Eliminating Cycles in Composed Class Hierarchies

Robert J. Walker

Departmenbf ComputerScience
Universityof British Columbia
201-2366Main Mall
Vancouer, BCV6T 174
Canada
walker@cs.ubc.ca

TechnicalReportTR-00-07
8 July 2000

Abstract 1 Introduction

Multiple classhierarchiexanbeusedeachto represen When one has, or needsto have, differentviews of an
separateequiremenbr designconcern.To yield awork- object-orientedoftwaresystempnecanconsidethereto
ing systemthesedisparatéhierarchiesnustbe composed bemorethanoneclasshierarchyin existence gachmod-
in a semanticallymeaningfulway. However, cyclescan elling a differentfacetof the system.For example,each
arisein the composednheritancegraphthat restrictthe classhierarchycanrepresenaseparateequiremenor de-
spaceof composabléierarchies.This work presentan signconcerr4, 3]. To createaworkingsystemthesesep-
approachto eliminating thesecycles by meansof sepa- arateclasshierarchiesnustbe combinedtogether(com-
ratingthetype hierarchyfrom theimplementatiorhierar posed in sucha way that the resultingclassegefineat-
chy; separatsolutionsareprovidedfor languagegermit- tributesand methodsthat are semanticallycorrectcom-
ting multiple inheritance suchasC++, andthosepermit- binationsof the original hierarchies.The waysin which
ting only interfaces,suchasJava. The resultingagyclic onemayor shouldcombineclasshierarchiess partof the
classhierarchywill maintainthe significant constraints problemaddressetty suchwork assubject-orientegbro-
imposedby the original, separatehierarchies,suchas gramming[6, 9], whereeachclasshierarchyis calleda
type-safety subject

One of the difficulties that arisesin sucha composi-
tion processs the creationof cycleswithin thecomposed
subject. We presenta methodfor remaving suchcycles
Object-Oriented by meansof separatinghetypehierarchyfrom theimple-

Categories and Subject Descriptor s
D.1.5 [Programming Techniques]:

Programming; D.1.m [Programming Techniques:
Miscellaneous—eomposition D.2.2 [Software Engi-

mentationhierarchywhile preservinghe significantcon-
straintsimposedby the individual input subjectsprior to

neering]: DesignToolsandTechniques—ebject-oriented composition.

designmethods D.2.3[Softwar e Engineering]: Coding

In Section2, we describebackgroundegardingcom-

ToolsandTechniques. position of subjects,and how cycles arisein composed

subjects. Section3 relatesour approachto eliminating
thesecycles. Section4 detailsthe completealgorithms
for generalgraphs. We concludehepapemwith Sections.
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Keywords 2 Composing Subjects

Subtype, subclass,subject, flattening, correspondence, Clarkeetal. [4] detailwhy onewould have differentviews
forwarding, integration, summary function, subject- of anobject-orientedsoftwaresystemeachof which can
orientedprogramminggffective subtype classhierarchy be modelledin a separatesubject. To createa working
implementatiorhierarchytype hierarchy systemtheseseparatsubjectanustbecomposedn such



«subject»
S1

«subject»
S2

A A

+ print() + print()
+ toString(): String

1 1

B B

+ print() + toString(): String

+ size(): int + size(): int

Figure 1: Two simple, input subjects.

away thattheresultingclasseslefineattributesandmeth-
ods that are semanticallycorrectcombinationsof those
from the original subjects.

Elementqsuchasclassesmethodsandattributes)in
separatesubjectscan be deemed by a humanbeing, to
overlapor to representhe sameconceptsandso, should
be composed. Therefore,the correspondencelsetween
suchelement@ndameanf integrating(i.e.,combining)
themneedto be specified. A commonmeansn subject-
orientedprogrammingfor specifying correspondences
to specifythatelementswith identicalnamescorrespond,
andfor integrationthatinvocationof the composedneth-
ods causeeachof the original implementationgo be in-
vokedin somearbitraryorder;this combinationis called
meige-by-nameFor example considethetoy examplein
Figurel. Here,we seethattheclasse#\ andB aredefined
differently by the two subject$,althoughthe inheritance
relationshipis identical.

Composingthesehierarchiesthroughthe memge-by-
namerelationshipyields the composechierarchyin Fig-
ure5. Herewe seethat,wherea methodwasdefinedin a
classin bothinputhierarchiesthecomposednethodsim-
ply callsoneof theoriginal methodsfollowedby acall to
the other But whereclassB doesnot overridea method
(e.g.,print () inhierarchyS2, ort oSt ri ng() in hi-
erarchyS1), the composednethodstill calls a method
from eachof the original hierarchies—ireachsuchcase,
oneis aninheritedmethod.

