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Abstract. Softwarecompositionaimsat constructingsoftwaresystemspy com-

posinga setof classhierarchiesnto an executablesystem.Currentcomposition
algorithmscannotprovide semantiqguaranteesie presenta compositionalgo-

rithm, togetherwith an interferencecriterion and its correctnesgroof, which

guaranteethatbehaior of theoriginal hierarchiess preseredfor interference-
free compositionsin caseof interferenceanimpactanalysiscandeterminethe

consequencesf integration. The methodis basedon existing programanalysis
technologyandis illustratedby variousexamples.

1 Intr oduction

Softwarecompositioris anemegingtechnologythataimsat constructingoftwaresys-
temsby composindhe codeassociatedvith a setof classhierarchiesnto anexecutable
system[5, 18], or by weaving separatelywritten aspectsnto a classhierarchy[7, 21].
Advocatesof compositionarguethat, by puttingthe functionality associatedvith each
systemfeaturein a separatéierarchy a betterseparatiorof concernss achieved, re-
sultingin codethatis easietto understandmaintain,andchange.
Althoughconsiderableamountsof work have beendevotedto developingspeci ca-
tion formalismsfor softwarecompositionandonthemethodologicahspect®f compo-
sitional softwaredevelopmentcurrenttechniquesandtoolsfor hierarchycomposition
operateon a purelysyntacticabasisandcannotprovide any semantiggquaranteeabout
the behavior of the composechierarchy It is thus our aim to develop a semantically
well-foundednotion of compositionthatenablegeasoningboutthe behaior of com-
posedclasshierarchiesWe have optedfor thefollowing approach:

— We de ne notionsof staticinterferenceanddynamicinterferencethatcapturehow
featuresn onehierarchymayimpactthe behaior of codein another Theformer
notion capturedbehaioral impactat composition-timewhereaghe latter is con-
cernedwith run-timechangesn programbehaior.

— We considertwo kinds of compositions Basic compositiongnvolve hierarchies
that do not statically interfere.Overriding compositiongely on a mechanisnby
which ausercanexplicitly resole staticinterference.



void  setAdvisor(Professor p)
class Course advisor = p;
Course(Professor p, String name) Set coursesTaken; Professor  advisor;
prof = p; courseName = name;
students = new HashSet(); class Professor
Professor(String n, String a)
String  toString() return  courseName; /I asin
void enroll(Student s)
if  ('students.contains(s)) void hireAssistant(Student s)
students.add(s); assistant = s;
s.coursesTaken.add(this); Set coursesGiven; Student  assistant;
void assign(Professor p) class Driver2
prof = p; void  main()
p.coursesGiven.add(this); Professor  p2 =
Set_ students; Professor prof; new Professor("prof2","paddz2");
String  courseName; Student s2 =
class Person new Student("stu2","sadd2");
Person(String n, String a) s2.setAdvisor(p2);p2.hireAssistant(s2);
name = n; address = a;
String  name; String  address;
class Student extends Person
Student(String n, String a) class  Person Il asin
super(n,  a); class  Student
coursesTaken = new HashSet(); Student(String nSting  a)
String  toString() /I asin
return  “"student  "+name+" takes "+
coursesTaken+"  n"; Set coursesTaken;
Set coursesTaken;
class PhDStudent extends Student
class Professor  extends Person PhDStudent(String nSting  a)
Professor(String n, String a) super(n,a);
super(n,  a);
coursesGiven = new HashSet();
String  toString() class  Professor
return  “prof. ~ "+name+" teaches "+ Professor(String nSting  a)
coursesGiven+" n" /I asin
boolean approveGraduation(Student s)
return  approveCourses(s); boolean  approveGraduation(Student s)
boolean  approveCourses(Student s) boolean approved = approveCourses(s);
return  true; //  detailsomitted if (s instanceof PhDStudent)
. approved = approved &&
Set coursesGiven; approveThesis((PhDStudent)s);
class  Driverl return  approved;
void  main()
Professor  pl = boolean  approveCourses(Student s)
new Professor("profl","padd1"); /I asin
Student sl = .
new Student("stul”,"sadd1"); bo?*leagetaﬁgg:gi\{fe'zhsgs(PhDStudent s)
Course ¢l = new Course(pl, "CS121");
cl.enroll(sl); cl.assign(pl); Set coursesGiven:
boolean b = pl.approveGraduation(sl);
class Driver3
void main()
Professor p3 =
class Person /I asin Phgesv;/u:;stfesz(;r(:roﬁ,padd3 )
class  Student
Student(String n, String a) new PhDStudent("stu3","sadd3");
/I asin p3.approveGraduation(s3);

Fig. 1. Examplehierarchiesconcernedvith differentaspectof university life. Allocation sites

arelabeled(shawvn in boxes).
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class Course

Course(Professor p, String name) String  toString()
prof = p; courseName = name; return  "prof.  "+name+" teaches
students = new HashSet(); +coursesGiven +" n;
boolean approveGraduation(Student S)
String  toString() return  courseName; return  approveCourses(s);
void enroll(Student s) boolean approveCourses(Student s)
if  (Istudents.contains(s)) return  true; // detailsomitted
students.add(s);
s.coursesTaken.add(this); void hireAssistant(Student S)
assistant = s;
void assign(Professor p) Set coursesGiven;
prof = p; p.coursesGiven.add(this); Student  assistant;
Set students; Professor  prof;
String  courseName; class Driverl
void main()
class Person Professor pl =
Person(String n, String a) new Professor("profl","padd1");
name = n; address = a; Student sl =
String  name; String  address; new Student("stul","sadd1");
Course ¢l = new Course(pl, "CS121");
class Student extends Person cl.enroll(s1);
Student(String n, String a) cl.assign(pl);
super(n,  a); boolean b =
coursesTaken = new HashSet(); pl.approveGraduation(s1);

String  toString()
return  “"student  "+name+" takes "+

coursesTaken+" n; class Driver2
void  setAdvisor(Professor p) static  void main()
advisor = p; Professor  p2 =
Set coursesTaken; Professor advisor; new Professor("prof2","padd2");
Student s2 =
class Professor extends Person new Student("stu2","sadd2");
Professor(String n, String a) s2.setAdvisor(p2);
super(n,  a); p2.hireAssistant(s2);
coursesGiven = new HashSet();

Fig. 2. A basiccomposition:

— In casesvhereinterferenceas found,animpactanalysis(similarto theoneof [15])
is performedhatdetermines setof methodsn thecomposedierarchyfor which
preserationof behaior cannotbeguaranteed.

