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Abstract. Softwarecompositionaimsat constructingsoftwaresystemsby com-
posinga setof classhierarchiesinto anexecutablesystem.Currentcomposition
algorithmscannotprovide semanticguarantees.We presenta compositionalgo-
rithm, togetherwith an interferencecriterion and its correctnessproof, which
guaranteesthatbehavior of theoriginal hierarchiesis preservedfor interference-
freecompositions.In caseof interference,an impactanalysiscandeterminethe
consequencesof integration.Themethodis basedon existing programanalysis
technologyandis illustratedby variousexamples.

1 Intr oduction

Softwarecompositionis anemergingtechnologythataimsatconstructingsoftwaresys-
temsby composingthecodeassociatedwith asetof classhierarchiesinto anexecutable
system[5,18], or by weaving separatelywritten aspectsinto a classhierarchy[7,21].
Advocatesof compositionarguethat,by puttingthefunctionalityassociatedwith each
systemfeaturein a separatehierarchy, a betterseparationof concernsis achieved,re-
sultingin codethatis easierto understand,maintain,andchange.

Althoughconsiderableamountsof work havebeendevotedto developingspeci�ca-
tion formalismsfor softwarecomposition,andonthemethodologicalaspectsof compo-
sitionalsoftwaredevelopment,currenttechniquesandtools for hierarchycomposition
operateonapurelysyntacticalbasisandcannotprovideany semanticguaranteesabout
the behavior of the composedhierarchy. It is thusour aim to develop a semantically
well-foundednotionof compositionthatenablesreasoningaboutthebehavior of com-
posedclasshierarchies.We haveoptedfor thefollowing approach:

– We de�ne notionsof staticinterferenceanddynamicinterferencethatcapturehow
featuresin onehierarchymay impactthebehavior of codein another. Theformer
notion capturesbehavioral impactat composition-time,whereasthe latter is con-
cernedwith run-timechangesin programbehavior.

– We considertwo kinds of compositions.Basic compositionsinvolve hierarchies
that do not statically interfere.Overriding compositionsrely on a mechanismby
whichausercanexplicitly resolvestaticinterference.
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class Course �

Course(Professor p, String name) �

prof = p; courseName = name;
students = new HashSet();

�

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;
�

class Professor extends Person �

Professor(String n, String a) �

super(n, a);
coursesGiven = new HashSet();

�

String toString() �

return "prof. "+name+" teaches "+
coursesGiven+" 	 n";

�

boolean approveGraduation(Student s) �

return approveCourses(s);
�

boolean approveCourses(Student s) �

return true; // detailsomitted
�

Set coursesGiven;
�

class Driver1 �

void main() �

Professor p1 =

new Professor("prof1","padd1"); P1
Student s1 =

new Student("stu1","sadd1"); S1
Course c1 = new Course(p1, "CS121");
c1.enroll(s1); c1.assign(p1);
boolean b = p1.approveGraduation(s1);

�

�

��


class Person �
�����

�

// asin ���

class Student �

Student(String n, String a) �

����� // asin �
�

�

void setAdvisor(Professor p) �

advisor = p;
�

Set coursesTaken; Professor advisor;
�

class Professor �

Professor(String n, String a) �

����� // asin ���

�

void hireAssistant(Student s) �

assistant = s;
�

Set coursesGiven; Student assistant;
�

class Driver2 �

void main() �

Professor p2 =

new Professor("prof2","padd2"); P2
Student s2 =

new Student("stu2","sadd2"); S2
s2.setAdvisor(p2);p2.hireAssistant(s2);

�

�

���

class Person �
�����

�

// asin �
�

class Student �

Student(String n,String a) �

����� // asin �
�

�

Set coursesTaken;
�

class PhDStudent extends Student �

PhDStudent(String n,String a) �

super(n,a);
�

�

class Professor �

Professor(String n,String a) �

����� // asin �
�

�

boolean approveGraduation(Student s) �

boolean approved = approveCourses(s);
if (s instanceof PhDStudent) �

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

�

return approved;
�

boolean approveCourses(Student s) �

����� // asin �
�

�

boolean approveThesis(PhDStudent s) �

/* detailsomitted */
�

Set coursesGiven;
�

class Driver3 �

void main() �

Professor p3 =

new Professor("prof3","padd3"); P3
PhDStudent s3 =

new PhDStudent("stu3","sadd3"); S3
p3.approveGraduation(s3);

�

�

Fig.1. Examplehierarchiesconcernedwith differentaspectsof university life. Allocation sites
arelabeled(shown in boxes).
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class Course �

Course(Professor p, String name) �

prof = p; courseName = name;
students = new HashSet();

�

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;

�

void setAdvisor(Professor p) �

advisor = p;
�

Set coursesTaken; Professor advisor;
�

class Professor extends Person �

Professor(String n, String a) �

super(n, a);
coursesGiven = new HashSet();

�

�����

String toString() �

return "prof. "+name+" teaches "
+coursesGiven +" � n;

�

boolean approveGraduation(Student s) �

return approveCourses(s);
�

boolean approveCourses(Student s) �

return true; // detailsomitted
�

void hireAssistant(Student s) �

assistant = s;
�

Set coursesGiven;
Student assistant;

�

class Driver1 �

void main() �

Professor p1 =
new Professor("prof1","padd1");

Student s1 =
new Student("stu1","sadd1");

Course c1 = new Course(p1, "CS121");
c1.enroll(s1);
c1.assign(p1);
boolean b =

p1.approveGraduation(s1);
�

�

class Driver2 �

static void main() �

Professor p2 =
new Professor("prof2","padd2");

Student s2 =
new Student("stu2","sadd2");

s2.setAdvisor(p2);
p2.hireAssistant(s2);

�

�

Fig.2. A basiccomposition:��������� .

– In caseswhereinterferenceis found,animpactanalysis(similar to theoneof [15])
is performedthatdeterminesasetof methodsin thecomposedhierarchyfor which
preservationof behavior cannotbeguaranteed.

Figure 1 shows three hierarchiesthat model a numberof aspectsof university
life.  "! de�nes classesCourse , Person , Student , and Professor , and pro-
vides functionality for enrolling studentsin courses,for associatingprofessorswith
courses,andfor professorsto approve the graduationof students(methodProfes-
sor.approveGraduation() ). This latter operationrequiresthe approval of the
coursestakenby a student,modeledusinga methodapproveCourses() . We have
omittedthedetailsof approveCourses() , but onecaneasilyimagineaddingfunc-
tionality for keepingtrackof astudent'scourseloadandgradeswhichwouldbechecked
by the professorto basehis decisionon. ClassDriver1 containsa small testdriver
thatexercisesthefunctionalityof hierarchy 

! .

Hierarchy $# is concernedwith employmentandadvisoryrelationships.A student
can designatea professoras his/heradvisor (methodStudent.setAdvisor() ,
and a professorcan hire a studentas a teachingassistantusing methodProfes-
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sor.hireAssistant() . ClassDriver2 exercisesthe functionality in this hier-
archy.

Hierarchy %$& shows a slightly moreelaboratemodel,wherea distinctionis made
between(undergraduate)Student sandPhDStudents . Thisimpactstheapprovalof
graduations,becausePhDStudents arealsorequiredto produceathesisof suf�cient
quality (modeledby methodProfessor.approvePhDThesis() ). Due to space
limitations,wehaveomittedthedetailsof 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;
(

class PhDStudent extends Student '

PhDStudent(String n, String a) '

super(n,a);
(

(

class Professor extends Person '

Professor(String n, String a) '

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;
(

class Driver1 '

static void main() '

Professor p1 =
new Professor("prof1","padd1");

Student s1 = new Student("stu1","sadd1");
Course c1 = new Course(p1, "CS121");
c1.enroll(s1);
c1.assign(p1);
boolean b = p1.approveGraduation(s1);

(

(

class Driver3 '

static void main() '

Professor p3 =
new Professor("prof3","padd3");

PhDStudent s3 =
new PhDStudent("stu3","sadd3");

p3.approveGraduation(s3);
(

(

Fig.3. An overridingcomposition:*,+.-�*0/ .

Let usnow considerthecompositionof %21 and %$3 . Thesehierarchiesarenot dis-
joint, sincethey containthesameclasses.However, sincethereareno “syntacticcol-
lisions” betweenmembersin %41 and %53 (i.e., %41 and %53 do not containmethods
with the samenameandsignatures,but with differentbodies),onecan simply con-
structahierarchythatcontainstheunionof theclassesin %

1 and %
3 , whereeachclass

in the combinedhierarchycontainsthe union of the methods/�eldsthat occur in the
correspondingclass(es)in %

1 and %
3 . The resultinghierarchyis shown in Figure2.
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Whatcanbesaidaboutthebehavior of 62798:65; ? In this case,our interferencecheck
guaranteesthatthebehavior of theclient applicationsof thesehierarchies(modeledby
Driver1.main() andDriver2.main() ) areunaffectedby thecomposition.For
this speci�c composition,wecanevenprovide thestrongerguaranteethatthebehavior
of anyclient of 6 7 and 6 ; is preserved.As we shallseeshortly, this is not alwaysthe
case.