Performingsucha compositionconsistsof a number
of steps:flattening(Section2.1), specificationof corre-
spondencgSection2.2), integration (Section2.3), un-
flattening(Section2.4), andtransformatiorof references
(also Section2.4). In Section2.5, we demonstraténow
this compositionprocesanay leadto cyclesin the com-
posedsubjects classhierarchy

1The separatesubjectsare shavn asstereotypedJML™ packages,
afterthe notationof Clarke [3]

2.1 Flattening

Compositiorof subjectsanbeperformedoy initially flat-
tening the classhierarchy[10]. Thatis, every attribute
declarationpperatiordeclarationandmethodmplemen-
tation is copieddown from the classthat originally de-
claredit to eachof its subclassesklatteningdoesnot al-
tertheinterfaceto aclassor its relationshipto othertypes
in a subject. In aflattenedhierarchy eachclassdeclara-
tion is completein itself, althougha recordis maintained
of the original inheritancerelationshipdor lateruse. For
the sale of spaceandtime efficiency, the actualcopying
doesnot occur until the end of the compositionprocess
becausen alaterstep,someof thesemethodsnaybeun-
flattenedi.e., returnedto their declaringclassesinstead,
referencedo the appropriatemethodsare madewithin
auxiliary datastructuresusedby a compositortool. Un-
flatteningis discussedurtherin Section2.4.

Ossheetal. statethatflatteningis performedor three
reasong9, p. 183]:

1. “Sincedifferentsubjectscanhave substantiallydif-
ferenthierarchiesinheritancenakessensewithin a
singlesubject but oftennot whenconsideringnul-
tiple subjectgogether

. “Combining inheritancehierarchiesso as to pre-
sene their separateffectscanyield cycles”

. “Languageswith multiple inheritancetendto dif-
fer asto the semantialetails,andwe wish to avoid
thesedifferenceq...].”

Points 1 and 3 indicate that flattening makes the algo-
rithms for compositioneasier Point 2 will be discussed
in Section2.5.

As anexample,Ossheret al.’s subject-orientedom-
positorwould flattenthe hierarchiesof Figure 1 to those
shavn in Figure 2. Here,we seethatS1. A. pri nt ()
andS1. A. toStri ng() needto beflattenedto S1. B
andthatS2. A. pri nt () needgo beflattenedo S2. B.
S1. A print() isrenamedSl. B. super _print ()
whenit is flattenedo avoid anameclashwith theexisting
S1.B.print() method. S1.A. print() needsto
beflattenedo S1. B for thesale of ary callsto thesuper
classs methodswithin the implementationdor S1. B's
methodswe will discussheconsequenced thisin Sec-
tion2.4.

2.2 Correspondence and Forwar ding

In orderto composea setof input subjects,we needto
know how the entities within each subjectcorrespond

2The particularrenamingschemeuseddependon the implementa-
tion of the compositortool. This particularrenamingis similar to, but
differentfrom, thatusedby Osshertal.



«subject»
S1

«subject»
S2

A A

+ print() + print()

+ toString(): String

B B
+ print() + toString(): String
+ size(): int + size(): int
+ super_print() + print()

+ toString(): String

Figure 2: The input subjects after flattening.

to thosein the other subjects,and hence,which entities
shouldbe combinedin someway to form the composed
subject. Thereare somepracticallimitations to the de-

notationof which entitiescorrespondyhich we will de-

scribein Section2.3in thecontext of integration.

Thereare mary waysin which onecould potentially
specifycorrespondenceédssheretal. [9] provide compo-
sition rules wherebyone canstate,at a high level, rules
for determiningwvhich entitiescorrespondvithin anentire
subject. Clarke [3] provides compositionrelationships
wherebyone can state, at a lower level, which entities
and their componententitiescorrespondn the basisof
simplerrules. Regardlessof the particularinterfacepro-
videdfor thetask,at somepointwe obtaina specification
statingwhich entitiescorrespond.Two (or more)entities
cancorresponanly if their parentsalsocorrespondFor
example,it makesno sensén generato attemptto com-
posemethodswvhenwe arenot composingheir declaring
classesinceeachcould be referencinghe attributesand
operationsof their declaringclass;if the classesare not
composedthereis no way to guaranteghat theserefer
encescould beresolhed, particularlyin any semantically
meaningfulway. Figure 3 illustratesone possiblecorre-
spondenceetweerourexample flattenedjnputsubjects,
which is basedupon entitieswith identicalnamesbeing
consideredo correspond.

A givenentity might exist simultaneouslyn multiple
correspondenceelationships. For example,it would be
possibleto specifythat,in thesubjectsof Figurel, S1. A
correspondsvith S2. A andthat,separatelyS1. A corre-
spondswith S2. B. Thisleadsto difficultiesin transform-
ing referencesafter integration, however, as pointedout
in Section2.4. A solutionis the conceptof forwarding,
whereeachinput entity designatesnecorrespondencas
receving its “identity” in a sense—the&omposecdentity
thatwill resultfrom this correspondencis deemedo be
the onethatmusttake the placeof theinput entity. “For-

«subject» «subject»
S1 | > 32
L e e e = A
+ print() T B+ print()
+ toString(): String
B  ~-f----meemeooee- = B
+ print() - _wr +toString(): String
+ size(): int B i - L et + size(): int
+ super_print() T+ print()
+ toString(): String ~

Figure 3: A correspondence specified for the flattened in-
put subjects.

