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Abstract

Java hasmultiple inheritanceof interfaces,but only singleinheritanceof code.

This situation leadsto code being duplicated in Java library classesand ap-

plications. We describe a generalizationof a Java Virtual Machine (JVM) to

support multiple inheritance of code.

Our approach placescode in interfaces,without requiring languagesyntax

changesor compiler modi�cations. In our extendedJVM, we useinterfacesto

represent either new typesof interfaceswith code or traditional interfacesin

Java. We de�ne and implement a super call mechanism resembling the onein

C++, in which the programmercan specify an inheritancepath to the desired

superinterfaceimplementation. We introducea simplenotation for super calls

to interfaces.Furthermore, we develop scripts that allow a programmerto use

multiple code inheritance with existing Java compilers.

We have modi�ed a JVM to support multiple code inheritance. Our imple-

mentation doesnot a�ect the running time or the semantics of standard single

inheritance Java programsand executescorrectly programsthat usemultiple

inheritance.
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Chapter 1

In tro duction

Object-oriented programming languagesare tools intended to clearly express

the powerful featuresthat de�ne the object-oriented programming paradigm,

in an attempt to better model real-world phenomena. Among featuressuch

as encapsulation,polymorphism, and inheritance, the latter distinguishesit-

self as one of the most important mechanisms for organizing, building and

reusing types in a programming environment. In the absenceof inheritance,

types are independent and they are constructed without taking advantage of

possiblecommonalities;the programmerhasto explicitly ensureeventual con-

sistencyamongsimilar types. Beforeintroducing the conceptof multiple code

inheritance, we explain the notions of type and inheritance.

In general,the term typ e is usedto describe a set of possiblevaluesthat

obey certain imposedrules (i.e., contain common features, such as a set of

operations). Therefore, a type consistsof two notions: value (or state) that

varies acrossinstancesof the type and a set of common operations for the

type. When a variable of a given type is declared,the variable is expected to

behave in a certain manner accordingto the type it belongsto. For example,

the mathematical notion of integer assumesa speci�c set of operations for all

its values. The binary operation + sumstwo integersand returns an integeras

the result of the computation. The notion of string (seriesof characters)di�ers

from integerin both its setof operationsand the nature of its storeddata. The

binary operation + hasthe samesyntax asthe addition operation for integers,

but it has a di�erent semantics (i.e., concatenation). Moreover, there are op-
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erationsfor onetype which do not make sensefor another type: the operation

which returns a character at a given position in a string, charAt(index) , has

no analogin the integer type.

In order to understandinheritance [2], someof the underlying conceptsof

object-oriented languageshave to be de�ned: objects, classes,interfaces, and

messages. Their interactions help programmersto model various real-world

situations in software applications.

An object is a conglomerateof behavior(set of operations)and data (state).

The data of an object, represented by variables, can be modi�ed through

behavior, represented by methods (each method can be further split into a

method signature and a method body). Objects interact with each other by

passingmessageswhich, depending on the type of their receiver object (and

possiblyon the type of arguments), can trigger speci�c method executions.A

classcan be seenasa prototype of all objects with the sametype of variables

and behavior. An interface is a contract containing only method signatures

and constant declarations. Each classimplementing an interface has to meet

the requirements of the contract: it hasto eventually implement (i.e., provide

method bodies for) all the methods declaredin the interface it implements.

Unlike classesand interfaces,primitiv e typesare non-object types. Sincewe

are interestedin the mechanismof object inheritance,we will ignorethe prim-

itiv e typesin our discussionbelow.

We usethe term prop ert y (or feature ) of an object to refer to any com-

bination of method signatures, method bodies, or data for that object. Method

signatures (operations or prototypes) constitute all the messagesthat can be

sent to an object of a type, method bodies(code) are the methods that provide

an implementation for the signaturesde�ned in that type, and data (instance

variables,state, or attributes) represent the information stored,not computed,

in the object. Java usesthe interface and classlanguageconstructs to group

objects with this variety of properties. Interfacesare groupsof method signa-

tures. Classesconsistof method bodiesand data.
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Data-type

ClassInterface

Type

Interface-type Code-type

Figure 1.1: Type distinction in Java.

1.0.1 A View of Ob ject T yp es

In order to better individualize, separate, and exploit these three kinds of

properties, we introduce three new languageconstructs: in terface-t yp e de-

�nes the operations for a groupof objects,code-t yp e associatescodewith each

operation of the interface-type that it implements, and data-t yp e describes

the data representation (the data layout of objects that implement code-types

for an interface-type) and supports object creation.

It is desirableto designand implement software that explicitly di�erenti-

ates among these concepts. The motivation for and advantages of separate

languagemechanismsfor theseconceptsare described by Leontiev, Ozsu,and

Szafron[19] [20]. Unfortunately, most popular object-oriented programming

languagesdo not entirely separatethese three concepts. For example, Java

hastwo languageconstructs, interface and class, that partially separatethese

three concepts(as shown in Figure 1.1), whereasSmalltalk and C++ combine

all three conceptsinto a singleclassconstruct. Brad Cox deliberately did not

provide the Objective-C programming languagewith multiple inheritance be-

causehe believed that, while inheritancewasan implementation tool, it alone

was of little help in specifying classes,both statically (how they �t into their

environment) and dynamically (what tasks they can actually perform). As

it was de�ned, inheritance did not alleviate \the lack of robust speci�cation

tools for software" [6].

Our long-term goal is to provide separatelanguagemechanismsfor each of
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theseconcepts(Figure 1.1). Our short-term strategy is to explicitly model the

threeseparateconceptsin existingpopular programminglanguagesto evaluate

the utilit y of conceptseparationand to increasethe demandfor separationin

future languages.This dissertationdescribesa successfulattempt to explicitly

model these three conceptsas separate languageconstructs in Java, using

existing languageconstructs.

1.0.2 A View of Inheritance

The term sub-t yp e describesany specialization of a type and is represented

by an arrow in a class,interface,or primitiv e type (parent type or super-type)

diagram. Sub-types can modify properties of super-types and can also add

new ones.However, a sub-type cannot remove a property from a super-type.

When objects of di�erent types (interface-type, code-type, or data-type)

have commonfeatures, inheritance [33] provides a mechanism to reusesome

featuresfrom a type in another type. It also organizesand builds new types

basedon existing ones,reducing the number of declarationsand the amount

of executablecode that must be written.

With respect to the number of possibledirect super-typesof a type in an

inheritance diagram, two kinds of inheritance are distinguished: single inher-

itance and multiple inheritance. Single inheritance allows a type to have at

most one direct super-type. Multiple inheritance allows a type to have more

than one direct super-type, so that the child type represents a combination

of features from two or more parent types. In C++, \the original and fun-

damental reasonfor consideringmultiple inheritance was simply to allow two

classesto be combined into one in such a way that objects of the resulting

class would behave as objects of either base class"[31]. A classicexample

of multiple inheritance is illustrated in Figure 1.2 and can be found in the

standard iostream library in C++. An object of classiostream is both an

istream and an ostream, becauseit provides functionality to perform input

and output operations with a stream. Moreover, except for the constructor

and destructor, iostream inherits all its operations from its parent classes

istream and ostream.
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istream ostream

iostream

Figure 1.2: Example of multiple inheritance in C++.

There are three distinct useful ways to perceive inheritance in object-

oriented programs: in terface inheritance, code inheritance, and data

inheritance .

First, we use the term in terface inheritance to denote the situation

when a sub-type inherits the operations of its super-types. The principle of

substitutability states that if a languageexpressioncontains a referenceto an

object whosestatic type is A, then an object whosetype is A or any sub-

type can be usedinstead. Interface inheritance reliesonly on substitutabilit y

and does not imply that code or data are inherited. Java usesan interface

(Figure 1.1) to implement the conceptwe have called an interface-type. With

this terminology, Java currently supports multiple interface-type inheritance

or multiple interface inheritance.

Second,we use the term code inheritance when a code-type reusesthe

binding betweenan operation and the associated code in its parent's code-type.

Code inheritance canbe usedindependently of data representation sincethere

are many operations that can be implemented by simply calling more basic

operations. Each object-oriented languageimplements code-types in its own

way. In Java, C++ and Smalltalk, a class is usedas a code-type. However,

in all three languages,classeshave two other responsibilities, namely data

representation and object creation. In C++ and Smalltalk, the class also

has the interface-type responsibilities that are done in Java interfaces. Java

and Smalltalk have only single code inheritance, but C++ has multiple code

inheritance through classes. In this dissertation, we show a novel way to

implement multiple code inheritance in Java. This is the essential step to meet
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our goal of modeling each of these three conceptsseparately in Java using

existing languageconstructs.

Third, we use the term data inheritance when a sub-type reusesdata

(not code) from the super-type. Data inheritance allows a data-type to reuse

the object layout of a parent data-type. Of course, classesin Java, C++

and Smalltalk have both the data layout and object creation responsibilities.

Unfortunately, they also have other responsibilities that are better suited to

the other two languagemechanisms that we have called interface-types and

code-types. Neither Java nor Smalltalk supports multiple data inheritance,

but C++ does.

Sincepopular programming languagescombine code and data, they either

support both multiple code inheritanceand multiple data inheritance (C++),

or single code inheritance and single data inheritance (Java and Smalltalk).

Weusethe term implemen tation inheritance to refer to combined codeand

data inheritance. The term implemen tation-t yp e is used for a construct

that combinesa code-type and a data-type.

1.0.3 T yp es in Practice

In Chapter 2, we describe how existing programming languageswithout mul-

tiple code inheritance use di�erent alternatives to share code from several

types. They all su�er from one or more of these problems: repeated code

that bloats the code-base,mistakes when copying similar code, an increased

delegationoverheadby sendingtoo many messages,and a requirement that

all sourcecode must be available. The separationof inheritance conceptsis

alsocompromised.For example,in certain situations both interface-type and

code-type accessis necessaryfor the programmerto modify the code. Multiple

code inheritance, on the other hand, simpli�es the work of the programmer,

supporting simplede�nitions of complicatedmodels. Languagessuch asC++,

Clos, Cecil, and Dylan bene�t from using this concept.

In the processof analyzing the separationof inheritance conceptsas ap-

plied to Java, we explored several possibilities in order to achieve multiple

code inheritance. One option is to represent code-types by abstract classes.
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However, the example from Figure 1.2 illustrates that it is often necessary

to inherit code from multiple code-types. If code-types were represented as

abstract classes, we would needto modify Java so that an abstract classcan

inherit from multiple superclasses.

On the other hand, if we useinterfacesto represent code-types,wecantake

advantage of Java's current multiple-inheritance of interfaces.The problem is

simpli�ed to modifying Java to support code in interfaces. We solved this

problem by making straightforward and localizedchangesto the Java Virtual

Machine (JVM).

Our approach accessescode in superinterfacesand superclassesusing the

sameinheritance mechanism. We do not support multiple data inheritance,

since data cannot be declared in interfaces. However, as will be shown in

the next Chapter, multiple data inheritance is the causeof many complica-

tions in the implementation of multiple-inheritance in C++. At �rst glance,

it may appear that the opportunities for multiple code inheritance without

multiple data inheritance are few. However, as the examplesthroughout this

dissertation show, that is not a concern:all referencesto data are replacedby

abstract accessormethod invocations, that are implemented down the hierar-

chy in data-types(concreteclasses).

Our implementation has several advantages: it facilitates code re-use, it

supports separation of inheritance concepts,and it improves expressiveness

and clarity of implementation.

1.1 Research Con tributions

The research contributions of this dissertation include:

1. The �rst implementation of multiple codeinheritancein Java is provided.

It is basedon the novel conceptof adding code to a newtype of interface

calleda code-type. Only straightforward and localizedmodi�cations are

made to the JVM to support code within the interfaces. All existing

programscontinue to work as beforeand su�er no performancepenal-

ties. No changesneedto be madeto the syntax of Java to usemultiple
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code inheritance,sono compiler changesare necessary. However, syntax

changesthat would simplify coding are proposedfor the future.

2. We show how multiple code inheritance reducesthe amount of identical

and similar code (such as in the standard libraries) to simplify program

construction and maintenance.

3. We have also de�ned and implemented a super call mechanism that

resembles the one in C++, in which programmerscan specify an inher-

itance path to the desiredsuper implementation. We have introduced

a simple notation for these super calls that does not require compiler

support and proposeda simple syntax for future compiler support.

1.2 Dissertation Organization

In Chapter 2, we review the current state of multiple inheritance. In Chapter

3, we describe the current implementation of thoseparts of the JVM that are

involved in method dispatch. In Chapter 4, we describe how we modi�ed the

JVM to support code in interfacesand how this code is dispatched. This idea

is the key to our implementation of multiple code inheritance. In Chapter 5,

we describe the changesnecessaryto support a generalizationof the super

operation for multiple inheritance. In Chapter 6, we describe the experiments

we conductedto validate our approach. In Chapter 7, we discussthe mecha-

nism that the programmerusesto apply multiple codeinheritanceand propose

future syntax changesto simplify this mechanism. Finally, in Chapter 8 we

present future work and provide a summary.
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Chapter 2

The State of Multiple
Inheritance

This Chapter describes the state of multiple inheritance from four di�erent

perspectives. First, it presents someof the problemsassociated with multiple

implementation inheritancewhich have resultedin its absencefrom many pro-

gramming languages.Second,two modalities are described as substitutes for

multiple inheritance. Third, the advantagesof using multiple inheritance are

listed. Finally, a summaryof how variousprogramminglanguagesthat provide

multiple inheritance cope with the issuesintroduced by multiple inheritance

is presented at the end of this Chapter.

2.1 Problems with Multiple Implemen tation
Inheritance

When migrating from single to multiple implementation inheritance, new is-

suesarisedue to the existenceof several potentially unrelated parents (super-

types) from which a child (sub-type) inherits. It may be di�cult to determine

which particular version of an intended common feature will be propagated

from a super-type to a sub-type, if the sub-type doesnot provide a correspond-

ing feature of its own. Accessto each feature from super-typesis checked for

ambiguity { a situation in which an expressionusedto accessa property from

the super-type may not properly di�erentiate the contributing parent. Five

major problemsin ambiguity due to multiple implementation (code and data)

9



TypeA TypeB

TypeC

alpha()alpha()

(a) Simple ambiguit y.

TypeD
alpha()

TypeC

TypeBTypeA

(b) Diamond ambigu-
it y.

TypeD
alpha()

TypeC

TypeBTypeA
alpha()

(c) Special caseambi-
guity.

Figure 2.1: Operation ambiguities.

inheritance are analyzedseparately, followed by our solution to each of them.

The problemsare illustrated using examplesfrom C++ [12], a languagethat

supports multiple implementation inheritance.

2.1.1 Problem 1: Op eration Code Am biguit y

Figure 2.1(a) illustrates the casein which di�erent codefor the method alpha()

is provided in both super-typesTypeAand TypeB.

If morethan onesuper-typecontains operationswith identical names,there

hasto bea way to determinewhethersuch situations leadto codeselectionam-

biguities and, if so,eliminate them. An ambiguity occurswhenre-de�nitions of

a code implementation for operationsfrom a super-type occur on several paths

through the inheritancehierarchy. Di�eren t programminglanguagesthat sup-

port multiple code inheritance usedi�erent approachesto solve this problem.

Some languageschoose a particular super-type and qualify the ambiguous

namewith that super-type name. Other languagesuserenaming techniques.

Figure 2.1(a) illustrates the casein which di�erent code for the method

alpha() is provided in both super-typesTypeAand TypeB.

SinceTypeCdoesnot have an alpha() of its own (denotedby \{"), when

alpha() is called on an object of dynamic type TypeC, a dilemma is encoun-

tered as to which implementation of alpha() should be inherited. In C++,

the useof an ambiguousfunction generatesa compiler error. To eliminate the

10



error, a programmermust provide code for the ambiguousmethod alpha() in

TypeC. If the code in oneof the super-typesis wanted, the implementation of

alpha() in TypeCcan make a call to the appropriate super-type usinga scope

resolutionoperator (such asthe :: in the C++ approach), but a method that

contains this call must be provided by the programmer.

Figure 2.1(b) showsa morecomplicatedsituation. An invocation of alpha()

on an object whosedynamic type is TypeCmay alsobe consideredambiguous

sinceit could be arguedthat TypeCinherits code for alpha() indirectly from

TypeDthrough two di�erent paths, via TypeAand via TypeB. However, since

the code is the same,there is no real ambiguity. C++ usesa modi�ed multiple

sub-objects approach for inheritance;multiple copiesof a parent object canoc-

cur in the child object if, for example,the child inherits the parent indirectly

on two di�erent paths, as shown in Figure 2.1(b). Multiple sub-objects is the

default, but in certain casesthe programmer can specify that only one copy

should be used. In C++, for the default inheritance case,this situation is

consideredan ambiguity.

Figure 2.1(c) shows an even more complicatedsituation. An invocation of

alpha() on an object whosedynamic type is TypeCmay also be considered

ambiguoussinceit canbearguedthat TypeCinherits codefor alpha() directly

from TypeA and di�erent code for alpha() indirectly from TypeDthrough

TypeB. In C++, the compiler reports this as an ambiguity (for the default

inheritance) and the programmer must de�ne code for alpha() in TypeC.

In Pang et al. [24] it is argued that, since the code for alpha() in TypeD

is masked along at least one path by the code for alpha() in TypeA, there

is not an ambiguity and the code from TypeA is inherited in TypeC. This

lessconservative de�nition of ambiguity is especially important if a language

supports multi-dispatch [8] [9].