Now considercomposing 6 7 and 65< , which contain different methodsPro-
fessor.approveGraduation() , anexampleof staticinterference.Methodap-
proveGraduation() in 6 < is “moregeneral”thanapproveGraduation() in

6"7 . In constructing647=8>6 < (seeFigure3), we have assumedthat theuserspeci�ed
thatthede�nition of approveGraduation() in 6 < shouldbepreferredoverthatin

6"7 . In thiscase,ourtechniquesreportdynamicinterference,i.e.,preservationof behav-
ior for clientsof theoriginal hierarchiescannotbeguaranteed.Impactanalysisreports
that Driver3.main() is not affectedby the composition,but that the behavior of
Driver1.main() mayhavechanged.

2 Composition of hierarchies

Oneof the �rst issuesthatarisewhencomposingtwo classhierarchiesis thequestion
which classesandmethodsin theinput hierarchiescorrespond.TheHyper/Jcomposi-
tionsystem[18] reliesonaspeci�cationlanguageto expressthesecorrespondences.For
example,onecanspecify“merge-by-name”compositionsin which two classesin dif-
ferentinputhierarchiesarematchedif they havethesamename,andonecanexplicitly
specifypairsof matchingclasses(with differentnames)usingan“equate”construct.In
orderto simplify thepresentationin thispaper, wewill assumethatclassesarematched
“by name”only. Compositionsthatarenot name-basedcanbemodeledusinganaddi-
tionalpreprocessingstepin whichclassesandmethodsarerenamedappropriately.

2.1 Classhierarchies

De�nition 1 de�nesthenotionof a classhierarchy. To keepour de�nitions simple,we
assumethat�elds andabstractmethodshaveunde�nedbodies(body?A@2B9CED ), andthat
�elds andabstractmethodscannothave thesamename.

De�nition 1 (classhierarchy). A classhierarchy 6 is a setof classestogetherwith an
inheritancerelation: 6FCG?IHKJMLNB . For a class OQPRH we also write OQPS6 . A class

OTP$6 hasa nameandconsistsof a setof members: OUCV?XWYJ[Z\B , where ]_^`@4ab?cOdB9C

WeJ�@4af@4ghafiYjk?cOdB�C\Z . A member@lPm@4aM@2ghafiYjk?cOdB is characterizedby its name, its
signature and its body: @nCo?qp.Jsr�JstuB where rRPvHxw0y�H . We will usenamesig?A@2B to
denotethecombinationzqp.Jsr_{ that togetheruniquelyidentifya memberwithin a class,
andbody?X@4B to denotethebody t of member@ .

2.2 Classesand inheritance relationsin the composedhierarchy

Semanticallysoundcompositionrequiresthat theoriginal inheritancerelationscanbe
order-embeddedinto thecomposedhierarchy. Thatis, a relationshipA instanceof
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B thatholdsin an input hierarchyshouldalsohold in thecomposedhierarchy. In gen-
eral,onecannotsimply computetheunionof the inheritancerelationsin the input hi-
erarchiesbecausetheresultinghierarchymaycontaincycles.We thereforeusea well-
known factorizationtechnique(see,e.g.,[4]) that producesan acyclic hierarchy. This
constructionhasthe advantagethat sometimeshierarchiescan be composedeven if
therearecyclesin theunionof theoriginal inheritancerelations.

Given two input hierarchies|4} and |5~ , their compositionis denoted|4}€•�|5~ .
Theconstructionof |4}••S|5~ is givenin De�nition 2. This involves:creatinga setof
pairsof theform ‚ class,hierarchyƒ (step1),determiningthe“union” of theinheritance
relationsin the input hierarchies(assumingthatclassesarematchedby name)(2), de-
terminingcyclesin thetransitiveclosureof theseinheritancerelations,andconstructing
a setof equivalenceclasses„ correspondingto thesecycles(3-5), creationof a class
in thecomposedhierarchyfor eachequivalenceclassin „ (6), associatinga nameand
a setof members(7) with eachclass,andcreationof the inheritancerelationsin the
composedhierarchy(8).

De�nition 2 (hierarchy composition).Let |2}†…\‡Aˆ‰}‹Š•Œ€}•Ž and |$~N…U‡Aˆ•~•Š•Œ†~fŽ betwo
classhierarchies.Then,|4}‘•v|5~€…U‡IˆKŠ•ŒNŽ , which is de�nedasfollows:

1. ’“…\”N‚c•�}eŠ�|"}Mƒ�–Y•�}˜—$ˆ™}•š=›2”N‚œ••~YŠ�|5~fƒ†–Y••~d—$ˆ•~•š ,
2. ‚c•

}
Š�|

}
ƒ�Œ†ž_‚c•

~
Š�|

}
ƒ‘Ÿ •

}
Œ

}
•

~ , ‚q•
}

Š�|
~

ƒ•Œ†ž_‚c•
~

Š�|
~

ƒ9Ÿn•
}

Œ
~

•
~ ,

‚c•
}

Š�|5¡œƒ•Œ
ž

‚c•
~

Š�|,¢fƒ‘Ÿ namesig‡c•
}

Ž9… namesig‡c•
~

Ž , ‡A£¤Šq¥
—m”†¦`Š¨§€š‹Ž

3. ©0ª†«VŸ,¬ ©2Œ
ž®­

«˜¯$«$Œ
ž°­

© ,
4. Œ … Œ

ž®­†±
ª ,

5. „�…\”N² ©•³I´µ–‹©m—4’mš ,
6. ˆ2…�” class‡s² ©™³

´
Ž�–•² ©•³

´
—"„4š ,

7. class‡s² ©™³I´YŽ‘…U‚ namesig‡s² ©™³I´YŽhŠ members‡�² ©•³I´eŽ�ƒ , and
8. class‡s² ©™³

´
Ž•Œ class‡s² «k³

´
Ž¶Ÿ,¬ ² ©•³

´
Œ·² «k³

´

Thenamefunctiondeterminesthenameof the composedclassfrom thenamesof the
classesin equivalenceclass ² •€³A´ andwill notbeformallyde�nedhere (someexamples
will begivenbelow).Differentmembersoperatorswill bepresentedfor differentkinds
of compositionsin De�nitions 4 and6 below.

Notethat Œ
ž
is not necessarilytransitive,hencetheuseof theclosureoperator. As

usual, ² ©•³
´ consistsof all classesª -equivalentto © , and ² ©•³

´
Œ¸² «k³

´
Ÿ,¬ ©¶Œ

ž
« . We

will use „ to denotethe setof all equivalenceclasses²¹‚q•˜Š�|"ƒœ³
´ , for any ‚œ•˜Š�|"ƒµ—º’ .

Moreover, we de�ne a partialorderon „ by: ‚q•˜Š�|"ƒµŒ€ž•‚c•»žqŠ�|"ž¹ƒ¼Ÿ,¬ ²¹‚œ•˜Š�|"ƒ½³
´

Œ

²¾‚q•
ž

Š�|
ž

ƒœ³
´ .

Example1. In the hierarchyof Figure4(a), the transitive closureof Œ0} and Œ†~ does
not contain any cycles. Hence,we have: ¿ÁÀÃÂ
ÂµÄAÅNÆ½Ç
ÈsÉsÆhÄAÅ†ÆœÇ�ÊMÆ•É�Ë , ÂuÄAÌdÆ½Ç,ÈsÉ•Ë ,

ÂÍÄcÎ•Æ½Ç,È�ÉsÆ¤ÄXÎÏÆœÇ�ÊMÆbÉ�Ë , ÂÍÄAÐuÆ�Ç,È�ÉbË , ÂÍÄXÑ»Æ½Ç,È�ÉkË , ÂÍÄXÒKÆœÇ�ÊMÆbÉ�Ë , ÂÍÄqÓ€ÆœÇ�ÊMÆbÉ�Ë‘Ë . Consequently,
the following inheritancerelationsare constructed:ÔÖÕQ×0Š[ØÙÕÚ×0Š¤•ÛÕÚØÏŠsÜÝÕ

ØÏŠsÞFÕV•˜ŠsßQÕT• . Here,classnamesin thecomposedhierarchyaregeneratedfrom
thenamesof theclassesin thecorrespondingequivalencesets(e.g.,class× corresponds
to ”Ï‚X×�Š�|

}
ƒ•ŠM‚c×0Š�|

~
ƒ�š ). Notethatimmediatesubclass/superclassrelationsneednotbe

preserved: Ø is now between× and • . à
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Example2. For the slightly more interestingexampleof Figure4(b), we have: áãâ

ä�ä0åAæ†ç½è,é�êsçhåAæ†ç½è�ë¤êsçhåXì•ç½è,ésêsç¤åXìÏçœè�ëhê�çíåIîxç�è�ë¤ê‘ï

,
ä0åAðdç½è,ésêKï

,
ädåAñuç½è,ésêKï

,
ä0åAò»ç½è,é�ê‘ï

,
äÏåXó€ç½è�ë•çôê�ï•ï

. Thecomposedhierarchycontainsa classfor eachof theseequivalence
classes(for thepurposesof thisexample,weassumethatthenamefunctionconstructsa
classnamebyconcatenatingthenamesof elementsin theequivalenceclass).Thereis an
inheritancerelation õÚö>÷ if theequivalenceclasscorrespondingto õ containsaclass