Figure 1 shaws three hierarchiesthat model a numberof aspectsof university
life. de nes classesCourse , Person , Student , and Professor , and pro-
vides functionality for enrolling studentsin coursesfor associatingorofessorswith
coursesandfor professordo approve the graduationof studentgmethodProfes-
sor.approveGraduation() ). This latter operationrequiresthe approval of the
coursedakenby a studentmodeledusinga methodapproveCourses() . We have
omittedthedetailsof approveCourses() , butonecaneasilyimagineaddingfunc-
tionality for keepingrackof astudentscoursdoadandgradesvhichwouldbechecled
by the professorto basehis decisionon. ClassDriverl  containsa smalltestdriver
thatexerciseghefunctionality of hierarchy

Hierarchy is concernedvith employmentandadvisoryrelationshipsA student
can designatea professoras his/heradvisor (method Student.setAdvisor() ,
and a professorcan hire a studentas a teachingassistantusing method Profes-



sor.hireAssistant()
archy
Hierarchy

. ClassDriver2 exercisesthe functionality in this hier

shaws a slightly more elaboratemodel,wherea distinctionis made

betweer(undegraduateptudent sandPhDStudents .Thisimpactsheapproval of
graduationshecaus@hDStudents arealsorequiredto produceathesisof sufcient

quality (modeledby methodProfessor.approvePhDThesis()

). Dueto space

limitations, we have omittedthe detailsof this method.

class Course

Course(Professor p, String name)
prof = p; courseName = name;
students = new HashSet();

public  String  toString()
return  courseName;
void enroll(Student s)
if  (!students.contains(s))
students.add(s);

s.coursesTaken.add(this);

void assign(Professor p)

prof = p;
p.coursesGiven.add(this);

Set students; Professor prof;

String  courseName;
class Person
Person(String n, String a)
name = n; address = a;
String  name; String  address;
class Student extends Person
Student(String n, String a)
super(n, a);
coursesTaken = new HashSet();
String  toString()
return  "student  "+name+" takes "+

coursesTaken+" n;
Set coursesTaken;

Student
String  a)

class PhDStudent extends
PhDStudent(String n,
super(n,a);

Person
String  a)

class Professor extends
Professor(String n,

class

class

super(n,  a);

coursesGiven = new HashSet();
String  toString()

return  "prof. "+name+" teaches "+

coursesGiven  +" n;
boolean approveGraduation(Student s)
boolean approved = approveCourses(s);
if (s instanceof PhDStudent)

approved = approved &&
approveThesis((PhDStudent)s);

return  approved;

boolean approveCourses(Student S)
return  true; /¥ details omitted  */
boolean approveThesis(PhDStudent s)
return  true; /¥ details omitted  */

Set coursesGiven;

Driverl
static void main()
Professor pl =
new Professor("profl”,"padd1");
Student s1 = new Student("stul","sadd1");
Course cl = new Course(pl, "CS121");
cl.enroll(sl);
cl.assign(pl);
boolean b = pl.approveGraduation(sl);

Driver3
static  void main()
Professor  p3 =

new Professor("prof3","padd3");
PhDStudent s3 =

new PhDStudent("stu3","sadd3");
p3.approveGraduation(s3);

Fig. 3. An overridingcomposition:

Let usnow considerthe compositionof

and . Thesehierarchiesarenotdis-

joint, sincethey containthe sameclassesHowever, sincethereareno “syntacticcol-

lisions” betweenmembersin and

(i.e., and do not containmethods

with the samenameand signaturesput with differentbodies),one can simply con-

structa hierarchythatcontaingheunionof theclassesn

and , whereeachclass

in the combinedhierarchycontainsthe union of the methods/ eldsthat occurin the

correspondinglass(es)n and

. Theresultinghierarchyis shavn in Figure 2.



What canbe saidaboutthe behaior of ? In this caseour interferencecheck
guaranteethatthe behavior of the clientapplicationf thesehierarchiemodeledby
Driverl.main() andDriver2.main() ) areunafectedby the composition For
this speci c compositionwe canevenprovide the strongemguaranteehatthe behavior
ofanyclientof and ispresered.As we shallseeshortly thisis not alwaysthe
case.

Now considercomposing and , which contain different methodsPro-
fessor.approveGraduation() , anexampleof staticinterferenceMethodap-
proveGraduation() in is “more general”thanapproveGraduation() in

. In constructing (seeFigure 3), we have assumedhatthe userspeci ed
thatthede nition of approveGraduation() in  shouldbepreferrecbverthatin

. Inthiscasepurtechniqueseportdynamicinterferencei.e., preserationof beha-
ior for clientsof the original hierarchiesannotbe guaranteedmpactanalysisreports
that Driver3.main() is not affectedby the composition but that the behaior of
Driverl.main() may have changed.