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

The othercorrespondenceanvolving this input entity
arestill usefulfor the sale of combiningfunctionalityin
differentways. Considerwantingto combinetwo meth-
odsa() andb() in suchaway thatcallinga() causes
both implementationgo be invoked while calling b()
causesonly the implementationof b() to be invoked.
Sucha situationwill resultif we specifythata() and
b() correspondutthatb() is alsoin acorrespondence
with nothingelseandthatb() shouldforwardto thelat-
ter correspondencesucha situationis termeda one-way
correspondence

Within the context of this paper we will sometimes
wish to consideronly the correspondences which the
participatingentitiesforwardto the correspondence—we
are not interestedwhetherother entitiesare involved in
thesecorrespondencelut do not forward to them. We
shallreferto this asarestrictedcorrespondence

2.3 Integration

Oncewe have a correspondencspecificatiorin hand,we
may proceedto composethe input subjectsaccordingly
Oneissueremainsthatis not coveredby correspondence
alone:themeanf integration. Two simpleextremesfor
integration are mege, wherethe specificationof a com-
posedentity containsa true combinationof input entities,
andoverride, wherea composedentity takesits specifi-
cation from only one input entity therebyreplacingthe
specificationf otherinput entities. For the most part,
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-



«subject»
S1_S2

+ print()

+ toString(): String
# S1_print()

# S2_print()

f

B

+ print()

+ size(): int

+ super_print()

+ toString(): String

# S1_toString(): String
# S2_toString(): String
# S1_size(): int

# S2_size(): int

# S1_print()

# S2_print()

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() delggatestoB. S1_toString() and
B. S2toString(), which contain the implemen-
tations from S1.B.toString() (originally from
S1. A toString())andS2. B.toString().

Note that arbitrary kinds of entities cannotbe inte-
grated:how doesoneinvoke a methodthatis “integrated”
with anattribute,for example?For thisreasoncorrespon-
denceis limited to entitiesof like kind: subjectwith sub-
ject, classwith class,andso forth. Furthermorethereis
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
moreparameterso oneof themethodslelegatedto, there
is no obvious meansto fill thesein whendefault values
will not suffice. The work of Walker and Murphy [12]
suggestne possibility, wheresuchinformation canbe
reconstructedrom the history of callswithin the system,
but thatwork is presentlytoo muchin its infangy to pro-
vide a suresolution. Instead,we simply considersucha
correspondenc® be untenableandthatthetwo methods
conflict.

Another problem remains: when we are meiging
methodswith returnvalues,we needto somehav com-
bine the valuesthat are returned. Tarr and Ossher{11]

«subject»
S1_S2

A

+ print()
+ toString(): String -1--

1

B

- *‘ calls S1.A.print() followed by S2.A.print() %
- calls S1.A.toString() N

- ,‘ calls S1.B.print() followed by S2.A.print()

+ print() %
- -|- { calls S1.B.size() followed by S2.B.size() N

+ size(): int

+ toString(): String - 1--|- ,‘ calls S1.A.toString() followed by S2.B.toString()

Figure 5: The unflattened, composed subject.

allow summaryfunctionsto be specifiedfor this purposeé.
A typical summaryfunction might returnthevalueof the
lastcalledimplementatior{hencesolelyutilizing theoth-
ersfor their side-efects).

2.4 Unflattening and Transforming References

Oncewe have completedour integration, it may be the
casehatwe do not needto keepall themethodsn aclass
whosesuperclasalso containsthesemethods. We may
thereforeunflattenthe hierarchyto remove suchcases.

Figure 5 shaws the resultsof unflatteningthe com-
posedsubjectin Figure4, althoughthe protectednethods
that are delegatedto have beenhidden. The unflattened
methoddrom Figure3 areasfollows:

e B.super print(), since it is identical to
A Slprint();

e B.S1toString(), since it is identical to
A toString();

e B.S2 print(), since it is identical to
A. S2print();and

e B.print ()% sinceit delegatesto S1_pri nt ()

andS2 _print () for bothAandB; S1_print ()
is simply overriddenby B.

Oncewe have unflattenedthe classhierarchyin the
composedsubject,we needto ensurethat all referenced
namesin signaturesand implementationsorrespondo
the correct nameswithin the composedsubject. One
simple causeof a lack of agreemenbetweenreferenced
and actualnamesis the fact that namesmay needto be

30ssheret al.’s earlier work on subject-orienteccompositorsalso
utilized summaryfunctions,but this doesnot appeato have beendocu-
mentedn their publicationse.g.,[9].

4This equialencecanbe hardto detect,sothis methodmight notbe
unflattenedasis the casein Figure5).



changedo avoid conflictswith existing names.Also, an
inputentity mayendup forwardingto a differentlynamed
entity in the composedsubject,possiblydueto its sepa-
rate correspondenceith multiple otherentities. In fact,
suchmultiple correspondenceare the chief reasonthat
forwardingis required:withoutit, therewould be no way
to resole aninput entity referencef that entity werein

multiple correspondences.

