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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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José Orlando Pereira
Alessandro Orso
Johan Ovlinger
Marc Pantel
Jean-François Perrot
Patrik Persson
Frédéric Peschanski
Gian Pietro Picco
Birgit Pröll
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Towards a Unified Programming Language

Ole Lehrmann Madsen

Computer Science Department, Aarhus University,
Åbogade 34, DK-8200 Århus 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
OO, 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 [6], the term programming paradigm was introduced by Robert Floyd [11]. In
[36] there is a further discussion of the term programming paradigm with respect to
Kuhn’s definition of the term paradigm. Nygaard and Sørgaard claim that the term
paradigm is meant to characterize incompatible approaches to science, and that re-
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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 Sørgaard, 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 [6,7] 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 [39] or textual based programming languages such as C++ [41] and Java [1].
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 [22], 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
OO 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 types1, 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 readable2 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 [51] is a good example of a functional programming language.

                                                          
1 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.
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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 [3,12]
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 [23,22], 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 [23,22].

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:
� Process-based programming. In [26] 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 [50], block-structure is described as an ex-
ample of an imperative paradigm.

3. Prototype-based programming [20,48] 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 [49] 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:

� 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
class, procedure, type, etc. A
pattern used as a class is often
referred to as a class pattern;
a pattern used as a procedure
(method) is often referred to
as a procedure pattern, etc.

It is outside the scope of
this paper to give a detailed account of BETA. Please consider [22,26,24,28]. 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
in a complete example. The details of the
example are as follows:
� A pattern may contain declarations of

attributes in the form of patterns or
data-items. Point has three pattern-
attributes display, move and add.
The dots between (# and do indicate
possible attributes of display, move
and add.

� 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.

� 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.

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

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

 The constructs &Point[] 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

Point:
  (# display: (# … do … #);
     move: (# … do … #);
     add: (# … do … #);
  #);

S: ^Point;
&Point[]� S[];
S.display;

Fig. 3.2.

pattern

class procedure processtype

generic-class function interface exception

Fig. 3.1.
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d: ^S.display
&S.display[]� d[];
d;

Fig. 3.3.

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-
ference is in how these patterns are used. In the
example, Point is used as a class since we create
instances of it. Display is used as a procedure,
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:
� All abstraction mechanisms are treated in a systematic way, and there is focus on

the abstraction-instance relationship.
� Syntactically and conceptually, the language has become simpler.
� 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
[18].
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Inheritance for procedures is based on the
inner-mechanism known from Simula. By
means of inner it is possible to combine the
do-parts of patterns. In figure 3.4 is shown
how a general monitor pattern may be defi-
ned by means of inner. The pattern
monitor has two attributes: entry and mu-
tex. Entry is an abstract procedure pattern
that is used as a super procedure in subclasses
of monitor. In the buffer class, the opera-
tions put and get are subpatterns of entry.
Whenever a put- or get-operation is exe-
cuted, the do-part of entry is executed.
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 [18,22,29].

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 [22].

 Virtual Pattern
 A pattern may be declared virtual in much the same way as a procedure may be de-
clared virtual in Simula [8,32], Eiffel [34], C++ [41] 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 [42,16], 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 [14], etc. Instead, the virtual is further specialized. Display in

monitor:
  (# entry:
       (#
       do mutex.P;
          inner;
          mutex.V
       #);
      mutex: @semaphore
  #);
buffer: monitor
  (# put: entry(# do … #);
     get: entry(# do … #)
  #)

Fig. 3.4.
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StudentSet is a subpattern
of display in Set and the
do-parts of the two display
patterns are combined by
means of inner as de-
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, 
further bound to Student.  Ass
current.print is legal within dis

The concept of virtual class
[22,24,26,31] for further detail

The unification of abstract
extension of the concept of 
tion/refinement [45,46,10] of t

In addition to procedures an
ally for abstractions such as co

 Nested Pattern
 Algol 60 introduced the notion
dures may arbitrarily nested. 
procedures. Block structure ha
imperative languages such as 
It was included in Java 1.1.

In BETA patterns may be 
class patterns, etc. may be ne
3.2 may be considered an e
display, move and add are n
ing of classes is an interestin
mented in the literature [25,26

The class construct makes 
together constitute a logically
clude classes among items bei
in a proper context, just as da
an object. From a modeling, p
model properties of phenome
With nesting, it is possible to i
given phenomenon. In additio
discussion of block structure f
Set:
the type of current is Student, since element has been
uming that Student has a print-attribute, the expression
play of StudentSet.
es has been discussed in several papers, and we refer to
s of virtual patterns.
ion mechanisms into patterns has resulted in a simple
virtual procedures to virtual classes.  Further unifica-
he virtual pattern mechanism is however possible.
d classes, the virtual pattern construct also covers virtu-
routines, concurrent processes, and exceptions.

 of block structure, which in Algol 60 means that proce-
Simula extended this to allow nesting of classes and
s been adapted by many languages since Algol, mainly
Pascal, but is also available in the Lisp-dialect Scheme.

nested, which means that procedure patterns as well as
sted. A class with operations, such as the one in figure
xample of pattern nesting. In figure 3.2, the patterns
ested within the pattern Point. In an OO setting, nest-

g aspect and several examples of this have been docu-
,28,29,53].
it possible to encapsulate data-items and operations that
 related whole. Block structure makes it possible to in-
ng encapsulated. This makes it possible to place a class
ta-items and procedures may be placed in the context of
oint-of-view OO languages without block structure can
na in terms of objects with data-items and procedures.
nclude classes in the properties available for modeling a
n to the references mentioned above, see [9] for a good
rom a modeling point-of-view.

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

Fig. 3.5.
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Printa
  (# p
     s
     m
  #);
Sortab
  (# k
     l
  #);

Person:
  (# name, addre
     asPrintable
       (# print:
            (#do
#);
          separa
          medium
       #);
     asSortable:
       (# key::<
          lessTh
       #)
  #)

X:
X.
P.

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
refer instances of Java.Symbol and R1 and R2 m
Class Symbol is placed in the context of a Gramma
express that Java-symbols are different from Self

Next, we will show how nested patterns may be
interfaces. In figure 3.7 are shown two interfac
viewed as a pattern that only has virtual pattern att
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
as the nested pattern, asPrintable,
which inherits from Printable. In
figure 3.9 is shown how to obtain a
reference to the Prin-
table interface of the
object X. By executing
X.asPrintable a refe-
rence to an instance of
asPrintable is retur-
ned.  P will then denote
this object, which is
nested inside the X-
object. Operations on X
will then be executed in
the context of X. This
style of programming is
used to support the Mi-
crosoft Component Model in BETA [38].

In Objective C [25] and Java, a class
may implement several interfaces. Since all
operations are implemented as a flat list of
operations, it is necessary to have rules for
nified Programming Language        
ble:
rint:< (#… #);
eparator:< (# … #);
edium:< (# … #)

le:
ey:< (# …#);
essThan:< (# … #)

Fig. 3.7.

ss, �
: Printable
:<
 print,name,address,…

tor::< (# … #);
::< (# … #)

 Sortable
 (# … #);
an::< (# … #);

Fig. 3.8.

 @Person; P: ^Printable;
asPrintable � P[];
print;

Fig. 3.9.

ay refer instances of Self.Symbol.
r-object, which makes it possible to
-symbols.
 used to define objects with several

es. In BETA, an interface may be
ributes – similar to an abstract class

Grammar:
  (# Symbol: (# ... #);
     ...
  #);
Java: @Grammar;
Self: @Grammar;
S1,s2: ^Java.Symbol;
R1,R2: ^Self.Symbol;

Fig. 3.6.
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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 [25,53] 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
example of a part object.

 
 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-
descriptor may also describe the structure
of a singular object such as headMaster.
Pattern Student is a subpattern of
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.

Student: Person(# … #);
Joe,Lisa: @ Student;
headMaster: @ Person(# … #)

Fig. 3.11.

Person: (# … #);
S: ^ Person;
R: @ Person;

Fig. 3.10.
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Singular objects are inspired by similar constructs in other languages:
� Algol 60 has the concept of an inner block, which may be viewed as a singular

procedure call.
� Simula has the notion of prefixed block, which may be viewed as a singular ob-

ject.
� Pascal has the notion of anonymous type, which makes it possible to describe the

type of a variable as part of the variable declaration.
� 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
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
Person-object from within the
binding of the virtual procedure
pattern print. The print pattern
is extended to print the name attrib-
ute of the Person.

3.3   Concurrency

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

Address:
  (# street: ...;
     town: ...;
     country: ...;
     print:<
      (#
      do inner;
         {print street,town,country}
      #)
  #)

Fig. 3.12.

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

Fig. 3.13.
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In the declarations of P and en
an object is generated from a an
active object.  It might be poss .

Semaphores are used as the w-
level mechanism and it
should only be used to
define higher-level syn-
chronization abstractions.
The pattern mechanism
together with inner is well
suited for defining abstrac-
tions like monitor (like the
one in figure [3.4]) and
Ada-like rendezvous.

4   Towards a Unified Pa

In the previous section, it has b
from different programming pa
of useful programming concep
to approach a programming la
that we are heavily influenced 
obtain real progress in this area

With the current state of art
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program should be orga
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ing, reuse/extensibility,
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A main requirement for a p
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think of alternating between di

4.1   Imperative Programmin

Certain algorithms are sometim
Most OO languages are imper
C, the | describes that P and C are active objects. Wh
pattern, it is generated as either a passive object or 
ible to simplify this such that any object can be active
 primitives for synchronization. A semaphore is a lo

Producer:
radigm

een shown that BETA to some extent unifies constructs
radigms. BETA is however not perfect since a number

ts are not supported. In this section, we will discuss how
nguage with more unification. The reader will observe
by our background in object-orientation and BETA. To
, another perspective may be needed.
, we think that a unified programming language should
mber of reasons for this:
e describing the overall structure of large programs - a
nized by means of classes and objects.
e that varies over time, so direct support for organiza-
y. OO seems best suited for this.
e usual advantages of OO, such as support for model-

 and as an integrating mechanism for many aspects of
nt process.
ss features from other paradigms that we would like to
m.

rogramming language is that there is a simple and natu-
rogramming styles, such that the programmer does not
fferent paradigms.

g

es best expressed by means of an imperative program.
ative in the sense that each method is usually written in

  (#
  do cycle(#do …; E � buffer.put; … #)
  #);
Consumer: (# … do … #);
P: @ | Producer;
C: @ | Consumer;
buffer: @ monitor(# put: …; get: …; #)

Fig. 3.14.
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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:
� 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.

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

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

� 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:

E1 � 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 � W

Function application may be expressed in the following way:
(e1,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 structures3 of BETA:
� The if-imperative is a standard

conditional statement.
� The for-imperative executes Imp,

range number of times.
� An imperative may be labeled.

The imperative (x … x) has the
label L.

� (x … x) may be one of (# … #), (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)

� 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 if-imperative into a conditional
evaluation as known from many other languages. This would allow an evaluation of
the form:

E1 � (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:

E1 � (for i: range repeat E2 for) � E3

resulting in the following evaluation:
E1 � E2 � E2 � ... � E2 � E3

                                                          
3 The if-imperative exits in a more general variant corresponding to a case/switch-statement.

(if C then I1 else I2 if)
(for i: range repeat Imp for)
L:
  (x … leave L; …
       restart L; …
  x)

Fig. 4.1.
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where E2 is evaluated range number of times. For restart the corresponding
evaluation may look as follows:

E1 � L: (x E2 � ... � E3 � restart L; ... x) � E4

resulting in the evaluation:
E1 � 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:

E1 � L: (x E2 � ... � E3 � leave L; ... x) � E4

resulting in:
E1 � E2 � ... � E3 � E4

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 = exp1 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
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
called. During the lifetime of the object or
method-activation, the variable should
remain constant. Pascal had the concept
of call-by-constant parameters, which
support this facility.

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.

B oolean

false true

C olor

bluew hitered

F ig. 4.2.
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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
use virtual patterns to represent
values that are constantly bound
by subpatterns. In instances of
child, young will constantly
denote the value true. In order to generalize
further, it might be desirable to be able to
bind a virtual pattern to an expression (age <
18) evaluating to some value as shown in
figure 4.4. This is, however, not possible in
BETA. In [47] 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 [24] 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 [21] for a discussion of the rela-
tionships between values and objects. For a further discussion of values in BETA, see
chapter 18 in [22].

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 [40], Loops [2], Leda [6] and the
work of Borning & Freeman-
Benson [3,12] and the reader is
referred to their work for further
insight. We would like to be able
to use equations whenever con-
venient. One example is to state
the relationship between data-
items of an object as shown in Figure 4.54. The constraint spouse.spouse=self
specifies that the spouse of a Person has to be the Person itself.

                                                          
4 This is not BETA.

person: (# young:< boolean; … #);
child: person(# young::< true #);
adult: person(# young::< false #);

Fig. 4.3.

customer: person
  (# young::< age < 18 #)

Fig. 4.4.

Person: class  { �
   spouse: ref Person;
   constraint spouse.spouse = self
  }

Fig. 4.5.
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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 [4] 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 monitors5. This lack of language sup-
port for protection of shared data in Java has been heavily criticized by Brinch-Hansen
[5].

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 [32,33].

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 [22], 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 [35].

                                                          
5 This is also the case for BETA.



Towards a Unified Programming Language          21

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 [23,22].

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 [20] 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 [29].

4.6   Other Possibilities for Unification

In [29] 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 [26] for a
discussion of this. For dynamic aspects, programming languages do in general not
have good support for state machines. In [30] 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 [13]
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 [19] [21]. 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 [31]) is
a prominent example of a graphical notation that is used for such purposes.
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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:

� create, edit, and layout diagrams,

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

� share diagrams between and combine diagrams from several users,

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

� 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 [1][15][18]. 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 (Fig. 1) 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 [19][5].
The set of real-world phenomena and concepts is called the referent system and the
corresponding computerised system is called the model system [19] (Fig. 2).

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 [5]. 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 [12] and participatory design [2][11]. 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 [12]. 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 [5]. 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 [28], 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 [1], 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 [15], Kemerer reported that
one year after the introduction of a CASE tool, 70 % of them were never used again.

In [13], Iivari 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, Iivari 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 [18] 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



Creative Object-Oriented Modelling         31

support for creating and editing diagrams in CASE tools is appropriate, and perhaps
even the most important support.

In [14], 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 [3][23]. 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 [26]. 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 [6].

4.1 The Dragon Project: Designing a New System

This study was carried out informally during the Dragon Project [5]. 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 Mjølner: Restructuring an Existing Application

This study investigated the redesign of the Mjølner 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 [19], 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 [3], 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.

5 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 Fig. 1) 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 (Fig. 3) is very
simple: it is a plain white surface, where users draw UML diagrams using non-
marking pens.

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 (Fig. 4).
Gestures have several advantages over existing toolbars: They allow input directly on
the workspace, are fast to draw, and have a low cognitive overhead.

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
[17] and eager recognition [30]. 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 (Fig. 5). The incomplete elements can later be “completed”,
e.g., by attaching another class to the relationship.

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.

Before recognition After recognition

Before recognition After recognition
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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 (Fig. 6).
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 Fig. 7). 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  [16]. Furthermore, the menus are context-dependent. The left side
of Fig. 7 shows the default menu, whereas the right side shows a more specialised
menu that is opened when close to the end of a relationship.

Fig. 6. Radar windows provide
context awareness

     

Fig. 7. Context-
dependent pie menus

Inputting text. The tool offers five different ways of inputting text (Fig. 8). Apart
from normal keyboard input these are: Virtual keyboard (a), Stylus-based Gestures (as
on PDA’s) (b), Cirrin (c) [20], and Quikwrite (d) [27]. 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 [22] object-oriented extension of Tcl/Tk
[25]. Since the implementation uses Microsoft COM [29] for tool integration, it
currently only runs on the Microsoft Windows platform.

Software Architecture. The software architecture of the Knight tool is shown in Fig.
9 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.
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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 [32]. 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 [10]
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 [10], providing undo/redo functionality.

The CASE Tool Integrator is a Mediator [10] between the Knight tool and multiple
CASE tools (see below).

Gesture Recognition. Rubine’s algorithm [30] 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

b)

c) d)

a)
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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 [24]) 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 [4]. 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 [29].

The details of the integration are described in a companion paper [7].
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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 Fig. 10), 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 [8][9].

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 [33].
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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 [11] 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] [10]. 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.
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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. 2.1, 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. 3.
Section 3.1 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 1 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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Graphic

Rectangle Picture

Component

Component

Composite

Leaf

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 2.3 for a detailed discussion). Of course, the user should be shielded
from those details, but the UML tool designer is not.

Note that Fig. 1 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 2.2 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 [11] (cf Fig. 2). This model is composed of three roles (Component,

Component

Leaf Composite

Component, Composite, Leaf

Required
generalization

parameters

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. 1,
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. 1.

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 2.1, 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 2.1, [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 [11] 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 [11].
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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 [8] 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 [13]. 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. 4.

ParseNode

+ optimize()
+ generate()

ConstantNode

+ optimize()
+ generate()

AssignmentNode

+ optimize()
+ generate()

LoopNode

+ optimize()
+ generate()

VariableNode

+ optimize()
+ 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. Our 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)

ConstantNode AssignmentNode LoopNodeVariableNode

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 , s up e r c l a s s e s ,

s ub c l a s s e s : Set ( Class ) ) : Class
pre :
not s e l f . a l l C l a s s e s ()−> e x i s t s (name=newClass ) and
sub c l a s s e s−>f o rA l l ( each | each . a l lSuperTypes ()−>

i n c l u d e sA l l ( s up e r c l a s s e s ) )
post :
r e s u l t . name = newClass
s e l f . a l l C l a s s e s ()−> i n c l ud e s ( r e s u l t ) and
s e l f . c l a s sRe f e r e n c e s ( r e s u l t )−>isEmpty and
r e s u l t . a l lSuperTypes ()−> i n t e r s e c t i o n ( s u p e r c l a s s e s)−> s i z e () =

r e s u l t . a l lSuperTypes ()−> s i z e ( ) and
r e s u l t . al lSubTypes()−> i n t e r s e c t i o n ( s ub c l a s s e s)−> s i z e () =

r e s u l t . al lSubTypes()−> s i z e ( )

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 : : addVis i to r ( )
actions :
l e t a b s t r a c tV i s i t o r :=

s e l f . package . addClass ( s e l f . name+’ V i s i t o r ’ , n i l , n i l ) .
s e l f . a l lOpe ra t i on s ()−> f o rA l l ( opera t i on |

l e t c on c r e t eV i s i t o r := s e l f . package . addClass (
opera t i on . name+’ V i s i t o r ’ , a b s t r a c tV i s i t o r , n i l ) .

s e l f . a l lSubTypes()−> f o rA l l ( s ubc l a s s |
subc l a s s . a l lOpe ra t i on s ()−> s e l e c t ( subop |

subop . hasSameSignature ( opera t i on)−> f o rA l l ( op |
op . move( c on c r e t eV i s i t o r , ’ acceptFrom’+ subc l a s s . name ) .
op . rename ( ’ a c c ep tV i s i t o r ’ ) .
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 [15] [5]); formal specification [18] [16] [1];
code reuse [27] [17]; 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 [8]).

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 [4], 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 2 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
download1. 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 [16].

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 [26],
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 [27] 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.
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Recent standardization efforts of the Unified Modeling Language (UML) [32] 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 [7, 33, 35], 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 [11]. 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

Fig. 1 shows a student subsystem of a web-based education framework [12] 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

+showCourse()

+selectCourse()

+tipOfTheDay()

 +showContent()

SelectCourse

+selectCourse()
select

1

select.selectCourse()

(a)

aSelectCourseaShowCourse

(b)

showCourse()
selectCourse()

tipOfTheDay()

showContent()

selectCourse()

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

Fig. 1 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 Fig. 2.

Actor

+getLogin()

+getPassword()

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 Fig. 2. 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 [7].

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 “{tag=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 (Fig. 3) 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 [7]. 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]. Fig. 3 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 Fig. 3 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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Actor

{static}

+getLogin()

+getPassword()

Student Teacher Administrator

{incomplete}

{for all new methods}
fSelectedCourse = 

fSelectedCourse@pre

ShowCourse

{extensible, dynamic}

+showCourse()

+selectCourse() {variable,
    dynamic}

+showContent()

{appl-class}
Librarian

Fig. 3. UML-F extended class diagram.

Fig. 3 uses the tag {incomplete} 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 Fig. 3 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 [25, 33, 35]
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, Fig. 4 shows 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. Fig. 4 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.

studentsaShowCourse courses

selectCourse()
loginPage()

selectionPage()

validateData()

{optional}

{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 [11]. However, this formal definition of UML-F is
not presented here since its usefulness for the communication purposes is limited [33].

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 [6]. 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 [25, 33, 35] 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 Fig. 3. 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
extension

Type of
extension

Applies to
notational element
of UML

Description

{appl-class} Boolean
Tag

Class Classes that exist only in framework
instances. New application classes may
be defined during the framework
instantiation.

{variable} Boolean
Tag

Method The method must be implemented
during the framework instantiation.

{extensible} Boolean
Tag

Class The class interface depends on the
framework instantiation: new methods
may be defined to extend the class
functionality.

{static} Boolean
Tag

Extensible
Interface, Variable
Method, and
Extensible Class.

The variation point does not require
runtime instantiation. The missing
information must be provided at
compile time.

{dynamic} Boolean
Tag

Extensible
Interface, Variable
Method, and
Extensible Class.

The variation point requires runtime
instantiation. The missing information
may be provided only during runtime.

{incomplete} Boolean
Tag

Generalization
and Realization

New subclasses may be added in this
generalization or realization
relationship.

{for all new
methods}

Boolean
Tag

OCL Constraint Indicates that the OCL constraint is
meant to hold for all newly introduced
methods.

{optional} Boolean
Tag

Events Indicates that a given event is optional.
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. Fig. 5 illustrates the use of the Strategy design
pattern [15] 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 [28], 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 [30].

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
{separation, template}

+showCourse()

+selectCourse()

+showContent()

SelectStrategy
{separation, hook}

+select() {dynamic}

select

1

ConcreteSelect
{appl-class}

+select()

ShowCourse

+showCourse()

+selectCourse()

{variable,
dynamic}

+showContent()

Framework
design

Framework
implementation

{incomplete}

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

The transformation illustrated in Fig. 5 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.
Fig. 6 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 Fig. 6) 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) :-
[...]
forall(variableMethod(Project, Class, Method, _),
strategy(Project, NewProject, Class, Method)),
[...]

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

Searches for
variable
methods

Uses strategy
to model them

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 [21], aspect-oriented programming (AOP) [20], and subject-oriented
programming (SOP) [17], as described in [11]. 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). Fig. 7
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 [22] 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 Fig. 3. 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.



UML-F: A Modeling Language for Object-Oriented Frameworks         75

3.1   Framework Implementation

Let us consider that the only variation points of the framework are the ones presented
in Fig. 3. 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
{separation, template}

+showCourse()

+selectCourse()

+showContent()

SelectStrategy
{separation, hook}

+select() {dynamic}

select

1

ConcreteSelect
{appl-class}

+select()

Framework
implementation

{incomplete}

ShowCourse
{separation, template}

+showCourse()

+selectCourse()

+showContent()

SelectStrategy
{separation, hook}

+select()

select

1

SimpleSelect
{separation, c-hook}

+select()

Application

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 [15] to implement dynamic
variable methods and a slightly changed version of the Separation meta-pattern [28],
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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 Fig. 8.

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 Fig. 3 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 Fig. 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.

Fig. 8. A pattern-based implementation.

A solution that might be more appropriate for selectCourse() is the definition of a
meta-object protocol (MOP) [18]. 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

ShowCourse
{separation, template}

-fSelectedCourse

+void showCourse()

+int selectCourse()

+showContent(int)

SelectStrategy
{separation, hook}

+int select()

{dynamic}

select

1

ConcreteSelect
{appl-class}

+int select()

ExtensionMethods
{separation, hook}

+void op() {dynamic}

extend

*

ConcreteExtension
{appl-class}

+void op()

fSelectedCourse = selectCourse();
forall (extend) { extend.op();}
showContent(fSelectedCourse);

{incomplete}{incomplete}
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that it always preserves the instantiation restrictions specified in the sequence
diagram.

ShowCourse
{separation, template}

-fSelectedCourse

+void showCourse()

+int selectCourse()

+showContent(int)

SelectMOP

+ void selectMOP(Boolean
login, Boolean major, Boolean
validate)

+int select()

select

1

ExtensionMethods
{separation, hook}

+void op() {dynamic}

extend

*

ConcreteExtension
{appl-class}

+ void op()

fSelectedCourse = selectCourse(l, m, v);
forall (extend) { extend.op();}
showContent(fSelectedCourse);

{incomplete}

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 [28]
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.

Fig. 10 shows an example of application created from the framework defined in
Fig. 8. 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.

ShowCourse
{separation, template}

-fSelectedCourse

+void showCourse()

+int selectCourse()

+showContent(int)

SelectStrategy
{separation, hook}

+int select()

select

1

SimpleSelect
{separation, c-hook}

ExtensionMethods
{separation, hook}

+void op() {dynamic}

extend

*

LoginSelect
{separation, c-hook}

TipOfDay
{separation, c-hook}

Announcement
{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 [31], 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 [1, 37]. 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 [32]. 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 [8]. 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 [4, 15, 36] are usually described using standard OO diagrams.
Since various design patterns provide solutions to variability and extensibility
problems [15] they define a common vocabulary to talk about these concepts [36] 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 [30].

Meta-level programming [21], which can be seen as an architectural pattern [4],
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 [5]. Riehle and Gross propose an extension of the OOram
methodology [29] to facilitate framework design and documentation [30]. 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 [30], 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 [18, 19] and adaptable plug-and-play components (APPCs) [24] 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 [24] 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 [13, 14] 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, 10, 23] 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 [11], 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
relationship of UML-F with similar kinds of variability problems, such as presented in
[6].

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[AG98] and
C++[Str97]. One of the most striking examples of this divide is the rôle 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,1 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 [FR99a] that supports
such subtyping relations by adding class types. While inheritance-based subtyping can

1 The common example is a cowboy and widget that both have draw methods.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 83–107, 2000.
c© Springer-Verlag Berlin Heidelberg 2000



84 K. Fisher and J. Reppy

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
Moby.

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 3. We show how this extension supports a number of common
idioms, such as friend functions, binary methods, and object cloning. In Section 4, we
present XMOC, an object calculus that models the type system of Extended Moby.
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 5 we describe related work and we conclude in Section 6.

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 [FR99a]. 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 A.

2.1 Friends via Partial Type Abstraction

A standard way to program friends is to use partially abstract types [PT93, KLM94]. For
example, Figure 1 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

} {
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 (s1 : Rep, s2 : Rep) -> Unit {

List.app s1.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 class;2 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 3 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

} {
...

}

Fig. 2. Revealing the Bag class

b1 and b2, we write “Bag.union (b1.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 rôle
of types when this connection is needed. In this section, we present an extension of
Moby [FR99a] 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:

� 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

} {
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 (s1 : Rep, s2 : Rep) -> Unit {

List.app s1.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

}
} {

class CBag {
inherits BagM.Bag
public field nItems : var Int
public meth add (x : Int) -> Unit {

self.nItems := self.nItems+1;
super.add(x)

}
public meth size () -> Int { self.nItems }
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
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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.

� 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.

� 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]).

� 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.

� 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).

� 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 example.3

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 5), 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 [BCC+96]. 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,
Figure 6 shows 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.4

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

Moby does not support any form of multiple inheritance, but with the combination of
parameterized modules and class types, it is possible to encode mixins [BC90, FKF98].
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

} {
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 (s1 : #Bag, s2 : #Bag) -> Unit {

List.app s1.add s2.items
}

}

module CBagM : {
class CBag : {

inherits BagM.Bag
public meth size : Unit -> Int
public maker mkCBag of Unit

}
} {

class CBag {
inherits BagM.Bag
public field nItems : var Int
public meth add (x : Int) -> Unit {

self.nItems := self.nItems+1;
super.add(x)

}
public meth size () -> Int { self.nItems }
public maker mkCBag () { super mkBag(); field nItems = 0 }

}
}

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 8 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

} {
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 Ef�ciency 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 {

ConsoleIO.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 B and C.

4.1 Syntax

The term syntax of XMOC is given in Figure 9. An XMOC program consists of a
sequence of class declarations terminated by an expression. Each declaration binds a
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p ::= d; p
| e

d ::= class C (x : τ) {| b m = µm
m∈M |}

| class C : σ = C′

b ::=
| inheritsC(e);

σ ::= (τ) {| inheritsB; m : τm
m∈M |}

τ ::= α
| τ → τ ′

| objα.{| m : τm
m∈M |}

| #C

µ ::= (x : τ) ⇒ e

e ::= x
| fn(x : τ) ⇒ e
| e(e′)
| new C(e)
| self
| e.m
| self!state
| e @ 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 x. 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
σ. A class interface σ 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 (µ) 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 Moby, 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 ↪→ 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 4). 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 α-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 5 in Appendix B 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 〈obj , C〉, we use
the dictionary associated with C in the class environment K to find the relevant slot. We
use this slot to index into the method table associated with obj . Rule 3 formally specifies
method lookup.

4.3 Static semantics

The XMOC typing judgements are written with respect to a static environment Γ , 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 C. 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

(C of Γ )(C) = (τ) {| inheritsB; m : τm
m∈M |} Γ ` e . τ ′ Γ ` τ ′ <: τ

Γ ` new C(e) . #C
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which looks up class C in Γ , infers a type τ ′ for the constructor argument e, and insures
that this type is a subtype of the type of the class parameter τ .

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

Γ ` Ok (C of Γ )(C) = (τ) {| inheritsB; m : τm
m∈M |}

Γ ` #C <: objα.{| m : τm
m∈M |}

This rule corresponds to the property that #C is a subtype of typeof(C) in Extended
Moby. 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:

Γ ` e . #C′ H(Γ ) ` C′
l C

Γ ` e @ C . #C

The judgement H(Γ ) ` C ′
l C states that C ′ inherits from C in the class hierarchy

H(Γ ) (the meta-function H projects the static class hierarchy from the environment Γ ).
Because we do not treat inheritance directly as subtyping in XMOC, we only need one
rule for typing method dispatch.

Γ ` e . τ Γ ` τ <: objα.{| m : τm
m∈M |} m ∈ M

Γ ` e.m . τm[α 7→objα.{| m : τm
m∈M |}]

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 Γ ` K, and for a program p we have Γ,H(K) ` p . Γf , τf and
K, p � K′, p′, then there exists an environment Γ ′ and a type τ ′, such that

� Γ ′,H(K′) ` p′ . Γf , τ ′,
� Γ ′ ` τ ′ <: τf , and
� Γ ′ ` K′

Furthermore, if p is an expression, then Γf = Γ ′.

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 Γ ` K, and for a program p we have Γ,H(K) ` p . Γf , τf with p and
τf both closed, then either p is a value or there exists K′ and p′ such that K, p � K′, p′.

Here we useH to project the dynamic class hierarchy from the dynamic class environment
K.
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De�nition 1 We say that a program p yields K′, p′ if ∅, 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 . Γf , τf and p yields K′, p′, then p′ is a value w, such that
Γf ,H(K′) ` w . τ ′ with Γf ` τ ′ <: τf .

5 Related Work

Our class types are motivated by the rôle 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 Java 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 [MTH90]. The benefits
of structure sharing were fairly limited and it was dropped in the 1997 revision of
SML [MTHM97].
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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 types.5 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 [Ler96]). We would also like to generalize the rule that relates
class types with object types (rule 36 in Appendix C) 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 Moby
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)

} {
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 Moby’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 t B if they are

disjoint. We use the notation A
fin→ B to denote the set of finite maps from A to B. We

write {a1 7→b1, . . . , an 7→bn} for the finite map that maps a1 to b1, 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

{x 7→g(x) | x ∈ dom(g)} ∪ {x 7→f(x) | x ∈ dom(f) \ dom(g)}

We write t[x 7→t′] for the capture-free substitution of t′ for x in the term t.

B.2 Syntax

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

α ∈ TyVar type variables
τ ∈ Type types
σ ∈ Interface class interfaces

B, C ∈ ClassName = {None, . . . } class names
#B, #C ∈ ClassType class types

m ∈ MethName method names
M ∈ Fin(MethName) method name sets
x ∈ Var variables
µ ∈ 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 10 describes the full syntax of XMOC. In this grammar, we mark the run-time
forms with a (∗) on the right. The obj 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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p ::= d; p
| e

d ::= class C (x : τ) {| b m = µm
m∈M |}

| class C : σ = C′

σ ::= (τ) {| inheritsB; m : τm
m∈M |}

τ ::= α
| τ → τ ′

| objα.{| m : τm
m∈M |}

| #B

b ::=
| inheritsC(e);

µ ::= (x : τ) ⇒ e

e ::= x
| fn(x : τ) ⇒ e
| e(e′)
| new C(e)
| self
| e!state
| e @ C
| e.m
| 〈obj , C〉 (∗)

obj ::= None (∗)
C :: {| e; obj |} (∗)
C(e) (∗)

Fig. 10. The full syntax of XMOC

B.3 Evaluation

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

Slot method suite slots

φ ∈ Dict = MethName
fin→ Slot dictionaries

µT ∈ MethSuite = Slot
fin→ MethBody method suites

H ∈ Hierarchy = ClassName
fin→ ClassName class hierarchy

A dictionary φ is a one-to-one finite function from method names to slots. We say that φ
is a slot assignment for a set of method names M if and only if dom(φ) = 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 links 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
fin→ (ClassName × Exp × MethSuite × Dict)

We write the linking relation as K, 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, e′, but we abbreviate
this notation to K ` e ↪→ e′ when convenient.
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B.4 Dynamic Class Hierarchy

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

H(K) = {C 7→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) | E!state | E @ C | E.m | 〈F, C〉
F ::= [ ] | C(E) | 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(x : τ) ⇒ e | 〈ov , C〉
ov ::= None | C :: {| w; ov |}

B.6 Field Lookup

The auxiliary field lookup relation Cv ` C :: {|w; ov |} ;f w′ is used to specify the
semantics of state selection.