Our solution: For the situation in Figure 2.1(a), we mimic the C++ so-

lution. For the situations in Figure 2.1(b) and 2.1(c), we can implement either

the C++ solution or the lessconservative version. Currently, we are using the

lessconservative de�nition of ambiguity, sincewe are also interested in Java

multi-dispatch [4]. Becausewe do not yet have adequatecompiler support for

11



TypeC

TypeA TypeB
int a int a

(a) Data with the sametype.

TypeC

TypeA TypeB
int a char a

(b) Data with di�eren t types.

Figure 2.2: Data naming ambiguities: Case1.

multiple code inheritance in Java, insteadof signalingambiguities at compile-

time, we detect them at load-time (when the data structures associated with

the sub-type are built) and, at that point, we throw an exception. If no am-

biguities are detected,we proceedby executingthe unambiguousmethod; the

mechanism of choosing the method to invoke will be detailed in subsequent

Chapters.

2.1.2 Problem 2: Data Naming Am biguit y

In languageswith multiple inheritance,in addition to potential operation name

clashes,data nameclashescan alsooccur. Somelanguagesmaintain separate

copiesof data inherited from di�erent super-types,while other languagesmerge

like-nameddata together in the sub-type. If super-typescontain commondata,

it has to be decidedwhich copy of a data item coming from more than one

path to use in a sub-type. For example, in Figure 2.2(a), if TypeCshould

only inherit onecopy of the variable a, it doesnot matter if the copy \comes

from TypeA" or \comes from TypeB", since they are both declaredas int s.

However, in Figure 2.2(b) it matters, sincethe variable a is an int in TypeA

and it is a char in TypeB.

In C++, two usesof multiple data inheritance are distinguished with re-

spect to the dependencerelationship among super-types. First, if there are

no dependenciesamongthe super-types,then the object of the �nal sub-type

must contain sub-objects for each super-type. Consider how inherited data

item a is accessedin TypeCof Figure 2.2. Sincethere are sub-objects for each

12



}
// ambiguity: which d?

TypeD TypeD
int d int d

alpha() {
d = 0;TypeC

TypeA TypeB

(a) Several copies in the sub-type from the
common super-type.

alpha () {

}

TypeD
int d

TypeA TypeB

d = 0;TypeC
// no ambiguity

(b) One copy in the sub-type from the
common super-type.

Figure 2.3: Data naming ambiguities: Case2.

super-type, two copiesof variable a are required in TypeC. Sincethere are two

copiesof a, whena is accessedin TypeC, an ambiguity occurs. As illustrated in

Figure 2.2(b), data items may have identical namesregardlessof their types.

C++ resolvesboth casesby using the scope resolutionoperator :: (TypeA::a

represents the int a in the TypeApart of the TypeCobject and TypeB::a

represents the char a in the TypeBpart of the TypeCobject).

Second, if there are dependenciesamong the super-types (two or more

inherited types share a common type), the programmer has a choice. This

kind of inheritance is also called repeated inheritance. By default, even if

there is a commonsuper-type (TypeDin Figure 2.3(a)) in the hierarchy, the

sub-type (TypeC) will also contain several (two, in this example) sub-objects

of that common super-type. Consider the casein which TypeDcontains a

data int d. TypeA, TypeB, and TypeDare normal C++ classeswith the

usual inheritance relationship, and consequently there are two copiesof int

d in TypeC, one inherited from TypeDvia TypeAand the other inherited from

TypeDvia TypeB. If a method alpha() in TypeCaccessesTypeD's data item d,

(for example,alpha() f d=0;g), then an ambiguity arises;it is not clear which

of the two copiesof int d in TypeCto use,the oneinherited via TypeAor the

one inherited via TypeB. C++ usesthe scope resolution operator :: to pick
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alpha()

TypeC

TypeBTypeA
0 0

beta()

alpha()

beta()1

0

Figure 2.4: Code layout ambiguity.

one.

Alternately, the C++ programmercan specify that only oneobject of the

commonsuper-type residesin the �nal sub-type, the sameobject beingshared

in all sub-types. The C++ solution to resolvingambiguities is the following:

if the derived class,TypeCin Figure 2.3(b), hasto inherit only onecopy of the

data from the commonclass,TypeD, then the intermediate classes,TypeAand

TypeB, needto declarethe inheritanceasvirtual. Hence,there is just onecopy

of int d in TypeC, soaccessingvariable d doesnot generatean ambiguity.

Our solution: This problemdoesnot exist in our implementation because

we do not support multiple data inheritance.

The next two problemsrelate to multiple implementation (code and data)

inheritance interaction. They are purely compiler issuesregarding the layout

of code and data, so they are not visible to the user. However, theseproblems

must be resolved.

2.1.3 Problem 3: Code Layout Am biguit y

In the example from Figure 2.4, a problem arises from the di�erent layout

of the code in the sub-type (TypeC), with respect to the layout of the same

code in the super-types(TypeAand TypeB). In the singleinheritancesituation,

the sameo�set (i.e., 0) can be usedto accessthe code for an operation in a

sub-type and in its (direct or indirect) super-type. This is not the casewith

multiple code inheritance. When a sub-type inherits operations from several

super-types, there is a problem in trying to set an order on the operations in

the sub-type. In the examplefrom Figure 2.4,shouldalpha() beplacedbefore

14



beta() in TypeC's data structures or after beta() ? Regardlessof our choice,

we still have di�erent o�sets for oneof the operations (beta() in Figure 2.4)

in the super-type (o�set 0 in TypeB) as comparedto the sub-type (o�set 1 in

TypeC). This makesthe singleinheritanceconstant-index approach impossible

for multiple inheritance.

Whenever we accessmethods of either TypeA, TypeB, or TypeC, the com-

piler must compute the o�set of each method in the type's method table (vir-

tual function table in C++). At run-time, this o�set is used to accessthe

appropriate method in the method table of the dynamic type of the receiver,

even though the dynamic type of the receiver is not known at compile-time.

For example,assumethe method table in TypeChasthe methods from TypeA,

followed by the methods from TypeB, followed by any methods declared in

TypeCas shown in Figure 2.4. The compiler can insert an o�set of 0 into the

code at a call-site for alpha() . At run-time, this o�set can be usedto access

the code for alpha() in TypeAor TypeCdependingon the dynamic type of the

receiver. However, at a call-site for beta() , the compiler must selectan o�set

of 0 to match the method table in TypeBor an o�set of 1 to match the method

table in TypeC. The solution in C++ is to usethe o�set of the super-type, but

add a constant delta to the method table origin beforeadding the o�set. The

delta must be computedat run-time (delta = 0 for TypeBand delta = 1 for

TypeC), sinceits value dependson the layout of the super-type and sub-type.

Our solution: Our approach is basedon interface method tables that

already exist in Java. In subsequent Chapters, we provide details about the

interaction of data structuresusedto resolvemultiple code inheritancein Java.

2.1.4 Problem 4: Data Layout Am biguit y

In the single inheritance case,data declaredin a sub-type are concatenated

with the duplicated data from the super-type in the sub-object image; there-

fore, a data item is located at the sameo�set in all objects of the super-type

or sub-types. Since in the multiple inheritance casethere is more than one

super-type, a potential problem arises in establishing the layout of data in

sub-type objects.
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TypeA TypeB

TypeC

0
int a

0
int b

0int a
1int b

(a) Data layout ambiguit y.

TypeA part

TypeB part

TypeC part

aTypeB

this

delta(TypeB)

(b) The layout of a TypeC object.

Figure 2.5: Data layout issues.

The previousproblem(Problem 3, Section2.1.3)showed that method code

could not be located at a �xed o�set (table-index). A similar situation can

occur for data. The o�set of the data in the object image can change due

to the same data being inherited from several possibly unrelated common

parents. More importantly, in the caseof multiple inheritance, the copies

of the inherited data in the sub-object now have di�erent o�sets than the

o�sets that were known when the code which used them was compiled in

the super-type. The situation in Figure 2.5(a) illustrates the casein which

the super-types are not related. In C++, an object of TypeAcontains an

entry for each instancevariable (data item). In our example, the only entry

would be for the int a. Objects of sub-types (such as TypeC) are formed

by concatenating the data of the super-type with their own data. In this

case,a TypeCobject would have two slots, one for a and one for b. It can

be assumedthat variable b follows variable a in TypeC's object layout. For

example,if we have a method alpha() f b=0;g in TypeB, when we compile it,

we obtain the o�set 0 for aTypeB.b(the o�set of b in TypeB). When we invoke

aTypeC.alpha() , the o�set of aTypeC.b is 1 (the o�set of b in TypeC), so it

would be wrong to just usethe compiledcode for alpha() that usesthe o�set

0 even though TypeCis a sub-type of TypeB. This problemis moreseriousthan

the code layout ambiguity sinceeach method compiled in a type (TypeB) that

referencesinstancevariables can have the wrong data o�sets, if it is applied

to a sub-type (TypeC) object that inherits this code. The solution provided
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TypeA TypeB

TypeC

alpha()alpha()

alpha () {

}
return super.alpha ();

Figure 2.6: Super call ambiguity.

by C++ is the following: the this pointer (Figure 2.5(b)) which points to the

start of the object layout is moved beforethe code is executed.For example,if

the receiver object hasTypeCasits dynamic type, the this pointer is moved to

point to the start of the TypeBobject when the method is called. An o�set of

0 to accessb now accessesthe sameb in a TypeCobject, sincethe this pointer

hasbeenincremented by oneword.

Our solution: Our approach to multiple code inheritance in Java does

not support multiple data inheritance, so this problem is not applicable in

our implementation of multiple code inheritance. Multiple data inheritance

is a large sourceof problems and is not as useful as the code inheritance

counterpart. Inheritance is bene�cial when re-usingcode (more than it is for

data), becausethe e�ort of programmersis mainly focusedon implementing

method bodies.

2.1.5 Problem 5: Super Call Am biguit y

The method code in a sub-type often re�nes the code of its super-types by

adding somestatements. In many object-oriented programming languages,

this is accomplishedby sending a messageto the super object. Whenever

a messageis sent to super, the method lookup for that messagestarts in the

super-type of the type that the method currently executingbelongsto, instead

of in the type of the receiver object. There are other approachesusedto re�ne

methods from the super-types, and someof them are shown in Table 2.1 of

Chapter 2. However, super is the most popular re�nement technique. When

multiple inheritance is used,ambiguity problemswith super calls may appear
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due to the presenceof multiple super-types. Figure 2.6 shows a re�nement

of alpha() in TypeCthat contains an ambiguous super call. It is not clear

whetherthe alpha() method in TypeAor TypeBshouldbecalled. Note that an

ambiguoussuper call canexist even whenno ambiguity occursfor the method

that contains the super.

In C++, the super method call is quali�ed with the :: scope resolution

operator. The lookup starts from the qualifying class.

Our solution: We extend the capability of the Java super keyword by

specifying the superinterface from which the lookup for the given method

starts. If code is found in the speci�ed interface, then that code is executed.

Otherwise, the superinterfaces are searched recursively. In the presenceof

ambiguities we throw an exception at load-time. If the lookup fails, we also

throw an exception. We proposethe syntax super(InterfaceA).alpha( ) for

the future, which speci�es the interface from which the lookup for method

alpha() begins. Sinceour current implementation makesno languagesyntax

changes,for now, we usea special marker in the sourcecode just before the

super call as described in Chapter 5.

2.2 Alternativ es to Multiple Inheritance

Since Java does not provide multiple code inheritance, two idioms are com-

monly usedto model complexapplications that normally require this mecha-

nism. Java libraries constitute a good sourceof examplesin which theseidioms

are used in order to compensatefor the lack of multiple code inheritance in

Java. Figure 2.7 illustrates the hierarchical relationshipsamonga few classes

and interfacesfrom the java.io library.

2.2.1 Code Rep etition

The simplest way to substitute for multiple inheritance is to repeat the code

from the desiredtypes into a sub-type, instead of simply inheriting it. The

obvious drawback of this approach is an increasein code size. The hidden

drawback is code deviation in which changesto a method are only made in
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DataInputStream RandomAccessFile DataOutputStream

InputStream DataInput OutputStreamDataOutput

Figure 2.7: Someclassesfrom the java.io library.

// java.io.DataInputStream and java.io.RandomAccessFil e
public final float readFloat() throws IOException f

return Float.intBitsToFloat(this .re adInt()) ;
g

Figure 2.8: Duplicate code in java.io library.

onecopy, sothat subtle bugsare introduced. Another disadvantage is that the

sourcecodemust beavailable to the userfor copying. Finally, the separationof

inheritance conceptsthat we aim for is deteriorated, sinceboth the interface-

type and code-type levelsare necessaryfor the user to be able to perform the

required modi�cations.

The java.io library classescontain several examplesof repeatedcode. One

of them is the following: the classesDataInputStream and DataOutputStream

implement the interfacesDataInput and DataOutput respectively. The class

RandomAccessFileimplements both DataInput and DataOutput, as illus-

trated in Figure 2.7. Much of the code that is in RandomAccessFileis identi-

cal or similar to the code in DataInputStream and DataOutputStream. As a

speci�c exampleof identical code, considerthe method readFloat() shown in

Figure 2.8, which appearsboth in DataInputStream and RandomAccessFile.

The methods readFully(byte b[]) and readDouble() are also identical.

There are also many other similar methods, such as readByte() , shown

in Figure 2.9, which di�er only in the type of the receiver of somecommon

methods such as read() . Other similar methods are the following:

readUnsignedByte(), readFully(byte b[], int off, int len),

readShort(), readUnsignedShort(), readChar() , andreadInt() . A num-
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// java.io.DataInputStream and java.io.RandomAccessFil e
public final byte readByte() throws IOException f

int ch = this.in.read(); // int ch = this.read();
if (ch < 0)

throw new EOFException();
return (byte)(ch);

g

Figure 2.9: Similar code in java.io library.

TypeA TypeB

TypeC

alpha() beta()

(a)

TypeA TypeB
alpha() beta()

TypeC
beta()

(b)

TypeA TypeB
alpha() beta()

TypeC
beta()  (TypeB)

(c)

Figure 2.10: Delegationexample.

ber of analogousidentical methods can alsobe identi�ed in the output stream

classesDataOutputStream and RandomAccessFile, along with somesimilar

methods that di�er in the type of the receiver of somecommonmethods such

as write(int) .

2.2.2 Delegation

Delegation[35] allows an object to passa received messageto another object

that is ableto perform the task. This techniquecanbeusedin placeof multiple

code inheritance.

For example, the multiple-code inheritance in Figure 2.10(a) can be re-

placed by the single-code inheritance in Figure 2.10(b). In this case,each

object of TypeCin Figure 2.10(b) has an instance variable that is bound to

an object from TypeB. The method beta() is not inherited in TypeC. Instead,

it hasa one-statement implementation that invokesthe beta() method in its

sub-object of TypeB. Wesay that TypeCdelegatesbeta() to TypeB. In general,

the object that is delegatedto may be storedasan instancevariable or it may

be passedas an extra method argument, as shown in Figure 2.10(c).
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// class java.io.DataInputStream
...
public final int readInt() throws IOException f

InputStream in = this.in;
int ch1 = in.read();
int ch2 = in.read();
int ch3 = in.read();
int ch4 = in.read();
if ((ch1 | ch2 | ch3 | ch4) < 0)

throw new EOFException();
return ((ch1 << 24) + (ch2 << 16) + (ch3 << 8) +

(ch4 << 0));
g
...

Figure 2.11: Example of delegationin java.io.DataInputStream class.

Unfortunately, this approach hasthe drawback of writing extra delegating

methods and the overheadof sendingmore messages.In C++, it has been

discoveredthat usersfound di�culties whendesigningbasedon delegation[31].

Overall, the burden is placedon the programmerto write extra code, preserve

the return type and parameterslist of the forwarding methods, and throws

clauseswhenever necessary. This supplementary work (writing methods that

only delegateresponsibility) is essentially done automatically when multiple

inheritance is used.

The java.io library contains many examplesof delegation. Figure 2.11

shows how classDataInputStream usesa reference(the instancevariable in )

to an InputStream to read characters that are assembled into an int . This

is a simple example of delegation that is not used to replace multiple code

inheritance.

A secondexampleillustrates the way the java.io library copeswith the

absenceof multiple code inheritance by using delegation. The class File

(Figure 2.12) cannot simultaneously inherit from classesObjectInputStream

and ObjectOutputStream, sincethere is no multiple code inheritance in Java.

However, in the implementation of readObject() and writeObject() , it

needsthe code of somemethods from both classesObjectInputStream and
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// class java.io.File
...
private synchronized void

writeObject(java.io.Object OutputStrea m s)
throws IOException

f
s.defaultWriteObject();
// Add the separator character
s.writeChar(this.separato rChar);

g
...
private synchronized void

readObject(java.io.ObjectI nputStr eam s)
throws IOException, ClassNotFoundException

f
s.defaultReadObject();
// read the previous separator char
char sep = s.readChar();
if (sep != separatorChar)

this.path = this.path.replace(sep, separatorChar);
this.path = fs.normalize(this.path);
this.prefixLength = fs.prefixLength(this.pat h);

g
...

Figure 2.12: Example of delegationin java.io.File class.

ObjectOutputStream. For this reason,an instanceof one of theseclassesis

passedas an argument to the method that usestheir code and the read and

write tasks are delegatedto this argument.

An alternate approach to multiple inheritance, which ultimately results

in delegation, is the useof inner classesinside interfaces[23]. However, this

approach di�erentiates betweenusing code from superclassesand superinter-

faces,by using inheritancealongthe superclasschain and a form of delegation

along the interface chains. For a classClassA to usecode from an interface

InterfaceA , the programmer must explicitly declarea sub-object in ClassA

and bind it to an instanceof an inner classClassB that extendsan inner class

ClassC declaredin InterfaceA .
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2.3 Adv antages of Multiple Code Inheritance

Our implementation of multiple code inheritance has the following advan-

tages: facilitates code re-use, supports separation of inheritance concepts,

and improvesexpressivenessand clarity of implementation.

