summaryfunctionsto bespecifiedfor this purpose.3

A typical summaryfunctionmight returnthevalueof the
lastcalledimplementation(hence,solelyutilizing theoth-
ersfor their side-effects).

2.4 Unflattening and Transf orming References

Oncewe have completedour integration, it may be the
casethatwedonotneedto keepall themethodsin aclass
whosesuperclassalsocontainsthesemethods.We may
thereforeunflattenthehierarchyto removesuchcases.

Figure 5 shows the resultsof unflatteningthe com-
posedsubjectin Figure4, althoughtheprotectedmethods
that aredelegatedto have beenhidden. The unflattened
methodsfrom Figure3 areasfollows:� B.super print(), since it is identical to

A.S1 print();� B.S1 toString(), since it is identical to
A.toString();� B.S2 print(), since it is identical to
A.S2 print(); and� B.print(),4 sinceit delegatesto S1 print()
andS2 print() for bothA andB; S1 print()
is simply overriddenby B.

Oncewe have unflattenedthe classhierarchyin the
composedsubject,we needto ensurethat all referenced
namesin signaturesand implementationscorrespondto
the correct nameswithin the composedsubject. One
simplecauseof a lack of agreementbetweenreferenced
andactualnamesis the fact that namesmay needto be

3Ossheret al.’s earlier work on subject-orientedcompositorsalso
utilizedsummaryfunctions,but this doesnot appearto have beendocu-
mentedin theirpublications,e.g.,[9].

4This equivalencecanbehardto detect,sothis methodmight notbe
unflattened(asis thecasein Figure5).
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changedto avoid conflictswith existing names.Also, an
inputentitymayendupforwardingto adifferentlynamed
entity in the composedsubject,possiblydueto its sepa-
ratecorrespondencewith multiple otherentities. In fact,
suchmultiple correspondencesare the chief reasonthat
forwardingis required:without it, therewould beno way
to resolve an input entity referenceif that entity werein
multiple correspondences.

2.5 Cycles

OO programming languagessuch as C++ [8] and
JavaTM [5] useclasshierarchiesto definebothtypinghier-
archiesandimplementationinheritancehierarchies.The
flattening/unflatteningprocessaffects which implemen-
tations are declaredin which class,but since this is a
post-source-level transformationof the code,it doesnot
alter the burden of the programmerattemptingto sub-
class within any particular input class hierarchy. But
theflattening/unflatteningprocesspreservesthesubtyping
constraintsdefinedin the input classhierarchies.Hence,
in Figure 5 we seethat classB remainsa subclassof
classA, andfurthermore,thatall the operationsdeclared
onbothclassesin eachof theinputhierarchiesremainde-
claredon the composedclasses,althoughthe implemen-
tationshavealtered(in a way thatis semanticallycorrect,
or elsethecompositionspecificationwasinvalid).

A

B

«subject»
S1

A

B

«subject»
S2

Figure 6: Two conflicting, input hierarchies.

A

B

«subject»
S1_S2

Figure 7: The cyclic hierarchy that results.

However, Ossheret al.’s point 2 (seeSection2.1) is
not solvedby flatteningalone;yes,composedclassescan
be formed,but the subtypingrelationshipscannotbe re-
solved if the classhierarchyis to defineboth the typing
and implementationhierarchies. For example,consider
the simplehierarchiesin Figure6; specifyingthat iden-
tically namedclassesin eachsubjectcorrespondresults
in the cyclic classgraphshown in Figure7. We needa
meansto breaksuchcyclesthat maintainsthe subtyping
constraintsrequiredby eachinputsubject.

3 The Appr oach
Taking our cue from OO programminglanguages,such
as Modula-3 [1], that explicitly separatethe typing and
implementationhierarchies,we can eliminate cycles in
thegeneralizationhierarchywhile maintainingtheneces-
sarysubtypingrelationshipsthatarerequiredfor thecom-
posedsystemto be compilableandtype-safe.Thereare
two separate,but closelyrelated,approaches,onefor each
of two categoriesof OO programminglanguage:(cate-
gory1) thosethatpermitmultiple inheritance(e.g.,C++),
and(category2) thosethatpermitspecificationof separate
interfaces,with individualclassesableto implementmul-
tiple suchinterfaces(e.g., Java). We assumesubtyping
asrequiredby theconditionsof Castagna[2], but we cur-
rentlylimit ourdiscussionto singly-dispatchedlanguages.

