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Preface

Following a 13-year tradition of excellence, the 14th ECOOP conference repeated
the success of its predecessors. This excellence is certainly due to the level of
maturity that object-oriented technology has reached, which warrants its use as
a key paradigm in any computerized system. The principles of the object-oriented
paradigm and the features of systems, languages, tools, and methodologies based
on it are a source of research ideas and solutions to many in all areas of computer
science. ECOOP 2000 showed a thriving field characterized by success on the
practical side and at the same time by continuous scientific growth.

Firmly established as a leading forum in the object-oriented arena, ECOOP
2000 received 109 high quality submissions. After a thorough review process,
the program committee selected 20 papers, which well reflect relevant trends in
object-oriented research: object modeling, type theory, distribution and coope-
ration, advanced tools, programming languages. The program committee, con-
sisting of 31 distinguished researchers in object-orientation, met in Milan, Italy,
to select the papers for inclusion in the technical program of the conference.
Each paper, reviewed by at least 4 reviewers, was judged according to scientific
and presentation quality, originality, and relevance to the conference topics. In
addition to technical contributed papers, the program included invited presenta-
tions. We were fortunate that four distinguished experts accepted our invitation
to share with us their views on various aspects of object technology: Ole Lehr-
mann Madsen (Aarhus University, Denmark) on unified programming languages,
Li Gong (Sun Microsystems, USA) on security in distributed object systems,
Munir Cochinwala (Telcordia Technologies, USA) on object technologies for ad-
vanced communication systems, and finally Alan Kay (Walt Disney Imaginee-
ring Research & Development) who gave the banquet speech. The program was
complemented by two panels, focusing respectively on aspect-oriented program-
ming and mobile code, and internet security and e-commerce. Apart from the
technical program, ECOOP 2000 also offered tutorials, workshops, exhibitions,
and demonstrations. Thus, we trust researchers and practitioners gained many
insights into the state of the art of object technology.

It is impossible to organize such a successful program without the help of
many individuals. I would like to express my appreciation to the authors of the
submitted papers, and to the program committee members and external referees,
who provided timely and significant reviews. I owe special thanks to Richard van
de Stadt for his excellent job in handling the electronic submission and review
process of the papers. I also thank Marco Mesiti for his assistance during the
program committee meeting. Last, but not least, I would like to thank the gene-
ral organizing chairs, Denis Caromel and Jean-Paul Rigault, and all organizing
committee members for their tremendous work in making ECOOP 2000 a suc-
cessful conference.

April 2000 Elisa Bertino
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Towards a Unified Programming Language

Ole Lehrmann Madsen

Computer Science Department, Aarhus University,

Abogade 34, DK-8200 Arhus N, Denmark
Ole.L.Madsen@daimi.au.dk

Abstract. The goal of research in programming languages should be to develop
languages that integrates the best of concepts and constructs from the various
programming paradigms. We do not argue for a multi-paradigm language, where
the programmer alternates between the different paradigms/styles. Instead, we
find that the languages of the future should integrate the best available concepts
and constructs in such a way that the programmer does not think of multiple
paradigms when using a given language. In this paper, we describe to what ex-
tent the BETA language has been successful in obtaining a unified style and
where more research is needed. In addition to traditional paradigms such as ob-
ject-oriented-, imperative- functional- and logic programming, we also discuss
concurrent programming and prototype-based programming. We discuss lan-
guage features such as the BETA pattern construct, virtual procedures and
classes, higher order classes, methods and functions, part objects, block-
structure, and class-less objects.

1 Introduction

Object-orientation has been one of the most successful technologies within the area of
software development. From the number of new books and products advertising with
0O, one may easily get the impression that object-technology has completely replaced
traditional imperative programming in languages like Pascal, and C. This is probably
not the case — the C-style of programming is still used a lot and preferred for many
types of applications. There are undoubtedly usage’s of C that should be replaced by
OO, but we think that an imperative language have some qualities that makes it well
suited for certain kinds of tasks. Other styles of programming, such as functional- and
logic programming have less success in industry and are mainly popular in research
communities, but we also believe that these styles have something useful to offer.

The term programming paradigm is used to distinguish between different styles or
perspectives on programming and imperative-, functional-, logic- and object-oriented
programming are often mentioned as example of programming paradigms. According
to Budd [E]I, the term programming paradigm was introduced by Robert Floyd [. In
[@ there is a further discussion of the term programming paradigm with respect to
Kuhn’s definition of the term paradigm. Nygaard and Sgrgaard claim that the term
paradigm is meant to characterize incompatible approaches to science, and that re-

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp.1-26, 2000.
© Springer-Verlag Berlin Heidelberg 2000



2 O. Lehrmann Madsen

searchers within different paradigms are unable to communicate. They point out that
there is no such incompatibility between programmers adhering to the different pro-
gramming paradigm. Therefore, they propose to use the term perspective instead of
paradigm. Although we may agree with Nygaard and Sgrgaard, we will make use of
the term programming paradigm since this is a commonly accepted term. We may,
however, also use the terms perspective or style.

As mentioned, the term paradigm indicates that there is some form of incompatibil-
ity or at least a major difference between the various programming styles. There is
indeed a big difference between a pure OO program and a corresponding pure func-
tional program. However, this does not mean that OO and functional programming are
incompatible.

We think that most programming paradigms have something useful to offer and the
goal of language research should be to develop languages that integrate the best avail-
able concepts and constructs from the various paradigms. There has recently been an
increasing interest in so-called multi-paradigm languages [El@ and a number of pro-
posals for multi-paradigm languages have been made. We do not argue for a multi-
paradigm language where the programmer may alternate between the different para-
digms/styles. Instead, we think that programming languages of the future should inte-
grate the best elements of the paradigms in such a way that the programmer does not
think of different paradigms when using a given language.

The language and associated concepts of a person restricts his/her capabilities to
understand the world. This is also the case with programming languages — and here we
do not distinguish between graphical languages intended for analysis and design such
as UML [B9] or textual based programming languages such as C++ [ and Java [.
When developing software you develop models of the application domain and describe
them in some more or less formal language like UML and Java. If you only know
Pascal, you model the world in Pascal, and the same is true for UML and Java. Any
formal language like UML and Java has limitations to its expressiveness, which means
that there are parts of the application domain that cannot be adequately modeled. This
is why training in modern programming languages is important — the more knowledge
of different language concepts and construct a person knows, the richer is his/her vo-
cabulary for modeling aspects of the application domain.

In the design of BETA , a major part of the efforts was to develop a conceptual
framework that was richer than the actual language in order to be explicit about the
limitations of the language.

We also think that this emphasizes the importance of developing a unified paradigm
where the programmer does not think in terms of multiple paradigms. The difficulty in
developing such a paradigm and associated language is to avoid a language with a
large number of constructs.

The difference between multi-paradigm and unified paradigm may perhaps just be a
difference in wording. There are indeed a lot of interesting contributions under the
heading of multi-paradigm. We do think, however, that there is a major conceptual
difference in multi-paradigm compared to unified paradigm.
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In addition to traditional paradigms such as OO-, imperative- functional- and logic
programming, we will also discuss process-oriented (concurrent) programming and
prototype-based programming based on our experience with using the Self-language.

The BETA language was originally designed to integrate useful concepts and con-
structs from different programming styles. In order to avoid an explosion in the num-
ber of features, it was necessary to unify a number of existing features. The most suc-
cessful example of this is the unification of abstraction mechanisms such as class,
procedure, function, type, etc. into one abstraction mechanism called pattern. BETA
provides support for imperative programming, concurrent programming and to some
extent functional programming, but no support for logic programming. BETA does not
support prototype-based programming, although it is possible to describe objects that
are not instances of classes.

In this paper, we will discuss to what extent BETA has been successful in integra-
tion of features/paradigms and where more research is needed. We discuss language
features such as the BETA pattern concept (which unifies classes, procedures, etc.),
virtual procedures and classes, higher order classes and methods, part objects, block-
structure, class-less objects (anonymous classes), etc.

Although this paper is about programming languages, we think that the issues have
implications for modeling and design. One of the advantages of object-orientation is
that it provides an integrating perspective on analysis, design, implementation, etc. A
central element is OO languages and the associated conceptual framework — a good
0O language should be well suited for modeling and design as well as implementa-
tion.

Section 2 of this paper contains a further discussion of programming paradigms.
Section 3 is a description of elements of the BETA language from the perspective of
unification. The primary purpose of this paper is to discuss unification of language
features/paradigms, and is not intended to be an introduction to BETA. In section 4,
we discuss how to approach a unified programming language.

2 Programming Paradigms

In this section, we will give a brief characteristic of some of the main programming
paradigms being discussed in the literature starting with traditional paradigms.

2.1 Traditional Paradigms

Imperative Programming

Imperative programming is the most traditional paradigm and we define it as follows:
In imperative programming, a program is regarded as (partially ordered) sequence of
actions (procedure calls) manipulating a set of variables.
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Computers were originally viewed as programmable calculators. A calculator may
consist of a number of registers for storing values, and a number of operations such as
add, sub, mult, and div for manipulating the registers. A programmable calculator may
in addition have a store where new routines may be stored and operations for control-
ling the flow of execution. A computer may then be thought of as a programmable
calculator with a large number of registers, and a large program store. Imperative or
procedural programming is thus based on a model of a programmable calculator where
data (registers) are manipulated through a sequence of actions.

Imperative programming works well for small programs, but for large programs, it
may be difficult to understand the structure of the program, especially to keep track of
possible side effects on global data when calling procedures. In order to handle these
problems, a number of new language mechanisms have been invented. These include
abstract data typesﬂ modules, and principles such as encapsulation and information
hiding.

The development of functional, logic and OO programming may be seen as a re-
sponse to the problems with imperative programming.

Functional Programming

A large research effort has been directed towards giving a mathematical definition of
programming languages. At least in early part of this work, it turned out to be difficult
to give an intuitive readableE] semantics of assignable variables (state) and control
flow. In a mathematical definition of a programming language, the semantics of a
program is defined in terms of a mathematical function mapping input data to output
data. This function is then composed of a number of other functions corresponding to
elements of the program. As mentioned above, one problem with imperative pro-
gramming is that it may be difficult for the programmer to keep track of a large num-
ber of variables. It thus seemed a natural consequence to develop programming lan-
guages based on mathematical concepts and without the notion of assignable variables.

We have the following understanding of functional programming: in functional pro-
gramming, a program is regarded as a mathematical function, describing a relation
between input and output.

In a (pure) functional programming language, there is no notion of assignable vari-
able and the concept of state has been eliminated. The basic elements of a functional
programming language are functions, values and types. This may include higher-order
functions and types. By higher-order we mean functions and types parameterized by
functions and types. Functions and types are usually first-class-values that may be
passed around as arguments to functions and returned as values of functions. Standard
ML [ is a good example of a functional programming language.

I Abstract data types were originally based on the Simula class concept.

2 Whether or not a mathematical semantic definition is intuitive and readable is of course not an
objective matter. It is obviously easier for a person trained in mathematics to understand such
a definition than for the average programmer.



Towards a Unified Programming Language 5

Logic Programming

Logic programming is similar to functional programming in the sense that it is based
on mathematical concepts, but instead of functions, equations are used to describe
relations between input and output: in logic programming a program is regarded as a
set of equations describing relations between input and output.

In this sense, it is more general than functional programming. Prolog is the classic
example of a logic programming language.

The concept of constraint programming as pioneered by Borning and others [El
may be placed within the same paradigm, since it is based on using equations to de-
scribe the relationship between data in a program. Rule-based programming is another
term often used.

One problem with this paradigm is that it is not possible to provide a solver for
equations in general. This means that there have to be restrictions on the kind of equa-
tions that can be used in a logic programming language. These restrictions may be
difficult to understand for an average programmer.

Object-Oriented Programming

We consider the concept of object-oriented programming to be well understood al-
though it may differ how people might define it. In , the BETA view on object-
oriented programming is defined as follows: in object-oriented programming a pro-
gram execution is regarded as a physical model, simulating the behavior of either a
real or imaginary part of the world.

The central part of this definition is the word physical. Objects are viewed as com-
puterized material that may be used to construct physical models. Objects are viewed
as physical material similar to cardboard, sheets and Lego bricks that are materials
commonly used to construct physical models by architects, engineers and children. For
a further discussion of this definition of OO, see [.

Object-oriented programming may be seen as a development in an opposite direc-
tion of functional and logic programming. In the latter, variables and state have been
eliminated from the languages. In OO, state has become central in the form of objects.

The success of OO may be because most interesting systems have state and al-
though state can be emulated in functional- and logic programming, it does not appear
natural for the average programmer. The conceptual framework underlying object-
orientation in terms of classification and composition does also appear more natural
than the concepts of mathematics.

2.2 Other Paradigms

Imperative-, functional-, logic- and object-oriented programmings are the most com-

mon paradigms being discussed in the literature, but there are other paradigms being

discussed:

e Process-based programming. In [@ programming in terms of concurrent proc-
esses is described as an example of a paradigm. In the extreme where a program
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is composed of a number of small concurrent processes, of course this style dif-
fers from the above-mentioned paradigms.

2. Block-structured programming. In @1, block-structure is described as an ex-
ample of an imperative paradigm.

3. Prototype-based programming @l is a paradigm that differs in many ways
from the above-mentioned paradigms. This is a programming style that has
something useful to offer and should be integrated in future programming lan-
guages.

As mentioned we think there are useful elements in most programming styles. In a

later section, we will discuss this further, but before doing this we will discuss to what

extent, the BETA language has been successful in unifying concepts from different
programming styles/languages.

3. BETA

The BETA language was originally designed to integrate useful concepts and con-
structs from different programming styles — although Simula [|8]] was the basis for the
design of BETA it was certainly a goal to integrate as many concepts and constructs
from other languages/paradigms. Of course, this needed to be done in a manner that
does not lead to a proliferation of concepts. In [@ Peter Wegner has an interesting
critique of Ada with respect to proliferation of concepts. He points out a number of
differences on how abstraction mechanisms are treated in Ada.

When designing a new language to offer the best of constructs from a number of
languages/paradigms, it is necessary to unify and generalize existing constructs. Gen-
eralization of a number of similar concepts is a well-known abstraction principle and
in the following, we describe how generalization was applied during development of
BETA.

This paper is not attempted to be a description of BETA — many details are left out
in order to emphasize the important elements of BETA. As most other languages,
BETA has some idiosyncrasies. BETA is an old language, so there is room for im-
provement.

Pattern
An important observation was that most programming languages provide a number of
abstraction mechanisms that all have certain common properties. Examples of such
abstractions are: procedures as in Algol, classes as in Simula, types as in Pascal, func-
tions as in Lisp, and task types as in Ada. A common characteristic of these abstrac-
tion mechanisms is that they describe entities with a common structure and that they
may be used as generators for instances of these entities:

e The instances of a procedure are procedure-activation-records.
The instances of a class are objects.
The instances of a function are function-activations.
The instances of types are values.
The instances of task types are tasks.
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In addition to the above mentioned abstraction mechanisms, there are several other
examples, such as generic classes, and exception types.

The first goal of BETA was to develop a language construct that could be viewed as
a generalization of all known abstraction mechanisms. Concrete abstraction mecha-
nisms could then be viewed as specializations as shown in figure 3.1. Here class, pro-
cedure, type, etc. are shown as specializations of the more general abstraction mecha-
nisms: the pattern. The pattern construct is the only abstraction mechanism in BETA.
A pattern may be used as a pattern
class, procedure, type, etc. A
pattern used as a class is often | |

referred to as a class pattern;  (Jags procedure type process

a pattern used as a procedure

(method) is often referred to generic-class function interface exception
as a procedure pattern, etc. Fig. 3.1.

It is outside the scope of
this paper to give a detailed account of BETA. Please consider [. We will
sketch, however, some incomplete examples to illustrate the main points. In figure 3.2
is shown an example of a ‘class’ Point with three ‘operations’: display, move and
add. The ‘class’ Point and the ‘operations’ display, move and add are all examples
of patterns.

For the sake of simplicity, the data-representation of a Point is not shown. In ad-
dition, move and add will have parameters

Point:
in a complete example. The details of the (# display: (# .. do .. #);
example are as follows: move: (# .. do .. #);
e A pattern may contain declarations of add: (# .. do .. #);
attributes in the form of patterns or #)
data-items. Point has three pattern- | g. “point;

attributes display, move and add. &Point[1-> SI1;
The dots between (# and do indicate | S.display;
possible attributes of display, move Fig. 3.2.
and add.

e A pattern may have a do-part, which is a sequence of imperatives (statements) to
be executed. The procedure patterns display, move and add have a do-part il-
lustrated by the dots following do. Point has no do-part in this example.

e The construct S: “Point is a declaration of a data-item in the form of a refer-
ence variable that may refer instances of Point or its subpatterns.

e The construct &Point [] generates a new (&) instance of Point and a reference
(1) to this instance is assigned (=) to S.

e The construct S.display invokes the operation (method) display on the
Point-instance referred by s.

The constructs &Point [1 and S.display are two examples of creating instances

of a pattern. The value of &Point [] is a reference to the new Point-instance and

corresponds to the new-operator in most object-oriented languages. In S.display, a
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new display-instance is generated and executed (by executing its do-part). This
corresponds to procedure-activation.

Syntactical there is no difference between the
declarations of Point and say, display. The dif- | d: *sS.display
ference is in how these patterns are used. In the | &S.displayl[l—> dll;
example, Point is used as a class since we create d;
instances of it. Display is used as a procedure, Fig. 3.3.
since we create instances that are immediately exe-
cuted. It is possible to execute Point instances and to create references to display-
objects. In figure 3.3, the variable d may refer instances of S.display and such an
instance is generated and assigned to d. This S.display instance is then executed by
the imperative d. Notice the difference between S.display and d; the former creates
and executes a new instance of S.display; the latter executes an existing instance.
Two subsequent executions of d will thus execute the same instance.

It is possible to invoke Point as a procedure pattern but since Point has no do-
part, there will be no actions executed. In the section 3.3 below, an example of a class
pattern with a do-part is shown.

3.1 Benefits of the Unification

The unification of abstraction mechanisms has the following benefits:

e All abstraction mechanisms are treated in a systematic way, and there is focus on
the abstraction-instance relationship.

e Syntactically and conceptually, the language has become simpler.

e There are a number of new technical possibilities. A good unification of con-
cepts/constructs should result in a mechanism that covers the original mechanisms
and gives some new possibilities as well. Below we will discuss this.

There may of course also be disadvantages. Abstractions such as class, procedure and

exception are still useful concepts. The unification implies that there is no syntactical

difference between a class patterns, and procedure patterns, etc. In the original design
for BETA, the main goal of the ‘pattern-exercise’ was to obtain a systematical struc-
ture for all abstraction mechanisms. The final language might still have special con-
structs for common abstractions like class and procedure. However, the experience
from practice seems to be that there is no demand for such special constructs.

In the following, we will elaborate on the new technical possibilities of the unifica-
tion.

Subpattern

The subpattern mechanism covers subclasses as in most other languages. That is it is
possible to organize class patterns in a usual classification/inheritance hierarchy. In
addition, procedure patterns may be organized in a subprocedure hierarchy in the same
way as classes may be organized in a subclass hierarchy. This was the subject of an
early paper on BETA called Classification of actions or inheritance also for methods

[hs].
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Inheritance for procedures is based on the

R K monitor:

inner-mechanism known from Simula. By (# entry:
means of inner it is possible to combine the (#
do-parts of patterns. In figure 3.4 is shown do mutex.P;
how a general monitor pattern may be defi- inner;

. mutex.V
ned by means of inner. The pattern #) ;
monitor has two attributes: entry and mu- mutex: @semaphore
tex. Entry is an abstract procedure pattern #);

that is used as a super procedure in subclasses | buffer: monitor

of monitor. In the buffer class, the opera- (# put: entry(# do .. #);
tions put and get are subpatterns of entry. #) get: entry(# do .. #)
Whenever a put- or get-operation is exe-

cuted, the do-part of entry is executed. Fig. 3.4.

Execution of inner in this do-part will then
execute the do-part of put or get respectively. The do-part of entry uses the mutex-
attribute to ensure that at most one put- or get-operation is executed at the same
time.

In general, procedure inheritance is a powerful mechanism that gives additional
possibilities for defining general patterns. The monitor pattern is an example of a
concurrency abstraction. Procedure inheritance may also be used to define control
abstractions such as iterators.

Standard inheritance for classes may be used to model/represent classification hier-
archies, which are well understood. From a modeling point-of-view, we need a similar
understanding of classification of actions. For a discussion of this see [@.

Since patterns may also be used to describe abstraction mechanisms such as func-
tions, coroutines, concurrent processes, and exceptions, these may also be organized in
a pattern hierarchy. For examples of this, see .

Virtual Pattern

A pattern may be declared virtual in much the same way as a procedure may be de-
clared virtual in Simula [, Eiffel , C++ and Java. A virtual procedure
pattern is thus similar to a virtual procedure. As mentioned, there is no syntactic dif-
ference between class patterns and procedure patterns. A pattern may be used as a
class and a virtual pattern may also be used as a class. Such a virtual class pattern
provides an alternative to generic classes as in Eiffel or templates as in C++. The con-
cept of virtual class may be applied to other OO languages than BETA [, and
may be seen as an object-oriented version of genericity.

In figure 3.5 is shown an example of virtual patterns. The class pattern Set has two
virtual pattern attributes. Display is an example of a virtual procedure pattern. Element
is an example of a virtual class pattern. The construct :< signals a declaration of a
virtual pattern, and the construct ::< signals a further binding of the virtual pattern. In
BETA, a further binding of virtual does not imply that the virtual is redefined as in
C++, Smalltalk [, etc. Instead, the virtual is further specialized. Display in
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StudentSet is a subpattern

. . Set:
of display in Set an.d the (# element:< object;
do-parts of the two display display:< (# ... do ... #);
patterns are combined by current: “element
means of inner as de- #);

StudentSet: Set
(# element ::< Student;
display::< (# do current.print #)

scribed above.

In pattern Set the vari-
able current is of type #);
element. Since element is
declared to be a virtual ob-
ject, the type of current in
Set is object. In StudentSet, the type of current is Student, since element has been
further bound to Student. Assuming that Student has a print-attribute, the expression
current.print is legal within display of StudentSet.

The concept of virtual classes has been discussed in several papers, and we refer to
[@ for further details of virtual patterns.

The unification of abstraction mechanisms into patterns has resulted in a simple
extension of the concept of virtual procedures to virtual classes. Further unifica-
tion/refinement [ of the virtual pattern mechanism is however possible.

In addition to procedures and classes, the virtual pattern construct also covers virtu-
ally for abstractions such as coroutines, concurrent processes, and exceptions.

Fig. 3.5.

Nested Pattern

Algol 60 introduced the notion of block structure, which in Algol 60 means that proce-
dures may arbitrarily nested. Simula extended this to allow nesting of classes and
procedures. Block structure has been adapted by many languages since Algol, mainly
imperative languages such as Pascal, but is also available in the Lisp-dialect Scheme.
It was included in Java 1.1.

In BETA patterns may be nested, which means that procedure patterns as well as
class patterns, etc. may be nested. A class with operations, such as the one in figure
3.2 may be considered an example of pattern nesting. In figure 3.2, the patterns
display, move and add are nested within the pattern Point. In an OO setting, nest-
ing of classes is an interesting aspect and several examples of this have been docu-
mented in the literature [@@]

The class construct makes it possible to encapsulate data-items and operations that
together constitute a logically related whole. Block structure makes it possible to in-
clude classes among items being encapsulated. This makes it possible to place a class
in a proper context, just as data-items and procedures may be placed in the context of
an object. From a modeling, point-of-view OO languages without block structure can
model properties of phenomena in terms of objects with data-items and procedures.
With nesting, it is possible to include classes in the properties available for modeling a
given phenomenon. In addition to the references mentioned above, see [Ei for a good
discussion of block structure from a modeling point-of-view.
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Nested class patterns make it possible to de-
fine a class pattern as an attribute of an object.
Often other classes define the structure of an
object. Nested patterns make it possible to de-
fine such classes where they logically belong.
In figure 3.6 is shown an example a class pat-
tern Grammar with a nested class pattern Sym-
bol. Two Grammar-instances, Self, and Java
and declared. The variables, S1, and S2 may

a Unified Programming Language
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Grammar:
(# Symbol: (# #);
#);
Java: @Grammar;
Self: @Grammar;
S1,s2: “Java.Symbol;
R1,R2: “Self.Symbol;

Fig. 3.6.

refer instances of Java.Symbol and R1 and R2 may refer instances of Self.Symbol.

Class symbol is placed in the context of a Grammar-object, which makes it possible to
express that Java-symbols are different from Sel£f-symbols.

Next, we will show how nested patterns may be used to define objects with several
interfaces. In figure 3.7 are shown two interfaces. In BETA, an interface may be
viewed as a pattern that only has virtual pattern attributes — similar to an abstract class

in C++.

In figure 3.8, a class Person, im-
plementing the Printable and Sor-
table interfaces is shown. The im-
plementation of an interface is made
by means of a nested pattern inheriting
from the interface pattern. The
Sortable interface is implemented

#)

Printable:
(# print:< (#.. #);

separator:< (# .. #);
medium:< (# .. #)

1

Sortable:
(# key:< (# .4#);

lessThan:< (# .. #)

as the nested pattern, asPrintable, #) i

which inherits from Printable. In Fig. 3.7.
figure 3.9 is shown how to obtain a

reference to the Prin-

table interface of the Pe]iﬂiog;me, address,

object X. By executing asPrintable: Printable

X.asPrintable a refe-

rence to an instance of (#do print,name, address,..
asPrintable is retur- #);

ned. P will then denot.e ;Zgiiﬁtoz (; (# #) ¥

this object, which is #);

nested inside the X- asSortable: Sortable

object. Operations on X (# key::< (# .. #);

will then be executed in lessThan::< (# .. #);

the context of X. This #) #)

style of programming is

(# print::<

Fig. 3.8.

used to support the Mi-

crosoft Component Model in BETA [.
In Objective C ] and Java, a class

may implement several interfaces. Since all

operations are implemented as a flat list of

X: @Person; P: “Printable;
X.asPrintable - PI[];
P.print;

Fig. 3.9.

operations, it is necessary to have rules for
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handling possible name conflicts between operations in the interfaces. By implement-
ing interfaces by means of nested classes, the interfaces are properly encapsulated and
isolated from each other. The disadvantage in BETA is, of course, that each interface
implementation has to be named.

In [ it is shown that nested classes in many cases may be an alternative to
multiple inheritance, although it may not in general replace multiple inheritance.

Pattern Variable

BETA includes the notion of pattern variable. This implies that patterns are first class
values that may be passed around as parameters to other patterns. By using pattern
variables instead of virtual patterns, it is possible dynamically to change the behavior
of an object after its generation. Pattern variables cover procedure variables (i.e. a
variable that may be assigned different procedures). Since patterns may be used as
classes, it is also possible to have variables that may be assigned different classes, etc.

3.2 Part Objects and Singular Objects

Part Objects. A data-item may be a variable reference corresponding to references in
Simula, pointers in C++ or Java. In figure 3.10, the variable S is a reference that may
refer to instances of Person or subpatterns of Person. In addition, a data-item may
be a part object. A part object is created together with
the enclosing object and is a fixed part of this object.
The name denoting a part object is therefore constant
and cannot be assigned a new object. For this reason it
is also type exact. The variable R in figure 3.10 is an Fig. 3.10.
example of a part object.

Person: (# .. #);
S: * Person;
R: @ Person;

Singular objects. In BETA, it is possible to describe objects that are not instances of
patterns. In figure 3.11 is shown examples of objects, Joe and Lisa that are instances
of pattern Student. In addition is shown an object, headMaster that is described
directly. The object-symbol @ means that an object is generated as part of the declara-
tion. As can be seen, it is used in the declarations of Joe, Lisa and headMaster. The

syntactic unit Person (# #) following Student: is called an object-descriptor
and describes the structure of objects in-
stantiated from Student. An object- | Student: Person(# .. #);

descriptor may also describe the structure | Joe,Lisa: @ Student;

of a singular object such as headMaster. | ReadMaster: @ Person(# .. #)
Pattern Student is a subpattern of Fig. 3.11.

Person. In a similar way, the singular
object headMaster is described as inheriting from Person. If the symbol @ is re-
moved from the declaration of headMaster, it would instead be a pattern.
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Singular objects are inspired by similar constructs in other languages:
e Algol 60 has the concept of an inner block, which may be viewed as a singular

procedure call.

13

e Simula has the notion of prefixed block, which may be viewed as a singular ob-

ject.

e Pascal has the notion of anonymous type, which makes it possible to describe the
type of a variable as part of the variable declaration.
e Finally, Java 1.1 has also introduced the notion of anonymous class corresponding

to BETA'’s singular objects.
The combination of block-
structure and singular objects
makes it convenient to express
inheritance from part objects. In
figure 3.12, a pattern Address
is defined. An Address may be
used for describing persons and
companies. A common ap-
proach is then to let Person
and Company be subclasses of
Address. In this way, Person

Address:

(# street: ...;
town: ...;
countrys: ...;
print:<

(#
do inner;

#)

{print street,town, country}
#)

Fig. 3.12.

and Company inherits properties from Address.

In BETA, it is also possible to inherit properties from a part object. In Figure 3.14,
the Address-properties of a Person are defined by means of the part object adr. In
addition to being a part object, adr is a singular object since it is not defined as an

instance of a pattern. Finally, the
block-structure makes it possible to
refer to attributes of the enclosing
the
binding of the virtual procedure
pattern print. The print pattern
is extended to print the name attrib-

Person-object from within

ute of the Person.

3.3 Concurrency

Patterns may also describe active objects. In BETA, an active object is an object that

Person:

(# name: ...;
adr: @ Address
(# print::<
(#do {print namel}#)
#)
#)

Fig. 3.13.

has its own thread of execution. An active object may execute as a Simula-style co-
routine or in concurrency with other active objects. We shall not give technical details
here, but just mention that the do-part of an object is the head of the thread. The ex-

ample in figure 3.2 shows a standard example of a class pattern with operations in

terms of procedure patterns. The procedure patterns all have a do-part, but class
Point does not have a do-part. In Figure 3.14, the pattern Producer is an example of
a pattern with a do-part used like a class in the sense that a named instance (P) is gen-

erated.
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In the declarations of P and C, the | describes that P and C are active objects. When
an object is generated from a pattern, it is generated as either a passive object or an
active object. It might be possible to simplify this such that any object can be active.

Semaphores are used as the primitives for synchronization. A semaphore is a low-
level mechanism and it
should only be used to | Producer:
define higher-level syn- (#

.. . do cycle(#do ..; E - buffer.put; .. #)
chronization abstractions. #);
The pattern mechanism | consumer: (# .. do .. #);
together with inner is well P: @ | Producer;

suited for defining abstrac- | C: @ | Consumer;
tions like monitor (like the buffer: @ monitor (# put: ..; get: ..; #)
one in figure [3.4]) and Fig. 3.14.

Ada-like rendezvous.

4 Towards a Unified Paradigm

In the previous section, it has been shown that BETA to some extent unifies constructs
from different programming paradigms. BETA is however not perfect since a number
of useful programming concepts are not supported. In this section, we will discuss how
to approach a programming language with more unification. The reader will observe
that we are heavily influenced by our background in object-orientation and BETA. To
obtain real progress in this area, another perspective may be needed.

With the current state of art, we think that a unified programming language should

be based on OO. There are a number of reasons for this:

e OO is best suited for the describing the overall structure of large programs - a
program should be organized by means of classes and objects.

e Most systems have state that varies over time, so direct support for organiza-
tion of state is necessary. OO seems best suited for this.

e In addition, there are the usual advantages of OO, such as support for model-
ing, reuse/extensibility, and as an integrating mechanism for many aspects of
the software development process.

In the following, we will discuss features from other paradigms that we would like to
include in an integrated paradigm.

A main requirement for a programming language is that there is a simple and natu-

ral unification of the various programming styles, such that the programmer does not
think of alternating between different paradigms.

4.1 Imperative Programming

Certain algorithms are sometimes best expressed by means of an imperative program.
Most OO languages are imperative in the sense that each method is usually written in
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an imperative style. In Simula and BETA, imperative programming is directly sup-
ported since it is possible to write procedures that are not part of a class. As already
mentioned, Algol 60 is a subset of Simula.

Block structure may be viewed as a feature from imperative languages, and as ar-
gued above, we find that block structure is a useful feature. In addition to nesting of
procedures, nesting of classes should be supported.

We find that BETA in its current form does support imperative programming in a
satisfactory way, including support for block structure. We do not recommend that the
imperative style is used as a primary style, but it should be possible to use for parts of
a program.

4.2 Functional Integration

There is a smooth transition from imperative programming to functional program-
ming. As mentioned above, we consider functional programming to be programming
without variables that may change their value during a computation. In functional
programming, there is no notion of state. A feature such as recursion is mainly associ-
ated with functional programming, but in recursion is also heavily applied in impera-
tive programming. Most practical languages provide a mixture of support for impera-
tive as well as functional programming. Lisp is an example of this.

A main disadvantage of procedural programming is that the use of global variables
being modified by a set of procedures may lead to programs that are complicated to
understand. Functional programming may improve on this. The main benefits of
functional programming, as we see it, may be summarized as follows:

e In a functional program, there is no state and variables. This means that functions
are pure transformations of input values to output values. A function has no side
effect on a global state. This makes it easier to prove the correctness of a given
piece of code.

e Recursion is a powerful means in programming — although it may not just be
associated with functional programming.

e Functional programming languages often provide higher order functions and
types, which have proved to be useful in many cases.

e Function and types are often first class values that may be passed as arguments
and returned as values of functions.

We would like to include the positive aspects of these features in a unified program-
ming language and avoid what we consider the negative aspects. For the average pro-
grammer, a large functional program may be difficult to understand if there is a heavy
use of recursive functions and higher-order types and functions. As for procedural
programming, we think that the functional style should be used for programming in the
small.

We see functional programming as useful for expressing state transitions within an
object. In many cases, the intermediate states obtained through evaluation of a method
may not be interesting. The states of the object before and after evaluation of the
method are of interest.
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A modern programming language should support higher order functions, and types.
In accordance with the concept of a pattern as the most general abstraction mecha-
nism, we see functions and types as special variants of patterns just as a class is a
special form of a pattern. This implies that if a language supports higher-order func-
tions and types, it should also support higher order classes as well. In general, any
abstraction mechanism in the language should be ‘higher-order’. If ‘higher-order’ is
not supported in a unified form for all abstraction mechanisms, there will easily be
asymmetry between the treatment of abstraction mechanisms such as function, type
and class.

We think that it is desirable to be able to handle functions and types as first class
values that can be passed as arguments and returned as values of functions. Any ab-
straction, including class and procedure should then be a first-class-value. In OO lan-
guages like Smalltalk and Self, a class is an object and may be passed as a value. A
method is, however, as we understand it, not a first-class-value.

If abstractions are first-class-values, it is natural in an imperative setting to be able
to have variables that can be assigned such values. This appears to be natural and
useful in a language unifying the best from imperative and functional programming.

4.2.1 Functional Programming in BETA

BETA does support some of the requirements for functional programming mentioned
in the previous section. The pattern mechanism makes it possible to define subpat-
terns, nested patterns, variable patterns and virtual patterns. Since patterns may be
used as functions, and types, the OO concepts of subclassing and virtuals are also
available for the functional style. In addition nesting of functions is possible and func-
tions may be first class values through the pattern variable concept.

In the design of BETA a new syntax for function application was developed. The
purpose of this syntax was to unify assignment, procedure call and function applica-
tion. BETA has an evaluation imperative of the following form:

El - E2 - - En

Such an evaluation is evaluated from left to right. E1 is evaluation and its value is
assigned to E2, which is evaluated giving a value assigned to E3, etc. Finally, the re-
sult of En-1 is assigned to En, which is evaluated. A simple assignment is an example
of an evaluation. The value of an expression E may be assigned to a variable v in the
following way:

E >V
Multiple assignments where both of the variables v and w are assigned the value of E
are also possible:

E->V-=>TW

Function application may be expressed in the following way:

(el,e2,e3) -» foo = V

A nested function application often has the following syntax in a traditional language:
x = F(G(a,b) ,H(c))
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In BETA this will be written as follows:
((a,b) = G,c->H) = F = x

The rationale for the new syntax was to improve readability of nested function calls,
and provide a simple unified syntax for assignment, procedure call and function invo-
cation.

A function may return a list of values as shown in the following example:

(a,b,c) = F = (x,y)

If G takes two input arguments, the result of F may be passed immediately to G:

(a,b,c) =» F -G = x

Limitations of BETA

In BETA, control structures are not evaluations, and this is a limitation for functional

programming. In figure 4.1 are shown
the control structuresﬂof BETA: (if C then I1 else I2 if)
e The if-imperative is a standard Iﬁfor i: range repeat Imp for)
conditional statement. (x .. leave L;
e The for-imperative executes Imp, restart L;
range number of times. x)
e An imperative may be labeled. Fig. 4.1.
The imperative (x .. x) has the
label L.

e (x .. x) maybeoneof (# .. #), (if .. if) or (for .. for). One may for
example write an imperative of the form:
L: (if cond then ..; restart L else ..; leave L; if)

e The execution of a labeled imperative may be interrupted by a leave, which
transfers execution to the end of the labeled imperative. A restart will similarly
execute the labeled imperative from its beginning. Leave and restart are thus a
form of structured goto-statements.