ø , andtheequivalenceclasscorrespondingto ÷ containsa classù suchthat ø inherits
from ù in oneor bothof theinputhierarchies.For example,classú inheritsfrom û€ü»ý

becauseþcú
ÿ������ is partof equivalenceclass�Íþqú
ÿ������
	 , þXû�ÿ������ is partof equivalence
class �˜þcû�ÿ������íÿfþXû0ÿ���
��•ÿMþqü˜ÿ������hÿMþqü˜ÿ���
��hÿfþcýÏÿ���
���	 , andclassú inheritsfrom class

û in ��� . Again, immediatesubclass/superclassrelationsneednot bepreserved:some
immediaterelations(e.g., ý¸ö�ü ) havebeencollapsed. �

A �nal issueto noteis thatthecomposedinheritancerelationmaycontainmultiple
inheritance.Thismaycauseproblemsin languagessuchasJavathatdonotsupportgen-
eralmultiple inheritance.We considerthis issueto beoutsidethescopeof this paper,
andplan to pursuean approachin which multiple inheritanceis automaticallytrans-
formedinto delegation,alongthelinesof [19].

A

C G

B F

D E

H1 H2+

A

F
+ =

A

D E

B C

C G

H1 H2

C

F
+ =

A

D E

B C

A G

H1 H2

ACF

B D E G

H1 H2+

(a) (b)

Fig.4. Hierarchycompositionwithout classmerging(a),andwith classmerging (b).

2.3 Basiccomposition

In de�ning thesetof membersin thecomposedhierarchy, thequestionarisesof whatto
do whentwo or moreclassesin anequivalenceclass �

ø���� de�ne thesamemember. We
will referto suchcasesasstaticinterference. Theeasiestapproachof dealingwith this
issueis to simplydisallow compositionif staticinterferenceoccurs.Wewill referto this
scenarioasbasiccomposition. As weshallseeshortly, theabsenceof staticinterference
doesnotguaranteepreservationof behavior.

De�nition 3 de�nesbasicstaticinterference.Notethatit doesallow situationswhere
an equivalenceclass �

ø��
� containstwo elementsþqü

�
ÿ��

�
� and þqü



ÿ��



� suchthat ü

�

and ü

 eachcontainamember� , providedthat(i) body��������� holdsfor at leastone

of these� 's,or (ii) thatthetwo � 's have thesamebody.

De�nition 3 (basicstatic interfer ence).� containsbasicstaticinterferenceif there is
an equivalenceclass �

ø����! 

� such that for someþœü"�eÿ����íÿMþœü#
Yÿ���$%�

 

�

ø��&� , ü'�)( �¸ü*
 ,

7



+�,�- members.0/

,�1 , +�2�- members.0/

231 , namesig.

+4,�165 namesig.

+�2�1 we havethat:
body.

+�,�187 5:9 , body.

+�23187 5:9 , andbody.

+4,�187 5 body.

+�231 .

De�nition 4 de�nes the setof membersin the composedhierarchy. Note that, in
caseswheretheclassesin anequivalenceclasscontainmultiplemethodswith thesame
nameandsignature,theuniquemethodwith a non-9 bodyis selected.

De�nition 4 (members).Let ; befreeof basicstaticinterference, andlet < =�>�?

-

; be
anequivalenceclass.De�ne:

members.�< =�> ?

1�5 @�+BADC

/FE�G�H

-

< =I> ? E

+J- members.K/

1

E

.

C

/ML0E�GNLOH

-

< =�>&?PEQ/ML

75

/FE

+

L

- members.0/ML

1

E

namesig.

+�1*5 namesig.

+

L

1R5QS body.

+

L

1D5�9M1UT

Example3. The transitive closure of the inheritance relations in G

, and G

2

of Figure 1 does not contain any cycles. Hence, the construction of De�ni-
tion 2 producesa hierarchy with classesCourse , Person , Student , Pro-
fessor , Driver1 , and Driver2 , with inheritancerelationsStudent V Per-
son and Professor V Person . The equivalenceclassesconstructedare: WQX4Y

Z8[�\�]�^`_ba�cbd�egf�hQi

, WIjkY

Z8[Olmc3_ma3]�nPd�egf�hQi

, WIokY

Z8[�p�q3^`r`c�n`qsd�egf�htdu[�p�q3^�r`c�n`qsd�ewv�hxi

, WIygY

ZP[&l`_m]�z�cma�a3]�_{dtegf�h�d�[|l`_m]�z`c`a�a3]�_sdtewv�hui

, W~}�Y

Z
[O•�_b€�•`c3_s‚3d�egf�hƒi

, and WI„DY

Z
[O•`_m€�•`c3_m…mdtewvthui

.
De�nition 3 statesthat thereis basicstaticinterferenceif anequivalenceclass† con-
tainsmultiple methodswith thesamenamebut differentbodies.Singletonequivalence
classessuchas †

, , †

2 , †ˆ‡ , and †Š‰ cannotgive rise to interferencebecausea classcan
containonly onemethodwith agivennameandsignature.†x‹ and †•Œ donotgiveriseto
interferenceeitherbecauseStudent andProfessor in G

, and G

2 do not contain
con�icting methods.Hence,thereis no basicstatic interference.Figure2 shows the
composedhierarchy. Ž

Example4. Considercomposingthe classhierarchiesG

, and GN‹ of Figure 1. The
set equivalenceclasses; constructedaccording to De�nition 2 contains,among
others, the element †

5•@4C�•P‘�’s“P”I•P•b’{‘

E�G�–—HuE

C�•P‘�’s“
”�•P•b’{‘

E�G�˜�H

T . ; exhibits ba-
sic static interferencebecauseboth elementsof † contain a memberProfes-
sor.approveGraduation(Student) andthebodiesof thesemethodsaredif-
ferent.Hence,basiccompositioncannotbeappliedto G

, and G�‹ . Ž

2.4 Overriding composition

As we have seenin Figure3, basicstatic interferenceis not necessarilyan unwanted
phenomenon.Often,a methodfrom G

2 is an“improved” or “generalized”versionof a
methodin G

, . To addresssuchcases,weaugmentbasiccompositionwith amechanism
thatallowsoneto expressconditionssuchas“member™)š

+ in G
L hasprecedenceover

member›gš

+ in G ”. This is capturedby a precedencerelation œ containingelements
C

G•E

+
,

Hžœ

C

G�L�E

+
2

H indicatingthatmethod+
2 of hierarchyG�L hasprecedenceover

method+4, of hierarchyG . Note that it may be thecasethat G

5

G�L . It is assumed
that` œ ' is apartialorder.

Thestaticinterferencenotionof De�nition 3 only requiresminor modi�cations to
allow situationswhereanequivalenceclasscontainstwo classes/

, and /

2 originating
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from hierarchiesŸ�  and Ÿ�¡ , respectively, suchthat ¢�Ÿ� �£t¤� �¥ and ¢�Ÿ�¡b£t¤�¡3¥ are ¦ -
ordered.De�nition 5 showstheresultingde�nition.

De�nition 5 (overriding static interfer ence). § containsoverriding static interfer-
ence w.r.t. ` ¦ ' if there is an equivalenceclass ¨ ©�ª�«­¬®§ such that for some

¢K¯   £�Ÿ�¥ , ¢K¯ ¡ £�ŸN°&¥:¬±¨ ©Iª « , ¯  ³²

´

¯ ¡ , ¤   ¬ membersµK¯  �¶ , ¤ ¡ ¬ membersµ0¯ ¡3¶ ,
and namesigµ�¤  �¶

´ namesigµ�¤ ¡�¶ we have that: bodyµ�¤  �¶:²

´¸· , bodyµ�¤ ¡�¶�²

´­· ,
bodyµ�¤  �¶8²

´ bodyµ�¤ ¡�¶ , ¢&Ÿ•£t¤   ¥ ²¦±¢�ŸN°�£t¤ ¡ ¥ , and ¢�ŸN°K£�¤ ¡ ¥ ²¦¹¢&Ÿ•£t¤   ¥ .

De�nition 6 showsthemembersfunctionfor overridingcompositions.In thesequel,
we will oftensay“ Ÿ»º¼ŸN¡ is freeof overridingsyntacticinterference”if it is obvious
whichordering` ¦ ' is used.