Webegin by lookingat thesimplecaseof acomposed
classgraphconsistingof asinglecycle(Section3.1),then
extendthis to slightly larger graphs(Section3.2), asthe
implicationsof the two approachesfor the different lan-
guagecategoriesbecomesmoreapparentandnon-trivial
for moretopologically interestinggraphs.We thencon-
sidertheeffectsof theapproachon parameter-, variable-,
and return-types(Section3.3), which we will ignore in
Sections3.1and3.2.

3.1 Isolated Cycles

As a first step,we will considersimpleclassgraphscon-
sisting solely of a single cycle, such as occursin Fig-
ure7. ConsiderthecomposedclassesA andB prior to at-
temptingto fit theminto anacyclic generalizationgraph.
If we look closelyat the generalizationrelationshipsre-
quired by the classgraphsof Figure 6, we seethat the
requirementsareweaker thanthoseimplied by the com-
posedgraph. If we speakloosely, S1 S2.B is only re-
quiredto be a specializationof S1.A andnot of S2.A,
andS1 S2.A is only requiredto be a specializationof
S2.B and not of S1.B. So let us enforcethe required
generalizationrelationshipsindirectly.

For category 1 languages,we can introducetwo ab-
stractclassesto eachof our input subjects:AIntf and
BIntf. Eachof thesedeclaresoperations(i.e.,no imple-
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mentations)identical to thosedeclaredin the analogous
classfrom its input classhierarchy. The addedabstract
classeshave generalizationrelationshipsdefinedbetween
themthatareanalogousto thosefor the concreteclasses
with which they are associated.Now we make eachof
our original classesspecializeits correspondingabstract
class,asshown in Figure8. This processdoesnot addor
removeany attributedeclarations,methoddeclarations,or
methodimplementationsasoriginally specifiedwithin the
input classes;it hassimply madetheinterfacesandtypes
explicit.

We may thenproceedto flattenthesehierarchiesand
composethemasbefore—withtwo importantdifferences:

1. we will ignorethe generalizationrelationshipsbe-
tweentheconcreteclassesin eachinput classhier-
archy, and

2. the abstractclassesin the two input classhierar-
chies will be considerednon-corresponding, and
hence,will notbeintegrated.

Figure9 shows theresultof flatteningandthecorrespon-
dencesthatarespecifiedbetweentheclasses.

Finally, we composethe flattened,input classhierar-
chies, integrate them accordingto the correspondences
defined,and unflattenthem, resulting in the composed
classhierarchyshown in Figure10. The subtypingrela-
tionshipsrequiredby theinputclasshierarchiesaremain-
tained; for example,S1 S2.A is a valid S1.A, S2.A,
andS2.B, in termsof type,oncetheappropriaterenam-
ing is performed.

Theprocessfor category 2 languagesis a straightfor-
wardanalogywith thatfor category1 languages,savethat
interfacesareusedin placeof abstractclasses.Thecom-
posedhierarchythat eliminatesthe cycle of Figure7 for
category2 languagesis shown in Figure11.

Largercyclesarehandledasa straightforwardexten-
sionto thisprocess.Thepointbeingthatwecannotselect
any particularclasswithin thecycleasbeingareasonable
supertypefor theothers,sonogeneralizationrelationships
areto be maintaineddirectly betweenany of the classes
within thecycle.

3.2 Cycles Embed ded in a Larger Graph

Beforedealingwith a composedgraphof arbitrarytopol-
ogy, we considerthe specialcasewhereevery classin a
cycle hasbotha particularsuperclassandsubclass.Such
a caseariseswhenwe have input classhierarchiessuch
asthoseillustratedin Figure12, which areequivalentto
thoseof Figure6 but eachwith a classTop anda class
Bot added.

For a category 1 language,we proceedasin the case
of an isolatedcycle, first explicitly separatingthe inter-

A

B

«subject»
S1

BIntf

AIntf A

B

«subject»
S2

BIntf

AIntf

Figure 8: The input hierarchies of Figure 6, having had
their interfaces explicitly separated.