It is of course straightforward to convert the igf-imperative into a conditional
evaluation as known from many other languages. This would allow an evaluation of
the form:

El - (if C then E2 else E3 if) = E4

resulting in either E1 - E2 - E4 or E1 - E3 —> E4. A similar generalization of

the for-imperative might look as follows:

El - (for i: range repeat E2 for) — E3
resulting in the following evaluation:
El - E2 »E2 - ... = E2 - E3

3 The i £-imperative exits in a more general variant corresponding to a case/switch-statement.
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where E2 is evaluated range number of times. For restart the corresponding
evaluation may look as follows:
El - L: (x E2 » ... = E3 - restart L; ... x) —> E4

resulting in the evaluation:
El - E2 = ... » E3 = E2 = ... —> E4;

Note that the value of E3 being assigned to restart L is assigned to the evaluation E2
following the label L. Finally a similar form may be used for leave:

El »L: (x E2 » ... » E3 = leave L; ... x) — E4

resulting in:

El—-E2-..->E3—-FE4
It is, however, not obvious that the above proposals are the best way to approach more
unification. Perhaps it will be a better idea to base control structures on the simple idea
of methods to Boolean values and/or blocks found in Smalltalk and Self.

Binding of Values to Variables
Functional languages often have a construct like
let V = expl in exp2

where the value of exp1 is bound to the name v and v may denote this value in the
expression exp2. This form of assign-one variable is useful in functional languages
since it allows intermediate values to be denoted by names without introducing assign-
able variables in general. The same form

. . . Boolean
of variables is useful in OO languages as +
well. There is often a need to express that |
a value is bound to a variable when an

object is instantiated or when a method is false true
called. During the lifetime of the object or Color
method-activation, the variable should +

remain constant. Pascal had the concept | | |
of call-by-constant parameters, which red white blue
support this facility. Fig. 4.2.

In BETA, some of this functionality is
available by means of virtual patterns. A
value in BETA is considered an abstraction, and consequently a value is represented
by a pattern.

Since values are considered patterns, values and types may be organized in a sub-
pattern (classification) hierarchy. In general enumerations such as Boolean and color
may be organized in a subpattern hierarchy as shown in figure 4.2. In the BETA sys-
tem, false and true are actually described as subpatterns of Boolean. With respect to
enumerations, in general, there is no good syntactic support in BETA. It is possible to
emulate enumerations by means of patterns, but a better syntactic support would be
desirable. It is easy to introduce a special syntax for this, but no acceptable general
syntax has been found.
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In line with enumeration values, numbers are also considered patterns, but this is
not reflected in the syntax of the language.

In figure 4.3 is shown how to | porson: (# young:< boolean; .. #);
use virtual patterns to represent | child: person(# young::< true #);
values that are constantly bound adult: person(# young::< false #);
by subpatterns. In. instances of Fig, 4.3.
child, young will constantly
denote the value true. In order to generalize
further, it might be desirable to be able to | customer: person
bind a virtual pattern to an expression (age < (# young::< age < 18 #)
18) evaluating to some value as shown in Fig. 4.4.
figure 4.4. This is, however, not possible in
BETA. In [ concrete proposals for this are discussed.

The issues of values, objects and patterns are interesting, but non-trivial. In Small-
talk, values are objects and an expression is a combination of method calls to value-
objects. In BETA, a value is an abstraction (represented by a pattern) of measurable
properties of objects. The discussion of abstraction in [ has influenced this point-of-
view. Here a number, like seven is considered an abstraction over all phenomena that
has the property of consisting of seven elements. See [ for a discussion of the rela-
tionships between values and objects. For a further discussion of values in BETA, see

chapter 18 in [R2].

4.3 Constraint Integration

Logic-and constraint programmings are useful for certain types of problems and we
would like to integrate these paradigms as well. We have, however, no concrete pro-
posal for how to do this. In general, we consider constraint programming as an exten-
sion of functional programming in the sense that the former is based on functions and
the latter on equations. The difficult with equations is, of course, that this requires an
equation/constraint solver, which in general is not possible to provide. We have stud-
ied with interest earlier proposal such as Primula , Loops @I, Leda [E] and the
work of Borning & Freeman-

Benson [Bl12] and the reader is Person: class

referred to their work for further spouse: ref Person;

insight. We would like to be able constraint spouse.spouse = self
to use equations whenever con- }

venient. One example is to state Fig. 4.5.

the relationship between data-
items of an object as shown in Figure 4.fﬂ The constraint spouse.spouse=self
specifies that the spouse of a Person has to be the Person itself.

4 This is not BETA.
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4.4 Concurrent Programming

Support for concurrency should be included in a modern programming language. In
Simula, any object can act as a coroutine and the basic Simula frameworks includes
support for so-called quasi-parallel systems that makes it possible to model real-life
systems consisting of a number of interacting processes. Support for concurrency is
still an open issue in the sense that there is no common agreement on how to support
concurrency in an OO language, despite the fact that a lot of research has been going
on in this area. Concurrent Pascal may be considered the first concurrent OO lan-
guage, since it is based on the class concept from Simula. However, subclassing and
virtual procedures were not included in Concurrent Pascal. Concurrent Pascal is one of
the first examples of a concurrent programming language and there exist many other
proposals. It is outside the scope of this paper to provide adequate references.

The Java language has concurrency and supports protection of shared data by
means of monitors. Shared data may be placed in monitors, but there is no language
rule that requires shared data to be protected by monitor This lack of language sup-
port for protection of shared data in Java has been heavily criticized by Brinch-Hansen
15

As mentioned, there does not seem to a general agreement for a concurrency model
for OO languages. This is probably because there is no common model that is well
suited for all purposes. We think that the following requirements should be made for a
concurrent programming language:

1 Concurrency should be an integrated part of the language.

2 The language should provide basic primitives that make it possible to define
high-level concurrency abstractions, such as monitors, Ada-language rendezvous,
etc.

3 It must be possible to write schedulers — In Simula, and BETA it is possible to do
this and this has been used extensively in the Simula community [ .

4 There should be language support for ensuring protection of shared variables. As
pointed out by Brinch-Hansen it is too easy with languages like Java (and BETA)
to write concurrent processes that incidentally access the same shared data. The
Concurrent Pascal model is probably too restrictive, but it is not obvious how to
relax on this and at the same time avoid the weaknesses of Java and BETA.

5  We also think that further work is needed with respect to better conceptual means
for modeling concurrency. In , a distinction between alternation and real
concurrency is made in order to capture the difference between preemptive and
non-preemptive scheduling from a modeling perspective.

6  For distributed computing, we think that there is an even higher demand for
development of a new conceptual model. The current conceptual framework for
OO is primarily based on the ideas from Simula. For distributed computing, it is
necessary to take time and location into account. A possible direction for this
may be found in [.

5 This is also the case for BETA.
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4.5 Prototype-Based Programming

Prototype-based languages are one of one of the most interesting developments within
object-orientation. Prototype-based languages make it possible to program without
classes, but they do not in general support programming using a class-like style. We
think that a unified language should support class-based as well as prototype-based
programming.

Class-based programming is based on a modeling perspective where the real world
is conceived in terms of phenomena and concepts. Additional conceptual means such
as composition and classification are used to organize our understanding of knowledge
from the application domain. Phenomena and concepts are then represented by means
of objects and classes (patterns in BETA). Classification is supported by the
class/subclass construct, which makes it possible to represent hierarchies of concepts.
Composition is supported by constructs such as instance variables, part objects and
nested patterns (classes, procedures, etc.), but most OO languages do not provide as
explicit support for composition as they do for classification. The conceptual frame-
work for BETA is further described in [.

Prototype-based programming is based on a modeling perspective where new phe-
nomena are identified in terms of their similarity with well-known phenomena, so-
called prototypes. The standard example [@ is the elephant Clyde that represents a
prototypical elephant in the mind of some person. If this person encounters a new
situation with another elephant, say one named Fred, facts about Clyde can be used for
understanding properties about Fred.

The rationale behind this modeling perspective is that this is how children perceive
the world and that people in general perceive new phenomena in this way. Program-
mers often work this way: new code is often started by copying some existing code,
which is then modified to adapt to the new requirements and often the relationships
with the original source are lost. With traditional programming languages, there is no
support for this copy-paste style of programming. In prototype-based languages, this is
the main style and there is direct support for expressing the relationships between the
source object and the new object.

We think that prototype-based programming is useful in the exploratory phases of
programming. It is very useful to be able to copy objects and modify parts of their
functionality without having to define classes and instances. We also think that proto-
type-based programming is well suited for teaching introductory programming. Ob-
jects are concrete entities that are easier for beginners to relate to than abstract entities
such as classes.

The strength of prototype-based programming is also its weakness. New phenom-
ena may be conceived according to a prototypical style, but in order to organize
knowledge about a complicated application domain, we develop concepts for grasping
the interesting properties of phenomena. In addition, classification and composition are
applied to structure our knowledge. In programming, the same happens. After an ex-
ploratory phase, we need to organize a program into suitable structures.

In a unified programming language we think that concepts and constructs from
prototype-based languages should be available for supporting the exploratory phases
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of programming. The mechanism from class-based languages should be available for
supporting the structural phases where objects are organized into structures. We think
that this is desirable from a modeling as well as a technical point-of-view.

The main programming language constructs of prototype-based languages are
copying of objects, dynamic modification of objects, and delegation. The literature
contains a number of papers discussing to what extent class-based programming can
be realized in prototype-based languages. The class-based style can obviously be
emulated in a prototype-based language, but we would prefer more direct support for
the class-based style than is currently possible. Some interesting work in this direction
has recently been published.

For a further discussion of prototype- versus class-based programming, see [@.

4.6 Other Possibilities for Unification

In [@ we discuss other issues that may be candidates for a unified language:

1. Multi-methods versus single methods. Multi-methods are a generalization of
single dispatch methods, and may be a candidate for a unified language.

2. Class versus module. BETA does not unify pattern and module, since
modularization of code is considered independent of abstraction in the application
domain. This is in contrast to a language like Eiffel, where a class and a module
are the same.

3. Graphical design languages versus text-based programming languages. Re-
garding graphical design languages, we think that there are no good reasons to
distinguish a design language like UML from a programming language like Java.
There should be no major differences in the underlying abstract languages. There
are many good reasons to provide a graphical syntax for part of a programming
language, but there should be an immediate mapping from the graphical language
to the programming language. For the static structure of an object model ex-
pressed, by class, subclass, composition (aggregation), virtual functions, etc. there
are no problems in obtaining this. For associations as supported by UML and
ODMG, there might be better support in programming languages; see for a
discussion of this. For dynamic aspects, programming languages do in general not
have good support for state machines. In direct support for state machines in
BETA has been suggested.

5. Conclusion

The main conclusion of this paper is that programming languages of the future should
support a unified perspective on programming including the best concepts and con-
structs from the current programming languages and paradigms. In this paper we have
argue that most programming paradigms have something useful to offer. We stress the
importance of unified-paradigm instead of multi-paradigm, since we think that it is
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important that the programmer does not think of multiple paradigms when using a
given language.

We think that BETA is a step in the right direction. The pattern construct was in-
tended to be the ultimate abstraction mechanism, but there is still a way to go before
this can be obtained. In addition to the issues discussed above, there are the issues of
language mechanisms for capturing abstractions as expressed by design patterns [
and other types of patterns. The technical meaning of the word pattern is of course
different when used as a BETA language construct or when used by the pattern com-
munity. However, conceptually in both cases pattern cover abstractions of program
elements.

There may be tasks/domains that require their own paradigm/language, although we
think that frameworks perhaps with a special syntax may handle this. The interesting
and useful challenges for the future are to provide languages that in a unified way offer
the best of all styles.
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Abstract. A major strength in object-oriented development is the direct
support for domain modelling offered by the conceptual framework underlying
object-orientation. In this framework, domains and systems can be analysed and
understood using models at a high level of abstraction. To support the
construction of such models, a large number of Computer-Aided Software
Engineering tools are available. These tools excel in supporting design and
implementation, but have little support for elements such as creativity,
flexibility, and collaboration. We believe that this lack of support partly
explains the low adoption of CASE tools. Based on this, we have developed a
tool, Knight, which supports intuition, flexibility, and collaboration by
implementing gesture based UML modelling on a large electronic whiteboard.
Such support improves CASE tools, and can thus potentially lead to increased
adoption of CASE tools and thus ultimately help improving the overall quality
of development projects.

1 Introduction

Object-oriented programming languages provide many technical qualities but more
importantly object-oriented languages and object-oriented development in general
also provide a conceptual framework for understanding and modelling [ [. This
conceptual framework provides abstraction mechanisms for modelling such as
concepts (classes), phenomena (objects), and relations between these (inheritance,
association, composition) that allow developers to describe what their system is all
about and to formulate solutions on a higher level of abstraction than program code.

In practice, developers build models at several abstraction levels. The program
code can be seen as an executable model, but for purposes such as analysis,
specification, documentation, and communication, models visualised graphically in
the form of diagrams are often used. The Unified Modeling Language (UML [) is
a prominent example of a graphical notation that is used for such purposes.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp.27-43, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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The so-called Computer-Aided Software Engineering tools (CASE tools) provide
tool support for modelling. These can among other things help users to:

e create, edit, and layout diagrams,

e perform syntactic and semantic checks of diagrams and simulate and test
models,

e share diagrams between and combine diagrams from several users,

e generate code or code skeletons from diagrams (forward engineering) and
generate diagram or diagram sketches from code (reverse and round-trip
engineering), and

e produce documentation based on diagrams and models.

But even though CASE tools offer these many attractive features, they are in
practise not widely and frequently used [D[[. CASE tools clearly support
design and implementation phases, but have less support for the initial phases, when
the focus is on understanding the problem domain and on modelling the system
supporting the problem domain. To rectify this problem, we propose inclusion of
support for intuition, flexibility, and collaboration, and that CASE tools should have
more direct, less complex user-interfaces, while they should still preserve the current
support for more technical aspects such as implementation, testing, and general
software engineering issues.

We have implemented a tool, Knight, which acts as an addition to existing CASE
tools. It uses a large electronic whiteboard to facilitate co-operation and a
mixture of formal and informal elements to enable creative problem solving. This
paper discusses the support of the Knight tool for modelling through gesture based
creation of UML diagrams.

Fig. 1. Use of Knight on an electronic whiteboard
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Section 2 gives a theoretical overview of modelling, and section 3 discusses related
work on current tool support for object-oriented modelling and the adoption of CASE
tools. Section 4 presents studies of modelling in practice and section 5 discusses the
Knight tool. Finally, section 6 discusses future work and section 7 concludes.

2 Modelling and Interpretation

Simplistically, object-oriented software development can be viewed as mapping a set
of real-world phenomena and concepts to corresponding objects and classes [[Ej
The set of real-world phenomena and concepts is called the referent system and the
corresponding computerised system is called the model system [@ (.

Modelling

Interpretation

Referent System Model System

Fig. 2. Modelling and interpretation

Mapping a referent system to a model system is called modelling. Modelling is
often iterative and it is thus important to be able to discuss a model system in terms of
the referent system. We call this reverse process interpretation [E]. Modelling is
concerned with expressing an understanding of a referent system in a fluent, formal,
and complete way, for which usable and formal notations (such as diagramming
techniques and programming languages) are crucial. Interpretation is concerned with
understanding a model system in terms of the referent system. For doing this, it is
important that central concepts in a model system are understandable in the referent
system.

Neither understanding the referent system nor building a model system is
unproblematic. Understanding the referent system is within the domain of user-
oriented disciplines such as ethnography [ and participatory design [E][. The
ethnographic perspective on system development is concerned with basing system
design on actual work performed within the referent system. The rationale is to avoid
a major cause of system failure, namely that the developed system does not fit the
work practice within which it is to be used [. The participatory design perspective
on system design is concerned with designing systems in active collaboration with
potential users. This is done for both a moral and a practical reason: Users have to
work with the future system, and users are competent practitioners who are
knowledgeable of the referent system. Building the model system is within the
domain of object-oriented software engineering. Software engineering is concerned
with building robust, reliable, and correct systems. In iterative development, then, co-
ordination, communication, and collaboration between different perspectives and
individual developers is crucial [B. Thus, when considering tool support for a system
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development process, tool support for the modelling and the interpretation processes
is important.

In iterative development, modelling and interpretation are interleaved. When
different competencies work together, it is crucial that both processes are, to a certain
extent, understood by all involved parties. For example, when doing user involvement
it is both important that the developers understand the work of the users (i.e., the
referent system) and that the users are able to react on and help design the application
(i.e., the model system.)

3 Related Work on Tool Support

A large variety of tools that support software development, and modelling in
particular, exist. In [, Reiss presents an overview of 12 categories of software
tools. CASE tools, or Design Editors as they are also referred to, are tools that let a
user design a system using a graphical design notation, and that usually generate at
least code skeletons or a code framework.

A large body of literature discusses the lack of adoption of CASE tool. In their
study of CASE tool adoption [[l:], Aaen et al. showed that less than one fourth of the
analysts in the companies studied used CASE tools and that about half of the
respondents had used the tools for two projects or less. In [, Kemerer reported that
one year after the introduction of a CASE tool, 70 % of them were never used again.

In [, Tlivari confirms, and explains, the low adoption and use of CASE tools.
Two of the main conclusions of the study are that high CASE tool usage does indeed
increase productivity, but that a high degree of voluntariness in using the CASE tool
tends to decrease the use of the tool. Important for our concern, the study also
disclosed that many developers found it hard to appreciate CASE tools as they often
were perceived as having a high complexity. From this, livari concludes that any
intelligent means of reducing the perceived complexity might be a very profitable
investment. Thus, the study to some extent supports our claim that the user-interface
of CASE tools needs to be less complex and more direct.

A recent study by Lending and Chervany [ examines a number of aspects of use
of CASE tools. It examines whether CASE tools are perceived as being useful, and if
developers using CASE tools use the same methodologies and perform the same
activities as developers who do not. Finally, the study points to the features of CASE
tools that are being used. Surprisingly, the participants who did use CASE tools, were
quite neutral when it came to the perceived usability of CASE tools. Also, the study
showed that users of CASE tools on average spent more than twice as much of their
time doing analysis, and considerable less time on programming, test, and
maintenance, than non-users did. Unfortunately, the study did not show whether this
increased time spent on analysis actually resulted in a better analysis model, or
whether it was due to overhead caused by the CASE tool.

The respondents indicated that only a small amount of the functionality offered by
the CASE tool was actually used. They all used the facilities for creating and editing
models and diagrams but used little else. The only other functionality that was used at
least “sometimes” was functionality to detect inconsistencies in diagrams, and to
create documentation. The study in this way highlights that a focus on increasing the
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support for creating and editing diagrams in CASE tools is appropriate, and perhaps
even the most important support.

In [, Jarzabek and Huang present the view that current CASE tools are far too
focused on hard aspects of software development such as software engineering. In
their opinion, softer aspects such as support for creativity and idea generation are
needed if CASE tools are to gain a wide acceptance. Concretely, they believe that
CASE tools should allow the developer more freedom in expressing ideas and that
their environment should be more tolerant, and allow the developers to think and
work “at the level of application end users”. Also the authors argue that current CASE
tools are too method-oriented, and that they should provide a more natural process-
oriented framework. We concur with Jarzabek and Huang, and try to support
creativity, through enhanced and more flexible support for modelling.

Usage of whiteboards as a support in creative, problem-solving meetings has been
studied in several contexts [E][. Electronic whiteboards have consequently been
used as a computational extension of traditional whiteboards. A goal in systems
running on electronic whiteboards has often been to preserve desirable characteristics
of whiteboards such as light-weight interaction and informality of drawings [E. To
our knowledge no one has investigated this use in the setting of Computer-Aided
Software Engineering. We try to extend the box of tools for electronic whiteboards
with a tool supporting object-oriented modelling.

4  Modelling and Interpretation in Practice

We have empirically studied the practice of modelling — and thus interpretation — in
three distinct situations with three different user groups. The main results of each of
the studies are given below. In each situation, the groups contained a mixture of
competencies such as ethnographers, participatory designers, experienced and
inexperienced developers, and end users. For a more detailed account, refer to [@.

4.1 The Dragon Project: Designing a New System

This study was carried out informally during the Dragon Project [@. The project
involved participants from a university research group and a major shipping company.
Development in the Dragon project took place in active collaboration with users in the
sense that at least one user was co-located with the development group at any given
time. Whenever modelling of major conceptual areas of the shipping domain took
place the users participated actively in this. Actual modelling in these sessions almost
always took place on a whiteboard. Although most information from the users was in
the form of domain knowledge as verbal or written accounts, drawings were often
made by the end user on, or in connection to, the diagrams on the whiteboard. User
drawings were informal, in contrast to formal UML models, which described key
concepts or relationships from the shipping domain. Eventually, the users
nevertheless picked up parts of the UML notation and commented on, e.g.,
multiplicities on an association.
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4.2 COT: Reengineering an Existing Application

We have studied a technology transfer project (COT, http://www.cit.dk/COT)
involving a university research group and an industrial partner. The project
reengineered an existing industrial application for control of a flow meter, while the
inexperienced developers from the industrial partner learned object-oriented analysis
and design. For the modelling, this project used a mixture of CASE tools, projectors,
and whiteboards.

Simplistically, the inexperienced developers explained the existing imple-
mentation, whereas the experienced developers modelled a reengineered version.
Eventually, this balance shifted as the inexperienced developers picked up larger parts
of the UML and participated in the modelling. This introduced a certain number of
syntactical errors in the use of the UML. These errors were either repaired, if they
disturbed the shared understanding of what was modelled, or ignored, if the meaning
was clear from the context. After each modelling session, photographs of the
diagrams were taken for future record or for manual entry into a CASE tool.
Programming was then done in an ordinary editor and the CASE tool was used to
reengineer code into diagrams.

4.3 Mjglner: Restructuring an Existing Application

This study investigated the redesign of the Mjglner integrated development
environment (http://www.mjolner.com). The group performing the redesign
consisted of six developers with different experience in the domain of the integrated
development environment. All developers had experience in object-orientation and a
fair understanding of UML. Two of the developers had an in-depth knowledge of the
development environment, other two developers had a knowledge of the part of the
tool that they developed, and the last two developers were introduced to the software
architecture of the environment while participating in the redesign.

During the redesign session, the most used artefacts were a whiteboard and a
laptop. The whiteboard was used to draw the software architecture of the existing
environment and to edit these drawings. The laptop was used whenever a developer
needed to look at code in order to remember the actual architecture. This use took
place whenever another person was at the whiteboard.

Although almost everything they drew was in actual UML notation, the notation
was tweaked in three ways. First, UML did not suffice to explain certain aspects of
the architecture leading to informal drawings of this. Second, the language used to
implement the environment is BETA , which has a number of language and
modelling constructs not supported by the UML. Two of these constructs, inner and
virtual classes, were used heavily in the implementation, and thus the developers
invented new notational elements on the fly. Third, the information drawn was
filtered in the sense that often only important attributes, operations, and classes were
shown.
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4.4 Key Insights

From our analysis of the user studies a number of lessons on the co-ordinative,
communicative, and collaborative aspects of object-oriented modelling can be
learned. We group the insights into the three categories 'tool usage’, ‘use of drawings’,
and ‘collaboration’.

Tool Usage. Typically, a diagram existed persistently in a CASE tool as well as
transiently on a whiteboard. CASE tools were primarily used for code generation,
reverse engineering, and documentation whereas whiteboards were used for
collaborative modelling and idea generation. This mix caused a number of problems:
Whereas whiteboards are ideal for quickly expressing ideas collaboratively and
individually, they are far from ideal for editing diagrams etc. This means that in all
user studies, drawings have been transferred from whiteboards to CASE tools and
from CASE tools back to whiteboards.

Use of Drawings. Most of the drawing elements were in the form of elements from
UML diagrams such as class, sequence, and use case diagrams. However, these
elements were combined with non-UML elements in two forms. Either as rich
“freehand” elements that explained part of the problem domain or as formal additions
to the UML such as notations for inner classes or grouping. Timings from one of the
user studies show that approximately 25% of the meeting was spent on actual drawing
on the whiteboard. The drawing time was divided into 80% for formal UML diagrams
and 20% for incomplete or informal drawings.

Another key observation is the use of filtering. Filtering was used for several
reasons. First, even whiteboard real estate is limited. Second, not all parts of a
diagram are interesting at all times. Third, users may employ a specific semantic
filtering to decide the important elements of a diagram. Such a filtering could, e.g., be
that only the name of a class is shown, or that modelling is restricted to the part of an
application related to the user interface.

Collaboration. It has been a striking fact in our user studies that all collaborative
construction of models has been co-ordinated as turn-taking. This is somewhat in
contrast to other observations on shared drawing , but we believe it to be general
for the kind of work that object-oriented modelling is about.

What was, however, not co-ordinated via turn-taking, was verbal communication
and the use of other artefacts. The people engaged in the meetings, e.g., discussed
among themselves while another person was drawing at the whiteboard, or they used
other artefacts concurrently.

4.5 Implications for Tool Support for Modelling

The user studies show that computerised support for collaboration and
communication in modelling is beneficial. This includes support for turn-taking and
not hindering communication. Moreover, context switches in turn-taking need to be
fast and transparent to users. Also, possible tool support needs to integrate with a
computational environment, i.e., provide functionality such as editing of diagrams,
code generation, and reverse engineering. Integration of this functionality should not
hinder collaboration.
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Aspects of the UML notation were too restraining for initial modelling. A tool may
try to help in several ways, including supporting semi-formal, incomplete drawings
and integrated informal “freehand” annotations. Moreover, a formal notation is often
not completely adequate for the problem at hand. Thus, it should be possible to tweak
the notation on the fly, in such a way that the notation becomes more appropriate for
the problem, while still preserving the original properties of the notation.

Filtering is needed in a wide sense. A CASE tool provides a potentially unlimited
workspace, whiteboards do not. CASE tools often provide filtering mechanisms such
as zooming, panning, and showing/hiding attributes on diagrams. On a whiteboard, on
the other hand, it is possible to, e.g., contract several relationships into a single
relationship. Both kinds of filtering, visual and semantic, are useful and should be
integrated.

S  The KNIGHT Tool

The user studies and the study of other CASE tools have been used as a basis for
implementing a tool supporting collaborative modelling and implementation. This
tool, the Knight tool, uses a large touch-sensitive electronic whiteboard (currently a
SMART Board, http://www.smarttech.com, see as input and output
device. This naturally enables collaboration via turn-taking among developers and
users. The interaction with and functionality of the tool is discussed in the next
sections.

5.1 Functionality and User-Interface

A major design goal of the Knight tool was to make the interaction with the tool
similar to that on an ordinary whiteboard. Therefore, the user interface ( is very
simple: it is a plain white surface, where users draw UML diagrams using non-
marking pens.

Radar view (1) B3

T

Fig. 3. Knight user interface
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The interface is based on gesture input. For example, in order to create a new class,
the user simply sketches a rectangle, which the tool then interprets as a class (.
Gestures have several advantages over existing toolbars: They allow input directly on
the workspace, are fast to draw, and have a low cognitive overhead.

]

Before recognition After recognition

Fig. 4. Recognition of the gesture for a class

Also using gestures, a user may associate two classes by drawing a straight line
between them. In general, the gestures for creating UML elements have been chosen
so as to resemble what developers draw on ordinary whiteboards. This directness
makes the gestures easier to learn and use.

Another way of achieving an intuitive interaction is by using compound gestures
[ and eager recognition [B0]. Compound gestures combine gestures that are either
close in time or space to one drawing element. So for example, when users draw an
inheritance relationship on an ordinary whiteboard, they normally draw a line and
then an overlaying triangle. Analogously, in the Knight tool, a user first draws a line
between two classes and then a triangle at the appropriate line end.

With eager recognition, the tool continuously tries to classify gestures while they
are being drawn. This is used for moving: To move an element, the user draws a
squiggle gesture on the item to be moved. When the squiggle gesture can be classified
with a high confidence, feedback is given in order to show that the gesture was
recognised: the item follows the pen.

The technical aspects of the gesture recognition are discussed in the “Design &
Implementation” section.

Informality vs. formality. A continuum from informality to formality is supported in
two ways. First, users may draw incomplete diagrams, such as relationships only
belonging to one class (. The incomplete elements can later be “completed”,
e.g., by attaching another class to the relationship.

Before recognition After recognition

Fig. 5. A relationship with only one class specified

Second, a separate freehand mode is provided. In freehand mode, the pen strokes
are not interpreted. Instead, they are simply transferred directly to the drawing
surface. This allows users to make arbitrary sketches and annotations as on an
ordinary whiteboard (see Fig. 3 |upper-left). Unlike on whiteboards, these can easily be
moved around, hidden, or deleted. Each freehand session creates a connected drawing
element that can be manipulated as a single whole.

Navigation. The tool provides a potentially infinite workspace. This allows users to
draw very large models, but is potentially problematic in terms of navigating.
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Generally there is a need for an easy way of navigating from one point in the diagram
to another point in the diagram, and it is desirable to be able to focus on a smaller part
of the diagram while preserving the awareness of the whole context. To achieve this
in the Knight tool, any number of floating radar windows may be opened (.
These radar windows, which may be placed anywhere, show the whole drawing
workspace, with a small rectangle indicating the part currently visible. Clicking and
dragging the rectangle pans while dragging the handles of the rectangle zooms.

Ordinary pull-down menus are not appropriate for activating the functionality of
the tool given the large size of the whiteboard screen. Instead we use gestures as
explained above and pop-up menus that can be opened anywhere on the workspace.
The pop-up menus are implemented as pie menus that are opened when the pen is
pressed down for a short while (see . For faster operation, the commands can
also be invoked by drawing a short line in the direction of the pie-slice holding the
desired command [@. Furthermore, the menus are context-dependent. The left side
of shows the default menu, whereas the right side shows a more specialised
menu that is opened when close to the end of a relationship.

Radar view (1) [E4

class University
Strj

2 -
B =
=
Fig. 6. Radar windows provide Fig. 7. Context-
context awareness dependent pie menus

Inputting text. The tool offers five different ways of inputting text (. Apart
from normal keyboard input these are: Virtual keyboard (a), Stylus-based Gestures (as
on PDA’) (b), Cirrin (c) [@, and Quikwrite (d) [. They are shown in increasing
order with respect to speed of text-entry and difficulty to learn. There is thus support
for both casual users without any knowledge of the more specialised ways of
inputting text, and advanced users who wish to enter text quickly.

5.2 Design & Implementation

The Knight tool is implemented in the Itcl [ object-oriented extension of Tcl/Tk
[R5]. Since the implementation uses Microsoft COM [R9] for tool integration, it
currently only runs on the Microsoft Windows platform.

Software Architecture. The software architecture of the Knight tool is shown in
b using a UML package diagram. The Knight tool and CASE tools that Knight is
integrated with are separate processes. The connectors between these processes are, as
discussed further below, currently implemented using Microsoft COM.



Creative Object-Oriented Modelling 37
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Fig. 8. Text input possibilities in Knight

Internally in Knight, connectors are either event broadcasts or direct method calls.
The structure of Knight follows the Repository architectural pattern [. The
packages surrounding the Repository are readers and readers/writers. They work
independently on the repository.

The Repository is a repository of UML diagrams. Basically, the class structure is a
subset of the UML metamodel. When changes occur in the diagram, Observers [@
on the diagram are notified.

The Radar is observing the Repository and it gives an overview by reading and
representing the state found in the diagrams.

The Workspace both reads and writes from and to the diagrams to display and edit
these. Writing in the Repository is implemented using a combination of the
Composite and the Command patterns [@, providing undo/redo functionality.

The CASE Tool Integrator is a Mediator [@ between the Knight tool and multiple
CASE tools (see below).

Gesture Recognition. Rubine’s algorithm [ is used for gesture recognition. The
main advantage of this algorithm is that it is relatively easy to train: For each gesture
to be recognised, it must simply be provided with a number of prototypical examples
of the gesture. Based on these examples, the algorithm then computes a representative
vector of features. Examples of features are the total length of a gesture and the total
angle traversed by a gesture. Subsequently, these representative vectors can be
compared to a vector computed from a user's input, and the most resembling gesture
can be chosen based on a statistical analysis.

A few circumstances complicate the gesture recognition a little. First, different
types of input devices have different physical characteristics. Thus, the recogniser
should ideally be trained once per type of input device. Second, Rubine’s algorithm
requires that different types of gestures are distinguishable with respect to the feature
vector. We handle this by using compound gestures, e.g., when drawing different
types of relationships, thus reducing the number of gestures to be recognised. Third,
all users do not draw, e.g., a rectangle starting in the same corner and in the same
direction. In order to preserve the intuitiveness of and the resemblance to ordinary
whiteboards, the gesture recogniser must thus be able to recognise a rectangle starting
in all four corners going both clockwise and counter-clockwise. To lessen the burden
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Fig. 9. Software architecture of the Knight tool

of training the recogniser with all these variations, we have implemented a script that
takes, e.g., a set of rectangle examples all drawn starting in one corner and going in
one direction and then permutes these by rotating and mirroring to obtain eight

combinations. In this way the full gesture set of 49 different gestures can be achieved
from only 9 sets of examples.

Integration with other CASE tools. There is a need to provide common CASE tool
functionality such as code generation and reverse engineering. Different tools support
different tasks well and users choose to use different kinds of tools based on the work
at hand. Thus, we have chosen an integration strategy instead of building a full-
featured CASE tool.

We are implementing both batch and incremental integration with CASE tools.
Batch integration is currently achieved in two ways: using XML Metadata
Interchange format (XMI [) and using component technology. To implement the
XMI exchange, we used a DTD based on the UML metamodel. Given this DTD, we
implemented support for importing models from and exporting models to XML files
following its grammar. Since the DTD is generated as specified in the XMI standard,
it enables us to share models with other CASE tools that support UML and XMI.

Incremental integration is done for two reasons. First, batch integration may lose
information and rely on other tools’ interpretation of information. Second, we wish to
integrate with CASE tools that support incremental round-trip engineering [E]. For
this to be useful, incremental updates are needed so that code is always available and
changes in code are immediately reflected in diagrams. The incremental integration is
currently done via Microsoft COM [@].

The details of the integration are described in a companion paper [ﬂ.
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6 Evaluation and Future Work

6.1 Evaluation

We have performed qualitative evaluations of the Knight tool in use. The primary
objective of the evaluations has been to evaluate Knight in real work settings.
Typically, a facilitator introduced the tool briefly. Following this, each subject was
given a chance to try the interaction of Knight and learn the gestures for manipulating
diagrams. The facilitator also helped if the subjects had problems using the tool in
their work.

After the introduction, the subjects used Knight to work on their current project.
While the subjects worked on their project, the use was videotaped and notes were
taken. After the sessions, the subjects were interviewed.

The evaluations were all positive and showed that the tool was useful in the design
situation. Also, the subjects considered the tool to be a better enabler for both
collaboration and creativity than traditional CASE tools. They especially liked the
large electronic whiteboard’s collaboration support and the tool’s interaction style,
with its combination of informal and formal elements.

A number of minor problems surfaced. A few of the gestures were hard to learn by
some of the participants, although they seemed to learn them as they used the tool
further. Also the integration of freehand, formal, and informal elements was generally
construed as useful (see , but further functionality was desired, e.g., to
associate a freehand element and a formal element to each other.

In summary, the evaluations validate our general approach to supporting collaborative
modelling. The issues raised as results of the evaluations were mostly smaller
interaction problems, and these were outweighed by the tool's advantages. The users
especially found that the tool’s lighter, more intuitive interaction allowed for more
creativity and that the tool less frequently than ordinary CASE tools caused
breakdowns in the modelling.

6.2 Future Work

Longitudinal Studies of Actual Use. The tool should be evaluated in real settings
over a longer period of time, preferably for the duration of a whole project. Further
evaluation could also include a comparative, quantitative study of the Knight tool’s
impact on the quality of the resulting design and the amount of time spent using the
tool.

Distributed Use. Considering distributed use of the Knight tool suggests some
interesting possibilities. The obvious possibility is to connect two electronic
whiteboards in different locations and to have designers work on the same model
synchronously. But other combinations may also be possible. For example, one might
choose to have a different view on a model via an ordinary PC located in the same
meeting room as the electronic whiteboard.
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Fig. 10. Diagram produced during an evaluation session (with part of the diagram emphasised)

End User Customisation. An area of research that we so far have left more or less
untouched is the ability for the user to customise the tool in a number of ways.
Currently, we are working with the idea of a personal pen that holds several settings
for the user. In this way, a user who chooses a specific pen will use the settings of the
pen, such as gesture set, freehand/UML mode, or current colour, when interacting
with the electronic whiteboard. A bit further along the way is the possibility for the
user to customise the notation, ultimately “on the fly”. Simple customisations of this
type include changing the appearance of drawings or adding user-defined stereotypes
to diagrams. A more elaborate tailoring scheme in which the user actively models on
the metamodel of the tool may be possible. Such a tool could be considered a light-
weight meta-CASE tool [E[E.

Generalisation. Obviously, full support for all the diagram types of the UML is
desirable. Moreover, many of the observations that we have made of object-oriented
modelling seem to be true of other kinds of formal modelling as well. This suggests
that the Knight tool could support other kinds of diagramming with the same basic
interaction.

Other generalisations are also possible: Even though the gesture based interaction
has been designed for use on an electronic whiteboard, the interaction seems direct
and natural and it would be worthwhile investigating its use on an ordinary PC with
other input devices, e.g., tablets, mice, or trackballs. We would also like to explore
other more exotic input/output devices such as tablets with built in LCD displays,
connected PDAs communicating with a large screen, or electronic extensions of
traditional whiteboards such as Mimio [B3].
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7  Conclusion

Support for modelling is one of the major advantages of object-oriented development.
Through the conceptual framework underlying object-orientation, both the problem
domain of the system and the system to be built can be understood and formulated.