De�nition 6 (members).Let § befreeof overridingstaticinterferencew.r.t. ` ¦ ', and
let ¨ ©�ª&«6¬�§ beanequivalenceclass.De�ne:

membersµ�¨ ©�ª
«`¶

´ ½

¤
 M¾

¢0¯
 

£�Ÿ
 

¥#¬¿¨ ©Iª
«

£ˆ¤
 

¬ membersµK¯
 �¶

£

µt¢K¯
¡

£�Ÿ
¡

¥'¬À¨ ©�ª
«

£U¯
¡Á²

´

¯
 

£Š¤
¡

¬ membersµ0¯
¡3¶

£

namesigµ�¤
 �¶

´ namesigµ�¤
¡3¶t¶

´QÂ

bodyµ�¤
¡3¶

´:·¼Ã

¢�Ÿ
 

£�¤
 

¥*¦±¢&Ÿ
¡

£�¤
¡

¥UÄ

Example5. Consider an overriding composition of hierarchies Ÿ4  and ŸNÅ

of Figure 1 using ¢ Professor.approveGraduation(Student) , Ÿ
 

¥Æ¦

¢ Professor.approveGraduation(Student) , Ÿ
Å

¥ . Then, the set of equiv-
alence classes § constructedby De�nition 2 is: ÇŠÈÊÉ•Ë�Ì�Í�Î�Ï`ÐbÑ�ÒbÓtÔgÕ—ÖM× , ÇIØÙÉ

Ë8ÌOÚ`Ò3ÐbÑ3Î�ÛsÓ�ÔgÕ�ÖQ× , Ç�ÜÁÉÝËÞÌ�ß�à3Ï�á`Ò�Û`àsÓ�ÔgÕ�ÖQ× , ÇIâkÉãË8ÌOÚ`ÐmÎ�ä`Ò`Ñ�Ñ3Î�ÐsÓ�ÔgÕ�ÖtÓuÌOÚ`Ð`Î�ä`ÒmÑ�Ñ�Î�ÐsÓ�ÔwåtÖx× ,
ÇIæ"ÉçË'ÌOè`Ðbé�ê`Ò�ÐPë3Ó�ÔgÕ�Öˆ× , ÇIìžÉçË'ÌOÚ�í�èbß�à3Ï`á`Ò�Û�àsÓ�ÔwåîÖ•× , and Ç~ï"ÉçË'ÌOè`Ðbé�ê`Ò�Ð`ð{Ó�ÔwåtÖˆ× . Since
singletonsetsnever give rise to interference,we only needto verify that ñQò doesnot
causeoverridingstaticinterference.This is thecasebecausetheonly methodthatoc-
curs in both Professor classesis approveGraduation() , andthesemethods
are ¦ -ordered.The composedhierarchycannow be constructedusingDe�nition 6,
andwasshown earlierin Figure3. ó

2.5 Typecorrectness

A classhierarchyis typecorrectif: (1) any memberaccessôsõ ¤Àµ�ö�ö�ö
¶ refersto adeclared

memberde�nition, and(2) for any assignment© ´ã÷ , the typeof © is a superclassof
thetypeof ÷ . As a �rst steptowardsproviding semanticguaranteesaboutthecomposed
classhierarchy, we demonstratethat the composedhierarchyis type correct.Due to
spacelimitations, we only demonstratethesepropertiesfor basiccompositions.The
argumentsfor overridingcompositionsaresimilar.

De�nition 7 (type correctness).Let Ÿ bea hierarchy.

1. The static type of an object or object reference in a hierarchy is denoted
TypeOfµ&Ÿ•£îø

¶
. For convenience, weuseTypeOfµ&Ÿ4 ƒù ¡{£tø

¶

´

¯ asan abbreviation
for TypeOfµ&Ÿ� m£tø

¶

´

¯

Ã TypeOfµ&ŸN¡m£îø
¶

´

¯ .
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2. For a class úÙûRü and ýþû¿ý�ÿ�ý��uÿ������Kú	� , wede�ne StaticLookup��ü�
îú�
tý
���

ú�� if ú��Rû ü is the nearest superclass of ú that containsa de�nition of ý .
For convenience, we will useStaticLookup�&ü���� ��
îú�
tý
�	� ú

� asa shorthandfor
StaticLookup�&ü � 
ƒú�
�ý���� ú���� StaticLookup��ü � 
îú�
tý
����ú�� .

3. A hierarchy ü is type correct if for all assignments����� û ü we havethat
TypeOf�&ü�
������ TypeOf�&ü�
���� , and for all memberaccesses "! ý#�%$&$'$(�Fû ü we
havethat: StaticLookup��ü�
 TypeOf�&ü)
� ��'
�ý��+* �-, .

Note that if TypeOf��ü.��� ��
/ ��0�Jú , thenby constructionTypeOf�&ü��21Àü��3
� ��0�

class��4 ú+576�� . As anexample,considerFigure4, andassumethat 8 is avariablesuchthat
TypeOf�&ü.�9
:8��;�-< . Then,in Figure4(a)we have thatTypeOf��ü��21¿ü��3
�8"���-< and
in Figure4(b) that TypeOf�&ü��21Àü��=
:8����><8ú�? . The latter casedemonstratesthat
sometimesnew classnamesareintroduced,andmemberdeclarationsmustbechanged
accordingly. In particular, whenever @BAsý�ÿ"��4 ú+5C69�)* �D@BAsý�ÿ��0ú	� , all declarationscon-
tainingclassnameú mustbeupdatedto re�ect thenew classname@BAsý�ÿ"��4 ú+5E69� . This
will only happenif classeshavebeenmergeddueto cyclesin thetransitive inheritance
relationsof theinputhierarchies.

The following two lemmasshow that assignmentsand memberlookups in the
composedhierarchyremaintype correct.Note that this includesassignmentsdue to
parameter-passingin methodcalls,andimplicit assignmentsto this -pointers.

Lemma 1 (assignmentcorrectness).Let �)�F� bean assignmentin ü���� � . Then,this
assignmentis still typecorrectin ü

�
1¿ü

� .

Proof. Without loss of generality, let �G� � û­ü
� . Then, TypeOf�&ü
��
:���D�+�

TypeOf�&ü.�9
:�H� . By construction,TypeOf�&ü��21¿ü��3
����I� class�:4 TypeOf�&ü
�9
����%5J6K�L�

class��4 TypeOf��ü.��
:�H�M5J6K��� TypeOf��ü.�21¿ü���
��H� . N

Lemma 2 (member accesscorrectness).If ü
� and ü

� are type correct and with-
out basic static interference, then StaticLookupO7PRQMS T&U TypeOfO7PLQMS T&UMV�W�UMX0WZY

[D\ [^]

StaticLookupO7PLQ�_`PIT&U TypeOfO7PLQa_`PITbU%VKW�UMXLWcY

[d\

Proof. Without loss of generality, let ú � TypeOf�&ü��K
/ �� , and let e �

StaticLookup��ü
�


 TypeOf��ü
�


� ��'
�ý�� . Then,we have úgf
�

e , ý û�ý�ÿ3ý
��ÿ&�����Ceh�

and by construction ý û members� class�:4 eL5
6

�:� as there is no static interference.
Furthermore,class�:4 ú+5

6
�if class��4 e05

6
� and TypeOf��ü

�
1Àü

�

� ��j� class�:4 ú+5

6
� .

ý could also occur in a subclassof class�:4 eL5
6

� in ü
�

1³ü
� , but in any case

StaticLookup��ü
�

1Àü
�


 TypeOf�&ü
�

1¿ü
�


/ ���
�ý��cf class��4 e05
6

� , thatis *�k, . N

Corollary 1. For hierarchies ü�� and üh� withoutstatic interference, ü
�;1¼ü�� is type
correct.

3 Dynamic interference

3.1 Moti vating examples

Evenbasiccomposition(which makesthestrongestassumptionsaboutstaticnoninter-
ference)doesnotguaranteepreservationof clientbehavior. Thiscanbeseenin thebasic

10



class A l

void foo() lLm�m%m�n

n

class B extends A l

/* no foo() */
n

class C l

static void main() l

A o = new B(); B1
o.foo();

n

n

class A l

void foo() l sameas oqprn

n

class B extends A l

void foo() lLm�m%m�n

n

class A l

void foo() lLm%m:m�n

n

class B extends A l

void foo() l from o;sLn

n

class C l

static void main() l

A o = new B(); B1
o.foo();

n

n

tLu tIv tLuxw
tIv

Fig.5. Dynamicinterferencein abasiccomposition.

compositionof Figure5, whichdoesnotexhibit staticinterference.However, y`z|{`y�}

containsan overriding de�nition of foo() in classB, hencethe call to foo() in
C.main() bindsto B.foo() insteadof A.foo() asit did in y�z . Hence,behavior
of y
z 's client C.main() is notpreserved.

class A l

static A x;

void foo() l x = new A(); n A1
void bar() l0m%m%m�n

n

class B extends A l

void bar() l0m%m%m�n

n

class C l

static void main() l

A a = new B(); B1
a.foo(); A.x.bar();

n

n

class A l

void foo() l

x = new B(); B2
n

n

class A l

static A x;
void foo() l

x = new B(); B2
n

void bar() lRm%m%m	n

n

class B extends A l

void bar() lRm%m%m	n

n

class C l

static void main() l

A a = new B(); B1
a.foo(); A.x.bar();

n

n

tLu tIv tLu�w�tIv

Fig.6. Dynamicinterferencein anoverridingcomposition.