2.3.1 Facilitates Code Re-use

Code re-useis manifestedthrough code decreasedue to increasedcode shar-

ing. Multiple code inheritance can re-establisha certain degreeof normality

in the implementation of several Java applications. Commonality in the de-

scription of classes(method signatures) exists in Java and we can promote

those features to common parent interfaces. SinceJava has multiple inheri-

tance of interfaces,it doesnot su�er from modeling problems. For example,

the Java classRandomAccessFileimplements the interfacesDataInput and

DataOutput, as shown in Figure 2.7. Every instance of RandomAccessFile

can be consideredas both a DataInput and a DataOutput. This provides

substitutabilit y [14] so that any referencethat is declaredas a DataInput or

DataOutput can be bound to a RandomAccessFile.

However, Java's lack of multiple code inheritancecausesproblemswith im-

plementation and maintenance.For example,even though RandomAccessFile

implements DataInput and DataOutput, it cannot inherit code from thesein-

terfaces. Therefore, identical code appears in more than one class. For ex-

ample, exact copiesof the implementation of readFloat (Figure 2.8) appear

in both RandomAccessFileand DataInputStream. This makes the program

larger and harder to understand.

In addition, sometimesthe code is incorrectly copied and often when

changesaremadeto onecopy, they arenot madeto all copies.In this example,

becausemultiple code inheritance was not available, the Java library design-

ers tried to simulate it by repeating and modifying the code wherenecessary

in DataInputStream, RandomAccessFile, and DataOutputStream, increas-

ing the overall code, instead of simply moving it up into the corresponding

commonsuper-typesand subclassingaccordingly. Thus, multiple code inher-
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itance would result in a higher degreeof code re-use; the programmer of a

subclassno longerneedsto be familiar with the speci�c implementation of the

commonoperations.

Moreover, the re-useof code increasesreliabilit y, sinceit is commonto �nd

errors in repeated code when similar code is not consistent. An immediate

consequenceof code re-useis a decreaseof maintenancecosts.

ConsideragainFigure 2.9. To replacethesemethodsby a commonmethod,

the line that di�erentiates them canbe replacedby the commoncode: int ch

= this.source().read() ,

wheresource() is a new accessormethod that for DataInputStream returns

this.in and for RandomAccessFilereturns this . The sameabstraction can

be usedto shareother similar methods, asshown in Section2.2.1.

Although it would be possibleto re-factor this hierarchy to make the class

RandomAccessFilea subclassof either DataInputStream or DataOutputStream,

it is not possibleto make it a subclassof both, sinceJava doesnot support

multiple-inheritance for classes.A re-factoring must accompany this abstrac-

tion, sincethe return typeof the source() method must bespeci�ed asa single

type that implements the operation, read() . The receiver of the source()

method call in DataInputStream is referencedby the instancevariable in that

has static type InputStream (indirect superclassof DataInputStream). The

receiver of the source() method call in RandomAccessFileis referencedby

the pseudo-variable this , which hasstatic type RandomAccessFile.

Unfortunately, in the current class/interfacehierarchy, there is no common

superinterfaceor superclassof RandomAccessFileand InputStream to useas

the return type for the source() method. An interfacemust be addedto the

hierarchy that is a superinterfaceof InputStream and RandomAccessFileand

declaresthe read() method.

However, after all of thesecommonmethods have beenfound, code inheri-

tancehasto be usedto sharethem. Therefore,we needa commonancestorof

DataInputStream and RandomAccessFileto store the similar read methods

and a commonancestorclassof DataOutputStream and RandomAccessFile

to store the similar write methods. Sincewe are sharing code, this ancestor
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should be a code-type.

The commoncode is ultimately factored into two code-types. A code-type

implements the code for an interfaceand now a classimplements the data for

a code-type. Sincethere is no conceptof code-type in Java, we must useeither

an interface or a classto represent our code-types.

2.3.2 Supp orts Separation of Inheritance Concepts

In addition to the increaseddegreeof abstraction imposedby the clearsepara-

tion amongthe three inheritance types,multiple code inheritance constitutes

a necessaryfeature from a software engineeringperspective \on the grounds

that speci�cation tools and implementation tools belongin a true software en-

gineerstoolkit." [30]. Programscanalways bene�t from having multiple views

(designer,programmer,systemadministrator, user) of their design. Multiple

code inheritance exploits code sharing to develop elegant and useful software

components.

The separationof conceptsemphasizesthe roleof interface-types,providing

them with enhancedcapabilities and control. Our multiple code inheritance

approach doesnot allow codeinheritancewithout interfaceinheritance. In this

context, an aspect of major signi�cance is the consistencyof interface-types.

In conjunction with polymorphism{ a mechanism that supports inheritance,

triggering several behaviors using the sameinterface { inheritance permits a

super-type to de�ne an interface-type for which several implementations are

provided in the sub-typesby meansof code-types. When we lack information

about sub-types, but we know the interface-type of the super-type, we can

passa referenceto an object of the sub-type wherever a super-type is used.

This way we can ensurethat only behavior speci�ed in the interface-type is

called, the implementing typesbeing hidden from the user.

2.3.3 Impro ves Expressiv enessand Clarit y of Implemen-
tation

Multiple inheritance supports a better organization of types, for the simple

reasonthat it is congruent with real-world applications which make extensive
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useof multiple featuresfrom unrelated concepts.

Since \class hierarchies can be used to organize and reasonabout soft-

ware entities" [6] and sinceit is primarily an inheritance mechanism, multiple

inheritance also extracts knowledgefrom the multiple type declarationsand

enrichestypesby providing them with more features.

Multiple code inheritance has the capability of enhancingexpressiveness

when implementing new systems,by thinking of a type as a sub-type of sev-

eral other types. Since in our implementation we would like the code to be

inherited from the interface methods, we would also like to have a subclass-

ing relationship (code-type) which alonedoesnot guarantee sub-typing. The

blending of thesetwo aspects leadsto multiple specialization (\is-a" relation-

ship [17] that we can �nd in the java.io library: RandomAccessFileis a

specialization of both DataInput and DataOutput).

As multiple inheritancemakesapplicationseasierto design(via multiple in-

terfaceinheritance)and implement (via multiple codeinheritance),andequally

easierto understand, it supports rapid prototyping and exploratory program-

ming. Multiple inheritance reducesthe time necessaryto build and maintain

applications. Applications are more comprehensiblebecausethe amount of

new information is reduced. New typescan be built taking advantage of ex-

isting ones,allowing for quick software development. The goal is to design

software that is easyto useand modify { reusablesoftware. We needto have

the tools that help us build reusablesoftware, and multiple code inheritance

is a powerful tool.

2.4 Existing Multiple Code Inheritance Lan-
guages

We have investigated the mechanismsof multiple code inheritance in several

programming languagesin order to �nd out how commonproblemsthat oc-

curred due to multiple code inheritance were solved. One of the issuesof

interest is ambiguousname resolution. When a classinherits the sameoper-

ations/data (i.e., method signatures/instancevariables) from multiple super-
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types,we have a potential naming con
ict. Another issueis the useof super

calls whenmultiple code inheritance is present, becausethere are many super-

types to choose from. The procedure for the resolution of such ambiguous

situations varies in each of the presented languages.

2.4.1 Am biguous Name Resolution

There are several modalities to cope with inheritance con
icts and they can

be grouped into explicit (disallowing con
icts, requiring the user to selecta

feature, or disambiguating with a resolution operator, such as :: in C++ )

and implicit (choosing one feature by algorithmically resolving the con
ict)

resolution.

One category of programming languagesdemandsthe user to explicitly

disambiguate name con
icts in the code. Ei�el [11] takes this approach. It

has a renameclausethat is usedto solve name clashes.For implementation

inheritance clashes,Ei�el combines its renameand select clausesto resolve

ambiguities. C++ delays this processuntil the ambiguous feature is �rst

used.

In Sather [29] (originally basedon Ei�el ) the compiler enforcesrenaming

of namecon
icts. This is doneexplicitly by the user. The multiple inheritance

is called \m ultiple inclusion".

In Cecil [3] all accessto instancevariablesare through accessormethods.

An object maintains spacefor each inherited copy-down variable, regardlessof

the names(distinct variableswith the samename are not mergedautomati-

cally). The problem reducesto resolvingambiguities amonglike-namedacces-

sor methods. Moreover, ambiguousvariablescould be accessedby a method

in the child with the samenameas an accessormethod by meansof directed

re-sendmessages.Also, Cecil doesnot support repeated inheritance.

Another categoryof programminglanguagesusesan implicit approach of

resolvingambiguities.

Python [28] and Perl [25] follow a rule of pre-order traversal of the in-

heritance tree for both operation and data inheritance. The resolution rule

employed is depth-�rst, left-to-right. Thus, if a feature is not found in a class,
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its superclasstree is searched recursively upward depth-�rst. This approach,

instead of the more intuitiv e breadth-�rst (searching all the immediate super-

classes�rst and then their superclasses),helpsdecideif potential ambiguities

occur. It acceptsdirect and inherited featuresof the �rst superclassbeforees-

tablishing if there are con
icts with the samefeaturesof a secondsuperclass.

CLOS [5] performsa left-to-right linearization of its inheritance graph to

a 
at list. It further extendsthis approach to accommodate multi-dispatch by

totally ordering multi-methods using argument positions, also ordering them

from left to right.

Dylan [10] usesan implicitly performed linearization of the inheritance

graph but it di�ers from CLOS becauseit does not take advantage of the

argument positions when determining the method to execute.

Other programminglanguagesthat support multiple code inheritancesim-

ply discard any kind of naming con
icts. There have even been somecases

whereresearchershave tried to add multiple inheritanceto existing languages.

For example,[1] attempts to add multiple inheritance to Modula-3 using mix-

ins.

In our implemen tation , whenever a naming con
ict is detected,a run-

time exception is thrown when the class is loaded. With the proper future

compilermodi�cation, we canrecognizethesecon
icts at compile-timeinstead

of waiting until load-time.

2.4.2 Am biguous Super Call Resolution

Sometimes,when using inheritance, we would like to be able to usein a type

a corresponding method in one of its super-types, in order to enhancethe

functionality of the current method.

In C++ (and E [18], designedasan extensionto version1.2 of C++ ) the

userhasto explicitly qualify names(classnamefollowedby the scoperesolution

operator :: and then the nameof the method) to accessmethods from parent

classesin the corresponding methods from the child classes.This technique

starts the lookup in the speci�ed class,rather than in the superclassof the

current executingmethod.

28



In Perl the super mechanismperformsa search through the object's inher-

itance tree, proceedingleft-most, depth-�rst. This is triggered by the quali�-

cation of a method with the SUPERpseudo-class(a packageis usedasa classin

Perl). However, the accessSUPER::is only possiblefrom insidethe overridden

method call.

Ei�el: Although it does not support the super call mechanism, it can

create two versionsof the routine (i.e., method in Ei�el ) by inheriting the

superclasstwice, in one inheritance clause it usesrename, in the other it

rede�nes the routine using renameand select .

Python: It combinesthe \call-next-method" pattern with the method reso-

lution order (MRO givenby the mro classattribute). A super call in Python

has the following form: super(className, self).alpha() . The �rst argu-

ment to super is always the classin which the super occurs; the secondargu-

ment is always self . The super expressionsearches self. class . mro

(the MRO of the classthat was used to create the instance in self) for the

occurrenceof className, and then starts looking for an implementation of

method alpha() from that point on.

CLOS { Implicit linearization of the inheritance graph determinesclass

precedence,which triggers method precedence. The inherited methods are

linearizedand the method to be executedis chosenusing call-next-method

from the current method in order to retrieve the next method in the chain.

Furthermore, method quali�ers before, after , and around are usedto com-

municate between the overriding method and the method in the superclass

(the inner keyword plays an important role in this mechanism).

In Sather [32], the use of super calls is confusing in certain cases. The

ambiguity ariseswhen code that makes a super call is itself inherited. It is

not clear if the inherited super call refers to the superclassof the original

de�ning classA (A de�nes a beta() which contains super.alpha() ) or of the

inheriting classB (B extendsA, so inherits beta() , but doesnot override it).

Therefore,Satherreplacesthe super mechanism by implicitly renamingin the

include clauseswhich de�ne code inheritance. The include clausecan be

usedto include and renamea single feature from another classor an entire
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class.Renaminga�ects only the de�nition, not the callsof a speci�ed feature.

Cecil: Explicit quali�cation. In Cecil, which has multiple dispatch, the

quali�cation is basedon multiple arguments.

Dylan: Implicit linearization of the inheritance graph determines class

precedence,which triggers method precedence.The overriding method con-

tains call-next-method in order to choosethe right method from the list of

method precedenceimplicitly built.

In our implemen tation for super calls, we have deviseda quali�cation

manner of lookup-start combined with a self-directedalgorithm: the userhas

to provide the name of the type where the lookup will commence. From

there up, if no code is found, the lookup is further controlled by an algorithm

that unambiguously determinesa super-type with code (if any) for the given

method. We proposea syntax for the future, super(Start).alpha() , where

the lookup starts in the interface type Start.

2.5 Concluding Remarks

In this Chapter, we continued to motivate the needfor multiple inheritance

started in Chapter 1. Therefore,we analyzedthe state of multiple inheritance,

beginning with the major problemsassociated with it, and we described our

solution to each of them.

Then, we saw that the alternativesto multiple code inheritancehad several

drawbacks, including increasingthe code size,introducing errors in programs

when copying or modifying code, deteriorating the separationof inheritance

concepts,writing extra delegatingmethods, and introducing the overheadof

extra messagesends.

Fortunately, we can avoid these problems by using multiple code inheri-

tance, which has the advantage of facilitating code re-use,supporting separa-

tion of inheritance concepts,and improving the expressivenessand clarity of

implementation.

Weinvestigatedthe mechanismsof multiple codeinheritancein several pro-

gramming languagesin order to �nd out how commonproblemsthat occurred
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due to multiple code inheritance were solved.

Since Java has multiple inheritance of interfaces,but only single inheri-

tance of code, our solution to the problemsgeneratedby this situation is to

generalizea JVM to support multiple inheritance of code, by inserting code

into interfaces. We support multiple code inheritance, not multiple data in-

heritance, becausethe latter is not as useful as code inheritance. Re-using

code is more important, sincethe e�ort of programmersis mainly focusedon

implementing method bodies.

In later Chapters,we describe our JVM modi�cations to support multiple

codeinheritancein Java and proposefuture syntax for super callsto interfaces.
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Language Op erations Data Naming Co de Layout Data Layout Sup er Calls

C++, E Explicit ; sig-
nals ambigu-
ities at �rst
use.

Explicit ; signals
ambiguities at
�rst use.

Multiple vtbls
o�sets adjust
this pointer.

Also moving
this pointer.

Explicit ;
quali�cation
with starting
lookup class.

Ei�el Explicit ; re-
name clause.

Explicit ; re-
nameand select
clauses.

Explicit ; re-
name clause.

Explicit ; re-
name and
select clauses.

No explicit su-
per call mecha-
nism.

Python Implicit ;
pre-order
traversal
inheritance
tree.

Implicit ; pre-
order traversal
inheritance
tree.

Implicit ; pre-
order traversal
inheritance
tree.

Implicit ; pre-
order traversal
inheritance
tree.

Method reso-
lution order
combined
with call-next-
method.

Perl Implicit ;
pre-order
traversal
inheritance
tree.

No data inheri-
tance.

No data inher-
itance.

Implicit ; pre-
order traversal
inheritance
tree.

Depth-�rst,
left-to-righ t
resolution.
Methods
quali�ed
with SUPER
pseudo-class.

CLOS Implicit ;
inheritance
graph lin-
earization.

Implicit ; inher-
itance graph
linearization.
Merges mem-
bers with the
samename into
a single slot.

Implicit ; inher-
itance graph
lineariza-
tion, taking
into account
arguments'
positions.

Implicit ; inher-
itance graph
linearization.

Implicit ; inher-
itance graph
linearization.
Methods com-
municate by
keywords:
before, after,
around, inner.

Sather Explicit ;
compiler
enforced
con
ict
renaming.

Explicit ; com-
piler enforced
con
ict renam-
ing.

Explicit ; com-
piler enforced
con
ict renam-
ing.

Explicit ; com-
piler enforced
con
ict renam-
ing.

Implicit ; re-
namesfeatures
in include
clauses.

Cecil Explicit ;
quali�cation
based on
multiple ar-
guments due
to multiple
dispatch.

Problem re-
duced to
resolving like-
named �eld
accessor ambi-
guities.

Explicit ; quali-
�cation based
on multiple
arguments due
to multiple
dispatch.

Problem re-
duced to
resolving
like-named
�eld accessor
ambiguities.

Explicit quali-
�cation based
on multiple ar-
guments.

Dylan Implicit ;
inheritance
graph lin-
earization.

Implicit ; inheri-
tance graph lin-
earization.

Implicit ; inher-
itance graph
linearization.

Implicit ; inher-
itance graph
linearization.

Implicit ; graph
lineariza-
tion. Methods
chosen with
call-next-
method.

Table 2.1: Programming languagesthat support multiple code inheritance.
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Chapter 3

Metho d Dispatc h in the JVM

Before describing the changesmade to the Sun's JVM for JDK 1.2.2 imple-

mentation, we look at somekey data structures for storing information and

performingmethod dispatch in the original JVM [22]. Later on, wewill discuss

how the method dispatch in the JVM is modi�ed.