It is often advantageous to have tool support for modelling. Tool support can, e.g.,
aid in creating and editing models, in checking the syntax and semantics of models
and in generating code from the models. Studies have shown, however, that existing
CASE tools are rarely used. We believe that part of the explanation for this lies in the
poor support for intuition, flexibility, and collaboration in CASE tools. To experiment
with and to prove the advantages of such support, we have designed and implemented
a tool, Knight, which complements existing CASE tools. The Knight tool provides a
direct and fluid interaction that in many ways resemble the interaction with regular
whiteboards, it provides support for collaboration in its large shared workspace, and it
allows for more flexibility by supporting models with both informal and incomplete
elements.

The tool has so far been successfully evaluated in qualitative experiments that
validated the basic design. Further evaluation and studies of use are to be performed,
but we believe that an extension of current CASE tools with support for creativity,
flexibility and collaboration as found in Knight can ultimately help in improving the
overall quality of development projects.
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Abstract. The Unified Modeling Language (UML) currently proposes
a mechanism to model recurrent design structures: the parameterized
collaborations. The main goal of this mechanism is to model the struc-
ture of Design Patterns. This is an interesting feature because it can help
designers to point out pattern application without spending time with
intricate design details. Moreover, it can also help designers to better
document their systems and to manage their own design pattern library,
which could be used in different systems or projects. However, from a tool
perspective, the semantics associated to parameterized collaborations is
still vague. To put it more precisely, the underlying representation of a
design pattern and of its application, and the binding between these two
levels is not exactly defined, and therefore, can be interpreted in different
ways. This article has two purposes. First, we point out ambiguities and
clarify some misunderstanding points concerning parameterized colla-
borations in the “official” UML literature. We also show the limits of
this mechanism when effectively modeling design patterns. Second, we
propose some workarounds for these limits and describe how a tool inte-
grating this mechanism could help with the semi-automatic application
of design patterns.

1 Introduction

Design patterns [I1] integration into a modeling language is a tempting idea. A
simple modeling construct allowing to explicitly point out participant classes of a
design pattern could help designers in many ways. Besides the direct advantage of
a better documentation and the consequent better understandability of a model,
pointing out the existence of a design pattern allows designers to abstract known
design details (e.g. associations, methods) and concentrate on more important
tasks.

Another tempting idea, consequent to the first one, is to provide tool sup-
port to this modeling language and therefore, to design patterns. The automatic
implementation of patterns can help overcome some adversity encountered by
programmers [27] [4] [I0]. More precisely, a tool can ensure that pattern con-
straints are respected (e.g. that a subject always notifies its observers when it is
modified), avoid some implementation burden (e.g. creating several forwarding
methods in the Composite pattern) and even recognize pattern within source
code, avoiding them to get lost after their implementation.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 44-[62, 2000.
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The UML community succumbed to the first temptation: the latest version
of the Unified Modeling Language [25] has improved the collaboration design
construct in order to provide better support for design patterns. Indeed, the two
conceptual levels provided by collaborations (i.e. parameterized collaboration
and collaboration usage) fit perfectly to model design patterns. At the general
level, a parameterized collaboration is able to represent the structure of the solu-
tion proposed by a pattern, which is enounced in generic terms. The application
of this solution i.e. the terminology and structure specification into a particular
context (so called instance or occurrence of a pattern) can be represented by
collaboration usages.

However, UML parameterized collaborations suffer from a lack of precision,
which constrains the effective benefits of tool support and makes the second
temptation less seductive.

Section 2]is dedicated to the representation of design patterns in UML, and
tackle a number of ambiguities that hinder tool support: Pattern occurrences
are presented in Sect. 2], and it is explained how the occurrences of a pattern
are linked to its general description in a precise way. The general description of
patterns is supported in UML through the notion of parameterized collaborati-
ons, and Sect. 2.2 is dedicated to the syntactic and semantic issues arising from
the use of collaborations in the context of design pattern. The limits of UML
collaborations are carefully analyzed in Sect. 2.3 Ideas to overcome the short-
comings of collaborations are sketched in Sect 2.4, providing some guide-lines to
model the “essence” of design patterns more accurately.

Once the most important issues pertaining to the presentation of design pat-
terns in UML have been pointed out, better modeling of design pattern becomes
possible. Effective tool support for UML design patterns is proposed in Sect. Bl
Section presents the main features that a user is likely to expect from an
effective design pattern tool. Relying on the transformation framework provi-
ded by the UMLAUT prototype (presented in Sect. [3.2)), we show in Sect. 3.3
how a metaprogramming approach allows for powerful manipulations of design
patterns, easing the task of designers significantly.

2 Design Patterns and UML Collaborations

2.1 Representing Occurrences of Design Pattern

Had it not provided some support for the notion of pattern, it would have been
hardly possible for UML to sustain its role as a unifying notation for object-
oriented modeling. Therefore the abundant documentation on UML has sections
wholly dedicated to patterns. Figure [T] presents an example of what represents
an occurrence of the Composite design pattern, as given in the UML Reference
Guide [26]:

The UML 1.3 notation for occurrences of design patterns is in the form of
a dashed ellipse connected by dashed lines to the classes that participate in the
pattern.
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Fig. 1. An occurrence of the Composite Design Pattern

The interpretation of this model seems obvious, even though the Composite
design pattern has been (erroneously) renamed as “Component”: a Picture is
composed of a set of Graphics (Rectangles or other Pictures). Objects instances
of class Rectangle can only play the role of a Leaf, and hence cannot contain other
Graphics. An experienced designer will also understand that Picture implements
methods that will forward every message it receives to its components. In the
context of this pattern occurrence, adding another class (say Circle) that also
plays the Leaf role looks simple: Figure 28-4 in the UML User Manual [3] shows
an example of a similar pattern occurrence, where a same role is assigned to
different classes, by simply using as many dashed lines with the same label as
necessary.

However, a small remark on that same page explains that “these [two] classes
are bound a little differently than the others”. This is an evidence that the
apparent simplicity actually hides a lot of complex representation issues (see
section for a detailed discussion). Of course, the user should be shielded
from those details, but the UML tool designer is not.

Note that Fig. [l does not explain how implementation trade-offs are set
and what the benefits of representing an occurrence of a design pattern are,
other than for documentation purposes. Actually, UML does not support the
representation of implementation trade-offs. The designer has no other choice
but using comments to point these out.

Of course, the designer can reuse the pattern occurrence symbol for a given
pattern any number of times, with a different binding for each new context in
which the pattern appears (UML User Manual [3], p.388).

So far we have only seen how a pattern occurrence is made explicit in a model
thanks to the dashed ellipse symbol. Two fundamental issues still remain to be
solved:
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1. Specifying how a pattern occurrence refers to the corresponding pattern
specification. That is, we should give a precise meaning to dashed ellipses
and dashed lines.

2. Specifying the pattern itself as formally as possible in UML. The UML ac-
tually provides a mechanism for this purpose, based on collaborations and
genericity. It also provides a mapping of dashed ellipses and lines in this con-
text. However, we will see in section that this mechanism entails some
confusion and suffers from many shortcomings.

2.2 The Official UML Proposal: Parameterized Collaborations

Design patterns are supposed to be modeled using parameterized collaborations,
which are rendered in the UML in a way similar to template classes (UML User
Manual [3], p.384). According to [3] p.387, three steps are needed to model a
design pattern:

1. Identify the common solution to the common problem and reify it as a
mechanism;

2. Model the mechanism as a collaboration, i.e. a namespace containing its
structural, as well as its behavioral aspects;

3. Identify the elements of the design pattern that must be bound to elements
in a specific context and render them as parameters of the collaboration;

The last two steps give an idea of how a design pattern is supposed to be
modeled (and how a collaboration editor might work).

A collaboration is defined in terms of roles. The structural aspects of a colla-
boration are specified using ClassifierRoles, which are placeholders for objects
that will interact to achieve the collaboration’s goal. As a placeholder, a role is
similar to a free variable or to a formal parameter of a routine. It will later be
bound to an object that conforms to the ClassifierRole. Several objects can play
one given role at run-time (constraints on the actual number are specified by the
multiplicity of the classifier role) and each of them must conform to the classifier
role. ClassifierRoles are connected by AssociationRoles, which are placeholders
for associations among objects.

The way conformance of an object to a specific role is defined is particularly
interesting, and this is where the notion of base of a role intervenes. A Classi-
fierRole does not specify exhaustively all the operations and attributes that an
object conforming to this role must have. Only the features strictly necessary to
the realization of the role are specified as features available in the ClassifierRole.
Therefore, the ClassifierRole can be seen as a restriction (or projection) of a
conforming object’s “full” Classifier to the needed subset of features. Actually,
UML imposes that roles be defined only as a restriction of existing classifiers
and there are OCL rules in the meta-model (see [25] p.2-108) that enforce this
view. The classifier(s) that a ClassifierRole is a restriction of is called the base(s)
of the role.

An object is said to conform to a particular role if it provides all the features
needed to play this role, that is, all the features declared in the ClassifierRole.
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Although this is not strictly required (as explained in [25] p.2-113) any object

that is an instance of a role’s base classifier will by definition conform to this
role.

On page 199 of [26], the authors propose a model for the Composite design
pattern [II] (cf Fig. ). This model is composed of three roles (Component,
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Fig. 2. Composite Design Pattern as a Parameterized Collaboration

Leaf and Composite). The reusability of a design pattern is expressed using
the genericity mechanism: to make the above description of Composite context-
independent and hence reusable in the context of geometric shapes, the base
classifiers of each role are turned into template parameters of the collaboration.
Putting the pattern in context simply consists in binding the template collabora-
tion to the user model by providing actual arguments for template parameters.
This is the official mapping given in [25] for the dashed ellipse symbol in Fig. [l
the actual arguments being inferred by the dashed lines. The label on each dashed
line leaving the ellipse corresponds to the name of the role the actual argument
will be a base of. With the conformance as defined above, the binding ensures
that any instance of the Graphic classifier can play the role of a Component

in the collaboration resulting from the template’s instantiation represented in
Fig. M

The parameterized collaborations cannot however be bound with just any actual
classes. The participant classes must respect the fundamental constraints of the

pattern. Several kinds of constraints can be imposed by the collaboration using
a set of constraining elements:

— A generalization between two (formal generic) base classifiers means that a
similar inheritance relation must also exist between the two corresponding
actual classifiers used in any binding of the collaboration. This is just the
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UML version of constraint genericity. For example, the classes acting as bases
for the role Composite and Leaf must be specializations of the class acting
as base for the role Component. The inheritance relationship between actual
classifiers imposed by such a constraint need not be direct, though.

— An association among two (formal generic) base classifiers means that a
similar association must also exist between the two corresponding actual
classifiers used in any binding of the collaboration. Such associations among
base classifiers are very likely to act as bases for association roles within the
collaboration.

2.3 Limitations of Parameterized Collaborations

However, there are severe limitations to the expressive power of constraining
elements associated to a collaboration:

Constraints on Generalizations: The graphical representation of collabora-
tion superimposes classifier roles with their corresponding bases, which makes
the use of generalization arrows ambiguous. Contrary to generalization relati-
onships between their respective bases, generalization relationships between the
classifiers roles themselves do not bring supplementary constraints: they just
mean (as usual) that the child role inherits all features of its parent(s) (see [25]
p2-105). This graphical ambiguity is the root of confusing descriptions in the
UML books themselves [26]. Consider the following quotes:

In a parameterized collaboration (a pattern) some of the classifier roles
may be parameters. A generalization between two parameterized classi-
fier roles indicates that any classifiers that are bound to the roles must
satisfy the generalization relationship.

(...) for the common case of parameterized roles, the template is bound
by specifying a class for each role.

This can lead the readers to think that the template parameters are the classifier
roles, when only base classifiers of the roles actually are template parameters (if
a role were a template parameter, then the corresponding actual argument of
the binding should also be a role, not simply a classifier. This is possible only if
the binding is nested within a broader collaboration that will provide the actual
role).

Constraints on Associations: The UML documentation (see e.g. [26]) does
not consider it useful to make the bases of association roles template parameters
of the collaboration. It is assumed that the bases of association roles can be
deduced automatically from the existing associations among the base classifiers
given when the template collaboration is bound. However, there are cases when
this assumption does not hold: when there are several candidate associations,
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or when there is no (direct) association. The former case forces an arbitrary
choice, while the latter case requires the creation of a <<derived>> association
to provide the necessary shortcut through available (indirect) associations. For
instance, in the Observer pattern, there could be a mediator object between an
observee and an observer, and the association between observee and observer
would be computed by going through the mediator. The way an association can
be derived (or computed) from existing but indirect ones is explained in [25]
p2-19.

Constraints on Available Features: To take part in the collaboration, a
role must dispose of a set of available features, which it gets from its base(s)
classifier(s) (see [25] p2-108). But if the base is itself a generic parameter, where
do the available features come from? Although this problem has not been raised
so far in the UML literature, we can envision several possibilities:

1. Defining a special-purpose classifier associated with the template collabora-
tion. This classifier would hold the features needed by a given role, and a
constraining generalization relationship would ensure that the actual classi-
fier used as a base for this role is a subclass of this special class. But then,
since a ClassifierRole is a special kind of Classifier, why not instead simply
define the needed features within the ClassifierRole itself and get rid of the
base altogether? (see more on this alternative solution later on).

2. Defining compound template parameters and associated conformance rules
for the corresponding actual argument in a binding. The available features
would then come from within the template parameter. The number of so-
called well-formedness rules involved in defining the conformance to such
template parameters would probably be dissuasive.

3. Turning all needed features into template parameters (the UML does not
impose any constraints on the kind of entity allowed as template parameters).
We would then need a set of supplementary Constraints to ensure that the
actual arguments for the features are actually owned by the appropriate
actual arguments for the base classifiers. Constraints written in the Object
Constraint Language (OCL [29]) would be added in the set of constraining
elements of the collaboration (a Constraint with an upper case ’C’ is a kind
of UML modeling element, and is represented by an expression enclosed in
curly braces.) Note that such a constraint needs access to the meta-level,
which is not normally accessible from user-level models.

Constraints Involving any Number of Classifiers: In section [ZT] we have
already recognized the need to somehow link several classes of the user model to
a single role (or base thereof) of a design pattern. For example, one might want to
show that several classes like Rectangle, Circle, Square, etc. all represent Leaves
of the Composite design pattern in the context of geometric shapes. Figure 28-4
in the UML User Manual [3] similarly shows that several classes of the model
are Commands of the Command design pattern.
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Unfortunately, this is not as obvious as one can think. Indeed, the normal
mapping of the pattern occurrence symbol is to bind exactly one actual class
to exactly one template parameter (which is the base for a role). With bindings
as defined in UML 1.3, it does not make any sense to provide several actual
arguments for one template parameter. Moreover, templates have a fixed num-
ber of template parameters. As already mentioned in section B.I], [3] avoids the
problem by saying that the binding is different in this case: the dashed lines
are supposed to map to generalization links which automatically turn all ac-
tual arguments into subclasses of a common class (respectively named Leaf and
Command) provided by the collaboration itself. This exception to the normal
mapping rule is rather confusing: note how the Leaf and Command classes are
still represented in the upper-right corner of the collaboration symbol, as if they
were still template parameters.

We argue that this proposed solution is more an ad-hoc workaround than a
generalizable principle: it is applicable only because adding new classes during
the binding for the Leaf or the Command roles does not really add any supple-
mentary constraints on the structure of the design pattern solution. The only
new information provided is that new kinds of objects can play these roles in the
collaborations at run-time. It is remarkable that all examples of design patterns
that we found in the UML literature are patterns for which this workaround is
applicable.

But let us think about modeling the Visitor design pattern [I1] in UML, an
occurrence of which is given in Fig.[4. A parameterized collaboration will not be
sufficient to represent “the” general solution, because the number of template
parameters representing the nodes of the structure to be visited is frozen. But
this number of nodes impacts the whole structure of the pattern, since the Visitor
class must have the right number of accept operations.

We cannot address this problem with a simple workaround. We need to ex-
press constraints on the pattern that require full reflexive capability (if only to
check the number of operations for example). Giving OCL expressions access to
the meta-level (which is not normally accessible from user models) is a promising
way to resolve the issue. The standard <<metaclass>> and <<powertype>>
UML stereotypes might also prove useful as hooks into the meta-level.

Temporal or Behavioral Constraints: The mere existence of necessary ope-
rations or attributes for playing a role is of course not enough. Patterns also
prescribe how operation calls, updates of attributes and other actions are orga-
nized to achieve a particular task. For instance, in the context of the Observer
Design Pattern, any modification of the observee’s state must eventually be follo-
wed by a call to notify (). UML Interactions can be attached to a collaboration
to specify its behavioral aspects. An interaction is a partial order on messages
and actions pertaining to the goal, and can be graphically represented as a se-
quence diagram. Such sequence diagrams often accompany the description of
patterns by Gamma et al. in [IT].
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Being part of the parameterized collaboration, interactions are involved in
the binding process, although the UML does not define how. There are two ways
interactions can potentially affect the binding:

1. The interaction in the template might be transposed as-is in the resulting
model, with template parameters substituted with actual arguments of the
binding. This kind of macro expansion is the way UML genericity is supposed
to work (see [25] p.2-26).

2. A more sensible approach is to consider the interactions as a new kind of
constraint that must be respected by the actual arguments. Of course, the
actual participants in the binding might satisfy the constraints as a more or
less direct consequence of their own behavioral organization. For instance,
a completely unrelated operation call might be inserted between two calls
prescribed by the pattern. This of course should not invalidate the pattern
usage, since such a situation is bound to happen in all but trivial situations.

It should now be clear that interactions attached to collaborations ought to
be interpreted as behavioral constraints on participants, not unlike temporal
logic formulas. Satisfaction of these constraints or formulas should be part of
the conformance rules of pattern bindings, but UML 1.3 does not provide many
hints on this issue. Some recent work [20] on formalizing UML collaborations and
interactions shares this view of conformance of objects to collaboration roles.

To emphasize the formula-like nature of these constraints, an interesting ap-
proach worth investigating is to turn them into textual constraints written in a
variant of OCL extended with temporal logic operators. Such an extension to
OCL is proposed in [21].

The notion of base is ad hoc We have seen that the notion of base classifier of
a role was at the heart of design pattern definition in UML, since roles are defined
with respect to their base, and reusability is provided by making these bases
formal parameters of the collaboration which then becomes a generic template.

We have also just seen that this use of bases as template parameters seriously
complicates the way roles are specified in terms of available features, and suffers
from the inherent limitations of template instantiations (e.g., fixed number of
parameters in a UML Binding).

These problems suggest that the notion of base is probably not the right way
to relate roles and classifiers of objects that will conform to the roles. Making
roles dependent on pre-existing, “external”, base classifiers when they could have
stood on their own, looks suspicious. These dependencies impair the reusability
of the collaborations, since they can’t be reused without the corresponding bases,
and they require clairvoyance on the part of the designer if several design patterns
are to be combined (they might need shared bases).

The dependency between roles and classifiers should actually be in the oppo-
site direction, as it is very likely that the classifier of an object will be designed
by first carefully considering all the roles that the object may play in the various
collaborations of the system. Hence the classifier of this object will be obtained
by merging the roles’ specifications, not the other way round.
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The UML notion of Realization would be more appropriate than the notion of
Binding of template parameters to express the fact that a given classifier realizes
a set of roles. Moreover, realizations can specify a mapping expression to describe
precisely how the classifier should realize the roles. We are investigating how the
transformation functions proposed in section [3.3] would fit in this context.

2.4 Constraints as the Essence of Patterns

On the one hand, the various limitations listed above make it impossible for
UML parameterized collaborations to precisely specify some of the more inte-
resting constraints of design patterns. Their expressive power is limited to the
prescription of associations and generalization links, and to a certain extent, the
availability of features. Undoubtedly, more sophisticated constraints need access
to the UML meta-model.

On the other hand, the static structure of collaborations (and of associated
interactions if they are not considered as constraints) entails many choices that
are not fundamental to a pattern itself, but are specific of some of its reified
solutions. This prevents UML collaborations from representing only the essence
of a pattern, free of any premature choices. All diagrams representing patterns
or pattern occurrences in the UML literature fall short of this ambitious goal
because of the over-specification side-effect of collaborations.

The essence of a pattern is what Eden [§] calls a “leitmotiv”, that is, the
intrinsic properties of a pattern and nothing more. These properties are common
to all variants of a given pattern reification. Therefore, they should be expressed
as general constraints over such reifications, which presumably involves meta-
level OCL-like expressions and temporal logics.

How an enhanced OCL would fit together with UML collaborations and gene-
ricity to fully represent the essence of a pattern is at the heart of accurate UML
specifications of patterns, and is still an active research topics of the authors.

A transformation tool would ideally provide this level of pattern modeling,
and would help the user solve the corresponding constraints (or offer trans-
formations implementing them, with meta-programs). The next section further
elaborate on this idea of sophisticated tool support for UML design patterns.

3 Towards a UML Pattern Implementation Tool

The goal behind the above study of parameterized collaborations (and their li-
mits) is to provide effective support for design patterns in a UML tool. But before
extending the description of automatic design patterns implementation, let us
dispel some possible misunderstanding concerning the integration of pattern in
a CASE tool. According to James Coplien [7] p. 30 - patterns should not, can not
and will not replace programmers - , our goal is not to replace programmers nor
designers but to support them. We are not attempting to detect the need of a
design pattern application but to help designers to explicitly manifest this need
and therefore abstract intricate details. We are also not trying to discover which
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implementation variant is the most adequate to a particular situation, but to
discharge programmers from the implementation of recurrent trivial operations
(e.g. message forwarding) introduced by design patterns.

Consequently, our goal is to propose a tool that allows designers to model
the structure of design patterns, to explicitly identify the participant classes of
a pattern application and to map the structure of a pattern into any application
of this pattern. Once this is possible, the tool can automate different approaches
of patterns use. According to Florijn et al. [10], a pattern-based tool can follow
three main approaches:

— Recognition: In this approach, the tool recognizes that a set of classes, me-
thods and attributes corresponds to a design pattern application and points
this out to the designer;

— Generation: Here, the designer chooses a pattern she wants to apply, the
participant classes and some implementation trade-off and receives the cor-
responding source code;

— Reconstruction: The former approaches can be merged into this third ap-
proach. Here, the tool modifies a set of classes that looks like a pattern
application into an effective pattern application. This modification implies
the addition or modification of classes, attributes and methods.

Since our goal is to integrate design patterns into a UML tool and therefore
adopt a generative approach, our present interest concerns only the last two
approaches.

The idea behind the second approach is that the pattern solution could be
seen as a sequence of steps. Therefore, a pattern implementation would be obtai-
ned if the tool follows these steps. Actually, the implementation is more compli-
cated than that since the tool should verify if the pattern has not already been
partially implemented. Moreover, the solution is not unique, the implementation
may change according to certain trade-offs.

The third approach is very close to Opdyke’s refactorings [19], i.e. operations
that modify the source code of an application without changing its behavior.
One of the many difficulties of this approach is that design patterns specify a set
of solutions to a problem, but do not (or rarely do) specify a common situation
to which the pattern should be applied. This seems to be reasonable, since the
problem described by a pattern can be solved in several other manners and it
would be impossible to catalog each manner.

Another approach, which was not enumerated by Florijn et al. concerns de-
sign patterns validation. More precisely, design patterns have implicit constraints
that could be automatically verified. For instance, in the Observer pattern, a tool
could verify if every method that modifies the subject also notifies its observers.

In our perspective, a design tool that support design patterns should, on
one hand, provide high level transformations that help designers to apply a
design pattern and, on the other hand, ensure that the applied solution remains
consistent during the design process. In the next sections, we will further explain
what exactly we want our tool to do.
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3.1 A Pattern Tool in Action

In order to further describe the rationale behind our pattern tool, let us take
the role of a designer using her favorite UML CASE tool. More specifically, she
is in the middle of the design of her application and her model contains many
classes and operations.

Suppose that she now decides to apply a specific design pattern to her model.
This could be done in two different ways.

The first way is to select a class and choose the transformation she wants to
apply to this class. In this case, the designer knows exactly what she wants to do
and uses the pattern application as a macro. This transformation could be, for
instance, the creation of a Composite class (i.e. the application of the Composite
pattern). The tool will automatically create a new class, an association between
the new class and the selected one and a set of forwarding methods in the
new class. At the same time, the tool will create an usage of the Composite
collaboration (defined previously) and assign the composite role to the new class
and the component role to the selected class. This approach will be further
explained in section [3.3]

The second way consists in creating an usage of a collaboration, which cor-
responds to the pattern she wants to use. In this case, she has already applied
(partially or not) this pattern to her classes and wants to document it. She
will manually determinate which classes participate to this pattern occurrence.
Then, the tool will try to automatically bind non-specified participants (clas-
ses, features, associations, etc.) to the collaboration, and ask for the designer
validation.

From then on, all the constraints inherent to the chosen pattern should be
continuously checked as a background process. Any unsatisfied constraint should
be clearly indicated: For each of them, an item would appear in a “to-do list”,
describing the action the user should take in order to make the pattern appli-
cation complete and correct. To the extent that it is possible, the tool should
propose some semi-automatic steps, to relief the user as much as possible. As
soon as all constraints are satisfied, the user can proceed with code generation
to obtain the final application.

3.2 UMLAUT’s Transformation Framework

UMLAUT is a freely available tool dedicated to the manipulation of UML mo-
dels. UMLAUT notably provides a UML transformation framework allowing
complex manipulations to be applied to a UML model [I3]. These manipulati-
ons are expressed as algebraic compositions of elementary transformations.

We propose the use of a mix of object-oriented and functional paradigm to
develop a reusable toolbox of transformation operators. The general approach
consists of two major steps. The first phase uses an iterator to traverse the UML
meta-model instance into a linear sequence of model elements. The second phase
maps a set of operators onto each element in this sequence.
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In the context of the theory of lists, it has been shown that any operation
can be expressed as the algebraic composition of a small number of polymorphic
operations like map, filter and reduce [2].

The transformation process can be generalized into three stages: element
selection, element processing and reductive validation. We can re-apply the first
two stages repeatedly using composition of map and filter to achieve the desired
results.

3.3 A Metaprogramming Approach

This metaprogramming approach consists in applying design patterns by means
of successive transformation steps that should be applied starting from an in-
itial situation up until a final situation is reached where the occurrence of the
pattern is explicit. For instance, Fig. [3 presents a situation to which the Visitor
pattern can be applied, i.e. a class hierarchy where several methods (optimize()
and generate()) are defined by every class. Applying the pattern to this hier-
archy means creating another class hierarchy to where these methods will be
transferred. The final situation is presented in Fig. [

ParseNode

+ optimize()
+ generate()

/3

VariableNode ConstantNode AssignmentNode LoopNode
+ optimize() + optimize() + optimize() + optimize()
+ generate() + generate() + generate() + generate()

Fig. 3. The Visitor Design Pattern - Initial state

One may accurately notice that this transformation approach is not valid
for every design pattern, since only a few patterns (e.g. Bridge, Proxy) mention
an existing situation to which the pattern should be applied. This is true, this
approach is not and does not intend to be universal. Qur prime intent here is
to provide UML designers meta-programming facilities that we believe every
software designer should have [24].

The above reference to Smalltalk refactorings is not naive; we are strongly
convinced that every development tool should have such facility and that this fa-
cility can help developers to apply design patterns. However, refactorings cannot
be directly translated to UML for two reasons. First, refactorings were defined
for programming languages and UML has several modeling constructs other than
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ParseNode

+ acceptVisitor(pnv : ParseNodeVisitor)

NN

VariableNode ConstantNode AssignmentNode LoopNode

ParseNodeVisitor

+ acceptFromVariableNode(pn : VariableNode)

+ acceptFromConstantNode(pn : ConstantNode)

+ acceptFromAssignmentNode(pn : AssignmentNode)
+ acceptFromLoopNode(pn : LoopNode)

OptimizeVisitor GenerateVisitor

Fig. 4. The Visitor Design Pattern - Final state

classes, methods and variables. Second, the behavior of a UML method is de-
scribed by a few diagrams and constraints whilst refactorings operate directly
over Smalltalk code. Hence, some refactorings should be changed and new ones
must be defined. Nevertheless, there is at least one advantage of using UML:
OCL [29)] can easily be used to define refactorings pre and post conditions. For
instance, the addClass() refactoring [22] can be defined as:
Package :: addClass (newClass :Name, superclasses ,
subclasses: Set (Class )): Class

pre:
not self.allClasses()—>exists (name=newClass) and
subclasses—>forAll (each | each.allSuperTypes()—>

includesAll (superclasses))
post:
result .name = newClass
self.allClasses()—>includes (result) and
self.classReferences(result)—>isEmpty and
result . allSuperTypes()—>intersection (superclasses)—>size () =

result . allSuperTypes()—>size () and
result . allSubTypes()—>intersection (subclasses)—>size () =

result .allSubTypes()—>size ()

This function is interpreted as follows: a new class can be added to a package
if this package does not already have a class named as the new one and if the
future subclasses of the new class are subclasses of its future super-classes. After
the class addition, the package will contain a class named as the new class, there
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will be no references to the new class and the list of the new class super-classes
will be exactly the same as the super-class list provided as a parameter.

We intend to allow designers to combine multiple refactorings in order to
represent design pattern applications. UMLAUT currently provides a transfor-
mation framework [13], where UML model transformations can be specified.
However, since this framework cannot be specialized at run-time (some compila-
tion is needed), we expect to use a syntax close to OCL to describe refactorings
and combine them.

To illustrate a transformation function, we present below a function which
specifies the application of the Visitor pattern. This example was copied, with a
few changes, from [23]. These changes were necessary since the original example
applies to Smalltalk code whilst here it applies to UML models:

Class :: addVisitor ()
actions:
let abstractVisitor :=
self . package.addClass(self .name+’ Visitor’, nil, nil).
self.allOperations()—>forAll (operation |
let concreteVisitor := self.package.addClass(
operation.name+’Visitor’, abstractVisitor,nil).
self.allSubTypes()—>forAll (subclass |
subclass . allOperations()—>select (subop |
subop . hasSameSignature (operation)—>forAll (op |
op.move(concreteVisitor,” acceptFrom’+subclass .name).
op.rename (’acceptVisitor ’).
op.pullUp ())))).

This transformation applies to the class that is to play the role of element in
the Visitor pattern. Its application to the ParseNode class operates as follows.
At first, an abstract visitor class named ParseNodeVisitor is created. Then, for
each method of the ParseNode class, the transformation will:

1. Create a concrete visitor, subclass of the abstract visitor;

2. Move all same signature methods (from subclasses) to this concrete visitor.
This operation replaces the body of the original method by a forwarding
method that simply calls the new method. The moved method is renamed
and receives a new parameter allowing it to refer to the members of its
original class.

A natural extension to this transformation would be the addition of a colla-
boration usage, specifying that ParseNode and ParseNodeVisitor are participant
classes of an occurrence of the Visitor pattern.

4 Related Work

The rapid evolution of design patterns has been followed by several research
efforts on pattern-based tool development. These efforts pursue different goals,
such as: design pattern recognition [I5] [5]); formal specification [I8] [16] [II;
code reuse [27] [I7]; and code generation [6] [28].
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PatternWizard is one of the most extensive projects of design patterns speci-
fication, and has influenced our research work in several points. PatternWizard
proposes LePUS [9] a declarative, higher order language, designed to represent
the generic solution, or leitmotif , indicated by design patterns. In order to de-
fine the constructs of this language, the authors have analyzed the solution of
all Gamma et al. design patterns and identified a set of common building block,
called tricks (an extensive list of tricks is given by Amnon H. Eden in his PhD
thesis []]).

Tricks specify a sequence of operations over an abstract syntax language.
Tricks are divided in three levels: Idioms, Micropatterns and Design Patterns.
Idioms are the first level of tricks and operate over the abstract syntax language.
They abstract language dependence. Tricks can be compared to refactorings in
many ways, except in code generation: in opposition to refactorings, tricks can
generate code. Micropatterns are the second level of tricks (they can be defined
as a set of idioms). They represent simple mechanisms that appear repeatedly
among design patterns such as, for instance, message forwarding. Finally, de-
sign patterns are the higher level of tricks and represent the leitmotif of design
patterns.

The structure of design patterns can be more precisely defined by LePUS
declarations, or formulae, than a simple class diagram. Indeed, a LePUS for-
mula can define the multiplicity of each participant class in the design pattern
application. Furthermore, the behavior of participant methods is precisely defi-
ned by tricks.

Our work differs from PatternWizard in two aspects. First, we use UML and
OCL to specify patterns. We believe that a UML collaboration and OCL rules
can be more intelligible than the LePUS formulae and its associated graphical
language. Second, PatternWizard works at code level and is not integrated to
any design model.

Such integration is proposed by Kim et Benner [14]. They propose to split
design into two levels (both described in OMT). The pattern level is situated
above the design level. Design level is composed by classes, their components and
associations that represent together the result of design. Above this level, the
pattern level defines additional semantics. The main idea is to link design con-
structs which participate in a pattern application to the structure representing
the model itself. This rationale is very close to UML parameterized collaborati-
ons. However, unlike collaborations, a certain flexibility exists (and is defined).
Pattern occurrences need not be totally isomorphic, they respect the concept of
generalizable path, that takes into account the generalization links present in
the design model.

Design and implementation integration is also provided by Fred [12], a deve-
lopment tool designed for framework development and specialization. Fred helps
developers to specialize application frameworks, indicating hot-spots and invit-
ing them to follow a sequence of steps, presented by a working-list. Doing this,
Fred can reduce the time necessary to effectively use a framework. In Fred, de-
velopers can explicitly precise an occurrence of a pattern using links between
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the pattern description and participant classes of this occurrence. After this,
Fred proposes a set of template methods (also presented by a working-list) that
should be completed to fully implement the pattern. Template methods describe
constraints concerning the behavior of participant classes.

Finally, Jan Bosch proposes LayOM [], a layered object model. LayOM in-
tends to integrate design patterns, using an extended object model that supports
the concept of layers. More specifically, the layers encapsulate a set of objects
that intercept and treat sent messages. LayOM integrates two more concepts,
category and state. A category is an expression that describes the characteri-
stics of a set of possible clients, that should be treated likewise. A state is the
abstraction of the internal state of an object. Message interception, provided by
layers are appropriate to the implementation of some patterns, such as Adapter,
for instance. LayOM generates C++ code.

5 Conclusion

The extensive study of the solutions proposed throughout the UML literature
evidences many ambiguities in the use of parameterized collaborations and a
lack of semantic foundation preventing systematic analysis and manipulation of
design patterns in UML. We still consider however that sophisticated support
for design patterns in a UML tool is not out of reach.

The knowledge that we acquired throughout the former development of a
pattern implementation tool [28] and the implementation of the full UML meta-
model in UMLAUT was extremely valuable when we started working on tool
support for design patterns in UML. It helped us point out the crucial difficulties
paving the way of automatic implementation of design pattern.

Getting a good grasp of the complexity underlying UML parameterized colla-
borations is definitely not a simple task, especially when they are used in the
context of design patterns. We promptly searched for solutions in the abundant
UML literature, but did not get complete, unambiguous, authoritative answers.
Section ] brings new insights on this topic, and also raises several issues for
which there is no satisfying solution yet.

Since parameterized collaborations are not totally adapted to model design
patterns, we now face a delicate choice between adapting the present semantics of
collaborations or extending the UML meta-model with new constructs to bridge
current semantic gaps. We are investigating this latter approach. in order to
provide a more accurate way of binding Design Patterns and their occurrences,
and a better support for implementation trade-offs and feature roles. In addition,
we are specifying a set of UML specific refactorings and implementing them using
our transformation framework.

In spite of our efforts, some questions are still left open:

First, keeping the binding between a general pattern description and the
participants in a particular occurrence up-to-date might be problematic if the
user is allowed to dynamically change the variant applied. Indeed, the set of
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participants may also have to be changed, and so will the set of actual constraints
to be satisfied.

Second, checking for constraint satisfaction is likely to be largely undecidable,
or prohibitively expensive in term of computational resources. Model-checking
techniques might however provide useful results to check some behavioral con-
straints.

Third, automation of the step needed to satisfy a constraint is possible in
isolation, but when a modeling element takes part in more than one pattern
occurrence, the number of possibilities the tool could suggest quickly becomes
unmanageable.

At the present time, a working version of UMLAUT is freely available for
downloadl. This version provides some model construction facilities, Eiffel code
generation and evaluation of OCL constraints.
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Abstract. The paper presents the essential features of a new member of the
UML language family that supports working with object-oriented frameworks.
This UML extension, called UML-F, allows the explicit representation of
framework variation points. The paper discusses some of the relevant aspects of
UML-F, which is based on standard UML extension mechanisms. A case study
shows how it can be used to assist framework development. A discussion of
additional tools for automating framework implementation and instantiation
rounds out the paper.

1 Introduction

Object-oriented (OO) frameworks and product line architectures have become popular
in the software industry during the 1990s. Numerous frameworks have been developed
in industry and academia for various domains, including graphical user interfaces (e.g.
Java’s Swing and other Java standard libraries, Microsoft’s MFC), graph-based editors
(HotDraw, Stingray’s Objective Views), business applications (IBM’s San Francisco),
network servers (Java’s Jeeves), just to mention a few. When combined with
components, frameworks provide the most promising current technology supporting
large-scale reuse [@.