Figure 6 shows an overriding composition(constructedusing ~7y
z�•:€a• ‚"ƒ"ƒ�„E…�†Z‡

~7y�ˆ
•:€a• ‚�ƒ�ƒ�„‰…:† ) that is freeof overridingstaticinterference.However, in thecomposed

hierarchy, variable x is bound to a B-object insteadof an A-object. Thus, the call
x.bar() suddenlyresolvesto B.bar() insteadof A.bar() asin y

z .

3.2 Dynamic interfer ence

We will usethetermdynamicinterferenceto referto run-timebehavioral changessuch
astheonesin theaboveexamples.Someadditionalde�nitions arerequiredto makethis
notion precise.To this end,we will usean operationalsemantics,wherethe effect of
statementexecutionis describedasa statetransformation.

De�nition 8 (state,statetransformation).

1. A programstatemapsvariablesto values:ŠZ‹�ŒŽ• Var • Value.

11



2. Theeffectof executinga statement• is a statetransformation:‘j’

“

‘x” .

Detailsof Var andValueareleft unspeci�ed,asthey arenot importantfor our pur-
poses.The readermay consult[6, 12] for completeoperationalsemanticsof relevant
Java subsets.Var includeslocal variables,parameters,and this -pointersin method
invocationstackframes—notethat the domainof Var may changeasexecutionpro-
ceeds.Valuecomprisesprimitivevalues(e.g.,integers)andobjectsin theheap.In order
to modelreference-typed�elds, we assumethatVar alsocontainsanelementfor each
�eld • of anobject – , where– is anobjectin Valuewhosetypecontainsa �eld • (either
directlyor throughinheritance).

Now let usassumethatwe have a hierarchy— togetherwith someclient code ˜

which is typecorrectwith respectto — . We de�ne:

De�nition 9 (executionsequence).

1. An executionsequenceof a hierarchy — is the(�nite or in�nite) sequenceof state-
ments ™Rš›—�œ�˜�œ�•^œ�‘ŸžK ¢¡£•¥¤9œ/•x¦3œ/•x§3œ'¨&¨'¨ which resultsfrom executingthe client
code ˜ of — with input • in initial state ‘Ÿž . Thecorrespondingsequenceof pro-
gramstatesis ©.š›—�œ�˜�œ�•^œ�‘ŸžK 2¡ª‘Ÿž

“

‘�¤

“

‘Ÿ¦

“

‘^§2¨&¨'¨ .
2. Thestatementsubsequenceof •«¤Kœ(•x¦¬¨'¨&¨ consistingonly of memberaccesses(data

memberaccessesor methodcalls) is denoted ­®š7—�œ/˜`œ/•Ÿœ/‘^žK ¯¡°•B±/²9œ/•B±�³9œ&¨'¨'¨

where •¥±:´r¡i•�µ)¶k™Rš›—�œ�˜�œ�•^œ�‘Hž9  . Thecorrespondingsequenceof invoked tar-
get methodsis denoted·rš7—�œ/˜`œ�•^œ�‘^ž& �¡ª¸:±(²�œ:¸:±�³�œ&¨'¨'¨ whereeach ¸�±:´ is themethod
that is actuallyinvokedat run-time.

De�nition 10statesthattwo hierarchies— and —�” arebehaviorally equivalentif the
samesequenceof statementsis executedusingthetwo hierarchies,for all givenclients
of — with appropriateinputsandinitial states.De�nition 11 statesthata composedhi-
erarchy—.¤H¹R—�¦ exhibitsdynamicinterferenceif —�¤ and—
¤H¹R—�¦ arenotbehaviorally
equivalent(for someclient of —�¤ with associatedinput andinitial state),or if —.¦ and

—.¤;¹d—�¦ arenot behaviorally equivalent(for someclient of —
¦ with associatedinput
andinitial state).

De�nition 10 (behavioral equivalence).Twohierarchies— , —
” arebehaviorally equiv-
alent iff for all clients ˜ of — with appropriateinputsandinitial states•^œ�‘�ž wehave
that ™�š7—�œ/˜`œ�•^œ�‘

ž
 ;¡º™Rš›—h”‰œ�˜`œ/•Ÿœ/‘

ž
  .

De�nition 11 (dynamic interfer ence).—�¤Ÿ¹�—�¦ containsdynamicinterference, if (for
some—.¤ -client ˜ with associated•^œ�‘Ÿž ) —.¤ and —.¤¬¹)—�¦ arenotbehaviorally equiv-
alent, or if (for some—h¦ -client ˜ with associated•^œ�‘^ž ) —�¦ and —.¤�¹k—�¦ are not
behaviorally equivalent.

Remark.Fromanobservationalpointof view, »	¼7½R¾(¿%ÀL¿%Á"¿ÃÂ"ÄbÅ¥Æ¢»	¼7½L¾:Çc½IÈ&¿%ÀL¿MÁ"¿ÃÂ�Ä�Å

is not a necessaryconditionfor behavioral equivalence,becausea modi�ed sequence
of statementsmight still producethe samevisible effects.However, we arenot inter-
estedin caseswherethe observablebehavior of a client of a composedhierarchyis
accidentallyidenticalto its originalbehavior.

12



3.3 Checking for dynamic interfer ence

We would like to verify whetheror not a certaincompositionexhibits dynamicinter-
ference.In general,determiningwhetheror not two arbitraryprogramswill execute
the samestatementsequencesfor all possibleinputs is undecidableof course.How-
ever, for the compositionsstudiedin this paper, the situationis not hopeless.Our ap-
proachwill be to develop a noninterferencecriterion that implies É�Ê7Ë`ÌKÍ/Î`Í/ÏŸÍ/ÐHÑ9Ò =

ÉRÊ7Ë.Ì�ÓªË�Ô3Í/Î`Í�Ï^Í�ÐŸÑ�Ò that is basedon staticanalysisinformation.This approachis
alsousedin our earlierwork on semantics-preservingclasshierarchytransformations
[17,16]. Beinga suf�cient, but not a necessarycondition,our criterionmayoccasion-
ally generatefalsealarms.However, we believe that the impactanalysisof Section4
will providetheuserwith suf�cient informationto determinewhetherreportedinterfer-
encescanoccurin practice.

De�nition 12 de�nes a function srcHierarchythat de�nes the classhierarchythat
a programconstructoriginatedfrom. The srcHierarchyof an object is de�ned asthe
srcHierarchyof thestatementthatcreatedit. De�nition 13 usessrcHierarchyto de�ne
theprojectionof a stateontoa hierarchy.

De�nition 12 (srcHierarchy). For Ë ÕÖÊ›×¬Í'ØÙÒ , ÚÛÕÝÜEÞ9Í/ßáàãâäË , å â�ß ,
and a statementæ in bodyÊCå
Ò , we write srcHierarchyÊEÚ	ÒFÕ srcHierarchyÊ›å�Ò-Õ

srcHierarchyÊEæKÒgÕ Ë . Moreover, let æèç éŸê�ëìÚLÊ:í'í'í�Ò be an object creation
site, and let object îïâ Value be an instance of Ú created by æ at run-time.
Then, srcHierarchyÊCî�Ò®Õ srcHierarchyÊEæKÒ . Further, for any ðGâ Var, we de�ne
srcHierarchyÊ›ð�Ò#Õ srcHierarchyÊEæKÒ , where æ is the static program part responsible
for thecreationof ð at run-time.

De�nition 13 (stateprojection). Theprojectionof a programstateÐ ontoa hierarchy
Ë is de�ned as Ð2ñ ËïÕ>ò&ðkó ôöõkñ«ðkó ô÷õøâãÐaÍ srcHierarchyÊCð�ÒRÕùË�ú . Moreover,
weextendtheprojectionoperator to applyto a sequenceof programstatesasfollows:

û

Ê7Ë.Ì�ÓkË�Ô�Í�Î�Í�Ï^Í�ÐŸÑ�Ò'ñ Ë.Ì#ÕäÐHÑ�ñ Ë.ÌZôÝÐ�Ì=ñ Ë.ÌZôÝÐŸÔ"ñ Ë.ÌZô í'í&í , where
û

Ê7Ë
ÌÙÓ

Ë�Ô�Í�Î�Í�Ï^Í�ÐŸÑKÒ2ÕkÐHÑ+ôüÐaÌýôüÐ^Ô+ôþí'í&í .

Thenoninterferencecriterionreliesoninformationproducedby apoints-toanalysis
[2]. A points-toanalysiscomputesfor eachreference-typedvariablethesetof objects
that it may point to. De�nitions 14 and15 de�ne appropriatenotionsObjectRefsof
objectreferencesandObjectsof objects.

De�nition 14 (object reference).Let Ë bea hierarchy. Then,ObjectRefsÊ7Ë.Ò ÿ Var is
thesetof all objectreferencesin Ë . This includesclass-typedlocal variables,method
parameters, �elds, staticvariables,andthis pointersof methods.