3.1 Overview

The term Java is broadly used to indicate four technologies: the Java pro-

gramming language[13], the Java .class �le format, the Java Application

ProgrammingInterface(API), and the Java Virtual Machine (JVM). The Java

API and the JVM form the Java Platform on which every Java program can

run, regardlessof the underlying hardware or operating system of the plat-

form. The philosophy of Java programsis \write once,run everywhere". The

JVM implementation described in this dissertation is Sun JVM for JDK 1.2.2

[26] for Linux.

A Java program is compiled into a sequenceof bytecodes and the JVM,

an abstract computer able to run Java programs, interprets the bytecodes.

Each classor interfaceis compiled(with javac or another compiler producing

bytecodes) into a binary format .class �le. When the JVM loads a .class

�le, it parsesthe information about the classor interfacefrom the binary data

and placesit into run-time data structures within the method area. Then, it

executesthe bytecodesfrom the .class �le. Along with the program's.class

�le, the classloaderalso loadsthe necessaryclassesfrom Java API. The JVM
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Data
Class Loader

.class files

Execution engine
Runtime

Areas

Figure 3.1: Simpli�ed JVM internal architecture.

VMTMT

Method Area

IMT

RCP

Figure 3.2: Method Area within the Runtime Data Areas: Method Table
(MT), Virtual Method Table (VMT), Interface Method Table (IMT), and
Runtime Constant Pool (RCP).

accomplishesthesetwo tasks through the classloader [34] and the execution

engine(Figure 3.1).

A .class �le storesall of its symbolic referencesto other typesneededby

the current classin its constan t pool (CP), which is a sequenceof constant

items with a unique index. Theseitems can be literals (strings, integers,
oat-

ing point constants) or symbolic references to types (classesand interfaces),

�elds, and methods that have to bedeterminedat run-time. In addition to the

constant pool, which represents the information referencedfrom the current

class,a .class �le also contains information about the �elds and methods

declaredin that type: a �eld information structure (for each �eld's nameand

type) and a method information structure (for each method's name and de-

scriptor, bytecodesand other information). Conceptually, the CP is similar to

the symbol table of other programming languagesand systems.

Once loaded by the JVM, a type has an internal version of its constant

pool in the form of a run time constan t pool (RCP) that is stored in the

method areaasshown in Figure 3.2. All of its symbolic referencesnow reside

in the type's runtime constant pool. Instructions refer to CP indexeswhere
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FileInputStream aFile = new FileInputStream("aFile.t xt" );
FilterInputStream stream;
stream = new DataInputStream(aFile);
stream.close();

Figure 3.3: Java samplesource�le.

the symbolic referencesreside. During the running of a program, if a symbolic

referencehasto be used,it must be resolved (i.e., replacedwith a direct refer-

ence). Dynamic linking is the processof locating types(classesand interfaces),

�elds, and methods referred to by symbolic referencesstored in the constant

pool and replacing them with direct referencesto data. The constant pool

has a central role in the dynamic linking of Java programs. Direct references

to types (class/interfaces), classvariables, classmethods are represented by

poin ters to data in the method area. Direct references to instancevariables

and instancemethodsarerepresented by o�sets . Instancevariablesareo�sets

from the start of the object's imageto the location of the instancevariable,and

instancemethods are o�sets into the virtual method table (array of pointers

to methods data in the method area).

Consider the call-site stream.close() from Figure 3.3. In the method

information section in the .class �le for this call-site, the bytecodes which

usethe constant pool indexesare illustrated in Figure 3.4. In the �rst part of

this Figure there are the raw bytecodes(in hexadecimalformat) followed by

a comment with their \translation" into JVM instructions mnemonics. The

secondpart of the sameFigure contains only the instructions automatically

generatedwith the javap .class �le disassembler tool. We will trace this

examplein the next Section,which presents the way the JVM usesthe .class

�le information. The information from the constant pool usedby this call-site

is represented in Figure 3.5. Recall that the CP is an array.

Entries in the constant pool begin with a tag which indicates the kind of

constant stored. For example, if the entry is a class(entry 5, for example),

then its tag is CONSTANTClass; if the entry is a method (entry 11), its tag is

CONSTANTMethodref (respectively CONSTANTInterfaceMethodref for inter-
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// Snippet from the .class file (output in hexadecimal format)
// for the stream.close() call-site.
2c //aload 2
b6 //invokevirtual
000b // #11 java.io.FileInputStream/c lose

// Snippet from javap output for the samecall site.
19 aload 2
20 invokevirtual #11 <Method void close()>

Figure 3.4: Snippet of the .class �le.

...
5 Class #31
...
11 Methodref #5 #15
...
15 NameAndType#28 #16
16 Utf8 "()V"
...
28 Utf8 "close"
...
31 Utf8 "java.io.FileInputStream "
...

Figure 3.5: Snippet of the constant pool.

facemethods). For brevity, we do not useCONSTANTin front of CP tags in our

examples.

In order to actively usea type, the following stepsare taken:

1. Loading: responsible for importing a binary form for a type into the

JVM (generating a stream of binary data representing the type out of

the fully quali�ed typename,parsingthis streaminto internal data struc-

tures in the method area, and creating the type as an instanceof class

java.lang.Class on the heap). All of the type's super-types (classes

and interfaces)have to be loadedbeforeloading the actual type.

2. Linking: responsiblefor the integration of the binary data into the run-

time structures of the JVM
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(a) Veri�cation: validates the loadedtype.

(b) Preparation: allocatesmemoryfor the classvariablesand setsthem

to default initial valuesdeterminedby their types. It alsoallocates

memory for data structures such as the metho d tables (MT),

the virtual metho d tables (VMT), and the in terface metho d

tables (IMT).

(c) Resolution (optional step): replacessymbolic referencesinto the

constant pool with direct referencesto data. This step is delayed

until each symbolic referenceis �rst usedby the program.

3. Initialization: responsible for providing the class variables with their

proper initial values. For classes,the class'sdirect superclasseshave to

be initialized �rst if they have not already been initialized. If there is

a classinitialization method (<clinit> ), it will be executed. This is a

special method createdby the Java compiler and contains all the class

variable initializers and static initializers of a type; it can be invoked

only by the JVM. Final static variablesare not stored asclassvariables

in the method areabut as constants into the constant pool.

3.2 Metho d In vocation Mec hanism

In Java, there are two categoriesof methods that can be invoked: instance

metho ds { the JVM selectsthe method to invoke basedon the actual classof

the receiver object (run-time, dynamic binding) and class (static) metho ds

{ there is no receiver object so the method is actually a function de�ned in a

class(compile-time, static binding).

Therearefour invoke instructions in the Java .class �les: invokevirtual ,

invokeinterface , invokespecial , and invokestatic .

The instruction executedat a call-site (for examplestream.close() ) de-

pendson the static type of the receiver (stream). This call-site is translated

into a JVM instruction whoseopcode is invokevirtual if the static type of

stream is a classand invokeinterface if the static typeof stream is an inter-
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face. In both situations, the opcodeis followedby a method reference(an index

into the constant pool) asan operandof the instruction. The method reference

storesthe static type of stream (classor interface) and the method signature

of close() (nameand descriptor { the return type and arguments). In Figure

3.4 and Figure 3.5, the index is 11 and it indicates a Methodref tag into the

CP. The entry Methodref hastwo �elds which point to other structures in the

constant pool: classand descriptor. In our example,the Methodref tag points

to entries 5 (Class tag) and 15 (NameAndTypetag) in the CP. The Class tag

indicatesthat at entry 31 the string with the fully quali�ed classname(where

the method is de�ned) can be found. The NameAndTypetag indicates the CP

entries wherethe nameof the method (28) and the signature (16) are found.

Therefore,givenan invoke instruction and an index into the CP, the nameand

type of the method, as well as its static classare retrieved. In this particular

example, given the call-site, the index following the invoke instruction pro-

vides all the information necessaryfor the method signature to be statically

determined. The receiver object, though, is necessaryto uniquely determine

the method to be executed.

Referencesto methods are initially symbolic: they refer to constant pool

entries that contain symbolic references.When the JVM encounters an invoke

instruction, it resolves it (if not yet resolved) as part of its execution. To re-

solve a symbolic reference to a method, the JVM locates the method being

referredto symbolically (method lookup) and replaces the symbolic reference

with a direct reference (pointer or o�set). The classand name(including the

signature) of the method are resolved before the method is actually invoked

and an index into the virtual method table of the static type of the object is

generated.Therefore, in future invocations, the JVM will be able to execute

methods more quickly, as we will seein the next Chapters.

When invoking a Java non-native method, the JVM createsa new stack

frame for each Java method it invokes and pushesthe stack frame onto the

Java stack. The new stack frame contains local variablesof the method, the

operand stack, as well as other implementation-dependent information. For

every instancemethod invocation, the JVM expects a referenceto the object
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Handle
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1

N ptr to mN code

ptr to m1  code m1's methodblock

VMT

MT

object data

0

obj class info

ptr to VMT

ptr to obj data

Figure 3.6: High-level object representation in Sun's JVM.

(wewill referto it asobjectref, i.e., the implicit this pointer that is passedto any

instancemethod, representing the receiver object), aswell asthe arguments (if

any) requiredby the method to beon the operandstack of the calling method's

stack frame(classmethods requireonly the arguments). They must bepushed

onto the calling method's operand stack by the instructions that precedethe

invoke instruction. The JVM placesthem as locals on the new stack frame.

The JVM makesthe new stack frame current and setsthe program counter to

point to the �rst instruction in the new method.

3.3 Ob ject Represen tation

In Sun's JVM, each object reference(objectref) is a pointer to a structure

which contains a pointer to methodtable (VMT) and a pointer to the object's

instancedata (Figure 3.6). The VMT hasa pointer to the full classdata and

an array of pointers to method data containing the actual information for each

instancemethod that can be invoked on objects of that class. The method

data (structure named methodblock in SUN's JVM) pointed to from a slot

(entry) of the virtual method table (or of the interface method table via the

VMT) contains the compiledcode for that method, i.e., completeinformation

about the method. A methodblock includes the size of the operand stack

and local variable sectionsof the method's stack, a pointer to the method's
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Figure 3.7: DataInputOutput example: The MT, VMT, and IMT for some
classesand interfacesfrom the java.io package.

40



bytecodes,the method signature,and an exceptiontable. The methodblocks

are organizedinto an array in the method table (MT). The virtual method

table (VMT) includespointers to data for methods declaredexplicitly in the

object's classor inherited from superclasses.For interfaces,the code pointer

is currently null, but we changethis as described in Chapter 4. Having only

a referenceto an object (objectref), we will seein subsequent Chapters how

we can retrieve information about that object's class. The methodblock to

be executeddependson the runtime type of the receiver object, therefore�rst

the objectref is located by popping all the arguments from the stack. Then

the object handle is retrieved. The handle is usedto locate the VMT of the

actual classof the object and, given the index (Figure 3.6) into VMT that was

generated(as the index is identical in all the VMT of classeswhich implement

that method), the desiredmethodblock is fetched.

We exploit the existing structure of the original JVM. There are three

data structures that contain method information: the metho d table (MT),

the virtual metho d table (VMT), and the in terface metho d table (IMT).

Every classand interface has an MT. Every classhas a VMT, but interfaces

do not have VMTs, becauseinterfacesare never instantiated. Every interface

and every classthat implements an interface (directly or indirectly) has an

IMT.

3.4 The Metho d Table

An MT is an array of methodblocks, one for every method that is declared

(not inherited) in a classor interface. Therefore, the metho d table con-

tains methodblocks for all overriding methods. In Sun's JVM, an MT is a

data structure called methods. Each methodblock contains all of the infor-

mation about the method, including its signature and a pointer to its byte-

codes. In the caseof interfaces,the methods are abstract, so the code pointer

is not used (but we will modify the JVM to use it, as described in Chap-

ter 4). Figure 3.7 shows the classesFilterInputStream, DataInputStream,

RandomAccessFile, and the interfacesDataInput and DataOutput from the
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Declared Methods:
RandomAccessFile(String, String);
readFloat();
readInt();
writeInt();

Class RandomAccessFile

init (String, String)

readInt()
writeInt()
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0
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(a) MT for Classes.
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readInt();

DataInput
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MT
Interface 

(b) MT for Interfaces.

Figure 3.8: Method tables.

java.io package. Many methodshavebeenexcludedfor the sakeof simplicity.

Each of the classeshas one methodblock in its MT for each declared

method in the class. For example,DataInputStream has a methodblock for

read(byte[]) since it overrides this method that it inherits from the class

FilterInputStream , but hasno methodblock for close() sincethis method

is not overriden. The interface DataInput has methodblocks for its methods

readFloat() and readInt() , even though they contain no code.

Method dispatch �nds a methodblock for a call-site and invokes the code

for the methodblock. The operandof the call-site bytecodesis an index into a

run-time constant pool that storesthe signatureof the method being invoked.

Method dispatch is a two-step process. The �rst part of method dispatch,

called resolution, �nds a methodblock that contains the code. The resolution

mechanismdependson whether the static type of the receiver object is a class

or an interface. The compiler recordsthe requiredresolutionmechanismin the

.class �le by generatingan invokevirtual bytecode if the static type of the

receiver object is a classand an invokeinterface bytecode if the static type

is an interface. Resolution of invokeinterface is complex and is discussed

later in this Chapter. Resolution for invokevirtual is simple.

To resolve an invokevirtual instruction, the JVM usesthe method ref-

erenceto obtain the static classand a method signature. It then searchesthe

MT of this classfor a methodblock with a matching signature. If no match is

found, it searchesthe MTs along the superclasschain. The compiler guaran-

teesthat a match is found. ConsiderFigure 3.9: the call-site stream.close()

hasbytecodesthat contain an index into the run-time constant pool that stores
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the method signature,close() . The dynamic classof the receiver object may

beDataInputStream or FilterInputStream . If it is the former, the MT table

of DataInputStream is searched for a methodblock with signature close() ,

but no match is found. The MT of the superclass,FilteredInputStream , is

searched, and a methodblock with a matching signature is found.

However, it is possible that the resolution methodblock is not the cor-

rect execution methodblock. For example, consider the classesin Figure

3.7,a variable declaration,FilterInputStream input , and the following call-

site: input.read(aByteArray) , where input is bound to an instanceof the

classDataInputStream. Resolution producesthe resolutionmethodblock for

read(byte[]) in class FilterInputStream . The execution methodblock,

however, should be read(byte[]) in DataInputStream. If the index of a

methodblock in its MT wereinvariant alongthe superclasschain, the resolved

methodblock read(byte[]) in FilterInputStream could store this invariant

index, and it could be usedas an index into the MT of the dynamic classof

the receiver object (DataInputStream in this example). Unfortunately, MT

indexesare not invariant. Fortunately, this problem is solved using virtual

method tables as described later in this Chapter. In essence,each method

block contains a unique VMT index that is invariant along the superclass

chain.

Resolution is quite slow, so Sun's JVM records the resolution result at

each call-site for usein future dispatch at that samecall-site. Bytecodequicking

(described in moredetail later in this Chapter), modi�es the bytecodesat each

invokevirtual call-site to contain information that can be used to quickly

compute an index into a VMT that contains a pointer to the appropriate

methodblock. More speci�cally, the bytecodeswill contain a referenceto the

resolved methodblock instead of the original symbolic method reference.

3.5 The Virtual Metho d Table

The VMT enablesthe JVM to quickly locate an instancemethod invoked on

an object. In Sun's JVM, this data structure is called methodtable (not to
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...
FilterInputStream stream;
DataInput input;
RandomAccessFile file;
...
if (condition)

stream = new FilterInputStream(inStrea m);
else

stream = new DataInputStream(inStream) ;
...
stream.read(anArray);
value = input.readint();
...
stream.close();
file.writeInt(43);

Figure 3.9: Code example.

be confusedwith the MT). The virtual metho d table is a data structure

usedto store invariant indexesfor all methods along a subclasschain. Each

VMT entry (slot) holdsa referenceto an instancemethod (i.e., a method that

may be invoked on a classinstance) implementation that has been declared

or inherited by the current class. Each referenceis actually a pointer to a

methodblock in either the local MT or an MT of a superclass.The �rst entry

in VMT (at index 0) is not usedin this JVM implementation.

The MT and VMT for a classareconstructedwhenthe classis loaded,and

each methodblock in the MT storesits VMT index as it is built at load-time.

A VMT is similar to a virtual function table usedin C++ implementations,

except that in C++ the compiler inserts a virtual function table index at the

call-site of each virtual function call. In Java, the compiler inserts a symbolic

referenceto the method at each call-site, and the �rst executionof the call-site

resolves this symbolic referenceand modi�es the bytecodesat the call-site so

that future executionsusean index into the VMT. The VMTs contain only

non-private instance methods. Private methods and instance initialization

methods do not appear in VMTs becausethey are statically (i.e., compile-

time) bound. The sameis true of static methods.

Considerthe classesFilterInputStream and DataInputStream in Figure
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writeInt()

VMT

Figure 3.10: Virtual Method Tables.

3.7. The VMT of a class has indexes for all the methods it inherits from

classjava.lang.Object (indexes1-11 in all VMTs in Figure 3.7) and then

indexes for all of its other ancestor classes,ending with its immediate su-

perclass(indexes12 and 13 in the DataInputStream VMT). If a child class

overrides an inherited method, it actually overwrites the VMT entry of the

inherited method to refer to an entry in the local MT table rather than the

MT table of an ancestorclass. For example,the VMT entry for the overrid-

ing read(byte[]) method in DataInputStream points to the local MT table.

Finally, the VMT has indexesfor all new methods that it declares(indexes

14 and 15 in DataInputStream VMT), even if thesenew methods implement

methods from an interface.