A framework is a collection of several fully or partially implemented components
with largely predefined cooperation patterns between them. A framework implements
the software architecture for a family of applications with similar characteristics [@,
which are derived by specialization through application-specific code. Hence, some of
the framework components are designed to be replaceable. These components are
called variation points or hot-spots of the framework. An application based on
such a framework not only reuses its source code, but more important, its architecture
design. This amounts to a standardization of the application structure and allows a
significant reduction of the size and complexity of the source code that has to be
written by developers who adapt a framework.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp.63-82, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Recent standardization efforts of the Unified Modeling Language (UML) [ offer
a chance to harness UML as notational basis for framework development projects.
UML is a multi-purpose language with many notational constructs, however, the
current standard UML does not provide appropriate constructs to model frameworks.
The constructs provided by standard UML are not enough to assist framework
development, as will be discussed during the rest of this paper. There is no indication
in UML design diagrams what are the variation points and what are their instantiation
constraints. Fortunately, UML provides extension mechanisms that allow us to define
appropriate labels and markings for the UML model elements.

This paper describes how to explicitly model framework variation points in UML
diagrams to describe the allowed structure and behavior of variation points. For this
purpose, a number of extensions of standard UML are introduced. The extensions
have been defined mainly by applying the UML built-in extensibility mechanisms.
These extensions form a basis for a new UML profile l?] ,, especially useful for
assisting framework development. This new profile is called UML-F.

The main goal of this paper is to introduce some key elements of UML-F and to
demonstrate their usefulness. It would be beyond the scope of this paper to introduce
the whole set of UML-F extensions. One of the main goals of defining UML-F was to
try to use a small set of extensions that capture the semantics of the most common
kinds of variation points in OO frameworks. In this way the designer can profit from
his or hers previous experience with UML and learn just a few new constructs to deal
with frameworks. This paper describes how the extensions have been defined allowing
others extensions that deal with new kinds of variation points to be added to UML-F if
needed. The current version of UML-F was refined based on the experiences of a
number of projects . These experiences have shown how UML-F can assist the
framework development and instantiation activities to reduce development costs and
at the same time increase the resulting quality of the delivered products. This paper
presents a condensed version of a real-application case study to illustrate the benefits
of UML-F and its supporting tools.

The rest of this paper is organized as follows: Section 2 outlines the UML
extensions and discusses how they can be used to explicitly represent framework
variation points. It also shows how the extensions allow for the development of
supporting tools that can assist framework development and instantiation. Section 3
describes a case study of real application of UML-F, illustrating its benefits. Section 4
discusses some related work. Section 5 concludes the paper and sketches our future
research directions.

2 The Proposed UML Extensions

This section introduces UML-F through an example. It summarizes the new
extensions and presents a general description of their semantics. It also presents a
description of the UML extensibility mechanisms and how they have been applied in
the definition of UML-F. A description of tools that use UML-F design descriptions to
automate framework development and instantiation is also presented.
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2.1 Motivating Example

shows a student subsystem of a web-based education framework in plain
UML, where (a) represents a static view of the system (UML class diagram) and (b)
provides a dynamic view (UML-like sequence diagram). The dynamic view illustrates
the interaction between an instance of each of the two classes.

The showCourse() method is the one responsible for controlling the application
flow: it calls selectCourse(), which allows the student to select the desired course,
tipOfTheDay(), which shows a start-up tip, and finally showContent() to present the
content of the selected course.

Method selectCourse() is the one responsible for selecting the course the student
wants to attend. It is a variation point since it can have different implementations in
different web-based applications created within the framework. Different examples of
common course selection mechanisms include: requiring a student login, showing the
entire list of available courses or just the ones related to the student major, showing a
course preview, and so on. There are numerous possibilities that depend on the
framework use.

ShowCourse SelectCourse aShowCourse aSelectCourse
select]
o> showCourse()
sh s 1Cour: s |
+showCourse() | +selectCourse() selectCourse()
+selectCourse() selectCourse()
+tipOfT! heDay(‘]\
+showContent() tipOfTheDay()
\\
select.selectCourse() showContent()
(a) (b)

Fig. 1. UML representation of a framework web-based framework.

shows selectCourse() as an abstract method of an abstract class SelectCourse.
During framework instantiation, the framework users would have to create subclasses
of SelectCourse and then provide a concrete implementation of the selectCourse()
method. The problem with this representation is that there is no indication that
selectCourse() is a variation point in the design diagrams. There is also no indication
of how it should be instantiated. Although the name of the abstract method
selectCourse() is italicized this notation is not an indication of a variation point, rather
it indicates an abstract method which does not necessarily have to be a variation point.

Method tipOfTheDay() is also a framework variation point. The reason is that some
applications created from the framework might want to show tips while others will not
do so. The framework should provide only the methods and information that are useful
for all the possible instantiated applications and the extra functionality should be
provided only in framework instances. Although this may seem a strong statement, it
is the ideal situation. The inclusion of methods like tipOfTheDay() could lead to a
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complex interface for ShowCourse, with many methods that would not be needed by
several framework instances. A good design principle in designing a framework its to
try to keep it simple; extra functionality can always be placed in component libraries.

The Actor class hierarchy is used to let new types of actors be defined depending
on the requirements of a given framework instance. The default actor types are
students, teachers, and administrators, however, new types may be needed such as
librarians, and secretaries. This means that applications created from the framework
always have at least three kinds of actors, students, teachers, and administrators, but
several other actor types may be defined depending on the application specific
requirements. This design structure is presented in

Actor

+getLogin()

+getPassword()

AN

Student Teacher Administrator

Fig. 2. Actor hierarchy.

The Actor class hierarchy also represents a variation point, since it allows the
definition of new classes to fulfill the application specific requirements. However, this
is not properly indicated in the UML diagram presented in The framework
developer should be able to indicate the variation points in class hierarchies to
facilitate the job of the framework user during the instantiation process. Fortunately,
UML provides a constraint called Incomplete in its standard set of constraints.
Incomplete indicates that new classes may be added to a given generalization
relationship and was adopted as part of UML-F, as will be described in subsection 2.3.

2.2 UML Extensibility Mechanisms

UML provides three language extension mechanisms: stereotypes, tagged values, and
constraints. Stereotypes allow the definition of extensions to the UML vocabulary,
denoted by «stereotype-name». Each model element (e.g. a class or a relationship) can
have a stereotype attached. In this case, its meaning is specialized in a particular way
suited for the target architecture or application domain. A number of possible uses of
stereotypes have been classified in [2], but stereotypes are still a rather new concept
and still subject of ongoing research [[/].

Tagged values are used to extend the properties of a modeling element with a
certain kind of information. For example, a version number or certain tool specific
information may be attached to a modeling element. A tagged value is basically a pair
consisting of a name (the tag) and the associated value, written as “{fag=value}”. Both
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tag and value are usually strings only, although the value may have a special
interpretation, such as numbers or the Boolean values. In case of tags with Boolean
values, UML 1.3 allows us to write “{tag}” as shortcut for “{tag=TRUE}”. This leads
to the fancy situation that occasionally concepts a stereotype, e.g. «extensible», and a
tag, e.g. {extensible}, could be used for the same purpose. Since model elements can
only have one stereotype, but an unlimited number of tagged values, it is often better
to use tagged values in this kind of situation. They provide more flexibility, e.g.
freeing us of defining a new stereotype for each combination of tags that may be
attached to a model element.

In addition to the mentioned two UML extension mechanisms, there exist
constraints. Constraints may be used to detail how a UML element may be treated.
However, like the other two, constraints have a rather weak semantics and therefore
can be used (and misused) in a powerful way. Constraints are today usually given
informally, or by a buzzword only. The {incomplete} constraint could also be
defined as tagged value.

We expect that this mismatch among the extensibility mechanisms be improved in
future UML versions. D’Souza, Sane, and Birchenough suggest that all three kinds of
extensions should be stereotypes Iﬂ We argue in favor of this unification, but we will
retain the flexibility of tags and therefore will use tagged values for all purposes.

2.3 UML-F Extensions

This subsection introduces UML-F illustrating its application to model the web-based
education framework [12]]. models part of the framework representing and
classifying the variation points explicitly. The variation points are modeled by a
number of tagged values with values of Boolean type to extend the UML class
definitions.

In this example the method selectCourse() is marked with the tagged value
{variable} to indicate that its implementation may vary depending on the framework
instantiation. The tagged value {variable} has the purpose to show the framework user
that selectCourse() must be implemented with application specific behavior for each
framework instance. Methods marked with {variable} are referred to as variable
methods.

In contrast to the previous tagged value, {extensible} is applied to classes. In this
example {extensible} is attached to the ShowCourse class, indicating that its interface
may be extended during the framework instantiation by adding new functionality, like
methods such as tipOfTheDay(). Please note that extension is optional, but not a must.

An important point here is that the diagram shown in is a result of a design
activity, and therefore may implemented in several different ways. The fact that a
class is marked as {extensible} tells us that its implementation will have to allow for
the extension of its interface, since a given framework instance may want to do so.
However, it does not mean that the new methods have to be added directly to the
class. The same holds for variable methods: the changes may be defined without
changing the method directly, but by the addition of new classes that provide
appropriate implementations for the method. Section 3 discusses some implementation
techniques that may be applied to model variable methods and extensible classes.
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ShowCourse Actor
{for all new methods} - {extensible, dynamic} {static}
fSelectedCourse = +showCourse() +getLogin()
fSelectedCourse @pre .
+selectCourse() {variable, +getPassword()
dynamic}
+showContent()
4} {incomplete}
Student Teacher Administrator {appl-class}
Librarian

Fig. 3. UML-F extended class diagram.

uses the tag fincomplete] to indicate a third kind of variation point: an
extensible interface. {Incomplete} is applied to a generalization relationship, allowing
new subclasses to be defined by framework instances. In this example it indicates that
new subclasses of Actor may be provided to fulfill the requirements of applications
created from the framework. Please note that {incomplete} is already provided by the
UML as a constraint, with exactly the same meaning used here.

The tag {appl-class} is used to indicate a placeholder in the framework structure
where application specific classes may be or have already been added. It complements
the definition of extensible interfaces: the generalization relationship between an
extensible interface and an application class is always {incomplete}. Class Librarian is
an example of an application class. The {incomplete} tag allows the framework user
to create as much application classes from a given extensible interface during
framework instantiation as needed. In contrast to the other two kinds of variation
points, extensible interfaces have a direct mapping from design to implementation
since current OO programming languages provide constructs for modeling
generalization relationships directly.

Two other Boolean value tags, called {dynamic} and {static}, complement the
variation point definition by indicating whether runtime instantiation is required. Each
variation point can be marked either by the {dynamic} or by the {static} tag (but not
both). Variable methods are instantiated by providing the method implementation.
Extensible classes are instantiated by the addition of new methods. Extensible
interfaces are instantiated by the creation of new application classes. Interpreted
languages, such as Smalltalk and CLOS, give full support for runtime, or {dynamic},
instantiation. Java offers dynamic class loading and reflection that also can be used to
allow dynamic instantiation of variation points. In the example shown in the tag
{dynamic} is used because it is a user requirement to have dynamic reconfiguration for
the variation points that deal with course exhibition. The tag {static} is used for the
Actor extensible interface since new actor types do not need to be defined during
runtime. The tag {dynamic} implies that the implementation has support for runtime
instantiation for the marked element. However, such a runtime instantiation must not
necessarily happen.

The note attached to the ShowCourse extensible class is an OCL [
formula that defines that the class attribute fSelectedCourse shall not be changed by
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any of the new methods that may be added to the ShowCourse extensible class during
framework instantiation. This kind of restrictions over variation points is called
instantiation restrictions. To be able to describe certain OCL constraints for methods
that have neither been introduced nor named yet the tag {for all new methods} is used,
indicating that this constraint is to hold for all new methods. This kind of tag strongly
enhances the power of description of the design language, as it allows us to talk about
methods that have not even been named yet.

Although it is beyond the scope of this paper,hows a sequence diagram that
can be used to limit the possible behavior of a variation point. The sequence diagram
shows the main interaction pattern for a student selecting a course. As it may be
decided by actual implementation, it is optional whether the student has to log in
before he selects a course or whether the data is validated. This kind of option can be
shown in sequence diagram by using {optional} tag, which indicates interactions that
are not mandatory. In the area of sequence diagrams, there are many more possibilities
to apply tags of this kind for similar purposes, such as determining alternatives,
avoidance of interleaving, and so on. We expect useful and systematic sets of tags for
sequence diagrams to come up in the near future.tells us that a concrete method
that instantiates selectCourse() must have the following behavior:

1. It may display a login web page;

2. It must show a web page for the selection of the desired course;

3. It may validate the data by checking if the login is valid, and whether the student
is assigned to the course or not. This step is optional since there can be courses
that do not require student identification;

The extended class diagrams and the sequence diagrams complement each other
providing a rather useful specification of variation points and their instantiation
restrictions. It is important that framework developers provide documentation that
describes what parts of the system should be adapted to create a valid framework
instances. It is quite cumbersome that framework users today often need to browse the
framework code, which generally has complex and large class hierarchies to try to
identify the variation points. The diagrams and diagram extensions introduced in this
example address this problem. Section 3 will further discuss these ideas, showing how
UML-F can assist framework implementation and instantiation.

aShowCourse students courses

selectCourse() .
loginPage()

{optional }

selectionPage()

A4
.

validateData()
{optional }

Fig. 4. Sequence diagram for selectCourse().
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2.4 Language Description

Once the extensions are defined it is crucial to specify their exact meaning. As a side-
note, it is important to mention that in most languages (such as natural language, like
English), new vocabulary is explained through a definition using existing vocabulary.
This even holds for programming languages, like Java, where new classes and
methods are defined using existing classes, methods, and basic constructs.
Unfortunately, UML 1.3 and high likely also UML 1.4 does not provide a clear path
for defining the precise semantics of new stereotypes, tagged values, and constraints.
Therefore, this section describes the meanings of our newly introduced elements
mainly informally. A formal approach to characterize a variant of these elements
based on set theory is presented in [. However, this formal definition of UML-F is
not presented here since its usefulness for the communication purposes is limited [.

This paper demonstrates how UML-F deals with three kinds of variation points:
variable methods, extensible classes, and extensible interfaces. Variable methods are
methods that have a well-defined signature, but whose implementation varies for each
instantiated application. In the example selectCourse() is a variable method.
Extensible classes are classes that may have their interfaces extended during the
framework instantiation. ShowCourse, for example, may require the addition of new
methods (like tipOfTheDay()) for each different application. Extensible interfaces are
interfaces or abstract classes that allow the creation of concrete subclasses during the
framework instantiation. The instantiation of this last kind of variation point takes
place through the creation of new classes, called application classes, which exist only
in framework instances.

It should be clear that these three kinds of variation points have different purposes:
in variable methods the method implementation varies, in extensible classes the class
interface varies, finally, in extensible interfaces the types in the system vary (new
application classes may be provided). All three kinds may either be static (do not
require runtime instantiation) or dynamic (require runtime instantiation).

There are other kinds of variation points in framework design, such as variation in
structure (attribute types for example). Coplien describes several kinds of variability
problems in his multi-paradigm design work I@ They integrate well into UML-F
using similar principles to the ones described in this paper. To avoid the explosion of
the number of extensions and to keep the presented part of UML-F feasible this paper
focus on the most important kinds of variation points.

UML diagrams are extended by the tags {variable}, {extensible}, {incomplete},
{appl-class}, {static}, and {dynamic}. The first two represent variable methods and
extensible classes, respectively. {Static} and {dynamic} are used to classify them
regarding to their runtime requirements. The {incomplete} tag (in UML 1.3 known as
constraint) has been adapted to identify extensible interfaces. The keywords
{extensible}, {variable}, and {incomplete}, indicate what are the variation points and
their exact meaning. The {appl-class} stereotype indicates placeholders for classes
that are part of instantiated applications only.

OCL specifications [ may be written on notes as in standard UML,
however, they have an enhanced meaning if the notes are attached to variation points.
In the case of variable methods, it means that all method implementations that may be
defined during instantiation should follow the specification. If an OCL constraint is
attached to an extensible class, the special tag {for all new methods} is useful to
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describe the behavior of methods that do not even have a name yet. This tag indicates
that the constraint applies to all methods that might be added during instantiation.
Similarly, if attached to an extensible interface, the OCL constraint applies to all
methods that can be overridden or added to each application class.

Let us also mention the tag {optional}. Here, it extends sequence diagrams to
indicate that certain interaction patterns are not obliged to occur. These sequence
diagrams have proven useful to be applied to all kinds of variation points. Generally,
they are used to describe a pattern behavior that should be followed by the variation
point instances, as shown in [Fig. 4.|OCL specifications, on the other hand, are
generally used to specify invariants that should be satisfied by the variation point
instances, as shown in Thus, sequence diagrams and OCL constraints
complement each other in constraining the possible instantiations of variation points,
and may therefore be used together.

Table 1 summarizes the new UML-F elements and informally defines their
semantics.

Table 1. Summary of the new elements and their meanings

Name of Type of | Applies to Description
extension extension | notational element
of UML
{appl-class} Boolean Class Classes that exist only in framework
Tag instances. New application classes may
be defined during the framework
instantiation.
{variable} Boolean Method The method must be implemented
Tag during the framework instantiation.
{extensible} Boolean Class The class interface depends on the
Tag framework instantiation: new methods
may be defined to extend the class
functionality.
{static} Boolean Extensible The variation point does not require
Tag Interface, Variable | runtime instantiation. The missing
Method, and information must be provided at
Extensible Class. compile time.
{dynamic} Boolean Extensible The variation point requires runtime
Tag Interface, Variable | instantiation. The missing information
Method, and may be provided only during runtime.
Extensible Class.
{incomplete} Boolean Generalization New subclasses may be added in this
Tag and Realization generalization or realization
relationship.
{for all new Boolean OCL Constraint Indicates that the OCL constraint is
methods) Tag meant to hold for all newly introduced
methods.
{optional} Boolean Events Indicates that a given event is optional.
Tag It is useful for specifying a template
behavior that should be followed by the
instantited variation point.
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2.5 Tool Support

This subsection shows how tools that benefit from the UML-F design diagrams may
be defined to assist both framework development and instantiation. The tools
suggested here have a prototypical implementation using PROLOG. However, many
currently available UML case tools give support reasoning about tagged values and
could be adapted to work with UML-F. This subsection gives information to allow the
customization of UML case tools for working with OO frameworks.

Assisting Framework Development. Standard OO design languages do not provide
constructs for representing flexibility and variability requirements. UML-F addresses
this problem representing variation points as first-class citizens thus making the
framework intentions more explicit. The new language elements are not concerned
with how to implement the variability and extensibility aspects of the framework, but
focus on representation at design level. Consequently, the diagrams are more abstract
(and more concise) than standard OO diagrams. Unfortunately some of the new design
elements cannot be directly mapped into existing OO programming languages.

Extensible interfaces can be directly implemented through standard inheritance.
Although dynamic extensible interfaces are not supported in compiled languages such
as C++, they may be simulated through dynamic linking (Microsoft Windows DLLs,
for example). Variable methods and extensible classes, on the other hand, cannot be
directly implemented, since standard OO programming languages do not provide
appropriate constructs to model them.

To bridge this design-implementation gap, several techniques may be used. Design
patterns are a possible solution, since several patterns provide solutions for flexibility
and extensibility problems and are based only on extensible interfaces. Thus, design
patterns may be used to transform variable methods and extensible classes into
extensible interface variation points. illustrates the use of the Strategy design
pattern [ to implement this mapping. Classes ShowCourse and SelectStrategy are
identified with the tags {separation, template} and {separation, hook} to indicate the
roles they play in the pattern. Strategy is based on the Separation meta-pattern , in
which a template class is responsible for invoking the variable method in the hook
class. The use of tags that indicate meta-pattern roles complement the UML-F
description for variation points implemented by design patterns, further clarifying the
design. A similar solution for identifying design diagrams with pattern roles is
described in [@.

The transformations used to map variable methods and extensible classes into
implementation level constructs must be behavior-preserving, since the system
functionality is independent of the implementation technique used to model the
variation points.

A code generation tool can be used to automate design to implementation trans-
formations. It is responsible for mapping the new design elements of UML-F into
appropriate implementation level structures. More specifically, it is responsible for
eliminating the variable methods and extensible classes from the design. This mapping
is based on meta-artifacts that describe the transformations. These meta-artifacts are
called implementation models. It is an imperative to allow the definition of new
implementation models for variation points, so that different styles of translation are
possible.
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ShowCourse ShowCourse SelectStrategy
{separation, template select | {separation, hook}

+showCourse() N ]
+showCourse() +select() {dynamic}
+selectCourse()

+selectCourse()

—

{variable, houC 0
dynamic} +showContent
+showContent() l
{incomplete}
Framework
Framework A . ConcreteSelect
design implementation {appl-class )

+select()

Fig. 5. Transforming variable methods into extension interface variation points.

The transformation illustrated in is an example of a mapping supported by
the code generation tool. The implementation model that supports this transformation
describes how dynamic variable methods are modeled by the Strategy design pattern.
illustrates the code for this implementation model, which searches for all
variable methods in the design diagrams and applies Strategy to them.

The implementation transformations (illustrated in preserve the design
structure described in Project and create NewProject to store the generated
framework. All the design elements that are not transformed, the kernel elements and
the extensible interfaces, are copied from Project to NewProject. The variable
methods and extensible classes are transformed in the way described by the selected
implementation model.

applyStrategy (Project, NewProject) :- <« Searches for
[...] N
forall (variableMethod (Project, Class, Method, _), variable
strategy (Project, NewProject, Class, Method)), methods

[...1]
Uses strategy
strategy (Project, NewProject, Class, Method) :- <
concat (Method, ’Strategy’, NewClass), to model them
createExtensibleInterface (NewProject, NewClass, dynamic),
createMethod (NewProject, NewClass, Method, public, none, abstract),
createAggregation (NewProject, Class, NewClass, strategy),

[...1

Fig. 6. Strategy implementation model.

Each valid implementation model artifact has to define at least four transformations:
(static and dynamic) variable methods and (static and dynamic) extensible classes.
Examples of implementation models that have been successfully used to assist
framework implementation include different combinations of design patterns, meta-
programming , aspect-oriented programming (AOP) , and subject-oriented
programming (SOP) , as described in [. The case study section also describes
some other mappings.
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The selection of the most appropriate technique to be used model each variation
point is a creative task and cannot be completely automated. However, UML-F
diagrams and the set of implementation models available for each kind of variation
point may help the framework designer to narrow his or hers search for appropriate
implementations. Moreover, the code generation tool automatically applies the
transformation once the implementation model has been selected, making the mapping
from design to implementation less error prone.

Some UML case tools, such as Rational Rose (http://www.rational.com), allow the
customization of how code is generated from the design diagrams. Therefore, it is
possible to specify how code should be generated for the new UML-F elements.

Assisting Framework Instantiation. During the framework instantiation, application
classes must be provided to complete the definition of the extensible interface
variation points (at this point this is the only kind of variation points in the system,
given that the other two have already been eliminated during implementation).
illustrates a framework instantiation. After the instantiation all extensible interfaces
disappear from the design, since the {incomplete} generalizations become “complete.”
In this example the variation point was instantiated by just one concrete application
class, SimpleSelect, which is marked by the {c-hook} tag to indicate that it plays the
role of a concrete hook. In a general case, however, several application classes may be
provided for each extensible interface.

An instantiation tool can be used to assist the application developer to create
applications from the framework. The tool knows what are the exact procedures to
instantiate extensible interfaces: it has to create a new subclass, ask for the
implementation of each of the interface methods, and ask for the definition (signature
and implementation) for each new method that might be added, if any. The tool
prompts the application developer about all the required information to complete the
missing information for each variation point in the framework structure.

Note that the tags that indicate the meta pattern roles are useful just for enhancing
the design understating, and are not processed by the implementation and instantiation
tools.

Depending on the implementation model selected, different instantiation tasks may
be required for the same variation point, as will be illustrated in Section 3. UML-F
descriptions can be seen as structured cookbooks [ that precisely inform were
application specific code should be added. The instantiation tool is a wizard that
assists the execution of these cookbooks. Once again the code generation part of
standard UML case tools may be adapted to mark the points in which code should be
added by using the information provided by the extensible interface tags.

3 Case Study

This section details the implementation and instantiation of the web-education
framework modeled in It starts from the UML-F specification, derives the final
framework implementation, and shows how it may be instantiated. The benefits of
UML-F and its supporting tools are discussed throughout the example.
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3.1 Framework Implementation

Let us consider that the only variation points of the framework are the ones presented
in Since all the variation points have been identified and marked in the UML-F
design diagrams, the next step is to provide implementation solutions to model them.
As discussed before, extensible interfaces and the framework kernel (modeled only by
standard UML constructs) have straightforward mappings into OO programming
languages. Therefore the framework designer focus during the implementation phase
should be on how to model variable methods and extensible classes. In this example
two variation points have to be examined: the selectCourse() variable method and the
ShowCourse extensible class.

ShowCourse SelectStrategy
{separation, template select | {separation, hook}
N 1 )

+showCourse() +select() {dynamic}

+selectCourse()

+showContent() \

{incomplete }
Framework
. . ConcreteSelect
implementation {appl-class}
+select()
ShowCourse SelectStrategy
{separation, template select | {separation, hook}
N 1

+showCourse() +select()

+selectCourse()

+showContent() l
Application

SimpleSelect
{separation, c-hook}
+select()

Fig. 7. Instantiation example.

The designer has to select an appropriate technique based on his or hers experience. If
a supporting tool with a set of implementation models is available, the analysis of
these models may facilitate this task. One of the models available in the code
generation tool is the use of the Strategy design pattern to implement dynamic
variable methods and a slightly changed version of the Separation meta-pattern [,
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which allows the invocation zero or more hook methods, to implement dynamic
extensible classes. Since the transformations are automatically applied by the tool let
us try this solution and see what happens. The resulting design is shown in

This solution worked quite well. The solution for extending the ShowCourse
interface allows the addition of new methods without directly changing the class
interface. It allows an instance application to define zero or more methods that will be
invoked before the actual content of the course is displayed, and that is the expected
behavior. An important point to make is that the instantiation restriction specified by
the OCL constraint in is automatically assured by this solution, since the new
methods do not have access to the fSelectCourse attribute that is private to
ShowCourse.
In the case of selectCourse(), however, the Strategy solution does not guarantee that
the behavior specified by the sequence diagram in Fié. 4 |will be followed. Strategy is
a white-box pattern since it allows the definition of any behavior for the hook method.
The verification of this kind of instantiation restrictions is not an easy task (and is
generally an undecidable one), however there are some implementation solutions that
may be more restrictive, or more black-box.

ExtensionMethods ShowCourse SelectStrategy
{separation, hook} | extend {separation, template } select | {separation, hook}
+void op() {dynamic ¥ _fSelectedCourse Ul sine select()
+void showCourse() {dynamic}
/| +int selectCourse()

Y
’
l 7 +showContent(int) l

{incomplete } /// {incomplete }
ConcreteExtension N ] . ConcreteSelect
{appl-class) fSelectedCourse = selectCourse(); {appl-class}

forall (extend) { extend.op();}
+void op() showContent(fSelectedCourse); +int select()

Fig. 8. A pattern-based implementation.

A solution that might be more appropriate for selectCourse() is the definition of a
meta-object protocol (MOP) . MOPs allow meta-level concepts to be dynamically
defined in terms of base-level ones. Thus, the use of MOP may be a good alternative
since it is a more restrictive solution than the Strategy pattern: the possible
instantiations are just the ones defined by the protocol. Fig. 9|illustrates the use of
MOP for this example. Whenever instances of the SelectMOP class are created a set
of Boolean parameters that complete the variation point behavior have to be provided:
login (TRUE if login is required), major (TRUE if a student can attend only the
courses related to his or hers major), and validate (TRUE if it is required that the
student have to be assigned to be able to attend the course). The combination of these
parameters provides all the possible instantiations allowed by the MOP. Note that this
solution is much more restrictive than the Strategy solution, but it has the advantage
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that it always preserves the instantiation restrictions specified in the sequence
diagram.

ExtensionMethods ShowCourse SelectMOP
{separation, hook} extend {separation, template } select
" 2
+void op() {dynamic -fSelectedCourse ! + void selectMOP(Boolean
+void showCourse() log}n, Boolean major, Boolean
. validate)
+int selectCourse() S .
\ N +int select()
+showContent(int) o
{incomplete} \\
Con?retTE)l('ter‘lsmn fSelectedCourse = selectCourse(l, m, v);
{appl-class} forall (extend) { extend.op();}
+void op() showContent(fSelectedCourse);

Fig. 9. Using MOP to model selectCourse().

The implementation of MOPs cannot be automated by the code generation tool, since
each MOP is specific for a given variation point. However, the UML-F instantiation
restrictions provide a good documentation that can be used by the MOP developers. In
this example the parameters login and validate can be directly derived from Fig. 4. In
general MOPs may require objets more complex than Boolean ones as parameters and
reflection may be required in their implementation.

Note that the runtime constraints {static} and {dynamic} play a crucial role during
framework development. In this example, if the variation points were defined as
{static} a much simpler design solution based on the Unification meta-pattern [
could be used for both cases. In Unification-based patterns the template and hook
methods belong to the same class, leading to a less flexible but simpler design
solution.

3.2 Framework Instantiation

During instantiation the variation points missing information have to be filled with
application specific code. Since the variable methods and extensible classes have been
eliminated during implementation, only extensible classes are left to be instantiated by
the application developers.

Tools such as the instantiation tool may facilitate this task by identifying all the
points in which code has to be written. However, even if no tools are available, the
UML-F diagrams make this task very straightforward since all the extensible
interfaces and their corresponding instantiation restrictions are marked in the
diagrams.

shows an example of application created from the framework defined in
Application classes are provided to complete the definition of the two variation
points. Note that if the MOP solution had been adopted the selectCourse() variation
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point would not require new application classes, since MOPs are completely
instantiated during runtime by parametrization. This illustrates that different
implementation models applied to the same variation point may demand different
instantiation procedures.

ExtensionMethods ShowCourse SelectStrategy
{separation, hook} | extend ~_|{separation, template} <>select {separation, hook }
+void op() {dynamic * -fSelectedCourse Y vint select()

+void showCourse()

+int selectCourse()

\ +showContent(int) \

l | l l

TipOfDay Announcement SimpleSelecl LoginSelect
{separation, c-hook } {separation, c-hook} {separation, c-hook} {separation, c-hook}

Fig. 10. An application created from the framework.

4 Related Work

This section describes some of the current design techniques used to model
frameworks, and relates them to UML-F. It shows that currently proposed constructs
used to represent framework variation points have not adequately met our
expectations.

Early OO design methods, like OMT , as well as the current UML 1.3, provide
a number of diagrams for structure, behavior, and interaction. Different OO design
notations include different artifacts, such as the representation of object
responsibilities as CRC cards . However none of these artifacts has explicit
support for the representation of the variation points of a framework.

UML represents design patterns as collaborations (or mechanisms) and provides a
way of modeling framework adaptation through the binding stereotype [. However,
framework instantiation usually is more complex than simply assigning concrete
classes to roles: variation points might have interdependencies, might be optional, and
so on. Catalysis uses the UML notation and proposes a design method based on
frameworks and components . Frameworks are treated in Catalysis as
collaborations that allow substitution. However, as discussed in the paper, OO
application frameworks may require different instantiation mechanisms. Therefore,
Catalysis and standard UML only partly address the problems identified in this paper
due to a lack of support for explicit marking variation points and their semantics.

Design patterns [E are usually described using standard OO diagrams.
Since various design patterns provide solutions to variability and extensibility
problems [ they define a common vocabulary to talk about these concepts [@ and
may enhance the understanding of framework designs. Sometimes design pattern
names are used as part of the class names allowing the framework user to identify
variation points through the used names. However, in a typical framework design a
single variation point class can participate in various design patterns. Then the
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approach of using design pattern names as class names becomes obfuscated. One
possible solution for this problem is the use of role-based modeling technique, as
shown in [B0].

Meta-level programming [, which can be seen as an architectural pattern [@,
provides a good design solution for allowing runtime system reconfiguration.
Therefore, the use of meta-level programming is a useful technique for modeling
variation points that require runtime instantiation, and (with appropriate conventions)
it may facilitate the identification of variation points in the framework structure. The
case study shown in section 3 has shown that both design patterns and meta-level
programming can be used in conjunction with UML-F, during the implementation of
variation points.

The use of role diagrams to represent object collaboration is a promising field in
OO design research [E]. Riehle and Gross propose an extension of the OOram
methodology [@ to facilitate framework design and documentation [@. His work
proposes a solution for an explicit division of the design, highlighting the interaction
of the framework with its clients. The use of roles does simplify the modeling of
patterns that require several object collaborations and provides a solution for
documenting classes that participate in several design patterns. However, no
distinction is made between the kernel and variation point elements. This problem is
handled using design patterns: if the framework user knows what patterns were used
to model each of the variation points he or she can have an intuition on how the
framework should be instantiated. On the other hand, if the pattern selections are not
explicitly represented, the identification of the variation points becomes again
difficult. Another disadvantage of this approach is the solution for modeling
unforeseen extensions proposed in , which may lead to a very tangled design.
Although it can be a good solution it should have a more concise representation at
design level. This paper has shown how to use roles to complement the description of
variation points implemented by design patterns.

Contracts [ @] and adaptable plug-and-play components (APPCs) provide
linguistic constructs for implementing collaboration-based (or role-based) diagrams in
a straightforward manner. They may be used to implement variation points since they
represent instantiation as first-class citizens. However, these concepts are still quite
new and their use for implementing frameworks needs further investigation. Also
Lieberherr and the researchers of the Demeter Project have developed a set of
concepts and tools to help and evaluate OO design that can be used to enhance
framework development.

The Hook tool uses an extended version of UML in which the variation
point classes are represented in gray. This differentiation between kernel and variation
points helps framework design and instantiation, but it does not solve the problem
completely. Framework designers still have to provide the solutions for modeling each
variation point without any tool support. A good point of this approach is that
instantiation constraints are treated as first-class citizens in the definition of hooks.

Several design pattern tools (3}, [9, have been proposed to facilitate the
definition of design patterns, to allow the incorporation of patterns into specific
projects, to instantiate design descriptions, and to generate code. However, they leave
the selection of the most adequate pattern to model each variation point in the hands of
the framework designer. Although this is obviously a creative task, if variation points
are modeled during design tools that assist the systematization of the selection of the
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best modeling technique for each variation point may be constructed, simplifying the
job of the framework designer.

5 Conclusions and Future Work

The standardization of the UML modeling language makes it attractive as a design
notation for modeling OO frameworks. This paper shows that UML today lacks
constructs to explicitly represent and classify framework variation points and their
instantiation restrictions. The proposed extensions to the UML 1.3 design language
address this problem representing variation points through appropriate markings. They
make the framework design more explicit and therefore easier to understand and
instantiate. The extensions have been defined by applying the UML extension
mechanisms.

Although the extensions described in this paper have been used to model
frameworks successfully [, they are neither complete nor the only ones that may be
applied to framework development. This paper discusses how to improve UML-F to
provide additional extensions and a systematic approach to apply these extensions to
different kinds of UML diagrams. Furthermore, it is of interest to understand that
reél]ationship of UML-F with similar kinds of variability problems, such as presented in
[b].
The new UML-F elements are not concerned with how to implement the variability
and extensibility aspects of the framework, but just with how to appropriately
represent them at the design level. Furthermore, through use of this kind of extensions
it is more likely that the framework user will not have to go into the detailed internals
of a framework, being able to use it in a more black-box manner. Consequently, the
diagrams give us a more abstract and concise representation of a framework, when
compared to standard OOADM diagrams.

The most important claims of this paper is that frameworks should be modeled
through appropriate design constructs that allow the representation of variation points
and their intended behavior. The extended class diagrams and sequence diagrams
facilitate the definition of adequate documentation, which may be used to assist the
framework developer in modeling the variation points and the framework user in
identifying these points during instantiation.

The extensions allow for the definition of supporting tools that may partially
automate the development and instantiation activities. Appropriate tool assistance
should also lead to a better time-to-market, reduced software costs, and higher
software quality.
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Abstract. Classes play a dual role in mainstream statically-typed object-oriented
languages, serving as both object generators and object types. In such languages,
inheritance implies subtyping. In contrast, the theoretical language community
has viewed this linkage as a mistake and has focused on subtyping relationships
determined by the structure of object types, without regard to their underlying im-
plementations. In this paper, we explore why inheritance-based subtyping relations
are useful and we present an extension to the MoBY programming language that
supports both inheritance-based and structural subtyping relations. In addition, we
present a formal accounting of this extension.

1 Introduction

There is a great divide between the study of the foundations of object-oriented langu-
ages and the practice of mainstream object-oriented languages like JAVA[AGIS|] and
C+[Str97]]. One of the most striking examples of this divide is the role that class inhe-
ritance plays in defining subtyping relations. In most foundational descriptions of OO
languages, and in the language designs that these studies have informed, inheritance
does not define any subtyping relation, whereas in languages like Java and C+, inhe-
ritance defines a subtyping hierarchy. What is interesting about this distinction is that
there are certain idioms, such as friend functions and binary methods, that are natural
to express in an inheritance-based subtyping framework, but which require substan-
tial complication to handle in a structural subtyping framework. It is important not to
confuse inheritance-based subtyping with by-name subtyping, where the subtyping re-
lationships between object types are explicitly declared (e.g., JAVA’s interfaces). While
both inheritance-based and by-name subtyping avoid the accidental subtyping problem
that structural subtyping suffers from[] the type names in an inheritance-based scheme
are tied to specific implementations, whereas multiple, unrelated classes may be declared
to implement the same type name in a by-name scheme.

In this paper, we explore why inheritance-based subtyping relations are useful, and
we present an extension to the MOBY programming language [FR99al| that supports
such subtyping relations by adding class types. While inheritance-based subtyping can

' The common example is a cowboy and widget that both have draw methods.
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be found in Java, C+, and other languages, the approach we take in Extended MoBY
has several novel aspects. The most significant of these is that class types can be in an
inheritance-based subtyping relationship even when their corresponding object types
are not in the corresponding structural subtyping relationship. We also present a formal
accounting of an object calculus that models the typing issues presented by Extended
MosBy.