2.5 Cycles

OO programming languagessuch as C++ [8] and
Jard™ [5] useclasshierarchiego definebothtyping hier-

archiesandimplementationinheritancehierarchies.The
flattening/unflatteningorocessaffects which implemen-
tations are declaredin which class, but sincethis is a
post-source-kel transformatiorof the code,it doesnot

alter the burden of the programmerattemptingto sub-
classwithin ary particular input class hierarchy But

theflattening/unflatteningrocesgpreseresthesubtyping
constraintgddefinedin the input classhierarchies.Hence,
in Figure 5 we seethat classB remainsa subclassof

classA, andfurthermore thatall the operationgdeclared
onbothclassesn eachof theinputhierarchiesemainde-
claredon the composedtlassesalthoughthe implemen-
tationshave altered(in away thatis semanticallycorrect,
or elsethe compositiorspecificationvasinvalid).

«subject»
S1

«subject»
S2

Figure 6: Two conflicting, input hierarchies.

«subject»
S1_S2

A

L

B

Figure 7: The cyclic hierarchy that results.

However, Ossheret al.’s point 2 (seeSection2.1) is
notsolvedby flatteningalone;yes,composecalassesan
be formed, but the subtypingrelationshipscannotbe re-
solvedif the classhierarchyis to defineboth the typing
and implementationhierarchies. For example, consider
the simple hierarchiesin Figure 6; specifyingthatiden-
tically namedclassesn eachsubjectcorrespondesults
in the cyclic classgraphshawn in Figure7. We needa
meangto breaksuchcyclesthat maintainsthe subtyping
constraintgequiredby eachinput subject.

3 The Approach

Taking our cue from OO programminglanguagessuch
as Modula-3[1], that explicitly separatehe typing and
implementationhierarchies,we can eliminate cycles in
the generalizatiorhierarchywhile maintainingthe neces-
sarysubtypingrelationshipghatarerequiredfor thecom-
posedsystemto be compilableandtype-safe. Thereare
two separatehut closelyrelated approachegnefor each
of two categoriesof OO programminglanguage:(cate-
gory 1) thosethatpermitmultiple inheritancge.g.,C++),
and(categyory 2) thosethatpermitspecificatiorof separate
interfaceswith individual classe@bleto implementmul-
tiple suchinterfaces(e.g., Java). We assumesubtyping
asrequiredby the conditionsof Castagn?], but we cur-
rentlylimit ourdiscussioro singly-dispatchethnguages.

We begin by looking atthesimplecaseof acomposed
classgraphconsistingof asinglecycle (Section3.1),then
extendthis to slightly larger graphs(Section3.2), asthe
implicationsof the two approachesor the differentlan-
guagecategoriesbecomeanore apparentind non-trivial
for moretopologicallyinterestinggraphs. We thencon-
siderthe effectsof the approacton parametet; variable-,
and return-types(Section3.3), which we will ignorein
Sections3.1and3.2.

3.1

As afirst step,we will considersimpleclassgraphscon-
sisting solely of a single cycle, suchas occursin Fig-
ure7. Considerthecomposedlasses\ andB prior to at-
temptingto fit theminto anacgyclic generalizatiorgraph.
If we look closely at the generalizatiorrelationshipsre-
quired by the classgraphsof Figure 6, we seethat the
requirementarewealer thanthoseimplied by the com-
posedgraph. If we speakloosely S1_S2. B is only re-
quiredto be a specializationof S1. A andnot of S2. A,
and S1_S2. A is only requiredto be a specializationof
S2. B andnot of S1. B. So let us enforcethe required
generalizatiomelationshipsndirectly.

For categgory 1 languagesye canintroducetwo ab-
stractclassedo eachof our input subjects:Al nt f and
Bl nt f . Eachof thesedeclareperationdi.e.,noimple-

Isolated Cycles



mentations)denticalto thosedeclaredin the analogous
classfrom its input classhierarchy The addedabstract
classediave generalizatiomelationshipgefinedbetween
themthat areanalogougo thosefor the concreteclasses
with which they are associated.Now we make eachof
our original classesspecializeits correspondingabstract
class,asshavn in Figure8. This processloesnotaddor
removeary attributedeclarationsmnethoddeclarationsor
methodimplementationsisoriginally specifiedwithin the
input classesit hassimply madethe interfacesandtypes
explicit.

We may thenproceedo flattenthesehierarchiesand
composahemashbefore—withtwo importantdifferences:

1. we will ignorethe generalizatiorrelationshipsbe-
tweenthe concreteclassesn eachinput classhier-
archy and

. the abstractclassesn the two input classhierar
chieswill be considerednon-coresponding and
hencewill notbeintegrated.

Figure9 showstheresultof flatteningandthe correspon-
denceghatarespecifiecbetweerthe classes.

Finally, we composehe flattened,input classhierar
chies, integrate them accordingto the correspondences
defined, and unflattenthem, resultingin the composed
classhierarchyshawvn in Figure 10. The subtypingrela-
tionshipsrequiredby theinputclasshierarchiesaremain-
tained; for example,S1_S2. A is a valid S1. A, S2. A,
andS2. B, in termsof type, oncethe appropriataenam-
ing is performed.

The procesdor catgory 2 languagess a straightfor
wardanalogywith thatfor cateyory 1 languagessave that
interfacesareusedin placeof abstractlassesThe com-
posedhierarchythat eliminatesthe cycle of Figure 7 for
catgyory 2 languagess shavn in Figure11.