De�nition 15 (object). Let Ë bea hierarchy. Then,ObjectsÊ›Ë.Ò is thesetof all object
creationsitesin Ë , that is, all statements

�

ç������kÚLÊ	�
��� Ò
� occurring in somemethod
body. Moreover, for îIâ ObjectsÊ7Ë.Ò , î�ç������ ÚLÊ����
� Ò , wede�ne TypeOfÊ7Ë)Í�î�Ò�ÕkÚ .

Finally, De�nition 16 formalizesthenotionof points-tosets.We do not make any
assumptionsaboutthe speci�c algorithmusedfor computethesepoints-tosets.Any
methodsuitablefor object-orientedlanguageswill do (e.g.,[10,13]).

13



De�nition 16 (points-to sets).Let � bea hierarchy, andlet ��� ObjectRefs����� . Then
PointsTo ����������� Objects����� is the setof all objects(representedby creationsites)
thatobjectreference� mightpoint to at run-time.

The noninterferencecriterion (De�nition 17) statesthat the methodinvoked by a
virtual methodcall �! "#�	$%$&$'� (asdeterminedby applyingStaticLookupon thereceiver
object)in ��(*)+��, is thesameasit wasin ��( . Note that theconditiondoesnot say
anythingabout��, objects.While thepoints-tosetsin thecomposedhierarchymayalso
contain��, objects,theseobjectsarenevercreatedby clientsof ��( , andthereforeneed
notbeconsidered.

De�nition 17 (noninterferencecriterion).
A composition � ( )-� , meets the noninterference criterion if for all

� � ObjectRefs��� ( � , for all method calls �. "#�	$&$%$'� in � ( , and for all
/

� PointsTo ���
(

)0�
,

�����21 Objects���
(

� we have that StaticLookup���
(

�435��"��

= StaticLookup���
(

)0�
,

�4376��4"�� where 3 8 TypeOf���
(

�

/

� , and 376 8

TypeOf���
(

)#�
,

�

/

� .

Theuseof points-toinformationdeservesa few morecomments.First, onemight
wonderaboutthe consequencesof usingimprecisepoints-toinformation(i.e., overly
large points-tosets).In this case,the “for all / ” in the noninterferencecriterion runs
over a larger scopethannecessary, makingthe criterion strongerthannecessary, and
spuriousinterferencemaybereported.However, thecriterionis safein thesensethatit
will nevererroneouslyreportnon-interference.

Most points-toanalysisalgorithmscomputeinformationthat is valid for a speci�c
client 9 . This hastheadvantagethat thepoints-tosetsaremoreprecise,reducingthe
numberof falsealarms.However, in this casethenoninterferencecriteriononly holds
for the client 9 . To computeresultsthat are safefor any client, one could employ
algorithmssuchas[14] thatarecapableof analyzingincompleteprograms.

3.4 Justi�cation

We will now demonstratethat the noninterferencecriterion of De�nition 17 ensures
that the behavior of client 9 of �

( is preserved.The analogousargumentfor �
, is

completelysymmetrical.
Lemma3 statesthat it is suf�cient to demonstratethat thesequenceof call targets

in �
( doesnot changeaftercomposition.

Lemma 3. For all 9 , : and ;=< , we have that: >7?�@BA'C	DEC	FGCIHKJMLON >7?�@EAQP

@SR%CTDBCIFGCTHKJ
L N=U V2?�@EAWC	DEC	FGCXHKJMLYN V2?�@EABPZ@SR%C	DECTFGCTHKJWL and therefore:
>7?�@EAWCTDBCIFGCTHKJ
L.N[>\?�@EA4P]@SR&C	DEC	FGCXHKJMLQN=U_^`?�@EA
CTDBCIFGCTHKJ
L.Na^`?�@EA'P5@SR&CTDBCIFGCTHKJ
LWb @EA

Proof. The proof is by induction on the length c of sequencede���f(g�'9f�4:h�4;=<�� . For
ci8kj , the statementis trivial, as both hierarchiesstart in state ;

< . Now consider
statementlnm in de���

(
�'9f�4:h�4;

<
� . By induction, the previously executedstatements

l
(

�Wl
,

�% & & WlnmGo
( arethesamein both de���

(
�'9f�':=�';

<
� and de���

(
)0�

,
�'9f�4:h�4;

<
� , and

leadto correspondingstates;�mGo
( and ;hmGo

(qp
�

( , respectively.
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Now, r�s is a statementat someposition t in somemethoduwv of x�v . By assump-
tion, thesequenceof executedmethodbodiesis thesamein xfvny�x�z . Sincethereis no
staticinterference,wemayconcludethatweareat thesameposition t in somemethod

u z in x v yQx z , for whichbody{|u vM}•~ body{�u z�} . Hence,r s is alsothenext statement
to beexecutedin €�{�x v y0x z‚•'ƒf•4„h•4…=†�} .

Now therearetwo cases.1) r s is a methodcall ‡.ˆ u[{�‰&‰%‰ } . Then,by assumption,
this call resolvesto thesametarget Š4‹4Œ which is executedin thesamestate…�sG•�v . Thus,
afterexecutionof themethodbody, bothhierarchiesarein thesamestate…ns atthesame
position t�Ž in thesamemethodbodiesu�v and u�z . 2) r�s is not a methodcall. Then,it
mustbethesamein u�v and u�z dueto theabsenceof staticinterference.Hence,after
execution,thesamestate… s is reached. •

Theorem1 (correctnessof criterion). Let x�v•y‘x�z bea compositionthat meetsthe
noninterferencecriterion of De�nition 17. Then,we have that: €�{�xfv

•4ƒ�•4„h•4…
†

}‘~

€e{�x�v`y’x�z
•4ƒ�•4„h•4…

†
}

and “�{�x�v
•'ƒf•'„=•'…

†
}”~

“�{�x�v`y•x�z
•4ƒ�•4„h•4…

†
}%–

x�v , for all
ƒf•4„h•4…

† .

Proof. Again the proof is by inductionon — . For —
~™˜

the statementis trivial, as
both hierarchiesstart in state

…
† . Now considerstatementr.s in €�{�x�v

•4ƒf•'„=•'…
†

}
. By

induction, the previously executedstatementsršv
•

rnz
•

ˆ&ˆ%ˆ'rnsG•�v are the samein both
€e{�x

v›•4ƒ�•4„h•4…œ†g} and €e{�x
v

ywx
z‚•'ƒf•'„=•'…œ†�} andleadto correspondingstates…�sG•nv and

…=sG•�v‚–
x

v , respectively. As in thepreviouslemma,wemayconcludethat r
s is thesame

in bothexecutionsequences.(This time thenecessaryfactthatthepreviouscall targets
havebeenthesameis notby assumption,but by induction:if r

v••
r

z‚•
ˆ%ˆ&ˆ arethesamein

both €e{�x
v••'ƒf•'„=•'…œ†�} and €e{�x

v
y[x

z‚•4ƒf•'„=•'…œ†g} , soare r.‹'ž
•

r�‹4Ÿ
•

ˆ&ˆ%ˆ and Š�‹Wž
•

Š�‹�Ÿ
•

ˆ&ˆ%ˆ ).
Now therearetwo cases.If r

s is notamethodcall or datamemberaccess,wemay
concludethatthecorrespondingstates…

s and
…

s
–

x�v areproducedin “�{�x�v
•'ƒf•'„=•'…

†
}

and “�{�x�v‚y2x�z
•4ƒ�•4„h•4…

†
}&–

x�v , respectively. In caser�s
~

‡!ˆ u#{� 
}
, weknow

…
sG•�v•{¡‡

}*¢

PointsTo {�x�v•y#x�z
•

‡
}

(rememberthat
…

sG•�v wasreachedin both x�v and x�v]y”x�z ).
Furthermore,

…
sG•�v›{£‡

}S¢
Objects{�x�v

}
, as

…
sG•nv

–
x�v

¢
“�{�x�v

•'ƒf•'„=•'…
†

}
, and x�v does

not contain x�z objects.We know StaticLookup{�x�v
•
TypeOf{�x�v

•'¤›}M•
u

}�¥ ~i¦
andby

the typecorrectnesslemmathusStaticLookup{�x�v•y0x�z
•
TypeOf{�x�v•y#x�z

•4¤›}&•
u

}§¥ ~

¦
. By thestaticnoninterferencecriterion,bothstaticlookupsmustcomputethesame

result,namelymethodde�nition (resp.datamember)u . After executionof u 's body
(resp.accessto u 's valuein state…�sG•nv ), we mayasin theabove lemmaconcludethat
executionof bothhierarchiesis in thesamestate…�s . •