We begin by examining the common object-oriented idiom of friend functions and
exploring how one might implement this idiom in MoBy [FR99a], which is a language
with only structural subtyping. This example illustrates the deficiency of relying solely
on structural subtyping in the language design. We then describe Extended MoBY and
class types in Section Bl We show how this extension supports a number of common
idioms, such as friend functions, binary methods, and object cloning. In Section @] we
present XMOC, an object calculus that models the type system of Extended MoByY.
Specifically, XMOC supports both structural and inheritance-based subtyping, as well
as privacy. To validate the design of Extended MoBY, we prove the type soundness of
XMOC. In Section Blwe describe related work and we conclude in Section

2 The Problem with Friends

Both C+and Java have mechanisms that allow some classes and functions to have greater
access privileges to a class’s members than others. In C++, a class grants this access by
declaring that certain other classes and functions are friends. In JAvA, members that
are not annotated as public, protected, or private are visible to other classes in
the same package, but not to those outside the package. In this section, we examine
how to support this idiom in MoBY, which has only structural subtyping. This study
demonstrates that while it is possible to encode the friends idiom in a language with
only structural subtyping, the resulting encoding is not very appealing.

MoBy is a language that combines an ML-style module system with classes and
objects [ERY9a]. Object types are related by structural subtyping, which is extended to
other types in the standard way. One of MOBY’s most important features is that it provides
flexible control over class-member visibility using a combination of the class and module
mechanisms. The class mechanism provides a visibility distinction between clients that
use the class to create objects and clients that use the class to derive subclasses, while
the module mechanism provides hiding of class members via signature matching. The
names of class members that are hidden by signature matching are truly private and can
be redefined in a subclass. A brief introduction to MOBY is given in Appendix Al

2.1 Friends via Partial Type Abstraction

A standard way to program friends is to use partially abstract types [PT93|[KLM94]. For
example, Figure [I] gives the MoBY code for an implementation of a Bag class that has
a union function as a friend. In this example, we have ascribed the BagM module with
a signature that makes the Rep type partially abstract to the module’s clients. Outside
the module, if we have an object of type Rep, we can use both the union function and
the add method (since Rep is a subtype of Bag), but we cannot access the items field.
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module BagM : {
type Rep <: Bag
objtype Bag { meth add : Int -> Unit }
val union : (Rep, Rep) -> Unit
val mkBag : Unit -> Rep
A
class Bag {
public field items : var List(Int)
public meth add (x : Int) -> Unit {
self.items := x :: self.items
}
public maker mk () { field items = Nil }
}
objtype Rep = typeof (Bag)
objtype Bag { meth add : Int -> Unit }
fun union (sl : Rep, s2 : Rep) -> Unit {
List.app sl.add s2.items
}
fun mkBag () -> Rep = new mk()

Fig. 1. Bags and friends using type abstraction

Inside the module, the Rep type allows access to all of the members of the Bag classf the
implementation of the union function exploits this access. Note that the items field is
public inside the BagM module, but is not part of BagM’s interface outside the module.
Thus, objects created from subclasses of Bag are not known to be structural subtypes of
Rep.

Unfortunately, this approach only works for final classes. If we want to extend the
Bag class, we must reveal the class in the signature of the BagM module (as is done in
Figure 2)). In this version, an object created using the mk maker cannot be used as an
argument to the union function. This limitation also applies to objects created from
subclasses of Bag.

2.2 Friends via Representation Methods

To support friends and class extension in the same class requires a public mechanism for
mapping from an object to its abstract representation type. With this mechanism, we can
recover the representation type required by the friend functions. For example, suppose
we extend our Bag class to include a method that returns the number of items in the bag.
We call this new class CBag (for counting bag), and we want to use the union function on
objects created from the CBag class. Figure B]presents this new implementation. Notice
that we have added a public method bagRep to the interface of the Bag class, which
returns self at the representation type (Rep). To apply the union function to two bags

2 The MoBY notation typeof (C) is shorthand for the object type that consists of the public
members of class C.
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module BagM : {
type Rep <: typeof (Bag)
class Bag {
public meth add : Int -> Unit
public maker mk of Unit
}
val union : (Rep, Rep) -> Unit
val mkBag : Unit -> Rep
H{

}

Fig. 2. Revealing the Bag class

bl and b2, we write “Bag.union (bl.bagRep(), b2.bagRep()).” This expression
works even when b1 and/or b2 are counting bags.

Although this example does not include friends for the CBag class, we have included
the representation method in its interface, which illustrates the main weakness of this
approach. Namely, for each level in the class hierarchy, we must add representation
types and methods. These methods pollute the method namespace and, in effect, partially
encode the class hierarchy in the object types. Furthermore, it suffers from the source-
code version of the fragile base-class problem: if we refactor the class hierarchy to add
a new intermediate class, we have to add a new representation method, which changes
the types of the objects created below that point in the hierarchy. While this encoding
approach appears to be adequate for most of the examples that require a strong connection
between the implementation and types, it is awkward and unpleasant.

3 Extended MoBY

In the previous section, we showed how we can use abstract representation types and
representation methods to tie object types to specific classes. From the programmer’s
perspective, a more natural approach is to make the classes themselves serve the role
of types when this connection is needed. In this section, we present an extension of
Moy [FRY9a] that supports such class types and inheritance-based subtyping. Intui-
tively, an object has a class type #C if the object was instantiated from C or one of its
descendants. Inheritance-based subtyping is a form of by-name subtyping that follows
the inheritance hierarchy. We illustrate this extension using several examples.

3.1 Adding Inheritance-Based Subtyping

Inheritance-based subtyping requires four additions to MOBY’s type system, as well as
a couple of changes to the existing rules:

0 For any class C, we define #C to be its class type, which can be used as a type in
any context that is in C’s scope. Note that the meaning of a class type depends on
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module BagM : {
type Rep <: typeof (Bag)
class Bag : {
public meth add : Int -> Unit
public meth bagRep : Unit -> Rep
public maker mkBag of Unit
}
val union : (Rep, Rep) -> Unit
L
class Bag {
public field items : var List(Int)
public meth add (x : Int) -> Unit {
self.items := x :: self.items
}
public meth bagRep () -> Rep { self }
public maker mkBag () { field items = Nil }
}
objtype Rep = typeof (Bag)
fun union (sl : Rep, s2 : Rep) -> Unit {
List.app sl.add s2.items
}
}

module CBagM : {
type Rep <: typeof (CBag)
class CBag : {
public meth add : Int -> Unit
public meth bagRep : Unit -> BagM.Rep
public meth size : Unit -> Int
public meth cbagRep : Unit -> Rep
public maker mkCBag of Unit
}
A
class CBag {
inherits BagM.Bag
public field nItems : var Int
public meth add (x : Int) -> Unit {
self .nItems := self.nltems+1;
super.add (x)
}
public meth size () -> Int { self.nltems }
public meth cbagRep () -> Rep { self }
public maker mkCBag () { super mkBag(); field nItems = 0 }
}
objtype Rep = typeof (CBag)
}

Fig. 3. Bags and friends using representation methods

87
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class B {
public meth m1 () -> Int { ... }
public meth m2 ...

}

class C {
inherits B : { public meth m2 ... }
public meth m1 () -> Bool { ... }
maker mkC of Unit { ... }

}

Fig. 4. Example of reusing a private method name

its context. Inside a method body, the class type of the host class allows access to
all members, whereas outside the class, only the public members can be accessed.

0 We extend class interfaces to allow an optional inherits clause. If in a given
context, a class C has an interface that includes an “inherits B” clause, then we
view #C as a subtype of #B. Omitting the inherits clause from C’s interface causes
the relationship between B and C to be hidden.

0 We say that #C is a subtype of typeof (C) (this relation corresponds to Fisher’s
observation that implementation types are subtypes of interface types [Fis96]).

0 The existing typing judgements for method and field selection require the argument
to have an object type. We add new judgements for the case where the argument has
a class type. We add new rules, instead of adding subsumption to the existing rules,
to avoid a technical problem that is described in Section[3.2]

0 When typing the methods of a class C, we give self the type #C (likewise, if B is
C’s superclass, then super has the type #B).

0 When typing a new expression, we assign the corresponding class type to the result.

3.2 Inheritance-Based Subtyping vs. Privacy

There is a potential problem in the Extended MoBY type system involving the interaction
between inheritance-based subtyping and MoBY’s support for privacy. Because MoBY
allows signature ascription to hide object members (e.g., the items field in Figure 2),
#C can be a subtype of #B even when typeof (C) is not a subtype of typeof (B). The
problem arises in the case where class C has defined a method that has the same name
as one of B’s private methods. Consider the code fragment in Figure[4] for exampleE]
Given these definitions, how do we typecheck the expression: “(new mkC()) .m1()?”
If we allow subsumption on the left-hand side of the method selection, then there are two
incompatible ways to typecheck this expression. To avoid this ambiguity, we disallow
subsumption on the left-hand side of member selection, and instead have two different
rules for typing member selection: one for the case where the object’s type is a class

3 This example uses a class interface annotation on the class B; this syntactic form avoids the
need to wrap B in a module and signature to hide the m2 method.
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type and one for the case where the object’s type is an object type. An alternative design
is to restrict the inheritance-based subtyping to hold between #C and #B only when
typeof (C) is a subtype of typeof (B). The downside is that such a restriction reduces
the power of the mechanism; for example, the mixin encoding described in Section[3.6]
would not work.

3.3 Friends Revisited

We can now revisit our bag class example using the inheritance-based subtyping features
of Extended MoBY. In this new implementation (see Figure [3)), we use the class type
#Bag instead of the Rep type, which allows us to simplify the code by both eliminating
the Rep type and the representation method. Note that the interface for the CBag class
includes an inherits clause that specifies that it is a subclass of Bag. This relation
allows the union function to be used on values that have the #CBag type.

3.4 Binary Methods

Binary methods are methods that take another object of the same class as an argu-
ment [BCCT96]. There are a number of different flavors of binary methods, depending
on how objects from subclasses are treated. Using class types, we can implement binary
methods that require access to the private fields of their argument objects. For example,
Figurel6lshows how the union function in the previous example can be implemented as
a binary method.

3.5 Object Cloning

Another case where inheritance-based subtyping is useful is in the typing of copy con-
structors, which can be used to implement a user-defined object cloning mechanism.
Figure [7] gives an example of cloning in Extended MoBy. Class B has a private field
(pvtX), which makes object types insufficient to type check C’s use of the copyB maker
function. The problem arises because the object type associated with self in type-
checking C does not have a pvtX field (because that field is private to B), but the copyB
maker function requires one. Thus, we need the inheritance-based subtyping relations-
hip to allow the copyC maker to pass self, typed with #C, as a parameter to the copyB
maker. Because we know that C inherits from B, this application typechecks. We also
exploit this subtyping relation when we override the clone method.

3.6 Encoding Mixins

Moy does not support any form of multiple inheritance, but with the combination of
parameterized modules and class types, it is possible to encode mixins [[BC0, FKFE9g].
In this encoding, a mixin is implemented as a class parameterized over its base class
using a parameterized module. The class interface of the base class contains only those
components that are necessary for the mixin. After applying the mixin to a particular

4 Note that in MoBY, constructors are called makers.
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module BagM : {
class Bag : {
public meth add : Int -> Unit
public maker mkBag of Unit
}
val union : (#Bag, #Bag) -> Unit
L
class Bag {
public field items : var List(Int)
public meth add (x : Int) -> Unit {
self.items := x :: self.items
}
public maker mkBag () { field items = Nil }
}
fun union (sl : #Bag, s2 : #Bag) -> Unit {
List.app sl.add s2.items
}
}

module CBagM : {
class CBag : {
inherits BagM.Bag
public meth size : Unit -> Int
public maker mkCBag of Unit
}
A
class CBag {
inherits BagM.Bag
public field nItems : var Int
public meth add (x : Int) -> Unit {
self .nITtems := self.nlItems+1;
super.add (x)

}
public meth size () -> Int { self.nItems }
public maker mkCBag () { super mkBag(); field nItems = O }

Fig. 5. Bags with friends in Extended MoBY

base class, we create a new class that inherits from the mixed base class and uses the
class types to reconstitute the methods of the base class that were hidden as a result of the
module application. Without class types, it would not be possible to make the original
class’s methods visible again. For example, Figure[§] gives the encoding of a mixin class
that adds a print method to a class that has a show method. After applying PrintMix
to class A, we define a class PrA that reconstitutes A’s anotherMeth method. Notice
that we need to use an explicit type constraint to convert the type of self from #PrA to
#A, since we do not have subsumption at method dispatch.
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class Bag {
field items : var List(Int)
public meth add (x : Int) -> Unit {
self.items := x :: self.items
}
public meth union (s : #Bag) -> Unit {
List.app self.add s.items

}
public maker mkBag () { field items = Nil }
}
Fig. 6. Bags with a binary union method.
class B : {

public meth getX : Unit -> Int
public meth clone : Unit -> #B
public maker mkB of Int
maker copyB of #B
A
public meth getX () -> Int { self.pvtX }
public meth clone () -> #B { new copyB(self) }
public maker mkB (x : Int) { field pvtX = x }

field pvtX : Int
maker copyB (orig : #B) { field pvtX = orig.pvtX }

}
class C {
inherits B
public meth clone () -> #C { new copyC(self) }
public maker mkC (y : Int) { super mkB(y) }
maker copyC (orig : #C) { super copyB(orig) }
}

Fig. 7. Cloning with privacy in Extended MoBy

While this encoding is cumbersome, it illustrates the power of class types. Also, it
might serve as the definition of a derived form that directly supports mixins.

3.7 Eficiency of Method Dispatch

Although it is not our main motivation, it is worth noting that method dispatch and
field selection from an object with a class type can be implemented easily as a constant
time operation. When the dispatched method is final in the class type, the compiler can
eliminate the dispatch altogether and call the method directly. In contrast, when an object
has an object type, the compiler knows nothing about the layout of the object, making
access more expensive.
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signature HAS_SHOW {
type InitB
class B : {
meth show : Unit -> String
maker mk of InitB
}
}
module PrintMix (M : HAS_SHOW)
{
class Pr {
inherits M.B
public meth print () -> Unit {
ConsoleI0.print(self.show())

}
maker mk (x : InitB) { super mk(x) }
}
}
class A {
public meth show () -> String { "Hi" }
public meth anotherMeth () -> Unit { ... }
maker mk () { }
}

module P = PrintMix({type InitB = Unit; class B = A})

class PrA {
inherits P.Pr
public meth anotherMeth () -> Unit {
(self : #A).anotherMeth()
}
}

Fig. 8. Encoding mixins in Extended MoBY

4 XMOC

We have developed a functional object calculus, called XMOC, that models the type
system of Extended MoBY and validates its design. XMOC supports both traditional
structural subtyping and inheritance-based subtyping. In this section, we discuss the
intuitions behind XMOC and state type soundness results; space considerations preclude
a more detailed presentation. The full system is given in Appendices[Bland[C

4.1 Syntax

The term syntax of XMOC is given in Figure [0 An XMOC program consists of a
sequence of class declarations terminated by an expression. Each declaration binds a
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pu=d;p pu=(x:7)=>e
| e e =z
d :=class C (z:7){b m = pn "M} | fo(z :7)=e
| classC:0=C" | e(e)
b e | new Cf(e)
| inherits C/(e); | self
| e.m
o = (1) {inherits B; m : 7, M} | self!state
Ti=a | e@C
| =7
| obja.{m:7,"M}
| #C

Fig. 9. Syntax of XMOC terms

class name to a class definition; we do not allow rebinding of class names. The set
of class names includes the distinguished name None, which is used to denote the
super-class of base classes. We follow the convention of using C' for class names other
than None and B for class names including None. Class declarations come in two
forms. In the first, a class C' is defined by extending an optional parent class (b) by
overriding and adding methods. When no parent is specified, we say that C'is a base-
class; otherwise, we say that C' inherits from its parent class. To model the notion of
object state, we parameterize this form of class declaration by a variable . When an
object is created, the argument bound to x is bound into the representation of the object
as its state. In addition, x is used to compute the argument for the superclass. Since an
object’s implementation is spread over a hierarchy of classes, it has a piece of state for
each class in its implementation. Methods of a given class may access the state for that
class using the form self!state. In the second form of class declaration, a class C'
can be derived from an existing class C’ by class-interface ascription, which produces a
class that inherits its implementation from C’, but has a more restrictive class interface
o. A class interface o specifies the type of the class’s state variable, the name of the
nearest revealed ancestor class (or None), and a typed list of available methods. The
types of XMOC include type variables, function types, recursive object types, and class
types.

Each method (p) takes a single parameter and has an expression for its body. The
syntax of expressions (e) includes variables, functions, function application, new ob-
ject creation, the special variable self (only allowed inside method bodies), method
dispatch, and access to the object’s state. The last expression form (e @ C) is an object-
view coercion. Unlike Extended MoBYy, XMOC does not map the inheritance relation
directly to the subtyping relation; instead we rely on object-view coercions to explicitly
coerce the type of an expression from a class to one of its superclasses. This approach
avoids the problem discussed in Section[3.2]without requiring two typing judgements for
method dispatch. It is possible to automatically insert these coercions into the XMOC
representation of a program as part of typechecking (such a translation is similar to
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the type-directed representation wrapping that has been done for polymorphic langua-
ges [Ler92]).

4.2 Dynamic Semantics

Evaluation of an XMOC program occurs in two phases. The first phase is defined by the
class linking relation, written K, p — K, p’, which takes a dynamic class environment
K and links the left-most class definition in p to produce K’. Class linking terminates
with a residual expression once all of the class declarations have been linked. The second
phase evaluates the residual expression to a value (assuming termination). This phase is
defined by the expression evaluation relation, which we write as K + e < ¢’. Defining
the semantics of linking and evaluation requires extending the term syntax with run-time
forms.

Correctly handling class-interface ascription provides the greatest challenge in defi-
ning the semantics for XMOC. Using this mechanism, a public method m in B can be
made private in a subclass C, and subsequently m can be reused to name an unrelated
method in some descendant class of C' (recall the example in Figure d). Methods inheri-
ted from B must invoke the original m method when they send the m message to self,
while methods defined in D must get the new version. We use a variation of the Riecke-
Stone dictionary technique [RS98], [FR99b] to solve this problem. Intuitively, dictionaries
provide the a-conversion needed to avoid capture by mapping method names to slots in
method tables. To adapt this technique to XMOC, when we link a class C, we replace
each occurrence of self in the methods that C' defines with the object view expression
“self @ C.” Rule Blin Appendix Bl describes this annotation formally. At runtime, we
represent each object as a pair of a raw object (denoted by meta-variable obj) and a view
(denoted by a class name). The raw object consists of the object’s state and the name
of the defining class; this class name is used to find the object’s method suite. The view
represents the visibility context in which the message send occurs; those methods in
scope in class C' are available. To lookup method m in runtime object (0bj, C'), we use
the dictionary associated with C in the class environment /C to find the relevant slot. We
use this slot to index into the method table associated with obj. Rule[Blformally specifies
method lookup.

4.3 Static semantics

The XMOC typing judgements are written with respect to a static environment ", which
consists of a set of bound type variables (A), a subtype assumption map (S), a class
environment (C), and a variable environment (V). We define these environments and
give the complete set of XMOC typing judgements in Appendix [O. Here we briefly
discuss some of the more important rules.

As mentioned earlier, each XMOC class name doubles as an object type. We associate
such a type with an object whenever we instantiate an object from a class, according to
the typing rule

(CofI')(C) = () {inherits B; m : 7, "M} I'tevr I'k7' <7
I' - new C(e) > #C
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which looks up class C'in I, infers a type 7’ for the constructor argument e, and insures
that this type is a subtype of the type of the class parameter 7.

In contexts that allow subsumption, we can treat a class type as an object type
according to the following subtyping judgement:

I'F Ok (CofN)(C) = (7) {inherits B; m : 7, }
I'-#C <:obja.{m: m,mEM}

This rule corresponds to the property that #C is a subtype of typeof (C) in Extended
Mosy. Note that unlike Extended MoBy, we do not treat a class type #C' as being a
subtype of its superclass type. Instead we use an object view constraint, which is typed
as follows:

I'Fes#C’ HI)FC <C
T'Fe@Co#C

The judgement H(I") - C’ < C states that C’ inherits from C' in the class hierarchy
H(I") (the meta-function H projects the static class hierarchy from the environment ).
Because we do not treat inheritance directly as subtyping in XMOC, we only need one
rule for typing method dispatch.

I'Fevr I'Fr<:obja.{m:7," M} meM
I'ke.mp Tm[ar—obja.{m: 7,mEM]]

4.4 Soundness

We have proven the type soundness of XMOC and we outline this result here. We start
with a subject reduction theorem, which states that the evaluation relation preserves the
type of programs and class environments.

Theorem 1 If I' & K, and for a program p we have I'’H(K) + p > Iy, 7y and
K,p— K',p/, then there exists an environment I’ and a type 7', such that

0 F/,H(/C/)}—p/bff,T/,
0 I 7' <:714, and
0 I"e=K'

Furthermore, if p is an expression, then I'y = I".

The proof has two steps: we show that linking preserves types and produces a well-typed
class environment, and then we show that expression evaluation preserves the type of
expressions.

The next step is a progress theorem, which states that well-typed programs do not
get stuck.

Theorem 2 If I' - K, and for a program p we have I, H(K) & p > Iy, 7 with p and

7t both closed, then either p is a value or there exists K' and p’ such that IC,p — K', p'.

Here we use H to project the dynamic class hierarchy from the dynamic class environment
K.
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Delnition 1 We say that a program p yields K',p’ if 0, p — K', p" and there does not
exist K", p"" such that K',p' — K", p".

Finally, we show the type soundness of XMOC.

Theorem 3 If ) = p > Iy, 75 and p yields K',p/, then p’ is a value w, such that
Iy, HIK) Fws 7' with Iy b1/ <: 4.

5 Related Work

Our class types are motivated by the rodle that classes play in languages like C+ and
Java. The main difference between Extended MoBY and the class types provided by
these other languages is in the way that abstraction is supported. Extended MoBY allows
partial hiding of inherited components using signature ascription, which means that
typeof (C) may not be a subtype of typeof (B) even when C is known to inherit from
B (see Section[3.2)). JAvA does not support private inheritance, but C++ allows a class to
privately inherit from another class, but in that case all of the base-class members are
hidden and there is no subtyping relationship. Extended MoBY is more flexible, since it
allows hiding to be done on a per-member basis. It also allows the class hierarchy to be
hidden by omitting the inherits clause in class interfaces. In C+ and JAvAa the full class
hierarchy is manifest in the class types (except for C+’s private inheritance). Another
point of difference is that Extended MoBY supports structural subtyping on object types;
Java has object types (called interfaces), but subtyping is by-name. C+ does not have an
independent notion of object type.

Fisher’s Ph.D. dissertation [[Fis96] is the earliest formalization of class types that we
are aware of. In her work, each implementation is tagged with a row variable using a
form of bounded existential rows. In our work, we adopt classes as a primitive notion
and use the names of such classes in a fashion analogous to Fisher’s row variables. A
weakness of the earlier work is its treatment of private names; it provides no way to hide
a method and then later add an unrelated method with the same name.

Our use of dictionaries to specify the semantics of method dispatch in the presence
of privacy is adapted from the work of Riecke and Stone [RS98]. The main difference is
that XMOC has an explicit notion of class and we introduce dictionaries as a side-effect
of linking classes.

More recently, Igarashi et al. have described Featherweight Java, which is an object
calculus designed to model the core features of JavA’s type system [IPW99]. Like our
calculus, Featherweight Java has a notion of subtyping based on class inheritance. Our
calculus is richer, however, in a number of ways. Our calculus models private members
and narrowing of class interfaces. We also have a notion of structural subtyping and we
relate the implementation and structural subtyping notions.

The notion of type identity based on implementation was present in the original
definition of Standard ML in the form of structure sharing [MTHO90]. The benefits
of structure sharing were fairly limited and it was dropped in the 1997 revision of
SML [MTHMO7]].
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6 Conclusion

This paper presents an extension to MOBY that supports classes as types. We have illust-
rated the utility of this extension with a number of examples. We believe that Extended
MoBy is the first design that incorporates types for objects that range from class types to
structural object typesﬁ While this flexibility goes beyond what is found in other langua-
ges, the most interesting aspect of the design is the interaction between privacy (specified
via module signature matching) and inheritance-based subtyping. Because we allow the
inherits relation between two class types to be visible even when their corresponding
object types are not in a subtyping relationship, one can use class types to recover access
to hidden methods. This property enables more flexible use of parameterized modules
in combining class implementations, as illustrated in Section[3.6]

We have also developed a formal model of this extension and have proven type
soundness for it. We are continuing to work on improving our formal treatment of class
types and implementation-based inheritance. One minor issue is that XMOC requires that
class names be unique in a program; this restriction can be avoided by introducing some
mechanism, such as stamps, to distinguish top-level names (e.g., see Leroy’s approach to
module system semantics [Ler96l]). We would also like to generalize the rule that relates
class types with object types (rule Bd in Appendix [J) to allow positive occurrences of
#C to be replaced by the object type’s bound type variable. While we believe that this
generalization is sound, we have not yet proven it.
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A A Brief Introduction to MoBY

This appendix provides a brief introduction to some of MOBY’s features to help the
reader understand the examples in the paper. A more detailed description of MoOBY
object-oriented features can be found in [FR99a].

MoBy programs are organized into a collection of modules, which have signatures. A
module’s signature controls the visibility of its components. Signatures are the primary
mechanism for data and type abstraction in MoBY. To support object-oriented program-
ming, MoBY provides classes and object types. The following example illustrates these
features:

module M : {
class Hi : {
public meth hello : Unit -> Unit
public maker mk of String
}
val hi : typeof (Hi)
Ao
fun pr (s : String) -> Unit { ConsoleIO.print s }
class Hi {
field msg : String
public meth hello () -> Unit {
pr "hello "; pr self.msg; pr "\n"
}
public maker mk (s : String) { field msg = s }
}
val hi : typeof(Hi) = new mk "world"

}

This code defines a module M that is constrained by a signature with two specifications:
the class Hi and the value hi. The interface of the Hi class specifies that it has two
public components: a method hello and a maker mk (“maker” is the MoBY name for
constructor functions). The signature specifies that hi is an object; the type expression
“typeof (Hi)” denotes the object type induced by reading off the public methods and
fields of the class Hi. It is equivalent to the object type definition
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objtype HiTy { public meth hello : Unit -> Unit }

The body of M defines a function pr for printing strings, and the definitions of Hi and
hi. Since pr is not mentioned in the signature of M, it is not exported. Note that the Hi
class has a field msg in its definition. Since this field does not have a public annotation,
it is only visible to subclasses. Furthermore, since msg is not mentioned in M’s signature,
it is not visible to subclasses of Hi outside of M. Thus, the msg field is protected inside
M and is private outside. This example illustrates MoOBY’s use of module signatures to
implement private class members.

B Dynamic Semantics of XMOC

B.1 Notation

If A and B are two sets, we write A \ B for the set difference and A M B if they are

disjoint. We use the notation A B to denote the set of finite maps from A to B. We
write {a1 1 —b1, ..., a, 1 —b, } for the finite map that maps a; to by, etc. For a finite
map f, we write dom(f) for its domain and rng(f) for its range. If f and g are finite
maps, we write f=£g for the finite map

{z1—=9(z) | z € dom(g)} U{z 1 —=f(z) | = € dom(f) \ dom(g)}

We write ¢[x + —t'] for the capture-free substitution of ¢’ for z in the term ¢.

B.2 Syntax

We use the following classes of identifiers in the syntax of XMOC.

a € TYVAr type variables

7 € TYPE types

0 € INTERFACE class interfaces
B,C € CLassNaME = {None, ...} class names
#B,#C € CLASSTYPE class types
m € METHNAME method names
M € Fin(METHNAME) method name sets
T € VAR variables

© € METHBODY method bodies

e € Exp expressions
obj € OBJEXP object expressions

We follow the convention of using C' when referring to a class name other than None.
Figure [[0ldescribes the full syntax of XMOC. In this grammar, we mark the run-time
forms with a (%) on the right. The 0bj form represents a raw object at run-time: C'is its
instantiating class, e denotes its local state, and obj represents the portion of the object
inherited from its parent class. The methods associated with class C' are found in the
dynamic class environment, defined below.
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pu=d;p p o u=(x:T)=>e
| e e u=uz
d :=class C (z:7) {b m = pn "M} | fn(z :7)=e
| classC:0=C" | e(€)
o = (1) {inherits B; m : 7, M} | new C(e)
| self
Te=o , | elstate
| 77— 71 | e@C
| obja.{m: 7" M} | e.m
| B | (obj, ) (%)
b= obj ::= None (*)
| inheritsC(e); C::{e obj} (%)
Cle) (%)

Fig. 10. The full syntax of XMOC

B.3 Evaluation

To define the evaluation relation, we need some additional definitions:

Srot method suite slots
fi L. .
¢ € DicT = METHNAME — SLOT dictionaries
fi .
T € METHSUITE = SLOT — METHBODY method suites

fi .
H € HIERARCHY = CLASSNAME — CLASSNAME  class hierarchy

A dictionary ¢ is a one-to-one finite function from method names to slots. We say that ¢
is a slot assignment for a set of method names M if and only if dom(¢) = M. A method
suite is a finite function from slots to method bodies. A class hierarchy describes the
inheritance relationship between classes by mapping each class name to the name of its
superclass.

The dynamic semantics is split into two phases; the first phase /inks the class decla-
rations to produce a dynamic class environment and a residual expression. The dynamic
class environment is a finite map from class names to a tuple, storing the name of the
parent class, a constructor expression for initializing the inherited state of instantiated
objects, a method suite, which maps slot numbers to method bodies, and a dictionary,
which maps method names to slot numbers.

K € DYNCLASSENV = CLASSNAME 3 (CLASSNAME x Exp x METHSUITE X DicT)

We write the linking relation as IC, p — K, p’. The second phase evaluates the residual
expression using the dynamic class environment to instantiate objects and resolve method
dispatch. The evaluation relation is written formally as K, e — K, €/, but we abbreviate
this notation to K - e < ¢’ when convenient.
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B.4 Dynamic Class Hierarchy

We construct the dynamic class hierarchy from the dynamic class environment X as
follows:

H(K)={C+—B|C € dom(K)and K(C) = (B, _, -, )}

B.5 Evaluation Contexts and Values

The dynamic semantics is specified using the standard technique of evaluation contexts.
We distinguish two kinds of contexts in the specification of the evaluation relation:
expression contexts, E, and object initialization contexts, F'. The syntax of these contexts
is as follows:
E:=]]| E(e) | w(E)|new C(E) | Elstate | EQC | E.m | (F, C)
Fu=[]|CE)|C:{E;obj}|C:{w; F}

We also define the syntactic class of values (w) and object values (ov) by the following
grammar:

w = fn(z : 7) = e| (ov, C)

ov ::= Nome | C :: {w; ov]

B.6 Field Lookup

The auxiliary field lookup relation C,, - C' :: {w; ov]} ~; w' is used to specify the
semantics of state selection.

() Cy FC Oyl ov~pu
CHC:u{w; ov}~ypw CyFC i {w; ovl~pw

(€3]

B.7 Method Lookup

We define the auxiliary method lookup relation K + {ov, C,) .m ~»,,, w, which specifies
how method dispatching is resolved, as follows:

K(CU) = (*7 - - ¢) ’C(C) = (*7 - uT, *) MT(¢(m)) = (l‘ : T) =€

KEA{(C:{w; ovl, Cv).m~srp tn(z : 7) = efself 1 =C :: {w; ov}] &
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B.8 Class Linking

The evaluation relation for class linking is defined by the following three rules. The
first describes the case of a base-class declaration. Note that since a base class has no

superclass, it does not require a parent initialization expression.

K,class C (z:7){ m = pn™M}; p — KE{C1—(None, -, uT, ¢)},p

where fi,,, = pm|[self 1 —self QC]
¢ is a slot assignment for M.
nT ={¢(m) 1 =p,,|m € M}

The second rule handles the case of a subclass declaration.

K,class C (z : 7) {inherits C'(e); m = um™M}; p
—  KH{C —(C', fn(x : 7) = e, uTq, )}, p

where K(C') = (-, -, puTcr, ¢pcr)

¢ is a slot assignment for M \ dom(¢¢) such that rng(¢) m dom(pT /)

pc = ¢cr U
Ty, = Mm[self 1—self QC
nTe = uTot{pc(m) 1=, Im € M}
The third linking rule describes class signature ascription.

K,class C : (1) {inherits B; m : 7, "M} = C'; p
—  K{C—(C' fn(z : 7) =z, uTq, ¢c)},p
where K(C') = (., o, uT¢cr, o)

pTe=nTeo
pc = g |M

B.9 Expression Evaluation

The following rules specify the semantics of expression evaluation:

K+ Bfae : 7) = e(w)] =  Elefe1—u]
K+ Blnew C(w)] < E[(C(w), C)]
K+ E[(ov, Cy)!state] < E[w]  where CyF ov~spw
K+ El{ov, C,)@CL] =  E[{ov, Cb)]
K+ Ew.m] < Ew]  where K+ w.m~sp, w
K+ F[Cw)] < F[C:{w; obj}]

None if £(C) = (None, _, _, _)

where obj = {C’(e(w)) ifK(C)=(C", e, -, 2)

“

(6))

(6)

@)

(®)

©

10)

an

(12)
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C Typing Rules for XMOC

The typing rules for XMOC are written with respect to an environment I°, which has
four parts:

A € TyVARSET = Fin(TYVAR) bound type variables
S € SUBTYENV = TYVAR 23 TypE subtyping assumptions
C € CLASSENV = CLASSNAME 3 INTERFACE  class typing environment
V € VARENV = VAR 3 Type variable typing environment
I' € ENnv = typing environment

TYVARSET X SUBTYENV X CLASSENV X VARENV

C.1 Static Class Hierarchy
We construct the static class hierarchy from the environment I as follows:

H(I) = {(C1—B) | (Cof I'/(C) = () { inherits B; m : 7, ™ }}

C.2  Judgement Forms

I'+7>0k Type 7 is well-formed w.r.t. I (rules [BHIT)
I'F o> Ok Class interface o is well-formed w.r.t. I'. (rule[I8)
H+ Ok Class hierarchy H is well-formed. (rule[T9)
'+ Ok Environment I is well-formed. (rule 20)
rrr=1 Type T is equal to 7'. (rules 2TH26)
HF B, < B, Class B inherits from Bs. (rules 2ZH30)
rrr<:1 Type T is a subtype of 7'. (rules BTH36)
I'o<:o Class interface o is a subtype of o’ (rule B7)
I'tpoI', T Program p defines environment I"" and has type T. (rules B8H30)
r'Fdo I Declaration d defines environment I". (rules @FOH42)
I'upor Method p has type . (rule [43)
I'keb>rt Expression e has type T. (rules E4H3T])
I' H + obj > #B Parent class obj has class type #B. (rules B2ZH34)
I''HbFe>T Run-time expression e has type T. (rules[33] and B
I'yH,C I con > o Constructor con, associated with class C, has interface o. (rules 57H38))
I'=K Static environment I types dynamic class environment K. (rule 39)

C.3 Well-Formedness Judgements

'Ok «e€ (Aofll) 13) I' - Ok (14)
I'Fa>Ok I' - #None > Ok
! I'-0k # f I

I'-7>0k I'k7'>0k (15) (0] C € dom(Cof I') (16)

I'7—1'1>0k I'-#C > Ok
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'Ok ¥meMI'U{a}k m, > Ok
I'tobja.{m: m,meM] > Ok

I'7>0k I'F#BrOk Yme MIF > Ok
'+ (1) {inherits B; m : 7,,"€M |} > Ok

VC € dom(H) H(C) € dom(H) U {None}

HF Ok
Vr e mg(SofI') I' - 7> Ok
Vo € mg(Cof ') I' F o > Ok
vr' € mg(Vof I') I' - 7' > Ok
I+ Ok
C.4 Equality Judgements
I'+-7p> 0k '+ =+
LoTRUR 21 L=
I'kFr=r1 @D I'Fr=1
'rr=7 I'k+=71" 23) 'kr=7 TI'b1i=mn
rcr=r" I'tm—1=m—r15

M=M YmeMTIU{a}b7m="1
FFobja.{]m:TmmEM]}:obja.{]mzr’mmeM/]}

I'kFobja.{m: 7, M} > Ok
I'Fobja.{m: 1, M}
=obja.{m: Tmla1—obja.{m: T,

meM ]H"LGM ]}

C.5 Class Hierarchy Judgements

B € dom(H) U {None} @7 C € dom(H)
H+FB<B HF C < None
HF By < Bs HtF By < Bs (29 H(C)=B

HV\ By < B3 HFC<B

a7

(13)

19)

(20)

(22)

(24)

(25)

(26)

(28)

(30)
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C.6 Subtyping Judgements

'tr=7 ''rr<:7 Ik < 7"
I'Er <1 @D I'Er <7 32)
'Ok «€dom(Sofl) 33) 'rn<mn T'br<im (34)
I'-a<:8(a) I'Fm =71 <iT2 =7}
M CM o EFV(obja.{m: " M})
vm e M’ a £FV(r),) and (I'U{'DE{a 1=’} - 7 <: 7 35)
I'Fobja. {m: mmeM} <iobja/ . {m: 7/, "M}
I'-Ok (CofI')(C) = (7) { inherits B; m : 7,, "M} 36)
I'-#C <:obja.{m: ™M}
r'tr' <7 HFB<B M CM VYmeM I'trn=1,
Vm € (M\MI)FFT’"LDOk (37)

I' (1) {inherits B; m: 7, €M} <: (/) { inherits B’; m : 7/, €M}

C.7 Typing Judgements

As anotational convenience, we define the argument type of a class C'in an environment
I (written ArgTy (I, C)) tobe 7 if I'(C) = (7) { inherits B; m : 7,"M }.