Eventhough a child classoverwritesa VMT entry to point to a methodblock

in a di�erent MT, a methodblock's VMT index doesnot vary along a super-

classchain. This is becausewhen a VMT is constructed, it �rst copiesits su-

perclasses'VMT and then extendsit. For example,the indexesof all methods

inherited from java.lang.Object arethe samein all VMTs and the indexesof
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executeMB = receiver.dynamicClass.VMT[ res olve dMB.vmtI ndex]

Figure 3.11: Computing the executionmethodblock for invokevirtual .

the close() and read(byte[]) methods are the samein FilterInputStream

and DataInputStream. This property is essential to support substitutabilit y

[14] for fast method dispatch, after bytecode quicking. For example,consider

the codein Figure 3.9. At the call-site, stream.read(anArray) , the bytecodes

initially contain a referenceto a constant pool entry for read(bytes[]) . If

the dynamic type of stream is FilterInputStream when the call-site is en-

countered the �rst time, method resolution will generatethe VMT index 12

and bytecodeswill be quicked to usethis index the next time the call-site is

executed. If the stream variable is bound to a DataInputStream, the second

time the call-site for stream.read(byte[]) is executed,the sameindex, 12,

will be used to accessthe samemethodblock, but this time via the VMT

for classDataInputStream. After resolution, the execution methodblock is

computed from the resolution methodblock, resolvedMb, using the formula

in Figure 3.11.

Unfortunately, this dispatch mechanism does not work for interfacesdue

to multiple inheritance. Figure 3.7 illustrates the problem, showing that a

method readInt() declaredin an interface DataInput that is implemented

by two classes,DataInputStream and RandomAccessFile, can have di�erent

indexes (15 and 13) in the VMTs of the two classes. This can occur be-

causeeach of the classesmay inherit methods from di�erent superclassesor

implement di�erent interfaces. Therefore, we need another data structure,

in terface metho d table (IMT), which facilitates interfacemethod dispatch

(i.e., invokeinterface ).

3.6 The In terface Metho d Table

An IMT is usedfor interface method dispatch (invokeinterface ). The cor-

responding data structure in Sun's JVM is imethodtable . If a variable hasa

static type that is an interface and if it appearsas the receiver of a method
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IMT
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readInt()
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Figure 3.12: InterfaceMethod Tables.

invocation, the call-site will contain an invokeinterface bytecode instead

of an invokevirtual bytecode. We shall seehow the IMT provides an extra

level of indirection that solvesthe problemof inconsistent indexing of interface

methods amongclasses.

Each slot in an IMT storesall of the information for an interface. Every

classhasan IMT that referencesall of the interfacesit implements or inherits.

For example,in Figure 3.12,the classRandomAccessFilehastwo entries in its

IMT, one for the interface DataInput and one for the interface DataOutput.

Each interface also has an IMT with slots for all the interfaces it extends,

including itself.

During method dispatch, the MTs of all of the interfacesthat are imple-

mented by the receiver object's classcan be accessedthrough the IMT for

that class. The IMT is an array of entries which contain two types of infor-

mation. Each entry is a pointer to the interface that the class implements

(directly or indirectly). Each entry also contains an array of indexesinto the

class'sVMT; the number of elements in each array is the sameas the num-

ber of methods that are in the interfacereferencedby the interfacepointer of

that entry. Each index is an o�set into the VMT entry for the corresponding
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method. For example,considerthe IMT for the classRandomAccessFilein

Figure 3.12. The �rst entry contains a pointer to DataInput and an array

containing indexes(12 and 13) into the VMT for the two methods declaredin

DataInput , called readFloat() and readInt() . The secondentry contains a

pointer to DataOutput and an array containing an index (14) into the VMT

for the method declaredin DataOutput, called writeInt(int) .

Resolution of an invokeinterface bytecode is similar to resolution for

an invokevirtual bytecode, except that the method referenceincludes an

interface insteadof a class. Resolutionstarts at the in terface metho d table

(IMT) of this interface. Recall that an IMT has one entry for each interface

that is extendedor implemented (directly or indirectly) by its classor interface.

During resolution, the JVM starts with the entry zeroof the interface'sIMT,

which is the interfaceitself. The MT of this interfaceis searchedfor a matching

method. If oneis not found, the MTs of subsequent interfacesin the IMT are

searched. The compiler guaranteesthat a signaturematch will be found.

Also, recall that the resolution methodblock may not be the execution

methodblock. In the invokevirtual case,the resolved methodblock contains

an invariant index into the VMT of the receiver object's dynamic class. In the

invokeinterface case,the resolution methodblock contains a local MT o�-

set. To completethe dispatch, an index must alsobe computed. The index is

for the IMT of the dynamic receiver's class,wherethe interfaceof the resolved

methodblock is located. The JVM �rst searchesthe IMT of the receiver's dy-

namicclassfor a match to the interfaceof the resolved methodblock. The loca-

tion of the match is an index, calleda guess (for reasonsthat will beexplained

later). The IMT entry indexedby the guesscontains an array of VMT indexes.

The o�set in the resolved methodblock is usedas an o�set into this array to

obtain the correct VMT index. Figure 3.13 gives the formula for computing

the execution methodblock from the resolved methodblock and the guess.

To seewhy the o�set and the index are su�cien t, considera variable input

that is declaredto be a DataInput and a call-site input.readInt() . The re-

solved methodblock is readInt() in DataInput . The resolved methodblock

has an interface DataInput and a method table o�set 1. First, assumethat
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itable = receiver.dynamicClass.IMT[ guess];
vmtIndex = itable.vmtIndexArray[res olv edMB.mtoffse t];
executeMB = receiver.dynamicClass.V MT[vmtIndex];

Figure 3.13: Computing the executionmethodblock for invokeinterface .
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Figure 3.14: Data structures for java.io.DataInputStream .

the receiver object's dynamic classis RandomAccessFile. From Figure 3.12

we can seethat a search through the IMT of RandomAccessFilefor the in-

terface DataInput producesa guessof 0. The 1st o�set of the entry 0 of this

IMT is 13 and the VMT entry at index 13 is the right code for readInt() .

Alternately, if the receiver object is an instanceof DataInputStream, then a

search through the IMT of DataInputStream for the interfaceDataInput also

producesa guessof 0, asshown in Figure 3.14. In this case,the 1st o�set of the

entry 0 of its IMT is 15 and the VMT entry at index 15 is the right code for

readInt() . Although the VMT index is not constant acrossclasses(e.g. 13

then 15), the IMT index, togetherwith the array o�set, canbeusedto �nd the

correct code. The IMT provides an extra level of indirection that solves the

problem of inconsistent indexing of interface methods betweenclasses.This

extra level of indirection is analogousto the way C++ implements multiple-
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inheritance using multiple virtual function tables. Bytecode quicking modi�es

the bytecodesat each invokeinterface call-site.

The guess is stored in the quicked bytecodesin addition to a referenceto

the resolved methodblock, sothe search doesnot normally needto be re-done.

However, it is possiblethat the guess at a call-site could be incorrect. To see

how the guess can be wrong, considerFigure 3.12, except assumethat the

IMT in classRandomAccessFilehas the DataInput and DataOutput entries

in the reverseorder. This can happen sinceclassescan implement multiple

interfaces,sothat the order of interfacesacrossdi�erent IMTs canbedi�erent.

Re-considerthe two successive executionsof the call-site input.readInt()

described previously. In this case,the �rst call-site execution (with dynamic

class RandomAccessFile) will generatea guess of 1 and an offset of 1.

However, when the secondexecution of this call-site uses the guess of 1,

it would be out of bounds in the IMT of DataInputStream. To solve this

problem, the interfaceat the IMT entry with index guess is always compared

to the interface of the resolved methodblock that is stored in the quicked

bytecodes and, if they are di�erent, a new search of the IMT is conducted

and the new guess is cached in the quicked bytecodes. This approach is

analogousto the inline-caching method-dispatch technique [7] and can su�er

from the samethrashing problems if the classof the receiver object of the

polymorphic call-sitealternatesbetweentwo classeswhoseinterfacesarestored

in di�erent orders. Nevertheless,it is still faster than doing a full resolution

from a symbolic method signature for each executionof the call-site.

The details of our modi�cations are provided later, but in order to sup-

port code in interfaces, we change the JVM code that constructs the IMT

table in the classloader. To understand our modi�cations, it is necessaryto

understand how the classloader currently constructs the IMT table. Figure

3.16contains the original algorithm for constructing the IMT. We will usethe

classRandomAccessFilefrom Figure 3.12 to illustrate the algorithm. The

class loader createsa new IMT table (line 1) and then copiesthe IMT en-

tries of the superclassof the classbeing loaded to the new IMT table being

constructed(line 2). In this example,the superclassof RandomAccessFileis
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Figure 3.15: Invokevirtual.

java.lang.Object , which hasno IMT sinceit doesnot implement any inter-

faces,sono entries are copied. The classloader then loopsover each interface

that is explicitly implemented by the class(line 3). The �rst interface imple-

mented by RandomAccessFileis DataInput . The loader fetchesthe IMT for

this interface, which contains entries for DataInput and all of the interfaces

it inherits (no others in this example). All of the IMT entries that are not

already in the new IMT are copied to the new IMT for RandomAccessFile,

producing a singleentry containing (a pointer to) DataInput . An associated

array that has two slots for indexes(for readFloat() and readInt() ) (line

4) is created. The indexesin this array are not copied since the array does

not exist in interfaces. SinceRandomAccessFileimplements a secondinter-

faceDataOutput, the entries in its IMT are also copieddown (line 4). Again

this is a single entry, but its associated index array has only one entry (for

writeInt(int) ). It is important that each interface is only copiedonce. For

example, if the interfacesDataInput and DataOutput had a commonsuper-

interface Data, then, when the IMT entries from DataInput were copied,an

entry for the inherited Data interface would have been included. When the

IMT entries for DataOutput were copied,the non-uniqueData interface from

DataOutput's IMT would not be copiedto the new IMT.
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Algorithm ConstructIMT(class)
1. class.imt = new IMT();
2. copy entries from class.superclass.imt to class.imt;
3. for each direct interface in class
4. copy unique entries of interface.imt to class.imt;
5. end for
6. for each imtIndex in class.imt
7. interface = class.imt[imtIndex].interf ace;
8. for each mtIndex in interface.MT
9. imb = interface.MT[mtIndex];
10. signature = imb.signature();
11. vmtIndex = class.vmt.findSignature (sig nature);
12. class.imt[imtIndex].arr ay[mtInd ex] = vmtIndex;
13. // line reserved for JVMmodifications later
14. end for
15. end for
end algorithm;

Figure 3.16: The existing IMT construction algorithm.
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Figure 3.17: Example emphasizingthe tables involved in the loading mecha-
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After the classloader is done looping through all implemented interfaces

and the IMT hasall of its entries, the classloaderloopsthrough each slot in the

IMT (line 6), to �ll in the index arrays. For each slot, the interfacepointer is

de-referencedto obtain the interface(line 7) and the MT table in that interface

is iterated (line 8). For example,the MT table of DataInput is iterated �rst,

as shown in Figure 3.17. The entry 0 in the MT is the methodblock for

readFloat() (line 9) and its signature (line 10) is looked up (line 11) in the

VMT of the classRandomAccessFile. Sincea match is found at index 12, this

index is copiedinto the entry 0 of the array in the IMT table for the DataInput

slot (line 12). The entry 1 in the MT is readInt() and when it is looked up in

the VMT (line 11), the index found is 13. The index 13 is copiedinto the IMT

array at the DataInput slot's array index 1 (line 12). The processcontinues

until all arrays at all IMT slots are full.

The Sun JVM makes a simple optimization to the code shown in Figure

3.16. The loop in step 6 of the optimized code doesnot iterate over all IMT

indexes. Instead, it starts at the �rst index after the entries that were copied

from the superclass'sIMT. This is possible since the array indexes in the

entries of the superclasswill not change in the classbeing loaded, so these

entries are simply copiedinsteadof beingcalculated. However, we iterate over

all indexesof the IMT to support the changesdescribed in Chapter 4. Since

this code is run only at classload time, the performancelossis insigni�cant.

3.7 Quic k Byteco des

An analysisof the dispatch processfor both bytecodes, invokevirtual and

invokeinterface , shows that the interpretation of the bytecodesusedto in-

voke methods can be improved. Opcodes that refer to CP entries can be

replacedby quick opcodesafter the CP referencesare resolved. Replacing

the normal opcodeswith quick counterparts in the bytecode streamcan sub-

stantially speedup their interpretation. When the JVM encounters a quick

instruction, it knows that the entry has already beenresolved, so it can exe-

cute the instruction faster. In somecases,the operandsare overwritten with

53



data representing a direct reference.The details of quicking invokevirtual

and invokeinterface are di�erent.

In vokevirtual hasa singleoperand,which is a two-byte integer index into

the run-time constant pool, wherethe method signatureis stored. Invokevirtual

hasthreequick opcodes: invokevirtual quick , invokevirtualobject quick ,

and invokevirtual quick w.

1. For invokevirtual quick , the original two-byte operand is replacedby

a one-byte offset into the VMT and one byte that storesthe number

of arguments, nargs, as illustrated in Figure 3.18. This secondbyte is

neededto �nd the receiver object on the stack. The number of arguments

waspreviously computedafter obtaining the method signaturefrom the

constant pool. The JVM usesthe number of arguments to reach the re-

ceiver and follow its pointer to the VMT. To useinvokevirtual quick ,

the index into VMT must be 255 or lessand the dynamic classof the

receiver object cannot be an instanceof classjava.lang.Object .

2. Invokevirtualobject quick has the same operands as the previous

bytecode, invokevirtual quick . It is usedfor invoking instancemeth-

ods of classjava.lang.Object and it is introduced speci�cally for ar-

rays. The objectref on the operand stack is a referenceto an object or

to an array. The offset retrieved from the operand stack is an index

into the VMT of java.lang.Object and ultimately indicates the right

methodblock.

3. Invokevirtual quick wis followed by the sametwo-byte index into the

constant pool as the unquicked invokevirtual bytecode. With the w

variation, the constant pool entry is changed, instead of the bytecode

operands.This quick opcode is usedwhenthe index in VMT is greater

than 255. Method resolutionsimply replacesthe method signaturein the

run-time constant pool with an entry containing a two-byte index into

the VMT and onebyte that represents the number of method arguments,

nargs.
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Figure 3.18: Invokevirtual quick.

In vokeinterface has only one quick counterpart used for the invocation

of interface methods: invokeinterface quick . This bytecode is similar to

invokevirtual quick win that the original operand index into the run-time

constant pool is retained. However, the run-time constant pool entry that it

points to is changedto point to the methodblock that was resolved when the

call-site was �rst executed. In addition, two other operandsare addedto the

bytecodes,a guessand the number of method arguments, nargs. The guess is

an index into the IMT that speci�es oneof the implemented interfaces.There

is an array at that IMT slot for indexesinto the VMT of all methods declared

in an interface,asdescribed earlier in this Chapter. To obtain the appropriate

index into that array, the �rst operand is used to obtain the methodblock

from the run-time constant pool and the methodblock contains the required

index into the array. However, the guess operand is called a guessfor an

important reason. It is possible that it indexes the wrong interface in the

IMT. Beforethe index is retrieved from the methodblock, the interfaceof the

methodblock (stored as a pointer �eld in the methodblock) is comparedto

the interfacepointer contained at the guessindex of the IMT. If they are the

same,the index from the methodblock is used. If they are di�erent, then the

guess is wrong and the correct interfacemust be found. In this case,the IMT
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is searched for the interfacepointer that matchesthe interfacepointer stored

in the methodblock. Onceone is found, the guessoperand is changedto the

new index in the IMT and the dispatch continues.

3.8 Concluding Remarks

In this Chapter, wedescribedthe current implementation of the original JVM's

data structures involved in method dispatch.

The two stepsof method dispatch, resolution and execution,weredetailed

for the invokevirtual and invokeinterface bytecodes. Sinceresolution is

quite slow, we described bytecode quicking which modi�es the bytecodes at

each resolved call-site to run faster on subsequent executiontimes of the call-

site.

In the next Chapters,we will discusshow the method dispatch in the JVM

is modi�ed.
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Data structure
name

Data structure title Description Summary

methodblock Method block (mb or imb) Stores the complete in-
formation (including code)
about a method. It in-
cludes the size of the
operand stack and local
variable sections of the
method's stack, a pointer
to the method's bytecodes,
the method signature, and
an exception table.

methods Method Table (MT) Array of methodblocks .
Both classesand interfaces
have MTs. It has an entry
for every method declared
(not inherited) in the class
or interface. Therefore, it
contains methodblocks for
all overriding methods.

methodtable Virtual Method Table
(VMT)

Array of pointers to
methodblocks . Only
classeshave VMTs. Each
slot (entry) holds a refer-
enceto an instancemethod
implementation that has
been declared or inherited
by the current class.

imethodtable Interface Method Table
(IMT)

Array of structures which
contain information about
interfaces. Both classesand
interfaces have IMTs. Ev-
ery class has an IMT that
referencesall of the inter-
faces it implements or in-
herits; every interface also
has an IMT with slots for
all the interfacesit extends,
including itself. The IMT
provides an extra level of
indirection that solves the
problem of inconsistent in-
dexing of interfacemethods
among classes.

Table 3.1: Major data structures involved in method dispatch.
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Chapter 4

Implemen tation

This Chapter presents the details of the JVM modi�cations to accommodate

code within interfacesand describes the simple test casesthat are used to

verify the implementation of multiple code inheritance. Neither the syntax

of the Java programming languagenor the javac compiler are changed. A

scripting processwas developed instead of using syntax changes.The details

of the scripting processare presented in Chapter 7.