Largercyclesarehandledasa straightforward exten-
sionto this processThepointbeingthatwe cannotselect
ary particularclasswithin thecycle asheingareasonable
supertypdor theothers sonogeneralizatiomelationships
areto be maintaineddirectly betweenary of the classes
within thecycle.

3.2 Cycles Embedded in a Larger Graph

Beforedealingwith a composedyraphof arbitrarytopol-
ogy, we considerthe specialcasewhereevery classin a
cycle hasbotha particularsuperclassindsubclass Such
a caseariseswhenwe have input classhierarchiessuch
asthoseillustratedin Figure12, which are equialentto
thoseof Figure 6 but eachwith a classTop anda class
Bot added.

For a catggory 1 languagee proceedasin the case
of anisolatedcycle, first explicitly separatinghe inter-

«subject»
S1

«subject»
S2

A D At A D Amt
B 1 Bintf B 1 Bintf

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

«subject» «subject»
S1 S2
A > Alntf A Alntf
v ﬂl v é
B > Bintf B Bintf
vl v

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

«subject»
S1_S2
S1_Alntf < A S2_Alntf
S1_Bintf 3 B S2_Bintf

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

«subject»
S1_S2
«interface» «interface»
S1_Antt [~ 7] AT S2_Alntf
«interface» «interface»
S1 Bintf [ 7] B [T S2_BIntf

Figure 11: The composed hierarchy for category 2 lan-
guages that is equivalent to Figure 10.



facesof eachclassasan abstractclassin a parallelhier
archy andhaving eachconcreteclassextendits analogue
abstractlass;Figure13is theresult.

Again, we flattenthe hierarchiesmake only the con-
creteclassesorrespondandeliminatethe generalization

relationshipsbetweenthe concreteclassesallowing the | &= ool

type hierarchyto be maintainedby the abstractclasses.

Thecomposedierarchyis shavn in Figure14. Topintt <——1  Top Topintt <——1  Top
But we cando betterthanthis for a category 1 lan-

guageif we look at the classgraphthat would have re- Zﬁ Zﬁ f Zﬁ

sultedfrom a straightforward compositionof the hierar

chiesin Figure12,asshovnin Figure15. Here,we note At <A Bt [ B

thatonly classe#\ andB areinvolvedin acycle, Top and

Bot arenot; it would be betterif the agyclic resultonly % % %

containedheabstractlassesvhereit really neededo do

so. With thisin mind, we caneliminatethe Top! nt f and Bind <] B At <] A

Bot | nt f abstractclassesfrom both input hierarchies, % % % %

and have the remainingabstractclassese insertedinto

the chainfrom Top to Bot asshown in Figure 16. Fi- Botintf <] Bot Botintf <] Bot

nally, thecomposedierarchyappearssin Figurel7.

For a categgory 2 languagethe optimizationshown in
Figurel7is not availableto us,becausaninterfacecan-
not generalizea classnor vice versa. However, we can Figure 13: The input hierarchies, having had their inter-
still dobetterthantheinterfaceanaloguef Figure14,be- faces explicitly separated.
causeheinterfacesdrom S1 andS2 for Top andBot do
not needto be keptseparatethus,Figure18 is the result
for acategory 2 language.

In both approachesywe may unflattenthe implemen-
tation hierarchiesmore if we wish; we can seefrom
Figure 15 that only the generalizatiornrelationshipsre-
sulting in the cycle are objectionable. Thus, we can
have S1_S2. A andS1_S2. B extend S1_S2. Top, and
S1_S2. Bot extend S1_S2. Top for both approaches; «subject»
furthermore, for catejory 1 languages,S1_S2. Bot SL.52
could extend both S1_S2. A and S1_S2. B insteadof
S1_S2. Top. This would largely be an exercisein con-

S1_Toplintf < Top D S2_Toplntf

servingspacehowever. Zﬁ %
s1 ANt < A S2_BIntf
«subject» «subject»
s1 s2
A T Top B 1 Top siBintt <] B S2_Alntf

‘f ‘f %

S1 Botintf <}—{ ot [—1> S2_Botintf

B < Bot A < Bot

Figure 14: The composed hierarchy.
Figure 12: Two conflicting, input hierarchies.



«subject»

«subject»
S1_S2

S1.S2

Top

Top
<= st Aant K— A S2_Bintf
A B
7 7 1 i

si1Bintt <] B S2_Alntf

Figure 17: The optimized, composed hierarchy.

Bot

Bot

Figure 15: The composed hierarchy, without applying cy-
cle elimination.

«subject» «subject»
S1 S2 «subject»
S1 .52
Top Top | «interface»
Zr f Top Toplntf
Antt < A Bintf [ B «interface» ] | «interface»
% % Zr % S1_Alntf A L S2_BIntf
Bintt (<] B Alntt < A «interface» ] | \L «interface»
% % S1_Bintf B S2_Alntf
Bot Bot «interface» ]
Botintf Bot

Figure 16: The input hierarchies, having had unneeded Figure 18: The optimized, composed hierarchy for a cate-
abstract classes removed. gory 2 language.