C ` C :: {| w; ov |} ;f w
(1) Cv 6=C Cv ` ov ;f w′

Cv ` C :: {| w; ov |} ;f w′ (2)

B.7 Method Lookup

We define the auxiliary method lookup relation K ` 〈ov , Cv〉.m ;m w, which specifies
how method dispatching is resolved, as follows:

K(Cv) = ( , , , φ) K(C) = ( , , µT , ) µT (φ(m)) = (x : τ) ⇒ e

K ` 〈C :: {| w; ov |}, Cv〉.m ;m fn(x : τ) ⇒ e[self 7→C :: {| w; ov |}]
(3)



102 K. Fisher and J. Reppy

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 (x : τ) {| m = µm
m∈M |}; p � K±{C 7→(None, –, µT , φ)}, p

where µm = µm[self 7→self @ C]
φ is a slot assignment for M .
µT = {φ(m) 7→µm|m ∈ M}

(4)

The second rule handles the case of a subclass declaration.

K, class C (x : τ) {| inheritsC′(e); m = µm
m∈M |}; p

� K±{C 7→(C′, fn(x : τ) ⇒ e, µTC , φC)}, p

where K(C′) = ( , , µTC′ , φC′)
φ is a slot assignment for M \ dom(φC′) such that rng(φ) t dom(µTC′)
φC = φC′ ∪ φ
µm = µm[self 7→self @ C]
µTC = µTC′±{φC(m) 7→µm|m ∈ M}

(5)

The third linking rule describes class signature ascription.

K, class C : (τ) {| inheritsB; m : τm
m∈M |} = C′; p

� K±{C 7→(C′, fn(x : τ) ⇒ x, µTC , φC)}, p

where K(C′) = ( , , µTC′ , φC′)
µTC = µTC′
φC = φC′ |M

(6)

B.9 Expression Evaluation

The following rules specify the semantics of expression evaluation:

K ` E[fn(x : τ) ⇒ e(w)] ↪→ E[e[x 7→w]] (7)

K ` E[new C(w)] ↪→ E[〈C(w), C〉] (8)

K ` E[〈ov , Cv〉!state] ↪→ E[w] where Cv ` ov ;f w (9)

K ` E[〈ov , Cv〉 @ C′
v] ↪→ E[〈ov , C′

v〉] (10)

K ` E[w.m] ↪→ E[w′] where K ` w.m ;m w′ (11)

K ` F [C(w)] ↪→ F [C :: {| w; obj |}]

where obj =
{

None if K(C) = (None, , , )
C′(e(w)) if K(C) = (C′, e, , )

(12)
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C Typing Rules for XMOC

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

A ∈ TyVarSet = Fin(TyVar) bound type variables

S ∈ SubtyEnv = TyVar
fin→ Type subtyping assumptions

C ∈ ClassEnv = ClassName
fin→ Interface class typing environment

V ∈ VarEnv = Var
fin→ Type variable typing environment

Γ ∈ Env = typing environment
TyVarSet × SubtyEnv × ClassEnv × VarEnv

C.1 Static Class Hierarchy

We construct the static class hierarchy from the environment Γ as follows:

H(Γ ) = {(C 7→B) | (C of Γ )(C) = (τ) {| inheritsB; m : τm
m∈M |}}

C.2 Judgement Forms

Γ ` τ . Ok Type τ is well-formed w.r.t. Γ . (rules 13–17)
Γ ` σ . Ok Class interface σ is well-formed w.r.t. Γ . (rule 18)
H ` Ok Class hierarchy H is well-formed. (rule 19)
Γ ` Ok Environment Γ is well-formed. (rule 20)
Γ ` τ = τ ′ Type τ is equal to τ ′. (rules 21–26)
H ` B1 l B2 Class B1 inherits from B2. (rules 27–30)
Γ ` τ <: τ ′ Type τ is a subtype of τ ′. (rules 31–36)
Γ ` σ <: σ′ Class interface σ is a subtype of σ′. (rule 37)
Γ ` p . Γ ′, τ Program p defines environment Γ ′ and has type τ . (rules 38–39)
Γ ` d . Γ ′ Declaration d defines environment Γ ′. (rules 40–42)
Γ ` µ . τ Method µ has type τ . (rule 43)
Γ ` e . τ Expression e has type τ . (rules 44–51)
Γ,H ` obj . #B Parent class obj has class type #B. (rules 52–54)
Γ,H ` e . τ Run-time expression e has type τ . (rules 53 and 56)
Γ,H , C ` con . σ Constructor con , associated with class C, has interface σ. (rules 57–58)
Γ ` K Static environment Γ types dynamic class environment K. (rule 59)

C.3 Well-Formedness Judgements

Γ ` Ok α ∈ (A of Γ )
Γ ` α . Ok

(13)
Γ ` Ok

Γ ` #None . Ok
(14)

Γ ` τ . Ok Γ ` τ ′ . Ok
Γ ` τ → τ ′ . Ok

(15)
Γ ` Ok #C ∈ dom(C of Γ )

Γ ` #C . Ok
(16)
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Γ ` Ok ∀m ∈ M Γ ∪ {α} ` τm . Ok
Γ ` objα.{| m : τm

m∈M |} . Ok
(17)

Γ ` τ . Ok Γ ` #B . Ok ∀m ∈ M Γ ` τm . Ok
Γ ` (τ) {| inheritsB; m : τm

m∈M |} . Ok
(18)

∀C ∈ dom(H ) H(C) ∈ dom(H ) ∪ {None}
H ` Ok

(19)

∀τ ∈ rng(S of Γ ) Γ ` τ . Ok
∀σ ∈ rng(C of Γ ) Γ ` σ . Ok
∀τ ′ ∈ rng(V of Γ ) Γ ` τ ′ . Ok

Γ ` Ok
(20)

C.4 Equality Judgements

Γ ` τ . Ok
Γ ` τ = τ

(21) Γ ` τ ′ = τ

Γ ` τ = τ ′ (22)

Γ ` τ = τ ′ Γ ` τ ′ = τ ′′

Γ ` τ = τ ′′ (23)
Γ ` τ1 = τ2 Γ ` τ ′

1 = τ ′
2

Γ ` τ1 → τ ′
1 = τ2 → τ ′

2
(24)

M′ = M ∀m ∈ M Γ ∪ {α} ` τm = τ ′
m

Γ ` objα.{| m : τm
m∈M |} = objα.{| m : τ ′

m
m∈M′ |} (25)

Γ ` objα.{| m : τm
m∈M |} . Ok

Γ ` objα.{| m : τm
m∈M |}

= objα.{| m : τm[α 7→objα.{| m : τm
m∈M |}]m∈M |}

(26)

C.5 Class Hierarchy Judgements

B ∈ dom(H ) ∪ {None}
H ` B l B

(27)
C ∈ dom(H )

H ` C l None
(28)

H ` B1 l B2 H ` B2 l B3

H ` B1 l B3
(29)

H (C) = B

H ` C l B
(30)
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C.6 Subtyping Judgements

Γ ` τ = τ ′

Γ ` τ <: τ ′ (31)
Γ ` τ <: τ ′ Γ ` τ ′ <: τ ′′

Γ ` τ <: τ ′′ (32)

Γ ` Ok α ∈ dom(S of Γ )
Γ ` α <: S(α)

(33)
Γ ` τ2 <: τ1 Γ ` τ ′

1 <: τ ′
2

Γ ` τ1 → τ ′
1 <: τ2 → τ ′

2
(34)

M′ ⊆ M α′ 6∈FV(objα.{| m : τm
m∈M |})

∀m ∈ M′ α 6∈FV(τ ′
m) and (Γ ∪ {α′})±{α 7→α′} ` τm <: τ ′

m

Γ ` objα.{| m : τm
m∈M |} <: objα′.{| m : τ ′

m
m∈M′ |} (35)

Γ ` Ok (C of Γ )(C) = (τ) {| inheritsB; m : τm
m∈M |}

Γ ` #C <: objα.{| m : τm
m∈M |} (36)

Γ ` τ ′ <: τ H ` B l B′ M′ ⊆ M ∀m ∈ M′ Γ ` τm = τ ′
m∀m ∈ (M \ M′) Γ ` τm . Ok

Γ ` (τ) {| inheritsB; m : τm
m∈M |} <: (τ ′) {| inheritsB′; m : τ ′

m
m∈M′ |} (37)

C.7 Typing Judgements

As a notational convenience, we define the argument type of a class C in an environment
Γ (written ArgTy(Γ, C)) to be τ if Γ (C) = (τ) {| inheritsB; m : τm

m∈M |}.

Γ ` d . Γ ′ Γ ′ ` p . Γ ′′, τ
Γ ` d; p . Γ ′′, τ

(38)
Γ ` e . τ

Γ ` e . Γ, τ
(39)

C 6∈dom(C of Γ ) Γ ` τ . Ok
Γ ′ = Γ±{C 7→(τ) {| inheritsNone; m : τm

m∈M |}}
∀m ∈ M Γ ′±{self 7→#C} ` µm . τ ′

m Γ ′ ` τ ′
m <: τm

Γ ` class C (x : τ) {| m = µm
m∈M |} . Γ ′ (40)

C 6∈dom(C of Γ )
(C of Γ )(C′) = (τ ′) {| inheritsB′; m : τ ′

m
m∈M′ |}

Γ ′ = Γ±{C 7→(τ) {| inheritsC′; m : τ ′
m

m∈(M′\M)
m : τm

m∈M |}}
Γ ′±{x 7→τ} ` e . τ ′′ Γ ′ ` τ ′′ <: τ ′

∀m ∈ (M ∩ M′) Γ ′ ` τm <: τ ′
m

∀m ∈ M Γ ′±{self 7→#C} ` µm . τ ′′
m Γ ′ ` τ ′′

m <: τm

Γ ` class C (x : τ) {| inheritsC′(e); m = µm
m∈M |} . Γ ′ (41)
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C 6∈dom(C of Γ ) Γ ′ = Γ±{C 7→σ} Γ ′ ` (C of Γ )(C′) <: σ

Γ ` class C : σ = C′ . Γ ′ (42)

Γ±{x 7→τ} ` e . τ ′

Γ ` (x : τ) ⇒ e . τ → τ ′ (43)
Γ ` Ok (V of Γ )(x) = τ

Γ ` x . τ
(44)

Γ ` Ok (V of Γ )(self) = τ

Γ ` self . τ
(45)

Γ±{x 7→τ} ` e . τ ′

Γ ` fn(x : τ) ⇒ e . τ → τ ′ (46)

Γ ` e . τ ′ → τ Γ ` e′ . τ ′′ Γ ` τ ′′ <: τ ′

Γ ` e(e′) . τ
(47)

Γ ` e . τ ′ Γ ` τ ′ <: ArgTy(Γ, C)
Γ ` new C(e) . #C

(48)

Γ ` e . #C

Γ ` e!state . ArgTy(Γ, C)
(49)

Γ ` e . #C′ H(Γ ) ` C′
l C

Γ ` e @ C . #C
(50)

Γ ` e . τ m ∈ M Γ ` τ <: objα.{| m : τm
m∈M |}

Γ ` e.m . τm[α 7→objα.{| m : τm
m∈M |}]

(51)

C.8 Typing Rules for Run-Time Forms

The typing rules for the run-time forms include rules 43 through 51 augmented with a
dynamic class hierarchy H on the left-hand side of the turnstile. Rules 40 through 42
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 50 is replaced by rule 55. The remaining rules are given below.

Γ,H ` e . τ ′ Γ ` τ ′ <: ArgTy(Γ, C)
Γ,H ` C(e) . #C

(52)

H (C) = B Γ,H ` obj . #B Γ,H ` e . τ ′ Γ ` τ ′ <: ArgTy(Γ, C)
Γ,H ` C :: {| e; obj |} . #C

(53)

Γ ` Ok K ` Ok
Γ,H ` None . #None

(54)
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Γ,H ` e . #C′ H ` C′
l C

Γ,H ` e @ C . #C
(55)

Γ,H ` obj . #C′ H ` C′
l C

Γ,H ` 〈obj , C〉 . #C
(56)

σ = (τ) {| inheritsNone; m : τm
m∈M |}

M = dom(φ) rng(φ) ⊆ dom(µT )
∀m ∈ M Γ±{self 7→#C},H ` µT (φ(m)) . τ ′

m

Γ ` τ ′
m <: τm

Γ,H , C ` (None, ??, µT , φ) . σ
(57)

σ = (τ) {| inheritsC′; m : τm
m∈M |}

Γ (C′) = (τ ′) {| inheritsB′; m : τ ′
m

m∈M′ |}
Γ,H ` e . τ → τ ′′ Γ ` τ ′′ <: τ ′

M = dom(φ) rng(φ) ⊆ dom(µT )
∀m ∈ M Γ±{self 7→#C},H ` µT (φ(m)) . τ ′′

m

Γ ` τ ′′
m <: τm

∀m ∈ M ∩ M′ Γ ` τm <: τ ′
m

Γ,H , C ` (C′, e, µT , φ) . σ
(58)

dom(K) = dom(C of Γ )
∀C ∈ dom(K) Γ (C) = σ and Γ,H (K), C ` K(C) . σ′ and Γ ` σ′ <: σ

Γ ` K (59)
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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 [21,14,20] 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 [19]. 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 [4,3,10,2] 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
[17,25], 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 [19,26,23]. 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.2), we present the core component calculus, its
type-system and operational semantics (Sec.3). This section is concluded by the
statement of type-safety property. In Sec.4 we make some preliminary remarks
about the implementation of ComponentJ. The paper ends with a discussion of
related work and some conclusions.

2 Motivating 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.1.

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.2. 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 list. In general,

interface IQueue {
void enQueue(ITask t);
ITask deQueue();

}

interface IList {
void insert(int p,Object o);
void remove(int p);
Object get(int p);
int size();

}

interface ISupervisor {
int size();
ITask get(int p);
void remove(int p);
void swap(int p1, int p2);
void visit(IVisitor v);

}

Fig. 1. Interfaces of the CToDo component
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component CList is compose {
provides IList list;
meth m {

Object elements[];
void insert(int p,Object o) {..}
...

}
plug m into list;

}

m list:IList

(a)

(b)

component CToDo is compose {
provides IQueue q;
provides ISupervisor su;
intro CList list;
meth mq {

void enQueue(ITask t) {..}
ITask deQueue() {..}

}
meth ms {

int size() {..}
...

}
plug mq into q; plug ms into su;

}

su:ISupervisor

list:TList

list:IList

q:IQueuemq

ms

(c)

(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 Fig.2(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 l 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 {
provides IQueue q;
provides ISupervisor su;
requires IList list;
meth mq {

void enQueue(ITask t) {..}
ITask deQueue() {..}

}
meth ms { int size() {..}
...
}
plug mq into q; plug ms into su;

}

ms

mq

su:ISupervisor

list:IList

q:IQueue

(a) (b)

component CToDoModular
is compose {

provides IQueue q;
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;

}

list:CList
q:IQueue

su:ISupervisorlist:IList

toDo:CToDoExtension

(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 [5].

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.3(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 l;

interface TToDo
provides IQueue q
provides ISupervisor su;

component CNewToDo is compose {
provides IQueue q;
provides ISupervisor su;
intro compose {

provides IQueue q;
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)

policy:COrder

list:List

list:CList toDoExtension:TToDoExtension

selector:ISelector

q:IQueue

su:ISupervisor

toDo:CSelectableToDo

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 Fig.4(a). This component’s
type is the TSelectableToDo also shown in Fig.4(a). 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 Fig.3(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 Fig.4(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.4(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 Fig.4(a). 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 Fig.5, 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 (ι) and instance types
[P ]; the abstract syntax of these types is presented in Fig.6. 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 fi a method type
ιi of the form (τ1, . . . , τm)σ. In such a method type, the τi specify the types of
the method’s parameters and σ the return type, as expected.

We assume given a globally defined set N of interface names and a mapping
I 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

τ, σ ::= I | R ⇒ P | [R]

R, P ::= {p1 : I1, . . . , pn : In} (n ≥ 0)

ι ::= (τ1, . . . , τn)σ (n ≥ 0)

I ::= I ∈ N | {f1 : ι1, . . . , fn : ιn} (n ≥ 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 {p1 : I1, . . . , pn : In},
where each pi is a port name and Ii 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(pi) for the interface type assigned to the service port pi 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.7. 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 e1; e2 as an abbreviation for let x = e1 in e2, 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 ei into the corresponding
requirement pi; 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. ε 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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e ::= x | e.p | e.f(e) | !x | x := e | let x = e in e |
compose e | new e with e in p | ε |
require x : I and e | provide x : I and e |
intro x : C = e and e | meth x : M and e |
plug π into π and e | ` | nil | error

π ::= p | x.p M ::= {a1 : τ1, . . . ; f1(x) = e1, . . . }

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 = e1 and e2 introduces an inner component for as-
sembly which will be referred inside e2 by the variable x, which is locally bound
and has e2 as its scope. Such inner component is specified by e1 and must con-
form with the component type C. The body e2 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 π1 into π2 and e. A plug π 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 x 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 : τ ) = b, the parameters
x are local binding occurrences and the method body b can directly call any

require l : List and
provide su : ISupervisor and
provide q : IQueue and
meth mq : {

enqueue(t : Task) = l.insert(l.size(), t),
dequeue() = let x = l.get(0) in l.remove(0); x} and

meth ms : {size() = l.size(), . . . } and
plug mq into q and
plug ms into su and ε

Fig. 8. The CToDoExtension component.
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service internally available in the component being built. In Fig.8 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.

Example. 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 ε” at the end of component expressions, for the sake of brevity.
Let I be an interface as I = {do : ιdo, twice : ιtwice}, and let

C = compose(require s : I and
meth m : {do() = b1, 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 x : τC = C
and plug x.o into x.s and plug x.o 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() = b2; s.do(), four() = s.twice(); s.twice()}
and provide o : J and join s, m into o)

where J = I ∪ {four : ιfour}. Here we have used a join expression, which is
an idiom of the core calculus reducible to meth and plug: join a, b into c 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 x : τC = C and intro y : τM = M and plug s into x.s and
and plug x.o into y.s and provide o : I and plug y.o into o))

and instantiated as C above. For instance, in the program

let MI = compose(provide o : I and intro x : τN = N plug x.o into x.s
and plug x.o into o)

in let obj = (new MI).o in obj.twice()
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the “inherited” code for twice will call the definition for do() in M . Note that
while N is still open to redefinition of methods declared in the required interface
I, MI closes the cycle and is an instantiable component (of type ∅ ⇒ {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
τ <: σ when τ is a subtype of σ. This relation is defined in the expected way;
in Fig.9 we present all the sub-typing rules. In particular, a component type
τ is a subtype of a component type σ whenever τ provides more services and
requires less services than those specified by σ. Moreover, each service provided
by τ must conform with an interface which is a subtype of the corresponding
service provided by σ, 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 [9,12], but also in [16] 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 ∆ ` e : τ where ∆ is
a typing context, e a term and τ a type. Typing contexts are plain assignments
of types to variables: hence we write ∆(x) = τ whenever ∆ = ∆′, x : τ ; and
∆(x.p) = I whenever ∆ = ∆′, x : [p : J, . . . ]. For components we introduce the
judgment form R;∆ `c e : τ where ∆, e and τ 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 π. The full set of typing rules for general expressions is presented in
Fig.9. For the strict use of the typing system, we introduce the additional kind of
type Var(σ) for any type σ. 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 |∆| of the typing context ∆ appearing
in the conclusion, defined by |∆| = {x : C ∈ ∆ : 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 [9,1] where modules can be open (contain free variables).
The typing rules for component expressions are also presented in Fig.9. The set
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Sub-typing

τ <: τ
τi <: τ ′

i

{f1 : τ1, . . . , fn : τn} <: {f1 : τ ′
1, . . . , fm : τ ′

m} (m ≤ n)

σi <: τi τ <: σ

(τ1, . . . , τn)τ <: (σ1, . . . , σn)σ
P ′ <: P R <: R′

P ⇒ R <: P ′ ⇒ R′
P <: R

[P ] <: [R]

General Expressions

∆, x : τ ` x : τ
∆ ` e : [P ] P (p) = τ

∆ ` e.p : τ

∆ ` error : τ ∆ ` nil : τ ∆, ` : τ ` ` : τ

∆ ` e : R ⇒ P ∆ ` ei : σi σi <: Ii R = {r1 : I1, . . . , rn : In} ∆ ` e′
j : σ′

j

∆ ` new e with e, e′ in r, r′ : [P ]

∆ ` e : I I(f) = (τ1)τ ∆ ` e1 : σ1 σ1 <: τ1

∆ ` e.f(e1) : τ

∆ ` e : τ ∆(x) = Var(σ) τ <: σ

∆ ` x := e : τ

∆ ` x : Var(σ)
∆ `!x : σ

∆ ` e1 : τ1 ∆, x : τ1 ` e2 : τ2

∆ ` let x = e1 in e2 : τ2

∅; |∆| `c e : R ⇒ P

∆ ` compose e : R ⇒ P

Component Expressions

∅; ∆ `c ε : ∅ ⇒ ∅ ∅; |∆| `c e : R ⇒ P

∅; ∆ `c compose e : R ⇒ P

R; ∆, x : I `c e : R ⇒ P

R; ∆ `c require x : I and e : R, x : I ⇒ P

R, x : I; ∆ `c e : R ⇒ P

R; ∆ `c provide x : I and e : R ⇒ P, x : I

|∆| ` e1 : τ τ <: R′ ⇒ P ′ R, x.R′; x : [P ′], ∆ `c e2 : R ⇒ P

R; ∆ `c intro x : R′ ⇒ P ′ = e1 and e2 : R ⇒ P

∆(π1) <: I R; ∆ `c e : R ⇒ P

R, π2 : I; ∆ `c plug π1 into π2 and e : R ⇒ P

∆, w : {m : (σ)τ, . . . }, a : Var(τa), x : σ ` b : τ R; ∆, w : {m : (σ)τ, . . . } `c e2 : R ⇒ P

R; ∆ `c meth w : {a : τa, . . . ; m(x : σ) = b, . . . } and e2 : 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 x : 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 x.R stands for the set of plugs {x.pi : Ii | R(pi) = Ii}.
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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, π2 : I we implicitly
assume that π2 : I 6∈ 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;S′,
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[` 7→v] 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(x) = b, . . . |} of methods with type-erased parameters. An instance
will be represented by an environment, that is, a set {x1 7→`1, . . . , xn 7→`n} 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 c 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
` 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

compose c; S ↓ compose c; S `; S ↓ `; S
S(`) = 〈v〉
!`; S ↓ v; S

S(`) 6=〈v〉
!`; S ↓ error; S

e; S ↓ `; S′ e1; S′ ↓ v; S′′ S′(`) = {|m(x) = b, . . . |} b{x/v}; S′′ ↓ v′; S′′′

e.m(e1); S ↓ v′; S′′′

e1; S ↓ v1; S′ e2{x/v1}; S′ ↓ v; S′′

let x = e1 in e2; S ↓ v; S′′
e; S ↓ v; S′ v 6=nil S′(v) 6={|m(x) = b, . . . |}

e.m(e1); S ↓ error; S′

nil; S ↓ nil; S
e; S ↓ d; S′ ∅; d, S′ ⇓ s; S1 ei; Si ↓ vi; Si+1 vi 6=nil
new e with en in rn; S ↓ `; Sn+1[` 7→s][s(ri) 7→vi]

e; S ↓ v; S′

x := e; S ↓ v; S′[x 7→ 〈v〉]
e; S ↓ `; S′ S′(`) = {p 7→`′, . . . } v = derefS′(`′)

e.p; S ↓ v; S′

e; S ↓ `; S′ ` 6=nil S′(`) 6={p 7→`′, . . . }
e.p; S ↓ error; S′

e; S ↓ `; S′ S′(`) = {p 7→`′, . . . } derefS′(`′) = nil
e.p; S ↓ error; S′

Component Expressions

c; ε; S ⇓ c; S
c; e; S ⇓ c′; S′

c; compose e; S ⇓ c′; S′

c{x 7→`}; e{x/`}; S[` 7→nil] ⇓ c′; S′

c; require x : I and e; S ⇓ c′; S′ † c{x 7→`}; e{x/`}; S[` 7→nil] ⇓ c′; S′

c; provide x : I and e; S ⇓ c′; S′ †

new e1; S ↓ c′; S′ c{x 7→c′}; e2{x/c′}; S′ ⇓ c′′; S′

c; intro x : e1 and e2; S ⇓ c′′; S′

c{w 7→`}; e{w/`}; S[`a 7→ 〈nil〉][` 7→ {|m(x : σ) = c(b){a/`a}{w/`}, . . . |}] ⇓ c′; S′

c; meth w : {a : τa, . . . ; m(x : σ) = b, . . . } and e; S ⇓ c′; S′ ‡

selectS(π2) = ` c; e; S[` 7→selectS(π1)] ⇓ c′; S′

c; plug π1 into π2 and e; S ⇓ c′; S′

c; e; S ⇓ c′; S′ ¬selectS(π2)
c; plug π1 into π2 and e; S ⇓ c′; S′

¬selectS(π1)
c; plug π1 into π2 and e; S ⇓ error; S′

†) ` = new(S).
‡) `, `a = 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.10. 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 ⇓ c′;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: c 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 ⇓ c′;S′ is derivable, c′ is the result of
completing c as stated by e, and S′ the final heap w.r.t. c′ must be understood
(ie. locations in c′ 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 ε 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 c′ according to e1 and updates the
current instance c 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 7→`} 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 π1
to a destination port π2 amounts to storing the location assigned to π1 into
the location assigned to π2, 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(x) := S(x) selectS(x.p) := selectS(x)(p)

When such location does not exist, we write ¬selectπ(S).
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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.11 —
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 ei 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(`) 6=nil and S(`) 6∈Loc.
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(`′) = v.
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 Γ types heap S if, for all `
in S, Γ (`) = τ implies that ` is either undefined or refers to a heap value of a
type τ ′ <: τ w.r.t. S and Γ .

v is a heap value of type τ w.r.t. S and Γ whenever v = nil or
— τ = Var(σ) and v = 〈u〉 with either u = nil, u a component value of a

subtype of σ, or a direct location such that Γ (u) <: σ, or
— τ = {m1 : (σ1)β1, . . . } and v = {|m1(x1) = b1, . . . |}, with Γ,xi : σi ` bi :

βi for all mi, or
— τ = [r : I ⇒ p : J ] and v = {r 7→`r,p 7→`p, . . . }, such that each `r

i

is either undefined or refers to a heap value of a subtype of Ii w.r.t. S and Γ ,
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and each `p is either undefined, leads to some `r
i , or refers to a record value of

a subtype of Ji w.r.t. S and Γ .

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 Γ
type S. If Γ ` e : τ and e;S ↓ v;S′ then

a) there is Γ ′ extending Γ and typing S′.
b) Γ ′ ` v : τ ′ for some τ ′ <: τ .
c) 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 ComponentJ. A preprocessor performs type-checking of ComponentJ 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 Sec.2. 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 [15,7,12,9,1], most prominently with the Units of
MzScheme reported in [9], and the primitive modules of [1]. However, units
are more close to conventional modules in standard imperative and functional
programs (even with parametric modules like in SML [13]), 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
[1] 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 [9,1] 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 [15] 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.
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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 c = 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.1

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
1 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 6).

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 4 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 5
discusses the elaboration process from user programs to FJI, which is considered
an intermediate language to define semantics. Section 6 examines some behavi-
oral differences between compilers resulting from inconsistencies in the existing
specification, Section 7 discusses related work, and Section 8 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 3, we just show
its syntax and an example of program execution here. The rest of the definition
can be found in Figure 4.

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}

K ::= C(C f) {super(f); this.f = f;}

M ::= C m(C x) {return e;}

e ::= x | e.f | e.m(e) | new C(e)

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-



On Inner Classes 133

mes; c, d and e range over expressions; L ranges over class declarations; K
ranges over constructor declarations; and M ranges over method declarations.
We write f as shorthand for f1,. . . ,fn (and similarly for C, x, e, etc.) and
write M as shorthand for M1. . . Mn (with no commas). We write the empty se-
quence as • and denote concatenation of sequences using a comma. The length
of a sequence x is written #(x). We abbreviate operations on pairs of sequen-
ces in the obvious way, writing “C f” as shorthand for “C1 f1,. . . ,Cn fn” and
“C f;” as shorthand for “C1 f1;. . . Cn fn;” and “this.f=f;” as shorthand for
“this.f1=f1;. . . this.fn=fn;”. 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(e).fi just reduces to the corresponding constructor argument
ei. 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 e0 following the return
of method m in class C in the class table, and reducing to the instance of e0 in
which d and the receiver object (new C(e)) are substituted for formal arguments
and the special variable this, respectively. Figure 4 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 −→ e′, read “expression e reduces to expression e′ in
one step.”

For example, given the class definitions

class A extends Object {
A() { super(); }

}
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class B extends Object {
B() { super(); }

}
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 e0.new C(e) is annotated with the static type T
of e0, written e0.new<T> C(e).

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 5), 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.



On Inner Classes 135

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 C1. · · · .Cn can refer to
n−1 enclosing instances, C1.this to Cn−1.this, as well as the usual this, which
can also be written Cn.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
e0.new<T> C(e), where e0 is the enclosing instance and T is the static type of
e0. The result of e0.new<T> C(e) is always an instance of T.C, regardless of
the run-time type of e0. (We avoid a notation like e0.new T.C(e) because it
is not in the Java syntax. Java allows only the notation new T.C(e) (without
a prefix), which roughly means an instantiation from the class T.C with an
enclosing instance T.this; see Section 5 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 e0. (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 Outer′ of the class Outer 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 1 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 A1.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

A1.this.a1

B2.this.b2

T1 a1;

T2 b2;

A1 A1.A2 A1.A2.A3

B1 B1.B2
B1.B2.B3

C1 C1.C2
C1.C2.C3

extends

extends

class A1 ... {

  T1 a1; ...

  class A2 ... { ...

    class A3 ... { ...

}}}

class B1 ... { ...

  class B2 ... { ...

    T2 b2; ...

    class B3 extends A1.A2.A3 {

    ...

}}}

class C1 ... { ...

  class C2 ... { ...

    class C3 extends B1.B2.B3 {

    ...

}}}

Fig. 1. A chain of environments
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of an inner class is instantiated, the enclosing object is provided by a prefix
e0 of the new expression. For example, a C1.C2.C3 object is instantiated by
writing e0.new<C1.C2> C3(e), where e0 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 C1.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 e0 in e0.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;
}}

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 B1 extends ... { ...
class B2 extends ... { ...

class B3 extends A1.A2.A3 {
Object b3;
B3(Object a3, A1.A2 this$A1$A2$A3, Object b3) {

this$A1$A2$A3.super(a3); this.b3 = b3; }
}}}

Note that, since an enclosing instance corresponding to A1.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; }

}}}
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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$C1$ · · · $Cn, where C1. · · · .Cn 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 2. 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 C1,. . . ,Cn

concatenated by periods). For compactness in the definitions, we introduce the
notation ? for a “null qualification” and identify ?.C with C. The metavariable
P ranges over types (T) and ?. We write C ∈ P if P = C1. · · · .Cn and C = Ci for
some i.

A class declaration L includes declarations of its simple name C, superclass
T, fields T f, 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:

T ::= C1. · · ·.Cn

L ::= class C / T {T f; K L M}

K ::= C(T f) {
super(f); this.f = f;}

| C(T f) {
f.super(f); this.f = f;}

M ::= T m (T x) {↑e;}
e ::= x | e.f | e.m(e)

| new C(e) | e.new<T> C(e)

Computation:

fields(C) = T f

new C(e).fi −→ ei

fields(T.C) = T f

e0.new<T> C(e).fi −→ ei

mbody(m,C) = (x,d0,C1. · · ·.Cn)
cn

def= new C(e)
ci

def= enclC1.···.Ci+1(ci+1) i∈1...n−1

new C(e).m(d)

−→
[
d/x, cn/this,
ci/Ci.this i∈1...n

]
d0

mbody(m,T.C) = (x,d0,C1. · · ·.Cn)
cn

def= e0.new<T> C(e)
ci

def= enclC1.···.Ci+1(ci+1) i∈1...n−1

e0.new<T> C(e).m(d)

−→
[
d/x, cn/this,
ci/Ci.this i∈1...n

]
d0

Subtyping:

T <: T
S <: T T <: U

S <: U

CT (S) = class C / T {...}

S <: T

Expression typing:

Γ(x) = T

Γ ` x ∈ T

Γ ` e0 ∈ T0 fields(T0) = T f

Γ ` e0.fi ∈ Ti

Γ ` e0 ∈ T0 mtype(m,T0) = U→U0

Γ ` e ∈ S S <: U

Γ ` e0.m(e) ∈ U0

fields(C) = T f Γ ` e ∈ S S <: T

Γ ` new C(e) ∈ C

Γ ` e0 ∈ S Γ ` e ∈ S
fields(T.C) = T f S <: T S <: T

Γ ` e0.new<T> C(e) ∈ T.C

Method typing:

x : T, this : C1. · · ·.Cn,
Ci.this : C1. · · ·.Ci

i∈1...n ` e0 ∈ S0

CT (C1. · · ·.Cn) = class Cn / S {...}

S0 <: T0
if mtype(m,S) = U→U0,

then U = T and U0 = T0

T0 m(T x) {↑e0;} OK IN C1. · · ·.Cn

Class typing:

K =
C(S g, T f){
super(g); this.f = f;}

fields(D) = S g C 6∈P
M OK in P.C L OK in P.C

class C / D {T f; K L M} OK IN P

K =
C(S g, T g0, T f){
g0.super(g); this.f = f;}

fields(T.D) = S g C 6∈P
M OK in P.C L OK in P.C

class C / T.D{T f; K L 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 6∈dom(CT ). (4) For
every type T (except Object) appearing anywhere in CT , we have T ∈ dom(CT ).
(5) For every e0.new<T> C(e) (and new C(e), 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 6<: 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 3. 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 f 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→S, 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 (x, e, T), of
a sequence of parameters x, an expression e, and a class T where the method is
defined.