4.1 Our Approac h

Our implementation of multiple code inheritance in Java is basedon the novel

conceptof adding code to selectedinterfaces. We show that only straightfor-

ward and localizedmodi�cations aremadeto the JVM to support code within

the interfaces.

If codeis put into interfacesand an existing Java compiler is used,compila-

tion errorscan occur. For example,if the code for readInt() in Figure 3.14is

movedfrom the classDataInputStream to the interfaceDataInput , an unmod-

i�ed compiler would not compile the code in DataInput and would complain

that there is no method declaration for readInt() in the DataInputStream

class,therefore the classmust be declaredas abstract. Sinceit requirescon-

siderableengineeringe�ort, we have not modi�ed a Java compiler to recognize

code in interfaces. Instead, we have createda scripting processthat allows a

programmerto insert method code into interfacesand work around a standard

compiler. Details about the processand the tools that support our approach
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13A.if (imb.code <> null) // code in interface
13B. currentmb = class.vmt[vmtIndex];
13C. if (currentmb.code == null) // no code in MT
13D. class.vmt[vmtIndex] = imb; // point VMTto imb
13E. else // potential code ambiguity
13F. if ((! currentmb.class.imt.contai ns(i mb)) &&
13G. (!imb.class.imt.contains(cu rre ntmb)))
13H. throw ambiguous method exception
13I. end if
13J. end if
13K.end if

Figure 4.1: Code addedto Figure 3.16to support interfacecode.

canbe found in Chapter 7. In this Chapter we assumethat this processis used

to put code into interfacesand the compiler doesnot generateany compila-

tion errors due to missingmethod declarations. We have taken this approach

becausewewant to quickly test the utilit y of code in interfacesto support mul-

tiple code inheritance,without the full-
edged engineeringe�ort of modifying

a compiler.

4.2 JVM Mo di�cations

To support code in interfaces, we modi�ed the JVM code that constructs

the IMT table in the classloader [21] (Figure 3.16), as shown in Figure 4.1.

After a VMT index is inserted into the array of an entry in the IMT table,

the corresponding VMT table entry is checked. If the VMT table points to

a methodblock in an MT that has no code, then the VMT table entry is

changedto point to a methodblock in the MT of the interface that contains

the code asshown in Figure 4.1. However, it is possiblethat the method code

is ambiguous,as we will discussfurther in this Chapter, Section4.4.

We use the classRandomAccessFileas an illustrativ e example. Assume

we are loading this class. Also assumethat the code for readInt() is moved

to the DataInput interfaceinsteadof being in the RandomAccessFileclass,as

shown in Figure 4.2. Assumethe array element at index 1 of the DataInput

entry is set to 13 (line 12 in Figure 3.16). Therefore, the imb is bound to
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Class
Declared Methods:

RandomAccessFile

RandomAccessFile(String, String);
no declaration for readFloat()
no declaration for readInt()
no declaration for writeInt()

MT
0init (String, String)

DataOutput

DataInput 13
14

IMT

Declared Methods:
Interface DataInput

readFloat();

readInt();

MT
readFloat()
readInt() 1

0

Declared Methods:

writeInt();

Interface DataOutput

MT

writeInt() 0

12

12
13
14

0 -
clone()1
. . .

11
readFloat()
readInt()

writeInt()

VMT

wait()

Figure 4.2: The code from java.io.RandomAccessFile is moved up in two of
its direct superinterfaces.
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the readInt() methodblock in DataInput and this methodblock has code

(step 13A in Figure 4.1). Our modi�ed class loader accessesthe VMT en-

try of RandomAccessFileat index 13 to obtain the current methodblock for

readInt() from the MT of RandomAccessFile(step 13B). Sincethere is no

code in the current methodblock, the code pointer is null (step 13C). There-

fore, we change the VMT entry at index 13 to point to the methodblock

in DataInput instead. Note that the IMT o�set into VMT stays the same,

it is only the slot in VMT that is modi�ed. The resolution and dispatch

of invokevirtual proceedsin exactly the sameway as with the unmodi�ed

JVM, but the changein the classloader code allows the code in the interface

to be found and executed.

We also neededto modify the dispatch in the situation where a call-site

such as this.alpha() appears inside an interface method. In this case,the

call-site is turned from an invokevirtual to an invokeinterface , because

the static type of this is an interface. With the designchoiceswe made, no

other changeswererequiredto support code in interfaces(and hencemultiple-

inheritance) and this is due to the Miranda Methods conceptincorporated in

SUN JVM.

4.3 Exploiting Miranda Metho ds

If there is a declaration for readInt() in DataInput , this method must be

understood by any of the classeswhich implement DataInput . Therefore,the

VMT of each of theseclassesmust have a slot for readInt() . The slots can

be obtained by either of the following two methods.

The javac compiler generatesmethods in each abstract classfor all in-

terface methods that are contained in all interfacesthat are implemented by

the class,but which do not have an implementation in the class. Such gener-

ated methods are called Mir anda methods, becauseif the classdoesnot have

a corresponding interface method, one is provided by default. For example,

the entry in the VMT of RandomAccessFilefor method readInt() of Figure

4.2 is a Miranda method since there is no code (no explicit declaration) for
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readInt() in RandomAccessFile. These methods are added becauseearly

VMs did not look for methods alongthe interfacepath, performing the lookup

only along the superclasschain.

However, if a compiler doesnot generateMiranda methods, oneadditional

action is requiredat classload time in our implementation. For each interface

from a class'sIMT, loop through their methods and look for corresponding

methods in that class'sVMT. If one is not found, then extend that class's

VMT with this method and make it point to the code in the current interface

method. In both cases,the newly created slot in the VMT is present in all

the sub-classesof that class,therefore if code is found in one superinterface,

it will be propagatedto all the classesimplementing that interface.

4.4 Inheritance Scenarios - Poten tial Am bigu-
ities

We have analyzed situations that use code in interfaces to ensurethat the

algorithm in Figure 4.1 works as necessary. The four scenariosin Figure 4.3

represent the common situations. They test all paths of the algorithm we

devised.The �rst scenarioshows a non-ambiguouscase.The secondscenario

illustrates a simple method overriding casewith no ambiguities. The third

scenariogeneratesan ambiguity, sincea type inherits implementations for a

method from two direct unrelated parents; note that the type itself doesnot

provide an implementation for that method. Finally, the fourth scenariois

a caseof complex method overriding which does not generatean ambiguity

under a weaker de�nition of inheritance con
icts.

Scenario 1. The simplest scenariooccurs when ClassA has no code for

method alpha() and no superclasshascodefor method alpha() . In addition,

a direct superinterface, InterfaceA , has code for method alpha() . This is

alsothe scenariodescribed previously, wherethe classRandomAccessFileim-

plements the interfaceDataInput which contained code for readInt() . When

a messagealpha() is sent to an instanceof ClassA, the codefrom InterfaceA

is executed.
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ClassA

InterfaceA
alpha()

ClassB

InterfaceA

InterfaceB

alpha()

alpha()

ClassB

InterfaceA InterfaceB
alpha() alpha()

ClassAInterfaceB

InterfaceA

alpha()

alpha()

ClassB

Scenario 1 Scenario 3

Scenario 2 Scenario 4

interface

class

implementation

 subclass

extended by

Figure 4.3: Inheritance scenarios- Potential ambiguities.

Scenario 2. A more complex caseoccurs when ClassB has no code for

alpha() , but both InterfaceA and InterfaceB on the samesuperinterface

chain have code for alpha() . In this case,step 13C of Figure 4.1 is �rst

executedwith currentmb bound to a methodblock in ClassB (with no code)

and imb bound to a methodblock in InterfaceB with code. This means

that step 13D is executed to re-bind the VMT entry to the methodblock

in InterfaceB . The secondtime that step 13C is executed, currentmb is

bound to a methodblock in InterfaceB (with code) and imb is bound to a

methodblock in InterfaceA (with code). Step 13F is entered since there is

chancefor method ambiguity. However, sinceInterfaceA is a superinterface

of InterfaceB , the condition in step 13F evaluatesto falseand an ambiguous

method exception is not thrown. Therefore,when a messagealpha() is sent

to an instance of ClassB, the code for alpha() provided by InterfaceB is

executed. This constitutes a simple method overriding situation, similar to

the casewherewe have classesinstead of interfaces.
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Scenario 3. This scenario illustrates a situation where an ambiguous

method exception should be thrown. Since either the code in InterfaceA

and InterfaceB could be inherited, the programmer is required to declare

a method in ClassB to resolve the inheritance con
ict [14]. A trace of the

code in Figure 4.1 shows that an ambiguous method exception does occur

sincethe IMT for InterfaceA doesnot contain InterfaceB and the IMT for

InterfaceB doesnot contain InterfaceA .

Scenario 4. This scenarioillustrates an interesting situation where one

might concludethat an ambiguousmethod exceptionshouldbe thrown for an

alpha() in ClassB. However, since the code for alpha() in InterfaceA is

reachable from ClassB by going through InterfaceB , a weaker de�nition of

inheritance con
ict would dispatch the version of alpha() from InterfaceB

[24]. A trace of the code in Figure 4.1 shows that an ambiguous method

exception does not occur since the condition in step 13G is false. In this

case,currentmb is bound to a methodblock in InterfaceA and imb is bound

to a methodblock in InterfaceB , since interfacesof superclassesare added

to the IMT of ClassB before other interfacesare added, as described in the

code in Figure 3.16. Therefore, in this situation, the code from InterfaceB

is executedwhen a messagealpha() is sent to an instance of ClassB. Each

scenarioillustrates one of the unique paths through the code in Figure 4.1,

including the needfor both conditions (step 13F and 13G).

4.5 Dispatc h of Code from In terface Metho ds

When the userprovides interfaceswith code, a call-site that often appearsin

an interfacemethod is this.alpha() . In a method implemented in a class,the

this keyword represents a referenceto the object on which the method was

invoked and an invokevirtual bytecode is generated.When this call-site is

found in an interface,an invokeinterface should be generatedinstead since

the static type of this is now an interface. To account for such situations,

we modify the bytecode generatedfor each this.alpha() call-site found in

an interface from invokevirtual to an invokeinterface . Thus, the lookup
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// java.io.DataInputStream and java.io.RandomAccessFil e
...
public final byte readByte() throws IOException f

int ch = this.in.read(); // int ch = this.read();
if (ch < 0)

throw new EOFException();
return (byte)(ch);

g
...

Figure 4.4: Similar code in java.io library.

for the method starts in the current interface (the interface that contains the

call-site) and continuesup its superinterfacechain searching the method table

of each interface for a method signaturematch.

Wepresent an exampleof such a method dispatch that wehaveencountered

in the validation processof our JVM modi�cations. Figure 4.4 is a reproduc-

tion of Figure 2.9that illustrated similar codein the readByte() methodsof the

java.io library from the classesDataInputStream and RandomAccessFile.

If this code can be madeidentical, it can be moved to the commonsuper-

interfaceof DataInputStream and RandomAccessFile, calledDataInput that

is shown in Figure 2.7. The codecanbemadeidentical by replacingthe second

line of the readByte() method by:

int ch = this.source();

where the source() method in classDataInputStream returns this.in and

the source() method in classRandomAccessFilereturns this . This change

is described in more detail in Chapter 6. What is important to notice now is

that this kind of abstraction results in a method such as readByte() in the

interface DataInput which contains a messagewith this as the receiver. In

this case,the scripting processreplacesthe invokevirtual bytecode with an

invokeinterface bytecode.

The operandsrequired by invokevirtual and invokeinterface are dif-

ferent. The invokevirtual bytecode takesonly two operandswhich form an

index into the constant pool, whereasinvokeinterface takesfour operands:

the �rst two operandsform an index into the constant pool, the third operand
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indicates the number of arguments that the method takes and the fourth is

set asidefor executionspeed(the guess) after quicking. Therefore,when re-

placing thesebytecodes in the .class �le, the number of arguments should

be added(if the last operand is not provided, it is automatically set to 0). A

new .class �le containing thesechangesis generatedasdescribed in Chapter

7. The number of arguments provided in the script is not important, because

as we will seelater we do not use it. Instead, the correct number of argu-

ments for the method is taken from the resolved methodblock when the JVM

encounters an invokeinterface . The right number of arguments is essential,

becausewhen the method that we would like to executeis in an interface, the

receiver object has to be retrieved by going up the operand stack a number

of arguments found in the resolution methodblock, and not in the bytecodes

(which do not re
ect the actual situation in the resolved methodblock).

4.6 Concluding Remarks

Our implementation of multiple code inheritance in Java is basedon the novel

conceptof addingcodeto selectedinterfacesrepresented by code-types. In this

Chapter, we described our modi�cations to the JVM classloader that support

code within interfacesand we showed how the new code was dispatched. We

showedthat our approach detectsambiguoussituations dueto codein multiple

super-types. We illustrated scenariosthat tested the modi�ed classloader in

the presenceof code in interfaces,as well as in ambiguoussituations.

We solved the special dispatch problem for this.alpha() call-siteswithin

interfacecode,by replacingthe invokespecial bytecode, normally generated,

with invokeinterface .

Weprovided a comment notation for including code in interfaces.In Chap-

ter 7 we detail the processwhich inserts code within interfacesin the absence

of compiler support for multiple code inheritance.
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Chapter 5

Super Call Implemen tation

The implementation of anoverriddenmethod often invokesthe samemethod as

implemented in the super-type, in order to re�ne existing code. Java achieves

this enhancement of functionality for the overridden method through its pow-

erful super call mechanism. However, whena type inherits code from multiple

super-types,the choiceof which type to usefor a super call becomesan issue.

In this Chapter we present a solution to the problem of super calls in the case

of multiple code inheritance. We also proposesyntax changesfor super calls

to interfacesthat would simplify coding.

5.1 Super Call Mec hanism

In Java, a method invokes the same method from its superclassusing the

syntax super.alpha() . With multiple-inheritance, such a call could be am-

biguous. C++ solves this ambiguity problem by specifying a method in a

particular superclassat compile time. For example,if C is a direct subclassof

classesA and B that both declaremethod alpha() , then a super referenceto

alpha() in a method in classCcan specify either A::alpha() or B::alpha() .

In fact, if no declaration of alpha() occurs in classA, but does occur in a

superclassof A, such as D, then the call A::alpha() would start a dynamic

lookup in A and then proceedto �nd the appropriate method in D.

This is the approach we use in multiple-inheritance Java. Chapter 7 de-

scribesthe syntax usedto implement this idea without changingthe Java lan-

guage. In this Chapter we use the simple notation super(Start).alpha() ,

67



ClassE

InterfaceA InterfaceC
alpha()

InterfaceB
alpha()

alpha()

ClassD
alpha()

... alpha() {

...
super(?).alpha();

Figure 5.1: Classesand interfacesfor super calls.

where Start refers to any superinterface. Sincethe argument interface does

not needto declarethe method, this argument indicates the placewhere the

lookup starts. The modi�ed JVM looks for code in the speci�ed interfaceand

then continuessearching along the superinterface chain. If a stricter form of

multi-super is required, the start interfacecould be restricted to be an imme-

diate superinterfaceof the classor interfacethat includesthe super call. Some

would arguethat this C++ model provides too much freedomin super calls.

5.2 Examples of Multi-Inheritance Super

Consider the classesand interfacesin Figure 5.1. The following method call

super(InterfaceA).alpha() in a method of ClassE invokesthe alpha() in

InterfaceA . The call super(InterfaceC).alpha() invokes the alpha() in

InterfaceB . The call super.alpha() invokesthe alpha() in ClassD, because

we do not changethe meaningof the single-inheritancesuper call.

Now consider the interfacesand classesof Figure 5.2. The method call

super(InterfaceG).alpha() in a method of ClassMinvokesthe alpha() in

InterfaceF . The call super.alpha() would behave identically with the usual

super call. The traditional call super.alpha() would not �nd the alpha() in

InterfaceJ and in fact would result in a compile-time error sincethere is no

alpha() declaredin the superclasschain of ClassM(i.e., there is no declaration

of alpha() in ClassL nor ClassK). If there was also an alpha() in ClassK,
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ClassM
alpha()

InterfaceG

InterfaceF alpha()

InterfaceH
alpha()

ClassL

InterfaceJ
alpha()

ClassK

... alpha() {

...
super(?).alpha();

Figure 5.2: More classesand interfacesfor super calls.

then an inheritance con
ict exceptionwould have beenthrown when ClassL

was loaded.

5.3 Implemen tation of Super

Our implementation of the multiple-inheritance super call, with the proposed

syntax super(Start).alpha() , generatesan invokeinterface bytecode in-

steadof an invokespecial bytecodegeneratedto implement a single-inheritance

super call, super.alpha() .

The instruction storesthe argument interface (in this case,Start ) in the

constant pool and marks the method call-site by storing a special value in

an operand of invokeinterface bytecode. With compiler support, we would

prefer to createa di�erent bytecode (invokemulti-super ).

We will refer to this operation as an invokemulti-super , even when it is

represented by a marked invokeinterface . It appearsthat two JVM changes

are required to support invokemulti-super , one in resolution and one in

computing the execution methodblock. In fact, resolution does not require

changes. Regular invokeinterface resolution �nds an appropriate resolu-

tion methodblock. However, execution methodblock computation is di�erent
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for invokemulti-super and invokeinterface . An invokeinterface uses

a guess and the resolved methodblock stored in the quicked bytecodes to

�nd the execution methodblock using the formula given in Figure 3.13. For

invokemulti-super , we canjust usethe resolved methodblock directly asthe

executionmethodblock, as we show later in this Chapter.