3.3 Dealing with Parameter and Variable Types

We have thusfar sweptanimportantissueaside:the ab-
stractclassesandinterfacesthatwe addto theinputclass <ubjocts <ubject>
hierarchiesto explicitly separateyping cannotactually s1 s2
havetheidenticalinterfacego theclassesvith whichthey
areassociated!

Considera classB that declaresan operationpr o- ZT

A A

+ process(): B

cess() returninga value of type B. Let sucha B re-
sidein two input subjectsS1 and S2, asin Figure 19.
In S1, B is generalizedby A, while in S2, B general-
izes A. Furthermore S2. A overridespr ocess( ), but
returns an object of classA as type B. If we define
a correspondencéetweenS1l and S2 suchthat like- ) _ _ -
namedelementscorrespond,our composedgraph will Fllgure 19: Input class hierarchies leading to difficulties
containa cycle, just asin Figure 7. To eliminate the with return value types.

cycle, our techniquewill introducetwo abstractclasses
or interfaces(dependingon the languagewith which we
are dealing) Al nt f and BI ntf to eachof the input
subjects,for A and B respectiely. According to the

B B

+ process(): B + process(): B

descriptionof the techniquegiven so far, S2. Al nt f , P

S1.BIntf andS2. Bl nt f shouldeachdeclarean op- -

erationpr ocess() returninga value of type B; after SLAN 4 | A L ] SZANM
composition,we would then have the composedgraph + process(): B + process(): B
shavn in Figure 20 whereB. pr ocess() delgyatesto ZT

the protectedmethodsof B (namely _S1_pr ocess()

and_S2_pr ocess() ), which weretheimplementations SLBintf | 4] B || S2Bint
declaredn theinput subjects But thereis a problemwith +process():B | [+ process(: B + process(): B
this picture: the implementatiorof A. pr ocess() was o e
copiedfrom S2. A, which returnsan object of classA.

SincethegeneralizationelationshipbetweerA andB has
beenbroken, the composechierarchywill not be type- Figure 20: The composed graph with a problematic return
safe. type in A. process() .
The key point that hasbeenmissedhereis that the
classinformation(asopposedo typeinformation)hasnot
beencompletelyremovedfrom the interfacesandimple-
mentations;in short, Al nt f andBI nt f shouldbe re-

ferredto, andnot A andB, everywheresxceptin construc- «subject»

tor invocations. Thus, S1_BI nt f shoulddeclarepr o- 82

cess() tohavereturnareturntypeof S1_BI nt f while S1_Alntf A S2_Alntf

S2_Al ntf andS2_BI nt f shoulddeclarepr ocess() <]7+32_process(): 4‘>+32_process():

to have returnareturntypeof S2_Bl nt f . szent Szt
This yields a problemof its own, of course—namely ZT J7

thatS1_S2. B need<€o implementiwo operationghatare

overloadedsolely on the basisof returntype, something S1_Bintf B S2_Bintf

thatis illegal in mostlanguages.To get aroundthis, we + S1_process(: + S1_process(: + S2_process():

renamepr ocess() to S1_process() for the opera- T

tion from S1 andto S2 _pr ocess() for theother Fig- i# _S1_process(:

ure 21 shows theresultingsituation. The implementation #.S2_process):

for eachof thesemethodsmustdelegateto the two im- -

plementationsdbeing composedrom the input subjects.

The protectedmethodsof B (namely _S1_pr ocess() Figure 21: The composed graph after repairing type refer-
and_S2_pr ocess() ) containtheseoriginal implemen- €nces.

tations from the input subjects. The public methods



31_A|ntf><sz_|3|ntf
S2_Alntf S1_Blintf

> —
o —>

Figure 22: The effective subtype graph for S1_S2.

castthe return valuesof the protectedmethodsto ob-
tain a value of the appropriatereturntype. For example,
B. S2_process() is implementedas (using C++ syn-
tax):

S2 Bintf B::S2 process() {
S2 Bintf rvl, rv2;
rvl = (S2_BIntf) S1 process();
rv2 = S2 process();
return summaryFunc(rvl, rv2);

}

where sunmar yFunc is a summaryfunction that has
beenspecifiedto combinethe returnvaluesin somede-
sired fashion. Now, B. S1_process() shouldseem-
ingly beimplementeds:

S1 Bintf B::S1 process() {
S1 Bintf rvl, rv2;
rvl = Sl process();
rv2 = (S1 BIntf) S2 process();
return summaryFunc(rvl, rv2);

}

but notice that thereis a problemhere: the returntype
of B. .S2_process() isS2_BI nt f , andaninstanceof
classA couldlegally bepassedsanS2_BI nt f . In other
words, the type castin B. S1_pr ocess() is not safe.
On the otherhand,the type castin B. S2_pr ocess()

is safe,sinceary objectlegally passechsan S1 Bl nt f

(i.e., aninstanceof B) is alsolegally representablasan
S2 Bl ntf.

This situation can be seenmore clearly if we look
at the effective subtypegraphfor S1_S2, shawn in Fig-
ure 22. Each arronv representsthe relation “can be
safely castto”, or “is effectively a subtypeof’® Since
S1.BI ntf is effectively a subtypeof S2_BI ntf but
notviceversatheimplementatiorof B. S2_pr ocess()
givenaboveis typesafebut thatof B. S1_process() is
not.