The function enclT(e) plays a crucial role in the semantics of FJI. Intuitively,
when e is a top-level or inner class instantiation, enclT(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 e0.new<T> C(e)
agrees with the subscript T.C, it just returns the (direct) enclosing instance
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Field lookup:

fields(Object) = •

CT (T) = class C / D {T f; K L M}
fields(D) = S g

fields(T) = S g, T f

CT (T) = class C / U.D {T f; K L M}
fields(U.D) = S g
U = C1. · · ·.Cn

f0 = this$C1$ · · ·$Cn$D

fields(T) = S g, U f0, T f

Method type lookup:

CT (T) = class C / S {S f; K L M}
U0 m (U x) {↑e;} ∈ M

mtype(m,T) = U→U0

CT (T) = class C / S {S f; K L M}
m is not defined in M

mtype(m,T) = mtype(m,S)

Method body lookup:

CT (T) = class C / S {S f; K L M}
U0 m (U x) {↑e;} ∈ M

mbody(m,T) = (x,e,T)

CT (T) = class C / S {S f; K L M}
m is not defined in M

mbody(m,T) = mbody(m,S)

Enclosing instance lookup:

enclT.C(e0.new<T> C(e)) = e0

CT (C) = class C / D {S f;...}
#(f) = #(e)

enclT(new C(d, e))
= enclT(new D(d))

CT (C) = class C / U.D {S f;...}
#(f) = #(e)

enclT(new C(d, d0, e))
= enclT(d0.new<U> D(d))

CT (S.C) = class C / D {S f;...}
#(f) = #(e) T 6=S.C

enclT(e0.new<S> C(d, e))
= enclT(new D(d))

CT (S.C) = class C / U.D {S f;...}
#(f) = #(e) T 6=S.C

enclT(e0.new<S> C(d, d0, e))
= enclT(d0.new<U> D(d))

Fig. 3. FJI: Auxiliary definitions

e0. 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 e0.new<S> C(d, d0, e), the enclosing instance e0 is not the correct
answer. We therefore make a recursive call with an object d0.new<U> D(d) of
the superclass obtained by dropping e0 and as many arguments e 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:

enclA1.A2.A3(e0.new<C1.C2> C3(a, e1, b, e2, c))
= enclA1.A2.A3(e2.new<B1.B2> B3(a, e1 ,b))
= enclA1.A2.A3(e1.new<A1.A2> A3(a))
= new A1().new<A1> A2()

where e1 = new A1().new<A1> A2() and e2 = 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 A1.this, encl can be used repeatedly:
enclA1.A2(enclA1.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 Figure 2. There are four reduction rules, two for field
access and two for method invocation. The field access expression new C(e).fi

looks up the field names f of C using fields(C) and yields the constructor argu-
ment ei in the position corresponding to fi in the field list; e0.new<T> C(e).fi

behaves similarly. The method invocation expression new C(e).m(d) first calls
mbody(m, C) to obtain a triple of the sequence of formal arguments x, the method
body e, and the class C1. · · · .Cn 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 Cn.this with the receiver object new C(e), and
each Ci.this (for i < n) with the corresponding enclosing instance ci, obtained
from encl . Since the method to be invoked is defined in C1. · · · .Cn, the direct
enclosing instance Cn−1.this is obtained by enclC1.···.Cn(e), where e is the re-
ceiver object; similarly, Cn−2.this is obtained by enclC1.···.Cn−1(enclC1.···.Cn(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 −→ e′.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()

−→ new Outer(new Pair(new A(), new B())).p.snd
−→ new Pair(new A(), new B()).snd
−→ new B()

3.6 Typing Rules

The typing rules for expressions, method declarations, and class declarations are
given in the right column of Figure 2. An environment Γ is a finite mapping
from variables to types, written x:T. The typing judgment for expressions has
the form Γ ` e ∈ T, read “in the environment Γ, 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 M OK IN C1. · · · .Cn,
read “method declaration M is ok if it is declared in class C1. · · · .Cn.” The body
of the method is typed under the context in which the formal parameters of the
method have their declared types and each Ci.this has the type C1. · · · .Ci. 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 OK 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 6∈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). If Γ ` e ∈ T and e −→ e′, then Γ ` e′ ∈ T′

for some T′ such that T′ <: T.

Theorem 2 (Progress). Suppose e is a well-typed expression.

(1) If e includes new C0(e).f as a subexpression, then fields(C0) = T f and
f ∈ f. Similarly, if e includes e0.new<T0> C(e).f as a subexpression, then
fields(T0.C) = T f and f ∈ f.

(2) If e includes new C0(e).m(d) as a subexpression, then mbody(m, C0) =
(x, e0, C1. · · · .Cn) and #(x) = #(d), and c1, . . . , cn appearing in the third
computation rule are well defined.
Similarly, if e includes e0.new<T0> C(e).m(d) as a subexpression, then
mbody(m, T0.C) = (x, d0, C1. · · · .Cn) and #(x) = #(d) and c1, . . . , cn 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 Outer.Inner is compiled to the top-level class Outer$Inner; the
field this$Outer$Inner holds an Outer object, which corresponds to the direct
enclosing instance Outer.this in the original FJI program; thus, Outer.this is
compiled to the field access expression this.this$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, ?) where the entity being translated is defined, written | · |T (or | · |?).

4.1 Types, Expressions and Methods

Every qualified class name is translated to a simple name obtained by syntactic
replacement of . with $.

|C1. · · · .Cn| = C1$ · · · $Cn

The compilation of expressions, written |e|T, is given below. We write |e|T as
shorthand for |e1|T , . . . , |en|T (and similarly for

∣
∣T

∣
∣,

∣
∣M

∣
∣
T

and
∣
∣L

∣
∣
P
).

|x|T = x
|e0.f|T = |e0|T .f
|e0.m(e)|T = |e0|T .m( |e|T )
|new D(e)|T = new D( |e|T )
|e0.new<T> D(e)|T = new |T.D| ( |e|T , |e0|T )
|this|T = this
|Cn.this|C1.···.Cn

= this
|Ci.this|C1.···.Cn

= |Ci+1.this|C1.···.Cn
.this$C1$ · · · $Ci+1 (1 ≤ i ≤ n − 1)

As we saw above, a compiled inner class has one additional field, called this$ |T|,
where T is the original class name. Ci.this in the class C1. · · · .Cn 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 e0 of e0.new<T> C(e)
will become the last argument of the compiled constructor invocation.

Compilation of methods, written |M|T, is straightforward. We use the notation
∣
∣T

∣
∣ x for |T1| x1, . . . , |Tn| xn.

∣
∣T0 m (T x) { return e; }

∣
∣
T

= |T0| m(
∣
∣T

∣
∣ x) { return |e|T ; }

4.2 Constructors and Classes

Compilation of constructors, written |K|T, is given below.
∣
∣
∣
∣

C(S g, T f)
{ super(g); this.f = f; }

∣
∣
∣
∣
C

= C(
∣
∣S

∣
∣ g,

∣
∣T

∣
∣ f)

{super(g); this.f=f;}
∣
∣
∣
∣

C(S g, S0 g0, T f)
{ g0.super(g); this.f = f; }

∣
∣
∣
∣
C

= C(
∣
∣S

∣
∣ g, |S0| g0,

∣
∣T

∣
∣ f)

{super(g, g0); this.f=f;}

∣
∣
∣
∣

C(S g, T f)
{ super(g); this.f = f; }

∣
∣
∣
∣
T.C

=

|T.C| ( ∣
∣S

∣
∣ g,

∣
∣T

∣
∣ f,

|T| this$ |T.C| )
{super(g); this.f = f;
this.this$ |T.C| =this$ |T.C| ;}

∣
∣
∣
∣

C(S g, S0 g0, T f)
{ g0.super(g); this.f = f; }

∣
∣
∣
∣
T.C

=

|T.C| ( ∣
∣S

∣
∣ g, |S0| g0,

∣
∣T

∣
∣ f,

|T| this$ |T.C| )
{super(g, g0); this.f = f;
this.this$ |T.C| =this$ |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|P, is as follows:
∣
∣class C / S {T f; K L M}

∣
∣
?

= class C / |S| {
∣
∣T

∣
∣ f; |K|C

∣
∣M

∣
∣
C
}

∣
∣L

∣
∣
C

∣
∣class C / S {T f; K L M}

∣
∣
T

=
class |T.C| / |S| {

∣
∣T

∣
∣ f; |T| this$ |T.C| ; |K|T.C

∣
∣M

∣
∣
T.C

}
∣
∣L

∣
∣
T.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 |CT |, 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 3). 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 4) and vice versa
(Theorem 5).

Theorem 3 (Compilation preserves typing). When Γ = x : T, we write |Γ|
for x :

∣
∣T

∣
∣. If an FJI class table CT is ok and x : T, this : C1. · · · .Cn, Ci.this :

C1. · · · .Ci
i∈1...n `FJI e ∈ T with respect to CT, then |CT | is ok and x :

∣
∣T

∣
∣ , this : |C1. · · · .Cn| `FJ |e|C1.···.Cn

∈ |T| with respect to |CT |.

Theorem 4 (Compilation commutes with reduction). If Γ `FJI e ∈ T
where dom(Γ) does not include this or C.this for any C, and e−→FJIe′, then
|e|? −→FJ

+ |e′|?.

Theorem 5 (Compilation preserves termination). If Γ `FJI e ∈ T where
dom(Γ) does not include this or C.this, and |e|? −→FJe′, then e−→FJIe′′ and
e′−→FJ

∗ |e′′|? for some e′′.

Unfortunately, Theorems 4 and 5 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.f1.f2. · · · .fn,
where each fi 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 f, 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, f in the method m is bound
to the field f of the enclosing class C unless D has a field f.
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class C extends Object {
Object f; ...
class D extends Object { ...

Object m () { return f; }
}

}

Similarly, f in the method m is bound to the field f 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 f (and D did not), then elaboration would
fail as f 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 f 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 f in m is not ambiguous unless D declares the field f. (The
algorithm finds the definition f 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 f 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(e) 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(e) 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.B() ...}

}
}
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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");
}}

public static void main (String[] args) {
new C().new D().m();

}
}

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 [15] 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(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 Mjølner Beta compiler [13]. The algorithm is very close
to the rules presented in Section 5, 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 calculi 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:

L ::= class C / C {C f; K M}

K ::= C(C f)
{super(f); this.f = f;}

M ::= C m(C x) {↑e;}
e ::= x | e.f | e.m(e) | new C(e)

Computation:

fields(C) = C f

(new C(e)).fi −→ ei

mbody(m,C) = (x,e0)

(new C(e)).m(d)
−→ [d/x, new C(e)/this]e0

Subtyping:

C <: C
C <: D D <: E

C <: E

CT (C) = class C / D {...}

C <: D

Expression typing:

Γ ` x ∈ Γ(x)

Γ ` e0 ∈ C0 fields(C0) = C f

Γ ` e0.fi ∈ Ci

Γ ` e0 ∈ C0 mtype(m,C0) = D→C
Γ ` e ∈ C C <: D

Γ ` e0.m(e) ∈ C

fields(C) = D f Γ ` e ∈ C C <: D

Γ ` new C(e) ∈ C

Method typing:

x : C, this : C ` e0 ∈ E0 E0 <: C0

CT (C) = class C / D {...}
if mtype(m,D) = D→D0,

then C = D and C0 = D0

C0 m (C x) {↑e0;} OK IN C

Class typing:

K =
C(D g, C f)
{super(g); this.f = f;}

fields(D) = D g M OK IN C

class C / D {C f; K M} OK

Field lookup:

fields(Object) = •

CT (C) = class C / D {C f; K M}
fields(D) = D g

fields(C) = D g, C f

Method type lookup:

CT (C) = class C / D {C f; K M}
B m (B x) {↑e;} ∈ M

mtype(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}
B m (B x) {↑e;} ∈ M

mbody(m,C) = (x,e)

m is not defined in M
CT (C) = class C / D {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 mixins, 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 mixin (following the
terminology originally introduced in [17,15]) 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, l’analisi, la verifica,

la sintesi e la trasformazione di sistemi software

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 154–178, 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 [6,5,2,3]. 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 mixin 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 [2,3].

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 [15,19]. After that, at our knowledge, there exist only a proposal for
extending ML [12], a working extension of Smalltalk [7] and a proposal for a
Java-like mixin language [13] (whose relation with our work will be discussed in
detail in Sect.6).

In this paper, we present Jam1, 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
1 Java + 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 [1]). In Sect.4 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.5
we briefly describe the implementation. Finally in Sect.6 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. 1 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 (substitutable)2 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.2.3.

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 instance3 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. 3).

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 mixin 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 f() {
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 fields4. 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. 1, 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.

Unexpected 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 undesired5. Indeed, different choices would sensibly complicate either
4 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.6 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 [14]).

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 {}
class B extends A {}

class Parent {
void f(B b) {}

}

class Heir extends Parent {
void f(A a) {}

}

mixin M {
inherited void f(B b) ;
void f(A a) {}

}

class Test {
void test(Heir h, B b, M m) {
h.f(b) ; // ambiguous
m.f(b) ; // ambiguous?

}
}

Fig. 4. Overloading conflict between inherited and defined methods



Jam - A Smooth Extension of Java with Mixins 161

In the first part of the code shown in Fig.4, 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
[14]).

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 [14]). 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.5.

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(M m) { . . . }
static boolean f(H h) { . . . }

}

mixin M {
void g() {
int i = A.f(this) ;

}
}

class H = M extends Object {}

// ‘‘Equivalent’’ declaration for H
class H . . . {
void g() {
int i = A.f(this) ; // Boom !!!

}
}

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.6 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 [1].

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 [1] 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 exceptions6, 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,
– A+ to indicate a sequence of one or more occurrences of A,
– [A] 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,
– A⊕ to indicate a non empty set of occurrences of A.

Fig. 6 contains the part of the Jam abstract syntax related to interface, class
and mixin declarations (the Jam specific productions are the first three only).
6 Checked exceptions have been considered in a recent improved version [11].
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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 exc-type { super(expr∗) ; stmts }

cmeth ::= [ static ] ret-type name params throws exc-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. 7 we define the Jam types. A generic type can be a reference type, a
primitive type (both defined in Fig. 6) 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. 6). 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
mixin-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 mixin 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 [11], we consider two components that can be extracted in a
trivial way from a program: the environment Γ , 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 Γ ). The syntax of these two components is given in Fig. 8.

env ::= basic-type-assertion~

basic-type-assertion ::= cname isc class-type | cname <1
c cname | name �1

i iname |
iname isi interface-type | iname <1

i iname |
mname ism mixin-type | cname �m 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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Γ ` �
Γ ` {BD1, . . . , BDn}�Prog

The former means that Γ 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 Γ . 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 [1].

An environment is a set of basic type assertions having the following informal
meaning:

– C isc K KST FST MST : the class C of kind K declares the specified
constructors (KST ), fields (FST ) and methods (MST )

– C <1
c C ′ : the class C directly extends the class C ′

– T �1
i I : the module (either class or mixin) T directly implements the interface

I
– I isi MST : the interface I declares the methods specified in MST
– I <1

i I ′ : the interface I directly extends the interface I ′

– M ism MODT inherited MODT ′ : the mixin M declares the defined
components MODT and the inherited components MODT ′

– C �m M : the class C has been defined instantiating the mixin M

Judgments of the metarules related to well-formedness of environments have
the form Γ ` γ, with Γ an environment and γ 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 <1

c is
the subclass relation ≤c; analogously the reflexive (on existing interface types)
and transitive closure of <1

i is the subinterface relation ≤i. The implementa-
tion relation from classes to interfaces is derived from �1

i and the subclass and
subinterface relations. The new relation introduced in Jam w.r.t. Java is that
of instantiation, denoted �m, from a mixin instance to the corresponding mixin
type. Finally, from all these relations we can derive a more general relation of
widening (subtyping) between reference types, denoted by ≤. In Fig. 9 we show
the metarule stating that a mixin instance is a subtype of the corresponding
mixin type and that expressing reflexivity of widening for mixin types.

Another group of metarules defines subtyping relations for exceptions, fields,
methods and module types. These relations basically express that a module type
MODT is a subtype of another module type MODT ′ (written MODT ≤mod

MODT ′) if it has more fields and/or methods; the common fields and methods
must have exactly the same type, modulo equivalence of exceptions types =e,
defined by Γ ` ET =e ET ′ iff Γ ` ET ≤e ET ′ and Γ ` ET ′ ≤e ET . Subtyping
relation for exceptions types is defined in Fig. 9; note that it is possible that
Ei = Ej or E′

i = E′
j holds for some i, j.
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Γ ` C �m M

Γ ` C ≤ M

Γ ` M ism MXT

Γ ` M ≤ M
Γ ` E1 ≤c E′

1 . . . Γ ` En ≤c E′
n

Γ ` {E1, . . . , En} �ExcType Γ ` {E′
1, . . . , E′

n}�ExcType

Γ ` {E1, . . . , En} ≤e {E′
1, . . . , E′

n} n ≥ 0

Fig. 9. Relations on types

Other metarules define type assignments, that is, the fact that some Jam
module (either class or interface or mixin) has a given type. In Fig.10 we show
the two metarules related to the two Jam-specific cases, that is a mixin and a
class which is a mixin instance.

Set MXT = FST MST inherited FST ′ MST ′

Γ ` M ism MXT Γ ` MXT�MixinType
Γ ` I1 : ∅ MST1 . . . Γ ` In : ∅ MSTn

Γ ` M : FST ′[FST ]

(MST1
Γ⊕ . . .

Γ⊕ MSTn

Γ⊕ MST ′)[MST ]Γ

n ≥ 0
{I1, . . . , In} = {I | M �1

i I ∈ Γ}

Set:

FSTc = FST ′[FSTd], MSTc = (MST1
Γ⊕ . . .

Γ⊕ MSTn

Γ⊕ MST ′)[MSTd]Γ

MSTm = (MST1
Γ⊕ . . .

Γ⊕ MSTn

Γ⊕ MSTi)[MSTd]Γ , CT = K KST ∅ ∅

Γ ` C isc CT Γ ` CT�ClassType
Γ ` C �m M
Γ ` M ism FSTd MSTd inherited FSTi MSTi

Γ ` C <1
c C′ Γ ` C′ : FST ′ MST ′

Γ ` FST ′ MST ′ ≤mod FSTi MSTi

Γ ` I1 : MST1 . . . Γ ` In : MSTn

Γ ` C : FSTc MSTc

n ≥ 0
{I1, . . . , In} = {I | M �1

i I ∈ Γ}
K = concrete ⇒

Kind(MSTc) = concrete
¬MayBeAmbig(MST ′, MSTm)

Fig. 10. Type assignments

The type of a class, interface or mixin is a module type, that is, a pair con-
sisting of a fields type and a methods type. The first metarule in Fig. 10 defines
the type of a mixin. The fields type consists of the inherited fields type, upda-
ted by the defined fields. The methods type consists of the sum of the methods
types of the implemented interfaces and of the inherited methods, updated by
the defined methods. The auxiliary update operations on (legal) Jam fields and
methods types, written [ ], return a new fields (resp. methods) type obtained
updating the first argument with new fields (resp. methods), if this is possible,
accordingly with Java rules on hiding, overloading and overriding. For instance,
updating a methods type is undefined if we try to override a method with ano-
ther which has the same signature and different return type. On methods types
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we define moreover a sum operation
Γ⊕ which is basically set union, a part that,

in the case of two methods with the same signature the operation is defined only
if they have the same return type and either they are both abstract or one is
abstract and the other is an instance method with compatible throws clause.
In this case, the sum contains just one such method whose exceptions type is
the “intersection” of the exceptions types, defined by

E ∈ ET
Γ⊗ ET ′ iff either E ∈ ET and ∃E′ ∈ ET ′ s.t. Γ ` E ≤c E′ or

conversely.
This operation is needed in the case a class inherits (from the parent class

and implemented interfaces) many methods which differ only for the throws
clauses.

For the formal definition of update and sum operations see [1].
The second metarule in Fig. 10 defines the type of a mixin instance. The fields

type consists of the fields type of the superclass updated by the fields defined
in the mixin. The methods type consists of the sum of the methods types of
the implemented interfaces and the methods of the superclass, updated by the
methods defined in the mixin. The predicate MayBeAmbig (omitted here) holds
whenever the two arguments types may cause ambiguity, and thus make two
methods incompatible in mixin instantiation as explained in Sect.2.3.

Other analogous metarules define the type of an interface and of a standard
Java class. We assume that all these metarules can be instantiated only when
update operations are defined.

In Fig. 11 we show some of the metarules which define when a Jam envi-
ronment is well-formed. More precisely, the judgment Γ ` Γ ′� denotes that the
declarations in Γ ′ are well-formed in the larger environment Γ . Indeed, we follow
the approach in [10] of considering larger environment in order to correctly deal
with mutual recursion between declarations. An environment Γ is well-formed
if Γ ` Γ�; in this case we also use the abbreviation Γ ` �.

We show, in particular, the metarules which define well-formedness of mixin
declarations and mixin instantiations; analogous rules hold for interface and
usual class declarations.

Γ ` Γ ′ � Γ ` M : FST MST

Γ ` Γ ′ ∪ {M ism MXT, M �1
i I1, . . . , M �1

i In}�
Γ ′(M) = ⊥

Γ ` Γ ′ � Γ ` C : FST MST

Γ ` Γ ′ ∪ {C isc K KST ∅ ∅, C <1
c C′, C �m M,

C �1
i I1, . . . , C �1

i In}�

Γ ′(C) = ⊥
Γ 6`C′ ≤c C

Fig. 11. Well-formed declarations
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4 Jam to Java Translation

In this section, we give a formal definition of the dynamic semantics of Jam direc-
tly by translation into Java. The same approach of defining a Java extension by
translation into Java has been taken for Pizza [18], a superset of Java which in-
corporates parametric polymorphism, higher-order functions and algebraic data
types, and its recent evolution GJ (for “Generic Java”) [9].

We first illustrate informally the basic ideas through some examples, then
provide the formal definition; finally we state that the translation preserves static
correctness.

The translation from Jam to Java must be defined in such a way to correspond
to the informal Jam semantics we have illustrated in Sect.2. Hence, the two basic
properties of mixins must be preserved, that is:

– the behavior of a class H obtained by instantiating a mixin M on a parent P
must be “equivalent” to that of a class obtained by extending P by all the
defined components of M (copy principle);

– mixin names can be used as reference types (independently from the exi-
stence of some mixin instance), and every class which is instance of a mixin
must be subtype of both the mixin and the parent class.

The first point immediately gives an easy translation directive: every instantia-
tion of a mixin M on a parent P must be expanded to a usual Java declaration
of a class extending P and declaring all the defined components of M (plus the
constructors possibly declared in the instantiation).

The second point is less trivial. Indeed, mixin types in Jam are a new kind
of types, not existing in Java, hence they must be mapped onto either class or
interface types.

A simple way to get the property that a mixin instance turns out to be
a subtype of both the mixin and the parent type “for free” is to translate a
mixin declaration by an interface declaration, and every instantiation by a Java
class which (besides extending the parent) implements this interface; however,
this choice introduces the problem that mixins in Jam can declare fields, while
interfaces cannot.

On the other hand, translating a mixin declaration by a class declaration
would have the advantage of making possible the declarations of fields, but would
require to simulate in Java the implicit Jam type conversion from the mixin
instance type to the mixin type.

Hence, we have adopted the first choice, solving the problem of field declara-
tions by the standard technique of simulating fields by pairs of accessor methods
for selecting (getter) and updating (setter) fields. For each field f in a mixin M
declaration, the methods M $get$ f and M $set$ f are declared in the interface
corresponding to the mixin declaration; then, in every class translating a mixin
instance, f is declared as a field and the two methods are implemented in the
obvious way7.
7 The implementation, for handling Java packages, uses a fully-qualified (as defined in

6.7 of [14]) mixin name, rewritten in some way to eliminate the dots, in the accessor
name to avoid possible name clashes.
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Let us now illustrate how the translation works in practice on the mixin Undo
introduced in Sect.1.

interface Parent$Undo {
String getText() ;
void setText(String s) ;

}
interface Undo extends Parent$Undo {
String Undo $get$ lastText() ;
String Undo $set$ lastText(String newValue) ;
void setText(String s) ;
void undo() ;

}

Fig. 12. Translation of a mixin declaration

Note that in the translation (shown in Fig.12), together with the interface
Undo corresponding to the mixin type, there is a second interface Parent$Undo
which is extended by Undo and contains only the declarations of inherited me-
thods.

This interface represents the translation of the type Parent(Undo) introdu-
ced in Sect.2.4, that is, the generic parent type on which the mixin can be
instantiated, and is necessary for the Java translation to correctly simulate the
Jam extended rule for overloading resolution (an inherited method in a mixin M
must be considered as it had been declared in a “generic” superclass of M, hence
considered less specific of a defined method with the same signature).

We consider now an instantiation of the mixin Undo in Fig.13, and the cor-
responding translation in Fig.14.

class Example {
String donald = "duck" ;
String getText() { return donald ; }
void setText(String donald) { this.donald = donald ; }

}
class ExampleWithUndo = Undo extends Example {}

Fig. 13. Undo instantiation example

As shown by the example, the class translating an instantiation of the mixin
M on a parent P extends P and implements the interface M; moreover, the class
contains a copy of all the fields and methods defined in M, including static mem-
bers and abstract methods, and the implementation of the accessor methods for
each field.
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class Example { ... (unmodified) }

class ExampleWithUndo extends Example implements Undo {
String lastText ;
String Undo $get$ lastText() { return lastText ; }
String Undo $set$ lastText(String newValue) {
return lastText = newValue ;

}
void setText(String s) {
lastText=getText() ; super.setText(s) ;

}
void undo() { setText(lastText) ; }

}

Fig. 14. Translation of a mixin instantiation

Note that, inside the mixin, no accessor invocation is used in the translation
for accessing the fields. Such invocations are only necessary when accessing from
external code. Moreover, using accessors is only needed when the field access
is on an expression of the mixin type, while the code remains unchanged if the
expression type is a mixin instance type. For instance, the following code would
be kept as it stands by the translation process:

ExampleWithUndo e = new ExampleWithUndo() ;
System.out.println(e.lastText) ;

Inherited fields. Although inherited fields logically differ from defined fields, they
are translated in exactly the same way: a pair of method accessors is generated.

Static fields. As shown in Sect.2.2, static fields do not belong to the mixin
type. Therefore declarations of static fields within a mixin matter only for mixin
instances. As a consequence, the pair of interfaces corresponding to a mixin does
not contain any accessor for static fields. Instead, static fields will be inserted in
every class corresponding to a mixin instance.

Formal translation. We formally define now the translation of Jam into Java.
The aim is twofold: first, to define the dynamic semantics of Jam; second, to
prove soundness of the Jam type system from the soundness of the Java type
system [10] and from Theorem 1 which states that the translation preserves the
static semantics.

As usual, for proving preservation of static correctness we need to provide a
formal translation not only for Jam programs (environments and body declara-
tions), but also for all judgments, hence for type assertions. In this paper, for
lack of space, we omit translation clauses related to body declarations.

We denote by [[Γ ]] the translation of a Jam environment Γ .
Since assertions in Γ may be mutually recursive, analogously to what happens

for the static semantics, the translation of Γ (Fig. 15) uses an auxiliary function
taking an additional argument which is a larger environment.
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[[ Γ ]] = [[ Γ ]] Γ

[[ γ1, . . . , γn ]] Γ =
⋃

i∈{1,... ,n}
[[ γi ]] Γ

Fig. 15. Translation of environments

The translation of a Jam type assertion is a set of Java type assertions, and
is defined in Fig.16. For all the type assertions γ for which there is no translation
clause, we implicitly assume that [[ γ ]] Γ = {γ}.

[[ T �1
i I ]] Γ = {T <1

i I} if T ∈ Mixins(Γ ) [[ T �i I ]] Γ = {T ≤i I} if T ∈ Mixins(Γ )
[[ C �m M ]] Γ = {C �1

i M}
[[ M ism FST MST inherited FST ′ MST ′ ]] Γ =

{M isi Abstract(AccessorHeadings(FST ′[FST ], M) ∪ MST ),
Parent(M) isi Abstract(MST ′), M <1

i Parent(M)}
[[ C isc K KST ∅ ∅ ]] Γ = {C isc K KST FSTMST}

if Γ ` C �m M, Γ ` M ism FST MST inherited FST ′ MST ′

[[ C : FSTc MSTc ]] Γ = {C : FSTc MSTc ∪ AccessorHeadings(FST ′[FST ], M)}
if Γ ` C �m M, Γ ` M ism FST MST inherited FST ′ MST ′

[[ M : FSTm MSTm ]] Γ = {M : ∅ Abstract(MSTm ∪ AccessorHeadings(FST ′[FST ], M))}
if Γ ` M ism FST MST inherited FST ′ MST ′

Fig. 16. Translation of type assertions

The translation of the type assertions having form T �1
i I and T �i I depends

on the type of the module T . If T is a mixin then the assertions are translated
into subinterface assertions, otherwise (that is, if T is a class), they remain
unaltered. The instantiation assertion becomes an implementation assertion. A
mixin declaration is transformed into the declaration of two interfaces (the first
being a subinterface of the second). A class declaration C is modified only in
the case C is an instance of a mixin M ; the translation in this case corresponds
to the copy principle. Finally, type assignments for mixin instances and mixins
are translated by introducing accessors. Of course, we assume that there are no
name conflicts between accessors and user defined methods.

The function Mixins returns all the mixins declared in a given environment;
the function AccessorHeadings returns the accessors (getter and setter) corre-
sponding to a set of fields; the function Abstract , given a set of methods, returns
as abstract methods all the instance methods.

We state now that the translation preserves the static semantics, in the sense
that a statically correct Jam program is translated into a statically correct Java
program. This is a implied by the more general property that every valid Jam
judgment is translated into a set of valid Java judgments.

Theorem 1. Let Γ be a well-formed Jam environment (that is, Γ ` � is valid),
then:

1. for every valid judgment Γ ` γ, [[ γ ]] Γ is well-defined and [[Γ ]] ` [[ γ ]] Γ is
valid.
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2. [[Γ ]] is a well-formed Java environment (that is, [[Γ ]] ` � is valid).

The proof can be found in [1].

5 Implementation

The translator (called jamc), implemented in Java, performs a complete syntactic
analysis and only a partial type-checking of Jam input source files. This means
that every lexical or syntactic error in the source code will be detected by jamc,
whereas most static errors will be found later by the Java compiler when trying
to compile the Java source files produced by jamc. Hence obtaining bytecode
from a Jam source involves the execution of two distinct tools: the translator
and a standard Java compiler. The former requires the execution of a JVM, so
this step might be quite expensive even though the translation process is cheap
in computational terms. The cost of the latter step is, of course, the usual cost
required by a standard Java program.

In the current implementation, we have chosen to follow the copy principle
in a straightforward way, because this particular translation guarantees good
performances. In other words, following the terminology introduced by Pizza
[18], we have developed a heterogeneous translation which tends to favour the
running time of the generated code penalizing the bytecode size. Alternatively,
a homogeneous translation could be considered in order to share as much as
possible code between the instantiations of a mixin, at the cost of some time
overhead due to casts. These translations would be preferred in environments
like embedded systems and smart-card applications where the code size is often
a main concern.

We finally mention that jamc must deal with two features that we have not
discussed in this paper: packages and access modifiers. For more details see [1].

6 Related and Further Work

In the preceding sections we have described Jam, a smooth extension of Java
supporting mixins, and we have formally defined its static semantics and a trans-
lation into Java. The latter has been implemented by a Jam to Java translator
which makes Jam executable on every platform implementing a Java Virtual
Machine. In this last section, we provide some detailed comparison with rela-
ted work and discuss some alternative design choices and directions for further
investigations.

Object oriented languages supporting mixins. To our knowledge, the only existing
proposals for extensions of object-oriented languages with mixins are [7] and [13].

In [7] is presented an extension of Smalltalk with mixins. The design princi-
ples of this extension are very similar to those we have followed in Jam. Indeed,
mixins are seen as functions from superclasses into heir classes, instantiation is
possible only if the candidate parent class contains all the methods invoked via
super in the mixin, mixins do not influence the behavior of existing Smalltalk
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programs, hence the extension is fully upward-compatible. The most significant
difference is due to the fact that Smalltalk is untyped, and so, most of the pro-
blems we had to face in the design of Jam simply do not exist for Smalltalk; the
most remarkable of these problems is that mixins introduce a new kind of refe-
rence type. As in our approach (see Sect.2.3) overriding takes place uniformly
both for methods which are invoked via super and for others. Following our
same principle that mixin instantiation should produce a correct heir class, the
candidate parent class must not contain instance variables with the same name
of some defined in the mixin (indeed in Smalltalk hiding parent variables is
forbidden). Moreover, mixins can be easily eliminated from a program by auto-
matically creating a class for each mixin invocation and duplicating the mixins
code for it (in other words, mixins have a pure copy semantics, corresponding to
β-rule for function application), while for Jam this is not enough since mixins
are types so they cannot be just eliminated.

In [7], a mixin can be composed with another mixin (the expected semantics
is exactly function composition) and a mixin can also be “extracted” from an
existing class: in this case, its components are those declared in the class. Both
the possibilities seem very useful and adding them to Jam will be matter of
further work, even though a generalization allowing full mixin composition seems
in the Java case not trivial, on both design and implementation side.

The authors have developed a working extension which has been used for
real applications.

In [13] is described MixedJava, a theoretical language which has a Java-like
syntax where it is only possible to declare either mixins or interfaces, while usual
classes are seen as particular mixins which define all the components.

In MixedJava, there are two kinds of mixins.

– Atomic mixins, whose declaration, similar to that of a usual Java class, con-
tains fields, methods and an interface which specifies the expected superclass.
This interface plays the same role as the inherited part of mixins in Jam,
with the difference that it must be explicitly declared by the programmer,
while in Jam the interface is created during the translation process.
A basic difference (see Sect.2.3) is that in mixin instantiation (which in Mi-
xedJava is just a special case of mixin composition, see below) methods in
the heir override methods in the parent only if they are explicitly mentioned
in the inheritance interface, while in case of unexpected overriding both the
versions are kept.