We preserve the semantics of the traditional super calls without altering

their performance.If we usethe normal super syntax (without any argument

for super), the classicsuper would be executed,therefore the code from the

superclasswould beretrieved. The compileremitsan invokespecial bytecode

followedby oneoperand,which is an index into the constant pool of the current

class.The entry at this index is the method signature(in this case,alpha() )

of the method being invoked, along with the �rst superclassthat contains a

declaration of alpha() , when the super call was compiled.

If an existing program contains a super call, we expect the new JVM to

generatethe sameresults. This is consistent with Figure 5.2 wherea regular

super.alpha() call in ClassMgeneratesa compiler error insteadof executing

the code in InterfaceJ . If on the other hand we usethe multi-super syntax

with an interface argument, then we expect the code from an interface to be

executed.

If the user wants the code from a speci�ed superinterface to be executed,

then the nameof the superinterfacehas to be supplied asan argument to the

multi-super. In this case,the scripting processapplied to the interfacesand

classesinvolved recognizesthe special marker (from the number-of-arguments

operand of invokeinterface ) and replacesthe static receiver of the method

with the speci�ed interfacename.

Wehaveslightly modi�ed the JVM codethat executesthe invokeinterface

bytecode in order to di�erentiate between the two caseswhen this bytecode

is generated: the traditional case(real invokeinterface s) and this special

case(the multi-inheritance super call). In fact, we have modi�ed the quick

counterpart of the invokeinterface , i.e., invokeinterface quick . In the

casethe 
ag set in the operand is on, whenan invokeinterface quick byte-

code is executed,our executionmethodblock is retrieved, insteadof the usual
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case opc invokeinterface quick:
imb = constant pool[GET INDEX(pc + 1)].mb;
interface = imb.class;
offset = imb.offset;
...
// Wechange the code so that nargs is retrieved from
// the resolved interface methodblock imb instead of
// from the nargs bytecode (pc[3]).
// args size = pc[3]; // REMOVED
args size = im b.args size; // ADDED
optop -= args size;
...
// Weuse the third operand (nargs) as a marker for the
// multi-super case.
if (p c[3] == 255) // ADDED

mb = in terface.MT[o�set]; // ADDED
goto callmetho d; // ADDED

end if // ADDED
...

end case

Figure 5.3: The modi�cations madeat the invokeinterface quick bytecode
execution.

methodblock. Details of our implementation areillustrated in Figure 5.3. This

doesnot a�ect the non-marked invokeinterface executions,becauseif the


ag is not set, then the next time an invokeinterface is encountered, the

usual (non-modi�ed) executionprocessoccursand the proper methodblock is

executed. The execution of the traditional invokeinterface quick is more

complicated,sincethe resolution methodblock may be di�erent from the ex-

ecution methodblock as described in Chapter 3, Section3.7.

In our case,it turns out that the resolutionmethodblock is the actual exe-

cution methodblock. The reasonfor this convenient situation is that oncewe

specify the starting point of the lookup (the interfaceargument) the interface

method table (IMT) of the speci�ed interface is searched, beginning with its

�rst entry, which is the interface itself, and continuing with all the direct and

indirect superinterfacesuntil a matching signature for the method is found in

the method table (MT) of someinterface. The resolved method is the method
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that should be executedsincein a super call the dynamic type of the receiver

is irrelevant.

If no code is found on the superinterface chain, the compiler would have

generatedan error. Note that it is currently possibleto useour scripts to put

code in a method alpha() in an interface IA and to declarealpha() to be

abstract in a sub-type interface IB. This should be a compile-time error since

it violates substitutabilit y [14]. Becausewe currently do not have compiler

support for code in interfaces,we catch this error at load-time.

5.4 Concluding Remarks

In this Chapter, we presented the JVM changesnecessaryto support our

generalizationof the super operation for multiple inheritance. We de�ned and

implemented a super call mechanism that resembles the one in C++. We

achieved this by making a changeto the execution of the invokeinterface

bytecode.

We provided a simplenotation for super calls to interfaces,which doesnot

require compiler support. In Chapter 7, we detail the scripting processused

to work around the standard Java compilersin the presenceof multiple code

inheritance. We proposedsyntax changesfor super calls to interfaces that

would simplify coding.
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Chapter 6

Exp erimen tal Results

This Chapter providesan overview of experiments and tests conductedduring

the processof verifying the implementation of our SUN JVM for JDK 1.2.2

modi�cations. The goal of our JVM validation is to show that our multiple

code inheritance implementation preservessemantics and performanceof ex-

isting single inheritance code, without altering Java languagesyntax or Java

compilers. In addition, we show that both our basicmultiple code inheritance

and the super call mechanism we implemented executecorrectly in multiple

inheritance programs. We also provide somemeasurements of the software

engineeringadvantagesof using multiple code inheritance.

6.1 Exp erimen tal Platform

The experiments were executedon an Intel PC, singlePentium II I processor

700MHz,with 256KB L2 cache sizeand 512MB RAM. We compiledthe Sun

MicrosystemsJDK 1.2.2 for the Linux v. 2.2.16-3operating systemwith the

GCC compiler v. egcs-2.91.66with optimization 
ags -O2 (default) in JVM

internal debugmodebasedon conditional compilation. This JVM versiondoes

not have a jit compiler. We developed a scripting processusing Perl v5.6.0

for Linux.
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6.2 Compatibilit y and Performance

We ran two large single-inheritanceJava programs on the unmodi�ed JVM

and on our modi�ed JVM. We wanted to test that our modi�ed JVM did not

introduceerrors into single-inheritanceprograms.

The singleinheritance test programswerejavac and jasper . The jasper

application takesa .class �le and turns it into a .j �le containing a human

readableversion for the binary code of a .class �le. In the �rst experiment

we compiledall of the �les in the java.io package. In the secondexperiment

we applied jasper to all of the .class �les in the java.io package. Both

javac and jasper are written in Java, so they require a JVM to run.

In order to check if the resultswereconsistent, we comparedwith the Unix

command diff the binary �les produced by the javac compiler ran on the

classicJVM against the javac compiler ran on our modi�ed JVM, and we

veri�ed they are identical. We also veri�ed that the outputs of jasper are

identical when ran on the two JVMs.

We repeated this experiment for javap (Chapter 3, Section3.1 illustrates

an example of using this tool), a single inheritance application within the

JDK, which generatesa description of any .class �le that is provided as

an argument. We tested the .class �le disassembler javap on the .class

�les generatedby javac in the java.io library. Again, the output using our

modi�ed JVM is identical to the output using the classicJVM.

Wealsowanted to measurethe performanceoverheadof usingour modi�ed

JVM on single inheritance programs.

In all three of thesetests, there is no measurablechangein the execution

times, the performanceis the same within measurement errors. Table 6.1

shows the averagetimes (seconds)obtained with the Unix command time ,

after 20 runs of javac and jasper . The table shows also the corresponding

standard deviation with both JVM implementations. No times are included

for javap sinceit only runs on a single .class �le and the time is too short

for meaningful comparisons.
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JVM javac jasp er

Sun JVM
avg

10.25s 11.85s

Our JVM
avg

10.08s 11.56s

Sun JVM
stdev

0.02 0.54

Our JVM
stdev

0.15 0.05

Table6.1: Time measurements for javac and jasper on java.io library �les.

6.3 Correctness

We then ran programswhoseinheritance structures are represented in Figure

4.3, to test the basic implementation of multiple-inheritance. This includes

code in interfacesand inheritance of this code. Thesesituations test all paths

through our modi�ed classloader code shown in Figure 4.1.

We also included tests for the special call-sitesthis.alpha() in an inter-

facemethod code. Also, we included tests for input.alpha() call-siteswithin

an interface with code, where input is declaredto be that interface. These

call sites would normally be compiled into invokevirtual bytecodesas a re-

sult of applying our scripting process.We turn them into invokeinterface

bytecodes. In all cases,we obtained the expected results described in more

detail in Chapter 4.

To test our implementation of super calls, we ran programswith all of the

inheritance structures of Figure 5.1 and Figure 5.2. We tested the execution

of the traditional super calls when code is provided in superinterfaces and

the execution of multiple inheritance super calls. The results demonstrate

that the semantics of traditional super calls are preserved and that multiple

inheritance super calls are correctly dispatched, as comparedto the expected

results discussedin Chapter 5.

75



RandomAccessFile

DataOutputDataInputInputStream

DataOutputStreamDataInputStream

OutputStream

Source Sink

Figure 6.1: Re-factoredhierarchy in java.io library.

// java.io.DataInputStream and java.io.RandomAccessFil e
public final float readFloat() throws IOException f

return Float.intBitsToFloat(read Int ());
g

Figure 6.2: Identical code in the input stream �les.

6.4 Re-factoring the java.io Library

One of the commonexampleswhich motivates the useof multiple code inher-

itance is the java.io library. Identical code appearsin several classeswithin

this library. Figure 6.1 shows the existing hierarchy of classesand interfaces,

alongwith two newinterfaces,Source and Sink, that areusedto help promote

code to superinterfaces.

6.4.1 Input Stream Classes

ClassesRandomAccessFileand DataInputStream have either identical code

or code that requiresa simple abstraction in order to be madeidentical. The

goal is to promote the common code into the DataInput interface where it

would be available for instancesof both classes. For example, the method

readFloat() from Figure 6.2 hasthe samecode in both classes.The method

readByte() from Figure 6.3 needsone abstraction. We accomplishthat by

replacing referencesto data by abstract accessormethod invocations (e.g.

source() and sink() as discussedbelow) placed in the interfacesand imple-
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// java.io.DataInputStream and java.io.RandomAccessFil e
public final byte readByte() throws IOException f

int ch = this.in.read(); // int ch = this.read();
if (ch < 0)

throw new EOFException();
return (byte)(ch);

g

Figure 6.3: Similar code in the input stream �les.

// java.io.DataInput
public final byte readByte() throws IOException f

int ch = this.source().read();
if (ch < 0)

throw new EOFException();
return (byte)(ch);

g

Figure 6.4: Abstraction of similar code in DataInput interface.

mented in the classesdown the hierarchy. Figure 6.4 shows how we abstract

the code and promote it to the commonsuperinterface DataInput .

Let us considerthe code in the readByte() method from DataInputSteam

and RandomAccessFileshown in Figure 6.3. Both methods call the method

read() . The only di�erence betweenthe code in the classesDataInputStream

and RandomAccessFile(which implement DataInput ) is the receiver of the

read() method. To generalizethe code for this method so that it can be

promoted to the interfaceDataInput , we have to declarea method source()

in the interface DataInput which returns the right receiver for the read()

method in each case. The implementations of the source() method for

classesDataInputStream and RandomAccessFileare shown in Figure 6.5.

Sincethe source() method in DataInputStream returns an instanceof class

InputStream and the source() method in RandomAccessFilereturns an in-

stanceof classRandomAccessFile, we needa smallestcommonsuper-type of

InputStream and RandomAccessFile. Therefore we introduce a new inter-

faceSource, as shown in Figure 6.1. In the samemanner, we needa sink()

method declaredin DataOutput and a Sink interface, as we will seein the
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// class java.io.DataInputStream
...

public Source source() f
return this.in;

g
...
// class java.io.RandomAccessFile
...

public Source source() f
return this;

g
...

Figure 6.5: Implementation of the source() method.

// package mi
public interface Source f

public int read() throws IOException;
g
public interface Sink f

public void write(int b) throws IOException;
g

Figure 6.6: The mi package.

next Section.

We have re-factoredthe java.io library by moving commoncode up into

interfaces.To support this process,we have built a packagenamedmi (Figure

6.6) that is imported in every classor interfacethat implements or extendsour

two new interfaces:Source and Sink. The Source interfacehasoneabstract

method, read() and Sink interfacehas oneabstract method, write(int) as

illustrated in Figure 6.6. These two interfaces represent the least common

superinterfaceof the typesreturned by the source() and sink() methods.

InputStream and RandomAccessFileboth implement the new interface

Source, and at the sametime OutputStream and RandomAccessFileboth

implement the new interfaceSink.
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// java.io.DataOutputStream and java.io.RandomAccessFile
public final void writeFloat(float v) throws IOException f

writeInt(Float.floatToInt Bit s(v) );
g

Figure 6.7: Identical code in output stream classes.

// java.io.DataOutputStream
public final void writeInt(int v) throws IOException f

OutputStream out = this.out;
out.write((v >>> 24) & 0xFF);
out.write((v >>> 16) & 0xFF);
out.write((v >>> 8) & 0xFF);
out.write((v >>> 0) & 0xFF);
incCount(4);

g

Figure 6.8: Method writeInt() in DataOutputStream.

6.4.2 Output Stream Classes

ClassesRandomAccessFileand DataOutputStream have someidentical meth-

ods (for example,method writeFloat() in Figure 6.7).

In addition, thereareseveral situationswherethe codein DataOutputStream

can be made identical to the code in RandomAccessFile(using an abstrac-

tion), except for someextra lines of code following the identical part. We can

promote all such code to the commonsuperinterfaceand make a super call to

it from the type which contains the extra lines of code.

For example,Figure 6.8and Figure 6.9show the method writeInt() from

classesDataOutputStream and RandomAccessFilerespectively. Figure 6.10

shows the common abstracted method that has been promoted to interface

DataOutput. There is no method for writeInt() in RandomAccessFile. How-

ever, Figure 6.11 shows the method that remains in DataOutputStream to

make the super call and perform the extra action. The super(DataOutput) is

not standard Java. It is the super call to a superinterface,discussedthrough-

out this dissertation. In fact, only the methods from DataOutputStream

have to provide both an abstraction and a super call. The methods from

RandomAccessFileonly needto beabstracted. Therefore,they arecompletely
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// java.io.RandomAccessFile
public final void writeInt(int v) throws IOException f

this.write((v >>> 24) & 0xFF);
this.write((v >>> 16) & 0xFF);
this.write((v >>> 8) & 0xFF);
this.write((v >>> 0) & 0xFF);

g

Figure 6.9: Method writeInt() in RandomAccessFile.

// java.io.DataOutput
public final void writeInt(int v) throws IOException f

Sink out = this.sink();
out.write((v >>> 24) & 0xFF);
out.write((v >>> 16) & 0xFF);
out.write((v >>> 8) & 0xFF);
out.write((v >>> 0) & 0xFF);

g

Figure 6.10: Code abstracted in DataOutput interface.

promoted to DataOutput.

We ran test programsthat usedthe re-designedjava.io library partially

shown in Figure 6.1. In Table 6.2 and Table 6.3 we show how multiple code

inheritance reducesthe amount of identical and similar code to simplify pro-

gram construction and maintenance.Table 6.2 shows the number of methods

that could be promoted in thesestream classesof the java.io library, if Java

supported multiple code inheritance. Table 6.3 shows the number of lines of

executablecode moved to the superinterfacesusing the samemultiple code

inheritance assumption. We counted only executablelines and declarations,

not comments or method signatures.

// java.io.DataOutputStream
public final void writeInt(int v) throws IOException f

super(DataOutput).writeIn t(v) ; // Proposed syntax.
incCount(4);

g

Figure 6.11: Re-factored code in DataOutputStream with both abstraction
and super.
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Class Iden tical
metho ds

Abstract Abstract
and Sup er

Total
pro-
moted

Metho d
De-
crease

DataInputStream 4/19 8/19 0/19 12/19 63%
DataOutputStream 2/17 0/17 6� /17 2+6 � /17 12%

RandomAccessFile 6/45 8/45 6/45 20/45 44%

Table 6.2: Method promotion in the Java stream classesusing multiple code
inheritance.

Class Initial
Lines

Added Lines
Abstract
and Sup er

Net Lines
Abstract
and Sup er

Line
De-
crease

DataInputStream 127 1 84 34%
DataOutputStream 83 7 66 20%
RandomAccessFile 154 2 97 37%

Table 6.3: Lines of code promotion in the Java stream using multiple code
inheritance.

More important than the sizeof the reductions is the reducedcost of un-

derstanding and maintaining the abstracted code. Even though most of the

method bodiesof six methodsmoveup from DataOutputStreamto DataOutput,

small methods remain that make super calls to thesepromotedmethods. This

is the reasonthat the method decreaseis smaller for DataOutputStream than

its code decrease. Reducing the number of lines of code reducesthe main-

tainancecost for this code and enhancesreadability for usersof this code.

Thesere-factoredlibrary classesexerciseall of the multiple codeinheritance

implementation changesthat we made. The test programsran without error

and with negligible time penaltiesfor multiple-code inheritance.

Our test program (which usesthe re-factoredtypes)createsan instanceof

DataOutputStreamwhich is sent write messages(writeDouble() , writeInt() ,

writeChar() , and writeChars() ) in order to create an output text �le and

write somevaluesin it. Then a DataInputStream object is createdwhich uses

the same�le to readinformation for it (readDouble() , readInt() , readChar() ,

and readLine() ). Although DataInputStream doesnot override any of the

methods sent to a DataInputStream object (becausethesemethodshave been
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promoted to DataInput ), the program generatesthe sameresults as the un-

modi�ed java.io library.

6.5 Concluding Remarks

In this Chapter, we described several experiments we conducted to validate

our JVM changes,targeting both single and multiple inheritance programs.

The results of the tests and experiments show that our multiple code inheri-

tance implementation preserves semantics and performanceof existing single

inheritance code, without altering Java languagesyntax or Java compilers.

The dispatch scenariosillustrated in Chapter 4 were implemented and ran

correctly.

In addition, we showed that both our basicmultiple code inheritance and

the super call mechanism that we implemented executecorrectly in multiple

inheritance programs. We also described how all the dispatch scenariosil-

lustrated in Chapter 5 were implemented and ran without error, generating

correct results.