«subject»
S1

A

B BIntf

AIntf

S2

B

A

BIntf

AIntf

«subject»

Figure 9: The input hierarchies of Figure 8, having been
flattened, with the desired correspondences depicted.

«subject»
S1_S2

S1_BIntf

S1_AIntf A

B

S2_AIntf

S2_BIntf

Figure 10: The composed hierarchy resulting from Fig-
ure 9.

«subject»
S1_S2

A

B

«interface»

S1_AIntf

S1_BIntf S2_BIntf

S2_AIntf

«interface» «interface»

«interface»

Figure 11: The composed hierarchy for category 2 lan-
guages that is equivalent to Figure 10.
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facesof eachclassasan abstractclassin a parallelhier-
archy, andhaving eachconcreteclassextendits analogue
abstractclass;Figure13 is theresult.

Again, we flattenthehierarchies,make only thecon-
creteclassescorrespond,andeliminatethegeneralization
relationshipsbetweenthe concreteclasses,allowing the
type hierarchyto be maintainedby the abstractclasses.
Thecomposedhierarchyis shown in Figure14.

But we cando betterthan this for a category 1 lan-
guageif we look at the classgraphthat would have re-
sultedfrom a straightforward compositionof the hierar-
chiesin Figure12, asshown in Figure15. Here,we note
thatonly classesA andB areinvolvedin acycle,Top and
Bot arenot; it would be betterif the acyclic resultonly
containedtheabstractclasseswhereit reallyneededto do
so.With thisin mind,wecaneliminatetheTopIntf and
BotIntf abstractclassesfrom both input hierarchies,
andhave the remainingabstractclassesbe insertedinto
the chain from Top to Bot asshown in Figure16. Fi-
nally, thecomposedhierarchyappearsasin Figure17.

For a category 2 language,theoptimizationshown in
Figure17 is not availableto us,becauseaninterfacecan-
not generalizea classnor vice versa. However, we can
still dobetterthantheinterfaceanalogueof Figure14,be-
causetheinterfacesfrom S1 andS2 for Top andBot do
not needto bekeptseparate;thus,Figure18 is theresult
for acategory2 language.

In both approaches,we mayunflattenthe implemen-
tation hierarchiesmore if we wish; we can see from
Figure 15 that only the generalizationrelationshipsre-
sulting in the cycle are objectionable. Thus, we can
have S1 S2.A andS1 S2.B extendS1 S2.Top, and
S1 S2.Bot extend S1 S2.Top for both approaches;
furthermore, for category 1 languages,S1 S2.Bot
could extend both S1 S2.A and S1 S2.B insteadof
S1 S2.Top. This would largely be an exercisein con-
servingspace,however.

A

B

«subject»
S1

Top

Bot

S2

A

B Top

Bot

«subject»

Figure 12: Two conflicting, input hierarchies.

«subject»
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B

A

BIntf

AIntf

TopIntf
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Top
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Bot

S2

BIntf

AIntf A

B

Figure 13: The input hierarchies, having had their inter-
faces explicitly separated.
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Figure 14: The composed hierarchy.
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Figure 15: The composed hierarchy, without applying cy-
cle elimination.
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Figure 16: The input hierarchies, having had unneeded
abstract classes removed.
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Figure 17: The optimized, composed hierarchy.
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S1_AIntf S2_BIntf
«interface»
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«subject»

«interface»

«interface»

«interface»

«interface»

«interface»

Figure 18: The optimized, composed hierarchy for a cate-
gory 2 language.
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3.3 Dealing with Parameter and Variab le Types

We have thusfar sweptan importantissueaside:theab-
stractclassesandinterfacesthatwe addto theinput class
hierarchiesto explicitly separatetyping cannotactually
havetheidenticalinterfacesto theclasseswith whichthey
areassociated!