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

S\We say“effectively” sincetheinterfacesthatareeffective subtypes
fail to declarethe operationgleclaredby their effective supertypesand
they arenotimplicitly declaredsinceno inheritancerelationshipexists
betweerthem.
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in the types that have made the seemingly identical
signaturesfor process() in the input subjectsactu-
ally conflict. To malke the given implementationof

B. S1 process() type safe,we would needto intro-

ducean algorithmfor type corversionfrom an instance
of A to aninstanceof B, somethingthat is not semanti-
cally trivial, and so, not a simple candidatefor automa-
tion. The questionremainswhetherwe shouldstill al-

low B. S2_pr ocess() tobeimplementedasgiven,but

whethera one-way correspondencis acceptablelepends
on the semanticsof compositionneededin the given

situation—ateasttype safetyis assuredn the onedirec-

tion. Regardlessasin ary situationinvolving conflictsin

correspondencsstrict automationis not an optionin the

foreseeabléuture.

This situationwill exist for ary typesinvolvedin cy-
cles,andwill affectbothreturntypesandparametetypes.
However, due to the contravariant typing we have as-
sumed,the situationis backwardsfor parameters.Con-
siderhaving a methodthatacceptsa parametenof type B
but returningno value: pr ocess( B) . We altertheinput
subjectdo replacepr ocess() with process(B) and
gothroughaprocessanalogougo thatfor thereturntype,
obtainingthe composedsubjectin Figure23. Note that,
sincewe areoverloadingon the basisof parametetypes,
we donotneedto usedifferenthnamedor thetwo versions
of B. process.

Since the effective subtype graph remains
that of Figure 22, we proceed to implement
B. process(S2_BlI ntf) 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_Alntf A S2_Alntf

+ process(
S2_Blntf)

+ process(
S2_Blntf)

S1_Bintf

B

S2_Blntf

+ process(
S1_BIntf)

+ process(
S1_BIntf)
+ process(
S2_Blntf)
# _process(
S1_BIntf)
# _process(
S2_BIntf)

+ process(
S2_BIntf)

Figure 23: The composed graph with parameters, after
repairing type references.




of classA couldhave beenpassedn i nVar andA cannot
fulfill theroleof anS1_BI nt f . Now, we seethattheone-
way correspondenceouldbein theoppositedirection.In
a similar situationinvolving both parametersnd return
types,the methodswvould bein strict conflict.

Local variables,while needingtheir types modified,
will not otherwisebe affecteddirectly, sincethe methods
in whichthey areembeddeaill be operatingfrom a sin-
gle perspectre, namelythe input subjectin which they
weredefined.

While this affectsthelegal waysin which correspon-
dencecan be defined,it doesnot directly affect the ap-
proach, given a non-conflictingcorrespondenceso we
pressforwardandpresenthegenerakolution.

4 The General Algorithms

The generalproblemof a composedyraphwith arbitrary
topologyutilizesthesamedetailsasin thelastsection;ev-
ery classinvolvedin ary cycle hasits inputclassegxplic-
itly separateheir type interfaces,andthe typeinterfaces
do not correspondfemainingseparatén the composed
subject.

We bggin with aformaldescriptionof correspondence
and compositionin Section4.1, continuewith the algo-
rithm for category 1 languagesn Section4.2, and end
with thealgorithmfor category 2 language# Sectiord. 3.

4.1 Correspondence and Composition

A classgraphG is anorderedpair (C, H) where(C' is a
setof classeqandinterfaces),and H is a setof ordered
pairs (c;,c;), @ # j, wherec; is a generalizatiorof (or
realizationby) ¢; andbothc; andc; areelementsof C.
For a setof input classgraphs{G1, G2, ... ,Gy}, are-
strictedcorrespondence is a mappingfrom their classes
to {0, 1}, whereQ is consideredon-corespondingand1
is considereaorrespondingin otherwords,

n:’P(UiCi) \ 0 — {0,1},
subjectto the conditions:

1. eachinput classmust correspondwith something
(evenif only itself), i.e.,

VeelJ.Ci 3S|ce SAK(S)=1; and,

2. eachinput classmustcorrespondnly with oneset
of classesi.e.,

veel ) Ci 3S:,8; |
CESi/\CESj@SiZSj.

LetG* = (C*, H*) beacomposealassgraphthatis
notaninputclassgraph,i.e.,for all i, G* # G;. A com-
position&, is a mappingfrom a setof input classgraphs
to an output classgraphthat is inducedby a restricted
correspondencel he outputclassgraphis definedby the
following conditions:

1. thereis a uniqueclassin the outputclassgraphfor
everyinputsetthatcorresponds,e.,

3 bijection&S : S — C* VS €S|
k(S) =1; and,

2. eachgeneralizatiorin theinputsubjectcausehere
to beageneralizatiorin the outputsubjectbetween
theresultingcomposedlassesexceptthatno self-
loopsareinduced,i.e.,

V(C";,C};) € H* H(CZ,HZ),S,T|
(ci;em) €EHiNepyem €Ci A €S A
em €ETARIS)=1AKT)=1Aj#k,

and

v(cjack) € UHZ HS,T,C;,CZ |
2
(cj,cx) € H" Acj € SAc, €T
A RS (S) = ¢ A &S (T) = ¢