'doI" I''FpoI, 7 I'Fe>T
: _ 39
rdype> 7,7 G8) Frer T o9

C £dom(CofI') I'F711»Ok
I'" = I'+{C 1 —(7) { inherits None; m : 7, "M }}
Ym € M I'"+{self 1 —»#C} b i > 7y I''h71), <:Tm
I'tclassC (z:7){ m = pm™EM}> I

(40)

C fdom(CofI")
(Cof I')(C") = (') { inherits B'; m : 7/ ™M }

I'" = I'+{C +—(7) {inherits C'; m : T MEMAM) o meM I
I'+t{zi—=r}revr" I'k7" <7
Yyme(MNM)T' &1y < 7h
Ym € M I +{self 1 —#C} b i > 7y I'-7) < Tm
I't+class C (z : 7) { inherits C'(e); m = pum, M} > I

(41
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C Edom(CofI') I"'=T+{Cr—0c} I'"+(CofI)(C')<:0

I'FclassC:o=C"> 1" (“42)
/ p—
I'+{z1—7}trerr 43) I'-0k (VofI')(z)=r7 (44)
I't(z:7)=e>7—>7 I'Fz>T
— /
I'+-0k (VofI')(self)=r @5) I't{z =7} kepr 46)
I'tself>r I'tfo(z : 17)=eb1—> 1
I'tevr -7 I'ke'vr” I <7’ 47)
I'te(e)>T
'tevt T'k71 < ArgTy(l, C) 48
I' - new C(e) > #C “48)
I'Fen#C o Lrer#t HIDEC <0
I'+ elstate > ArgTy(I, C) “9) I'~e@Cv#C
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C.8 Typing Rules for Run-Time Forms

The typing rules for the run-time forms include rules B3] through 31 augmented with a
dynamic class hierarchy H on the left-hand side of the turnstile. Rules B0l through @21
return an augmented class hierarchy in addition to an augmented static environment. In
each case, the augmented hierarchy is just the old one extended with a mapping from
the newly declared class name to the name of its parent (or None for base classes). In
addition, rule[50is replaced by rule 53] The remaining rules are given below.

HEest' TI'k7 < ArgTy(I, C)

2

I HF Cle) > #C 52

H()=B DHbobjo#B DHbeor' Lk <Amly(O) o
I''HEC::{e; obj|>#C

I'-0k K+ Ok (54)

I'y H - None > #None
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Abstract. This paper studies specific language level abstractions for
component-based programming. We propose a simple model which cap-
tures some basic ingredients — like explicit context dependence, dynamic
binding and subtype polymorphism, late (dynamic) composition, and
avoidance of inheritance in favor of object composition — that several
authors have defended to be central to black-box object-oriented compo-
nent programming styles. The model is expressed by a core imperative
typed calculus, in which components are first-class entities, and whose
basic constructs enable the composition, scripting, instantiation and de-
finition of atomic components. Some motivating programming examples
are presented, and the operational semantics is shown to enjoy a type-
safety property. We also discuss an extension to the Java language aimed
at supporting the proposed model, and some implementation issues.

1 Introduction

The development of tools and techniques for component-based programming
(COP) is a subject which receives increasing interest in recent years. Industrial
strength component models continue to be proposed and refined, while funda-
mental research is engaged into clarifying the basic concepts involved. An im-
portant issue concerns the study of specific language level abstractions for COP,
since the most popular supporting models [2TJT4)20] resort to low-level idioms
and do not enforce type-safety of composition. As with OOP, a major promise
of COP is related to software reuse.

Object-oriented programming languages promote reuse relying on classes,
inheritance and polymorphism. Given some class framework, new classes can
be defined that subclass one (or more) of previously defined classes and auto-
matically inherit concrete elements from them, like state variables and method
implementations, which can then be overridden and extended. This methodo-
logy of providing reusable classes relies on a form of implicit parametricity. In
some cases, the superclass can be abstract and provide no default implementa-
tion for some methods intended to be defined in a subclass, abstract methods
are therefore similar to bottleneck interfaces.

This approach to reuse, implicit in usual object-oriented languages, has been
subject to criticism with relation to its ability to provide a convenient support
for COP [23]26]. Usually subclasses are defined w.r.t. some preexisting fixed
super-classes, assuming a globally defined and well-known framework. In general,
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super-classes cannot be maintained separately from their derived classes, since
the implementation of the latter depends in general on internal implementation
details and interface of the former — the so-called fragile base class problem
[11]. In other words, the (undisciplined) presence of inheritance may inhibit
a desirable degree of encapsulation needed for independent maintenance and
modifiability [I9]. On the other hand, in order to be reusable and independently
deployed in an effective way, a component must interact with its environment
only through explicitly defined interfaces, expressing contracts between service
providers and clients.

The rigid anchoring of subclasses on super-classes may be weakened by de-
coupling the explicit sub-classing operation from the definition of the superclass
itself. This separation of class definition and sub-classing is accomplished by
the notion of “mixin”. Mixins [4J3[T0I2] are essentially class defining functions
which are explicitly parametric on their superclass. A mixin defines a particular
sub-classing operation which can be applied to several different classes confor-
ming with a given specialization interface, to yield several particular subclasses:
elementary mixin operations include, for instance, addition and overriding of
methods.

Nevertheless, the semantics of mixins is still defined such that inheritance
with late binding of self is still ensured through mixin application. Several pro-
posals have already been put forward to discipline the inheritance mechanism
[I74[25], but it is still true that sub-classing — either based on explicit sub-classing
or relying on mixins — addresses reuse by modifying the inherited code (even if
such modifications are limited to method overriding) rather than reusing it as a
whole [26]. The cumulative effects of method overriding along subclass chains are
in general hard to specify due to the intrinsic recursive nature of self invocation
under dynamic binding. Because of this, several researchers defended that inhe-
ritance “as-normally-used” should be highly disciplined or even forbidden across
components borders [19]2623]. This discussion also applies to delegation-based
(class-less) object models [24], which also provide implementation inheritance
with late binding of self.

Another related issue concerns reuse of code from several sources by means
of multiple inheritance, which is in general a complex and not very popular
mechanism, although available in widespread OO programming languages. On
the other hand, the idea of aggregation of multiple components is very natural,
and does not suffer from the problems presented by multiple inheritance.

This paper studies specific language constructs to support COP, in the setting
of inheritance-free object-oriented programming within a standard (Java-like)
imperative semantics. The technical contribution of this paper is the proposal of
a simple core model which captures some basic ingredients essential to black-box
object-oriented component programming styles like explicit context dependence,
dynamic binding and subtype polymorphism, multiple views, late (dynamic)
composition, and avoidance of inheritance in favor of object composition. Com-
ponents are treated as closed first-class values of component type. This fact
reflects, in an abstract way, that components are stateless self-contained units
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open to late composition and instantiation, and able to be dynamically loaded,
instantiated [18]) and possibly transmitted across communication channels.

The model is expressed by a core imperative typed formal calculus, in which
components are first-class entities, and whose basic constructs enable the com-
position, scripting, instantiation and definition of atomic components.

Structure of the paper. After giving a intuitive motivation of the component de-
finition and composition operations using an extension to the Java programming
language named ComponentJ (Sec ), we present the core component calculus, its
type-system and operational semantics (Sec[]). This section is concluded by the
statement of type-safety property. In Secld] we make some preliminary remarks
about the implementation of ComponentJ. The paper ends with a discussion of
related work and some conclusions.

2 DMotivating Sketch

In this section, we motivate the basic features of our model of typed components.
We pick as a running example a component implementing a personal to-do list,
based on a queue of generic tasks. Our task manager provides two distinct views
of the queue: a “user” view that lets an user enqueue or dequeue some task,
which is defined by the interface IQueue and a “supervisor” view that allows
certain privileged operations defined by the interface ISupervisor, both defined
in Fig[dl

A possible implementation of the queue can rely, say, on a linked list data
structure. Therefore, we start by defining a component named CList implemen-
ting the IList interface. The component declaration is made by the component
block, containing a set of declarations composition operations that define the
component structure, its required and provided services. The general syntax is
illustrated by the examples in Fig[2l The CList component provides a service
implementing interface IList at a port named list; this is expressed by the
provides clause. The list itself is implemented by the block of methods m, which
is made available to the outside through a plugging operation. The plug opera-
tion has the effect of connecting the method block m to the port 1ist. In general,

interface IQueue { interface ISupervisor {
void enQueue(ITask t); int size();
ITask deQueue(); ITask get(int p);
} void remove(int p);
void swap(int pl, int p2);
interface IList { void visit(IVisitor v);
void insert(int p,Object o); }

void remove(int p);
Object get(int p);
int size();

Fig. 1. Interfaces of the CToDo component
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component CList is compose {
provides IList list; list:TList
meth m { -
Object elements[];
void insert(int p,0Object o) {..}

}
plug m into list;
}

(a)

component CToDo is compose { X .
. list: TList q:IQueue
provides IQueue q; - P
provides ISupervisor su; .

intro CList list; ist:ILi
meth mq { su:ISupervisor
void enQueue(ITask t) {..} @

ITask deQueue() {..}
}
meth ms {

int size() {..}

}
plug mq into q; plug ms into su;

(d)
()

Fig. 2. The CList and CToDo components.

a plug operation can connect a source port to a destination port whenever the
source’s interface type is a subtype of the destination’s interface type.

From now on, we will graphically depict components as in Fig2(b), where
squares represent components, double circles represent method blocks, and filled
triangles represent component interfaces. With a dashed line we represent the
result of a plugging operation.

Now, given the component implementing the IList interface, the basic CToDo
component can be defined as shown in Fig[2(c). The intro clause introduces
a CList internal component, whose service ports are implicitly visible in the
method blocks’ scope. Dotted lines represent the implicit use of local names
in the code of method blocks (e.g 1 is visible inside the methods of mq). To
implement the CToDo component, two method blocks mq and ms are defined based
on the inner component’s list service, and then plugged into the corresponding
provided interfaces through the plug clauses.
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component CToDoExtension is compose { q:IQueue
provides IQueue q; -

provides ISupervisor su; list:IList
requires IList list;

meth mq { su:ISupervisor
void enQueue(ITask t) {..} -

ITask deQueue() {..2}

}
meth ms { int size() {..}

}
plug mg into q; plug ms into su;

(a) (b)

list:CList toDo:CToDoExtension

component CToDoModular q:1Queue
is compose { T
provides IQueue q; list:IList su:ISupervisor

provides ISupervisor su;
intro CToDoExtension toDo;
intro CList list;

plug list.list into toDo.list;
plug toDo.q into q;

plug toDo.su into su;

(c) (d)

Fig. 3. The CToDoExtension and CToDoModular components.

The existence of several service interfaces in a component instance is useful to
cope with several different views of a component. A major difference between this
approach and the implementation of multiple interfaces like in Java, or multiple
inheritance in C++, is that it is not possible to cast from one interface type to
another. The same observation applies to compound types [3].

Factoring Out. In our implementation of the CToDo component, the CList com-
ponent is hardwired inside. However, this dependency can be made explicit, al-
lowing for a extra potential of reuse. The resulting component can then be used
with any other component implementing the IList interface: say a persistent
list or a remote list. To that end, we factor out the component implementing
the list and make the dependency of the to-do list on a list service explicit
through a required service interface. This architectural refinement step yields
the CToDoExtension component defined in Fig[3(a). This new component can
then be composed in the CToDoModular component like in Fig[l(c) with the
functionality of of the CToDo component.
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interface ISelector {
int select();
}

interface TSelectableToDo
provides IQueue q
provides ISupervisor su
requires ISelector s
requires IList list;

interface TOrder
provides ISelector s
requires IList 1;

interface TToDo
provides IQueue q
provides ISupervisor su;
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component CNewToDo is compose {

provides IQueue q;

provides ISupervisor su;

intro compose {
provides IQueue gq;
provides ISupervisor su;
requires IList list;
intro COrder policy;
intro CSelectableToDo toDo;
plug list into policy.list;
plug policy.s into toDo.s;
plug list into toDo.list;
plug toDo.q into q;
plug toDo.su into su;

} toDoExtension;

intro CList list;

plug list.list into toDoExtension.list;

plug toDoExtension.q into q;
plug toDoExtension.su into su;

(a) (b)

toDoExtension:TToDoExtension

toDo:CSelectableToDo
:IQueue

q
: Eu:ISupervisor

selector:ISelector

list:CList

list:List

policy:COrder

Fig. 4. A further composition example

Replacing Components. Now, suppose that a component CSelectableToDo is
released by some software house providing and requiring the same services as
our CToDoExtension, plus an additional required service that allows for the
configuration of an arbitrary selection policy over the queue. The interface type of
this service is the ISelector interface type shown in Figll(a). This component’s
type is the TSelectableToDo also shown in Figlla). Assigning component types
to components allows static type-checking of component composition operations
to be performed. Component types specify a set of typed required services and a
set of provided services. Note that component types are distinct from component
instance types. Instance types are syntactically similar to component types with
an empty set of requirements, however, an instance is a service provider (similar
to an object), while a component is a unit composition that can be composed
and instantiated to yield component instances (like a class). Thus, there is a
clear separation between the generating entities and the types of the generated
instances (e.g components are not types).
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Therefore, in order to replace CToDoExtension in our CToDoModular com-
ponent in Figl3(c), we need to provide an implementation of the ISelector
interface, relying on the contents of a list. This is accomplished by defining a cu-
stom component COrder. This component, not shown here, must conform with
the component type TOrder, which is declared in Figl{a). The composition of
the COrder component with the CSelectableToDo yields a component that is
able to replace the original CToDoExtension, as shown in Fig[dl(b) yielding the
CNewToDo component. This new component can replace the original CToDo com-
ponent in any context because it has the same type, namely TToDo as defined
in Figlla). We adopt a natural notion of sub-typing among component types,
which will be described in the next Section.

Dynamic Composition. Since we take components as first-class citizens, me-
thods can be defined to return component values. Therefore, we can define in
some component a factory method makeToDo that returns a dynamically linked
component of TToDo, based on a given component with the TOrder type, as
shown below

TToDo makeToDo(TOrder customOrder) {
return compose {

intro compose {
intro customOrder policy;

} toDoExtension;

This example illustrates a simple case of dynamic composition. Note that the
parameter customOrder occurs free in the compose expression in the body of
method makeToDo. In fact, only variables of component type can occur free in
component expressions. Typically, such variables denote parameters that will be
bound to closed component values.

Instantiating Components. Client code can instantiate components with the new
operator, like for classes in Java. Components without required services can be
instantiated in a similar way to regular classes in OO languages. In the example
of Figll a new component instance, of type ITToDo, is obtained by instantiating
the CNewToDo component. On the other hand, if a reference to an object or service
port of a component that implements the IList interface is available, it can be
used at instantiation time to satisfy the pending requirement of a component
like CToDo. Note that at instantiation time all requirements of a component must
be resolved, this property is statically ensured by the type-system.
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interface ITToDo implements TToDo;

class Test {

main() {
ITToDo tm = new CNewToDo();
tm.queue.enQueue (new Task("...", new Date(1999,12,20)));

tm = new CToDoExtension() {plug new DList() into list;};

Fig. 5. Instantiation of a component

3 The Core Calculus of Components

In this section we present the syntax and semantics of the core calculus of com-
ponents. The calculus is explicitly typed, so we start by introducing the required
type structure and then define the terms of the calculus.

3.1 Types

The type structure of the core calculus is defined from a few basic kinds of types:
interface types (I), component types (R = P), method types (1) and instance types
[P]; the abstract syntax of these types is presented in Figlll We assume given
sets of countably many method (f1,...) and port (p1,...) names. Interface types
I are used to type ports of components and method blocks. Each one specifies
a set of method signatures by assigning to each method name f; a method type
t; of the form (71,..., 7, )o. In such a method type, the 7; specify the types of
the method’s parameters and o the return type, as expected.

We assume given a globally defined set A of interface names and a mapping
7 assigning an interface type to each interface name. The motivation for interface
names is more to allow for a technically simpler introduction of recursive interface
types, rather than to introduce name equivalence of types. In fact, for the sake
of generality, the calculus presented in this paper assumes structural equivalence
of types, unlike our proposed Java extension ComponentJ, which adopts name

7,0 ==1|R= P|[R]

R,Pu={p1:1,... ,pn:1In} (n>0)
L 2= (T1,... ,Tn)o (n>0)
I s=IeN|{fitt,... s faitn} (B >0)

Fig. 6. Component Types.
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equivalence of interface types and an explicitly given relation of interface sub-
typing.

A type R = P types components that require a service set as specified by R
and provide a service set as specified by P; each service is denoted by an interface
type tagged by a port name. Service sets have the form {p; : I1,... ,pn : I},
where each p; is a port name and I; an interface type. Thus, components can-
not “import” other components per se, but just access some services provided by
other components. Nevertheless, the calculus allows for the definition of parame-
tric component factories, that is, the assembly of components from dynamically
determined basic constituents. When R is a service set like the one above, we
write R(p;) for the interface type assigned to the service port p; by R. Compo-
nents compose to yield instantiable components — as with classes — which are
essentially components with an empty set of requirements. Therefore, component
instances providing a service set R will be typed [R].

3.2 Terms

The terms of the calculus are described by the abstract syntax in Fig[d. The
first seven forms of expression embody the computational core of the language:
we have variable x, port selection e.p, method call e.f(e), assignment x := e,
dereference \x, local definition let — in, composition compose e and instantiation
new —with —in. Heap locations are represented by the constants of the form ¢ and
¢ € Loc that denotes heap locations. Additionally a special value nil is also used
to represent unitialized locations. A error constant is used to represent wrong
computations. Note that heap locations, nil and error are never used in source
programs, but just instrumental in the definition of the operational semantics.
Some abbreviations will be used throughout the paper in order to simplify the
reading. We will write e;; e as an abbreviation for let £ = ey in e, as usual; and
just new e when e and p are void. Other abbreviations will be pointed out as
needed. We refrain from introducing additional forms for the sake of simplicity;
the given constructs are enough to capture the intended basic imperative model.
For example, we do not introduce component initializers similar to constructors
in classes, which could be easily added on top of the present core. Most of the
constructs have the usual meaning, except composition compose e, which denotes
a component as specified by e, and instantiation new e with e in p. In such an
expression, e must evaluate to a component with requirements {p : I}. The
value of such an expression is a new instance of the component specified by e
and obtained by plugging the value of each expression e; into the corresponding
requirement p;; the port names p must be pairwise distinct.

The remaining forms are used to define compound components by gluing
together other components, and by scripting primitive behavior with method
blocks. & denotes the empty component. The expression require x : I and e de-
notes a component that requires a service of type I at port x and is further
specified by e; inside e the port name x is available for service calls, and for
plugging into compatible destination. As we shall see later, all names visible
inside a component definition must be either explicitly imported from the outer
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ex=zxl|eplefle)|!lz|z:=el|letz=cine]
compose e | new e with e in p | & |
require = : [ and e | provide z : I and e |
introz: C'=e and e | meth 2 : M and e |
plug 7 into 7 and e | £ | nil | error

Tu=plap Mu={ay:m,...;fi(z)=e€1,...}

Fig. 7. Core terms.

environment through required service ports or made available by internally in-
troduced components — components are always closed entities. Expression form
provides x : I and e denotes a component that provides a service of type I at
port x and is further specified by e; in particular, e must specify a connection of
some internally available compatible source to this port name x. We will require
all port names of a component to be distinct.

The construct intro x : C' = e and e3 introduces an inner component for as-
sembly which will be referred inside es by the variable z, which is locally bound
and has e as its scope. Such inner component is specified by e; and must con-
form with the component type C. The body es must specify how its requirements
are to be satisfied by internally available services. Plugging of available services
— either provided by inner components or imported from the external environ-
ment through requirement ports — to suitable destinations is accomplished by
the expression form plug 71 into 2 and e. A plug « is either a port name p of
the component being assembled, or of the form x.p, where x refers to some inner
component and p a name of a port of x. Primitive behavior and scripting of pre-
defined components is obtained by a method block construct meth x : M and e;
again the name z is local and bound within scope e. Method blocks encapsulate
both local state variables and method definitions. Upon instantiation they intro-
duce object-like entities that “implement” the interface defined by the signature
of its methods. In a method definition such as m(x : 7) = b, the parameters
x are local binding occurrences and the method body b can directly call any

require [ : List and
provide su : ISupervisor and
provide q : IQueue and
meth mgq : {
enqueuve(t : Task) = linsert(l.size(),t),
dequeue() = let x = l.get(0) in l.remove(0);z} and
meth ms : {size() = l.size(),...} and
plug mq into ¢ and
plug ms into su and €

Fig. 8. The CToDoExtension component.
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service internally available in the component being built. In Fig[§ we present
an example of a well-defined term of the calculus; this term corresponds to the
previously given specification of component CToDoExtension given in Section 2.

Ezample. We show how code inheritance with dynamic binding can be simulated
by explicit parameterization in the calculus. With this example we do not pretend
to suggest a particularly natural component-oriented programming pattern, but
rather to give a comparative illustration of expressiveness. Note that we have
omitted “ and €” at the end of component expressions, for the sake of brevity.
Let I be an interface as I = {do : tqo, twice : Lyyice }, and let

C = compose(require s : I and
meth m : {do() = by, twice() = s.do(); s.do(); }
and provide o : I and plug m into o)

C represents a “class” which enables overriding of methods in I, and that can
be instantiated by

new compose(provide o : I and intro z : 7¢ = C
and plug z.0 into x.s and plug x.0 into o)

Basically, the specialization interface (or alternatively, the set of abstract me-
thods) is made explicit by a required interface s : I of the component C' repre-
senting a “base” class. Moreover, all calls to “self” made in bodies of exported
methods are forwarded to s. We now extend “class” C' by “overriding” method
do. We can now define a “mixin”-like component

M = compose(require s : I and
meth m : {do() = ba; s.do(), four() = s.twice(); s.twice()}
and provide o : J and join s, m into o)

where J = T U {four : Lfour}. Here we have used a join expression, which is
an idiom of the core calculus reducible to meth and plug: join a,b into ¢ just
abbreviates a facade that forwards a method call f(e) originating at o to m if
the interface type of m defines f and to s otherwise. Hence, M redefines method
do() — reusing the code provided by C — and introduces a new method four().
Now M can be composed with C as in

N = compose(require s : I and
intro z : 7¢ = C and intro y : 7py = M and plug s into z.s and
and plug z.0 into y.s and provide o : I and plug y.o into 0))

and instantiated as C' above. For instance, in the program
let M I = compose(provide o : I and intro z : Ty = N plug x.0 into z.s

and plug x.0 into o)
in let obj = (new M1T).o in obj.twice()
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the “inherited” code for twice will call the definition for do() in M. Note that
while NV is still open to redefinition of methods declared in the required interface
I, MT closes the cycle and is an instantiable component (of type 0§ = {o: J}).
Thus, a component like N plays a role similar to the object generating func-
tion used in many semantic models of object-oriented languages and mixins (for
instance [2]), and which require a fixpoint operator to be applied at object in-
stantiation time in order to resolve the involved circularity. Herein, self-reference
is captured by the imperative reference semantics.

3.3 Type System

In this section, we present a type system for the core calculus of components.
Well-typed programs do not incur in execution errors, in a sense to be made
precise below. We start by defining a natural relation of sub-typing and write
T <: 0 when 7 is a subtype of ¢. This relation is defined in the expected way;
in Figld we present all the sub-typing rules. In particular, a component type
T is a subtype of a component type ¢ whenever 7 provides more services and
requires less services than those specified by o. Moreover, each service provided
by 7 must conform with an interface which is a subtype of the corresponding
service provided by o, and contravariantly for required services. This notion of
sub-typing for components is the natural one, and has been adopted by many
recent approaches to modularity [912], but also in [I6] and already implicit in
[6].

The type system is defined by relying on two judgment forms, which define
typing of general expressions and components in a mutually recursive way. For
general expressions, we have the standard judgment form Al e : 7 where A is
a typing context, e a term and 7 a type. Typing contexts are plain assignments
of types to variables: hence we write A(z) = 7 whenever A = A’ z : 7; and
A(z.p) = I whenever A = A’z : [p: J,...]. For components we introduce the
judgment form R; A . e : 7 where A, e and 7 play the usual role, while R
represents a set of internal requirements generated by that e must resolve by
means of pluggings. Each such requirement is an assignment of an interface type
to some plug 7. The full set of typing rules for general expressions is presented in
Figll For the strict use of the typing system, we introduce the additional kind of
type Var(o) for any type o. Var types are never present in source terms, but are
needed to type state variables introduced by method blocks. In the premise of the
rule for compose e, we introduce a subset |A| of the typing context A appearing
in the conclusion, defined by |A| = {z: C € A : C is a component type}. This
ensures that “code” inside the component e cannot access any global variables
from the outside context — and is therefore a closed unit — except possibly
for variables referring to other components. But such names will again denote
closed components that could be explicitly linked inside e — say, in a concrete
implementation — to yield a closed component. A consequence of this is that
all dependences of a component on its environment must be brought explicit in
its interfaces, unlike in [91] where modules can be open (contain free variables).
The typing rules for component expressions are also presented in Fig[d The set
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Sub-typing

TT Ti <7 (m <n)
’ {fitm,. . famt<s{fr:7, o s fm T} -
g <:Ti T<.0O P <:P R< R P< R
(t1,...,Ta)T <: (01,... ,0n)0 P=R<:P =R [P] <: [R]

General Expressions
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Abletz=e1ines: 7 AF compose e : R= P

Component Expressions
0;|AlFce: R= P
0: AF. composee: R = P
R;Axz:It.e: R=P
R;Ab. requirex:Iande: Rx: 1= P
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R,m2: I; At. plug 71 into w2 and e: R = P
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R;Atcmethw:{a:7q,...;m(x:0)=b,...} andez: R= P

Fig. 9. Type System.

of pending requirements present in the antecedent of typing judgments is a set
of type assignments to plugs of either the form z : I (introduced by the rule for
provide) or of the form x.p : I (introduced by the rule for intro). Indeed, in the
rule for intro the notation z.R stands for the set of plugs {z.p; : I; | R(p;) = I;}.
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This set represents the requirements of the internally introduced component.
On the other hand, in the rule for plug, when we write R, 7y : I we implicitly
assume that mo : I £ R that is, the pending requirement is removed when
the plugging is performed. Note that subsumption allows a requirement to be
satisfied by a service that conforms to some of its subtypes, and the introduction
of a more specialized component instead of one of the type mentioned in the intro
expression.

3.4 Operational Semantics

Here we present an operational semantics for the component calculus. Our pre-
sentation adopts a big step structural semantics and involves again two judgment
forms, one applying to general expressions and other to component expressions.
Note that we use standard notations for substitutions and store updates, except
that when substituting port names by locations in component expressions, we
do not descend below compose e subexpressions. Finally, to simplify the specifi-
cation without loss of generality we consider just a single argument in methods.

The judgment dealing with general expressions has the form e;S | v; 5,
where S and S’ are heaps, e is a program and v is a result. Such a judgment states
that execution of program e in heap S terminates yielding result v and heap S’.
As usual, a heap is an assignment of certain values to heap locations (¢,...);
we assume given an infinite set of locations, and of an “allocation” function
new that picks some unused location in a given heap. Every heap associates
to each location in its domain either a heap value, or another location in its
domain. So, when S is a heap, we write S[¢ 1 —wv] for the heap that is identical
to S, except that value v is associated to location ¢. Heap values represent the
various entities needed at runtime: we have therefore the heap value nil, which
represent uninitialized locations during a link process, cells, which represent
state variables, records, which represent method blocks, and instances, which
represent (partial) component instances. Note that locations in a heap can hold
other locations and define chains of indirection.

A cell holding a value v is represented by (v). A record will be represented by
a tuple {m(z) = b,...[} of methods with type-erased parameters. An instance
will be represented by an environment, that is, a set {x1 11—, ...z, 11—, } of
assignments of locations to names. These names refer to the ports and internal
components of the given component instance. It is useful to see an environment
as a substitution of locations for names; therefore we will sometimes write c(e)
for the result of applying ¢ as a substitution to e.

We will see that possible results of a computation are the null value nil, some
location of the final heap, or a component value. A component value is a term
of component type without free variables or locations, that is, a term such that
F d: P = R. This fact reflects, in an abstract way, that components are stateless
self-contained units open to late composition and instantiation. It is therefore
realistic to assume concrete and efficient implementations of the present model,
in which components can be manipulated as first-class entities (like instances of
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General Expressions
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1) £ = new(S).
1) £, £, = new(S).

Fig. 10. Operational semantics.
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Fig. 11. Cyclic dependency.

class Class in Java, which can be dynamically loaded and instantiated [18]) and
possibly transmitted across communication channels.

Derivable judgments are defined by the system of rules given in Fig[Tl. The
evaluation relation applies to valid configurations which are represented by a
heap-expression pairs e; S such that e is a program without free variables, and
that all locations mentioned in e belong to the domain of S. The specification of |
relies on an auxiliary relation c;e; S |} ¢’; S’ that defines the dynamic component
assembly process, and is used in the rule for new. The intended meaning of || can
be explained as follows: ¢ is a given, partially assembled, component instance; e
is an expression of component type specifying further assembly operations and
S an initial heap. Then, whenever c;e; S |} ¢/;5 is derivable, ¢’ is the result of
completing ¢ as stated by e, and S’ the final heap w.r.t. ¢’ must be understood
(ie. locations in ¢ are interpreted in S’). On the other hand, the specification
of || also relies on | in the rule for intro. Before discussing the rules specifying |
we address the rules for |}. The rules for € and compose are clear. The rules for
require and provide are similar; their effect is just to add an additional binding
to the current instance c: the contents of the (new) location bound to the port
name is left undefined in the updated heap, and will be later assigned by some
operation of plugging or instantiation. Note that, in each case, the port name
x is substituted by the given location throughout the continuation e. The rule
for intro recursively assembles an instance ¢’ according to e; and updates the
current instance ¢ and heap as expected.

The rule for meth introduces a new location for each local state variable of the
method’s block and a new record. The state variable names are substituted for
the corresponding locations in the body of the methods. Note that the updated
instance c{w 1 —¢} is used as a substitution, and applied to the method bodies,
so to replace all references to the ports and inner components of the instance
under assembly by the locations previously assigned to them. Therefore, method
bodies in records do not contain occurrences of free variables other than their
parameters.

The rules for plug can now be easily understood: plugging a source port 7y
to a destination port 7y amounts to storing the location assigned to 7; into
the location assigned to mo, if the destination port actually exists in the target
component — something that may not happen due to sub-typing of component
types. This situation is handled by the last rule for plug, which does nothing.
Note the use of function selects(—) to extract the location associated to a plug,
which is defined by

selects(z) := S(x) selectg(x.p) := selectg(y)(p)

When such location does not exist, we write —select,(5).
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This encoding of plugs introduces chains of indirection: such chains are trans-
versed when component instance ports are selected. If no vacuous cyclic depen-
dencies among components are introduced at assembly time — as in Fig[Tl]l —
then all such chains of indirection are finite. Note that a vacuous cyclic dependen-
cies can cause a port selection operation to get stuck instead of the link process
that creates the cycle during instantiation. Therefore, the previous discussion
explains the use of the auxiliary function deref in the rule for port selection e.p;
derefs(¢) denotes the last location in the chain starting at ¢ that refers to a
heap value, whenever such chain terminates. The remaining rules for | deserve
no special comment; except perhaps the one for new; therein the values of the
expressions e; are plugged into the matching requirements of the newly created
instance s.

The remaining rules generate the error value in the appropriate circum-
stances, which are: invocation of inexistent method, selection of inexistent or
null component port and plug with inexistent source port. Note that we have
omitted the usual rules for error propagation.

3.5 Type Safety

Our aim now is to state a type safety result for the core calculus of components
(see [22] for the full proofs).

We start by defining a notion of typing for heaps. For technical reasons, we
introduce a new kind of types, so to type partially linked component instances.
Such generalized instance types will have the form [R = P] whenever R = P
is a component type; [ = P] will be identified with the instance type [P]. We
first need to introduce a few auxiliary concepts.

Definition 1. (Locations and references)

1. (Direct location) A location £ is direct when S(£) /Anil and S(¢) £ELoc.

2. (Leads to) When derefs(€) = ¢/ we say that £ leads to £ is S.

3. (Refers to) A location ¢ refers to a heap value v in S when ¢ leads to ¢ in S
and S(¢') =wv.

4. (Undefined location) A location is undefined when it refers to no value. In
other words, it starts a cyclic chain of references.

Definition 2. (Typing of Heaps) A typing context I' types heap S if, for all ¢
in S, I'(¢) = 7 implies that £ is either undefined or refers to a heap value of a
type 7/ <: T w.r.t. S and I'.

v 1s a heap value of type 7 w.r.t. S and I' whenever v = nil or

— 7 = Var(o) and v = (u) with either u = nil, v a component value of a
subtype of o, or a direct location such that I'(u) <: o, or

—7={my:(01)b1,...} andv={my(x1) =0by,...[}, with [x; : o; F b; :
B; for all m;, or

—7=[r:I=p:J andv={r —L,pr—LP . ..}, such that each {
1s either undefined or refers to a heap value of a subtype of I; w.r.t. S and I,
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and each £P is either undefined, leads to some [}, or refers to a record value of
a subtype of J; w.r.t. S and I'.

Remember that a location can be undefined just because of cyclic reference
chains. We can now state

Proposition 1. (Subject Reduction) Let e;S be a valid configuration and I'
type S. If 'e: 7 and ;S | v; S then

a) there is I'" extending I' and typing S’.

b) It w1 for some T <:T.

¢) v is either nil, a direct location in S’ or a component value.

This proposition shows that well-typed programs do not get stuck due to inva-
lid, undefined method calls, or illegal component assembly operations because
the resulting value of a computation is never error. However, programs can get
stuck due to cyclic dependencies or nil references (caused by uninitialized state
variables).

4 Some Implementation Issues

In this section, we discuss the current status of an experimental implementation
of Component]. A preprocessor performs type-checking of Component] source
files and generates standard Java files as output. The implemented type system
adopts name equivalence of interface types, which is directly supported by the
JVM, instead of structural equivalence as used in the core calculus.

A ComponentJ source file can define a component, a component type (simi-
lar to a Java interface) or an interface type (exactly like Java interfaces), as
illustrated in SecPl Inside each component, besides method blocks, pluggings,
inner components and so on, ComponentJ also allows the declaration and use
of standard Java classes, for strict local use of the component, although such
classes are not allowed to extend classes defined outside the component in order
to enforce the black-box approach. Each method block is also represented by a
local class. Plugging between ports is performed by propagation of references, by
a process close to the one used in the operational semantics for the core calculus,
but direct references to method blocks are cached at each port during compo-
nent initialization. Consequently, any provided service port conforming to some
interface type directly references a Java object implementing such interface, un-
like in usual nested structures of components, where some overhead often occurs
in explicit method forwarding throughout layers.

ComponentJ generates for each component definition file a Java source file for
a class adhering to a meta-level protocol for use of ComponentJ, and aimed at
supporting interoperatibiliy of ComponentJ generated classes and independently
developed components. Such protocol is still under development, and will de-
fine how component types are represented by Java types, and how the dynamic
linking process is to be managed.

Concerning initialization, an issue which is not addressed in the core calcu-
lus, the definition of a “constructor” is allowed in each component. The body
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of such a constructor consists of Java code in which any service provided by
inner components or imported through a required interface may be called. Such
constructor is called at the end of the instantiation and link phases that occur
at component instantiation time.

5 Related Work

Our proposal is strongly related to recent work on first-class modules with ex-
ternal linking instructions [IBJ7IT2/9/T], most prominently with the UNITS of
MzScheme reported in [9], and the primitive modules of [I]. However, UNITS
are more close to conventional modules in standard imperative and functional
programs (even with parametric modules like in SML [I3]), linked to yield clo-
sed programs, than to instantiable components offering object-like interfaces.
A more recent work [8] demonstrates the use of UNITS in an object-oriented
context, but again units are used as modules declaring classes. Such modules
can then be used to structure class frameworks rather than to compose indi-
vidual components through aggregation. On the other hand, the approach of
[I] does not allow manipulation of components as first-class entities in the core
language, something which is considered an important aspect of COP. Another
distinguishing feature of our model is that all dependences of a component on
its environment must be brought explicit in its interfaces, unlike in [9JI] where
modules can be open (contain free variables).

6 Conclusions and Future Work

In this paper, we studied some statically type-checkable programming language
constructs intended for supporting component-oriented programming styles. The
model was motivated and presented by a core imperative typed formal calculus,
whose operational semantics is shown to enjoy a type-safety property. We also
discussed a still evolving implementation of a compiler for ComponentJ, an exten-
sion to the Java language theoretically backed by the proposed core component
calculus. Type-safe separate compilation of components allows the late binding
and instantiation of components of subtype of the types statically checked. We
envisage two parallel directions of future work. On the one hand, we would like
to extend the core calculus and type system to handle more sophisticated ty-
pes useful for COP, for instance parametric, bounded, dynamic and container
types. For example, we are currently developing an extension of the type system
proposed here which allowed for the type of output ports to be defined from
the static types of the ports plugged into its requirements, a feature that adds
significant expressiveness to the calculus. On the other hand, we are currently
engaged into studying improved implementation techniques for supporting the
component framework and its interoperatibility with other component models.