Considera classB that declaresan operationpro-
cess() returninga value of type B. Let sucha B re-
side in two input subjectsS1 andS2, as in Figure 19.
In S1, B is generalizedby A, while in S2, B general-
izesA. Furthermore,S2.A overridesprocess(), but
returns an object of class A as type B. If we define
a correspondencebetweenS1 and S2 such that like-
namedelementscorrespond,our composedgraph will
contain a cycle, just as in Figure 7. To eliminate the
cycle, our techniquewill introducetwo abstractclasses
or interfaces(dependingon the languagewith which we
are dealing) AIntf and BIntf to each of the input
subjects,for A and B respectively. According to the
descriptionof the techniquegiven so far, S2.AIntf,
S1.BIntf andS2.BIntf shouldeachdeclarean op-
erationprocess() returninga value of type B; after
composition,we would then have the composedgraph
shown in Figure 20 whereB.process() delegatesto
the protectedmethodsof B (namely, S1 process()
and S2 process()), which weretheimplementations
declaredin theinputsubjects.But thereis aproblemwith
this picture: the implementationof A.process() was
copiedfrom S2.A, which returnsan object of classA.
SincethegeneralizationrelationshipbetweenA andB has
beenbroken, the composedhierarchywill not be type-
safe.

The key point that hasbeenmissedhereis that the
classinformation(asopposedto typeinformation)hasnot
beencompletelyremovedfrom the interfacesandimple-
mentations;in short,AIntf andBIntf shouldbe re-
ferredto, andnotA andB, everywhereexceptin construc-
tor invocations. Thus,S1 BIntf shoulddeclarepro-
cess() to havereturna returntypeof S1 BIntf while
S2 AIntf andS2 BIntf shoulddeclareprocess()
to have returna returntypeof S2 BIntf.

This yields a problemof its own, of course—namely
thatS1 S2.B needsto implementtwo operationsthatare
overloadedsolely on the basisof returntype, something
that is illegal in most languages.To get aroundthis, we
renameprocess() to S1 process() for the opera-
tion from S1 andto S2 process() for theother. Fig-
ure21 shows theresultingsituation.Theimplementation
for eachof thesemethodsmustdelegateto the two im-
plementationsbeing composedfrom the input subjects.
The protectedmethodsof B (namely, S1 process()
and S2 process()) containtheseoriginal implemen-
tations from the input subjects. The public methods

«subject»
S1

A

B

+ process(): B

«subject»

A

B

+ process(): B

S2

+ process(): B

Figure 19: Input class hierarchies leading to difficulties
with return value types.

«subject»
S1_S2

S1_AIntf S2_AIntfA

B S2_BIntfS1_BIntf

+ process(): B

+ process(): B

+ process(): B

+ process(): B

+ process(): B
# _S1_process(): B
# _S2_process(): B

Figure 20: The composed graph with a problematic return
type in A.process().

S1_BIntf

S1_BIntf
+ S1_process():

S2_BIntf

S2_BIntf
+ S2_process():

S1_AIntf S2_AIntf

S2_BIntf
+ S2_process():

A

S2_BIntf
+ S2_process():

S1_BIntf

S2_BIntf

# _S1_process():

# _S2_process():

«subject»
S1_S2

B

+ S1_process():
S1_BIntf

+ S2_process():
S2_BIntf

Figure 21: The composed graph after repairing type refer-
ences.
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S1_AIntf

S2_AIntf

A

S2_BIntf

S1_BIntf

B

Figure 22: The effective subtype graph for S1 S2.

cast the return valuesof the protectedmethodsto ob-
tain a valueof the appropriatereturntype. For example,
B.S2 process() is implementedas(usingC++ syn-
tax):

S2_BIntf B::S2_process() {
S2_BIntf rv1, rv2;
rv1 = (S2_BIntf)_S1_process();
rv2 = _S2_process();
return summaryFunc(rv1, rv2);

}

wheresummaryFunc is a summaryfunction that has
beenspecifiedto combinethe returnvaluesin somede-
sired fashion. Now, B.S1 process() shouldseem-
ingly beimplementedas:

S1_BIntf B::S1_process() {
S1_BIntf rv1, rv2;
rv1 = _S1_process();
rv2 = (S1_BIntf)_S2_process();
return summaryFunc(rv1, rv2);

}

but notice that thereis a problemhere: the return type
of B. S2 process() is S2 BIntf, andaninstanceof
classA couldlegally bepassedasanS2 BIntf. In other
words, the type cast in B.S1 process() is not safe.
On the otherhand,the type castin B.S2 process()
is safe,sinceany objectlegally passedasanS1 BIntf
(i.e., an instanceof B) is alsolegally representableasan
S2 BIntf.