2 Compositionof hierarchies

Oneof the rst issueghatarisewhencomposingwo classhierarchiess the question
which classeandmethodsn the input hierarchiescorrespondThe Hyper/Jcomposi-
tion systen{18] reliesonaspeci cationlanguagéeo expresshesecorrespondenceBor
example,onecanspecify“merge-by-name’tompositiondn which two classesn dif-
ferentinput hierarchiesarematchedf they have the samename andonecanexplicitly
specifypairsof matchingclassegwith differentnameslsingan“equate”constructin
orderto simplify thepresentatioiin this paperwe will assumehatclassesarematched
“by name”only. Compositionghatarenot name-basedanbe modeledusinganaddi-
tional preprocessingtepin which classeandmethodsarerenamedappropriately

2.1 Classhierarchies

De nition 1 de nesthenotionof a classhierarchy To keepour de nitions simple,we
assumeéhat elds andabstractmethodshave unde nedbodies(body ), andthat
elds andabstracimethodscannothave the samename.

De nition 1 (classhierarchy). A classhierarchy is a setof classedogetherwith an

inheritancerelation: . For aclass we also write . Aclass
hasa nameand consistof a setof membes: , whee

. A member is characterizedby its name its

signatue andits body: whee . We will usenamesig to

denotethe combination that togetheruniquelyidentifya membemithin a class,

andbody  todenotehebody of member .

2.2 Classesand inheritance relationsin the composedierar chy

Semanticallysoundcompositionrequiresthatthe original inheritancerelationscanbe
orderembeddedhto thecomposedierarchy Thatis, arelationshipA instanceof



B thatholdsin aninput hierarchyshouldalsohold in the composedierarchy In gen-
eral,onecannotsimply computethe union of the inheritancerelationsin the input hi-
erarchiedecauséeheresultinghierarchymay containcycles.We thereforeusea well-
known factorizationtechnique(see,e.g.,[4]) that producesan agyclic hierarchy This
constructionhasthe advantagethat sometimeshierarchiescan be composecdeven if
therearecyclesin theunionof theoriginalinheritancerelations.

Giventwo input hierarchies and , their compositionis denoted
The constructionof is givenin De nition 2. Thisinvolves:creatinga setof
pairsof theform classhierarchy (stepl), determininghe“union” of theinheritance
relationsin theinput hierarchiefassuminghatclassesare matchedy name)(2), de-
terminingcyclesin thetransitive closureof thesanheritanceelations andconstructing
a setof equivalenceclasses correspondindo thesecycles(3-5), creationof a class
in the composedhierarchyfor eachequivalenceclassin (6), associatinga nameand
a setof memberg7) with eachclass,and creationof the inheritancerelationsin the
composedierarchy(8).

De nition 2 (hierarchy composition).Let and betwo
classhierarchies.Then, , which is de ned asfollows:

1. ,

2. , ,

namesig namesig

3. ,

4, ,

5 ,

6 class ,

7. class namesig members ,and

8. class class

The namefunctiondetermineghe nameof the composedlassfrom the namesof the
classesn equivalencelass andwill notbeformally de nedhere (someexamples
will be givenbelow).Differentmembersperators will be presentedor differentkinds
of compositionsn De nitions 4 and6 below

Notethat is notnecessarilyransitive, hencethe useof the closureoperatorAs
usual, consistof all classes -equivalentto , and . We
will use to denotethe setof all equivalenceclasses , for ary
Moreover, we de ne a partialorderon  by:

Examplel. In the hierarchyof Figure 4(a), the transitve closureof and does
not containary cycles. Hence,we have: , ,
, . , , . Consequently
the following inheritancerelationsare constructed:
. Here,classnamesin the composedierarchyare generatedrom
thenameof theclassedn thecorrespondingquivalencesetye.g.,class corresponds
to ). Notethatimmediatesubclass/superclasslationsneednot be

presered: isnow between and



Example2. For the slightly more interestingexample of Figure 4(b), we have:

. Thecomposedierarchycontainsa classfor eachof theseequivalence
classegfor the purpose®f thisexample we assumeahatthenamefunctionconstructa
classnameby concatenatinthenameof elementsn theequivalenceclass) Thereis an
inheritanceelation if theequivalenceclasscorrespondingo  containsaclass

, andthe equivalenceclasscorrespondingo  containsaclass suchthat inherits
from in oneor bothof theinputhierarchiesFor example,class inheritsfrom
because is partof equivalenceclass , is partof equivalence
class ,andclass inheritsfrom class

in . Again,immediatesubclass/superclasslationsneednot be presered: some
immediaterelations(e.g., ) have beencollapsed.

A nal issueto noteis thatthe composednheritanceelationmay containmultiple
inheritanceThismaycauseroblemsn languagesuchasJavathatdonotsupporigen-
eral multiple inheritance We considerthis issueto be outsidethe scopeof this paper
and plan to pursuean approachn which multiple inheritanceis automaticallytrans-
formedinto delegation,alongthelinesof [19].
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Fig. 4. Hierarchycompositionwithout classmeiging(a),andwith classmeging (b).

2.3 Basiccomposition

In de ning thesetof membersn thecomposedierarchythe questiorarisesof whatto
dowhentwo or moreclassesn anequivalenceclass  de ne thesamememberWe
will referto suchcasesasstaticinterference The easiesapproactof dealingwith this
issuels to simplydisallon compositionf staticinterferenceccurs We will referto this
scenariasbasiccompositionAs we shallseeshortly, theabsencef staticinterference
doesnot guarante@reserationof behaior.

De nition 3 de nesbasicstaticinterferenceNotethatit doesallow situationsvhere
an equialenceclass containstwo elements and suchthat
and eachcontainamember , providedthat(i) body holdsfor atleastone
of these 's,or (ii) thatthetwo 'shavethesamebody.

De nition 3 (basicstatic interference). containsbasicstaticinterferenceif thereis
an equivalencelass sud that for some , ,



members members , namesig namesig we havethat:
body , body , and body body

De nition 4 de nes the setof membersn the composedhierarchy Note that, in
casewvheretheclassesn anequivalenceclasscontainmultiple methodswith thesame
nameandsignaturethe uniquemethodwith anon- bodyis selected.