– Compound mixins, roughly based on function composition, as happens for
the Smalltalk extension described above, but actually more involved, for the
constraints on method overriding explained above.

The work presented in [13] differs significantly from ours. Namely:

– The proposed language is theoretical, while Jam is designed to be a working
upward-compatible extension of Java (1.0).

– In MixedJava inherited components can be only methods, since they are
specified via an interface. The authors motivate this choice by the conside-
ration that programming via interfaces is cleaner; in Jam, we have chosen
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as the main principle that mixins should be similar to usual heir classes as
much as possible.

– In Jam mixins can be only instantiated on classes, and there is no notion
of mixin composition. As already stated, this is an important possibility of
extension of Jam to be investigated in the future.

– As mentioned above, MixedJava adopts an ad-hoc solution to unexpected
overriding, while in Jam methods in the parent class are uniformly overridden
by methods in the heir class. This different policy is probably the most
important difference between the two approaches. A disadvantage of our
approach is that if the parent class incidentally has some method which is
in conflict with one defined in the mixin, it is left to the user to avoid this
instantiation (hence the mixin becomes useless for this particular case) or to
get an heir class with some overriding which was not planned when designing
the mixin. However, the conflicts resolution in [13], essentially based on the
idea of keeping both method versions, leads to ambiguity problems which
are typical of multiple inheritance (a class inherits two different definitions
for the same method), heavily complicating both language semantics and a
possible implementation (only outlined in [13]). A future development could
be the analysis of intermediate solutions.

Mixins vs. parametric types. A great effort has been spent in the last years by
the scientific community in proposing extensions of Java with parametric types,
see, e.g., Pizza [18], its evolution GJ [9] and PolyJ [16]; these proposals are
presently under consideration of the Java Community Process initiative. With
respect to Java extensions with parametric types, extensions with mixins go
in a different, in a sense orthogonal, direction. The main disadvantage of the
mixin-based approach is that there is no mean in a mixin 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 illustrated in Sect.2.6.

Hence, there are cases where heir classes cannot be “abstracted” in a mixin
definition. Introducing canonical notation for the parametric names of the parent
and heir class, say P* and H*, respectively, we could transform the class H shown
in Sect. 2.6 in a mixin M as follows.

mixin M {
inherited static int counter ; 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 ;

}
}

Obviously, in this case the copy principle should be modified, saying that a
class H = M extends P should be equivalent to a class extending P and contai-
ning the definitions in M where all the occurrences of the parametric names P*
and H* have been replaced by P and H, respectively. Introducing this possibility
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would allow a form of parametric polymorphism (limited to heir classes), similar
to the extensions of Java with parametric types mentioned above. However, with
this choice we would lose one of the two design principles of Jam, that is, the
fact that a mixin name can be used as a type. Indeed, in the approaches based
on parametric types, these cannot be directly used as Java types, but are type
schemata; hence it is not possible to uniformly use all their instantiations. It is
not clear whether (and how) it is possible to reconcile these two different ways of
achieving abstraction: parametric modules (class-to-class functions) where this
parametricity is fully exploited, and using modules as types. The problem is not
trivial and deserves further investigation.

Flexible matching. Assume that P is a supertype of H and consider the following
declarations.

mixin M {
inherited void f(H, H) ;

}

class C1 {
void f(P p, H h) {}

}

In Jam instantiating M on C1 is illegal, since C1 does not provide an im-
plementation for the method void f(H,H). Indeed, the matching between the
inherited methods and the corresponding methods in the parent class is re-
quired to be exact (same arguments and return type, and equivalent throws
clause). An interesting possibility, which could be matter of a future extension,
could be a flexible matching, allowing contravariance on arguments type and
covariance on return type. However, note that the exception types must be in-
variant (modulo the equivalence =e) in order to preserve the soundness of the
type-system.

Allowing this flexibility, C1 turns out to be a correct parent class for M.
However, this kind of matching leads to some new problems w.r.t. the exact
matching case. Let us consider this other class declaration.

class C2 {
void f(P p, H h) {}
void f(H h, P p) {}

}

In this case, assuming that we want to instantiate M on C2, we have to de-
cide which of the two methods declared in C2 to use as implementation of the
inherited method in M. The choice could either be driven, in analogy with the
overloading resolution in Java, by the notion of most specific applicable me-
thod8, or left to the user via a mechanism which permits to explicitly specify
in the instantiation the association of inherited methods with those defined in
the parent class. Further enhancements could also include a mean of renaming
methods to make them match an inherited specification.

Shared static components. In Sect.2.2, we have seen that each class has its own
copy of the static components declared in the mixin. As already mentioned
8 Hence, in this particular example, there would be an error.
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there, other two design choices are conceivable: either mixin instances share a
unique copy for each static component (in this way they would be part of the
mixin type), or leave to the user, by means of a keyword shared or analogous
mechanism, the choice between the two options. The latter choice, which has
some appeal, would require the introduction of some constraint, for instance the
fact that a shared static method may not invoke a static method.

Acknowledgments. We warmly thank Sophia Drossopoulou and the anony-
mous referees for the careful reading and useful suggestions for improving the
paper.
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Abstract. Domain-specific programming languages (DSLs) are emerging as an
important paradigm for the engineering of large reliable software systems. Modu-
lar interpreters are an approach to building off-the-shelf software components that
implement fragments of DSLs. We describe an approach to implementing modular
interpreters in an object-oriented fashion, using the design pattern of extensible
computations. The modular structuring and reuse of DSL implementations has
potentially important lessons for object-oriented reuse, because of the highly re-
cursive nature of any non-trivial programming language, and the close semantic
relationship between inheritance and recursion. We give paradigmatic examples of
the definition of extensible computations in the Java programming language, and
consider what extensions would be required for typed object-oriented languages
in order to support this approach in a statically type-safe manner.

Keywords: Domain-specific programming languages, modular interpreters, mo-
nads, mixin-based inheritance, Java.

1 Introduction

Domain-specific programming languages (DSLs) have recently gained attention as being
particularly important in the software engineering process [10,38,40]. A problem with
developing DSLs is their high start-up cost, due to the difficulty with implementing a
new DSL implementation every time one is needed. One possible solution to this pro-
blem is to develop an application framework for developing DSLs. Such an application
framework would provide modular implementations of reusable domain-specific pro-
gramming languages. An interpreter for a DSL would be provided as a modular building
block. The application developer who desired a DSL with particular features could then
combine the corresponding building blocks into a DSL with the required semantics.

This paper describes such an approach to developing reusable implementations of
domain-specific programming languages. The approach is based on developing modu-
lar interpreters for programming language fragments, as an object-oriented application
framework, and then allowing these modular interpreters to be combined to provide an
off-the-shelf implementation of a DSL providing particular features. The modular struc-
turing and reuse of DSL implementations has potentially important lessons for object-
oriented reuse, because of the highly recursive nature of any non-trivial programming
language, and the close semantic relationship between inheritance and recursion.

The technical challenge in achieving this objective, is to be able to define modular
interpreters for programming language fragments in such a manner that no global as-
sumptions need to be made about the form of any final DSL in which such fragments are
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combined. For example an interpreter for a language fragment comprising exceptions
(which might be written in a continuation-passing style) should be defined comple-
tely independently of an interpreter for a language fragment with functions (requiring
environments in the interpreter).

We describe an approach to doing this, using a new design pattern called extensible
computations. Extensible computations are based on the idea of monads from catego-
rical semantics. The use of monads to structure interpreters in a modular fashion has
already been investigated. The use of “monad transformers” (mapping from monads
to monads) to describe composable modular interpreters has been described [30]. In
contrast to the aforesaid work, extensible computations are based on a particular form
of inheritance, defining modular interpreters as mixin classes and relying on a particu-
lar form of mixin-based inheritance to compose these interpreters. We provide a more
complete comparison with monad transformers in Sect. 7.

In Sect. 2 we introduce our approach to defining modular interpreters. We give para-
digmatic examples of the definition of modular interpreters in Sect. 3, Sect. 4 and Sect. 5.
In Sect. 6 we describe the metalanguage support suggested by modular interpreters, and
briefly describe an extension of the Java language that provides this support. We consider
related work in Sect. 7, while Sect. 8 provides our conclusions.

2 Modular Interpreters

The key to our approach is to define a common interface for the evaluator function in
every interpreter fragment. The essential idea is to regard the interpreter as mapping from
an expression to a computation, so every interpreter building block defines an instance
of an evaluation function of type:
public class Interp {

public interface Expr {
public Computation eval ();

};
A computation in turn is defined as a mapping from an input context to an output

context and a value:
public interface Computation {

public ValueOutputContext run (InputContext ic);
};
The input and output contexts are the inputs to, and outputs from, respectively, the

execution of a computation. In this abstract class they are empty; we expect concrete
classes that extend this to extend the input and output contexts as appropriate. There-
fore the input to a computation has type InputContext, a type that refers to the final
input context type (after extensions). Similarly the output from a computation has type
OutputContext.

public interface Value { };
static public class InputContext { public InputContext next; };
public InputContext inputContextFactory () {

return nextInterp.inputContextFactory ();
};
static public class OutputContext { public OutputContext next; };
public OutputContext outputContextFactory () {

return nextInterp.outputContextFactory ();
};
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static public final class ValueOutputContext {
public Value v;
public OutputContext oc;
public ValueOutputContext (Value v, OutputContext oc) {

this.v = v; this.oc = oc;
}

}

For example, the input context for the interpreter for functions contains an environ-
ment giving the bindings of the non-local variables, while the output context is empty.
For an interpreter for a language with imperative constructs, the input context would be
an input store (in the standard way of defining the semantics of an imperative language),
while the output context would be the store updated by the computation. The challenge
in combining interpreter fragments is to ensure that the input and output contexts, and
the ways of defining them for each construct, are suitably combined.

Interpreter mixins are defined in such a way that they facilitate the composition of
the computations defined in each module. Here we adapt a notion from denotational
semantics, that of monads. A monad is essentially a categorical abstraction of a com-
putation. The particular form of monads used by computer scientists are Kleisli triples,
and are composed of a type (the type of a computation), a “unit” operation for injecting
a value into a computation, and a “bind” operation for binding a variable to a value in
a computation, and composing this with a computation that produces that value. The
use of monads to modularize denotational semantics was first advocated by Moggi [36].
Wadler [42] popularized monads as a way of writing interpreters in a modular style, alt-
hough he did not consider how to combine monadic definitions of modular interpreters.
The relevance of monads is that they explicate the injection and composition operations
of a computation. The injection operation injects a value into a computation, and forms
the basis for defining a new computation.

public Computation unit (Value v) {
return nextInterp.unit (v);

};
The composition operation joins two already-defined computations into a new com-

putation; essentially this forms the sequential composition of two computations, where
the result of the first computation is fed as the input to the second computation.

public interface Continuation {
public Computation kontinue (Value v);

};
public Computation compose (Computation left, Continuation right) {

return nextInterp.compose (left, right);
};
A default definition of these methods is provided in Fig. 1. These defaults are suffi-

cient provided the interpreter does not need to handle exceptional control constructs; if
the latter is the case, the definitions of unit and compose must be redefined to give a
continuation-passing semantics.

unit and compose must be modified in each interpreter mixin to properly thread
input and output contexts through evaluation. To facilitate these modifications, unit and
compose are defined in terms of the following methods. These methods comprise the
“hooks” for each interpreter module to modify the semantic glue as appropriate:
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public OutputContext outputContext
(Value v, InputContext ic) {
return nextInterp.outputContext (v, ic);

};
public InputContext leftInputContext

(Continuation right, InputContext ic) {
return nextInterp.leftInputContext (right, ic);

};
public InputContext rightInputContext

(InputContext ic, OutputContext leftOutputCtxt) {
return nextInterp.rightInputContext (ic, leftOutputCtxt);

};
Finally we build an interpreter by composing a sequence of interpreter building

blocks, each one delegating to the next building block for functionality it does not
provide. To describe this delegation we simulate a notion of “super” (different from Java
super because of the way it is bound) using a variable nextInterp that points to the
next building block:
protected Interp nextInterp;
public Interp () { nextInterp = null; }
public Interp (Interp n) { nextInterp = n; }

The root variable is used to record the root of a composition of interpreters. All
calls to interpreter functions should be through this root pointer, since it allows access
to the final result of composing the definitions of these functions in each mixin.

protected Interp root;
public void setRoot () { setRoot(this); }
public void setRoot (Interp n) {

root = n;
if (nextInterp != null) nextInterp.setRoot (n);

}
};

Default definitions for these semantic glue functions are provided in Fig. 1. Using
these definitions, and assuming interpreter mixins for functions (Function), imperative
constructs (Imperative) and exceptional control (Control), an interpreter for a language
with functions, assignment and exceptions can be composed using the following step:
Defaults interpDef = new Defaults ();
Imperative interpImp = new Imperative (interpDef);
Function interpFunc = new Function (interpImp);
Control interpCtl = new Control (interpFunc);
Interp interp = interpCtl;
interp.setRoot ();

Then an interpreter can be executed by building an AST and executing the eval
method of the AST, and then running the resulting computation:
Interp.Expr func = interpFunc.makeAbs ("x", interpFunc.makeVar ("x"));
Interp.Expr app = interpFunc.makeApp (func, func);
Interp.InputContext ic = interp.inputContextFactory ();
Interp.ValueOutputContext voc = app.eval().run(ic);
Interp.Value value = voc.v;

In the next three sections we give examples of interpreter building blocks, defined
in a domain-specific metalanguage intended for specifying such building blocks. Each
interpreter building block must specify several things:
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public class Defaults extends Interp {

public Computation unit (final Value v) {
return new Computation () {

public ValueOutputContext run (InputContext ic) {
return new ValueOutputContext (v, root.outputContext (v, ic));

} };
};

public Computation compose (final Computation left,
final Continuation right) {

return new Computation () {
public ValueOutputContext run (InputContext ic) {

ValueOutputContext voc =
left.run (root.leftInputContext (right, ic));

return right.kontinue(voc.v).run
(root.rightInputContext (ic, voc.oc));

} };
};

public OutputContext outputContext
(Value v, InputContext ic) {

OutputContext oc = root.outputContextFactory ();
return oc;

};
public InputContext leftInputContext

(Continuation right, InputContext ic) {
InputContext ic2 = root.inputContextFactory ();
return ic2;

};
public InputContext rightInputContext

(InputContext ic, OutputContext leftOutputCtxt) {
InputContext ic2 = root.inputContextFactory ();
return ic2;

};

public InputContext inputContextFactory () {
return new InputContext ();

};
public OutputContext outputContextFactory () {

return new OutputContext ();
};

};

Fig. 1. Default Definitions for Interpreter Mixin Glue



184 D. Duggan

1. the abstract syntax of programs in the object language;
2. the values computed by the interpreter;
3. the types of the input and output contexts involved in a computation;
4. the evaluation rules for the interpreter itself (one evaluation rule for each object

language construct); and
5. the “glue” for composing computations, and for injecting values into computations.

3 A Language with Functions

As a first example, here is the definition of an interpreter building block for functions.
The syntax of this language might be described by:

e ::= x | func(x)e | e1(e2)

The description of the interpreter is given by:
public class Function extends Interp {

public class Env {
public Value lookup (String var) { ... };
public void pushBinding (String var, Value binding) { ... };
public void popBinding () { ... };

};

public class InputContext extends Interp.InputContext {
public Env env;
public InputContext () { this.env = new Env(); }

};
This interpreter contains a member class for environments, and the input context in-

cludes a field for an environment that is part of the input to evaluation.
inputContextFactory is defined for this module to create an instance of
Function.inputContext, with further fields in the input context provided by the next
field. The setEnv and getEnv fields are applied through an arbitrary input context, and
use dynamic type tags and downcasting to search for the input context component con-
taining the environment field. The output context is empty, so this interpreter module
relies on the default outputContextFactory definition (inherited from Interp) sim-
ply delegates to the next interpreter module:

public Interp.InputContext inputContextFactory () {
Interp.InputContext ic = new InputContext ();
ic.next = nextInterp.inputContextFactory ();
return ic;

};
public void setEnv (Interp.InputContext ic, Env env) {

if (ic instanceof InputContext) {
((InputContext)ic).env = env;

} else {
setEnv (ic.next, env);

}
};
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public Env getEnv (Interp.InputContext ic) {
if (ic instanceof InputContext) {

return ((InputContext)ic).env;
} else {

return getEnv (ic.next);
}

};
The outputContext operation used in the definition of unit, and the

leftInputContext and rightInputContext operations used in the definition of
compose, are at the core of our approach to extending computations. They represent
the hooks in the definitions of the interpreter building blocks that allow contexts to
be correctly threaded through the execution of the interpreter. They are fragments in
the definition of context-building operations, whose final definitions are obtained by
combining the fragments specified in each interpreter module. For example the defini-
tion of outputContext in this module is empty. However in the next section we give
another module which has a non-empty outputContext definition. If these two inter-
preters are combined, the definition of outputContext in the result should contain the
fragment of outputContext specified in the latter module. In this interpreter module,
leftInputContext and rightInputContext are defined to set the environment field
of the corresponding computation’s input context to the environment field of the overall
input context:

public Interp.InputContext leftInputContext
(Continuation right, Interp.InputContext ic) {

Interp.InputContext left = nextInterp.leftInputContext(right,ic);
setEnv (left, getEnv (ic));
return left;

};
public Interp.InputContext rightInputContext

(Interp.InputContext ic, Interp.OutputContext leftOutputCtxt) {
Interp.InputContext right =

nextInterp.rightInputContext(ic, leftOutputCtxt);
setEnv (right, getEnv (ic));
return right;

};

public interface Closure extends Value {
public Computation exec (Expr arg);

};

There is a single value type, the type of closures (which map from an argument
expression to a computation).

Definitions of input and output contexts contributed by each mixin are combined
using the next instance variable defined in the Interp.InputContext and
Interp.OutputContext base classes, while the definitions of the above operations
contributed by each mixin are composed using the nextInterp instance variable defi-
ned in the Interp base class. The semantic operations that invoke these operations refer
to the result of combining these fragments by invoking these operations from root, the
root of the list of interpreter building blocks.

To give the definition of the evaluator, for variables we simply look up the variable
in the environment, and inject the resulting value into the computation:
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public class Var implements Expr {
public final String x;
public Computation eval () {

return new Computation () {
public ValueOutputContext run (Interp.InputContext ic) {

Computation comp = root.unit (getEnv(ic).lookup(x));
return comp.run (ic);

}
};

}
};

The value is injected into the computation using the unit operation. This builds a
computation that expects an input context. Looking up the variable also requires acces-
sing the input context, and the result of this lookup is the argument to unit. Therefore
we build a computation that accesses the input context to perform the lookup, then uses
unit to build a computation from the resulting value, then immediately runs the resulting
computation on the current input context.

For applications, we evaluate the rator, and compose the resulting computation with
a computation that evaluates the closure:

public class App implements Expr {
public final Expr rator;
public final Expr rand;
class K implements Continuation {

public Computation kontinue (Value v) {
Closure cl = (Closure) v;
return cl.exec (rand);

}
};
public Computation eval () {

return root.compose (rator.eval (), new K ());
}

};
For abstractions, we build a closure that evaluates the rand and then evaluates the

function body in the original environment (ignoring the call-site environment, but po-
tentially using any other elements of the call-site context):

public class Abs implements Expr {
public String formal;
public Expr body;
public Computation eval () {

return new Computation () {
public ValueOutputContext run (Interp.InputContext ic) {

Computation comp =
root.unit (new CBVClosure (Abs.this, getEnv(ic)));

return comp.run (ic);
}

};
}

};
The implementation for closures is provided by the CBVClosure class, that evaluates

a function argument at the point where the function is called:
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public class CBVClosure implements Closure {
public Abs function;
public Env defSiteEnv;
public CBVClosure (Abs e, Env env) { function = e; defSiteEnv = env; }
class K implements Continuation {

public Computation kontinue (final Value v) {
return new Computation () {

public ValueOutputContext run (Interp.InputContext ic) {
Env saved = getEnv(ic);
defSiteEnv.pushBinding (function.formal, v);
setEnv(ic, defSiteEnv);
ValueOutputContext result = function.body.eval().run(ic);
setEnv(ic, saved);
defSiteEnv.popBinding ();
return result;

}
};

}
}
public Computation exec (Expr arg) {
return root.compose (arg.eval (), new K ());

};
}

Here defSiteEnv is the context where the closure is created, while getEnv(ic) is the
context where the closure is evaluated (i.e. the call-site context). At the point where the
evaluator is recursively called to evaluate the closure body, the environment passed to
that evaluation is the definition-site environment with the formal parameter bound to the
value of the actual. The update binds the environment component in the input context
to closure evaluation (ic), to the definition-site environment (defSiteEnv) extended
with the binding of the formal parameter. This is the usual static-scope semantics for
procedure evaluation.

4 An Imperative Language

As our second example, we consider an interpreter building block for imperative con-
structs. The mini-language might have the abstract syntax:

e ::= ref(e) | !e | e1 := e2 | (e1;e2)

The interpreter module for this mini-language defines the clauses in the abstract syntax
and value types:
public class Imperative extends Interp {

public class Location implements Value { int location; }
public class Store {

public Store update (int location, Value v) { ... };
public Value access (int location) { ... };

};
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public static class InputContext extends Interp.InputContext {
public Store store;
public InputContext() { store = new Store(); }

};
public Interp.InputContext inputContextFactory () {

Interp.InputContext ic = new InputContext ();
ic.next = nextInterp.inputContextFactory ();
return ic;

};
public static class OutputContext extends Interp.OutputContext {

public Store store;
public OutputContext() { store = new Store(); }

};
public Interp.OutputContext outputContextFactory () {

Interp.OutputContext oc = new OutputContext ();
oc.next = nextInterp.outputContextFactory ();
return oc;

};

This defines a language of mutable reference cells (as is found in ML [34]). A
reference cell is created with the ref constructor, and explicitly dereferenced with !.
The semantics of imperative languages involves threading a “store,” an abstraction of
computer memory, through the execution of the interpreter. In this semantics, the ref
operation allocates a new location in memory, while assignment updates the contents of
a location in memory.

We omit the details of the semantics for the imperative constructs (see [16] for the
details in a functional metalanguage). We need to define the cases for threading contexts
through an interpreter that includes this building block:

public Interp.OutputContext outputContext
(Value v, Interp.InputContext ic) {

Interp.OutputContext oc = nextInterp.outputContext (v, ic);
setStore (oc, getStore (ic));
return oc;

};
public Interp.InputContext leftInputContext

(Continuation right, Interp.InputContext ic) {
Interp.InputContext left = nextInterp.leftInputContext(left,ic);
setStore (left, getStore (ic));
return left;

};
public Interp.InputContext rightInputContext

(Interp.InputContext ic,
Interp.OutputContext leftOutputCtxt) {

Interpreter.InputContext right =
nextInterp.rightInputContext(ic,leftOutputCtxt);

setStore (right, getStore (leftOutputCtxt));
return right;

};
Injecting a value into a computation simply threads the store in the input context into the
output context. For composition, the store in the input context of the left computation
is taken from the store in the overall input context, while the store in the input context
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of the right computation is taken from the output context of the left computation. The
default definitions of unit and compose are sufficient for this interpreter.

5 A Language with Exceptional Control

As a final but important example, consider a language with control constructs such as
gotos, coroutines, exceptions, etc. The semantics for all of these constructs requires that
the semantics be defined in continuation-passing style, where a continuation is intuitively
a formalization of the program control stack. A non-local transfer of control can then
be effected by “throwing” the continuation (intuitively over-writing the current control
stack with the saved control stack). So we have:

e ::= callcc(λx.e) | throw(e,e′)

The callcc (“call with current continuation”) construct stores the current continuation
into a program variable x, so this interpreter fragment introduces a variable-binding
construct. In the semantics, the input context must include an environment recording
the run-time bindings of variables. So this interpreter must share an implementation
of environments with the interpreter for functions. This can be done by factoring the
implementation of environments into a separate module.
public class InterpEnv {

public static class InputContext extends Interp.InputContext {
public Env env;
public InputContext () { this.env = new Env(); }

};
public static class Env { ... }
public static void setEnv (Interp.InputContext ic, Env env) { ... }
public static Env getEnv (Interp.InputContext ic) { ... }

}
The Function mixin must be restructured to factor out the implementation of envi-

ronents:
public class Function extends Interp {

public Interp.InputContext inputContextFactory () {
Interp.InputContext ic = new InterpEnv.InputContext ();
ic.next = nextInterp.inputContextFactory ();
return ic;

};

public Interp.InputContext leftInputContext
(Continuation right, Interp.InputContext ic) {

... InterpEnv.setEnv (left, InterpEnv.getEnv (ic)); ...
};
public Interp.InputContext rightInputContext

(Interp.InputContext ic, Interp.OutputContext leftOutputCtxt) {
... InterpEnv.setEnv (right, InterpEnv.getEnv (ic)); ...

};
The Control mixin similarly relies on the factored definition of

environment-containing input contexts. This mixin defines a value type for continuation
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values, that represent the result of reifying continuations into object language programs.
This mixin also defines input contexts as an extension of the input context defined by
InterpEnv:
public class Control extends Interp {

public interface Cont extends Value {
public ValueOutputContext returnk (ValueOutputContext result);

};

public static class InputContext extends InterpEnv.InputContext {
public Cont cont;

};
Unlike Function and Imperative, which rely on the default definitions of unit

and compose (corresponding to “direct” semantics), the Control module must redefine
the definitions of these operations to use a “continuation-passing” style. This makes the
order of composition of interpreter fragments significant: the fragment for continuations
must be combined to the left of the fragment that provides the original definition of
these operations, and overrides the previous definitions. Therefore any references to
root.unit and root.compose in any interpreter module will pick up the definitions
provided by the Control module:

public Computation unit (final Value v) {
return new Computation () {

public ValueOutputContext run (Interp.InputContext ic) {
ValueOutputContext voc =

new ValueOutputContext (v, root.outputContext (v, ic));
return getCont(ic).returnk (voc);

}
}

};

public Computation compose
(final Computation cl, final Continuation cr) {

return new Computation () {
public ValueOutputContext run (Interp.InputContext ic) {

return cl.run(root.leftInputContext (cr, ic));
}

}
};

The outputContext operation does nothing for this interpreter module, while the
leftInputContext and rightInputContext operations build up the continuation
in the input context. Evaluation of callcc receives the call-site continuation from the
input context, builds a value from it, injects this value into a computation, and then
composes this computation with the evaluation of the argument to callcc, effectively
“feeding” the call-site continuation as a value to the program. Throwing evaluates the
rator continuation, evaluates the value to be passed to the continuation, and then invokes
the continuation tail-recursively.
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6 Requirements of a Metalanguage

We have provided the definitions of the interpreter building blocks using Java, resorting
to programming conventions and run-time casting to overcome the absence of support
for mixin-based inheritance in Java. In this section we consider the language support that
this application reveals would be useful in any metalanguage for implementing modular
interpreters1.

The metalanguage must support a particular form of mixin-based inheritance. Alt-
hough aspects of this metalanguage have been investigated in the literature, there has been
little investigation of the combination of these approaches in typed languages. Bracha
and Lindstrom considered a language of “modules,” where a module is a collection of
mutually recursive mixin classes [7], however their language was an untyped langu-
age of records and functions. Duggan and Sourelis introduced mixin modules [17,18],
which combine both mutually recursive types and mutually recursive functions, and al-
low these type and function definitions to be combined with definitions in other modules.
The motivation for this work was shortcomings with module interconnection languages
for programming-in-the-large, where linking was based only on instantiating paramete-
rized modules [5]. Ernest [19] introduces gbeta, an extension of Beta that provides the
combination of mixins and virtual patterns, as well as a static analysis to ensure that the
combinations of these mechanisms is well-formed.

None of these works considers how to incorporate this extension into Java. Just as
recent work on mutually recursive self types has been motivated by the desire to provide
a functionality analogous to Beta patterns in Java [8], this section considers how an
analogous combination of mixins and mutually recursive self types could be incorporated
into Java. The presentation is informal, relying on the encodings of modular interpreters
in earlier sections to exemplify the semantics of mixin combination considered here.

There are two extensions that we require to Java. First, we require a generalization of
inheritance, that allows a collection of mutually recursive classes to be simultaneously
extended through inheritance. This extension must allow references in classes to other
classes, to be rebound to the extensions of those other classes after inheritance. We use
a Java extension proposed by Bruce et al [8]. Here is a simple example:
public class SubjectObserver {

public static class Observer as ThisObserver {
public void notify (@ThisSubject s) { ... };

};
public static class Subject as ThisSubject {

protected @ThisObserver observers[];
public void notifyObservers () {

... observers[i].notify(this) ...
};

};
}

This provides an implementation of the Subject-Observer pattern, as a class that
provides two mutually recursive nested classes, Observer and Subject. These two
classes do not refer to each other directly, but rather the references are indirect through the
self types ThisObserver and ThisSubject, respectively. The latter are type variables

1 It should be noted that many design patterns also require constructs that are not provided in
current object-oriented languages, although recent research is addressing this issue [8].
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that vary with the type of “self,” and so may have different instantiations depending on
the final classes in which the objects are created. For example, if we define:
public class WindowSubjectObserver extends SubjectObserver {

public static class WindowObserver extends Observer { ... };
public static class WindowSubject extends Subject { ... };

}
Then in this subclass, the notify method for observers is defined for

WindowSubject objects, while a subject has a list of WindowObserver objects. The @
notation is a technical device, requiring “exact” types for the notify parameter and the
list of observers. See Bruce et al [8] for further details.

The other Java extension we require is mixin-based inheritance. While mixin-based
inheritance for typed object-oriented languages is still an avenue of research [6,7,23,3],
we will assume the following extensions to Java:

decl ::= [ abstract ] mixin identifier mixdecl { decl1; ... decln; }
mixdecl ::= [ implements identifier1, . . . , identifierk ] [ extends identifier ]

[ expects identifier ]
decl ::= mixin identifier combines identifier1, ..., identifiern

expr ::= inner(expr1, . . . ,exprk)
expr ::= inner.identifier(expr1, . . . ,exprk)

The first construct defines a mixin class (which may be abstract). A mixin may be
defined by inheritance from another mixin class, and implement several interfaces, just
as with ordinary classes. A mixin class will typically also expect a superclass providing
a particular interface; the mixin class uses the inner construct to refer to methods and
constructors in the superclass. The second mixin definition construct, mixin combination,
is the interesting construct. It allows several mixins to be combined into a single mixin
class; this combined class has the union of all of the fields of the original class. Where
two mixin classes provide a definition for the same method, the definition in the left class
overrides the definition in the right class. Methods and constructors in the left class can
refer to method and constructor definitions in the right class through the inner keyword.
The code sequence:
abstract mixin IM { abstract int getX(); }
mixin M1 expects IM { int getX() { return inner.getX(); } };
mixin M2 extends IM { int x; int getX() { return x; } };
mixin M3 combines M1, M2;
is analogous to the conventional class definitions:
class C2 { int x; int getX() { return x; } };
class C3 extends C2 { int getX() { return super.getX(); } };

The strength of mixin-based inheritance is that the extending class can be defined
independently of the class which it extends. M1 in this example is an abstract subclass
that can be used to extend any class with a getX method.

We allow nested classes (including nested mixin classes) in mixin classes. The se-
mantics of mixin combination with nested classes are different from the semantics for
inheritance of ordinary Java classes with nested classes. Mixin combination must be re-
cursively applied to similarly-named nested mixin classes, as part of composition. Where
there are similarly-named nested classes or interfaces in two mixins being combined,
we require that the definitions of these classes or interfaces come from the same “base”
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mixin class from which each mixin inherits, ensuring that similarly named classes and
interfaces nested in different mixins have the same definition. This is sufficient for the
examples in this paper.

The initial Interp class can now be defined as an abstract mixin class:
public abstract mixin Interp {

public interface Expr {
public Computation eval ();

};
public interface Computation {

public ValueOutputContext run (@ThisInputContext ic);
};

static public mixin InputContext as ThisInputContext { };
static public mixin OutputContext as ThisOutputContext { };
In this abstract mixin the input and output contexts are empty; we expect concrete

mixins that extend this to extend the input and output contexts as appropriate. Therefore
the input to a computation has type ThisInputContext, a self type that refers to the
final input context type (after extensions). In contrast to the “pure” Java declaration in
Sect. 2, the argument to run is not of type Interp.InputContext, but carries the more
precise type of whatever final extension of InputContext is used in the combination
of a collection of mixins that inherit from Interp. This avoids the use of runtime type
tags and downcasting to interrogate an input context for a required field (as in the pure
Java code). So one benefit of having explicit support for typed mixins is that uses of
input and output contexts can be statically type-checked, providing greater reliability.
Another potential benefit is that compilation techniques can allow fields of input and
output contexts to be accessed in constant time, avoiding the runtime lookup used in the
Java code in Sect. 3.

Similarly the output from a computation has type ThisOutputContext.
public interface Value { };
static public final class ValueOutputContext {

public Value v;
public @ThisOutputContext oc;
public ValueOutputContext (Value v, @ThisOutputContext oc) {

this.v = v; this.oc = oc;
}

}
The unit and compose operations are now defined as static abstract methods. Imple-

mentations of these methods are provided by subclasses of Interp. Mixin combination
merges the definitions of these methods in the final interpreter class:
public static abstract Computation unit (Value v);

public interface Continuation {
public Computation kontinue (Value v);

};
public static abstract Computation compose

(Computation left, Continuation right);

As with the pure Java code, these operations rely on other methods to provide the glue
for generating output and input contexts. These methods are also defined as static ab-
stract methods, with the intention that they are instantiated by inheritance and these
instantiations are then combined using mixin combination:
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public static abstract @ThisOutputContext outputContext
(Value v, @ThisInputContext ic);

public static abstract @ThisInputContext leftInputContext
(Computation right, @ThisInputContext ic);

public static abstract @ThisInputContext rightInputContext
(@ThisInputContext ic, @ThisOutputContext leftOutputCtxt);

};
A default definition of these methods is provided in Fig. 2. We have the following

correspondence between expressions in Fig. 1 and in Fig. 2:

Pure Java Mixin Java
root.outputContext outputContext

root.leftInputContext leftInputContext
root.rightInputContext rightInputContext
root.inputContextFactory new ThisInputContext ()
root.outputContextFactory new ThisOutputContext ()

The Function mixin is now defined as a concrete mixin that inherits from the
Interp abstract mixin, providing implementations for the abstract static methods. This
mixin expects to be combined with another mixin that also inherits from Interp. This is
in contrast with Defaults, which does not use inner and therefore does not provide an
expectation clause, since it does not expect to be combined with another mixin providing
some method definitions.