This situation can be seenmore clearly if we look
at the effectivesubtypegraphfor S1 S2, shown in Fig-
ure 22. Each arrow representsthe relation “can be
safely cast to”, or “is effectively a subtypeof”.5 Since
S1 BIntf is effectively a subtypeof S2 BIntf but
notviceversa,theimplementationof B.S2 process()
givenaboveis typesafebut thatof B.S1 process() is
not.

The resultof the cycle eliminationprocesshasbeen
to introducean asymmetry, or one-way correspondence,

5Wesay“effectively” sincetheinterfacesthatareeffective subtypes
fail to declaretheoperationsdeclaredby their effective supertypes,and
they arenot implicitly declaredsinceno inheritancerelationshipexists
betweenthem.

in the types that have made the seemingly identical
signaturesfor process() in the input subjectsactu-
ally conflict. To make the given implementationof
B.S1 process() type safe,we would needto intro-
ducean algorithm for type conversionfrom an instance
of A to an instanceof B, somethingthat is not semanti-
cally trivial, andso, not a simplecandidatefor automa-
tion. The questionremainswhetherwe shouldstill al-
low B.S2 process() to beimplementedasgiven,but
whetheraone-waycorrespondenceis acceptabledepends
on the semanticsof compositionneededin the given
situation—atleasttypesafetyis assuredin theonedirec-
tion. Regardless,asin any situationinvolving conflictsin
correspondence,strict automationis not an option in the
foreseeablefuture.

This situationwill exist for any typesinvolvedin cy-
cles,andwill affectbothreturntypesandparametertypes.
However, due to the contravariant typing we have as-
sumed,the situationis backwardsfor parameters.Con-
siderhaving a methodthatacceptsa parameterof typeB
but returningno value:process(B). We altertheinput
subjectsto replaceprocess() with process(B) and
gothroughaprocessanalogousto thatfor thereturntype,
obtainingthe composedsubjectin Figure23. Note that,
sincewe areoverloadingon thebasisof parametertypes,
wedonotneedto usedifferentnamesfor thetwo versions
of B.process.

Since the effective subtype graph remains
that of Figure 22, we proceed to implement
B.process(S2 BIntf) asfollows:

void B::process(S2_BIntf inVar) {
_process((S1_BIntf)inVar);
_process(inVar);

}

but again, this is not a safetype castsincean instance

«subject»
S1_S2

S1_BIntf

S1_AIntf

B

A S2_AIntf

S2_BIntf

S1_BIntf)

S2_BIntf)

S1_BIntf)

S2_BIntf)

S1_BIntf)

S2_BIntf)

S2_BIntf)

S2_BIntf)

+ process(

+ process(

# _process(

# _process(

+ process( + process(

+ process(+ process(

Figure 23: The composed graph with parameters, after
repairing type references.
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of classA couldhavebeenpassedin inVar andA cannot
fulfill theroleof anS1 BIntf. Now, weseethattheone-
waycorrespondencecouldbein theoppositedirection.In
a similar situationinvolving both parametersand return
types,themethodswould bein strict conflict.

Local variables,while needingtheir typesmodified,
will not otherwisebeaffecteddirectly, sincethemethods
in which they areembeddedwill beoperatingfrom a sin-
gle perspective, namelythe input subjectin which they
weredefined.

While this affectsthe legal waysin which correspon-
dencecanbe defined,it doesnot directly affect the ap-
proach,given a non-conflictingcorrespondence,so we
pressforwardandpresentthegeneralsolution.

4 The General Algorithms
Thegeneralproblemof a composedgraphwith arbitrary
topologyutilizesthesamedetailsasin thelastsection;ev-
eryclassinvolvedin any cyclehasits inputclassesexplic-
itly separatetheir type interfaces,andthe type interfaces
do not correspond,remainingseparatein the composed
subject.