De nition 4 (members).Let befreeof basicstaticinterference andlet be
an equivalencelass.De ne:

members members
members
namesig namesig body
Example3. The transitve closure of the inheritance relations in and

of Figure 1 does not contain ary cycles. Hence, the construction of De ni-
tion 2 producesa hierarchy with classesCourse , Person , Student , Pro-

fessor , Driverl , andDriver2 , with inheritancerelationsStudent Per-
son and Professor Person . The equialenceclassesconstructedare:
,and

De nition 3 stateshatthereis basicstaticinterferencef anequialenceclass con-
tainsmultiple methodswith the samenamebut differentbodies.Singletonequivalence
classesuchas , , ,and cannotgiveriseto interferencebecause classcan
containonly onemethodwith agivennameandsignature. and donotgiveriseto
interferenceeitherbecauseéstudent  andProfessor  in and  donotcontain
con icting methodsHence,thereis no basicstatic interference Figure 2 shows the
composedierarchy

Example4. Considercomposingthe classhierarchies  and of Figure 1. The
set equivalenceclasses constructedaccordingto De nition 2 contains,among

others, the element . exhibits ba-
sic static interferencebecauseboth elementsof contain a member Profes-
sor.approveGraduation(Student) andthe bodiesof thesemethodsare dif-

ferent.Hence basiccompositioncannotbeappliedto  and

2.4 Overriding composition

As we have seenin Figure 3, basicstaticinterferences not necessarilyan unwanted
phenomenorOften,a methodfrom is an“improved” or “generalized’versionof a
methodin . To addressuchcasesywe augmenbasiccompositionwith amechanism

thatallows oneto expressconditionssuchas“member in  hasprecedencever

member in ". Thisis capturecby a precedenceelation containingelements
indicatingthatmethod  of hierarchy  hasprecedencever

method  of hierarchy . Notethatit may be the casethat . It is assumed

that™ ' isapartialordet
The staticinterferencenotion of De nition 3 only requiresminor modi cationsto
allow situationswhereanequivalenceclasscontaingwo classes and  originating



from hierarchies and , respectiely, suchthat and are -
orderedDe nition 5 shavstheresultingde nition.

De nition 5 (overriding static interference). containsoverriding static interfer-

encewrt. = ' if ther is an equivalenceclass sud that for some

, , , members members
and namesig namesig we havethat: body , body ,
body body , , and

De nition 6 shavsthe member$unctionfor overridingcompositionsln thesequel,
we will oftensay* is free of overridingsyntacticinterference’if it is obvious
whichordering” ' isused.

De nition 6 (members).Let befreeof overriding staticinterferencew.r.t.” ', and
let beanequivalencelass.De ne:
members members
members
namesig namesig
body

Examples. Consider an overriding composition of hierarchies and
of Figure 1 using Professor.approveGraduation(Student) ,
Professor.approveGraduation(Student) , . Then, the set of equi-

alenceclasses constructedby De nition 2 is:

, , and . Since
singletonsetsnever give rise to interferencewe only needto verify that  doesnot
causeoverriding staticinterferenceThis is the casebecausehe only methodthat oc-
cursin both Professor  classeds approveGraduation() , andthesemethods
are -ordered.The composecdhierarchycannow be constructedusing De nition 6,
andwasshawn earlierin Figure3.

2.5 Typecorrectness

A classhierarchyis typecorrectif: (1) ary memberaccess refersto adeclared
memberde nition, and(2) for ary assignment , thetypeof is asuperclassf
thetypeof .Asa rst steptowardsproviding semantigguaranteeaboutthecomposed
classhierarchy we demonstratehat the composechierarchyis type correct.Due to
spacelimitations, we only demonstratehesepropertiesfor basiccompositions.The
argumentdor overridingcompositionsaresimilar.

De nition 7 (type correctness)Let bea hierarchy.

1. The static type of an object or object refelence in a hierarchy is denoted
TypeOf . For corveniencewe use TypeOf asan abbreviation
for TypeOf TypeOf



2. For aclass and , we de ne StaticLookup
if is the neaest supeclassof that containsa de nition of
For corveniencewe will use StaticLookup asa shorthandfor
StaticLookup StaticLookup .
3. A hierarchy s typecorrectif for all assignments we havethat
TypeOf TypeOf , and for all memberaccesses we
havethat: StaticLookup  TypeOf

Note thatif TypeOf , thenby constructionTypeOf
class . As anexample,considerFigure4, andassumeéhat is avariablesuchthat
TypeOf . Then,in Figure4(a)we have that TypeOf and
in Figure 4(b) that TypeOf . The latter casedemonstratethat
sometimesew classnamesareintroducedandmemberdeclarationgnustbe changed
accordingly In particular whenever , all declarationscon-
tainingclassname mustbeupdatedo re ect thenew classname . This
will only happenf classehave beenmemgeddueto cyclesin thetransitive inheritance
relationsof theinputhierarchies.

The following two lemmasshawv that assignmentand memberlookupsin the
composechierarchyremaintype correct.Note that this includesassignmentslue to
parametepassingn methodcalls,andimplicit assignmentto this -pointers.

Lemmal (assignmentcorrectness)Let be an assignmenin . Then,this
assignmenis still typecorrectin
Proof. Without loss of generality let . Then, TypeOf
TypeOf . By construction,TypeOf class TypeOf
class TypeOf TypeOf
Lemma 2 (member accesscorrectness).If and are type correct and with-
out basic static interference then StaticLookup TypeOf
StaticLookup TypeOf
Proof. Without loss of generality let TypeOf , and let
StaticLookup  TypeOf . Then,we have ,
and by construction membersclass as there is no static interference.
Furthermore,class class and TypeOf class

could also occur in a subclassof class in , but in ary case
StaticLookup TypeOf class , thatis
Corollary 1. For hierarchies and  withoutstaticinterference is type
correct.