Example6. For the example of Figure 5, we have PointsTo {�x
v••W¨G} ~

PointsTo {�x
v

y#x
zq•'¨G} ~ ©&ª.«‚¬ . For the method call o.foo() , we obtain

StaticLookup{�x
v›• TypeOf{�x

v••	ª.«g}
•4­K¨G¨
{

}4} ~ StaticLookup{�x
v••�ªn•4­K¨G¨

{
}�} ~

®

ˆ
­K¨G¨

{
} , but StaticLookup{�x

v
y#x

z‚• TypeOf{�x
v

y0x
z›•	ª.«g}
•'­K¨¯¨

{
}�} ~

StaticLookup{�x�v•y#x�z
•	ªn•4­K¨G¨

{
}4} ~ ª

ˆ
­G¨G¨

{
}
. Hence, dynamic interference is

reported.•

In Example7 and in subsequentexamples,we usethe labelsshown in boxes in
Figure1 to identify objectcreationsites.
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Example7. For client Driver1.main() in Figure 2, we
obtain PointsTo °�±�²•³#±�´‚µM¶=·g¸ ¹ Objects°�±�²%¸ = º »n· ¼ ,
PointsTo °�±�²•³#±�´qµ	½.·g¸ ¹ Objects°�±�²%¸ = º ¾n· ¼ . Hence,
StaticLookup°�± ² µ TypeOf°�± ² µ4»n·g¸
µ'¿‚ÀKÁœÂKÃ¯Ãh°X¸�¸ = Ä�± ² µ4»KÂ‚ÅKÁhÆ‚¿hÇÈ¿›ÀKÁœÂKÃGÃ=°X¸�É =
StaticLookup°�± ² ³#± ´ µ TypeOf°�± ² ³0± ´ µ'»Ê·g¸WµW¿‚ÀGÁœÂKÃGÃh°�¸�¸ . Moreover, we have
that StaticLookup°�± ² µ TypeOf°�± ² µ'»Ê·g¸WµWË=Æ¯ÆKÌgÍ¯À�°�¸�¸ = Ä|± ² µ4»KÂ‚ÅKÁ�Æ›¿hÇÈË=Æ¯ÆKÌgÍ¯À�°�¸�É

= StaticLookup°�± ² ³0± ´ µ TypeOf°�± ² ³0± ´ µ4»n·g¸Wµ'Ë=ÆGÆKÌ�Í¯À�°�¸4¸ , and
that StaticLookup°�± ² µ TypeOf°�± ² µ�¾�·g¸WµWË›½G½KÁœÂqÎK¿¯Ï¯ÁœË¯Ð‚Å=ËqÑÊÌ›Â›Àn°�¸4¸ =

Ä�±�²›µ�¾GÁœÂqÒK¿=ÆGÆ‚Â‚ÁÊÇÈË‚½¯½KÁœÂqÎG¿¯Ï¯ÁKËqÐ‚Å=ËqÑhÌ›Â›Àn°X¸�É = StaticLookup( ±�² ³

±�´ ,TypeOf°�±�²•³0±�´›µ4¾n·g¸ , Professor.approveGraduation() ). Similar
argumentscanbemadefor all othermethodcalls in Figure2. Hence,thebehavior of
Driver1.main() in ±�² is preservedin ±�²•³#±�´ . Ó

In fact, the basic compositionin Figure 2 preserves the behavior of any pos-
sible client. Potential clients may introducearbitrary allocation sites and arbitrary
points-to relationships.A conservative approximationmust thereforeassumethat
for any member accessÔ.Ç Õ[°�Ö&Ö%Ö'¸Ø×Ù±�² , PointsTo °�±�²•³0±�´qµ|Ô�¸E¹ Objects°�±�²%¸

contains all allocation sites Ú × Objects°�±�²%¸ where TypeOf°�±�²•³0±�´›µ'ÚÛ¸OÜ

TypeOf°�±�²Û³#±�´‚µ|Ô�¸ . Nevertheless, StaticLookup°�±�²›µ TypeOf°�±�²gµWÚ•¸
µ4Õ�¸ =
StaticLookup°�±�²•³#±�´‚µ TypeOf°�±�²•³0±�´‚µWÚ•¸
µ4Õ�¸ , because in the example the
methodsfrom ±�² and ±�´ areeitherdisjointor identical.

3.5 Overriding compositions

The noninterferencecriterion wasdesignedfor basiccompositions.It canbe applied
to overriding compositionsas well, but will report failure as soonas a methodcall

Ô.Ç Õ[°�Ö&Ö&ÖW¸ resolvesto methodsthathavedifferentbodiesin ±
² and ±

²
³�±

´ . Neverthe-
less,interferencechecksmaystill succeedif theoverriddenmethodsarenot reachable
from client code.Constructingan interferencecheckfor overridingcompositionsthat
ignorescon�icts that usersareawareof (via the Ý -ordering)is a topic for future re-
search.

Example8. Let us apply the criterion to Figure 6. We have PointsTo °�±
²

µ'ËG¸ßÞ

PointsTo °�±
²

³#±
´

µ'ËG¸ Þ ºáà.· ¼ , but due to the overriding,
StaticLookup°�±

²
µ TypeOf°�±

²
µ	à.·g¸
µ4ÒKÂGÂG¸ = Ä�±

²
µ4âÊÇ ÒKÂGÂGÉ ãÞ Ä�±�ägµ4â�Ç ÒKÂGÂ¯É =

StaticLookup°�±
²

³#±
´

µ TypeOf°�±
²

³0±
´

µ�à�·g¸Wµ'ÒKÂ¯ÂG¸ . Hence, the behavior of call
a.foo() is not preserved.For call x.bar() , we obtainPointsTo °�±

²
³#±

´
µ�åœ¸eÞ

ºæàœç2¼ , hencePointsTo °�±�²•³#±�´‚µ�åœ¸n¹ Objects°�±�²%¸ÛÞéè . Thusthecriterionis trivially
satis�edfor x.bar() . Ó

Remark:In Example8, onemight wonderwhy thecriterion is satis�ed for x.bar()
despitethefactthatthebehavior of thiscall obviouslychanged:WehavethatB.bar()
is calledin ±

²
³a±

´ whereasA.bar() wascalledin ±
² . This secondarybehavioral

changeis causedby anotherchangein behavior (in this case,thechangedbehavior of
call a.foo() , which causesx to be boundto an objectof type B). While the non-
interferencecriteriondoesnotnecessarilydetectsecondarybehavioral changes,it does
�nd all primarychanges,whichsuf�ces to guaranteebehavioralequivalence.Secondary
changesaredetectedby impactanalysis,aswill bediscussedin Section4.
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4 Impact Analysis

Whenthepurposeof compositionis to addfunctionalitythatis not completelyorthog-
onal to thesystem's existing functionality, changesin behavior areoftenunavoidable.
The interferencecheckof Section3 determineswhethera the behavior of a speci�c
client ê is affected.In principle,onecouldmanuallyapply the interferencecheckto
successively smallerclientsto determinetheimpactof thecomposition.However, such
anon-automatedprocesswouldbetediousandlabor-intensive,andproblematicin cases
whereit is not possibleto partitionthecodein ê . In this section,we adaptthechange
impactanalysisof [15] soasto automaticallydeterminethesetof programconstructs
affectedby acomposition.

4.1 Changeimpact analysis

The changeimpactanalysisof [15] assumesthata programis coveredby a setof re-
gressiontestdriversëíìïî'ðgñ&ò%ò&ò�ñ4î	ó . Eachtestdriveris assumedto consistof aseparate
main routinefrom whichmethodsin theapplicationarecalled.Prior to theeditingses-
sion,acall graph ôöõ is built for eachî�õ . Any of severalexistingcall graphconstruction
algorithmscanbeused(see,e.g.,[20]).

After the userhasendedthe editing session,the editsaredecomposedinto a set
÷

of atomicchanges.Thechangesin
÷

fall into thefollowing categories:(i) addition
of an (empty) class(AC), (ii) deletionof an (empty) class(DC), (iii) addition of 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) changein method
dispatchbehavior (LC). With theexceptionof theLC category,

÷

comprisesa setof
classes(AC, DC), methods(AM , CM, DM), and�elds (AF, DF) for eachcategory of
atomicchanges.LC consistsof asetof elementsof theform ø�ù5ñ'úüû ý#þ�ÿ�� , indicatingthat
thedispatchbehavior for acall to úüû ý#þ�ÿ onanobjectof type ù haschanged.In general,
asimpleusereditcanimply severalatomicchanges.For example,additionof amethod
mayinvolvetheadditionof anemptymethod(AM ), achangein dispatchbehavior (LC)
of existingcall sitesin caseswheretheaddedmethodoverridesanexistingmethod,and
a changeof a methodbody(CM).

AffectedTests�������
	���
���������������� Nodes����������	���� CM � DM 	�	 � �"!$#%�


&�'���(���)�*���,+�� Nodes���%�'����	-� n. BA.m � Edges���%�'����	-�

/�0

��132 45��	�6%� LC �

087 9;:=< 9

1>#

Fig.7. De�nition of AffectedTests(takenfrom [15]).