Webegin with aformaldescriptionof correspondence
andcompositionin Section4.1, continuewith the algo-
rithm for category 1 languagesin Section4.2, and end
with thealgorithmfor category2 languagesin Section4.3.

4.1 Correspondence and Composition

A classgraph
�

is an orderedpair �������
	 where � is a
setof classes(andinterfaces),and � is a setof ordered
pairs �����������	 , ������ , where �� is a generalizationof (or
realizationby) ��� andboth �� and ��� areelementsof � .
For a setof input classgraphs � ��� � ��� ������� � ��!#" , a re-
strictedcorrespondence$ is a mappingfrom their classes
to ��%&��' " , where0 is considerednon-correspondingand1
is consideredcorresponding; in otherwords,

$)(+*-,+.  � �/103254#6 �7%8��' " �
subjectto theconditions:

1. eachinput classmust correspondwith something
(evenif only itself), i.e.,9 �;:
.  �3=<&>@?A�B:�>=C=$D�E>F	 � 'HG and,

2. eachinput classmustcorrespondonly with oneset
of classes,i.e.,9 �B:).  �3)<8>IJ��>K��?�B:)>  CL��:)> �NM >  � > � �

Let
��O � �E� O ��� O 	 beacomposedclassgraphthatis

not aninput classgraph,i.e., for all � , ��O �� �  . A com-
position PRQ is a mappingfrom a setof input classgraphs
to an output classgraphthat is inducedby a restricted
correspondence.Theoutputclassgraphis definedby the
following conditions:

1. thereis a uniqueclassin theoutputclassgraphfor
every inputsetthatcorresponds,i.e.,

< bijection PTSQ (VU 6 � O 9 >W:
UX?$Y��>F	 � 'ZG and,

2. eachgeneralizationin theinputsubjectscausethere
to beageneralizationin theoutputsubjectbetween
theresultingcomposedclasses,exceptthatno self-
loopsareinduced,i.e.,9 ��� O� �J� O[ 	\:]� O <I���  �J�  	���>^�J_`?���ba��J��cd	3:]�  C]�ba��J��ce:)�  C]�ba^:)>fC��ce:=_gC=$Y��>F	 � 'TCh$Y�i_�	 � 'TC � ��fj �

and

9 ��� � ��� [ 	3: .  �  <8>^��_;�J� O� �J� O[ ?��� O� �J� O[ 	k:=� O C]����:�>LCl� [ :=_C)PTSQ ��>F	 � � O� CmPTSQ ��_B	 � � O[ �
Let n O be the set of all classesin the composed

graph
��O

involvedin oneor morecycles.For everycom-
posedclass � O :on O , thereexists a set p  of classesof
which it is composed,i.e., P S Q �ipq�	 � � O . We definen)rts  pq to be the setof classesthat residein the in-
put classgraphsthat, after composition,have their com-
posedanaloguesinvolvedin oneor morecycles. For ev-
ery class��3:un , �� residesin someinput classgraph

�  .
Each �� generalizesa setof classesvl in

�  andis gen-
eralizedby a setof classesw5 in

�  . We define vlx to
bethoseclassesgeneralizedby �� thatarethemselvesel-
ementsof n , and w�x to be thoseclassesgeneralizing� 
thatarethemselveselementsof n .

4.2 Categor y 1 Langua ges

For category 1 languages,we proceedas follows. For
every class �  :�n , we add an abstractclass y  to in-
put classhierarchy

�  , and have y  generalize�  . For
every class z�  :{v�x , we have y  generalizethe abstract
class zy  thathasbeenaddedto

�  for thesakeof z�  . Like-
wise, for every class |�  :}wlx , we have y  be general-
ized by the abstractclass |y  that hasbeenaddedto

� 
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for the sake of |�� . We useour optimizationstepof Sec-
tion 3.2 for category 1 languagesas follows. For every
class z�  :)v 80 v�x , wehave y  generalizez�  directly, and
for every class |�  :~w  0 wlx , we have y  begeneralized
by |�  directly. Wenow havethegeneralequivalentof Fig-
ure16.