3 Dynamic interference

3.1 Motivating examples

Evenbasiccomposition(which makesthe strongestissumptionaboutstaticnoninter
ference)doesnotguarante@reserationof clientbehaior. Thiscanbeseerin thebasic
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class A class A class A

void  foo() void foo() sameas void  foo()
class B extends A class B extends A class B extends A
/* no foo() */ void  foo() void  foo() from
class C class C
static void main() static void main()
A o = new B(); A o = new B();
o.foo(); o.foo();

Fig. 5. Dynamicinterferencen abasiccomposition.

compositiorof Figure5, which doesnotexhibit staticinterferenceHowever,
containsan overriding de nition of foo() in classB, hencethe call to foo() in
C.main() bindsto B.foo() insteadof A.foo() asitdidin . Hencebehaior
of 'sclientC.main() isnotpresered.

class A class A class A

static A Xx; void  foo() static A Xx;

void foo() x = new A(); X = new B(); void  foo()

void  bar() x = new B();
class B extends A void bar()

void  bar()

class B extends A
class C void  bar()
static  void main()

A a = new B();
a.foo(); A.x.bar();

class C
static void main()

A a = new B();
a.foo(); A.x.bar();

Fig. 6. Dynamicinterferencen anoverridingcomposition.

Figure 6 shavs an overriding composition(constructedusing
) thatis free of overriding staticinterferenceHowever, in the composed
hierarchy variable x is boundto a B-object insteadof an A-object. Thus, the call
x.bar()  suddenlyresohestoB.bar() insteadof A.bar() asin

3.2 Dynamic interfer ence

We will usethetermdynamicinterferenceto referto run-timebehaioral changesuch
astheonesin theabore examples Someadditionalde nitions arerequiredto make this
notion precise.To this end,we will usean operationakemanticswherethe effect of
statemenexecutionis describedasa statetransformation.

De nition 8 (state,statetransformation).

1. A programstatemapsvariablesto values: Var  \Value
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2. Theeffectof executinga statement is a statetransformation:

Detailsof Var andValue areleft unspeci ed,asthey arenotimportantfor our pur-
poses.The readermay consult[6, 12] for completeoperationalsemanticof relevant
Java subsetsVar includeslocal variables,parametersandthis -pointersin method
invocationstackframes—notehat the domainof Var may changeas executionpro-
ceedsValuecomprisegrimitive values(e.g.,integers)andobjectsin theheapn order
to modelreference-typecklds, we assumehat Var alsocontainsanelementfor each
eld of anobject ,where isanobjectin Valuewhosetypecontainsa eld (either
directly or throughinheritance).

Now let usassumehatwe have a hierarchy togethemwith someclient code
whichis typecorrectwith respecto . We de ne:

De nition 9 (executionsequence).

1. Anexecutionsequencef a hierarchy isthe( nite or in nite) sequencef state-

ments which resultsfrom executingthe client
code of withinput ininitial state . Thecorrespondingsequencef pro-
gramstatesis .

2. Thestatemensubsequencef consistingonly of memberaccessefdata
memberaccesse®r methodcalls) is denoted
whee . Thecorrespondingsequencef invoked tar-
getmethodss denoted wheeead isthemethod

thatis actuallyinvokedat run-time

De nition 10stateghattwo hierarchies and arebehaiorally equivalentif the
samesequencef statementss executedusingthetwo hierarchiesfor all givenclients
of  with appropriaténputsandinitial statesDe nition 11 stateghata composedi-
erarchy exhibits dynamidnterferenceif and arenotbehaiorally
equialent(for someclientof  with associatedhput andinitial state),or if and

arenot behaiorally equivalent(for someclientof  with associatedhput
andinitial state).

De nition 10 (behavioral equivalence).Twohierarchies , arebehavioally equiv-
alentiff for all clients of with appropriateinputsandinitial states we have
that

De nition 11 (dynamicinterfer ence). containsdynamicinterference if (for
some -client withassociated ) and are notbehavioally equiv-
alent, or if (for some -client with associated ) and are not

behaviogrlly equivalent.

RemarkFromanobsenationalpointof view,
is not a necessaryonditionfor behaioral equivalence becausea modi ed sequence
of statementsnight still producethe samevisible effects.However, we arenot inter-
estedin caseswherethe obsenable behaior of a client of a composedhierarchyis
accidentallyidenticalto its original behavior.
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3.3 Checkingfor dynamic interfer ence

We would like to verify whetheror not a certaincompositionexhibits dynamicinter
ference.In general,determiningwhetheror not two arbitrary programswill execute
the samestatemensequence$or all possibleinputsis undecidableof course.How-
ever, for the compositionsstudiedin this paper the situationis not hopelessOur ap-
proachwill beto develop a noninterfeencecriterion thatimplies =
that is basedon static analysisinformation. This approachis

alsousedin our earlierwork on semantics-preservinglasshierarchytransformations
[17,16]. Beingasufcient, but nota necessargondition,our criterion may occasion-
ally generatdalsealarms.However, we believe thatthe impactanalysisof Section4
will providetheuserwith sufcient informationto determinevhethereportednterfer
encescanoccurin practice.

De nition 12 de nes a function srcHierarchythat de nes the classhierarchythat
a programconstructoriginatedfrom. The srcHierarchyof an objectis de ned asthe
srcHierarchyof the statementhatcreatedt. De nition 13 usessrcHierarchyto de ne
theprojectionof a stateontoa hierarchy

De nition 12 (srcHierarchy). For , ,

and a statement in body , we write srcHierarchy srcHierarchy
srcHierarchy . Moreover, let be an object creation
site, and let object Value be an instanceof  createdby at run-time

Then, srcHierarchy srcHierarchy . Further, for any Var, we de ne

srcHierarchy srcHierarchy , whee is the static program part responsible
for thecreationof atrun-time

De nition 13 (stateprojection). Theprojectionof a programstate ontoa hierarchy

is de ned as srcHierarchy . Moreover,
we extendthe projectionoperator to applyto a sequencef programstatesasfollows:
, Whee

Thenoninterferenceriterionreliesoninformationproducedy apoints-toanalysis
[2]. A points-toanalysiscomputedor eachreference-typedariablethe setof objects
thatit may point to. De nitions 14 and 15 de ne appropriatenotions ObjectRefsof
objectreferencesnd Objectsof objects.