Acknowledgements. We thank the anonymous referees for their helpful com-
ments.
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Abstract. Inner classes in object-oriented languages play a role similar
to nested function definitions in functional languages, allowing an ob-
ject to export other objects with direct access to its own methods and
instance variables. However, the similarity is deceptive: a close look at
inner classes reveals significant subtleties arising from their interactions
with inheritance.

The goal of this work is a precise understanding of the essential features
of inner classes; our object of study is a fragment of Java with inner
classes and inheritance (and almost nothing else). We begin by giving a
direct reduction semantics for this language. We then give an alternative
semantics by translation into a yet smaller language with only top-level
classes, closely following Java’s Inner Classes Specification. We prove
that the two semantics coincide, in the sense that translation commutes
with reduction, and that both are type-safe.

1 Introduction

It has often been observed that the gap between object-oriented and functional
programming styles is not as large as it might first appear; in essence, an object
is just a record of function closures. However, there are differences as well as
similarities. On the one hand, objects and classes incorporate important me-
chanisms not present in functions (static members, inheritance, object identity,
access protection, etc.). On the other hand, functional languages usually allow
nested definitions of functions, giving inner functions direct access to the local
variables of their enclosing definitions.

A few object-oriented languages do support this sort of nesting. For example,
Smalltalk [8] has special syntax for “block” objects, similar to anonymous fun-
ctions. Beta [I5] provides patterns, unifying classes and functions, that can be
nested arbitrarily. More recently, inner classes have been popularized by their
inclusion in Java 1.1 [9] 12].

Inner classes are useful when an object needs to send another object a chunk
of code that can manipulate the first object’s methods and/or instance variables.

* This work was done while the author was visiting University of Pennsylvania.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 129-[I53] 2000.
© Springer-Verlag Berlin Heidelberg 2000



130 A. Igarashi and B.C. Pierce

Such situations are typical in user-interface programming: for example, Java’s
Abstract Window Toolkit [4] allows a listener object to be registered with a
user-interface component such as a button; when the button is pressed, the
actionPerformed method of the listener is invoked. For example, suppose we
want to increment a counter when a button is pressed. We begin by defining a
class Counter with an inner class Listener:

class Counter {
int x;
class Listener implements ActionListner {
public void actionPerformed(ActionEvent e) { x++; }
}
void listenTo(Button b) {
b.addActionListener(new Listener());
}
}

In the definition of the method actionPerformed, the field x of the enclosing
Counter object is changed. The method listenTo creates a new listener object
and sends it to the given Button. Now we can write

Counter ¢ = new Counter();

Button b = new Button("Increment");
c.listenTo(b);

gui.add(b);

to create and display a button that increments a counter every time it is pressed

Inner classes are a powerful abstraction mechanism, allowing programs like
the one above to be expressed much more conveniently and transparently than
would be possible using only top-level classes. However, this power comes at a
significant cost in complexity: inner classes interact with other features of object-
oriented programming—especially inheritance—in some quite subtle ways. For
example, a closure in a functional language has a simple lexical environment,
including all the bindings in whose scope it appears. An inner class, on the
other hand, has access, via methods inherited from superclasses, to a chain of
environments—including not only the lexical environment in which it appears,
but also the lexical environment of each superclass. Conversely, the presence of
inner classes complicates our intuitions about inheritance. What should it mean,
for example, for an inner class to inherit from its enclosing class? What happens
if a top-level class inherits from an inner class defined in a different top-level
class?

JavaSoft’s Inner Classes Specification [12] provides one answer to these que-
stions by showing how to translate a program with inner classes into one using
only top-level classes, adding to each inner class an extra field that points to
an instance of the enclosing class. This specification gives clear basic intuitions

! Strictly speaking, the increment of x should be synchronized with the listener’s

own counter, written Counter.this: listener methods are generally triggered in a
thread different from the constructor thread of the current object.
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about the behavior of inner classes, but it falls short of a completely satisfying
account. First, the style is indirect: it forces programmers to reason about their
code by first passing it through a rather heavy transformation. Second, the docu-
ment itself is somewhat imprecise, consisting only of examples and English prose.
Different compilers (even different versions of Sun’s JDK) have interpreted the
specification differently in some significant ways (cf. Section [G).

The goal of this work is a precise understanding of the essential features of
inner classes. Our main contributions are threefold:

— First, we give a direct operational semantics and typing rules for a small

language with inner classes and inheritance. The typing rules are shown
to be sound for the operational semantics in the standard sense. To our
knowledge, this direct style of semantics is formalized for the first time.
To keep the model as simple as possible, we focus on the most basic form of
inner classes in Java, omitting the related mechanisms of anonymous classes,
local classes within blocks, and static nested classes. Also, we do not deal with
the (important) interactions between access annotations (public/private/
etc.) and inner classes (cf. [12, 2] [1]).

— Next, we give a translation from the language with inner classes to an even
smaller language with only top-level classes, formalizing the translation se-
mantics of the Java Inner Classes Specification. We show that the translation
preserves typing.

— Finally, we prove that the two semantics define the same behavior for in-

ner classes, in the sense that the translation commutes with the high-level
reduction relation in the direct semantics. This property, together with the
property of preservation of typing, guarantees correctness of the translation
semantics with respect to the direct semantics, for the case where whole
programs are being translated.
The case where some translated classes are linked with classes written direc-
tly in the target language is more subtle, and we do not handle it here. The
main desired theorem in this case would be full abstraction, which states that
translated expressions that can be distinguished by a target language context
can also be distinguished in the source language. Unfortunately, our trans-
lation is not fully abstract, because our modeling language does not include
private fields, which are used by the real translation to prevent observers
from directly accessing the field of an inner class instance that holds a poin-
ter to its containing object. (The question of full abstraction for full-scale
inner class translations has been considered by Abadi [1] and Pugh [2].)

Recently, Glew [7] has studied closure conversion in the context of an object
calculus without classes; our translation semantics can be viewed as closure
conversion of class definitions. However, since his calculus does not have classes,
a semantic account of interaction between inheritance and nested classes has not
been given.

The basis of our work is a core calculus called Featherweight Java, or FJ.
This calculus was originally proposed in the context of a formal study [10] of
GJ [3], an extension of Java with parameterized classes. It was designed to omit
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as many features of Java as possible (even assignment), while maintaining the
essential flavor of the language and its type system. Its definition fits comfor-
tably on a page, and its basic properties can be proved with no more difficulty
than, say, those of the simply typed lambda-calculus with subtyping. This ex-
treme simplicity makes it an ideal vehicle for the rigorous study of new language
features such as parameterized classes and inner classes.

The remainder of the paper is organized as follows. Section 2] briefly reviews
Featherweight Java. Section[3 defines FJI, an extension of FJ with inner classes,
giving its syntax, typing rules, and reduction rules, and stating standard type
soundness results. Section H] defines a compilation from FJI to FJ, modeling
the translation semantics of the Inner Classes Specification, and proves its cor-
rectness with respect to the direct semantics in the previous section. Section [l
discusses the elaboration process from user programs to FJI, which is considered
an intermediate language to define semantics. Section [(] examines some behavi-
oral differences between compilers resulting from inconsistencies in the existing
specification, Section [1 discusses related work, and Section [§ offers concluding
remarks.

For brevity, proofs of theorems are omitted; they appear in a companion
technical report [11].

2 Featherweight Java

We begin by reviewing the basic definitions of Featherweight Java [10]. FJ is
a tiny fragment of Java, including only top-level class definitions, object in-
stantiation, field access, and method invocation. (The original version of FJ also
included typecasts, which are required to model the compilation of GJ into Java.
They are omitted from this paper, since they do not interact with inner classes in
any significant way.) Our main goal in designing FJ was to make a proof of type
soundness (“well-typed programs don’t get stuck”) as concise as possible, while
still capturing the essence of the soundness argument for the full Java language.
Any language feature that made the soundness proof longer without making it
significantly different was a candidate for omission. Even assignments are omit-
ted from FJ, as well as advanced features such as reflection and concurrency.
Since FJ is a sublanguage of the extension defined in Section Bl we just show
its syntax and an example of program execution here. The rest of the definition
can be found in Figure

The abstract syntax of FJ class declarations, constructor declarations, me-
thod declarations, and expressions is given as follows:

L ::=class C extends C {C f; K M}
:=C(C f) {super(f); this.f = f;}
M:=C m(C X) {return e;}

~

ex=x]|e.f|e.m(€) | new C(&)

The metavariables A, B, C, D, and E range over class names; f and g range
over field names; m ranges over method names; x ranges over parameter na-
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mes; ¢, d and e range over expressions; L ranges over class declarations; K
ranges over constructor declarations; and M ranges over method declarations.
We write £ as shorthand for f;,...,f, (and similarly for C, %, &, etc.) and
write M as shorthand for M;...M, (with no commas). We write the empty se-
quence as e and denote concatenation of sequences using a comma. The length
of a sequence X is written #(%). We abbreviate operations on pairs of sequen-
ces in the obvious way, writing “C £’ as shorthand for “c; f1,...,C, f,” and
“C f;” as shorthand for “C; f1;...C, f,;” and “this.f=f;” as shorthand for
“this.fy=fy;...this.f,=f,;”. For the sake of conciseness, we often abbreviate
the keyword extends to the symbol extends and the keyword return to the
symbol return. Sequences of field declarations, parameter names, and method
declarations are assumed to contain no duplicate names.

A key simplification in FJ is the omission of assignment, making FJ purely
functional. It is realized by assuming that all fields and method parameters are
implicitly marked final. (Of course, most useful examples of programming in
Java do involve its side-effecting features, and inner classes do interact with as-
signment: in particular, if inner classes may appear inside method definitions,
then local variables of the enclosing method must be marked final if they are
mentioned in an inner class. To handle this feature, our model would need to
be extended with assignment. However, we do not need it for the present mo-
deling task, and, by omitting assignment from FJ and FJI, we obtain a much
simpler model that offers just as much insight into inner classes.) An object’s
fields are initialized by its constructor and never changed afterwards. Moreo-
ver, a constructor has a stylized syntax such that there is one parameter for
each field, with the same name as the field; the super constructor is invoked
on the fields of the supertype; and the remaining fields are initialized to the
corresponding parameters. (These constraints are enforced by the typing rules.)
This stylized syntax makes the operational semantics simple: a field access ex-
pression new C(€).f; just reduces to the corresponding constructor argument
e;. Also, since FJ does not have assignment statements, a method body always
consists of a single return statement: all the computation in the language goes
on in the expressions following these returns. A method invocation expression
new C(e).m(d) is reduced by looking up the expression eq following the return
of method m in class C in the class table, and reducing to the instance of eg in
which d and the receiver object (new C(€)) are substituted for formal arguments
and the special variable this, respectively. Figure [ states these reduction rules
precisely.

A program in FJ is a pair of a class table (a set of class definitions) and an
expression (corresponding to the main method in a Java program). The reduction
relation is of the form e — €/, read “expression e reduces to expression e’ in
one step.”

For example, given the class definitions

class A extends Object {
AQO { superQ; }
}
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class B extends Object {
B() { super(Q; }
}
class Pair extends Object {
Object fst;
Object snd;
Pair(Object fst, Object snd) {
super(); this.fst=fst; this.snd=snd;
}
Pair setfst(Object newfst) {
return new Pair(newfst, this.snd);

}
}

the expression new Pair(new A(), new B()).setfst(new B()) reduces to
new Pair(new B(), new B()) as follows

new Pair(new A(), new B()).setfst(new B())
—— new Pair(new B(), new Pair(new A(), new B()).snd)
—— new Pair(new B(), new B())

where the underlined subexpressions are the ones being reduced at each step.

3 FJ with Inner Classes

We now define the language FJI by extending FJ with inner classes. Like FJ,
FJI imposes some syntactic restrictions to simplify its operational semantics: (1)
receivers of field access, method invocation, or inner class constructor invocation
must be explicitly specified (no implicit this); (2) type names are always abso-
lute paths to the classes they denote (no short abbreviations); and (3) an inner
class instantiation expression eg.new C(€) is annotated with the static type T
of eg, written eg.new<T> C(&).

Because of conditions (2) and (3), FJI is not quite a subset of Java (whereas
FJ is); instead, we view FJI as an intermediate language, to which the user’s
programs are translated by a process of elaboration. We describe the elaboration
process only informally in this paper (in Section[H), since it is rather complex but
not especially deep, consisting mainly of a large number of rules for abbreviating
long qualified names; a detailed treatment is given in the companion technical
report [11]. We begin with a brief discussion of the key idea of enclosing instances.
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3.1 Enclosing Instances
Consider the following FJI class declaration:

class Outer extends Object {
Pair p;
Outer (Pair p) {super(); this.p = p;}
class Inner extends Object {
Inner() {super();}
Object snd_p { return Outer.this.p.snd; }
}

Outer.Inner make_inner () { return this.new<Outer> Inner(); }

}

Conceptually, each instance o of the class Outer contains a specialized version of
the Inner class, which, when instantiated, yields instances of Outer. Inner that
refer to o’s instance variable p. The object o is called the enclosing instance of
these Outer. Inner objects.

This enclosing instance can be named explicitly by a “qualified this” ex-
pression (found in both Java and FJI), consisting of the simple name of the
enclosing class followed by “.this”. In general, the class C;. - - - .C, can refer to
n—1 enclosing instances, Cy . this to C,,_1 .this, as well as the usual this, which
can also be written C,, .this. To avoid ambiguity of the meaning of C.this, the
name of an inner class must be different from any of its superclasses.

In FJI, an object of an inner class is instantiated by an expression of the form
eo.new<T> C(e), where eq is the enclosing instance and T is the static type of
eo. The result of ep.new<T> C(€) is always an instance of T.C, regardless of
the run-time type of eg. (We avoid a notation like ep.new T.C(8) because it
is not in the Java syntax. Java allows only the notation new T.C(€) (without
a prefix), which roughly means an instantiation from the class T.C with an
enclosing instance T.this; see Section [§ for more details.) This rigidity reflects
the static nature of Java’s translation semantics for inner classes. The explicit
annotation <T> is used in FJI to “remember” the static type of eg. (By contrast,
inner classes in Beta are virtual [14], i.e., different constructors may be invoked
depending on the run-time type of the enclosing instance; for example, if there
were a subclass Quter’ of the class Quter that also had an inner class Inner, then
o.new Inner () might build an instance of either Outer. Inner or Outer’.Inner
depending on the dynamic type of o.)

The elaboration process allows type names to be abbreviated in Java pro-
grams. For example, the FJI program above can be written

class Outer extends Object {
Pair p;
Outer (Pair p) {super(); this.p = p;}
class Inner extends Object {
Inner () {super();}
Object snd_p () { return p.snd; }
}

Inner make_inner () { return new Inner(); }
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in Java. Here, the return type Inner of the make_inner method denotes the
nearest Inner declaration. Also, in Java, enclosing instances can be omitted
when they are this or a qualified this. Thus, this.new<Outer> Inner () from
the original example is written new Inner () here.

3.2 Subclassing and Inner Classes

Almost any form of inheritance involving inner classes is allowed in Java: a top-
level class can extend an inner class of another top-level class, or an inner class
can extend another inner class from a completely different top-level class. An
inner class can even extend its own enclosing class. (Only one case is disallowed:
a class cannot extend its own inner class. We discuss the restriction later.) This
liberality, however, introduces significant complexity because a method inheri-
ted from a superclass must be executed in a “lexical environment” different from
the subclass’s. Figure [I] shows a situation where three inner classes, A1.A2.A3
and B1.B2.B3 and C1.C2.C3, are in a subclass hierarchy. Each white oval repre-
sents an enclosing instance and the three shaded ovals indicate the regions of
the program where the methods of a C1.C2.C3 object may have been defined. A
method inherited from A1.A2.A3 is executed under the environment consisting
of enclosing instances A1.this and A2.this and may access members of enclo-
sing classes via Al.this and A2.this; similarly for B1.B2.B3 and C1.C2.C3. In
general, when a class has n superclasses which are inner, n different environ-
ments may be accessed by its methods. Moreover, each environment may consist
of more than one enclosing instance; six enclosing instances are required for all
the methods of C1.C2.C3 to work in the example above.

From the foregoing, we see that we will have to provide, in some way, six
enclosing instances to instantiate a C1.C2.C3 object. Recall that, when an object

class Al ... {
Tl al; ...
class A2 ... { ...

Al.this.al

class A3 ... { ...

11}

class Bl ... { ...
class B2 ... { ...
T2 b2; ...
class B3 extends Al.A2.A3 {
Bl
11}

class €1 ... { ... extends

class €2 ... { ...
class C3 extends B1.B2.B3 {

11}

Fig. 1. A chain of environments
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of an inner class is instantiated, the enclosing object is provided by a prefix
eo of the new expression. For example, a C1.C2.C3 object is instantiated by
writing eg.new<C1.C2> C3(€), where e is the enclosing instance corresponding
to C2.this. Where do the other enclosing instances come from?

First, enclosing instances from enclosing classes other than the immediately
enclosing class, such as C1l.this, do not have to be supplied to a new expres-
sion explicitly, because they can be reached via the direct enclosing instance—
for example, the enclosing instance eg in ep.new<C1.C2> C3(e) has the form
new C1(c).new<C1> C2(d), which includes the enclosing instance new C1(<c)
that corresponds to C1.this.

Second, the enclosing instances of superclasses are determined by the con-
structor of a subclass. Taking a simple example, suppose we extend the inner
class Outer.Inner. An enclosing instance corresponding to Outer.this is re-
quired to make an instance of the subclass. Here is an example of a subclass of
Outer.Inner:

class RefinedInner extends Outer.Inner {
Object c;
RefinedInner (Outer this$Outer$Inner, Object c) {
this$Outer$Inner.super(); this.c=c;

1

In the declaration of the RefinedInner constructor, the ordinary argument
this$Outer$Inner becomes the enclosing instance prefix for the super con-
structor invocation, providing the value of Outer.this referred to in the inheri-
ted method snd_p. Similarly, in the C1.C2.C3 example, the subclass B1.B2.B3
is written as follows (we assume A1.A2.A3 has a field a3 of type Object):

class Bl extends ... { ...
class B2 extends ... { ...
class B3 extends A1.A2.A3 {
Object b3;

B3(Object a3, A1.A2 this$A1$A2$A3, Object b3) {
this$A1$A28A3. super(a3); this.b3 = b3; }
3

Note that, since an enclosing instance corresponding to Al.this is included in
an enclosing instance corresponding to A2.this, the B3 constructor takes only
one extra argument for enclosing instances. Here is C1.C2.C3 class:

class C1 extends ... { ...
class C2 extends ... { ...
class C3 extends B1.B2.B3 {
Object c3;

C3(Object a3, A1.A2 this$A1$A2$A3,
Object b3, B1.B2 this$B1$B2$B3, Object c3) {
this$B1$B2$B3.super (a3, this$A1$A2$A3, b3); this.c3 = c3; }
33}
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Since the constructor of a superclass B1.B2.B3 initializes A2.this, the construc-
tor C3 initializes only B2.this by qualifying the super invocation; the argument
this$A1$A2$A3 is just passed to super as an ordinary argument.

In FJI, we restrict the qualification of super to be a constructor argument,
whereas Java allows any expression for the qualification. This permits the same
clean definition of operational semantics we saw in FJ, since all the state infor-
mation (including fields and enclosing instances) of an object appears in its new
expression. Moreover, for technical reasons connected with the name mangling
involved in the translation semantics, we require that a constructor argument
used for qualification of super be named this$C;$---$C,,, where C;.---.C, is
the (direct) superclass, as in the example above.

Lastly, we can now explain why it is not allowed for a class to extend one
of its (direct or indirect) inner classes. It is because there is no sensible way to
make an instance of such a class. Suppose we could define the class below:

class Foo extends Foo.Bar {
Foo (Foo f) { f.super(); }
class Bar { ... } }

Since Foo extends Foo.Bar, the constructor Foo will need an instance of Foo
as an argument, making it impossible to make an instance of Foo. (Perhaps one
could use null as the enclosing instance in this case, but this would not be useful,
since inner classes are usually supposed to make use of enclosing instances.)

3.3 Syntax

Now, we proceed to the formal definitions of FJI. The abstract syntax of the
language is shown at the top left of Figure 2l We use the same notational con-
ventions as in the previous section. The metavariables S, T, and U ranges over
types, which are qualified class names (a sequence of simple names Cy,...,Cy,
concatenated by periods). For compactness in the definitions, we introduce the
notation % for a “null qualification” and identify x.C with C. The metavariable
P ranges over types (T) and . We write C€Pif P=Cy.---.C, and C = C; for
some 1.

A class declaration L includes declarations of its simple name C, superclass
T, fields T £, constructor K, inner classes L, and methods M. There are two kinds
of constructor declaration, depending on whether the superclass is inner or top-
level: when the superclass is inner, the subclass constructor must call the super
constructor with a qualification “f.” to provide the enclosing instance visible
from the superclass’s methods. As we will see in typing rules, constructor ar-
guments should be arranged in the following order: (1) the superclass’s fields,
initialized by super(f) (or f.super(f)); (2) the enclosing instance of the su-
perclass (if needed); and (3) the fields of the class to be defined, initialized by
this.f=f. Like FJ, the body of a method just returns an expression, which is
a variable, field access, method invocation, or object instantiation. We assume
that the set of variables includes the special variables this and C.this for every
C, and that these variables are never used as the names of arguments to methods.
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Syntax:
Tu=Cy.---.Cp
L :=class C<T {T f; K L M}
K:=C(T £) {
sEpgr(f); this.f = f;}
| C(T £) { B o
f.super(f); this.f = f;}

M:=Tm (T X) {fe;}
ex=x|e.f|e.n(e)

| new C(€) | e.new<T> C(e)
Computation:

fields(C) =T £
new C(e).f;, — e;

fields(T.C) =T £
eo.new<T> C(e).f; — e;

mbody(m,C) = (X,do,C1. -+ .Cp)
cn Enew C(8)
ci def enclcl,m,cﬂ_l(ciﬁ_l) i€l..n—1
new C(e€).m(d)
[d/i, cn/this, } d
ci/Ci.this €t | 70

mbody(m, T.C) = (X,do,C1.---.Cp)
cn % ep.new<T> C(&)
c; & encley .....c; 1, (Cit1) ielnl
eo.new<T> C(&).m(d)
[d/i, cn/this, } d
ci/Ci.this i€t | 70

Subtyping:
S< T T< U
T<T
S< U

CT(S) =class C<T {...}
S< T

Expression typing:

I'x)=T
I'kFxeT

I'eg €Ty ﬁeldS(To) IT f
I+ eo.fi € Tz

T'keoeTo mtype(m, To) = U—Uy
'rees S<«U
I'kep.m(e) €Uy

ﬁelds(C):Tf I'+eeS S<T
I'-new C(e) €C
'FeocS TFecsS
fields(T.C) =T £ S<T S« T

't eg.new<T> C(e) €T.C

Method typing:

X:T, this:Cy. -+ .Cp,
C,.this:Cy.---.C; *€Lwn Feo €Sy
CT(Cl Cn) — class qus { . .}

if mtype(m, S) = U—Uy,
then ﬁ = T and Uo = TO
To m(T X) {feo;} OK IN Ci.---.Cy

So <t To

Class typing:

K= cSg, T HH)X{
~  super(g); this.f = f;}
fields(D) =S g C £P

M OK in P.C L OK in P.C
class C«D {T f; KL M} OK IN P

_C(5g Tego THI

K go.super(g); this.f = f;}
fields(T.D)=S g C £P
M OK in P.C L OK in P.C
class C<T.D{T f; KL M} OK IN P

Fig. 2. FJI: Main Definitions
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A program is a pair of a class table CT (a mapping from types T to class
declarations L) and an expression e. Object is treated exactly in the same way
as in FJ. From the class table, we can read off the subtype relation between
classes. We write S <: T when S is a subtype of T—the reflexive and transitive
closure of the immediate subclass relation given by the extends clauses in CT.
This relation is defined formally at the bottom left Figure 2

We impose the following sanity conditions on the class table: (1) CT(P.C) =
class C ... for every P.C € dom(CT). (2) If CT(P.C) has an inner class
declaration L of name D, then CT(P.C.D) = L. (3) Object £dom(CT). (4) For
every type T (except Object) appearing anywhere in CT, we have T € dom(CT).
(5) For every e .new<T> C(€) (and new C(€), resp.) appearing anywhere in CT,
we have T.C € dom(CT) (and C € dom(CT), resp.). (6) There are no cycles in
the subtyping relation. (7) T £ T.U, for any two types T and T.U. By conditions
(1) and (2), a class table of FJI can be identified with a set of top-level classes.
Condition (7) prohibits a class from extending one of its inner classes.

3.4 Auxiliary Functions

For the typing and reduction rules, we need a few auxiliary definitions, given
in Figure Bl The fields of a class T, written fields(T), is a sequence T f pairing
the class of each field with its name, for all the fields declared in class T and all
of its superclasses. In addition, fields(T) collects the types of (direct) enclosing
instances of all the superclasses of T. For example, fields(C1.C2.C3) returns the
following sequence:

fields(C1.C2.C3) = Object a3, (field from A1.A2.A3)

A1.A2 this$A1$A2$A3, (enclosing instance A2.this)

Object b3, (field from B1.B2.B3)

B1.B2 this$B1$B2$B2, (enclosing instance B2.this)
(

Object c3 field from C1.C2.C3)

The third rule in the definition inserts enclosing instance information between
the fields S g of the superclass U.D and the fields T £ of the current class. In a
well-typed program, fields(T) will always agree with the constructor argument
list of T.

The type of the method m in class T, written mtype(m, T), is a pair, written
S—8, of a sequence of argument types S and a result type S. Similarly, the body
of the method m in class T, written mbody(m, T), is a triple, written (%, e, T), of
a sequence of parameters X, an expression e, and a class T where the method is
defined.

The function enclr(e) plays a crucial role in the semantics of FJI. Intuitively,
when e is a top-level or inner class instantiation, enclr(e) returns the direct
enclosing instance of e that is visible from class T (i.e., the enclosing instance
that provides the correct lexical environment for methods inherited from T). The
first rule is the simplest case: since the type of an expression eg.new<T> C(€)
agrees with the subscript T.C, it just returns the (direct) enclosing instance
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Field lookup: CT(T) = class C<S {S fj K L M}
m is not defined in M
fields(Object) = o mbody(m, T) = mbody(m, S)
CT(T) =class C<D ET f; KL M} Enclosing instance lookup:
fields(D) =5 g
ﬁelds( ) § g T £ enclT,c(eo.new<T> C(é)) =€y
CT(T) =class C<U.D {T f; K L M}
fields(U.D) =S & CT(C)=class C<aD {S £f;...}
U=Cy.---.C, #(f) = #(e)
fo =this$C;$---$C,$D enclr(new C(d, f))
fields(T) =S g,U £o, T £ = enclz(new D(d))
Method type lookup: CT(C) = class C<U.D {S f;...}
o #(f) = #(e)
CT(T) = class EQS {s £f; KL M} encir(new C(@, do, ©))
Uom (U {fe;j}eM — encly(do .new<U> D(Q))
mtype(m, T) = U—=Up
- = - — T(S.C)=-cl D {S f;...
CT(T) = class C<S {S§; KL M | C (S;()f)_c;(s;) CQT/{:S c ¥
m is not defined in M o — 5 0@ 7))
— enclt(eo .new<s> , €
mtype(m, T) = miype(m, S) ~ enclz(new D(@))
Method body lookup: o
CT(S.C)=class C<U.D {S f;...}
CT(T) = class C<8 {S f; K L M} #(E)=#() T ,S.C
Upom (UX) {fe;}eM enclr(eo.new<S> C(d, do, ©))
mbody(m, T) = (X, e, T) = enclt(do .new<U> D(d))

Fig. 3. FJI: Auxiliary definitions

eo. The other rules follow a common pattern; we explain the fifth rule as a
representative. Since the subscripted type T is different from the type of the
argument eg.new<S> C(d, dg, @), the enclosing instance eq is not the correct
answer. We therefore make a recursive call with an object dg.new<U> D(d) of
the superclass obtained by dropping eg and as many arguments € as the fields
f of the class S.C. We keep going like this until, finally, the argument becomes
an instance of T and we match the first rule. For example:

enClAl.AZAS(eo .new<C1.C2>
enclyy po.a3(e2 . new<B1.B2>

new A1(Q) .new<A1> A2(Q)

C3(a,
B3(a,

enclyy po.p3(e1.new<Al.A2> A3(a))

€1, b: ea2, C))
er ,b))

where e; = new A1() .new<A1> A2() and ey = new B1() .new<B1> B2().
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Note that the encl function outputs only the direct enclosing instance. To ob-
tain outer enclosing instances, such as Al.this, encl can be used repeatedly:
enCZM.A2(6nClA1.A2.A3(e))-

3.5 Computation

As in FJ, the reduction relation of FJI has the form e — e’. We write —* for
the reflexive and transitive closure of —. The reduction rules are given in the
middle of the left column of Figure2 There are four reduction rules, two for field
access and two for method invocation. The field access expression new C(8) .f;
looks up the field names £ of C using fields(C) and yields the constructor argu-
ment e; in the position corresponding to f; in the field list; eg.new<T> C(€) .f;
behaves similarly. The method invocation expression new C(g).m(d) first calls
mbody(m, C) to obtain a triple of the sequence of formal arguments %, the method
body e, and the class C;. ---.C, where m is defined; it yields a substitution in-
stance of the method body in which the X are replaced with the actual arguments
d, the special variables this and C,, . this with the receiver object new C(€), and
each C;.this (for i < n) with the corresponding enclosing instance c;, obtained
from encl. Since the method to be invoked is defined in C;. ---.C,, the direct
enclosing instance C,_;.this is obtained by enclg, ... ¢, (e), where e is the re-
ceiver object; similarly, C,,_».this is obtained by enclg, .....c, _, (encle, .... ¢, (e)),
and so on. The reduction rules may be applied at any point in an expression, so
we also need the obvious congruence rules (if e — e’ then e.f — ¢’.£f, and
the like), which we omit here.

For example, if the class table includes Outer, RefinedInner, Pair, A, and
B, then

new RefinedInner(
new Outer(new Pair(new A(), new B())), new Object()).snd_p()

reduces to new B() as follows:

new RefinedInner (

new Outer(new Pair(new A(), new B())), new Object()).snd_p(Q)
— new Outer (new Pair(new A(), new B())).p.snd
—— new Pair(new A(), new B()).snd
— new B(Q)

3.6 Typing Rules

The typing rules for expressions, method declarations, and class declarations are
given in the right column of Figure 2l An environment I' is a finite mapping
from variables to types, written X:T. The typing judgment for expressions has
the form I' - e € T, read “in the environment I', expression e has type T.” The
typing rules are syntax directed, with one rule for each form of expression. The
typing rules for object instantiations and method invocations check that each
actual parameter has a type which is a subtype of the corresponding formal
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parameter type obtained by fields or mtype; the enclosing object must have a
type which is a subtype of the annotated type T in new<T>.

The typing judgment for method declarations has the form MOKINC;. - - .Cy,
read “method declaration M is ok if it is declared in class Cy . - -- .C,.” The body
of the method is typed under the context in which the formal parameters of the
method have their declared types and each C;.this has the type C;.---.C;. If a
method with the same name is declared in the superclass then it must have the
same type in the subclass.

The typing judgment for class declarations has the form L 0K IN P, read
“class declaration L is ok if it is declared in P.” If P is a type T, the class
declaration L is an inner class; otherwise, L is a top-level class. The typing rules
check that the constructor applies super to the fields of the superclass and
initializes the fields declared in this class, and that each method declaration and
inner class declaration in the class is ok. The condition C £P ensures that the
(simple) class name to be defined is not also a simple name of one of the enclosing
classes, so as to avoid ambiguity of the meaning of C.this.

3.7 Properties

As well as FJ programs, FJI programs also enjoy standard subject reduction and
progress properties, which together guarantee that well-typed programs never get
stuck on field accesses or method invocations.

Theorem 1 (Subject Reduction). IfT'Fe € Tande — &', then'Fe&' €T
for some T’ such that T' <: T.

Theorem 2 (Progress). Suppose e is a well-typed expression.

(1) If e includes new Co(e).f as a subexpression, then fields(Co) = T £ and
f € £. Similarly, if e includes eq.new<Ty> C(€).f as a subexpression, then
fields(To.C) =T £ and £ € £.

(2) If e includes new Cy(8).m(d) as a subexpression, then mbody(m,Co) =
(%,e0,C1. - .Cyp) and #(X) = #(d), and c1,...,c, appearing in the third
computation rule are well defined.

Similarly, if e includes eg.new<To> C(e€).m(d) as a subexpression, then
mbody(m, Tg.C) = (%,do,C1. - .Cpn) and #(X) = #(d) and c1,...,c, ap-
pearing in the fourth computation rule are well defined.

4 Translation Semantics

In this section we consider the other style of semantics: translation from FJI
to FJ. Every inner class is compiled to a top-level class with one additional
field holding a reference to the direct enclosing instance; occurrences of quali-
fied this are translated into accesses to this field. For example, the Outer and
RefinedInner classes in the previous section are compiled to the following three
FJ classes.
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class Outer extends Object {
Pair p;
Outer (Pair p) { super(); this.p = p; }
Outer$Inner make_inner () { return new Outer$Inner(this); }

}

class Outer$Inner extends Object {
Outer this$Outer$Inner;
Outer$Inner (Outer this$Outer$Inner) {
super(); this.this$Outer$Inner = this$Outer$Inner; }
Object snd_p { return this.this$Outer$Inner.p.snd; }
}

class RefinedInner extends Outer$Inner {
Object c;
RefinedInner (Outer this$Outer$Inner, Object c) {
super (this$Outer$Inner); this.c = c;
}
}

The inner class OQuter. Inner is compiled to the top-level class Quter$Inner; the
field this$0uter$Inner holds an Outer object, which corresponds to the direct
enclosing instance Quter.this in the original FJI program; thus, Outer.this is
compiled to the field access expression this.this$Outer$Inner.

We give a compilation function | - | for each syntactic category. Except for
types, the compilation functions take as their second argument the FJI class
name (or, x) where the entity being translated is defined, written | - |, (or | - |,).

4.1 Types, Expressions and Methods

Every qualified class name is translated to a simple name obtained by syntactic
replacement of . with $.

|Cl~"‘~Cn| = C;$---$C,
The compilation of expressions, written |e|;, is given below. We write [g|; as
shorthand for [e1|;, ..., |en|; (and similarly for |T|, M|T and ’f‘P).

| =X

‘eo.f|T :‘eo‘T.f

eo.m(@ |y = leoly -m([e];)

lnew D(@)|; =new D(|g;)

leo .new<T> D(&) |, =new |T.D|([€];, |eol;)

|this|, = this

‘Cn-this‘cl.m.cn = this

‘Ci'this|cl.---.cn = ‘Ci+1'this|cl,---.c” .thiS$C1$"'$Ci+1 (1 <i1<n-— 1)

As we saw above, a compiled inner class has one additional field, called this$ |T|,
where T is the original class name. C;.this in the class C;. ---.C, becomes an
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expression that follows references to the direct enclosing instance in sequence
until it reaches the desired one. An enclosing instance ey of eg.new<T> C(€)
will become the last argument of the compiled constructor invocation.

Compilation of methods, written M|, is straightforward. We use the notation
‘T| x for ‘Tl‘ Xlgenny |Tn| Xn.

[To m (T ©) { return e; }’T: ITo| mC|T| ® { return le|;; }

4.2 Constructors and Classes
Compilation of constructors, written [K|;, is given below.
cSg, TH

{ super(g); this.f = f; }

_c(s| g [T D

{super(g); this.f=f;}

C

C(5E, So go, T 1)
{ go.super(g); this.f = £f; }

_C(|§’ g, |So| g0 > |T| 1)

{super (g, go); this.f=f;}

C

IT.clC(|8|] &, |T| %,
IT| this$|T.C|)

- {super(g); this.f = f;
this.this$|T.C|=this$ |T.C|;}

cSg, TH
{ super(g); this.f = f; }

T.C

_ o |TC|(|§| E, |So| £0 > |T| f,
C(Sg, So go, T ©) B IT| this$|T.C|)
{ go.super(g); this.f = £f; }| . {super(g, go); this.f = f;
this.this$|T.C|=this$|T.C|;}

T.C

It has four cases, depending on whether the current class is a top-level class or an
inner class and whether its superclass is a top-level class or an inner class. When
the current class is an inner class, one more argument corresponding to the enclo-
sing instance is added to the argument list; the name of the constructor becomes
|T.C|, the translation of the qualified name of the class. When the superclass is
inner (the third and fourth cases), the argument used for the qualification of
f.super (f) becomes the last argument of the super () invocation.
Finally, the compilation of classes, written |L|, is as follows:

‘class CxsS {T f; K L M}L = class C«< [S] {m £; Kl ’mc} mc

class |T.C| < 8] {
|class CaS {T £; KL M} = [T| f; |T| this$|T.C|; K|, [M| 2}
[Llr.c

The constructor, inner classes, and methods of class C defined in P are compiled
with auxiliary argument P.C. Inner classes L become top-level classes. As in
constructor compilation, when the compiled class is inner, its name changes
to |T.C| and the field this$|T.C|, holding an enclosing instance, is added. The
compilation of the class table, written | C'T|, is achieved by compiling all top-level
classes L in CT (i.e., |L],).
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4.3 Properties of Translation Semantics

We develop three theorems here. First, the translation semantics preserves ty-
ping, in the sense that a well-typed FJI program is compiled to a well-typed
FJ program (Theorem B). Second, we show that the behavior of a compiled
program exactly reflects the behavior of the original program in FJI: for every
step of reduction of a well-typed FJI program, the compiled program takes one
or more steps and reaches a corresponding state (Theorem [) and vice versa
(Theorem [l).