The inner construct is used to patch together implementations of methods contri-
buted by different mixins in a mixin combination. Occurring in a method, it denotes the
code for that method contributed by the next mixin in a mixin combination. Occurring
in a constructor, it denotes the code for that constructor in the next mixin. For example:
public mixin Function extends Interp expects Interp {

public mixin InputContext extends Interp.InputContext {
public Env env;

public InputContext () { inner(); this.env = new Env(); }
};

public static @ThisInputContext leftInputContext
(Computation right, @ThisInputContext ic) {

@ThisInputContext left = inner.leftInputContext (left, ic);

left.env = ic.env;
return left;

};
public static @ThisInputContext rightInputContext

(@ThisInputContext ic, @ThisOutputContext leftOutputCtxt) {
@ThisInputContext right =

inner.rightInputContext (ic, leftOutputCtxt);

right.env = ic.env;
return right;

};

public interface Closure extends Value {
public Computation exec (Expr arg);

};
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public mixin Defaults extends Interp {

public static Computation unit (final Value v) {
return new Computation () {
public ValueOutputContext run (@ThisInputContext ic) {
return new ValueOutputContext (v, outputContext (v, ic));

}
}

};

public static Computation compose (final Computation left,
final Continuation right) {

return new Computation () {
public ValueOutputContext run (@ThisInputContext ic) {
ValueOutputContext voc = left.run (leftInputContext (right, ic));
return right.kontinue(voc.v).run (rightInputContext (ic, voc.oc));

}
}

};

public static @ThisOutputContext outputContext
(Value v, @ThisInputContext ic) {

return new ThisOutputContext ();
};
public static @ThisInputContext leftInputContext

(Computation right, @ThisInputContext ic) {
return new ThisInputContext ();

};
public static @ThisInputContext rightInputContext

(ThisInputContext ic, @ThisOutputContext leftOutputCtxt) {
return new ThisInputContext ();

};

};

Fig. 2. Default Definitions in Mixin Java

In this case, leftInputContext and rightInputContext use inner to refer to
extensions of these methods contributed by other mixins, while the nullary construc-
tor for the InputContext nested mixin uses inner to refer to the definition of the
nullary constructor contributed by other mixins. In this example inner is analogous
to call-next-method in CLOS method combination [26]. It has some relationship to
inner in Beta [32] and super in Java [25]. We provide inner in addition to super to
refer to method definitions in combining classes, because super is independently useful
in a mixin when referring to the base mixin from which a mixin inherits (e.g., Function
inheriting from Interp).

The use of precise mutually-recursive self types means that dynamic type casts (and
potentially dynamic type-based searching) are unnecessary in accessing fields from
contexts. For example:
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public class Var implements Expr {
public final String x;
public Computation eval () {

return new Computation () {
ValueOutputContext run (@ThisInputContext ic) {

Computation comp = unit (ic.env.lookup(x));
return comp.run (ic);

}
};

}
};

If the modular interpreters are defined as mixin classes in this fashion, then the final
interpreter class can be obtained by combining mixin classes:
mixin Interp combines Control, Function, Imperative, Defaults;

7 Related Work

As interest in DSLs has increased in recent years, others have also investigated ap-
proaches to providing modular reusable interpreters for DSLs. Steele [41] considered
how to “plug” together modular interpreters written in a monadic style. His approach
requires every interpreter to have an environment argument, and also relies on a fair
amount of run-time type coercions. Moggi [35], Liang et al [30], and Espinosa [20]
all independently suggested combining monadic definitions using monad transformers.
Wansbrough and Hamer [43] combine the approach of monad transformers with action
semantics [37]. We have the following comparison of the approaches:

Approach Monad Transformer Extensible Computation

Interpreter Definition Data Types and Type Classes Mixin Class
(or Parameterized Modules)

Interpreter Composition Overload Resolution Mixin-Based Inheritance
(or Generic Instantiation)

Monad transformers require a fairly complicated coding style, instantiating many
parameterized definitions. Some of this complication can be hidden using Haskell type
classes. However type classes are themselves a fairly complicated construct. For the
flavor of type classes required for defining monad transformers (multi-parameter con-
structor type classes), there are still some open issues to be resolved. Also the approach
of monad transformers places a heavy reliance on compiler optimizations to obtain rea-
sonable implementations, whereas our approach relies only on an implementation of
mixin-based inheritance.

Filinski [22] takes another approach with “layering” monadic definitions. Rather
than defining modular interpreters in a metalanguage, his interest is in defining ex-
tensions of a base language in a monadic style and then reflecting those extensions
into the base language. For efficient implementation he relies on imperative state and
a call-with-current-continuation primitive [11] in the base language. Filinski
criticizes work on monad transformers as being too ambitious. For example monad
transformers allow non-determinism to be added to an interpreter by layering a monad
transformer that enriches a computation with sets of values. This is a fairly abstract and
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high-level representation of non-determinism. Filinski instead relies on using a lower-
level resumption semantics to implement pre-emptive threads.

Our approach lies somewhere between Filinski’s approach and that of Liang et al.
We do not allow the general transformations on monads provided by Liang et al. On the
other hand, our more limited approach may be more readily usable since the “plugging
together” code in our approach bears some relationship to semantic definitions in attribute
grammars, a familiar and highly successful approach to providing static semantics. This
conjecture can only be verified by suitable long-term experimentation.

Cartwright and Felleisen [9] give a protocol for structuring denotational semantics
so that such a semantics can be incrementally extended, based on passing an “exten-
sion” function to a semantic interpreter. This latter extension function is similar to the
nextInterp instance variable used in this paper. Krishnamurthi and Felleisen [29,28]
develop a general theory for software reuse that is based on extensible datatypes and
extensible functions over those datatypes. They use the protocol proposed by Cartwright
and Felleisen to develop an extensible version of the Interpreter design pattern [24].

Lieberherr [31,33,39] advocates software reuse based on adaptive object-oriented
design. This is a methodology for designed object-oriented components supporting
mixin-based inheritance. Mixin-based inheritance is an ingredient of our approach to
“plugging together” software systems. So our approach can be viewed as an instance of
adaptive software reuse, with explicit consideration of how to achieve adaptive software
reuse for a particular application domain (modular interpreters).

There has been work on the modular definition and combination of attribute gram-
mars. Classic attribute grammars [27] already allow a modular decomposition of the sta-
tic semantics of a programming language, allowing attributes and their defining semantic
equations to be associated with particular phrase structures in the language. Modular at-
tribute grammars [15] and composable attribute grammars [21] seek to decompose the
semantic processing for each phrase structure into stages. This is not currently an issue
with our work, but could be at some point in the future. Recent work looking at combi-
ning aspect-oriented computing and attribute grammars [14] is largely orthogonal to the
work presented here, since the aim of aspect-oriented compilers is (as with modular and
composable attribute grammars) to decompose the processing at each abstract syntax
tree node into stages.

In the software engineering community, reuse of domain-specific programming lan-
guages has recently gained attention. The most prominent examples of this are the IP
project from Microsoft Research [1] and the JTS project from the University of Texas [4].
The former approach is based on a programming environment for describing domain-
specific abstractions, and then refining those abstractions to specific implementations.
The JTS project provides support for reusing abstract syntax trees and operations on those
trees, with an emphasis on “hygienic” syntactic manipulations of ASTs. An interesting
point of comparison is that the JTS project recognizes the importance of mixin-based
inheritance, at the granularity of collections of classes rather than individual classes, for
reusing DSLs. For example, if a language syntax has nonterminals for expressions and
statements, then mixin-based inheritance for language fragments must be able to simul-
taneously inherit from both expression and statement classes. This is certainly a part of
our framework; however our framework goes beyond this, to considering inheritance
for semantic definitions and the proper composition mechanisms that allow modular
semantic definitions to be combined via inheritance.
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8 Conclusions

The current work should be viewed as an initial experiment to demonstrate the via-
bility of the approach. An evaluator that takes an environment, store and continuation
as arguments is a paradigmatic example from programming language semantics. We
expect that most language semantics would be straightforward adaptations of these frag-
ments. For example, a language with backtracking can be obtained by threading both
success and failure continuations through the semantics, in an analogous manner to
the continuation-passing interpreter. A language with persistence and state undo can
be done using persistent stores, a straightforward generalization of the interpreter with
state. Combining these two languages provides a language with Prolog-like semantics.

The semantics of inheritance is now well-understood as the incremental extension
of the fixed points of recursive definitions [12,13]. The incremental extension of pro-
gramming language implementations is therefore a useful exercise for any inheritance
mechanisms, because of the highly recursive nature of programming language syntax.
We have examined the mechanisms that might be added to Java to support this style of
programming in a type-safe and efficient manner. These extensions constitute the com-
bination of mixin-based inheritance and mutually recursive self types. Although each
of these has been examined in isolation, there has been limited consideration of their
combination [7,17,2,18,19]. The current work provides some motivation for the further
examination of the semantics of this combination in Java.
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Abstract. Component software means reuse and separate marketing of pre-man-
ufactured binary components. This requires components from different vendors to
be composed very late, possibly by end users at run time as in compound-document
frameworks.
To this aim, we propose generic wrappers, a new language construct for strongly-
typed class-based languages. With generic wrappers, objects can be aggregated at
run time. The aggregate belongs to a subtype of the actual type of the wrapped
object. A lower bound for the type of the wrapped object is fixed at compile time.
Generic wrappers are type safe and support modular reasoning.
This feature combination is required for true component software but not achieved
by known wrapping and combination techniques, such as the wrapper pattern or
mix-ins.
We analyze the design space for generic wrappers, e.g. overriding, forwarding vs.
delegation, and snappy binding of the wrapped object. As a proof of concept, we
add generic wrappers to Java and report on a mechanized type soundness proof of
the latter.

1 Introduction

Component software enables the development of different parts of large software systems
by separate teams, the replacement of individual software parts that evolve at different
speeds without changing or reanalyzing other parts, and the marketing of independently
developed building blocks. Components are binary units of independent production,
acquisition, and deployment [30].

Component technology aims for late composition, possibly by the end user. Com-
pound documents, e.g. a Word document with an embedded Excel spreadsheet and a
Quicktime movie, as well as Web browser plug-ins and applets are examples of this.
Late composition is a major difference between modern components and traditional
subroutine libraries, such as Fortran numerical packages, which are statically linked by
the developer.

Flexible late composition is one goal, prevention of unsafe compositions leading to
system failures is the other. Static safety assertions are especially important for software
components that are composed by third parties because systematic integration testing
by the component developer is practically impossible. Where compile-time checks are
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202 M. Büchi and W. Weck

impossible, as early as possible run-time detection of errors facilitates systematic testing
and debugging. Type systems can make certain safety guarantees, but they often do so
at the price of reduced flexibility.

In this paper we present an inflexibility problem in class-based languages and pro-
pose a new solution that partly borrows from prototype-based languages yet retains
the possibility for maximal static and as-early-as-possible run-time error detection and
modular reasoning.

Late composition is most pressing for items defined by different components, which
may themselves be combined by an independent assembler or even by the user at run-
time. Component standards such as Microsoft’s COM [25], JavaBeans [29], and CORBA
Components [21] are on the binary level. Components can be created in any language
for which a mapping to the binary standards exists. However, binary standards are most
easily programmed to in languages that support the same composition mechanisms.
Furthermore, only direct language-level support can provide the desired machine check-
able safety using types. Hence, composition mechanisms in programming languages are
relevant, even though components are binary units.

The mechanism suggested in this paper is partly inspired by COM’s aggregation, but
it doesn’t yet have an exact equivalent in any of the aforementioned binary component
standards.

Overview. Section 2 illustrates with examples a problem of existing composition me-
chanisms and defines the requirements for a better solution. In Sect. 3, we show why
existing technology does not sufficiently address these requirements. We introduce ge-
neric wrappers as a solution to the aforementioned problems in Sect. 4. Next, we discuss
the design space for generic wrappers in Sect. 5 and the interplay with other type me-
chanisms in Sect. 6. As a proof of concept we add generic wrapping to Java in Sect. 7
and report on a mechanized type soundness proof of the extended language in Sect. 8.
Finally, Sect. 9 points to related work and Sect. 10 draws the conclusions.

2 The Problem

In this section, we describe some applications that cannot be satisfactorily realized with
existing composition mechanisms. We also introduce some terminology, and distill a set
of requirements.

2.1 Examples

We illustrate the problem with examples in the realm of compound documents. Embed-
ded views in compound documents for on-screen viewing, such as an Excel spreadsheet
in a Word document, may be so large that they require their own scroll bars. Likewise,
the user may want to add borders or identification tags to embedded views. It is even
possible, that a user wants several such decorators added to the same embedded view.

There may exist different scroll bars from different vendors, which don’t know all
the other decorator or embedded view vendors. Decorators are typical examples of
third-party components that users want to select to meet their specific needs. One user
may want proportional scroll bars, another may like blinking borders to draw the boss’
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p instanceof BorderWrapper == true

but
p instanceof TextView == false

BorderWrapper

IView p

TextView

IView wrappedView

Fig. 1. The wrapper is not fully transparent to clients of the embedded view

attention to the excellent sales figures, and still another may require immutable 128-bit
identification tags.

In a compound-document framework similar to Java Swing or Microsoft OLE, let
IView be the interface implemented by all classes whose instances can be displayed on
screen and inserted into containers. Typical examples of classes implementing IView are
TextView, GraphicsView, SpreadsheetView, and ButtonView.

One way to implement decorators is with wrappers [9, Decorator Pattern]. A border
wrapper is itself a view, that is it implements the IView interface. Hence it can itself
be inserted into a compound document container. Furthermore the wrapper contains a
reference of type IView to a wrapped view, which in a specific instance may be a TextView.
The wrapper forwards most requests to the wrapped view, possibly after performing
additional operations such as drawing the border.

Unfortunately, this approach has a serious disadvantage. If we wrap a border around
a TextView, then the aggregate is only a BorderWrapper, but not a TextView with all of
the latter’s methods (Fig. 1). Hence, a spell check operation on all embedded text views
in a document will not recognize a bordered TextView as containing text, unless it knows
how to search inside wrappers from different manufacturers.

A standard interface, like IViewWrapper to be implemented by all view wrappers
could ease the problem of searching inside different wrappers:

interface IViewWrapper {
IView getWrappee();

}

However, instead of a simple type test, the spell checker would have to loop through
all the wrappers:

IView q=p;
while(!(q instanceof TextView) && q instanceof IViewWrapper) {

q=((IViewWrapper)q).getWrappee();
}
if(q instanceof TextView) {. . .;}

This solution is cumbersome for several reasons: First, it requires 5 lines of code
instead of a simple type test. Second, it only works if there is a unique standard for
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wrappers, such as IViewWrapper. Third, it doesn’t let the wrapper maintain invariants
ranging over both itself and the wrapped object because clients have direct access to the
latter.

Support for certain common kinds of wrappers may also be built into the wrapped
objects. For example, JComponent, the correspondence to our IView in Java Swing,
supports borders as insets. However, identification tags and other kinds of wrapper that
were not previewed by the Swing designers are left out.

As a second example, let us consider a forms container that requires all its embedded
views to implement the interface IControl. Assume that ButtonView implements IControl
and that BorderWrapper doesn’t. Hence, a bordered ButtonView cannot be inserted into
a forms container: The type system rightfully prevents us from passing a BorderWrapper
wrapping a ButtonView as the first parameter to the method insert(IControl c, Point pos).
Passing just the wrapped ButtonView as parameter to insert is not a solution, because we
would loose the border. The only workaround is to change the type of the first parameter
of insert to IView and test that the actual parameter implements IControl or wraps an
object that does so.

2.2 Terminology

We use the following terminology: A wrapped object is called a wrappee. A wrapper
and a wrappee together are referred to as an aggregate. The declared type of a variable
is referred to as static (compile-time) type. The type of the actually referenced object is
called the variable’s dynamic (actual, run-time) type. Likewise, we distinguish between
the static (declared, compile-time) and the dynamic (actual, run-time) wrappee type.
For example, for an instance of BorderWrapper, declared to wrap an IView, and actually
wrapping a TextView, the static wrappee type is IView and the dynamic wrappee type is
TextView.

In discussions, we use the notation C.m to refer to the implementation of instance
method m in class C. The subtype relation is taken to be reflexive; e.g., TextView is a
subtype of itself.

Except where otherwise stated, the discussion in the first 6 sections applies to most
strongly-typed class-based languages such as Java [10], Eiffel [17], and C++ [28]. For
simplicity, we use Java terminology throughout the paper. A Java interface corresponds
to a fully abstract class in Eiffel and C++.

2.3 Requirements

From the above examples we can distill a number of requirements for a wrapping me-
chanism. Numbers in parentheses refer to the summary of requirements in Fig. 2.

The user wants to select which border to wrap around which view. At compile time,
the implementor of BorderWrapper doesn’t know whether an instance of her class will
wrap a TextView, a GraphicsView, or any other view that might even be only implemented
in the future. Thus, the actual type and instance of the wrappee must be decidable at run
time (1). Furthermore, wrappers must be applicable to any subtype of the static wrappee
type (2).

An aggregate of a BorderWrapper wrapping a ButtonView should be insertable into
a controls container, even though only the wrappee implements the interface IControl.
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1. Run-time applicability. The actual type and instance of the wrappee must be decidable at run
time.

2. Genericity. Wrappers must be applicable to any subtype of the static wrappee type.
3. Transparency. An aggregate should be an element of the wrapper and the actual wrappee type.
4. Overriding. Wrappers must be able to override methods of the wrappee.
5. Shielding.A wrapper should be able to control whether clients can directly access the wrappee.
6. Safety. The type system should prevent as many run-time errors as possible statically and

signal errors as early as possible at run time.
7. Modular reasoning. Modular reasoning should be possible in the presence of wrapping.

Fig. 2. Requirements for a Wrapping Mechanism

Therefore, an aggregate should be an element of the actual wrappee type (3). This also
implies that all methods of the wrappee can be called by clients and that they can make
these calls directly on a reference to the wrapper.

Upon calling paint on an aggregate of a BorderWrapper and a TextView, the border’s
paint method should be executed. The latter first draws the border and then calls the paint
method of the wrapped view with an adapted graphics context. Thus, wrappers must be
able to override methods of the wrappee (4).

If clients can have direct references to the wrappee, they can call overridden methods.
For example, a client could call the paint method of the embedded view with the graphics
context (dimensions) of the whole aggregate. Hence, a wrapper should be able to control
whether clients can directly access the wrappee (5).

Early detection of errors has already been identified as general requirements for
component-oriented programming. We restate it here as an explicit requirement (6) for
the purpose of assessing composition mechanisms.

The possibility for modular (component-wise) reasoning is another key requirement
(7) for any mechanism targeted at component-based programming because of the inde-
pendent development of components [30].

Finally, it is desirable that classes are not required to follow any coding standards
for their instances to be wrappable. Otherwise, instances of classes programmed to
different standards and of legacy classes are left out. Since certain coding standards can
be established, as shown by JavaBeans, and since certain automatic rewriting —even of
binary code— is possible, we consider this as a nice-to-have feature, but do not make it
a formal requirement.

3 Why Existing Technology Is Insuf�cient

In this section we show why existing technology fails to address the above requirements.

Inheritance. Feature combination by multiple inheritance creates specialized combina-
tion classes, such as BorderedTextView and BorderedGraphicsView. Thus, it combines
the functionality of the wrapper and the wrappee into a single object. However, combi-
nations can only be made at compile time by a vendor having access to both the border
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Inheritance (b) 4 4 n/a 4 (c)
Parameterized mix-ins (b) 4 4 n/a 4 (c)
Containment 4 (b) (d) (d) (e) 4

Specialized wrappers(a) (f) (b) 4 4 4 4 4

Bottleneck interface 4 4 4 4

Dual interface 4 (b) 4 4 (e)
Delegation in prototype-based languages 4 4 n/a 4 4

(a) If only used with specific type, otherwise like containment. (d) Either full functionality availability or overriding and shielding.
(b) Yes, but with exceptions due to signature clashes. (e) Type safety for static wrappee type.
(c) Limited due to tight coupling. (f) Type determined at compile time.

Fig. 3. Properties of Existing Technologies

and the view. Run-time feature composition, e.g., in compound documents, is impossi-
ble with inheritance. Hence, inheritance fails requirement (1). The modular reasoning
requirement (7) is not fully satisfied because of the close coupling between super- and
subclass, leading to the semantic fragile base class problem [19].

Mix-ins make it easier to create different combinations, even in single inheritance
languages. However, combinations must be made at compile time. Thus, mix-ins also
fail the requirement of run-time applicability (1).1

Containment. The containment approach, also known as the decorator pattern [9], has
already been sketched along with the presentation of the example in Sect. 2.1. It’s main
problem is that the aggregate is not a subtype of the actual wrappee. Thus, it fails the
transparency requirement (3).

Specialized wrappers can be created at compile time for specific known wrappee
types. However, specialized wrappers aren’t of much help in a component market with
mutually unaware vendors.

Bottleneck and dual interfaces, i.e., a single message handler method, are variations
of the containment approach. They make the full functionality of the actual wrappee
available through the wrapper, but lose the benefits of the static type system. Thus, they
fail both the safety (6) and the transparency (3) requirements.

Delegation in prototype-based languages. Prototype-based languages, such as Self [31],
use a parent object to which the receiving object delegates messages that it does not
understand itself. A bordered text view could be implemented by a border object with
a text view parent. Due to the lack of (static) typing and because of the possibility to
reassign the parent object at any time, prototype-based languages fail the requirements
of safety (6) and modular reasoning (7) [9].

1 Most genericity mechanisms, such as GJ, do not support mix-ins because they do not allow the
type parameter to be used as a supertype of the parameterized type.
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Summary. We conclude that none of the existing technologies gives a satisfactory so-
lution to the problem at hand. Figure 3 summarizes the results. Less common solution
approaches are described in Sect. 9. More detailed refutations appear in [4].

4 Generic Wrappers

To solve the problem stated in Sect. 2, we introduce generic wrappers. Generic wrappers
are classes that are declared to wrap instances of a given reference type (class, interface)
or of a subtype thereof. Like an extends clause to specify a superclass, we use a wraps
clause to state the static wrappee type. This also declares the wrapper class to be a
subtype of the static wrappee type. For example, the declaration

class LabelWrapper wraps IView {. . .}

states that each instance of the class LabelWrapper wraps an instance of a class that
implements IView. The declaration makes class LabelWrapper a subtype of IView. Thus,
instances of LabelWrapper can be assigned to variables of type IView and LabelWrapper
has all public members (methods, fields) of IView.

To assure that this subtyping relationship always holds (and thereby that forwarding
of calls never fails) must instances of LabelWrapper always wrap an instance of a subtype
of IView —already during the execution of constructors. Hence, the wrappee must be
passed as a special argument (in our syntax delimited by <>) to class instance creation
expressions:

TextView t = . . .; IView v = new LabelWrapper<t>(. . .);

The compiler checks that the declared type of variable t is a subtype of the static wrappee
type. The wrapper class instance creation expression throws an exception if the value of
t is null or if t were an expression and its evaluation throws an exception. In both cases,
no wrapper object is created and the value of v remains unchanged.

The particularity of generic wrappers is that their instances are not only of the static,
but also of the actual wrappee type. For example, a LabelWrapper wrapping a TextView
is also of the latter type and not just of type IView. Hence, such an aggregate can be
assigned to a variable of type TextView and the latter’s methods can be called on it. In the
following program fragment, which is based on the definition of LabelWrapper above,
the type test returns true and the cast succeeds:

IView v = new LabelWrapper<new TextView()>(. . .);
TextView t2; if(v instanceof TextView) {t2=(TextView)v;}

Methods declared in the wrapper override those in the wrappee analogously to over-
riding in subclasses.

In constructors and instance methods of generic wrappers, the keyword wrappee
references the wrappee. It can be treated like an implicitly declared and initialized final
instance field. Hence, wrappers can call overridden methods of the wrappee using the
keyword wrappee corresponding to super for overridden methods of superclasses. For
example, the paint method of BorderWrapper might look as follows:
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public void paint(Graphics g) {
. . .; // paint border
wrappee.paint(g1); // paint wrapped view with adapted graphics context

}

Preliminary evaluation. Although this basic definition still leaves many aspect open,
we can evaluate which requirements (Fig. 2) it fulfills independently of how the details
are fixed. The actual type and instance of the wrappee can be decided upon at run time.
Hence, requirement (1) is satisfied.

Wrappers are applicable to a all of the static wrappee type’s subtypes, for which no
unsound overriding would occur. Thus, the genericity requirement (2) is mostly fulfilled.

As defined above, instances of generic wrappers are members of the actual wrappee
type. Therefore, the transparency requirement (3) is satisfied.

The fulfillment of the shielding (5) and modular reasoning (7) requirements cannot
be judged without fixing more details.

The compiler ensures that an aggregate is always of the static wrappee type and,
thereby, that all calls to methods of the static wrappee type will succeed. Run-time tests
can be used to check whether the aggregate is of a certain type. Only insufficiently
guarded casts may fail. Calls to methods of the actual wrappee type always find a
matching method. Hence, the type system fulfills the safety requirement (6) by preventing
as many run-time errors as possible statically and signaling errors as early as possible at
run time.

5 Design Space for Generic Wrappers

The basic definition of generic wrappers in the previous section leaves many aspects
open. In this section, we investigate the design space for generic wrappers.

The time of binding has a major influence on the design space of generic wrappers
as compared to inheritance. With inheritance, the superclass is bound at compile time.
With generic wrappers the actual type and instance of the wrappee first become known
at wrap time, that is, run time. Later binding brings flexibility, but means that certain
compatibility checks asserting type soundness and, thereby, the success of all method
lookups have to be delayed (Fig. 4). A notable feature of generic wrappers is that an
existing wrapper object can be wrapped again. Thus, it remains always possible to add
new functionality to an aggregate.

Dynamic linking partly blurs this distinction. The name of the superclass is fixed at
compile time, but the actual version and, therefore, the members and their semantics are
not known until load time. For example in Java, the loading of a class may be delayed until
an instance thereof is created. In this case, the compatibility with the used superclass is
checked as late as the compatibility between a wrapper and the actual wrappee type. Thus,
dynamic linking postpones compatibility checking to run time without fully exploiting
the flexibility thereof.

5.1 Overriding of Instance Methods

Overriding of instance methods in subclasses is governed by certain rules to guarantee
both type and semantic soundness. The same rules extend to overriding of methods
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nothing fixed: any method call may fail, further methods may be added

minimal supertype fixed: method calls will succeed if matching implementation bound

supertype implementation fixed: method calls will succeed, no further methods can be added

Fig. 4. What Is Asserted to Hold from Where on?

of the wrappee by methods of the wrapper. For example to guarantee type soundness
in Java, the overridden method must not be final, the return type of the overriding
method must be the same as that of the overridden method, the overriding method
must be at least as accessible, the overriding method may not allow additional types of
exceptions to be thrown, and an instance method may not override a class method. To also
guarantee semantic soundness, the overriding method must be a behavioral refinement
of the overridden method [1].

Although the actual type of the wrappee isn’t known until wrap time, we can perform
certain checks at compile time. We can check that overriding of methods of the static
wrappee type by methods of the wrapper respect the above rules. Any violation of the
type rules would necessarily also lead to a violation in combination with any actual
wrappee type, i.e., a subtype of the static wrappee type.

Because the actual wrappee may have more methods than the static wrappee type,
overriding conflicts may nevertheless occur at wrap time, i.e., when the combination of
the wrapper and the wrappee first becomes visible. In Fig. 5, three overriding conflicts
occur when wrapping an instance of A in an AWrapper. The methods A.m an A.o would
be overridden by semantically incompatible ones and AWrapper.n cannot override A.n
because they have different return types.

Below we discuss two approaches to this problem. The first checks type soundness at
wrap time and throws an exception if wrapping would be type unsound. To decrease the
probability of unsound overriding, we suggest a number of coding conventions. The se-
cond approach avoids wrap-time type problems by relying on a different form of method
lookup and subsumption. We conclude with a short refutation of static approaches.

In this section we assume that there are no final classes and no method header
specialization in subtypes (overriding non-final with final methods, overriding with re-
stricted exception throws clauses and higher accessibility, as well as covariant return
type and contravariant parameter type specialization) in our language. The interaction
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interface IA {
int m(); // return 0 or 1

}

class AWrapper wraps IA {
public int m() {return 0;};
public void n() {. . .};
public int o() {return 0;};

}

class A implements IA {
public int m() {return 1};
public int n() {. . .};
public int o() {return 1};

}

IA a=new A();
AWrapper w=new AWrapper<a>();

Fig. 5. Overriding Example

of final classes and method header specialization with generic wrappers is discussed in
Sect. 6.2.

Wrap-time tests and coding conventions. At wrap time, we can automatically check
whether overriding of methods of the actual wrappee by the wrapper is type sound. If this
is the case, we can create the wrapper instance. Otherwise, we throw an exception. Wrap-
time tests require enough information in the binary code. Java byte code, for example,
satisfies this requirement.

Wrap-time exceptions are undesirable, yet they are preferable over unsuccessful me-
thod lookup as in prototype based languages like Self. First, if components are combined
by an assembler, she can much more easily check all combinations than all method calls
on all combinations. Second, if an error occurs, detecting it as early as possible facilitates
debugging, as expressed by requirement (6).

To reduce the probability of wrap-time type conflicts, we could use laxer rules in
analogy to Java’s binary compatibility. However, laxer typing rules threaten semantic
soundness, which must be the ultimate goal. Hence, we believe that the strict rules should
be used for generic wrappers at wrap time also.

We suggest to adhere to the following four coding conventions, which can greatly
reduce the possibility of both type and semantic conflicts at wrap time:

(a) Classes only define (non private) methods declared in implemented interfaces.
(b) No two interfaces, not related by extension, declare methods with the same signature.
(c) Interfaces have semantic specifications and methods in classes are semantic refine-

ments of their correspondences in the implemented interfaces.
(d) Method calls are only made on variables of interface, but not class types.2

We analyze the conventions for method o of Fig. 5. Convention (a) implies that
both AWrapper and A implement interfaces declaring a method o. Furthermore, (b)
dictates that this must be the same interface, say IO. The idea of behavioral subtyping
[1] is that interfaces have semantic specifications and that methods in subtypes are
behavioral refinements of the corresponding methods in their supertype. Assuming that

2 Self calls, which are of course also allowed, are discussed in Sect. 5.3.
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both AWrapper.o and A.o are refinements of IO.o, we can deduce that both 0 and 1
are correct return values. Finally, condition (d) implies that a call x.o() may only be
written for x of static type IO. In this case, the value 0 returned by the overriding method
AWrapper.m meets our expectations.

If (a) or (b) is not adhered to, then a type conflict may occur as illustrated by method
n of Fig. 5. If (c) is not adhered to, it could be that IO.o specifies the return value to be 1,
which would not hold in the above case. Finally, if (d) is not respected, we could make
a call x.o on a variable of type A. If x contained a reference to an AWrapper wrapping
an A, we would get a return value of 0 although we expected 1.

Conventions (a) and (d) could easily be enforced by a programming language. Instead
of (b) a language can require qualified notation for member access instead of merging
namespaces of interfaces. Convention (c) requires semantic proofs and is, therefore, more
difficult to check. These conventions also avoid semantic problems in the overriding
in subclasses. Hence, they are implicitly advocated as good style for object-oriented
programming [9,30].

In conclusion, wrap-time checking allows us to avoid type unsound overriding. Fur-
thermore, adherence to some also otherwise beneficial coding conventions can greatly
reduce the possibility of type or semantic unsound overriding.

An alternative form of method lookup. An alternative is to have the wrapper only
override methods already present in the static wrappee type. In Fig. 5, this would mean
that only A.m would be overridden by AWrapper.m.

Instead of overriding additional methods of the actual wrappee, in the example A.n
and A.o, we allow an aggregate to contain multiple methods with the same signature and
base the dispatch on run-time context information. In the simplest case, the dispatch is
based on the static type of the receiver:

AWrapper w=new AWrapper<new A()>();
int i; i=w.o(); // executes AWrapper.o, i=0
A a=(A)w; i=a.o(); // executes A.o, i=1

In more general cases, the dispatch is not only based on static, but on run-time
context information, i.e., an object’s history of subsumptions. To illustrate this, assume
that method o is declared in interface IO and that both AWrapper and A implement IO.
In the following code fragment, added to the above, the static type of the receiver is in
both cases IO, but different implementations are executed:

IO x;
x=w; i=x.o(); // executes AWrapper.o, i=0
x=a; i=x.o(); // executes A.o, i=1

The problem is that there are two occurrences of IO in the aggregate. Thus, we have
to choose one for subsumption.3 Multiple non-virtual inheritance in C++ has a similar
semantics.

3 In our case, we have already subsumed the aggregate to be of type AWrapper, respectively A.
A true choice would be needed in the first line if w were of a subtype of both AWrapper and
A, e.g., the compound type [AWrapper, A] [3].
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In languages that do not support method header specialization (Sect. 6.2) or final
classes, this form of method lookup avoids wrap-time exceptions. However, to also
achieve semantic soundness, we still need to adhere to the above four coding conventions.
Otherwise, we could execute a.m() in the fragment above and be surprised that we don’t
get 1 as result. The soundness problems caused by specialization could only be avoided
by fully giving up overriding.