Finally, weprovided somemeasurements of the softwareengineeringadvan-

tagesof using multiple code inheritance. In order to test multiple inheritance

programs, we used the re-factored java.io library, with code in interfaces

and super calls to interface code. By using multiple code inheritance, a con-

siderableamount of executablecode waspromoted to commonsuper-typesby

being removed from the basetype or replacedwith only a super call.
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Chapter 7

Syntax Supp ort for Compilation

The abilit y to support multiple-inheritance of code introduces two speci�c

challengesto the compilation process.First, asdiscussedearlier, current Java

compilersdo not support executablecode inside interfaces.Second,a mecha-

nism is neededto handlegeneralizedsuper calls. Future work will be to modify

the compiler to support both code in interfacesand the super call mechanism.

7.1 The Scripting Pro cess

We have developed a translation processthat usesan unmodi�ed Java com-

piler and doesnot a�ect the existent languagesyntax. Our technique is based

on source-to-sourceand class-�le-to-class-�le transformations using custom

scripts, publicly available Java tools, and syntactic conventions in the user's

Java code. All of our scripts have the pre�x "MI " (multiple-inheritance) in

their names.Although there are several stepsin the compilation process,the

processis automated and it is summarizedin a 
o w chart in Figure 7.3.

At the programmerlevel, the processis the following:

1. The programmer includescode in the interface, but the code is within

comments with a special label MI CODE.

2. Our scripts transform the .java �le for the interface into a .class �le

that contains the code. We make useof the following tools: jasper [16]

and jasmin [15].
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...
public float readFloat() 

 {
return

Float.intBitsToFloat(readInt());

}

interface DataInput {
...

throws IOException;
public float readFloat() 

 
/*MI_CODE
{
return

Float.intBitsToFloat(readInt());

MI_CODE */
}

throws IOException

...
} }

...

abstract class DataInput_MI {

Figure 7.1: Syntax of interfacecode in java.io.DataInput interfaceand the
result of applying the script MI hybridInterface .

3. Multi-inheritance super calls are written as two standard Java instruc-

tions andour scripts translate them into the invokeinterface bytecodes

described in Chapter 5.

7.2 Code in In terfaces

Current Java compilersdo not allow code to be included in interfacesso the

programmer delimits the code using special comment delimiters /* MI CODE

and MI CODE*/ . For example,considerthe interfaceDataInput and the class

DataInputStream from Figure 3.14. The codefor readFloat() in the interface

DataInput is shown in Figure 7.1.

The goal of our compilation processis to create a �le DataInput.class

with Java bytecodesfor the body of the method readFloat() , i.e., an interface

with code. This is accomplishedby creating both an interfaceDataInput and

a classwith the samename followed by MI (i.e., multiple inheritance), then

combining the .class �les of both the interfaceand classinto a single.class

�le that is like an interface, except that it contains code from the specially

commented methods. Thereforestep 2 of our processis divided into sub-steps

that useseveral translation tools and scripts.

� 2.1 The interfacesource�le (DataInput.java of Figure 7.1) is compiled

usinga standardjavac compilerto createa binary �le (DataInput.class )

for the interface that contains no code.
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� 2.2 The interface binary �le (DataInput.class ) is disassembled, using

the jasper [7] tool into an interface jasper �le (DataInput.j ). The

jasper �le is a human-readableform of the binary �le that beginswith

a description indicating that the �le was originally compiled from an

interface.

� 2.3 Script MI hybridInterface performsa source-to-sourcetranslation

from an interface source�le (DataInput.java ) into an abstract class

source�le (DataInput MI.java ) in which the specialcomment delimiters

are removed from the interface's methods (readFloat() ), making the

code visible to a compiler. The classDataInput MI is madeabstract to

avoid irrelevant compiler error messagessince someinterface methods

may not contain code and a class that contains at least one method

without code (abstract method) should be declaredabstract.

� 2.4 The abstract classsource�le (DataInput MI.java ) is compiled by

javac into an abstract classbinary �le (DataInput MI.class ) that con-

tains code for all of the methods in the original interfacethat had meth-

ods (readFloat() ).

� 2.5 The abstract classbinary �le (DataInput MI.class ) is disassembled

into an abstract class jasper �le (DataInput MI.j ) using the jasper

tool.

� 2.6Script MI copyHeaderInterface �rst replacesall the invokevirtual

bytecodes whosestatic types have a su�x MI with invokeinterface

bytecodes. Due to the di�erence in the number of operands required

by invokevirtual (only two operands) and invokeinterface (four

operands),another bytecode which represents the number of arguments

taken by the method has to be addedat the new invokeinterface lo-

cation. This number is actually ignored at run-time, since the actual

number of arguments is taken from the resolved methodblock. However,

somenumber must beplacedin the operandsin order to allow the gener-

ation of the modi�ed .class �le with jasmin . The fourth operandis set
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to zeroby default, sowe do not have to explicitly provide it. Recall that

this step is necessary, becauseof the situation when we have a call-site

this.alpha() within an interfacemethod.

In this case, the script removes the MI su�xes of all referencesin

the abstract class jasper �le (DataInput MI.j ). Note that although

the static type of the receiver at an invokevirtual call-site is a class

(DataInput MI), after removing the MI su�x and replacingthe opcode

with invokeinterface , the static type of the receiver at the samecall-

sitebecomesan interface(DataInput ) asexpectedfor an invokeinterface

bytecode. The script combines this modi�ed abstract class jasper �le

(DataInput MI.j ) with the interfacejasper �le (DataInput.j ) to obtain

a hybrid jasper �le that has the header(description of the type of the

.class �le) of an interface(DataInput.j ) and the code for the methods

(DataInput MI.j ), except for the constructors. The hybrid jasper �le

overwrites the interface jasper �le (DataInput.j ).

� 2.7 The hybrid jasper �le (DataInput.j ) is assembled into a hybrid

binary �le (DataInput.class ) using the jasmin [8] tool. Sincejasmin

is not a full-
edged compiler, it doesnot explicitly check whether or not

interfaceshave code so no errors are reported.

Although there are seven stepsin this process,they are hidden from the pro-

grammer who usesthe simple syntax of Figure 7.1. For now, all the stepsof

the processare automated in a makefile , therefore the user only types the

makecommand. In the future, we would like the userto run a script insteadof

a makefile in order to trigger the executionof this process.Currently, when

a program that hascode in interfacesis executedby java , the veri�er must be

turned o� (-noverify 
ag). We plan to modify our JVM to remove only the

veri�cation code for interfacesso the rest of veri�cation can be maintained.
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// Multi-super: the lookup starts from the argument's IMT,
// continuing along its superinterface hierarchy.

MI.supercall("InterfaceH") ;
super.alpha();
...

// Normal super: the lookup starts in the superclass MT,
// continuing along its superclass chain.

super.alpha();

Figure 7.2: Syntax of supercall for call-sitesin ClassM.

7.3 Super Calls

In Chapter 5, we described multi-inheritance super calls and introduced the

syntax super(Start).alpha() , indicating the interface Start as the place

the lookup beginsfrom. Our approach currently usestwo standard Java state-

ments to represent this languageextension. This allows us to still use the

standard Java compiler, javac , albeit aspart of a multi-step, scripted compi-

lation process.To make a multi-inheritance super call, the programmerinserts

a special static method call that contains the start interface as an argument,

followed by a standard local method call. For example,Figure 7.2 shows the

current syntax for the super calls shown in Figure 5.2 that start searching in

InterfaceH (multi-inheritance super) and ClassL (normal super), respectiv-

elly. MI is a new library classspeci�cally designedto provide syntax support

for multiple-inheritance. It can be discarded once compiler support is de-

veloped for multiple-inheritance using super(Start).alpha() . The MI class

contains a static method supercall that takesas an argument the interface

from which the lookup starts. This is a marker which indicatesthat the super

call immediately following it is a special super, i.e., a multi-inheritance super

call.

Sincewe do not alter the semantics of the existing super calls, we do not

provide an MI.supercall statement beforea normal super to a class. Thus

we do not imposeany overheadon existing super calls.

If the javac compiler tries to compile the code in Figure 7.2, basedon
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the inheritance hierarchy of Figure 5.2, it will producea compilation error for

both super.alpha() call-sites. In each case,it will search the superclasschain

of ClassM, starting with ClassL and will not �nd a declaration for alpha() .

To avoid spuriouscompilation errors, we can replacethe super keyword with

this for all the call-sites immediately precededby an MI.supercall before

compilation. This works since if the call-site super.alpha() is turned into

this.alpha() , the compiler �nds the method in the virtual method table

(VMT) of the current class,therefore it does not report an error. However,

an invokevirtual bytecode is generatedinstead of an invokespecial . We

further needto replacethis invokevirtual with an invokeinterface , sothat

the lookup starts in the IMT of the speci�ed interface,and not in the method

table (MT) of the superclassof the classwhich contains the super call-site.

Here is our multi-step compilation processthat translates the syntax of

Figure 7.2, to the bytecodesdescribed in Chapter 5. Thesestepsare the sub-

stepsof step3 of the high-level compilation processpresented at the beginning

of Chapter 5. In each step, the term current class refers to the class that

contains the super call. The exampleusedis the code in Figure 7.2 with the

inheritance hierarchy of Figure 5.2.

� 3.1 Script MI preprocessClass transforms the current classsource�le

(ClassM.java ) into an abstract classsource�le (ClassMMI.java ) by

adding the abstract modi�er to the class. At the sametime, the super

keyword is replacedby the this keyword at all the call-sitesimmediately

precededby MI.supercall . The abstract modi�er is neededsince the

current classmay not actually declarethe method invoked by the super

call. For example,considerthe situation wherethe code in Figure 7.2, is

in a method called beta() and there is no code for alpha() in ClassM.

By making the current class(ClassM) abstract, no compiler error will

be generatedby the this.alpha() call, becausea slot for alpha() is

automatically created in the virtual method table (VMT) of ClassM,

representing a Miranda Method (detailed in Chapter 4).

� 3.2 The abstract classsource�le (ClassMMI.java ) is compiled into an
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abstract classbinary �le (ClassMMI.class ) using javac .

� 3.3The abstract classbinary �le (ClassMMI.class ) is disassembled into

an abstract classjasper �le (ClassMMI.j ) using jasper .

� 3.4 The script MI abstractToConcrete translates the abstract class

jasper �le (ClassMMI.j ) into a concreteclass jasper �le (ClassM.j ).

The abstract classmodi�er is removed and the invokevirtual instruc-

tion after the MI.supercall(Start) method invocation is changedto

an invokeinterface instruction. The argument of the MI.supercall is

copiedover the static typeof the receiver in the invokeinterface imme-

diately following this statement. As in all caseswherethe invokevirtual

bytecode was replaced with an invokeinterface requiring two more

operands,the number of arguments is also supplied. Sincethe number

of arguments is ignored at run-time, being retrieved from the resolved

methodblock, we can use it as a marker for the multi-super case,set-

ting it to 255. Now the modi�ed .j �le can be correctly generatedwith

jasmin resulting in a valid .class �le, sincethe invokeinterface has

beenprovided with the number of operandsit requires.

� 3.5The concreteclassjasper �le (ClassM.j ) is assembled into a concrete

classbinary �le (ClassM.class ) using jasmin .

The sameprocessworks on an interfacesource�le that contains a super call.

Although there are �v e steps in this process,they are hidden from the pro-

grammerwho usesthe simple syntax of Figure 7.2.

7.4 Concluding Remarks

In this Chapter, we presented our scripting processthat wasdeveloped to cope

with the absenceof compiler support for multiple code inheritance.

We solved two speci�c challengesto the compilation process. First, as

discussedearlier, current Java compilersdo not support executablecode inside

interfaces.Second,a mechanism is neededto handle generalizedsuper calls.
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The proper way to solve theseproblemsis to modify a compiler to support

our changesand we plan to completethis task in the future. In the meantime,

we prototyped the compiler, through the scripting processdescribed in this

Chapter. Our scripting processworks with any existing java compiler.

Although there are several steps in this scripting process,they are auto-

mated and the user only executesa makefile to trigger their execution. In

the future, we would like to have a script with the samefunctionality as the

current makefile .
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Figure 7.3: The scripting process.
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Chapter 8

Conclusions and Future Work

In this dissertationwepresented the designand implementation of an extended

JVM that supports multiple code inheritance. We concludewith a summary

of Chapters, future directions and research contributions.

8.1 Summary of Chapters

We started by motivating the needfor multiple code inheritance in Java, em-

phasizingits advantages: facilitates code re-use,supports separationof inher-

itance concepts,and improves expressivenessand clarity of implementation.

Moreover, multiple code inheritance avoids duplicated code and supports re-

factoring.

We continued with a short review of the current state of multiple inher-

itance, investigating the mechanisms of multiple code inheritance in several

programming languages.We support multiple code inheritance, and not mul-

tiple data inheritance,sincethe latter is not as important ascode inheritance.

Multiple data inheritance is not a popular feature among programming lan-

guageswhich support multiple inheritance, being the sourceof many compli-

cations. Re-usingcode is a powerful object-oriented feature which decreases

the e�ort of programmers,who are mainly focusedon implementing method

bodies.

We described the current implementation of those parts of the JVM in-

volved in method dispatch. The stepsof method dispatch, resolution and exe-

cution, are detailed for the invokevirtual and invokeinterface bytecodes.
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Sinceresolution is slow, bytecode quicking is introduced.

We proposeda mechanism to support multiple code inheritance in Java

through code in special interfaces that represent code-types. Then we de-

scribed how we modi�ed the JVM loader to support thesespecial types and

showed how the code was dispatched. We also described our solution to the

dispatch of this.alpha() call-siteswithin interfacemethods.

We presented the changesnecessaryto support a generalization of the

super operation for multiple inheritance. Wede�ned and implemented a super

call mechanism that resembles the one in C++. We implemented this by

makinga dispatch time changeto the virtual machine. Weprovided a comment

notation for including code in interfacesand a simple notation for super calls

to interfaces that does not require compiler support. We proposedsyntax

changesfor super calls to interfaces that would simplify coding and would

require future compiler modi�cation.

Weconductedseveral experiments to validate our approach, targeting both

single and multiple inheritance programs. The dispatch scenariosillustrated

in Chapter 4 and Chapter 5 were implemented and ran correctly for both the

basicmultiple codeinheritanceandour generalizedsuper call implementations.

The multiple inheritance test programs used the re-factored java.io li-

brary hierarchy, in which interface code and our generalizedsuper calls to

interfacesare correctly dispatched. The measurements of the software engi-

neeringadvantagesof usingmultiple code inheritanceshow that a considerable

amount of executablecode is promoted to commonsuper-types,being either

removed from the basetypesor replacedwith a super call.

Finally, we discussedthe scripting processwe usedin order to insert code

into interfacesand to support super calls to interfaces,since the compiler is

not modi�ed. We proposedsyntax changesto simplify this mechanism in the

perspective of a modi�ed compiler which acceptscode within interfaces.
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8.2 Future Work

In this Section, we mention several ideaswhich, if expanded,can contribute

to the improvement of our JVM.

1. Even though the changeswe have completedin order to support super

callsaresmall and localized,it is moreappropriate to provide a newbyte-

codefor the multiple-inheritance super calls,namelyinvokemulti-super .

We would like to add this bytecode to our JVM and further evaluate its

performance. Alternately, we could mark the invokeinterface byte-

code using code attributes. Other researchers have successfullyused

code attributes to mark bytecodes[27].

2. Currently, in order to compile code in interfaces, we executea set of

scripts. We plan to changethis in the future by modifying a compiler to

support the super(InterfaceA) syntax in Java, which would make our

scripting processunnecessary.

3. We also plan to modify our JVM to support the veri�cation of code

in interfaces,at the sametime maintaining the rest of the veri�cation

stages.

4. We would like to validate the portabilit y of our modi�cations to a dif-

ferent JVM which supports a JIT compiler.

5. In addition, we look for other opportunities to re-factor type hierarchies

by using our modi�ed JVM, evaluate the decreasein code that we could

achieve and measurethe performancedi�erences.

8.3 Research Con tributions

The research contributions of this dissertation include:

1. The �rst implementation of multiple codeinheritancein Java is provided.

It is basedon the novel conceptof addingcodeto a newtypeof interface,

called a code-type. No changesneedto be made to the syntax of Java
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to usemultiple code inheritance, so no compiler changesare necessary.

However, syntax changesthat would simplify coding are proposedfor

the future.

2. We show how multiple code inheritance reducesthe amount of identical

and similar code (such as in the standard libraries) to simplify program

construction and maintenance. We re-factor the java.io library and

show that programsusing the classesin this library run correctly.

3. We de�ne and implement a super call mechanism that resembles the

one in C++, in which programmerscan specify an inheritance path to

the desired superinterface (code-type) implementation. We introduce

a simple notation for these super calls that does not require compiler

support and proposea simple syntax for future compiler support.

Our modi�cations are small and localized. The changesconsistof:

1. The changesto algorithm ConstructIMT executedby the classloaderas

shown in Chapter 4.

2. The changesto execution of the invokeinterface quick bytecode to

recognizea marked invokemulti-super that are shown in Chapter 5.

Our approach facilitates code re-use, reducing the amount of code that

the programmer has to write, supports separation of inheritance concepts,

and improves expressivenessand clarity of implementation. Existing Java

compilers, libraries and programsare not a�ected by our JVM modi�cations

and single-inheritanceprograms can achieve performancecomparableto the

original JVM. Moreover, executionof multiple inheritanceprogramsis correct,

for both our basicmultiple code inheritanceimplementation and the super call

mechanism.
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App endix A

Dissertation Highligh ts

This Appendix Sectionillustrates the most important parts of our implemen-

tation of multiple code inheritance in Java.
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