Let C* be the set of all classesin the composed
graphG* involvedin oneor morecycles. For every com-
posedclassc} € C*, thereexists a setX; of classef
which it is composed;.e., &S (X;) c;. We define
C = U, X; to be the setof classeghatresidein the in-
put classgraphsthat, after composition,have their com-
posedanaloguesnvolvedin oneor morecycles. For ev-
eryclasse; € C, ¢; residesn someinput classgraphG;.
Eache; generalizes setof classesv; in G; andis gen-
eralizedby a setof classesA; in G;. We definer to
bethoseclassegeneralizedy ¢; thatarethemselesel-
ementsof C, and A¢ to be thoseclassegyeneralizinge;
thatarethemseleselementf C.

4.2 Category 1 Languages

For categgory 1 languageswe proceedas follows. For
every classc; € C, we add an abstractclassa; to in-
put classhierarchyG;, and have a; generalizec;. For
every class¢; € Vf, we have a; generalizethe abstract
classi; thathasbeenaddedo G; for thesale of ¢;. Like-
wise, for every classé; € A¢, we have a; be general-
ized by the abstractclassa; that hasbeenaddedto G;
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for the sale of ¢;. We useour optimizationstepof Sec-
tion 3.2 for cateyory 1 languagess follows. For every

classg; € V; \ Vf, we have a; generalize; directly, and

for everyclassé; € A; \ Af, we have a; be generalized
by ¢; directly. We now have thegenerakquialentof Fig-

urel6.

Foreache; € C, weremoveall generalizationgc;, ¢;)
and (¢;,¢;) forall ¢ € V§ andé; € AS. We now have
atransformedsetof input classgraphsreadyfor compo-
sition. We definex’ to be the extensionof k wherethe
mappingis identically O for the portion of the extended
domainthatlies outsidetheoriginaldomain? (|J, C;)\ 0.
As aresult,8S, is theextensionof £, wherethemapping
is undefinedfor the portion of the domainthat lies out-
sideP (UJ, Ci)\0. In otherwords for everyclassc; € C*,
we still specifythatall theelementsf X; correspondbut
noneof theaddedabstractlassezorrespondo ary other
classesandwe insertthe analogougeneralizations\We
integrateaccordingto the specifiedcorrespondencesi-
flattenthe hierarchiesasmuchaspossible andwe obtain
thegenerakquialentof Figurel7,acomposedraphG*
with no cycles.

4.3 Category 2 Languages

For catgyory 2 languageswe proceedasfollows. For ev-
eryclasse; € |J; C;, weaddaninterface:; to inputclass
graphG;, andhave ¢; realize.;. For everyclassé; € V;,
we have 1; generalizegheinterfacei; thathasbeenadded
to G; for thesale of ¢;. Likewise,for everyclassé; € A;,
we have 1; begeneralizedy theinterfacei; thathasbeen
addedo G; for thesale of ¢;.

We flatten the hierarchiesand, for eachc¢} € C*,
we remove all generalizationsc}, ¢f) and (¢}, ¢}) for
all ¢t € V* andé; € A*. We useour optimizationstep
of Section3.2 for catgyory 2 languagess follows. For
every classc; € |J; C; \ C*, we definex’ suchthat, for
thesetof classesX; composednto ¢}, x'(I;) = 1 for the
setof interfacesl; addedfor thesale of X;, k'(X;) =1,
and«’ is identically O everywhereelse. As a result, &,
is the extensionof &S, wherethe mappingis definedfor
theportionof thedomainwhichlies outsideP (|J, C;) \ 0
only for eachsetof interfacesl; asdescribecabove. We
integrateaccordingto the specifiedcorrespondencesin-
flattenthe hierarchiesasmuchaspossible andwe obtain
thegenerakquivalentof Figure18,acomposedraphG*’
with no cycles.

Note that ary interfacesin the input classgraphsfor
a catggory 2 languagecanthemselesform cyclesupon
composition.Thesemaybedealtwith analogouslyo cat-

egory 1 languagessinceaninterfacemay be generalized

by multiple interfaces.

5 Conclusion

This paperhaspresentedn approachor the elimination
of cyclesfrom classhierarchieghatresultfrom composi-
tion. Theapproachs basedupontheprincipleof separat-
ing thetypehierarchyfrom theimplementatiorhierarchy
Oneconsequencto the approaclhis thatseeminglyiden-
tical methodsignatureganactuallyendup beingpartially
conflicting,makingtheirintegrationnon-trivial in any au-
tomatedfashion. Thereis alsothe factthat, in Java, in-
voking a methodvia aninterfaceis typically slover than
invoking a methodvia a classin currentimplementations
of the Javavirtual machine.

Theseconsequencewould seemto be a necessary
evil, however, if one insists upon specifying cycles in
the composedclassgraph. While one might consider
the givencycle eliminationapproactto be unsatiséctory
giventhe consequencesye hadbeforea situationwhere
cyclescauseadead-endn thecompositiorprocessnow,
althoughwe needto resortto a certainamountof manual
intervention,we may atleastdefinea solution.
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