Method lookup and subsumption are more complex with this approach. Further-
more, adding this to a single-inheritance language with ‘normal’ method lookup and
subsumption for inheritance, we end up with two different forms of method lookup and
subsumption. The technicalities of this approach for the case of compile-time composi-
tion of mix-ins can be found in [8].

Refutation of static approaches. Here we briefly discuss why some approaches that
avoid possible wrap-time conflicts at compile time and that are based on normal overri-
ding have serious deficiencies.

Allowing the wrapper to only override methods of the static wrappee type, but not
add additional methods would avoid the problem of unsound overriding of additional
methods in the actual wrappee, e.g. A.n. However, not allowing additional methods in
the wrapper would be a severe restriction, which would greatly reduce the usefulness of
generic wrappers. Furthermore, this approach would fail in languages that support final
classes or method header specialization (Sect. 6.2).

Negative type information [24] could express that subtypes of IA must not have a
method, like n, that might be overridden in an unsound way. However, this would also
mean that an aggregate of an AWrapper and a subtype of IA would not be of a subtype
of IA. Furthermore, negative type information cannot be expressed in type systems of
current languages.

Requiring the exact type of the wrappee to be known at compile time, a third ap-
proach, would contradict the requirement of run-time applicability (1).

5.2 Hiding of Fields and Class Methods

In many languages, fields and class methods are hidden rather than overridden in subty-
pes. Hiding of fields, if permitted, is not problematic because the hiding field may have
a different type than the hidden field. The static wrappee type is used to access hidden
fields in the actual wrappee. Hiding of class methods is usually governed by similar
requirements as overriding of instance methods. Thus, the same two options apply.

5.3 Forwarding vs. Delegation

The difference between forwarding and delegation is the binding of the self parameter
in the wrappee when called through the wrapper. With delegation, the self parameter is
bound to the wrapper, with forwarding it is bound to the wrappee. Figure 6 illustrates the
difference with a client calling method m of the wrappee on a reference to the wrapper.

Forwarding is a form of automatic message resending; delegation is a form of inhe-
ritance with binding of the parent (superclass) at run time, rather than at compile/link
time as with ‘normal’ inheritance [16].
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void m() {
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}
void n() {
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} Output: m2, n2 Output: m2, n1

Fig. 6. Forwarding vs. Delegation

In all cases, super calls in the wrappee invoke methods of its superclass and not the
wrapper’s superclass. During these calls, this is bound to the wrappee with forwarding
and to the wrapper with delegation.

Delegation has the advantage that the wrapper can better modify the behavior of the
wrappee. With forwarding, the wrappee can better control its own behavior and avoid
such problems as the semantic fragile base class problem. Generic wrapping as discussed
in this paper works with both options. The reader is referred to [30,19,26] for further
discussions of pros and cons.

5.4 Replacing a Wrappee

The wrappee of a given wrapper could be replaced by another object, the type of which
is a subtype of the old dynamic wrappee type. It is not sufficient that the new wrappee
is a subtype of the static wrappee type: A BorderWrapper wrapping a TextView can be
referenced by a variable of static type TextView. Replacing the wrappee by a ButtonView
would violate type soundness.

Although cyclic wrapping is type sound in combination with certain features, it is for
semantic reasons mostly undesirable. Cyclic wrapping is prevented by the construction
process, because the wrappee must be passed as an argument to the wrapper instance
creation expression (Sect. 4). If we don’t want cyclic wrapping, we also have to prevent
it in the replacement of a wrappee.

For semantic reasons, we think that the wrappee should not be exchangeable. By
fixing the wrappee for the lifespan of the wrapper, the system becomes more static and,
therefore, simpler to analyze and reason about.

5.5 Direct Client References to the Wrappee

There are both advantages and disadvantages to allowing clients to hold direct references
to the wrappee and being able to invoke the latter’s methods —bypassing a possible
overriding by the wrapper. On the positive side, this may give clients the possibility to
invoke methods that are ‘accidentally’ overridden. For example, both BorderWrapper
and TextView may define instance methods setColor with the same parameters. Without
direct access to the wrappee, clients may not be able to change the text color. With
direct access to the wrappee, this is possible. However, only clients that are aware that
they reference a wrapped TextView rather than a bare one can do so. With the alternative
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method lookup, TextView.setColor can also be accessed through a cast, unless the method
is already declared in the static wrappee type IView.

The disadvantage of direct client references to the wrapper is that clients may invali-
date invariants ranging over both the wrapper and the wrappee. Furthermore, we end up
with different reference values to the same aggregate; thus, loosing the unique identity
and the possibility of direct reference comparison.

The transparency of generic wrappers reduces the need for direct client references.
In the containment approach (Sect. 3) all functionality that the dynamic wrappee type
provides beyond the static wrappee type can only be made accessible by giving cli-
ents direct access to the wrappee. With generic wrappers, on the other hand, the full
functionality of the dynamic wrappee type is available through the wrapper.

Whether we allow the wrapper to hand out direct references or not, we have the
problems of existing references to the wrappee and of the wrappee handing out self
references. Even if we in principle permit direct references, we may want to restrict
them to clients that explicitly ask for them and are aware of the dangers.

Redirection of existing references. The problem of existing references vanishes if
there aren’t any. In analogy to aggregation in Microsoft’s COM, we could require the
wrappee to be created along with the wrapper and not to allow the wrappee’s constructor
to pass out self references. However, experience with COM showed that this approach
is often too restrictive [22].

The second best case is a single reference to the object to be wrapped. In type systems
with aliasing control [12] that can guarantee uniqueness of references we could restrict
wrapping to unique references. This single existing reference to the wrappee, which is
used as argument in the wrapper construction, could then either be redirected to the
wrapper or be set to null. The restriction to unique references may severely limit the
applicability of wrappers. Furthermore, aliasing control is not common.

For mainstream languages we see the following options:

1. Keep the references to the wrapped object unchanged. This is only an option if we
allow direct references to the wrappee. Unfortunately, clients won’t recognize if
an object they refer to has been wrapped. Hence, they might unknowingly invoke
overridden methods of the wrappee and, thereby, cause the aforementioned semantic
problems.

2. Update all existing references to point to the wrapper. Thanks to the transparency of
generic wrappers this is sound. Since the type of a reference can only be increased by
wrapping, assumptions that a reference is at least of a certain type are not falsified.

Handing out of self references. Wrappees may pass out self references, e.g. for event
listener registration. If we don’t want direct client references to the wrappee or only allow
the wrapper to hand them out, we need to address this issue. The draconian solution is
to disallow the use of this in the wrappee except for member access. This is, however,
very restrictive and excludes instances of legacy classes not adhering to this restriction.

Alternatively, we may define this in the wrappee to reference the wrapper except
when used for member access.
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5.6 Multiple Wrapping

There are two forms of multiple wrapping, conjunctive and disjunctive (Fig. 7). Conjun-
ctive (also called additive or recursive) wrapping applies multiple wrappers around each
other. For example, we might wrap a TextView in a ScrollWrapper and the latter with a
BorderWrapper.

Disjunctive wrapping presents the same wrappee with different wrappers. It has
analogous drawbacks as direct client references to the wrappee, namely the possibility
of invalidating invariants ranging over the wrappee and one of its other wrappers. With
type transparency, disjunctive wrapping can in most cases be replaced by conjunctive
wrapping because the full dynamic wrappee type is visible through all wrappers.

If we allow direct client references to the wrappee but not disjunctive wrapping, we
have to define what happens if a client wraps an object that is already wrapped. The
options are disallowing it and throwing an exception if tried, putting the new wrapper
between the wrappee and the old wrapper, and applying the new wrapper around the old
wrappee. Thanks to the transparency of generic wrappers, all options are type sound.

5.7 Concealment

In certain cases, a wrapper may want to conceal part of the wrappee from clients. For
example, a Con�dentialWr apper and its wrappee should not be serializable for confi-
dentiality reasons. Thus, the wrapper wants to conceal the interface Serializable from
clients in case the wrappee implements it. For this case, a conceals clause may be useful
in combination with wraps:

class Con�dentialWr apper wraps IView conceals Serializable {. . .}

With this definition, no instance of a Con�dentialWr apper aggregate will ever be an
element of Serializable.

Alternatively, a wrapper could be transparent for explicitly listed types only:

class SpecialWrapper wraps IView hoists IText, IGraphics {. . .}
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Fig. 7. Conjunctive and Disjunctive Wrapping
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When such a SpecialWrapper wraps an instance of a class implementing IText then
the functionality declared in IText can be accessed through the wrapper. On the other
hand, if the same class also implements another interface, say IContainer, the latter’s
functionality cannot be accessed through the wrapper and the wrapper cannot be assigned
to a variable of static type IContainer. Although transparency is restricted, this approach
differs from the containment approach (Sect. 3) in that the type of the aggregate depends
on the actual type of the wrappee.

Concealment may be practical for special cases, but it causes type soundness pro-
blems because the aggregate is not a subtype of the wrappee. Existing references to the
wrappee cannot be redirected to the wrapper, if the latter conceals (part of) the static type
of the variable containing the reference. Concealment also causes similar problems in
combination with solutions 2 and 3 of applying a wrapper to an already wrapped object
(Sect. 5.6). Furthermore, with delegation self calls of the wrappee to methods that are
concealed by the wrapper fail. For this, a workaround would be to conceal types only
from clients, but not from the aggregate itself.

These problems may, but do not necessarily occur in a given system that uses con-
cealment. In analogy to Eiffel allowing subclasses to conceal4 inherited members, we
could allow concealment of types. This would, however, require system validity checks
of complete systems.

5.8 Multiple Wrappees

So far, we have assumed that a given wrapper instance wraps exactly one object. This
could be generalized to a fixed or arbitrary number of objects, thereby providing a single
view of a subsystem implemented by multiple objects corresponding to the facade pattern
[9]. Similar to multiple code inheritance, this works well unless different wrappees
implement methods with the same signature and the wrapper does not override them. In
this case, message lookup needs to be redefined. With run-time wrapping, such conflicts
caused by type transparency may not be visible at compile time.

6 Interaction with Other Typing Mechanisms

In this section we discuss the interaction of generic wrappers with other common typing
mechanisms.

6.1 Subclassing

Here we investigate whether and how generic wrappers can substitute inheritance and
how the two may be combined.

4 This is called ‘hiding’ in Eiffel. We don’t use this term here to avoid confusion with Java style
hiding of class methods and fields (Sect. 5.2).
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Generic wrappers as a substitute for inheritance. If we choose delegation (Sect. 5.3)
for generic wrappers, then they can be used to simulate class-based inheritance as follows:

class D extends C {. . .};
D d=new D();

Inheritance

class D wraps C {. . .};
D d=new D<new C()>();

Simulation with generic wrappers

The main difference is that at compile time we only know the lower bound of the
wrappee type for generic wrappers, whereas with inheritance we know the exact super-
class. This can be interpreted as flexibility or as lack of knowledge.

If, on the other hand, we use forwarding instead of delegation for generic wrappers,
then we cannot modify the semantics of self calls in methods of the supertype. Thus,
such generic wrappers cannot be used to simulate inheritance.

Subclassing of wrapper classes. In most mainstream languages subclassing implies
subtyping. For this principle to extend to wrappers, a subclass of a wrapper class has to
be declared to wrap the same type as its superclass or a subtype of its superclass’ static
wrappee type. Covariant specialization of the static wrappee type is possible unless the
wrappee can be replaced using a method like setWrappee(StaticWrappeeType w), where
the static wrappee type occurs in a contravariant position.

6.2 Method Header Specialization and Final Classes

Some languages allow overriding methods to have more specialized headers. For ex-
ample, Java allows a non-final method to be overridden by a final one and allows the
overriding method to have a more restricted exception throws clause and a higher acces-
sibility. Other languages also allow covariant return type and contravariant parameter
type specialization.

This creates problems with overriding by wrappers, even if the overriding is sta-
tically visible. Wrapping an instance of B with a BWrapper in Fig. 8, would override
the final method B.p with an empty throws clause by BWrapper.p, which may throw
SomeException.

To prevent such unsound overriding, we have to use wrap-time exceptions. Method
header specialization is the type correspondent of semantic refinement discussed in
Sect. 5.1.

Final classes pose a similar problem. They should not be subtyped. Thus, it is a
compile-time error to declare a wrapper with a static wrappee type that is a final class
type. At run time, an exception is thrown if an attempt is made to wrap an instance of a
final class.

6.3 Parametric Types

Generic wrappers and parametric types can be combined without problems. Instances
of generically derived classes don’t distinguish themselves from instances of normal
classes. Hence, they can be normally wrapped. Generic wrappers can also be used as
bounds in generic classes and as actual parameters in generic derivations.
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interface IB {
void p() throws SomeException;

}

class BWrapper implements IB wraps IB {
public void p() throws SomeException {. . .};

}

class B implements IB {
public final void p() {. . .};

}

IB b=new B();
BWrapper w=new BWrapper<b>(); // illegal wrapping caught by exception
((B)w).p() // �nal method would be overridden and exception might be thrown

Fig. 8. Method Header Specialization Example

7 Generic Wrappers in Java

As a proof of concept, we add generic wrapping to Java. We present generic wrappers
as a strict extension, that is existing Java programs need not be changed and instances
of existing classes can be wrapped.

We select a consistent set of features from the aforementioned design choices and
give a definition of generic wrappers in Java. We base our choices on the motivating
examples and the above discussions, without repeating them. Next, we discuss selected
integration issues with the Java library. Finally, we show how the defined mechanism
solves the motivating problem. A discussion of efficient implementation strategies is
beyond the scope and page limit of this paper.

7.1 Feature Selection and Language Integration

Both compile-time and wrap-time overriding and hiding are governed by the same rules
as (compile-time) overriding and hiding in subclasses. Furthermore, we don’t allow
instances of final classes to be wrapped. Violations of these rules by the wrapper/static
wrappee pair are flagged at compile time; violations by the wrapper/actual wrappee pair
cause exceptions at the time of wrapping.

To get loose coupling between the wrapper and the wrappee and to facilitate semantic
reasoning we chose forwarding over delegation and fix the wrappee for the lifespan of
the wrapper. All existing references to the wrappee are redirected to the wrapper upon
wrapping. We define this in instance method of the wrappee to refer to the (outermost)
wrapper except when used for member access.

In a tribute to flexibility, we allow clients to explicitly attain direct references to
the wrappee. The implementor of the wrapper class determines whether clients can get
direct references to the wrappee by putting an access modifier (private, protected, public)
between the keyword wraps and the static wrappee type, e.g:
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class LabelWrapper3 wraps public IView {. . .}

The access modifier of the wrappee in a subclass must provide at least as much
access as that in the superclass. The keyword wrappee can be treated like the name of a
final instance field of the wrapper class with the used modifier, e.g public in the above
example. To navigate back from a wrappee to its outermost wrapper, the method:

public final Object getWrapper() {return this;}

is added to the class Object. With the above definitions, this method returns a reference
to the wrapper if the receiver object is wrapped and otherwise to the receiver itself.

We allow only conjunctive, but not disjunctive wrapping. Wrapping an already wrap-
ped object corresponds to wrapping its outermost wrapper. Because it is not sound in
combination with the above features, we don’t allow concealment. Every wrapper has
exactly one wrappee.

7.2 Library Integration

The library being an integral part of Java —the description of three packages is even part
of the Java language specification— we discuss how serialization and cloning interplay
with generic wrappers. Generic wrappers integrate in a straightforward way with most
libraries, often providing new possibilities.

For instances of a Java class to be serializable, the class must implement the empty
interface Serializable. A problem arises if only the wrapper or only the wrappee im-
plement Serializable. In this case, the aggregate appears to be serializable although it
isn’t. In practice, the best solution is to throw a NotSerializableException when trying to
serialize such an aggregate. In [4], we discuss certain options to statically avoid part of
the problem.

Similar problems occur with cloning if only the wrapper or only the wrappee im-
plements Cloneable. Because we don’t allow disjunctive wrapping, clone has to create
deep copies. Throwing a CloneNotSupportedException is again the best solution.

7.3 Assessment

Our mechanism fulfills all requirements (Fig. 2) except for genericity (2). The latter
fails in cases where overriding would not be sound. We consider this acceptable because
exceptions are already thrown at the time of wrapping —and not at the time of member
access— and because creation of new instances can also fail for other reasons with an
exception in existing Java.

Clearly, the motivating problems (Sect. 2.1) can be solved with the presented generic
wrappers for Java.

8 Type Soundness

In this section, we report on a mechanically verified formal proof of type soundness of
Java extended with generic wrappers. Type soundness intuitively means that all values
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produced during any program execution respect their static types.An immediate corollary
of type soundness is that method calls always execute a suitable method, that is, there
are no ‘method not understood’ errors at run time.

Our proof of type soundness for generic wrappers is based on the work of von Oheimb
and Nipkow [32]. They have formalized a large subset of Java and mechanically proved
type soundness with the theorem prover Isabelle/HOL [23].

For this paper, we have added generic wrappers to this formalization,5 adapted the
proofs, and ran them through Isabelle/HOL. Here, we present the widening relations
applicable to generic wrappers. A full report of all the mechanical details is beyond the
scope of this paper.

The Java language specification [10] introduces identity and irreflexive widening
conversions separately. ‘Widening’ is Java’s form of subtyping. Since identity conver-
sions are possible in all conversion contexts permitting widening, the two are merged
in the formalization. The expression Γ ` S � T says that in program environment Γ
objects of type S can be transformed to type T by identity or widening conversion. In
particular, expressions of type S can be assigned to variables of type T and expressions
of type S can be passed as formal parameters of type T .

We use the following naming conventions:

C,D classes A list of classes
I,J interfaces S,T arbitrary types
R reference type Γ program, environment

The judgment Γ ` C≺cD expresses that class C is a subclass of class D, Γ `
C ; I that class C implements interface I , and Γ ` I≺iJ that I is a subinterface of
J . Furthermore, is type Γ T expresses that T is a legal type in Γ , RefT R denotes
reference type R, and NT stands for the null type.

Class C stands for the class type C and Iface I for the interface type I . In our
formalization we now have two kinds of classes: normal (non-wrapper) classes and
wrapper classes. The discriminator is wrapper Γ C is true if C is a wrapper class.
WrappeeOf Γ C denotes the the static wrappee type of class C in program Γ .

At run time, instances of wrapper classes are of aggregate types. Aggregate types
are finite lists of at least two class types. An instance of the wrapper class C wrapping
an instance of the wrapper class D that itself wraps an instance of the (non-wrapper)
class E belongs to type Aggregate [C,D,E]. The discriminator is aggregate Γ A is
true if A denotes a possible combination of classes for an aggregate. Since there are
no variables of aggregate type and because we do not allow the dynamic reassignment
of wrappees, we only need widening rules with aggregates on the left-hand side of the
conclusion judgment.

Furthermore, the discriminators is class Γ C and is iface Γ I are used. The follo-
wing six typing judgments apply unchanged also to wrapper classes:

is type Γ T

Γ ` T � T

is type Γ (RefT R)
Γ ` NT � RefT R

5 At http://www.abo.fi/˜mbuechi/publications/GenericWrappers.html the Isabelle theories are
available.
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Γ ` I≺iJ

Γ ` Iface I � Iface J

is iface Γ I; is class Γ Object
Γ ` Iface I � Class Object

Γ ` C≺cD

Γ ` Class C � Class D

Γ ` C ; J

Γ ` Class C � Iface J

The following widening rules involving wrapper classes are used at compile time:

is wrapper Γ C; Γ ` WrappeeOf Γ C � Class D

Γ ` Class C � Class D

is wrapper Γ C; Γ ` WrappeeOf Γ C � Iface J

Γ ` Class C � Iface J

The following widening rules involving aggregates are used at run time (set converts
a list into a set):

is aggregate Γ A; ∃C ∈ set A.Γ ` Class C � Class D

Γ ` Aggregate A � Class D

is aggregate Γ A; ∃C ∈ set A.Γ ` C ; J

Γ ` Aggregate A � Iface J

The main advantages of a mechanized over a paper-and-pencil proof are additional
confidence and better support for extensions. We would like to stress the second aspect.
Not only did the formalization result in a soundness proof, but the proof tool also re-
minded us of what all needed to be defined about generic wrappers before the desired
properties could be established. Most proof scripts worked without modifications. The
fact that all theorems were reproved mechanically6 for the extended language definition
conveys more confidence than the typical adaptation of a paper-and-pencil proof with
‘this-should-still-hold’ handwaving.

9 Related Work

Section 3 already provides an overview of some related mechanisms. With the exception
of delegation, where a final comparison with our mechanism is deemed interesting,
these technologies are not discussed again here. Comparisons with less closely related
language mechanisms as well as binary component standards can be found in [4].

Delegation in prototype-based languages. What do we gain with generic wrappers over
delegation in prototype-based languages? First, the static wrappee type and calls to it
can be statically type checked. Some prototype-based languages, such as Cecil [5], also
have (optional) static type systems. However, these languages require the exact type
or even the concrete instance of the parent object to be known at compile time. The
same approach is taken by prototype-based object calculi, e.g. [7]. Thus, they fail the
requirement of run-time applicability (1).

6 At the time of writing, a few lemmata have not yet been mechanically proved.
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Second, with generic wrappers the dynamic wrappee type can be checked with run-
time type tests. Third, type casts are the only points of failure; method lookup always
succeeds. This greatly simplifies debugging by indicating errors closer to where they
occur. Fourth, generic wrappers are targeted at mainstream class-based languages.

For our exemplary generic wrappers in Java, we have chosen a set of distinguishing
features that facilitate modular reasoning. First we have forwarding rather than delega-
tion. Second the wrappee is assigned snappily differentiating it from reassignable parent
fields. Third, we disallow disjunctive wrapping. The latter is no problem because we get
sharing of behavior from classes whereas prototype-based languages have to use shared
parents for this.

Lava. Kniesel [15] has implemented an extension of Java with wrappers. The main
difference to our generic wrappers is that in his proposal the aggregate is not a subtype
of the actual, but only of the static wrappee type. Thus his proposal fails the transparency
requirement (3) and is more limited in its applicability. Lava’s wrappers are a form of the
decorator pattern with automatically generated forwarding stubs and multiple wrappees
combined with delegation. Wrappees can be reassigned, thereby, complicating semantic
reasoning. The proposal is not type sound because the wrappees are assigned within the
constructor. Independent extensibility, the focus of our proposal, is not well supported.

Delegation for software and subject composition. Harrison et al. [11] discuss options
for different bindings of this in the decorator and facade patterns. They show how to
implement delegation using either stored or passed pointers in class-based languages.
Furthermore, they propose a declarative approach, to be used by component assemblers,
permitting the binding of this to be customized on a per-method base. Their solution does
not address the shortcomings of the decorator pattern with respect to our requirements.
Namely, it does not provide for transparency (3).

Dynamic object specialization and reflective mix-ins. gbeta [6], a generalized version
of Beta, supports two forms of dynamic inheritance through multiple inheritance. Dy-
namic object specialization is a dynamic modification of the structure of an existing
object, preserving object identity. For example, the statement somePtn##->anObject##
enhances the structure of anObject with the pattern somePtn. Furthermore, gbeta allows
non-constant virtual types as superpatterns.

Because gbeta uses submethoding with INNER rather than overriding, it is not
obvious how the mechanisms of gbeta could be transferred to more ‘standard’ object-
oriented languages.

Mezini [18] presents a sophisticated, but complex approach to object evolution with-
out name collisions. However, her work is untyped. Steyaert et al. [27] propose dynamic
inheritance through mix-ins. The catch is that each object must contain a specification
of all its potential enhancements. This renders their proposal inapplicable for mutually
unaware component vendors.

A proposal for mix-ins, which allow types to be derived at run time, is presented
in [4]. It is shown that —ignoring the use of the type parameter in places other than
the extends clause— they correspond to a special kind of generic wrappers where the
wrappee must be created along with the wrapper.
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Objective C. Categories in Objective C [20] allow classes to be extended with a new set
of methods/protocols independently of the original class definition. This compile-time
mechanism corresponds to creating a subclass and globally replacing all occurrences
of the superclass by the subclass. Categories modify whole classes, rather than indivi-
dual objects. Categories do not fulfill the requirements of run-time applicability (1) and
genericity (2).

Binary Component Adaption [13] provides for similar adaption of Java binaries as
categories for Objective-C binaries. With respect to the problem at hand, it has the same
shortcomings.

Aspect-oriented programming. Aspects [14] are a new category of programming con-
struct that ‘cross-cut’ the modularity of traditional programming constructs. So an aspect
can localize, in one place, code that deeply affects the implementation of multiple clas-
ses or methods. Aspects modify classes at compile time. Hence, they do not address
the problems of run-time composition of objects created by different components from
different vendors.

Mix-in calculus. Bono et al. have developed a formal calculus of classes and mix-ins [2].
Method declarations in mix-ins are explicitly marked as overriding an existing method or
introducing a new method. The lower type bound (static wrappee type) is computed from
the signature of a mix-in. Redefined methods give positive type information and new
methods negative type information. Subtyping is determined by the types’ structures.
Negative type information is used to avoid mix-in-application-time exceptions.

10 Conclusions

Late composition of software components from different vendors is the essence of com-
ponent software, enabling component markets and flexible reuse. One form of late com-
position is the combination of features implemented by different vendors into object-
aggregates that appear as single objects to their clients. Our analysis shows, that existing
technologies fail to fully unlock this power.

To remedy the problem, we have proposed generic wrappers, a typed form of dynamic
inheritance. We have analyzed the design space with respect to both type soundness
and semantic intuition, desirability, and consistency with existing mechanisms, such as
subclassing. One options is forwarding instead of delegation to loosen the coupling and,
thereby, avoid the semantic fragile base class problem. Another options is the snappy
assignment of the wrappee to facilitate modular semantic reasoning.

As a proof of concept, we have chosen a consistent set of desirable features for a
concrete mechanism, which we added to Java. Finally, we have given a mechanized proof
of type soundness for the extended language. Additionally, the formalization provides
an operational semantics for Java extended with generic wrappers.
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Abstract. In object oriented programming, it is sometimes necessary to
copy objects and to compare them for equality or inequality. We discuss
some of the issues involved in copying and comparing objects and we
address the problem of generating appropriate copying and comparing
operations automatically, a service that is not provided by most object
oriented languages and environments. Automatic generation appears to
be not only desirable, because hand-coding these methods is mechanical
and yet error-prone, but also feasible, because the form of the code is
simple and largely predictable.
Some languages and some object models presented in the literature do
support generic copying and comparing, typically defining separate “shal-
low” and “deep” versions of both operations. A close examination of these
definitions reveals inadequacies. If the objects involved are simple, copy-
ing and comparing them is straightforward. However, there are at least
three areas in which insufficient attention has been given to copying and
comparing complex objects: (1) values are not distinguished from ob-
jects; (2) aggregation is not distinguished from association; and (3) the
correct handling of linked structures other than trees is neglected.
Solving the third problem requires a mechanism built into the language,
such as exists in Eiffel. Building such a mechanism without modifying
the language requires a language with sufficient reflexive facilities, such
as Smalltalk. Even then, the task is difficult and the result is likely to be
insecure.
We show that fully automatic generation of copying and comparing ope-
rations is not feasible because compilers and other software tools have
access only to the structure of the objects and not to their semantics.
Nevertheless, it is possible to provide default methods that do most of
the work correctly and can be fine-tuned with a small additional amount
of hand-coding.
We include an example that illustrates the application of our proposals
to C++. It is based on additional declarations handled by a preprocessor.
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1 Introduction

In object oriented programming, it is sometimes necessary to copy the contents
of one object to another object, make a new copy (or clone) of an object, or to
decide whether two objects are equal. Previously [5], one of us (PG) has argued
that copying should be needed only rarely in object oriented programs; nevert-
heless, copying is sometimes necessary, and most object oriented programming
languages provide some kind of facilities for copying. Equality testing is certainly
sometimes necessary, too, but the details of how to perform the comparison can
be subtle.

For the purposes of this discussion, we assume that programmers need to
make copies of objects and to compare objects. The two operations are related
in that we expect “X is a copy of Y” to imply “X is equal to Y”, with appropriate
interpretations of “copy” and “equal”. Complexity arises because the desired
meanings of “copy” and “equal” depend on features of the objects involved and
on the circumstances in which the operations are used. We will argue:

– there are several plausible meanings that can be assigned to “copy” and
“equal”;

– a programming language cannot provide appropriate default versions of
“copy” and “equal” for all situations; and therefore

– a programming language should provide a set of standard operations that
help programmers to construct appropriate copying and comparison opera-
tions with minimal effort and maximal security.

Section 2 provides a basis for the discussion. Section 3 discusses the problems
involved in copying and comparing objects, including the special problems that
arise with cyclic structures. Section 4 describes the facilities for copying and
comparing provided by various programming languages. Section 5 demonstrates
a possible implementation of our proposals and, finally, Section 6 presents our
conclusions.

2 Background

In this section, we introduce an object model that provides a basis for the sub-
sequent discussion and some terminology. The object model can be seen as the
“greatest common divisor” of most object oriented programming languages, as
simple as possible for presenting the topics of this paper. It is most suited to
typed, class-based languages.

In our object model, an object contains zero or more attributes. Each attri-
bute is one of:

– a basic value;
– an object; or
– a reference1 to an object.

1 This covers both “reference” and “pointer” in C++ terminology.
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A basic value is an indivisible attribute in the object model. In most pro-
gramming languages, Booleans, characters, and integers are basic values. A string
might be considered either as a basic value or as a vector of characters.

The model permits nested objects: an object may be an attribute of ano-
ther object. Some programming languages (e.g., C++ and Eiffel) provide nested
objects but most object-oriented languages allow an object to contain only re-
ferences to other objects. The model does not allow for references to nested
objects, a situation that can arise in C++ but not in most other languages. The
model permits an object to contain a reference to another object. Cycles are
possible: a chain of one of more references may lead back to the original object.

In this paper, we assume that the objects under discussion belong to a single
identifier space. The additional complications of copying and comparing in dis-
tributed object systems are beyond the scope of the present work.

2.1 Essential and Accidental Attributes

We distinguish essential and accidental attributes of an object.2 An essential
attribute is indisputably a part of the object; an accidental attribute is another
object that is related in some way to the object in question but is not a part of it.
For example, if the object in question is an instance of class Car, we would consi-
der the attribute engine to be essential but the basic value distanceTravelled
and the reference owner to be accidental. The distinction between “accidental”
and “essential” is orthogonal to that between “reference” and “containment”.
The model permits all four possibilities. When an attribute is represented by a
reference, it is the referent object itself, not the reference, that is the accidental
or essential attribute.

Accidental attributes are intended as a generalization of associations. An
association is a “structural relationship between peers” where “peers” are classes
at the same conceptual level [3]. An association is a kind of accidental attribute
but it is not the only kind. Associations are usually implemented as references to
other full-fledged objects, although more elaborate implementations have been
proposed. But objects may also contain counters, flags, descriptors, and other
attributes that are needed by the application software but are conceptually not
part of the object.

The distinction between essential and accidental is not always obvious. As
a rule of thumb, the relationship between two objects is an association (and
therefore accidental) if destroying one object does not logically entail destroying
the other, otherwise one object is an attribute of the other. Similarly, an attribute
is accidental if removing it from the object does not destroy the basic integrity
of the object.

Example 1. Figure 1 provides a simple if rather contrived example of this ter-
minology. The class declaration introduces a Detector which is responsible for
monitoring the performance of a pump. Each detector has: a pointer to its own
2 This distinction is based loosely on Aristotle’s categories.
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class Detector
{
public:

. . . .
private:

Counter *counter;
Clock *clock;
Pump *pump;
long startTime;

};

Fig. 1. The class Detector

Counter object, used to count events; and a pointer to a unique Clock object,
shared by all detectors. It has a reference to the pump it is monitoring and,
finally, a basic value startTime. The attributes counter and startTime are es-
sential; the attributes clock and pump are accidental because they are not part
of the object.

2.2 Values and Objects

Following MacLennan [14], we distinguish values, which are immutable abstrac-
tions, and objects, which are containers with mutable attributes. For example,
true and false are immutable, Boolean values. In contrast, a Switch object
might have a mutable attribute with a Boolean value that, at different times, is
either true or false.

In many languages, there is an implicit assumption that basic values are
“values” and that classes define “objects” in MacLennan’s sense. This leads to
confusion for entities such as String which should arguably be implemented as
immutable (in accordance with the view that strings are basic values) but is
usually implemented as a mutable class for efficiency. For example, Java addres-
ses this confusion by providing both an immutable class, String, and a mutable
class, StringBuffer [2, page 172] and CLU has both mutable and immutable
versions of the structured type constructors [12].

Our object model distinguishes mutable and immutable (const in C++).
This distinction is orthogonal to that between simple and structured objects.
We allow both mutable, simple objects, such as a Counter that contains an
updatable integer, and immutable structured objects, such as a binary tree with
an integer at each node.3 Figure 2 shows examples of each of the four categories.

References are not values in MacLennan’s sense because the meaning of a
reference depends on the existence of its referent. Many formal object models
postulate a fixed, given set of object identifiers, but they must then prohibit
the use of meaningless identifiers by suitable integrity constraints. By contrast,
3 Of course, binary trees can also be represented with mutable objects.
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Mutable Immutable

Simple Switch Integer

Structured Person BinaryTree

Fig. 2. An orthogonal classification

one would not imagine a constraint saying that, depending on the total state of
the object system, some integer values must not appear as any attribute of any
object.

An immutable object may in general contain references to mutable objects.
We use the term strictly immutable4 for the important special case in which this
is not allowed. The contents of a strictly immutable object is a pure value.

Example 2. The distinction between mutable and immutable is useful but has
some subtle ramifications. Consider an application with an immutable class
Rectangle with integer attributes length and width. An application can save
space by creating one instance of each desired size of rectangle and sharing these
instances amongst clients.

Suppose that the same application has a class Point with mutable integer
attributes x and y. An instance of class GraphicalObject is an object with
attributes shape, referencing a Rectangle, and position, referencing a Point.
Using these classes, the application can create structures like that shown in Fi-
gure 3, in which GraphicalObjects share Rectangles and Points. The instances
of Rectangle are immutable objects; that they are shared is undetectable to the
program. The instances of Point are mutable objects; that they are shared is
crucial to the behaviour of the system, because changing the coordinates of a
Point will cause movement of all of the GraphicalObjects referencing it.