De nition 14 (objectreference)Let beahierarchy. Then,ObjectRefs Var is
thesetof all objectrefeencesn . Thisincludesclass-typedocal variables,method
parametes, elds, staticvariables,andthis pointers of methods.

De nition 15 (object). Let bea hierarchy. Then,Objects is thesetof all object
creationsitesin , thatis, all statements occurringin somemethod
body Moreover, for Objects , wede ne TypeOf

Finally, De nition 16 formalizesthe notion of points-tosets.We do not make ary
assumptionsboutthe speci ¢ algorithm usedfor computethesepoints-tosets.Any
methodsuitablefor object-orientedanguagesvill do (e.g.,[10,13]).
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De nition 16 (points-tosets).Let bea hierarchy, andlet ObjectRefs . Then
PointsD Objects s the setof all objects(representedy creation sites)
that objectrefelence mightpointto at run-time

The noninterferenceriterion (De nition 17) statesthat the methodinvoked by a
virtual methodcall (asdeterminedby applying StaticLookupon therecever
object)in is thesameasit wasin . Note thatthe conditiondoesnot say
arnythingabout  objects While thepoints-tosetsin thecomposedhierarchymayalso
contain  objectstheseobjectsarenevercreatedy clientsof , andthereforeneed
notbeconsidered.

De nition 17 (noninterferencecriterion).

A composition meets the noninterfeence criterion if for all
ObjectRefs , for all method calls in , and for all
PointsD Objects we have that StaticLookup
= StaticLookup whee TypeOf , and
TypeOf

The useof points-toinformationdeseresa few morecommentsFirst, onemight
wonderaboutthe consequencesf usingimprecisepoints-toinformation(i.e., overly
large points-tosets).In this case the “for all ” in the noninterferenceriterion runs
over a larger scopethan necessarymakingthe criterion strongerthannecessaryand
spuriousinterferencanaybereported However, the criterionis safein the sensehatit
will never erroneouslyeportnon-interference.

Most points-toanalysisalgorithmscomputeinformationthatis valid for a speci ¢
client . This hasthe advantagethatthe points-tosetsare moreprecise reducingthe
numberof falsealarms.However, in this casethe noninterferenceriterion only holds
for the client . To computeresultsthat are safefor any client, one could employ
algorithmssuchas|[14] thatarecapableof analyzingincompleteprograms.

3.4 Justi cation

We will now demonstratehat the noninterferenceriterion of De nition 17 ensures
that the behavior of client  of is presered. The analogousargumentfor is
completelysymmetrical.

Lemma3 stateghatit is sufcient to demonstrat¢hatthe sequencef call targets
in doesnot changeaftercomposition.

Lemma3. For all , and , we have that:
and therefore:
Proof. The proofis by inductionon the length  of sequence . For
, the statements trivial, as both hierarchiesstartin state . Now consider
statement in . By induction, the previously executedstatements
arethesamein both and ,and
leadto correspondingtates and , respectiely.
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Now, isastatemenatsomeposition in somemethod of . By assump-

tion, the sequencef executedmethodbodiesis the samen . Sincethereis no
staticinterferenceywe mayconcludethatwe areatthe sameposition in somemethod
in , for which body body .Hence, isalsothenext statement
to be executedn .
Now therearetwo casesl) is a methodcall . Then,by assumption,
this call resohesto thesametarget  whichis executedn the samestate . Thus,

afterexecutionof themethodbody, bothhierarchiesarein thesamestate  atthesame
position in thesamemethodbodies and .2) isnotamethodcall. Then,it
mustbethe samein and duetotheabsencef staticinterferenceHence after
executionthesamestate isreached.

Theorem1 (correctnesof criterion). Let be a compositiorthat meetshe
noninterfeencecriterion of De nition 17. Then,we have that:
and , for all

Proof. Again the proof is by inductionon . For the statemenits trivial, as
both hierarchiesstartin state . Now considerstatement in . By
induction, the previously executedstatements are the samein both
and andleadto correspondingtates and

, respectiely. As in thepreviouslemma,we mayconcludethat isthesame

in bothexecutionsequencegThis time the necessaryactthatthe previouscall targets

have beenthesames notby assumptionbut by induction:if arethesamein

both and , soare and ).
Now therearetwo caseslf  is notamethodcall or datamemberccesswe may

concludethatthe correspondingtates and areproducedn

and , respectiely. In case , weknow

PointsD (remembethat wasreachedn both  and ).

Furthermore, Objects , as ,and does

notcontain  objects.We know StaticLookup  TypeOf andby

the type correctnestemmathus StaticLookup TypeOf

. By the staticnoninterferenceriterion, both staticlookupsmustcomputethe same
result,namelymethodde nition (resp.datamember) . After executionof 'sbody
(resp.accesso 'svaluein state ), we mayasin the above lemmaconcludethat
executionof bothhierarchiess in the samestate

Examples. For the example of Figure 5, we have PointsD

PointsD . For the method call o.foo() , we obtain
StaticLookup  TypeOf StaticLookup

, but  StaticLookup TypeOf
StaticLookup . Hence, dynamic interference is
reported.