For each�  :hn , weremoveall generalizations���  �Az�  	
and �b|�������E	 for all z��d:�vlx and |��d:@wlx . We now have
a transformedsetof input classgraphs,readyfor compo-
sition. We define $&� to be the extensionof $ wherethe
mappingis identically 0 for the portion of the extended
domainthatliesoutsidetheoriginaldomain*�� s  �3�	 0�2 .
As aresult,P S Q�� is theextensionof P S Q , wherethemapping
is undefinedfor the portion of the domainthat lies out-
side*m� s  �3�	 0V2 . In otherwords,for everyclass� O :�n O ,
westill specifythatall theelementsof p  correspond,but
noneof theaddedabstractclassescorrespondto any other
classes,andwe inserttheanalogousgeneralizations.We
integrateaccordingto thespecifiedcorrespondences,un-
flattenthehierarchiesasmuchaspossible,andwe obtain
thegeneralequivalentof Figure17,acomposedgraph

� O �
with no cycles.

4.3 Categor y 2 Langua ges

For category2 languages,we proceedasfollows. For ev-
ery class��T: s  �3 , we addaninterface �� to input class
graph

�  , andhave �� realize �� . For everyclass z��F:uv5 ,
we have �� generalizetheinterface z�� thathasbeenadded
to
�  for thesakeof z�� . Likewise,for everyclass |��^:�w5 ,

wehave �� begeneralizedby theinterface |�� thathasbeen
addedto

�  for thesakeof |�  .
We flatten the hierarchiesand, for each � O :�n O ,

we remove all generalizations��� O �Zz� O 	 and �b|� O ��� O 	 for
all z� O :~v O and |� O :~w O . We useour optimizationstep
of Section3.2 for category 2 languagesas follows. For
every class � O :{s  �3 0 n O , we define $&� suchthat, for
thesetof classespq composedinto � O , $K�E�����	 � ' for the
setof interfaces�� addedfor thesake of pq , $&���ipqE	 � ' ,
and $K� is identically 0 everywhereelse. As a result, P S Q��
is theextensionof P S Q , wherethemappingis definedfor
theportionof thedomainwhichliesoutside*�� s  �3�	 0D2
only for eachsetof interfaces�� asdescribedabove. We
integrateaccordingto thespecifiedcorrespondences,un-
flattenthehierarchiesasmuchaspossible,andwe obtain
thegeneralequivalentof Figure18,acomposedgraph

��O �
with no cycles.

Note that any interfacesin the input classgraphsfor
a category 2 languagecanthemselvesform cyclesupon
composition.Thesemaybedealtwith analogouslyto cat-
egory 1 languages,sinceaninterfacemaybegeneralized
by multiple interfaces.

5 Conc lusion
This paperhaspresentedanapproachfor theelimination
of cyclesfrom classhierarchiesthatresultfrom composi-
tion. Theapproachis basedupontheprincipleof separat-
ing thetypehierarchyfrom theimplementationhierarchy.
Oneconsequenceto theapproachis thatseeminglyiden-
tical methodsignaturescanactuallyendupbeingpartially
conflicting,makingtheir integrationnon-trivial in any au-
tomatedfashion. Thereis also the fact that, in Java, in-
voking a methodvia an interfaceis typically slower than
invokinga methodvia a classin currentimplementations
of theJavavirtual machine.

Theseconsequenceswould seemto be a necessary
evil, however, if one insists upon specifying cycles in
the composedclassgraph. While one might consider
thegivencycle eliminationapproachto beunsatisfactory
giventheconsequences,we hadbeforea situationwhere
cyclescausedadead-endin thecompositionprocess;now,
althoughwe needto resortto a certainamountof manual
intervention,we mayat leastdefineasolution.
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[10] Céline Rouveirol. Flatteningand saturation:Two
representationchangesfor generalization.Machine
Learning, 14:219–232,1994.

[11] Peri Tarr and Harold Ossher. Hyper/JTM User
and Installation Manual. IBM T. J. Watson
ResearchCenter, Yorktown Heights, NY, USA,
2000. http://www.research.ibm.com/
hyperspace.

[12] Robert J. Walker and Gail C. Murphy. Implicit
context: Easingsoftware evolution and reuse. In
8th InternationalSymposiumon theFoundationsof
Software Engineering, San Diego, CA, USA, 6–
10 November2000.To appear.

13