By analyzingthecall graphsô
õ andthesetof atomicchanges

÷

, asubsetof affected
testsë8? @íë is determined.Figure7 illustratesshows how correlatingthenodesand
edgesin thecall graphsfor the testdriverswith theCM, DM, andLC changesleads
to the identi�cation of a setof affectedtests î

õ . Here,NodesþBA*ñ�î
õ

ÿ andEdgesþBA*ñ�î
õ

ÿ

denotethe setof nodesresp.edgesin the call graphfor testdriver î'õ . Any testdriver
that is not in ë

? is guaranteedto have the samebehavior asbefore.If a testdriver î'õ

occursin ë , theusercanrun this testto determineif thenew behavior of thetestmeets
hisexpectations.If this is not thecase,anadditionalanalysis(alsobasedoncall graphs)
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determinesa subsetof atomicchangesCED%FGC thatcontributeto H�I 's alteredbehavior.
Theusercanapplysuccessively largersubsetsof CED to identify thechangethat“broke”
testdriver H�I . Alternatively, divide-and-conquerstrategiessimilar to theonesin [22] can
beappliedto quickly narrow down thesearchspace.

4.2 Impact analysisfor composition

Weadapttheanalysisof [15] to determinetheimpactof acompositionJLKNMOJQP onaset
of testdriversRTSUH KWVYXYXZX�V H�[ associatedwith hierarchyJ I by viewing thecomposition
asa setof changesw.r.t J I . De�nition 18 �nds for any class/memberin J K M\J P , the
classes/membersin J K and J P thatit originatesfrom.

De�nition 18 (origin). Let J K S^]`_ KaVYb
K�c and J P S^]`_ PdVYb=PZc be two classhierar-
chies,let JeSfJ K MUJ P S^]`_ VZbgc , and let h be the setof equivalenceclassescon-
structedby De�nition 2. Furthermore, let i bea classin _ , andlet jlk members]�i

c
.

De�ne:

origin ]�i
c

SnmpoBi�D
V

Jpq=rWs"kth
V
namesig]Bs

c
S namesig]�i

c�V
o�i�D

V
Jpq kuswv

origin ]�j
c

S>m5oBixD
V

jpD
V

Jtqyrzo'i�D
V

Jtq k origin ]Bi
c�V

jpD�k members]�i�D
c{V

namesig]�j
c

S namesig]�jpD
c�V body]�j

c
S body]�jtD

c

De�nition 18de�nestheorigin of aclassi in _ asthesetof (class,hierarchy)pairs
in its equivalenceclass,andtheorigin of amethodj in i is thesetof methodsin each
suchclasswith the samenameandbody as j . Note that thesede�nitions work with
bothof themembersde�nitions givenearlier.

Example9. For hierarchy J|S}JpK
M~JQ• of Figure3 we have origin €‚•aƒW„Z…a†a‡ˆ‡‰„ZƒNŠx‹

Œt•

•aƒa„Z…a†W‡ˆ‡Z„Zƒ•Ž�•O‘“’-Ž

•

•aƒa„Z…a†W‡ˆ‡Z„Zƒ•Ž�•x”-’�• and origin €‚•aƒW„Z…a†a‡ˆ‡‰„Zƒ•– —Y˜‰˜aƒW„Z™a†‰š‰ƒW—Z›‰œW—Z•dž‰„YŸ�Š ‹

Œ •

•ˆƒW„Z…a†W‡‰‡‰„Zƒ•Ž¡—Y˜ˆ˜aƒa„Z™a†ˆš‰ƒa—Z›‰œd—Z•Wž‰„YŸ¢Ž;•x”�’,• . £

It is now straightforward to constructthe setsof atomicchangesw.r.t. oneof the
original hierarchies.For example,for the compositionJ¤S¥J

K
M~J

• , where J¤S

o`_
VYb

q , J
K

S¦o�_
KaVYb
K

q , and J
•

S¦o�_¨§
VYb

§Oq , thesetsAC andCM w.r.t. J
K maybe

computedas:
©

iªS>m«i
D

rzo'i
D

V
J

D
q¬k origin ]Bi

c�V
i­kt_

V
J

D¯®
S°J

K
v

ix±²S>m¯jpD)r$o�i�D
V

JtKYq k origin ]Bi
c{V

iTk5_
V

jpD�k members]Bi
cYV

origin ]�jpD
c

SG³
V

® ´
j in members] C'

c
s.t.

namesig]�j
c

S namesig]�j
D

c
andbody]�j

c
S body]�j

D

c
v

Theothersetsof atomicchangesarecomputedsimilarly. Wecannow applytheanalysis
of [15] to determinetheimpactof thecomposition.

Example10. Considertheoverridingcompositionof Figure3. Interpretingthe J
K

M�J
•

asasetof changesw.r.t. J
K , we �nd thatDriver1.main() is affected,becauseCM

containsmethodProfessor.approveGraduation() , which occursin the call
graphfor Driver1.main() . Moreover, interpreting JuK=MGJQ• asa setof changes
w.r.t. JQ• , we �nd thatDriver3.main() is not affected,becausethecall graphfor
Driver3.main() doesnot containany added,changed,or deletedmethods,or any
edgescorrespondingto a changeddispatchbehavior.
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Thusfar, we have computedtheimpactof a compositionon a setof testdrivers.In
orderto obtainmore�ne-grainedinformation,onecouldconstructaseparatecall graph
for eachmethodµ in hierarchy¶u· (usingappropriateconservativeassumptionsabout
therun-timetypesof parametersandaccessed�elds), andproceedasbefore.Then,im-
pactcouldbereportedasthesetof methodswhosebehavior might have changed.For
example,if separatecall graphsareconstructedfor all methodsof ¶ · in theoverrid-
ing composition¶¹¸G¶5º of Figure3, we canreport that only the behavior of meth-
odsDriver1.main() andProfessor.approveGraduation() is impacted
by the compositionbecausethesearethe only methodsthat transitively call methods
whosebehavior mayhave changed.Spacelimitationspreventusfrom providing more
details.

5 Relatedwork

Researchon aspect-orientedsoftwaredevelopmenthasbeengainingin popularityre-
cently [1]. In essence,the goal of this �eld is to obtainmoreextensibleandreusable
designsby distributing unrelatedfunctionalityover disjoint hierarchiesor aspects.To
achieve this, a mechanismfor composingthesefunctionalitiesinto executablecodeis
needed.In our setting,this is accomplishedby composinghierarchies.Aspect-oriented
languagessuchasAspectJ[7] have languageconstructsthat allow oneto specifythe
conditionsunderwhich a pieceof adviceis “wovenin” at a joint point. Until recently,
therehasbeenvery little work on thesemanticfoundationsof composition.

Theworkmostcloselyrelatedto oursis theAspectSandbox(ASB)projectbyWand
etal. [21], whoincorporateseveralkey aspect-orientedlanguageconstructssuchasjoin
points,pointcutdesignators,andadviceintoasimplelanguagewith procedures,classes,
andobjects.Wandet al. formalizethesemanticsof this languageusinga denotational
semantices.Wand et al. do not provide any guaranteesaboutthe noninterferenceof
aspects,nor do they determinethesemanticimpactof “weaving in” anaspect.

Ourapproachis similar in spirit to thework by Binkley et al. [3] on theintegration
of C programsthat arevariationsof a commonbase,by analyzingandmerging their
programdependencegraphs.Similarto ourwork,Binkley etal. useaninterferencetest,
whichis asuf�cient criterionfor noninterference.Themaindifferencesbetween[3] and
our work is that [3] operatesat thestatementlevel, whereasour techniquesoperateon
calling relationshipsbetweenmethods.Binkley et al. do not considerobject-oriented
languagefeatures.

Compositionof object-orientedprogramshasbeenstudiedby otherauthorsin the
context of component-basedsystems(see[11] for acollectionof relevantarticles).One
approachis concernedwith thedynamicinteractionof concurrentobjects,andthegoal
is to createnew behavior asa compositionof given behavior. Our approachaims to
preserve old behavior while combininggiven behavior. Another line of researchhas
investigatedthecompositionof systemsfrom components,wherethecomponentsare
treatedasblackboxesandcomewith someinterfacespeci�cation,usuallyin theform
of a typesystem.

We alreadydiscussedhow our impactanalysisis a derivativeof thechangeimpact
analysisof [15]. Offutt andLi [9,8] alsopresentedachangeimpactanalysisfor object-
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orientedprograms,which only relieson structuralrelationshipsbetweenclassesand
members(e.g.,containment),andis thereforemuchlessprecisethanapproachessuch
as[15] thatrely onstaticanalysis.

6 Future Work

The work presentedin this paperrepresentsa �rst stepin an ongoingeffort to pro-
vide bettersemanticsupportfor composition-basedsoftwaredevelopment.We planto
implementthe compositionsand interferencecheckof this paper, andgain practical
experiencewith theapproach.Otherfuturework includes:

– The currentpaperabstractsaway from peculiaritiesof speci�c programminglan-
guages.ProgramminglanguagessuchasJava containseveral featuresthat require
furtherthought(e.g.,exceptionhandling).

– We plan to exploremorecomplex compositionssuchas“merging” compositions,
in which two interferingmethods»w¼ and »p½ are“merged” in someuser-speci�ed
way(e.g.,by constructinganew methodthat�rst executesthebodyof »

¼ andthen
thatof »

½ ).
– We plan to investigatemoresophisticatedinterferencetestscanthat canprovide

behavioral guaranteesevenin thepresenceof dynamicinterference,by takinginto
accountthosecon�icts thatusershaveexplicitly resolved.
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