In Example7 andin subsequengxamples,we usethe labelsshavn in boxesin
Figurel to identify objectcreationsites.
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Example7. For client Driverl.main() in Figure 2, we

obtain Points® Objects = ,
PointsD Objects = . Hence,
StaticLookup  TypeOf = =
StaticLookup TypeOf . Moreover, we have
that StaticLookup  TypeOf =
= StaticLookup TypeOf , and
that StaticLookup  TypeOf =
= StaticLookuff
, TypeOf ,  Professor.approveGraduation() ). Similar

argumentscanbe madefor all othermethodcallsin Figure2. Hence the behaior of
Driverl.main() in is preseredin

In fact, the basic compositionin Figure 2 preseres the behaior of any pos-
sible client. Potential clients may introduce arbitrary allocation sites and arbitrary
points-to relationships.A consenrative approximationmust therefore assumethat

for any memberaccess , Points® Objects
contains all allocation sites Objects where TypeOf

TypeOf . Nevertheless, StaticLookup  TypeOf =
StaticLookup TypeOf , becausein the example the

methoddrom  and  areeitherdisjointor identical.

3.5 Overriding compositions

The noninterferenceriterion was designedor basiccompositionslt canbe applied
to overriding compositionsas well, but will reportfailure as soonas a methodcall

resohesto methodghathave differentbodiesin and . Neverthe-
less,interferencechecksmay still succeedf the overriddenmethodsarenotreachable
from client code.Constructingan interferencecheckfor overriding compositionghat
ignorescon icts thatusersare awareof (viathe -ordering)is atopic for future re-
search.

Example8. Let us apply the criterion to Figure 6. We have PointsD

PointsD , but due to the overriding,
StaticLookup  TypeOf = =
StaticLookup TypeOf . Hence, the behaior of call
a.foo() is notpresered.For call x.bar() , we obtain PointsD

, hencePoints D Objects . Thusthecriterionis trivially

satis edfor x.bar()

Remark:In Example8, onemight wonderwhy the criterionis satis ed for x.bar()
despitehefactthatthebehaior of thiscall obviously changedWe havethatB.bar()

is calledin whereasA.bar() wascalledin . This secondanbehaioral
changes causedy anotherchangen behaior (in this case the changedehaior of
call a.foo() , which causex to be boundto an objectof type B). While the non-
interferencecriteriondoesnot necessarilgetectsecondarypehaioral changesit does
nd all primarychangesywhichsufces to guarantedehaioral equivalenceSecondary
changesredetectedy impactanalysisaswill bediscussedn Sectior4.
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4 Impact Analysis

Whenthe purposeof compositionis to addfunctionality thatis not completelyorthog-
onalto the systems existing functionality, changesn behaior areoften unavoidable.
The interferencecheckof Section3 determinesvhethera the behaior of a specic
client is affected.In principle,onecould manuallyapply the interferencecheckto
successiely smallerclientsto determingheimpactof thecompositionHowever, such
anon-automategrocessvouldbetediousandlaborintensive,andproblematidn cases
whereit is not possibleto partitionthecodein . In this sectionwe adaptthe change
impactanalysisof [15] so asto automaticallydeterminethe setof programconstructs
affectedby a composition.

4.1 Changeimpact analysis

The changeémpactanalysisof [15] assumeshata programis coveredby a setof re-
gressiortestdrivers . Eachtestdriveris assumedo consistof aseparate
main routinefrom which methodsn theapplicationarecalled.Priorto theeditingses-
sion,acall graph is built for each . Any of severalexisting call graphconstruction
algorithmscanbeused(see e.9.,[20]).
After the userhasendedthe editing sessionthe edits are decomposednto a set

of atomicchangesThechangesn fall into thefollowing categories:(i) addition
of an (empty) class(AC), (ii) deletionof an (empty) class(DC), (iii) additionof a
method(AM), (iv) deletionof a method(DM), (v) changeof a methodbody (CM),
(vi) additionof a eld (AF), (vii) deletionof a eld (DF), and(viii) changen method
dispatchbehavior (LC). With the exceptionof the LC categyory, comprisesa setof
classegAC, DC), method4AM, CM, DM), and elds (AF, DF) for eachcateyory of
atomicchangesLC consistof asetof elementof theform , indicatingthat
thedispatchbehaior for acall to onanobjectoftype haschangedin general,
asimpleuseredit canimply severalatomicchangesFor example,additionof amethod
mayinvolvetheadditionof anemptymethod(AM ), achangen dispatctbehaior (LC)
of existing call sitesin casesvheretheaddedmethodoverridesanexistingmethod,and
achangeof amethodbody (CM).

Affected €sts Nodes CM DM
Nodes n gA.m Edegs
LC

Fig. 7. De nition of Affected€sts(takenfrom [15]).

By analyzinghecallgraphs andthesetof atomicchanges , asubsetf affected
tests is determinedFigure7 illustratesshavs how correlatingthe nodesand
edgesn the call graphsfor the testdriverswith the CM, DM, andLC changedeads
to the identi cation of a setof affectedtests . Here,Nodes and Edges
denotethe setof nodesresp.edgesn the call graphfor testdriver . Any testdriver
thatis notin  is guaranteedo have the samebehaior asbefore.If atestdriver
occursin , theusercanrunthistestto determinef thenew behaior of thetestmeets
his expectationsilf thisis notthecaseanadditionalanalysiqalsobasedn call graphs)
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determines subsebf atomicchanges thatcontrituteto 's alteredbehaior.
Theusercanapplysuccessiely largersubset®f  toidentify thechangehat“broke”
testdriver . Alternatively, divide-and-conquestratgiessimilartotheonesin [22] can
be appliedto quickly narrov down the searctspace.