The use of two or more names to refer to a single object is called “aliasing”
and is sometimes considered to be undesirable. Sharing of both mutable and
immutable objects is an important feature of object modelling [5]. Certainly,
unintended aliasing can cause serious and subtle errors. But, in many situations,
multiple references to a single object are the most appropriate way to model
real-world relationships.

2.3 Abstract and Concrete Values

For many objects, it is useful to distinguish the abstract value of the object from
its concrete representation. For example, if the object is a set, its abstract value
consists of the members of the set, but its concrete representation might be an
array, a list, a hash table, or some other kind of data structure. In CLU, this
idea is elevated to a principle [13], and the language provides explicit syntax
4 “Deep-immutable” would also be suitable.
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Fig. 3. Using GraphicalObjects

for switching between the interface, or external view, and the representation,
or internal view. (We avoid the word “conversion” because abstract values do
not exist directly either in the language or in programs.) Most object oriented
programming languages, however, do not provide explicit syntax for this distin-
ction, and the distinction between abstract values and their representations is
mostly in the mind of the programmer.

It is quite natural to think of abstract values in connection with comparison
operations. Suppose, for example, that we have two objects X and Y, each re-
presenting sets, and each using an unordered list to represent a set. We would
consider X and Y to be equal if their lists were, respectively, [2, 1, 3] and [3, 1, 2],
because both lists share the abstract value {1, 2, 3}.

It is perhaps less obvious, but equally important, that copying operations
should respect abstract values. For example, we might want to represent a set as
a binary search tree while we are building it and as an ordered array for retrieval
operations. The conversion from tree to array could be accomplished by a copy
operation that recognized the need for a change of representation but preserved
the abstract value of the set.

2.4 Inheritance

It is usually best not to inherit copying and comparison operations from super-
classes because the inherited methods do not process attributes introduced by
the subclass. To use a familiar example, if the subclass ColouredPoint inhe-
rits its copy and comparison methods from the superclass Point, the attribute
colour will be neither copied nor compared. Nevertheless, a copy or compare
method in the subclass can often make use of the corresponding method in the
superclass and should do so if the programming language provides an appropriate
mechanism, as most object oriented programming languages do.



232 P. Grogono and M. Sakkinen

If the programming language supports multiple inheritance, copy and com-
parison methods from one or more superclasses can be used to construct the
corresponding methods in the subclass. Object oriented programming languages
with multiple inheritance typically provide appropriate mechanisms for calling
methods from multiple superclasses. A few languages provide standard method
combinations that do not require explicit invocation: for example, “before me-
thods” and “after methods” in CLOS [7, page 50].

With either single and multiple inheritance, the programming language can
provide some support for implementing copy and comparison methods in sub-
classes. Our approach, described in Section 5.3, avoids some of the common
problems, such as covariant redefinition of equality. It is clear, however, that
the programming language cannot generate the subclass methods correctly in
all cases.

3 Copying and Comparing

In this section, we discuss copying and comparing operations in detail, the conse-
quences of cycles in structures, and the problems of operations between instances
of different classes.

3.1 Copying

The word “copy” is used loosely to mean several different things. In this paper,
we use particular words for various copying operations, as follows.

– Assign means “update a reference” and does not involve copying the contents
of objects.

– Replace means “copy data from an object into another object that already
exists”.

– Clone means “create a new object and copy data from an existing object
into it”.

The object from which values are obtained is called the source object. The
object that is changed or created by the copy operation is called the target object.

To clarify these definitions, suppose we have the situation shown in the left
part of Figure 4 The letters X and Y are variable names in a program text; the
boxes are run-time objects; the letters A and B indicate the values of the objects’
attributes; and the arrows indicate the relation between names and objects. The
target object is X and the source object is Y. The right part of Figure 4 shows
the various situations that can arise after different kinds of copying operations.
B′ indicates a fresh copy of the value B. We have used a neutral, procedural
syntax for each operation. In each case, the first argument is the name of the
target object. We note that:

– the operation assign (reference assignment) creates an alias — afterwards,
X and Y both refer to the same object;
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– after the operations assign and clone, the reference X has changed and the
object A becomes inaccessible, or “garbage”, unless there are other references
to it; and

– clone could be implemented by first creating a new, uninitialized object and
then using replace to initialize its attributes.

In assign, the type of Y can be a subtype (subclass) of the type of X (inclu-
sion polymorphism). For replace, we require the objects X and Y to be of the
same type; this restriction will be discussed in Section 3.4.

X - A

Y - B

assign(X,Y)

replace(X,Y)

clone(X,Y)

X

?

A

Y - B

X - B′

Y - B

X - B′ A

Y - B

Fig. 4. Copying Operations: before (left) and after (right)

We can further categorize copying operations by their “depth”. A shallow
operation copies, but does not trace, references. A deep operation traces refe-
rences and applies a copy operation to their referents. The distinction between
shallow and deep does not apply to reference assignment. A “shallow replace”
operation replaces attributes in the target object but not in objects referenced by
the target object. A “deep replace” operation replaces non-reference attributes
in both the target object and in objects referenced by the target object. Deep
replacement requires the source and target object to be isomorphic structures.
For example, deep replacement of one list by another list would require both
lists to have the same number of items. It would be possible to provide a deep
replacement operation that succeeded if the source and target had isomorphic
structures and failed otherwise.

Swapping can be seen as a generalized form of replacing. The naive imple-
mentation (which requires a temporary intermediate object, one clone operation,
two copy operations, and a deletion) is inefficient for complex objects. A more
efficient, customized swapping method could be implemented automatically.
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X -

A
q - B

shallowClone(Y,X) Y -

A′

q

6

deepClone(Z,X) Z -

A′

q - B′

Fig. 5. Shallow and deep clones

Shallow cloning and deep cloning are distinct operations. In Figure 5, Y is a
shallow clone of X. As in Figure 4, primes indicate newly created values. Note
that the object B is shared by X and Y: shallow cloning may introduce aliasing.
Z is a deep clone of X; an object and its deep clones should normally be disjoint.
Approximately the foregoing definitions of shallow and deep cloning have been
used in the literature of object oriented systems for many years [8]. Unfortu-
nately, the definition of deep cloning breaks down when cyclic structures are
involved! We discuss the application of these definitions to cyclic structures in
Section 3.3.

In principle, there is an infinite number of possible ways of cloning a structure.
We can define cloneK(X, Y) as follows: clone0(X, Y) is the same as assign(X, Y);
and cloneK(X, Y) for K > 0 creates a new object and assigns it to X, copies
value attributes, and performs cloneK−1 on reference attributes.

Languages that provide cloning operations usually provide clone1 (shallow
copy) or clone∞ (deep copy). However, the Smalltalk method deepCopy, de-
scribed in Section 4.6, performs clone2. The shallow and deep operations are
not generally useful. In most cases, “shallow” is too shallow5 and “deep” is too
deep. In order to be generally applicable, copying operations should respect the
semantic properties of objects rather than merely their syntactic properties.

3.2 Comparing

There are two principal ways of comparing objects: we can check equality or
identity. If X and Y are objects that have similar structure and whose correspon-
ding attributes are equal, we say that X is equal to Y. Note that this definition is
recursive but terminating: we are defining equality of complex objects in terms
of equality of simpler objects. An identity comparison, on the other hand, de-

5 Embedded objects can be at least a partial help.
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termines whether the names X and Y refer to the same object; the attributes of
X and Y are not even considered.

In their description of CLU, Liskov and Guttag state that “it should be
impossible to distinguish between equal objects” [13, page 93]. For mutable ob-
jects, this implies that equality is identity. Otherwise, it would be possible to
distinguish apparently equal objects by making a change to one object and then
checking whether the other object changed. Two immutable objects are equal if
their abstract values are the same. If X and Y refer to immutable objects with
equal attributes, the programmer cannot determine whether X and Y refer to the
same object or to different objects with the same value.

As with copying, we can define shallow, deep, and “depth-K” equality com-
parisons in the sense of the preceding section. A shallow comparison compares
references but does not trace them, a deep comparison traces references and re-
cursively compares their referents, and a “depth-K” comparison traces at most
K pointers from the original object. As with copying, this conventional but naive
approach works only as long as the object structures do not contain cycles.

We use four binary operators to denote comparison relations:

X =0 Y means “X and Y are references to the same object”;
X =1 Y means “X and Y are shallow equal”;
X =∞ Y means “X and Y are deep equal”;
X ∼= Y means “X and Y are structurally equal”.

Figure 6 compares the evaluation of these relations for different pairs of ob-
jects. We note that identity implies shallow equality and shallow equality implies
deep equality. In general, equality at depth K implies equality at all depths grea-
ter than K. Examples (4) and (5) show that deep equality and structural equality
are independent. The distinction between deep and structural equality has ra-
rely been mentioned in the literature. Even such recent work as [1] does not
consider structure equality at all but just studies three different formalizations
of conventional deep equality.

3.3 Cyclic Structures

Objects that contain direct or indirect references to themselves introduce a fur-
ther complication into copying and comparing. Figure 7 is a simplified version
of a diagram by Meyer [17, page 249]. The original object is X; the objects Y and
Z represent possible outcomes of making a copy of X. Using our definitions:

– Y =1 X, implying Y =∞ X, but not Y ∼= X;
– Y is a shallow clone of X; and
– Z =∞ X and Z ∼= X.

According to the definitions of Section 3.1, a deep clone of X would be an
infinite list.
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X =0 Y X =1 Y X =∞ Y X ∼= Y

(1) true true true true

(2) false true true true

(3) false false true true

(4) false false false true

(5) false false true false
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q

q

A
-

-

HHj

��*

X

Y

q

q

A

A

-

-

-

-

X

Y

q

q

A

B

-

-
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-

X

Y

q

q

q

q

A

A

A

- XXz
��:

- ��:

XXz

Fig. 6. Four kinds of equality

According to the definitions of Eiffel [16,17], in contrast, Z is a deep clone
of X. Clearly, a complete implementation of deep cloning in Eiffel must detect
cyclic references and create corresponding cyclic references in the target object.

A similar problem occurs when the object structure contains no (directed)
cycles but there are several distinct paths to one object. In this case, conventional
deep copying does not get into infinite recursion but produces a target object
with a different structure than the source object. For example, in Figure 6(5), Y
is a deep copy of X.

The distinction between shallow and deep cloning, at first glance, seems to
be related to the preservation of structure but is in fact almost orthogonal. To
see this distinction, observe that, in Figure 7:

– Y and X have the same reference attribute values but different structures;
– Z and X have the same structures but different reference attribute values.

One could argue that even the definition of shallow cloning and shallow
equality should be modified to take self-references into account. Such structural
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landlord q

X - name "Anna"
-

landlord q

Y - name "Anna"

?

landlord q

Z - name "Anna"
?

Fig. 7. The problem of self-reference

shallow equality would imply structural equality, just as conventional shallow
equality implies deep equality. In that case, Z would be a structural shallow
clone of X but Y would not be. Similarly, structural variants of depth-K cloning
and equality can be defined.

In general, we can draw a distinction between value-preserving cloning ope-
rations and structure-preserving cloning operations. Which operation is the most
appropriate in a particular situation depends on the nature of the application
and cannot be deduced simply by examining the objects.

If the kind of deep replacement operations described in the previous section
are required, it would be useful to be able to compare the structures of two ob-
jects without considering the values of their non-reference components. Because
structural comparisons can be expensive, it would also be useful to offer also a
three-valued comparison operation: equal by structure and leaf values; equal by
structure only; and unequal by structure.

Meyer [16, 305–307] notes that comparison of cyclic structures introduces
problems similar to those involved in cloning cyclic structures. In Figure 8, we
would like both A =∞ B and C =∞ D to be true, but it is not obvious how to
arrive at these results. (The attributes f and b are intended to suggest “forward
link” and “backward link” respectively.) Meyer’s technique for deep comparison
of objects X and Y is to recursively compare references from X and Y under the
assumption that X =∞ Y. For example, in the deep comparison of A and B in
Figure 8, since we have

A.b =0 B.b =0 Void

and
A.f.f =0 B.f.f =0 Void

we need only show that
A.f.b =0 B.f.b.
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B - f
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D - q - q - q

6

E - q
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Fig. 8. Deep comparisons

In fact, A.f.b =0 A and B.f.b =0 B, and the result follows from the
assumption A =∞ B. This technique is, of course, analogous to a proof of the
correctness of a recursive function in which we use the correctness of the function
as an induction hypothesis. Note that even Meyer’s definition of deep equality
does not require structural equality: for instance, D =∞ E in Figure 8.

One of the reasons that cycles can occur in a structure is that components
of the structure may have “back-pointers” to components that contain them.
“Threads” in a threaded tree are an example. For copying or comparing the
entire structure, the rules that we have given apply correctly. Problems arise,
however, if we try to copy or compare a component of such a structure: for
example, a leaf of a threaded tree. In such situations, it is not feasible to provide
general methods, and we must resort to class-specific methods, as described in
Section 5 below.

3.4 Operations Across Classes

As mentioned in Figure 3.1 and Figure 3.2, both replacement and comparison
are more complicated if the objects belong to different classes. Suppose that the
objects are X and Y and that their classes are CX and CY , respectively. There
are four cases to consider for replace(X, Y).

CY is a subclass of CX . In this case, Y will in general have at least the attributes
of X, and possibly additional attributes. Copying from Y to X is safe in the
sense that all of the attributes of X will be defined, but information in the
additional attributes of Y will be lost (“sliced”). This is what happens by
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default in C++ and some other languages. The abstract value of the object
may thus not be conserved; a better solution would be to require an explicit
slicing operation (i.e., a projection) before the assignment.

CX is a subclass of CY . Copying from Y to X is undesirable and not allowed
directly in any well-known language, because the additional attributes of X
will be left undefined (retain their old values). Such copying is possible in
C++ if the object X is just addressed through a reference of type CY .

CY and CX have a common ancestor class CZ . In this case, only the attributes
inherited from CZ will be copied. This is still less likely to make sense than
the previous case, of course. Even this kind of copying will happen in C++
if both objects are addressed through a reference of type CZ .

CX and CY are not related by inheritance. It may be feasible to define sensible
copying and comparison operations, but this will have to be done by the
programmer.

Similar considerations apply to comparison: only the attributes common to
the classes CX and CY will be compared, which will in most cases not give the
results that the class designer would like to have. The equality operator is not
generated automatically in C++, but if it is defined for a class, it will be inherited
by all subclasses that do not redefine it.

Evidently, the only simple and easily understandable way to handle replace-
ment between objects of different classes is the principle we chose in Section 3.1:
the operation should fail. Thus, replace must either give a failure/success code
as a return value, or be able to raise an exception.

In comparison, the equivalent simple principle is that objects of different
classes can be compared for equality but the result is always false. Non-trivial
comparison is performed only between objects of the same exact class, so we
have a kind of “type-safe covariance” (cf. Section 2.4) for the equality operation.

4 Language Comparison

In this section, we discuss the facilities for copying and comparing provided by
several popular or otherwise relevant object-oriented languages. The languages
are introduced in alphabetical order.

4.1 BETA

BETA [15], like its precursor Simula [9], does not provide copying or comparing
operations automatically. This is a reasonable design decision because, as we
have shown, it is not possible to provide the right functions in all contexts.

4.2 C++

C++ leaves most of the work of copying and comparing to the programmer.6 The
compiler provides a default assignment operator and a default copy constructor
6 Information about C++ was obtained from the ISO/ANSI Draft Standard available

at http://www.cygnus.com/misc/wp/ and elsewhere.
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for a class if the programmer does not define these methods. In our terminology,
the default assignment operation “replaces” and the copy constructor “clones”.
(More precisely, the copy constructor initializes an object that has already been
created.) Both operations are shallow (“memberwise”) and will give rise to me-
mory management problems if the programmer relies on them for classes that
contain references. Consequently, C++ programmers are encouraged to define
their own assignment operators and copy constructors for classes with reference
(pointer) attributes.

C++ provides the operator == for built-in types but does not provide a com-
parison method for user-defined classes. The programmer must provide an overlo-
aded version of the == operator for any class whose instances must be compared.
The operator == with pointer arguments can be used for identity comparisons.
Caution is required because, in the presence of multiple inheritance, a C++
object may have several different addresses [18, page 57].

There is a bias in C++ in favour of copying objects rather than sharing
them. If data members are not pointers and objects are allocated on the stack,
then assignment, argument passing, and returned objects all involve copying.
The default assignment operators and copy constructors provided by C++ are
consistent with this bias. As classes get more complex, however, complex objects
are more likely to be represented as pointer structures. The default methods are
inappropriate for pointer structures and programmers must manage copying for
themselves. Lalonde and Pugh [11] consider the bias towards copying to be a
deficiency of C++ and discuss the implications of this bias for C++ programmers.
Style guides for C++ programmers often recommend the use of pointers and heap
allocation rather than containment and stack allocation to avoid the overhead
and complications of copying [10,19].

4.3 DSM

Although the language DSM [20] is no longer widely used, we include it in this
discussion because it is one of the few languages that addresses the issues raised
in this paper in a comprehensive manner. Rumbaugh points out that there are
a variety of operations that should be propagated to the objects of a structure.
These operations include not only copy (clone), which we have discussed, but also
save, destroy, print, and others. On the other hand, replacing and comparing
are not treated because the approach applies only to unary operations.

In DSM, reference attributes in classes are replaced by relations (relations-
hips, associations) between classes; this approach is quite common in data mo-
delling but less common in programming languages. Propagation is controlled
by propagation attributes that are part of the semantic relationship. (Obviously,
Rumbaugh is using “attribute” in a different sense than that of this paper.) For
example, for the class Car, the part-of relation has the attribute propagate
and the made-by relation has the attribute shallow in an example of [20]. Con-
sequently, when we copy a Car, the new object will contain copies of the parts
of the original Car but a reference to the same manufacturer as the original Car.
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A relation in DSM is always bidirectional, corresponding to a reference at-
tribute and its inverse. In the Car example, the made-by relationship has the
propagate attribute in the inverse direction, indicating that copying a manu-
facturer copies all the cars manufactured by it. We would certainly prefer the
none attribute, meaning that the new company must start without any cars
manufactured yet. However, our disagreement with Rumbaugh shows only that
the semantically correct propagation of cloning cannot be decided automatically
by the language or compiler, since even reasonable designers can have different
opinions on it.

The DSM principle could obviously be applied also to reference attributes. It
is more fine-grained and complicated than our proposal, especially because the
attributes are specified separately for each operation. Consequently, a program-
mer might inadvertently define very strange semantics for a relation. DSM also
takes into account the complete graph structure of objects and relations, as we
do in the proposals of Section 5.

4.4 Eiffel

Attributes in Eiffel classes are usually represented by references. It is possible to
declare an attribute of a class (or a variable in general) as expanded, in which
case it will contain an embedded object without separate identity, rather than a
reference. It is also possible to declare an entire class as expanded, in which case
all variables whose type is that class will contain objects rather than references
to objects. Basic types are regarded as special cases of expanded types.

The Eiffel type hierarchy is bounded above by ANY, an ancestor of all classes,
and bounded below by NONE, a descendant of all classes. Methods for copying
and comparing are defined in class ANY and may be inherited or redefined by
user classes. Most of these methods exist in three forms. The basic form is the
one that we consider here. In addition to the basic form, there may also exist: a
“frozen” form, indicated by the prefix standard , that cannot be redefined; and
a form that allows either or both of its arguments to be Void — that is, a null
reference.

In Eiffel [16, 295–307]:

– If X and E have expanded types, the statement X := E is a copy operation.
– If X and E have reference types, the statement X := E is a reference assign-

ment.
– The method is equal tests for shallow equality. (The operator “=” may be

used for the same purpose.)
– The statement X.copy(Y) makes X a shallow copy of Y and ensures that the

expression X.is equal(Y) yields TRUE.
– The expression clone(X) creates a new object, Y; shallow copies the at-

tributes of X to Y; and returns a reference to Y. The (useless) expression
clone(X).is equal(X) yields TRUE.

– The method deep equal tests for deep equality.
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– The methods deep copy and deep clone “replicate an entire data structure,
starting at the source and creating new objects as needed”. Both methods
ensure that deep equal is satisfied. The distinction between deep copy and
deep clone is not clear in the original specification of Eiffel [16]. Probably,
deep copy was intended to effect a replacement of non-reference attributes
and a deep cloning of reference attributes. It is not mentioned at all in later
descriptions of the language [17].

After X.copy(Y) or X:=clone(Y) has been executed, the objects X and Y may
contain pointers to the same object. After X.deep clone(Y) or X.deep copy(Y)
has been executed, X and Y are disjoint data structures. Deep operations detect
cyclic references and process them appropriately.

Eiffel provides an unusually large collection of methods for copying and com-
paring, and is the only language we know besides DSM that can handle cyclic
structures correctly. Nevertheless, the probability that one of the methods provi-
ded would be precisely correct for copying or comparing complex objects seems
rather small, and the programmer has no mechanism for incrementally modifying
these methods without losing the built-in handling of cyclic structures.

4.5 Java

Java [2] provides single inheritance with the class Object at the root of the class
hierarchy. A class other than Object inherits either Object or another class —
Java does not provide multiple inheritance for classes — but it may inherit any
number of interfaces.

The root class Object provides a method clone that creates a new object
and then shallow-copies the attributes of the source object to it. A class can
support clone in its basic form, redefine it, or prevent its instances from being
cloned.

A class that requires a copying method different from clone obtains it by re-
defining the default implementation. The object must first execute Object.clone,
which allocates space for the new object and initializes its attributes as descri-
bed above, and then overwrite any attributes for which the default values are
incorrect.

Although Java does not provide a general method for copying other than
clone, some of the standard classes (e.g., Vector and String) provide speciali-
zed operations.

Java provides the operator == for identity comparisons. The class Object
provides a method equals which defaults to identity comparison. In Java stan-
dard classes, equals is redefined to provide an appropriate value comparison.
User-defined classes can use the default version of equals or provide an imple-
mentation of equals that is appropriate to their needs.
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4.6 Smalltalk

A Smalltalk7 object is immutable if its class has no methods that change the
values of its attributes. An identity object has exactly one instance. For example,
a Smalltalk implementation provides an identity object true that is never cloned;
you are allowed to “copy” true but all you will get is a reference to the original
object. All identity objects are immutable.

The Smalltalk statement X := E evaluates the expression E, obtaining an
object, and makes X a reference to that object. All Smalltalk implementations
provide methods copy and shallowCopy, both of which return a shallow copy of
the source object. Some Smalltalk implementations also provide a method called
deepCopy that returns a new object in which references have been replaced by
shallow copies of their referents. Note that this is clone2, not a deep copy, in
the sense of Section 3.1 of this paper.

Smalltalk provides two comparison operators: “==” for identity comparison
and “=” for equality comparison.

Identity comparison is an ordinary object operation in Smalltalk, which me-
ans that it can be redefined in a user class. (It is a Smalltalk programmers’
convention that users do not redefine “==” but the language does not prevent
redefinition.) This approach is unfortunate, for two reasons. First, identity is a
basic object concept whose meaning should not be changeable [8]. Second, there
is a performance penalty for what should be a very rapid test, because object
operations are dynamically bound.

5 Semantic Copying and Comparing

The traditional classification of copying and comparing that we have presented
— reference, shallow, and deep — is based on the representation of objects rather
than on their abstract values. Practical applications frequently require reference
operations that are usually provided by the language. The shallow and deep
operations provided by the language, if any, are often not suitable in practice. In
general, a compiler cannot infer the abstract value of an object from the program
text and therefore cannot provide appropriate copy and comparison operations
for complex classes. The question that we address is: what facilities should a
language provide to simplify the task of defining these operations?

What does it mean, for example, to copy an instance of GraphicalObject
(see Figure 3)? The target object should presumably share the attribute shape
of the source object but should have its own attribute position. Alternatively,
if the target object is to be a member of a group of objects, its position should
be that of the group.

7 Information about Smalltalk was obtained from the FAQ by David N. Smith available
at http://www.dnsmith.com/SmallFAQ/.
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5.1 Attribute Classification

In practice, the distinction between “essential” and “accidental” that we made
in Section 2.1 is not always sharp enough to use as a basis for implementation:
we need to identify attributes that require special treatment. It seems useful to
classify attributes as follows (better terms might be invented):

– structure (composite link, essential object reference);
– normal reference (association) or value;
– accidental reference (association) or value; and
– special attribute.

We give below the equivalent DSM propagation modes (propagation attri-
bute values, see Section 4.3). Note that in DSM these apply only to reference
attributes.

The structure attributes (composite links, DSM: propagate) are those which
are to be followed in both copying and comparing, using standard algorithms
for directed graphs to obtain or check graph isomorphism (structure equality).
They need not be restricted to point from a composite to its parts; thus directed
cycles are possible.

Normal attributes (DSM: shallow) are copied or compared as such, in the
sense of shallow copying or comparing.

Accidental attributes (DSM: none) are not compared at all. In copying, an
accidental attribute is assigned a default value if such is given in the class de-
finition. Otherwise, an accidental reference attribute is set to null. Some value
types may also have natural default values, but, for example, it is questionable
to use zero as a default value for all integers.

The special attributes (DSM: none) would not be touched by the standard
operations. If special attributes are present, the standard operations must invoke
class-specific methods to handle them. However, the class-specific methods could
access also other attributes and call other methods. Defining them would be
allowed even when there are no special attributes.

We can divide the actions of both copying and comparison on an object into
three phases:

1. the propagation of the operation over the composite links (if any) to the
adjacent objects;

2. handling the normal and accidental attributes; and
3. the class-specific actions.

The execution order between the first part and the other parts is immaterial
in cloning and comparing; they could even proceed concurrently. In comparison,
the order between the second and third parts is also immaterial, except possibly
for performance reasons. In cloning, the order can be important, because the
special actions can access also the normal and accidental attributes.

In replacing (and swapping, if that operation is desired), phase 1 must first be
propagated to the end, and only if the whole structures are found to be equal are
phases 2 and 3 performed for all involved objects. In some cases there might be
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something that must be done with the old attribute values of the target object.
This is straightforward if the language provides garbage collection but can be
very awkward otherwise.

5.2 General Proposals

As a partial answer to the problems raised in the preceding sections, we propose
the following guidelines.

1. The language should provide:

– a built-in reference assignment operator; and
– a built-in identity comparison method.

The assignment operator allows programmers to create multiple references
for a single object — in other words, to introduce aliasing. Although uninten-
ded aliasing may be harmful, the object model sometimes requires multiple
references to an object. The identity comparison enables a programmer to
determine whether two names refer to the same object.

2. The language should not provide separate public methods for shallow and
deep copying and comparison, but only one copy method and one comparison
method for each class. The designer of the class, rather than its clients, should
choose appropriate semantics for these methods.

3. The language should provide syntactic mechanisms for:

– distinguishing mutable and immutable classes;
– distinguishing essential attributes and accidental attributes; and
– specifying when deep copies or comparisons of reference attributes are

required.

An explicit distinction between mutable and immutable classes enables the
compiler to make a number of optimizations. An explicit distinction between
essential and accidental attributes enables the compiler to generate the de-
fault copy and comparison methods described in item 4 below. The depth
specifications enable the programmer to customize these methods.

4. The implementation should provide:

– an optional default copy procedure for each user-defined class; and
– an optional default comparison method for each user-defined class.

The copy procedure shallow-copies each essential attribute of the source ob-
ject, unless the programmer has indicated that an attribute should be deep-
copied. The copy procedure does not copy accidental attributes but should pro-
vide appropriate default values for accidental attributes in the target object.
Similarly, the comparison method shallow-compares essential attributes, unless
the programmer has requested deep comparison, but does not compare acciden-
tal attributes.
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5.3 Applying the Proposals

To illustrate the application of these guidelines, we suggest ways in which they
might be incorporated into C++ in a way would fulfill our requirements. We do
this to demonstrate the feasibility of our proposals rather than in the realistic
expectation of their adoption into C++. In particular, we do not address the
more arcane aspects of C++, such as private or protected inheritance. But note
that static attributes are irrelevant to copying and comparing and that, for other
attributes, it does not matter whether they are public, protected, or private.

Standard C++ already contains some of the features that we need:

– the operator “=”, used with pointer arguments, provides reference assign-
ment;

– the operator “==”, used with pointer arguments, provides identity compari-
son; and

– the keyword const can be used to distinguish between mutable and immuta-
ble objects (and, in fact, enables mutability distinctions of finer granularity
than this).

There are four ways in which we might make the distinctions between essen-
tial and accidental attributes, and between deep and shallow operations.

1. We could introduce new keywords. This is incompatible with C++ style,
which prefers to overload existing keywords (e.g., static) in order to avoid
breaking old code.8 Another disadvantage of new keywords is that the com-
piler must be modified.

2. We could introduce a convention for marking variable names. For example,
we could use the prefix a to indicate an accidental attribute. We could also
use the prefix e to indicate an essential attribute, although this would be
redundant.
Similar conventions have been proposed for other purposes. For example,
Lakos [10, page 91] suggests using the prefix d for class data members and
s for static members. The problem with conventions, however, is that the
compiler will not act on them.

3. We could use pragmas to make the distinctions. Pragmas are less offensive
than keywords9 and a compiler is allowed to ignore a pragma that it does
not recognize.

4. We could design arbitrary extensions and use a preprocessor to translate the
extended language into C++.

We are currently applying the fourth approach, using a preprocessor for C++.
The preprocessor, which is based on earlier work [4] and will be described in de-
tail elsewhere [6], performs a number of tasks of which the following are relevant
for this discussion:
8 “Proposing a new keyword . . . . never fails to cause a howl of outrage” [21, page 152].
9 But: “Too often, #pragma seems to be used to sneak variations of language seman-

tics into a compiler and to provide extensions with very specialized semantics and
awkward syntax” [21, page 425].
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class Detector
public void startPump () { ... }
deep Counter *counter;
long startTime;
accidental Pump *pump;
accidental Clock *clock;

Fig. 9. Preprocessor input for class Detector

– Programmers can indicate that attributes of a class are deep or accidental
in the sense of Section 2.1 of this paper.

– The preprocessor constructs default copying and comparing methods that
follow the conventions that we have described with respect to normal, acci-
dental, and deep attributes.

– Programmers can override the actions of the copying and comparing methods
for special attributes.

– The preprocessor supports multiple, non-virtual inheritance. Virtual inheri-
tance can be supported but we do not describe the (somewhat messy) details
here.

Figure 9 shows the class Detector of Figure 1 as it would be presented to
the preprocessor. We have included a method, startPump, to show how public
features are declared; in practice, of course, there would be other functions, inclu-
ding a constructor and a destructor. The listing also shows the syntax for distin-
guishing shallow/deep attributes and essential/accidental attributes; there are
no keywords for “private”, “shallow”, or “essential” because these are defaults.

First, we describe the way in which the preprocessor handles the qualifiers
deep and accidental. Unqualified attributes are shallow-copied and shallow-
compared. For deep attributes, the structure graph is explored until either non-
reference attributes or reference attributes not marked deep are encountered.
Attributes marked accidental are ignored by default comparison methods; the
copying methods set copied attributes to a suitable default value, such as NULL.

Second, we describe the methods generated by the preprocessor for a general
class. Figure 10 shows the file generated for a class Z with two parents, X and
Y.10 The classes HAX and HAY are the highest ancestors of X and Y, respectively.
These could be the same class (fork-join inheritance) but, in general, both X
and Y could have more than one highest ancestor. The preprocessor generates
functions as required. In Figure 10, the user has provided none of the functions
and the preprocessor has generated a complete set. However, if the user had
provided operator=, the preprocessor would not have generated operator= and
would have generated defaultReplace only if the user’s operator= called it.
The defaults for comparison are similar. Note that objects of different classes are
never considered equal. We have not yet addressed the issue of cyclic structures.
10 The preprocessor actually generates a header file, a definition file, and a documen-

tation file. It also includes more white space than shown here.
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class Z : public X, public Y {
public:

virtual Z * clone();
virtual Z & operator=(Z & other);
virtual bool operator==(const HAX * other) const;
virtual bool operator==(const HAY * other) const;

private:
int iz;
virtual Z & defaultReplace(Z & other);
virtual bool defaultEqual(const Z * other) const;
};

Z * Z::clone() {
Z *result = new Z;
*result = *this;
return result;
}

Z & Z::defaultReplace(Z & other) {
( (X &) *this ) = other;
( (Y &) *this ) = other;
iz = other.iz;
return *this;
}

Z & Z::operator=(Z & other) {
return defaultReplace (other);
}

bool Z::operator==(const X * other) const {
return

typeid(* this) == typeid(* other) &&
defaultEqual((Z *)other);

}
bool Z::operator==(const Y * other) const {

return
typeid(* this) == typeid(* other) &&
defaultEqual((Z *)other);

}
bool Z::defaultEqual(const Z * other) const {

if ( ! ( (X *)this == (X *)other ) ) return false;
if ( ! ( (Y *)this == (Y *)other ) ) return false;
if (iz != other->iz) return false;
return true;
}

Fig. 10. Declaration and implementation of class Z

It is not possible to decide statically whether a structure may contain cycles,
but the assumption that every structure might be cyclic introduces considera-
ble overhead because mark bits are required. In the general case, a global view
of the object structure is needed. Such a view can in principle be built on an



Copying and Comparing: Problems and Solutions 249

existing language if it has sufficiently powerful reflective facilities, as does Small-
talk (although it is surprising that the standard methods of Smalltalk are so
defective in this respect). In the static variety of object oriented languages, the
basic mechanisms must be built-in, as they are in Eiffel but in no other well-
known language. It should be possible to define incremental methods to adjust
the copying and comparison to the exact semantics required for specific classes.
Our attribute classification scheme partly solves the problem of cyclic references
because only cycles consisting of deep references are relevant, and these should
not be very common. If deep references are used only for composition, there will
be no directed cycles. If sharing of parts is not allowed, there will not even be
undirected cycles.

6 Conclusion

Copying and comparing are operations that cannot be generated automatically
from a syntactic object description. Nevertheless, most object oriented program-
ming languages provide some support for copying and comparing, either in the
form of default methods in root classes, or in some other way.