Theorem 3 (Compilation preserves typing). When ' =% : T, we write |T|

forx |T| If an FJI class table CT is ok and X : T, this : C;. -+ .C,, C;.this :
Cy. .C; €l e € T with respect to CT, then |CT| is ok and X :
IT|, this : [Cy. -+ .Cp| Fry lelg, .....c, € |T| with respect to |CT|.

Theorem 4 (Compilation commutes with reduction). If ' Fr;; e € T
where dom(T') does not include this or C.this for any C, and e—pye’, then
|e|* —>FJ+ |e/|*'

Theorem 5 (Compilation preserves termination). If ' by e € T where
dom(T") does not include this or C.this, and |e|, —>¢,€, then e— e and
e'— g, * €|, for some e’.

Unfortunately, Theorems B]and bl would not hold for a call-by-value version of
FJI, since their properties depend on our non-deterministic reduction strategy.
An intuitive reason is as follows. In FJI, after method invocation, C.this is direc-
tly replaced with the corresponding enclosing instance. On the other hand, in the
compiled FJ program, C. this is translated to an expression this.f;.fy. -+ . £,
where each £f; is a mangled field name, and its evaluation may be guarded by its
context. Therefore, reduction steps do not commute with compilation straightfor-
wardly. Nevertheless, it should be possible to show correctness pby using another
technique, such as contextual equivalence [18], as Glew proved a similar result
in the context of object closure conversion for a call-by-value object calculus [7].

5 Elaboration

In this section we formalize the elaboration of user programs. In user programs,
the receivers of field access or method invocation, the enclosing instances of
inner class instantiation, and the qualifications of type names may be omitted.
For example, a simple name C means an inner class T.C when it is used in the
direct enclosing class T. A basic job of elaboration is to find where a name £, m,
or C is bound and to recover its receiver information or absolute path.

In the conventional scoping rules of simple block structured languages, simple
names are bound to their syntactically nearest declaration. In Java, however,
they can be bound to declarations in superclasses, or even in superclasses of
enclosing classes. For example, in the class below, £ in the method m is bound
to the field £ of the enclosing class C unless D has a field £.
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class C extends Object {
Object £f;
class D extends Object { ...
Object m (O { return f; }
}
}

Similarly, f in the method m is bound to the field £ of its superclass B (when
neither C nor D has field f) in the following classes.

class B extends Object { Object f; ... }
class C extends Object { ...
class D extends B { ...
Object m () { return f; }
}
¥

In general, beginning with the current class where the field/method name is
used, the search algorithm looks for the definition in superclasses; if there is no
definition in any superclass, it looks in the direct enclosing class and its super-
classes, and then in the second direct enclosing class and its super classes, and so
on. Once the declaration where a name is bound is known, it is easy to recover
the appropriate qualification. In the examples above, f becomes C.this.f and
D.this.f, respectively.

Suppose the algorithm above finds the definition of the field/method in one
of the superclasses of the current class. Then, a field/method of the same name
must not be defined in any of the enclosing classes. Similarly, if the field /method
definition is found in a superclass of an enclosing class C, a field/method of the
same name must not be defined in any of C’s enclosing classes. In the example
above, if both B and C declared a field £ (and D did not), then elaboration would
fail as £ in m is ambiguous; the user must write C.this.f or D.this.f, specifying
the enclosing instance explicitly. This rule also has one significant exception: it
is not considered ambiguous if the definition found in a superclass is also the
syntactically nearest definition in enclosing classes. This situation occurs when
an inner class extends one of its enclosing classes. For example, suppose E does
not declare the field £ in the class definition below.

class C extends Object {
Object f£;
class D extends Object { ...
class E extends C { ...
Object m () { return f; }
}
}
}

The reference to £ in m is not ambiguous unless D declares the field £. (The
algorithm finds the definition £ in a superclass of E.)
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Simple type names obey similar elaboration rules. For example, D occurring
in C is elaborated to C.D. However, unlike field names and method names, pre-
elaborated type names themselves can be qualified. In such a case the head
simple name is elaborated first, then it looks up the definitions of the following
names in a manner similar to field lookup. For example, consider the following
class declarations:

class A extends Object { ...

class B extends Object { ... }
}
class C extends Object { ...
class D extends A { ... }
}
class E extends C { D.B f; ... }

The type D.B of £ is elaborated to A.B as follows:

1. The first name D is elaborated to C.D.

2. It is checked whether C.D.B makes sense; in this case, it does not, since the
inner class D does not have the declaration of B. The elaborator replaces C.D
with its superclass A and elaborates A.B in the context of C.

3. Since A is not declared in C, it denotes the top-level class A.

4. Finally, since B is declared in the top-level class A, A.B is the elaborated type
for D.B in the context of E.

Last, we describe how a constructor invocation new T(€) is elaborated. Ac-
tually, it is slightly more involved than others since it requires both elaboration
of the type and recovering of an enclosing instance (when it turns out to be
instantiation of an inner class). First of all, the pre-elaborated type name T is
elaborated to T'. If T’ is a simple name C, then the constructor invocation does
not need an enclosing instance. On the other hand, if T’ is U.C, then we have to
make up an enclosing instance D.this, whose type is subtype of U, by checking
which enclosing class is a subclass of U. Finally, among such enclosing classes, the
innermost one is chosen and new T(€) is elaborated to D.this.new<U> C(...).
The annotation <U> is important to specify which inner class is instantiated,
since there might be more than one inner class C defined in classes between D
and U. Consider the following classes and the expression new A.B() inside the
class D.E:

class A extends Object { ...

class B extends Object { ... }
}
class C extends A { ...

class B extends Object { ... }
¥

class D extends C { ...
class E extends C { ...
Object m () { ... new A.BQ) ...}
}
}
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First, A.B is elaborated to itself. Now, we need to find out which enclosing class
(including the current class) is a subclass of A. In this case, both D and D.E
are; then, the innermost one, D.E, is chosen, and new A.B() is elaborated to
E.this.new<A> B(). The annotation <A> is important since we have to remem-
ber that the class A.B is to be instantiated (not C.B).

For brevity, we omit the formal rules of elaboration, which closely follow
the algorithm described above; interested readers are referred to a companion
technical report [11].

6 Interpretations of the Inner Class Specification

Through this work, we have experimented a few Java compilers, including Sun’s
JDK (for Solaris), JDK for linux, and guavac. Besides finding a few bugs related
to inner classes (mostly already known to the developers), we observed some
interesting variations in behavior corresponding to an underspecification in the
currently available Inner Classes Specification [12], concerning the meaning of
the C.this expression. Consider the following Java program:

class C {
void who () {
System.out.println("I’m a C object");

}

class D extends C {
void m () { C.this.who(); }
void who () {
System.out.println("I’m a C.D object");
1

public static void main (String[] args) {
new C().new DO .mQ);
}
}

Surprisingly, this program prints out I'm a C.D object when compiled with
JDK 1.1.7a, but I'm a C object under JDK 1.2. In the old JDK, the meaning
of C.this is exactly the same as D.this or this when C is a superclass of the
inner class C.D; thus, C.this is bound to the receiver new C().new D (). In
JDK 1.2, on the other hand, C.this is always bound to the enclosing object of
the receiver regardless of superclass.

7 Related Work

Nested classes in Beta. Beta [I5] also allows nested class definitions (as an in-
stance of nested patterns, the only abstraction mechanism in Beta, which unifies
classes and procedures). There are two significant differences from inner clas-
ses. First, inner classes are covariantly specialized in a subclass: for example, if
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C <: D and both C and D have the declaration of an inner class of name E, then
C.E must extend D.E. Second, nested classes are virtual [14], in the sense that it
depends on run-time type of the enclosing instance which constructor is invoked.
A constructor invocation e.new E(€) instantiates an object of class C.E when
the run-time type of e is C while it instantiates an object of class D.E when that
of e is D.

Madsen has recently described the algorithm of elaboration (they call seman-
tic analysis) used in the Mjglner Beta compiler [13]. The algorithm is very close
to the rules presented in Section [, in a sense that the search order is the same
as ours, although the presence of virtual classes complicates the algorithm.

Specification of inner classes. In the currently available Inner Classes Specifica-
tion [12], semantics of inner classes is given as a translation from inner classes to
top-level classes. It also explains how inner classes affect other language aspects,
such as synchronization, access restriction and binary compatibility. However,
description is rather informal and sometimes vague, resulting in different imple-
mentations with different semantics, as explained in the previous section.

Object closure conversion. Recently, Glew [7] has studied closure conversion in
the context of a call-by-value object calculus (without classes) and shown correc-
tness of conversion based on contextual equivalence. Our translation semantics
can also be viewed as closure conversion of class definitions. Since his calculus
does not have classes, semantic account of interaction between inheritance and
nested classes is not given.

Microsoft’s delegates. Microsoft has proposed delegates [16] as an alternative to
inner classes. The basic idea of delegates resembles the function pointers found
in C and C++. Programmers can create a delegate with an expression of the
form e.m (without parameters) and pass it elsewhere; later, the method m can be
invoked through the delegate. We believe it would be possible to model delegates
in an extension of FJ, as we have done here for inner classes. On the one hand,
the formalization would be simpler than inner classes due to the absence of
interaction with inheritance. On the other hand, it would be hard to model
the implementation scheme of delegates, since it depends on Java’s reflection
features.

Other core caleuli for Java. There have been proposed several calculi [5] [19] 17 6]
to study formal properties and extensions of Java; none of them, however, treats
inner classes, although we don’t see any inherent difficulty to integrate inner
classes into their calculi.

8 Conclusions and Future Work

We have formalized two styles of semantics for inner classes: a direct style and a
translation style, where semantics is given by compilation to a low-level language
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without inner classes, following Java’s Inner Classes Specification. We have pro-
ved that the two styles correspond, in the sense that the translation commutes
with the high-level reduction relation in the direct semantics. Besides deepening
our own understanding of inner classes, this work has uncovered a significant
underspecification in the official specification.

For future work, the interaction between inner classes and access restrictions
in Java is clearly worth investigating. We also hope to be able to model Java’s
other forms of inner classes: anonymous classes and local classes, which can be
declared in method bodies; these are slightly more complicated, since method
arguments (not just fields) can occur in them as free variables, but we expect
they can be captured by a variant of FJI.
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Syntax: Method typing:
L:=class C«C {C f; x M} X:C,this:Ck eg € Eg Eo < Co
_ CT(C)=class C<D {...}
kK:=C(C ) o if mtype(m,D) = D—Do,
{Super(f) 5 this.f = f,} then C D and Cp = DO
M:=C m(C X) {fe;} Com (C %) {feo;} OK IN C
ex=x|e.f|e.m(e) |new C(e) Class typing:
Computation: chg, CH
L " {super(g); this.f = £;}
fields(C) =C f£ fields(D)=D g M OK IN C
(new C(e)).f; — e; class C<D {C f; K M} OK
mbody(m, C) = (X, eo)
(new C(8)).m(d) Field lookup:
— [d/%, new C(e)/this]e
14/ /thisleo fields(Object) = o
Subtyping: CT(C) = class C<aD {C f; K M}
.. Cc<D D<E ﬁelds()ff%,
c< e o E fields(C)=D g, C T

CT(C) =class C<D {...}
C<D

Expression typing:
I'-xel(x)

I'keoeCy  fields(Co)=C T
I'Feo.f; €C;

T'kegeCy mtype(m, Co) = D—C

'+eeC c<«D

I'eg.m(e) €C

fields(C)=D f T'kreseC C <

D

I'new C(8) €C

Method type lookup:

CT(C) = class C<D {C f; K M}
Bm (B X) {fe;}ecM
mitype(m, C) = B—B

CT(C) = class C<D {C f; K M}
m is not defined in M

mtype(m, C) = mtype(m, D)
Method body lookup:
CT(C) = class C<D {C f; K M}

Bm (B X) {fe;}eM
mbody(m, C) = (X, e)

m is not defined in M
CT(C) = class C<aD {C f; K M}
mbody(m, C) = mbody(m, D)

Fig. 4. FJ Definitions
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Abstract. In this paper we present Jam, an extension of the Java langu-
age supporting mizins, that is, parametric heir classes. A mixin declara-
tion in Jam is similar to a Java heir class declaration, except that it does
not extend a fixed parent class, but simply specifies the set of fields and
methods a generic parent should provide. In this way, the same mixin
can be instantiated on many parent classes, producing different heirs,
thus avoiding code duplication and largely improving modularity and
reuse. Moreover, as happens for classes and interfaces, mixin names are
reference types, and all the classes obtained instantiating the same mixin
are considered subtypes of the corresponding type, hence can be handled
in a uniform way through the common interface. This possibility allows
a programming style where different ingredients are “mixed” together
in defining a class; this paradigm is somehow similar to that based on
multiple inheritance, but avoids the associated complications.

The language has been designed with the main objective in mind to
obtain, rather than a new theoretical language, a working and smooth
extension of Java. That means, on the design side, that we have faced the
challenging problem of integrating the Java overall principles and com-
plex type system with this new notion; on the implementation side, that
we have developed a Jam to Java translator which makes Jam sources
executable on every Java Virtual Machine.

1 Introduction

In the last years, the notion of parametric heir class or mizin (following the
terminology originally introduced in [I7UI5]) has attracted great interest in the
programming languages community. As the first name suggests, a mixin is a
uniform extension of many different parent classes with the same set of fields and
methods, that is, a class-to-class function. To be more concrete, let us consider
a schematic class declaration in Java.

class H1 extends P1 { decs }

where P1 is some parent class and decs denotes a set of field and method
declarations. In Java, as in most other object-oriented programming languages,
if we want to extend another parent class, say P2, with the same set of fields
and methods, then we have to write a new independent declaration, duplicating
decs.

* Partially supported by Murst - Tecniche formali per la specifica, ’analisi, la verifica,

la sintesi e la trasformazione di sistemi software

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 154-[T78, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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class H2 extends P2 { decs }

Consider now a language allowing to give a name, say M, to decs, and instantia-
ting M on different parent classes, e.g., P1 and P2, obtaining different heir classes
equivalent to H1 and H2 above.

mixin M { decs }
class H1 = M extends P1 ;
class H2 = M extends P2 ;

Then we say that M is a mixin.

A mixin declaration resembles a usual heir class declaration, except for the
fact that a mixin does not refer to a fixed parent class, but simply specifies the
set of fields and methods a parent should provide. The fact that the same mixin
can be instantiated on many parent classes avoids code duplication and largely
improves modularity and reuse. The name refers to the fact that in a language
supporting mixins it is possible to “mix”, in some sense, different ingredients
during class creation, as nicely illustrated through the jigsaw puzzle metaphor
in [5]. This paradigm is similar to multiple inheritance, but avoids the associated
complications.

Mixin-based programming has been now extensively studied both on the me-
thodological and foundational point of view [6l5]2/[3]. The results can be summa-
rized as follows. First, the mixin notion is not strictly related to object-oriented
programming but can be formulated in general in the context of module com-
position (a mizin module is a module where some components are not defined
but expected to be provided by some other module). This notion allows to have
a clean and unifying view of different linguistic mechanisms for composing mo-
dules. Then, the intuitive understanding of a mixin as a class-to-class function
(or, in the general case, module-to-module function) can be actually supported
by a rigorous mathematical model [23].

Despite of this advanced state of the art, few attempts have been tried to
designing real programming languages supporting mixins. As already mentioned,
the first use of the word mixin as a technical term originates with the LISP
community [I5T9]. After that, at our knowledge, there exist only a proposal for
extending ML [I2], a working extension of Smalltalk [7] and a proposal for a
Java-like mixin language [I3] (whose relation with our work will be discussed in
detail in Sect[d).

In this paper, we present J arrﬁ, a working and smooth extension of Java with
mixins. By these two adjectives we mean that our main aim is to produce an
executable and minimal extension of Java, rather than define a new theoreti-
cal language supporting mixins. More precisely, Jam is an upward-compatible
extension of Java 1.0 (apart from two new keywords), a great effort has been
spent in integrating mixin-related features with the Java overall design princi-
ples, the type system is a natural extension of the Java type system with a new
kind of types (mixin types), the dynamic semantics is directly defined by trans-
lation into Java and, finally, this translation has been implemented by a Jam to

! Java 4+ mixin = Jam
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Java translator which makes Jam immediately executable on every Java Virtual
Machine.

The structure of the presentation is as follows. In Sect 2] we provide an intro-
duction to Jam, through some examples, and illustrate and motivate in detail
our design choices. In Sect[3 we outline the abstract syntax and the formal static
semantics (the full definition can be found in []). In Sectl] we define a trans-
lation from Jam into Java and state the correctness of this translation w.r.t.
static semantics (that is, correct Jam programs are expanded into correct Java
programs; this also ensures the soundness of the Jam type system). In Sect.Bl
we briefly describe the implementation. Finally in Sect[f] we provide a detailed
comparison with related work and outline further research directions.

An extended version of this paper, including the full type system, the proof
of correctness of the translation and more examples and discussions, is [1].

The Jam compiler and its sources are available at the following URL:
http://www.disi.unige.it/person/LagorioG/jam.

2 Introduction and Rationale

2.1 An Example

Fig.[l shows the declaration of the mixin Undo. We use typewriter style for code
fragments. This mixin, as the name suggests, provides an “undo” mechanism that
supports restoring of the text before the latest modification.

mixin Undo {
inherited String getText() ;
inherited void setText(String s) ;
String lastText;
void setText (String s) { lastText = getText() ; super.setText(s) ; }
void undo () { setText(lastText); }

Fig. 1. Mixin declaration

As shown in the example, a mixin declaration is logically split in two parts:
the declarations of the components which are expected to be provided by the pa-
rent class, prefixed by the inherited modifier, and the declarations of the com-
ponents defined in the mixin. Note that defined components can override/hide
inherited components, as it happens for usual heir classes.

The mixin Undo can be instantiated on classes that define two non-abstract
methods getText and setText, with types as specified in the inherited decla-
ration.

Fig.[2 shows an example of instantiation; we have used as parent a class
Textbox which extends a generic class Component. In the instantiation no con-
structors are specified for the new class TextboxWithUndo (they should be decla-
red between the curly braces) and so, as in Java, it is assumed that the class has
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class Textbox extends Component {
String text ;

String getText() { ... }
void setText(String s) { ... }

}

class TextboxWithUndo = Undo extends Textbox {}

Fig. 2. Mixin instantiation

only the default constructor. To obtain a correct instantiation Textbox must
define the mixin inherited part by implementing the methods getText and
setText. These methods must have the same return and arguments type and
equivalent (substitutableE throws clause w.r.t. the corresponding inherited
declaration. The classes obtained by instantiating the mixin provide, in addition
to the methods getText (inherited from parent class) and setText (inherited
and overridden), all other fields and methods of the class Textbox, the method
undo and the field lastText.

The expected semantics of mixin instantiation can be informally expressed
by the following copy principle:

A class obtained instantiating a mixin M on a parent class P
should have the same behavior as a usual heir of P whose body
contains a copy of all the components defined in M.

This principle corresponds to the “natural” semantics for mixin instantiation,
that is, the semantics one would obtain defining a “hand-made” subclass. A class
implementing the mixin inherited part can nevertheless be an invalid parent
for instantiation, since there is another requirement to be met: the heir class
obtained instantiating the mixin must be a correct Java heir class. This leads to
a set of constraints which are described in detail in Sect 23]

What we have seen so far demonstrates the use of a mixin declaration as
a scheme, that is, a parametric heir class that can be instantiated on different
classes. In this way we avoid code duplication, a good result in itself, but Jam
allows something more: a mixin can be used as a type and a mixin instancet] is a
subtype of both the mixin and the parent class on which it has been instantiated.

This allows the programmer to manipulate objects of any mixin instance by
using the common interface specified by the mixin declaration (see Fig.B).

An important consequence is that Jam supports a programming style (some-
times called mixin-based [6]) where different ingredients are “mixed” together
in defining a class. This paradigm has been advocated [5] on the methodological

2 That is, every exception declared in one clause must be a subtype of an exception
declared in the other, and conversely.

3 We will call mizin instance a class obtained by instantiating a mixin, to be not
confused with an instance of a class.
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class TextboxWithUndo = Undo extends Textbox {}
class BreakIteratorWithUndo = Undo extends java.text.BreakIterator {}
class TestUndo {
void £() {
g( new TextboxWithUndo() ) ;
g( new BreakIteratorWithUndo() ) ;
}
void g(Undo u) {
u.setText("foo") ; u.setText("bar") ;
System.out.println("Previous text: "+u.lastText) ;
System.out.println("Current text : "+u.getText());

}
}

Fig. 3. Use of mixin types

side since it allows to recover some of the expressive power of multiple inheri-
tance without introducing its complication; however the novelty of Jam is that
mixin-based programming is rigorously introduced in the context of a strongly
typed language.

2.2 Other Components of a Mixin Declaration

In the simple example presented in the previous section we have not included
all the kinds of components which can appear in a mixin declaration.

Indeed, following the design principle that a mixin should be as similar as
possible to a usual heir class, mixins should provide all their features. In the
sequel we illustrate each of them in detail highlighting and justifying some re-
strictions.

Interfaces. A mixin can implement many interfaces in exactly the same way a
class does.

Constructors. In Jam constructors cannote be declared in a mixin, but only for
each single mixin instance at the point of instantiation. From a technical point of
view, it would be conceivable to declare constructors in mixins, handling them as
components which are not part of the mixin type, as we do for static components
(see below). However, we have preferred this choice since from a methodological
point of view constructors are tightly tied-up with the implementation of their
own class, so their signatures tend to be not very general.

Inherited instance fields. In a mixin it is possible to access inherited (instance)
fields in the same way as a usual heir class does: using the field name id or the
forms this.id and super.id (the latter is needed when a defined field hides an
inherited one).
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Static members. Although in Jam static components are declared in the same
way as instance components except, of course, the use of the static modifier,
their visibility is different: they are not considered part of the mixin type. Con-
sider, for example, the following code fragment:

mixin M { static void m() {} static int f ; }

We do not allow in Jam invocations M.m() or e.m() with e of type M. However,
for each class H obtained instantiating M, invocations H.m() or e.m() with e of
type H are legal. The same rule holds for fieldd¥. In other words, every class that
is an instance of M has “its own copy” of static components declared in the mixin.
Other choices are technically possible:

— sharing only one copy of the static components declared in the mixin between
all mixin instances; in this case accessing static members through the mixin
type should be allowed as well;

— leave to the programmer (introducing a new keyword, or analogous mecha-
nisms) the decision whether a component should be shared between all the
mixin instances or not.

In Jam, we have chosen the “unshared” version because, in this way, a mixin
instantiation on a parent class is equivalent to that obtained by copying the mixin
body in the declaration of the new class, as requested by the copy principle. Static
components can be inherited (of course, they are not part of mixin type either)
but, like in Java, static methods cannot be abstract.

2.3 Constraints on Instantiation

As mentioned in Sect. [T], the fact that a class P provides an implementation for
the inherited part of a mixin M is not enough to ensure that P can be correctly
used as a parent for M. Indeed, in addition to methods declared inherited in
M, the class P can contain some other methods which could interfere, in various
ways, with methods in M. Let us briefly illustrate the different interference cases.

Illegal overriding/hiding A method in P is illegally overridden (hidden) (see
8.4.6.3 in [14]) by a defined method in M if it has the same signature (name and
arguments type) but either different return type, or different kind (instance or
static) or incompatible throws clause. This is not correct in Jam as well as in
Java.

Unezpected overriding/hiding A method in P is incidentally overridden (hid-
den) by a method defined in M if it has the same name, arguments type, return
type, kind and a compatible (see 8.4.4 in [14]) throws clause. For instance, in-
stantiating the mixin Undo on a class with a void undo() method produces an
unexpected overriding. This situation looks somehow undesirable, since there is
some overriding which was not planned when declaring the mixin; however, our
choice for Jam has been to consider these instantiations to be legal, leaving to
the programmer the responsibility of avoiding them when the additional over-
riding is undesired?. Indeed, different choices would sensibly complicate either

* We maintain this alternative syntax for compatibility reasons only, see 15.10.1 of [14].
5 A Jam compiler may issue a warning in such cases.
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the static (if the choice is to forbid) or dynamic (if the choice is to keep both
versions) semantics, while ours is the natural extension to mixins of usual heir
classes semantics. See Sect[f for some further discussion on this point.

Ambiguous overloading There exist contexts in which the presence of the me-
thod in P makes ambiguous, w.r.t. overloading resolution, an invocation of the
method in M. Let us clarify this case with an example. Assume that the method
Undo.undo contains the call setText(null); this invocation is statically cor-
rect. Suppose now to instantiate Undo on a class Boom which defines, besides the
methods String getText() and void setText(String), also another method
void setText(Integer). In this case the call setText(null) becomes ambi-
guous. Indeed, null can be implicitly converted to any reference type, hence
both methods are applicable and neither is more specific (see 15.11.2 in [T4]).

In general, if two methods have the same name, then the addition of one
may make ambiguous, w.r.t. overloading resolution, an invocation of the other
if and only if they have the same number and type of arguments except for
some argument for which they have two different reference types. Alternatively
we could have defined less strict rules by forbidding the instantiation only when
some method body in the mixin contains a method invocation that would become
ambiguous (as in the example).

2.4 Overloading

The Java rules for overloading resolution (see 15.11.2 in [14]) smoothly extend
to Jam, just including mixin types among other reference types and taking into
account in the definition of “more specific” the fact that every mixin instance
is a subtype of (hence, can be converted to) the corresponding mixin type. Ho-
wever, some special care is needed for handling the situation when there is an
overloading conflict between an inherited and a defined method in a mixin. We
illustrate the problem in terms of the following example.

class A {} mixin M {

class B extends A {} inherited void f(B b) ;
void £(4 a) {}

class Parent {

void £(B b) {}

} class Test {
void test(Heir h, B b, M m) {
class Heir extends Parent { h.£(b) ; // ambiguous
void f(A a) {} m.f(b) ; // ambiguous?
} }
}

Fig. 4. Overloading conflict between inherited and defined methods
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In the first part of the code shown in FigH] B is a subtype of A and Heir is a sub-
type of Parent. The class Parent defines a method named f with one argument
of type B, while its subclass Heir defines a another method with the same name
and argument’s type A. Due to the symmetry of the situation, the invocation
h.f(b), where h and b are of type Heir and B, respectively, is ambiguous, since
there are two applicable methods and neither is more specific (see 15.11.2.2 in
1)),

If we now consider the declaration of the mixin M, the situation is exactly
analogous to the preceding: a (parametric) heir class defines a method whose
argument type is a supertype of the argument type of a method with the same
name in the parent class. Hence, we expect the invocation of m.f (b), where m
has type M, to be ambiguous as well.

In order to achieve this goal, we assume that inherited methods in a mixin M
are annotated with a type (that is, considered to be declared within the corre-
sponding module; see [1] for the precise formal definition of annotations) which
is not M but a special type Parent(M) which represents the generic parent on
which the mixin can be instantiated, and it is assumed to be a supertype of M.

2.5 Use of this in Mixins

A last delicate point in the Jam type system concerns the use of the keyword
this, which denotes, in an instance method (resp. constructor), the current
object on which the method has been invoked (the current object to be con-
structed). In a method or constructor declared in a class C, the expression this
has static (compile-time) type C in Java (see 15.7.2. in [T4]). Now, we have to
decide which should be the static type of this in a method defined in a mixin
M. Since we want to be able to type-check the mixin declaration independently
from its (possibly future) instantiations, the only possibility is to assume that
this has static type M, since this is the only type available at mixin declaration’s
time. However, this is in conflict with the fact that we expect that in a class H
instance of a mixin M the expression this has static type H, as it happens for
usual heir classes. More precisely, having correctly type-checked the mixin decla-
ration under the assumption that this has type M does not guarantee that (the
Java class H corresponding to) a mixin instance (following the copy principle)
is always a correct Java class, since in Java this has type H in this class. This
can lead to unsound situations in some subtle cases involving overloading. Let
us consider the example in Fig[5l

The class A declares two methods named f with argument’s type a mixin M
and an instance H of M, respectively. In the invocation of f inside the method g
declared in M, since this has type M, the expression A.f(this) has type int,
hence can be correctly assigned to the variable i.

Now, if the expected semantics of H, following the copy principle, is to be
equivalent to the class shown in the figure where the declaration of g has been
copied into the body, then the invocation A.f(this) has now type boolean,
hence cannot be used for initializing the variable i.

This is a particular case of a more general problem: in a mixin declaration,
in Jam, there is no way to refer to the parametric types of either the parent or
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class A {

static int f(Mm) { ... } )

1 H=M tends Ob t
static boolean f(H h) { ... } crass extends Object {}
} // ¢‘Equivalent’’ declaration for H
. class H ... {
e n roia 50
int i = A.f(thi H B 1

int i = A.f(this) ; }m * (this) ; // Boem

f }
}

Fig. 5. Problem in using this in mixins

the heir class resulting from the instantiation. See the following section for more
comments about that.

In order to avoid these situations, we have taken for Jam a quite drastic
design decision, that is, to forbid the use of this as argument in method and
constructor invocations inside a mixin.

2.6 Limitations

The main limitation of the language is that in a mixin it is not possible to refer
either to the “generic” parent class to which the mixin will be applied or to the
“generic” heir class obtained by instantiation. As an example, let us consider
the following declarations of a parent class P and an heir class H.

class P {

static int counter ;

class H extends P {

static int counter ;

static void incrThat() { ++P.counter ; }

int value ;

public boolean equals(Object that) {

if (that instanceof H) return ((H)that).value == value ;
return false ;

}
}

The definition of H cannot be “abstracted” in a mixin definition, for two
reasons.

— The method incrThat explicitly refers to the parent class P since the static
field counter of the superclass has been hidden by a declaration in H (this
could be achieved by extending the use of the keyword super to such cases).

— The method equals uses the name of the heir class H which is unknown for
a mixin (note that this cannot be achieved using M, since that would be kept
as M in all mixin instances following the copy principle).
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More generally, a class H heir of P cannot be “abstracted” into a mixin when
it contains:

— (explicit) references to types H and P;
— invocations of H/P constructors.

If H/P are only used for accessing static members, then H can be “abstracted”
except for some cases involving hiding (as shown by the example). In Sect ] we
discuss possible solutions to this problem.

3 Outline of The Formal Definition

In this section we outline the abstract syntax and the static semantics of Jam;
the full definition can be found in [I].

The implemented version of Jam is an upward-compatible extension of Java
1.0 (apart the fact that mixin and inherited are keywords in Jam); an extension
to Java 1.1 would require some more work at the implementative level, but seems
in principle not to introduce new problems. Indeed the main enhancement in Java
1.1 is the introduction of inner classes, whose semantics is specified by flattening
them to usual top-level classes.

The formal definition in [I] only considers a subset of the language chosen to
be a minimal but sufficient set for our aim, which is to analyze how the Java type
system must be enriched in order to support mixin types (the soundness of this
extension will be stated in the next section). Excluded features fall under two
main categories: those which are orthogonal with our aim, like multithreading
and inner classes and those whose semantics can be trivially derived, like the for
loop. In particular, we have excluded the following features: arrays, final and
access modifiers, features related with linking native code and multithreading.
We have included the following features not considered in [10]: constructors,
static members, checked exceptionsﬁ, abstract classes and methods, method
invocations and field accesses via super.

Notations. We use the typewriter style for terminal and italic for non terminal
symbols. The terminals iname, cname and mname indicate interface, class and
mixin names respectively. A generic name is indicated by name. We use the
following notations:

— A* to indicate a sequence of zero or more occurrences of A,

— AT to indicate a sequence of one or more occurrences of A,

— [A4] to indicate that A is optional,

— A® to indicate a set of occurrences of A, that is, a sequence in which there
are no repetitions and the order is immaterial,

— A9 to indicate a non empty set of occurrences of A.

Fig.[0 contains the part of the Jam abstract syntax related to interface, class
and mixin declarations (the Jam specific productions are the first three only).

5 Checked exceptions have been considered in a recent improved version [T1].
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ref-type ::= mname
cdecl ::= [ abstract | class cname = mname extends
cname {constructor®}
mdecl ::= mixin name implements iname®
{ ( [inherited] field }® ( [inherited] cmeth )® }
prog ::= decl®
decl ::= idecl | cdecl | mdecl
simple-type ::= prim-type | ref-type
ref-type ::= iname | cname
prim-type ::= int \ boolean
ret-type ::= simple-type | void
exc-type := cname®
cdecl ::= [ abstract | class cname extends cname
implements iname® { constructor® field® cmeth® }
idecl ::= interface iname extends iname® { imeth® }
imeth ::= abstract ret-type name params throws exc-type ;
params ::= ({ simple-type name )*)
constructor ::= cname params throws ezxc-type { super(expr®) ; stmits }
cmeth ::= [ static | ret-type name params throws ezc-type mbody |
imeth

Fig. 6. Jam abstract syntax

In Jam an alternative way to define a (possibly abstract) class is to in-
stantiate a mixin on an existing class, specifying the constructors of the new
class.

A mixin declaration logically consists of two parts: the former contains the
declarations of the defined components, while the latter contains the inherited
components declarations, that is, the declarations of the components that should
be provided by the parent class on which the mixin will be instantiated. These
components are labelled with the inherited modifier. Moreover, the set of the
implemented interfaces is specified.

In Fig.[d we define the Jam types. A generic type can be a reference type, a
primitive type (both defined in Fig.B) or nil (the type of null). A field type
consists of a simple type and a (field) kind indicating whether the field is instance
or static. The arguments type (of a method or constructor) is a sequence, possibly
empty, of simple types. A constructor type consists of the arguments type and
the set of declared exceptions (the type exc-type is defined in Fig.[Bl). A method
type consists of the kind, the return type and the set of declared exceptions. A
fields type is a set of fields, that is, pairs consisting of a field name and a field
type. A fields type is legal if field names are distinct. Analogously, a methods
type is a set of methods, that is, pairs consisting of a signature (a method name
qualified by the types of the arguments) and a method type; it is legal when
all signatures are distinct. In the following we will consider only legal fields and
methods types. The constructors type is a non-empty set of constructor types.
Note that every class has always at least one constructor (if it is not explicitly
given the default one is assumed).
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type ::= ref-type | prim-type | nil
field-type ::= field-kind simple-type
field-kind ::= instance | static
args-type := simple-type™
constr-type ::= args-type throws exc-type
meth-type ::= meth-kind ret-type throws exc-type
meth-sig ::= name, args-type
meth-kind ::= instance | abstract | static
fields-type ::= (name : field-type)®
meths-type ::= (meth-sig : meth-type
constrs-type ::= constr-type®

>®

module-type ::= fields-type meths-type

class-type ::= class-kind constrs-type module-type
class-kind ::= abstract | concrete

interface-type ::= meths-type
mizin-type ::= module-type inherited module-type

Fig. 7. Jam types

A module type consists of a set of fields and a set of methods. A class type
consists of a module type, a kind and a set of constructors. An interface type
consists of a set of methods (in our subset we do not consider the final modifier,
hence an interface cannot have fields). Finally, a mizin type consists of two
module types: the defined type and the inherited type, that is the expected
parent type.

A Jam program contains both type information and information needed at
runtime (that is, the method bodies). To simplify the formal definition, following
the approach used in [I1], we consider two components that can be extracted in a
trivial way from a program: the environment I", that contains the type informa-
tion, and the remaining part of program consisting in a set of body declarations,
that is, constructor and method bodies of classes and mixins (fields information
is contained in I'). The syntax of these two components is given in Fig.[§

env ::= basic-type-assertion®

basic-type-assertion ::= cname is. class-type | cname <. cname | name <I; iname |
iname is; interface-type | iname <! iname |
mname is,, mizin-type | cname <, mname
body-decl ::= class cname { constructor® cmeth® } | mixin name { cmeth® }

Fig. 8. Environments and body declarations

We assume that in the environment extraction process a check is performed
for avoiding duplicate declarations. Hence, the static correctness of a Jam pro-
gram can be expressed by the validity of the two following judgments:
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I't-o

I'={BDxs,... ,BDy}oprog
The former means that I" is a well-formed environment so that, for instance, the
subclass relationship is acyclic; the latter indicates that all the body declarati-
ons are well-formed w.r.t. the type information in I'. The validity of these two
judgments is defined inductively introducing other judgments relative to subcom-
ponents. Because of lack of space, here we omit all the typing rules definining
the validity of the second judgment and only show some significant typing rules
defining the validity of the first judgment (well-formedness of environments), in
particular all those Jam-specific; for the missing metarules we provide a brief
informal explanation. The full type system can be found in [I].

An environment is a set of basic type assertions having the following informal
meaning:

— Cis. K KST FST MST : the class C of kind K declares the specified
constructors (K.ST), fields (FST) and methods (MST)

— C <! ' : the class C directly extends the class C’

— T<}I:the module (either class or mixin) 7" directly implements the interface
I

— Iis; M ST : the interface I declares the methods specified in M ST

— I <} I’ : the interface I directly extends the interface I’

— M is,, MODT inherited MODT' : the mixin M declares the defined
components MODT and the inherited components MODT’

— C <y, M : the class C has been defined instantiating the mixin M

Judgments of the metarules related to well-formedness of environments have
the form I' F v, with I" an environment and ~ a type assertion.

A group of metarules of the Jam type system defines relevant relations bet-
ween reference types (that is, either classes, or interfaces, or mixins) which can
be derived from the basic relations contained in the environment. In particular,
the reflexive (on existing class types) and transitive closure of the relation <! is
the subclass relation <.; analogously the reflexive (on existing interface types)
and transitive closure of <} is the subinterface relation <;. The implementa-
tion relation from classes to interfaces is derived from <1} and the