4.2 Impact analysisfor composition

We adaptheanalysisof [15] to determingheimpactof acomposition onaset
of testdrivers associatedvith hierarchy by viewing thecomposition
asasetof changesv.r.t . De nition 18 nds for ary class/membein , the
classes/membems  and thatit originatesfrom.
De nition 18 (origin). Let and be two classhierar-
chies, let ,andlet bethe setof equivalenceclassescon-
structedby De nition 2. Furthermoe, let beaclassin , andlet members
De ne:

origin namesig namesig

origin origin members

namesig namesig body body

De nition 18de nestheoriginofaclass in asthesetof (class,hierarchypairs
in its equivalenceclass,andtheorigin of amethod in isthesetof methodsn each
suchclasswith the samenameandbodyas . Notethatthesede nitions work with
bothof the membes de nitions givenearliet

Example9. For hierarchy of Figure 3 we have origin
and origin

It is now straightforvard to constructthe setsof atomicchangesw.r.t. one of the

original hierarchiesFor example,for the composition , Where
, ,and , thesetsAC andCM w.r.t. may be
computedas:
origin
origin members
origin in membersC' s.t.
namesig namesig andbody body

Theothersetsof atomicchangesrecomputedsimilarly. We cannow applytheanalysis
of [15] to determingheimpactof thecomposition.

Examplel0. Considetheoverridingcompositiorof Figure3. Interpretingthe

asasetof changesv.r.t. ,we nd thatDriverl.main() is affected,becaus€M
containsmethodProfessor.approveGraduation() , which occursin the call
graphfor Driverl.main() . Moreover, interpreting asa setof changes
w.rt. ,we nd thatDriver3.main() is not affected,becausehe call graphfor

Driver3.main() doesnot containary added changedor deletedmethodspr any
edgescorrespondingo a changedlispatchbehavior.
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Thusfar, we have computedheimpactof a compositionon a setof testdrivers.In
orderto obtainmore ne-grainedinformation,onecouldconstructa separateall graph
for eachmethod in hierarchy  (usingappropriateconserative assumptionsbout
therun-timetypesof parameterandaccesseckelds), andproceedasbefore.Then,im-
pactcould be reportedasthe setof methodsvhosebehaior might have changedFor

example,if separateall graphsare constructedor all methodsof in the overrid-
ing composition of Figure 3, we canreportthat only the behaior of meth-
ods Driverl.main() and Professor.approveGraduation() is impacted

by the compositionbecausaheseare the only methodsthat transitvely call methods
whosebehaior may have changedSpacdimitations preventus from providing more
details.

5 Relatedwork

Researclon aspect-orientedoftware developmenthasbeengainingin popularityre-
cently[1]. In essencethe goal of this eld is to obtain more extensibleandreusable
designshby distributing unrelatedfunctionality over disjoint hierarchiesor aspectsTo
achieve this, a mechanisnfor composinghesefunctionalitiesinto executablecodeis
neededIn our setting,this is accomplishedby composinchierarchiesAspect-oriented
languagesuchasAspectJ[7] have languageconstructghat allow oneto specifythe
conditionsunderwhich a pieceof adviceis “wovenin” atajoint point. Until recently
therehasbeenverylittle work on the semantidoundationsof composition.

Thework mostcloselyrelatedto oursis the AspectSandboxXASB) projectby Wand
etal.[21], whoincorporatesereralkey aspect-orientethnguageonstructsuchasjoin
points,pointcutdesignatorsandadviceinto asimplelanguagevith procedures;lasses,
andobjects.Wandet al. formalizethe semanticf this languageusinga denotational
semanticesWand et al. do not provide ary guaranteesboutthe noninterferencef
aspectsnor do they determineghe semantiampactof “weaving in” anaspect.

Our approacthis similarin spirit to the work by Binkley etal. [3] ontheintegration
of C programsthat are variationsof a commonbase by analyzingand merging their
programdependencgraphs Similarto ourwork, Binkley etal. useaninterferenceest,
whichis asufcient criterionfor noninterferencelhemaindifferencebetweer{3] and
ourwork is that[3] operatest the statementevel, whereaour techniqueoperateon
calling relationshipshetweenmethods Binkley et al. do not considerobject-oriented
languagdeatures.

Compositionof object-orientegorogramshasbeenstudiedby otherauthorsin the
context of component-basesl/stemgsee[11] for a collectionof relevantarticles).One
approachs concernedvith the dynamicinteractionof concurrenpbjects,andthegoal
is to createnew behaior asa compositionof given behaior. Our approachaimsto
presere old behaior while combininggiven behaior. Anotherline of researchhas
investigatedhe compositionof systemsrom componentswherethe componentare
treatedasblack boxesandcomewith someinterfacespeci cation,usuallyin theform
of atypesystem.

We alreadydiscussedhow ourimpactanalysisis a derivative of the changempact
analysisof [15]. Offutt andLi [9, 8] alsopresente@ changempactanalysisfor object-

19



orientedprogramswhich only relies on structuralrelationshipshetweenclassesand
memberge.g.,containment)andis thereforemuchlessprecisethanapproachesuch
as[15] thatrely on staticanalysis.

6 Future Work

The work presentedn this paperrepresentsa rst stepin an ongoingeffort to pro-
vide bettersemanticsupportfor composition-basedoftwaredevelopmentWe planto
implementthe compositionsand interferencecheckof this paper and gain practical
experiencewith the approachOtherfuturework includes:

— The currentpaperabstractsaway from peculiaritiesof speci ¢ programmingan-
guagesProgrammindanguagesuchasJava containseveralfeatureshatrequire
furtherthought(e.g.,exceptionhandling).

— We planto explore morecomplex compositionssuchas“merging” compositions
in whichtwo interferingmethods and  are“merged”in someuserspeci ed
way (e.g.,by constructinganew methodthat rst executeshebodyof  andthen
thatof ).

— We planto investigatemore sophisticatednterferencetestscanthat can provide
behaioral guaranteesvenin the presencef dynamicinterferenceby takinginto
accounthosecon icts thatusershave explicitly resohed.
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