The subtleties involved in copying and comparing non-trivial objects are such
that simple-minded attempts by the compiler to provide suitable methods are
likely to be of little use. Consequently, some languages provide only a basic set
of methods and leave the rest of the work to programmers.

We have shown that copying and comparing methods for a class can be
generated automatically if the compiler or preprocessor is given a few hints
about the way in which the attributes of the class are used. In large systems
with thousands of classes, automatic generation of these methods could save a
considerable amount of work.

The correct handling of object structures that are not simply trees is impos-
sible or at least very cumbersome (depending on the language) to program on
the class level. Therefore, this facility should be offered by the language (or stan-
dard libraries), but with suitable hooks for the class-specific handling of some
attributes.
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Abstract. The debut of Java technology in 1995 was a significant event
for the computer security field. First, the claim that ”Java is secure”
immediately attracted the intense scrutiny by the computer security re-
search community. Numerous security bugs were later found (and fixed).
Second, Java and the Internet once again highlighted the issue of mobile
code security and the need for a comprehensive solution – the original
”sandbox” security model for Java is not sophiscated enough for many
applications that Java programmers would like to develop. All these put
tremendous pressure on the subsequent commercial releases of the Java
Development Kit, where any new security solution must be technically
sound and also meet commercial needs (time to market, backward com-
patibility, solving a real problem while maintaining simplicity and exten-
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the development of JDK 1.1 and JDK 1.2 that might be useful to those
who are bridging the gap between academic research and commercial
product development.
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Abstract. Publish/subscribe is considered one of the most important
interaction styles for the explosive market of enterprise application inte-
gration. Producers publish information on a software bus and consumers
subscribe to the information they want to receive from that bus. The
decoupling nature of the interaction between the publishers and the sub-
scribers is not only important for enterprise computing products but also
for many emerging e-commerce and telecommunication applications.
It is often claimed that object-orientation is inherently incompatible
with the publish/subscribe interaction style. This flawed argument is
due to the persistent confusion between object-orientation as a mode-
ling discipline and the specific request/reply mechanism promoted by
CORBA-like middleware systems. This paper describes object-oriented
abstractions for publish/subscribe interaction in the form of Distributed
Asynchronous Collections (DACs). DACs are general enough to capture
the commonalities of various publish/subscribe interaction styles, and
flexible enough to allow the exploitation of the differences between these
flavors.

Keywords: Abstraction, concurrency, distribution, asynchrony, publish/
subscribe, collection

1 Introduction

This paper presents Distributed Asynchronous Collections (DACs): object-orien-
ted abstractions for expressing different publish/subscribe interaction styles and
qualities of service (QoS).

Motivation. With the emergence of wide area networks, the importance of fle-
xible, well-structured and also efficient communication mechanisms is increasing.
Basing a complex interaction between multiple hosts on individual point-to-point
communication models is a burden for the application developer and leads to
rather static and limited applications. In mobile communications furthermore, it
may not be simple for an application to spot the exact location of a component at
any moment. Also may the number of entities interested in certain information
vary throughout the entire lifetime of the system. All these constraints visualize
? This work is partially supported by Agilent Laboratories and Lombard Odier & Co.
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the demand for more flexible communication models, reflecting the dynamic na-
ture of the applications. The publish/subscribe interaction style has proven its
ability to fill this gap [22]. Indeed the decoupling of parties in time as well as
space is a key to scalability.1

Publish/Subscribe Interaction. The classical topic-based or subject-based pu-
blish/subscribe involves a static classification of the messages by introducing
group-like notions [26], and is incorporated by most industrial strength soluti-
ons, e.g., [7,32]. Publish/subscribe is frequently based on a push model, where
producers feed a software bus with information and the information is pushed
towards consumers from there. Other approaches to “messaging” furthermore
integrate pull-style mechanisms [24], i.e., consumers actively poll for new infor-
mation. The term queueing is frequently applied when referring to such pull-style
interaction. Queueing usually expresses one-for-all semantics, which means that
one single consumer will consume an information. In contrast, with push-style
interaction, an information is generally pushed to all consumers (one-for-each).
As noticed in [28], some applications need only one interaction style while others
require both. Instead of bringing all these variants to a common denominator,
much emphasis is usually put on their differences.

Object-Oriented Publish/Subscribe: Does it Make Sense? It is often claimed that
“objects” cannot really support the requirements of a publish/subscribe midd-
leware [18]. That argumentation is also commonly used by the promoters of so-
called “messaging systems”, which claim that objects do communicate through
synchronous method invocations which force the interacting parties to be both
coupled in time and in space.

This paper makes a case against this argument by making an attempt to
unify the diverging flavors of publish/subscribe. The argument against a fu-
sion of object-orientation and the publish/subscribe communication style indeed
might apply to the current commercial practices in distributed object-oriented
computing, which are mainly based on derivatives of the remote procedure call
(DCOM [25], Java RMI [31], CORBA [23]).2 As we will convey in this paper,
decoupling publishers and subscribers can be made very practical in an object-
oriented setting, and the integration of object-oriented principles and messaging
can go further than simply wrapping a messaging system with an object-oriented
API.

Publish/Subscribe Abstractions. To capture the various interaction styles of
publish/subscribe, we propose an abstraction called Distributed Asynchronous
Collection (DAC). A DAC differs from a conventional collection by its distribu-
ted nature and the way objects interact with it: besides representing a collection
1 Time decoupling: the interacting parties do not need to be up at the same time.

Space decoupling: the interacting parties do not need to know each other.
2 Much effort is currently made to integrate messaging into existing middleware solu-

tions, as shown by [12,24].



254 P.T. Eugster, R. Guerraoui, and J. Sventek

of objects (set, bag, queue, etc.), a DAC can be viewed as a publish/subscribe
engine of its own. In fact, when querying a DAC for objects, the client expresses
its interest in such objects. In other words, the invocation of an operation on a
DAC expresses the notion of future notifications and can be viewed as a sub-
scription. According to the terminology adopted in the observer design pattern
[9], the DAC is the subject and its client is the observer. This abstraction allows
to unify different publish/subscribe styles in a single framework, which can be
seen as an extension of a conventional collection framework. We will show in this
paper how this approach allowed us to mix push and pull models, one-for-all
and one-for-each semantics, along with different QoS.

In short, within all publish/subscribe interaction styles none is clearly better
than the others for all application purposes. In this paper we present simple
abstractions for publish/subscribe interaction, called Distributed Asynchronous
Collections. On the one hand, DACs allow to capture the different styles without
blurring their respective advantages. On the other hand, DACs unite these styles
inside a single framework.

Roadmap. The remainder of this paper is organized as follows. Section 2 recalls
the various interaction styles in distributed computing and motivates the need
for a subscription-like way of communicating. Section 3 gives an overview of the
DAC abstraction. Section 4 gives the basic DAC API, whereas Section 5 presents
some preliminary class implementations. In Section 6 we show a simple example
of programming with DACs. Section 7 discusses some performance issues of our
implementation, and Section 8 contrasts our efforts with related work. Finally
Section 9 summarizes our work and concludes the paper.

2 Publish/Subscribe: Commonalities and Variations

Before describing our DAC abstraction, we first overview the basics of pu-
blish/subscribe interaction styles. In a first step, the publish/subscribe com-
munication style is compared with more traditional interaction schemes. In a
second phase, the different existing approaches to publish/subscribe are elucida-
ted more precisely. We point out the fact that each of the different interaction
styles has proven certain advantages over others, which motivates the usefulness
of unifying them inside a framework.

2.1 Publish/Subscribe in Perspective

The publish/subscribe paradigm is a loose communication scheme for modeling
the interaction between applications in distributed systems. Unlike the classic
request/reply model or shared memory communication, publish/subscribe pro-
vides time decoupling (i.e., the interacting parties do not need to be up at the
same time) of message producers and consumers. Figure 1 shows a comparison
of the most common communication schemes: message passing (asynchronous
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send) may also offer an asynchronous interaction scheme, but lacks space de-
coupling (i.e., the interacting parties need to know each other), just like the re-
quest/reply communication style. Indeed with message passing, the information
producer must have a means of locating the information consumer to which the
information will be sent, whereas with the request/reply interaction model the
message consumer requires a reference to the information producer in order to is-
sue a request to it. Publish/subscribe combines time as well as space decoupling,
since the information providers and consumers remain anonymous to each other.
This outlines the general applicability of this communication model and makes
it appealing.3 Like communication based on shared memory, publish/subscribe
moreover allows to address several destinations (arity of n). Basically the pu-
blish/subscribe terminology defines two roles:

– Subscriber : A party which is interested in certain information (events, mes-
sages) subscribes to that information, signalling that it wishes to receive all
pieces of information (event notifications, messages) manifesting the speci-
fied characteristics. Leasing is a special form of subscribing, in which the
duration of the subscription is limited by a time-out.

– Publisher : A party that produces information (events, messages) becomes a
publisher.

In most applications however, participating entities incorporate both publis-
hers and subscribers, which allows a very flexible interaction. This is one of
the main differences to pure push-based systems [13], where participants are eit-
her producers or consumers and producers are supposed to be several orders of
magnitude higher in number than consumers.

Time Space Arity
Request/Reply Coupled Coupled 1
Asnynchronous Send Decoupled Coupled 1
Shared Memory Coupled Decoupled n
Publish/Subscribe Decoupled Decoupled n

Fig. 1. Different Communication Models

2.2 Topics

The classic publish/subscribe interaction model is based on the notion of topics
or subjects, which basically resemble groups [26]. Subscribing to a topic T can
be viewed as becoming member of a group T . The topic abstraction however
3 It is possible to build closer coupled communication models on top of loose ones and

vice versa, as proposed by [34] for instance. The resulting performance in the second
case however is generally poor.
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differs from the group abstraction by its more dynamic nature. While groups
are usually disjoint sets of members (e.g., group communication for replication
[3]), topics typically overlap, i.e., a participant subscribes to more than just one
topic. In order to classify the topics more easily, it is of great use to furthermore
introduce a hierarchy of topics [32]. In this model, a topic can be a derived or
more specialized topic of another one, and is therefore called subtopic. The use
of wildcards offers a more convenient way of expressing cross-topic requests.

Figure 2 shows an example of topic-based subscribing. Subscriber S1has an-
nounced its interest in both topics x and y. It is notified of events corresponding
to both topics (messages mx and my). Subscriber S2 has only subscribed to topic
x, and therefore only receives messages related to that topic (message mx).

Topic x

Topic y

mx my

mx

my

mx

Subscribe

Deliver

Publish
P S2S1

Publisher

Subscriber

P

Si

Fig. 2. Topic-Based Subscribing

2.3 Push and Pull Mixing

In the publish/subscribe model, the action of subscribing describes a sort of
registration procedure for an interested party. However, interests in events can
also be expressed through a more direct interaction. In general, we distinguish
the following ways for an interested party to interact:

– In a passive way, it can subscribe to a choice of notifications. By callbacks it
will be notified of the occurrence of events. This kind of interaction consti-
tutes the push model, since the information is pushed from the information
bus to the subscriber. This is the classic publish/subscribe approach, since
it enforces applications which are only loosely coupled in time.

– More actively, a consumer can poll for new notifications. This task may waste
resources and is not well adapted to asynchronous systems. In fact, polling
based solutions tend to be very expensive and scale poorly: polling too often
can be inefficient and polling too slowly may result in delayed responses to
critical situations [29]. This style is often called queueing, and in the context
of this paper this is the type of interaction we will refer to as pull model.
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– Another yet more synchronous pull-type interaction is given by blocking pull-
style interaction. In this scenario, a consumer which tries to pull information
is blocked until a new notification is available. Just like the request/reply
model however, this variant introduces time coupling, and is therefore rarely
used in common messaging systems.

Although in general push-style interaction seems more appropriate, certain
applications may not be interested in receiving information as soon as possible,
but only at precise moments. In those situations, the pull model might be of
interest.

2.4 Delivery Semantics and Reliability Issues

In distributed systems, and in particular when considering communication mo-
dels and protocols, precise specification of the semantics of a delivery is a crucial
issue. Delivery guarantees are often limited by the behavior of deeper communi-
cation layers, down to the properties of the network itself, limiting the choice of
feasible semantics. On the other hand, different applications also may demand
for different semantics. While sometimes a high throughput is preeminent and
a low reliability degree is tolerable, some applications prioritize reliability to
throughput. For this reason most common messaging systems provide different
qualities of service, in order to meet the demands of a variety of application pur-
poses [1,32].4 The delivery semantics for notifications offered by existing systems
can be roughly divided into two groups.

– Unreliable delivery. Protocols for unreliable delivery give few guarantees.
These semantics are often used for applications where the throughput is of
primary importance, but the loss of certain messages is not fatal for the
application.

– Reliable delivery. Reliable delivery means that a message will be delivered to
every subscriber despite certain failures. Usually the failure or the absence
of the subscriber itself is not considered, i.e., if the subscriber has failed,
the message might not be delivered to it and the reliability property is not
considered violated. When using persistent storage to buffer such messages
until the subscriber is back on line, a stronger guarantee is given. This is
often referred to as certified delivery [32].

3 Distributed Asynchronous Collections: Overview

This section gives an overview of our approach to publish/subscribe, by first
introducing Distributed Asynchronous Collections as key abstractions. We show
the relationship between those abstractions and the publish/subscribe communi-
cation model. In a second step, we picture more in detail how these abstractions
allow to build several different publish/subscribe variants inside a unified frame-
work. This section however should be understood as a general introduction to
4 [32] adopts the notion of delivery service.
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our abstractions for publish/subscribe. The following sections will give a more
concrete view of DACs.

3.1 DACs as Object Containers

Just like any collection, a DAC is an abstraction of a container object that re-
presents a group of objects. It can be seen as a means to store, retrieve and
manipulate objects that form a natural group, like a mail folder or a file direc-
tory. Unlike a conventional collection, a DAC is a distributed collection whose
operations might be invoked from various nodes of a network. DACs differ funda-
mentally from the distributed collections described in [21] for instance, by being
asynchronous and essentially distributed, i.e., DACs can be seen as omnipresent
entities.5 Participating processes act with a DAC through a local proxy, which
is viewed as a local collection and hides the distribution of the DAC. DACs are
not centralized on a single host, in order to guarantee their availability despite
certain failures.

A collection framework is a unified architecture for representing and acces-
sing collections, allowing them to be manipulated independently of their repre-
sentation. For example, both Smalltalk [14] and Java [16] contain rich collection
frameworks that reduce the programming effort by providing useful data structu-
res and algorithms together with high-performance implementations. Collection
frameworks can for instance also be found for C++ (e.g., Silicon Graphics’ STL
[30]) as additional libraries. Figure 3 shows the inheritance graph of the Java
collection framework.

3.2 The Asynchronous Flavor of DACs

Our notion of Distributed Asynchronous Collection represents more than just a
distributed collection. In fact, a synchronous invocation of a distant object can
involve a considerable latency, hardly comparable with that of a local one. In
contrast, asynchronous interaction is enforced with our collections. By calling
an operation of a DAC, one expresses an interest in future notifications. When
querying a DAC for objects of a certain kind for instance, the party interacting
with the DAC expresses its interest in such objects. Therefore, when such an ob-
ject is eventually “pushed” into the DAC, the interested party is asynchronously
notified.

There is a strong resemblance with the notion of future [4] (future type mes-
sage passing [35]), that describes a communication model in which a client que-
ries an asynchronous object for information by issuing a request to it. Instead
of blocking however, the client can pursue its processing. As soon as the reply
has been computed, the object acting as server notifies the client. Latter one
may query the result (lazy synchronization or wait-by-necessity [5]), or ignore
it. Figure 4 compares the two paradigms. When programming with DACs, the
5 The distributed collections presented in [21] are centralized collections that can be

remotely accessed through RMI.
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LinkedList
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AbstractList
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AbstractColl

AbsSeqList

AbstractSet

Interface Class Abstract Cl.

Fig. 3. Collections in Java (Excerpt)

subscriber can be viewed as the client. The DAC incarnates a server role in
this scenario, since the publishers, which are the effective information suppliers,
remain anonymous.

By calling an operation on the DAC, the caller requests certain information.
The main difference with futures lies in the number of times that information is
supplied to the client. Within the notion of future, only a single reply is passed to
the client,6 whereas with DACs, every time an information which is interesting
for the registered party is created, it will be sent to it.

3.3 Publish/Subscribe with DACs

Expressing ones interest in receiving information of a certain kind can be viewed
as subscribing to information of that kind. By viewing event notifications as
objects, a DAC can be seen as an entity representing related event notifications.
Clearly, if a collection is a set of somehow related objects, a DAC can be seen as
a set of related “events”. When considering the classical topic-based approach
to publish/subscribe, a DAC can be pictured as an extension of a conventional
collection but also as a representation for a topic. It is always possible to insert
a new element into a DAC. In the sense of publish/subscribe, inserting an object
6 ABCL/1 represents an exception, in the sense that several replies may be returned

[35].
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Asynchronous Invocation Publish/Subscribe with DACs

Asynchr. ObjectClient Subscriber DAC

1

1

1

n

Invocation

Future

Invocation

Notifications

Thread

Fig. 4. DACs vs. Future

into a DAC also means to publish that object for the topic represented by the
DAC. Every DAC can thus be viewed as a publish/subscribe engine of its own.
Figure 5 shows the traditional topic-based publish/subscribe scheme. The topic
is represented by an attribute of the message, and the application has to deal
with it explicitly. Since a DAC is bound to a topic, the topic is given implicitly,
and appears only in the protocol message which is hidden from the application,
as shown in Figure 6. It encapsulates the application message.

Existing publish/subscribe frameworks introduce specialized message types,
e.g., [12]. Our approach frees the application programmer from the burden of
marshalling and unmarshalling data into and from dedicated messages. In our
context, a message can be basically of any kind of object. In Java, this is ex-
pressed by allowing any object of class java.lang.Object to be passed as a
message.7

Message m public class Message {
public String topic;

public String content;

}
Criteria topic of m is “/Chat/Insomnia”
Argument String topic = "/Chat/Insomnia"
Evaluation m.topic.equals("/Chat/Insomnia")
Deliver m

Fig. 5. “Traditional” Topic-Based Publish/Subscribe

7 In order to be conveyable, a Java object should furthermore implement the
java.io.Serializable interface [15], which contains no methods.



Distributed Asynchronous Collections 261

Protocol
Message p

public class Message {
public String getTopic() {...}
public Object getMsg() {...}
...

}
Message m public class ChatMsg {...}
Criteria topic of m is “/Chat/Insomnia”
Argument String topic = "/Chat/Insomnia"
Evaluation p.getTopic().equals("/Chat/Insomnia")
Deliver m = p.getMsg()

Fig. 6. Topic-Based Publish/Subscribe with DACs

4 DAC Interfaces

The previous section introduced DACs as general abstractions for publish/sub-
scribe. This section presents the main interfaces of our DAC realization in Java.
In the context of this paper, we will limit ourselves to describing the functionali-
ties which are common to all DAC subinterfaces, in order to show their similarity
to operations on conventional centralized collections.

4.1 Topic-Based Subscribing with DACs

In our system, each topic is represented by a DAC, and is denoted by a name,
like “Chat”. A DAC constructor thus requires an argument which denotes the
name of the topic it will represent (see Section 6 for an example). Topics can
have specializations, or subtopics, and connecting to a topic requires the name
in a URL-type format. Typically, “/Chat/Insomnia” is a reference to the topic
called “Insomnia” which is a subtopic of “Chat”. The root of the hierarchy is
represented by an abstract topic (denoted by “/”). Top-level topics, which are
no specializations of already existing ones, are subtopics of the abstract root
topic only. Subscribing to a topic can trigger subscriptions for the subtopics as
well, as illustrated in Figure 8. Subscriber S1 subscribes to topic “Chat” and
claims its interest in all subtopics. Hence S1 does not only receive message m2
but also message m1 published for topic “/Chat/Insomnia”. In contrast, S2 only
subscribes to “/Chat/Insomnia” and thus does not receive message m2, which
belongs to the supertopic. With the push model adopted in DACs, subscribing
entities must register a callback object. That callback object must implement a
specific interface, namely the Notifiable interface, shown in Figure 7. Through
a call to the contains() method, the DAC notifies the subscriber that it contains
a new notification. The second argument enables the use of the same callback
object for several topics.
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public interface Notifiable {

public void contains(Object msg, String topicName);
}

Fig. 7. Interface Notifiable

Chat

m1 m2 m2

m1

Subscribe

Deliver

Publish
P S2S1

Publisher

Subscriber

P

Si

Insomnia

m1

Fig. 8. Topic-Based Publish/Subscribe with DACs

4.2 DAC Methods

Figure 9 summarizes the main methods of the base DAC interface. More sophi-
sticated interfaces like the DASet all derive from this interface, but are omitted
for the sake of brevity. We roughly distinguish synchronous and asynchronous
methods.

Synchronous Methods. Since a DAC is in the first place a collection, the DAC
interface inherits from the standard java.util.Collection interface. The in-
herited methods are not denatured but adapted, and we denote them as syn-
chronous.

– get(). Similarly to a centralized collection, calling this method allows to
retrieve objects. The synchronization it introduces is however very weak,
since it returns null in the absence of unconsumed information, as explained
in Section 2. Which element will be returned depends on the nature of the
collection (see Section 5 for more details). This implements the pull model.

– contains(). A DAC is first of all a representation of a collection of elements.
This method allows to query the collection for the presence of an object. Note
that an object that is contained in a DAC belongs to the topic represented
by that DAC.

– add(). This method allows to add an object to the collection. The correspon-
ding meaning for a DAC is straightforward: it allows to publish a message
for the topic represented by that collection. An asynchronous variant of this
method could consist in advertising the eventual production of notifications.
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This could furthermore be combined with the registration of a callback ob-
ject, that the DAC would poll in order to obtain new event notifications. In
the terminology adopted in [24], this is called a pullsupplier.

Asynchronous Methods. We have added several asynchronous methods to ex-
press the decoupled nature of publish/subscribe interaction specific to DACs. In
these methods, asynchrony is expressed by an additional argument, denoting a
callback object which implements the Notifiable interface. Not all operations
known from conventional collections find an analogous meaning in an asynchro-
nous distributed context, and our ongoing research in that domain might cause
minor modifications to this interface.

– contains(Notifiable n). The effect, for instance, of invoking this method
is not to check if the collection already contains an object revealing certain
characteristics, but is to manifest an interest in any such object, that should
be eventually pushed into the collection. The interested party advertises its
interest by providing a reference to an object implementing the Notifiable
interface (Figure 7), through which it will be notified of events.

– containsAll(Notifiable n). This method offers the same signature than
the previous method. The difference is that a subscription is generated for
all subtopics of the topic represented by this DAC. This reflects the situation
given in Figure 8.

– remove(Notifiable n). Likewise, by calling one of these methods, a sub-
scriber does not trigger the removal of an object already contained in the
collection, but expresses its interest in being notified whenever an object
matching its criteria is inserted in the collection, after which the object will
be removed immediately. This expresses that a message is delivered to one
single subscriber only. This is frequently called one-for-all or one-of-n [32]
in contrast to one-for-each,8 implemented by the asynchronous contains()
methods, where a message is sent to all.

– removeAll(Notifiable n). This method is similar to the previous one, ex-
cept that a subscription is generated for all subtopics of the topic represented
by this DAC.

– clear(Notifiable n). The conventional argument-less clear() method al-
lows to erase all elements from the collection, whereas this asynchronous
variant expresses the action of unsubscribing.

5 DAC Classes

The previous section focused on the interfaces, through which an application can
use DACs in order to benefit from the strength of our publish/subscribe abstrac-
tions. As depicted earlier, our framework consists of a variety of DACs spanning
8 By using the formalism of [27], one could say that every Nth occurrence of an event

is notified to a subscriber, with N being the total number of subscribers, and no
event being delivered to more than one subscriber.
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public interface DAC
extends java.util.Collection

{
public Object get();
public boolean contains(Object message);
public boolean add(Object message);
...
public boolean contains(Notifiable N);
public boolean containsAll(Notifiable N);
...
public boolean remove(Notifiable N);
public boolean removeAll(Notifiable N);
...
public void clear(Notifiable N);
...

}

Fig. 9. Interface DAC (Excerpt)

different semantics and guarantees, since different applications have different
requirements. These semantics can be seen as different QoS. While certain pro-
perties of DACs reflect in their interfaces, certain semantics do not appear in the
API. These parameters influence the classes implementing those interfaces, and
thus lead to a variety of classes implementing the same interface. This section
presents the different properties of the classes constituting our framework.

5.1 Delivery Semantics

When a producer publishes a message, it does not directly interact with sub-
scribers. To whom exactly the message will be delivered does not show in the
DACs interface. Parts of the semantics do not come to light in the interfaces.
The underlying multicast protocols might lead to different classes implementing
the same interface. The DASet (Distributed Asynchronous Set) interface, for in-
stance, is implemented by multiple classes. The first one does not offer more
than plain unreliable delivery (DAWeakSet), whereas others guarantee reliability
(e.g., DAStrongSet). By distinguishing between unreliable and reliable DACs our
framework hierarchy is roughly split into two subtrees, as shown in Figure 10.

5.2 Duplicates

Just like it is possible to have duplicate elements in centralized collections, it is
possible in Distributed Asynchronous Collections that a same message is deli-
vered more than once. In fact, the two are closely related in our context. If a DAC
does not accept duplicates, it should not deliver any duplicates to subscribers.
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The simple DAWeakBag class for instance does not prevent a notification to
be delivered more than once, whereas the DAWeakSet class gives stronger gua-
rantees by eliminating duplicate elements. This property is orthogonal to other
characteristics of our DACs. For that reason, our framework contains a variant
with and without duplicates for every other property, as shown in Figure 10.
When allowing duplicates and combining with unreliable delivery for instance,
the outcome is best-effort semantics. In return, with reliable delivery, at-least-
once semantics can be guaranteed.

Reliable?

Duplicates?

Criteria?

DAWeakSetDAWeakBag

Duplicates?

Ordering?

DAStrongSetDAStrongBag

Duplicates? Duplicates?

DASortedSetDASortedBagDAListDAArray

Best-effort At-most-once

At-least-once Exactly-once

At-least-once
FIFO

Exactly-once
FIFO

At-least-once
Total Order

Exactly-once
Total Order

Yes Yes

Yes

YesYes

No

No

No

No No

NoYes

ImplicitExplicit

DACollection

Fig. 10. DAC Framework

5.3 Storage vs. Delivery Order

Collections are often characterized by the way they store their elements. Sets or
bags for instance do not rely on a deterministic order of their elements. Conver-
sely, sequences can store their elements in an order given explicitly or implicitly
based on properties of the elements. In Distributed Asynchronous Collections
however, the notion of space is somehow replaced by the notion of time. If some
centralized collections reveal a deterministic storage order, a distributed asyn-
chronous sequence may offer a deterministic ordering in terms of order of delivery
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to the subscribers. In the Java collection framework for instance, a sorted set is
a sequence which is characterized by an ordering of the elements based on their
properties. This can be seen as an implicit order. With our DACs, an implicit or-
der is a global delivery order on which the DAC itself decides. The DASortedSet
class for instance presents a total order of delivery. Inversely, a FIFO delivery
order can be seen as an explicit order: it is given by the order in which events
are notified to the DAC by a publisher.

5.4 Insertion Order

In different centralized collections, the insertion order may have an impact on
the storage order. In a queue or a stack for instance, the chronological insertion
order will drive the storage order as well as the extraction order. A position can
be given as additional argument to an insertion into a list for instance. In an
asynchronous collection however, the order of insertion corresponds to the order
of sending or publishing. It seems obvious that inserting an element at a specific
position cannot translate to delivering a message at a certain moment in time
relative to other messages, since inserting a message at the beginning of a list
would translate to sending a message before messages that have possibly already
been delivered to subscribers. Therefore there is never any explicit argument for
the order passed when “inserting” a new element into a DAC.

5.5 Extraction Order

Extracting an element from a centralized implementation corresponds to pulling
messages from a distributed asynchronous one. In the case of consumers polling
a DAC for new messages, two different policies may be applied:

– FIFO. The collection behaves like a queue by returning the first received
and undelivered message. In fact, the DAC proxy contains a buffer, in which
received messages are inserted. From there, they are delivered to the pulling
consumer in a FIFO order.

– LIFO. The collection acts like a stack and delivers the latest received mes-
sage. The principle is the same than above, except that the messages are
delivered in a LIFO order from the buffer to the consumer.

Therefore when using a pull model, the application has the choice between queues
and stacks. Any class presented in Figure 10 can be used both as stack or queue.

Messages may be volatile, which means that they may be dropped immedia-
tely after delivery. Conversely, the message could be stored in memory or even
on persistent storage. In the context of this work however, we did not deal with
message storage so far. Messages are considered volatile, and are dropped as
soon as they have been consumed. Missed messages are therefore not replayed
to late subscribers or temporarily disconnected participants.
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6 Putting DACs to Work

In this section we describe a simple example application using the flexibility of
Distributed Asynchronous Collections. It shows how to implement chat sessions
based on simple DACs.

We will concentrate on two users, Alice and Tom. They are both chat addicts,
and love to chat deep into the night. Therefore they subscribe to the topic
“Insomnia” which is a subtopic of “Chat” to receive all messages from like-
minded chatters (see Figure 11). For the sake of simplicity, we will assume that
this evening Tom is missing inspiration, and therefore takes a pure subscriber
role. Alice on the other hand, is very talkative, and publishes several messages.
Figure 12 shows class ChatMsg, which represents a possible message class for this
application.

/Chat/Insomnia

 (2) add(msg) (3) contains(msg)(1) contains(...)

Alice Tom

P S Subscribe

Deliver

Publish

Publisher

Subscriber

P

S

Fig. 11. Chatters

public class ChatMsg
implements java.io.Serializable

{
private String sender;
private String text;
public String getSender() { return sender; }
public String getText() { return text; }
public ChatMsg(String sender, String text) {

this.sender = sender; this.text = text; }
}

Fig. 12. Event Class for Chat Example
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6.1 Publishing for a Topic

When making use of topic-based publish/subscribe, a topic is represented by a
DAC, as seen previously. In order to access a DAC from a process, a proxy must
be created. This requires an argument denoting the name of the topic it bears.
Except for that argument, the action of creating a proxy is indistinguishable
from creating a local collection. The DAC instance called mychat in Figure 13
henceforth allows us to access the topic “/Chat/Insomnia”. Now it is possible
to directly publish and receive messages for the topic associated to that DAC.

Creating an event notification for a topic consists in inserting a message
object into the DAC by issuing a call to the add() method (see Section 4), from
where it is accessible for any party. It is more favorable for consumers to be
notified automatically when a new message has been published, than to waste
computation time on polling activity. For that purpose, a party interested in a
topic can register as subscriber.

DASet sleeplessChatters = new DAStrongSet("/Chat/Insomnia");
String me = "Alice";
ChatMsg msg = new ChatMsg(me, "Hi everyone");
sleeplessChatters.add(msg);

Fig. 13. Publishing a Message

6.2 Subscribing to a Topic

In order to subscribe to a topic an interested party must provide a callback object
implementing the Notifiable interface. The callback method comprises two
arguments. The first argument represents the effective message, and the second
argument represents the name of the topic the message was published for. This
provides more flexibility, since the same subscriber object can be used to receive
messages related to several topics. In the above example, a subscriber may be
interested in all ongoing chat sessions, and not only in “Insomnia”. Figure 11
shows the interactions with the DAC, and Figure 14 shows the corresponding
code that allows Tom to subscribe.

7 Implementation Issues

This section discusses the realization of our first DAC implementation, including
first performance measurements. We draw preliminary conclusions of our proto-
type, which has been developed in pure Java and relies on UDP, thus increasing
its portability.
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class ChatSubscriber
implements Notifiable

{
public void contains(Object msg, String topic) {

System.out.println(((ChatMsg)msg).getText());
}

}

DASet sleeplessChatters = new DAStrongSet("/Chat/Insomnia");
Notifiable sub = new ChatSubscriber();
sleeplessChatters.contains(sub);

Fig. 14. Topic-Based Publish/Subscribe with DACs

7.1 Inside DACs

The effective DAC class as it is perceived by the application only represents a
small portion of the underlying code. Redundant code has been avoided by a
modular design and using inheritance. Figure 15 shows the different layers in
our implementation. These layers do not necessarily correspond to Java classes,
but represent protocol layers.

Application

DAC

Network

UDP

IP

Fig. 15. Layers

– The DAC layer. This layer is composed of the classes implementing direc-
tly the DAC interfaces. They are rather lightweight classes, which delegate
general functionality to the underlying layer. Their tasks are similar to cen-
tralized container classes. They mainly take care of the local management
of messages, and furthermore handle the subscriptions. The most frequent
interaction model is the callback model (push-model), where subscribers do
not poll for new messages but are called back upon incoming messages. In
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that case the DAC applies a predefined threading model, by assigning noti-
fications to threads.

– The Network layer. The Network layer regroups common functionalities
of all DACs, like publishing messages or forwarding subscription informa-
tion. It hides any remote party involved in same topics from the DAC layer.
This layer maintains a form of network topology knowledge, which basically
consists of its immediate neighbors.

– The UDP layer. Our entire publish/subscribe architecture is finally im-
plemented on top of UDP. UDP is a non reliable protocol, which offers us
the looseness required for the decoupled nature of publish/subscribe. Java
offers classes for UDP sockets and datagrams (java.net.DatagramPacket
and DatagramSocket), which are pretty close to the metal.

7.2 Performance

The performance tests of our prototype were made on HP workstations run-
ning HP-UX 10.20 and JVM 1.1.5 and 1.1.6. on a normal working day. The
implementation uses a marshalling/unmarshalling procedure built from scratch
and optimized for each event type (the Java serialization classes were not used,
since they are usually considered rather slow). Four example message types were
considered:

– Integer. This corresponds to the basic Java int type.
– String. Java type String with a length varying between 10 and 20
– DetailRecord. This is a class containing four attributes, of which two re-

present dates (Java type Date) and two are strings (Java type String).
– CallDetailRecord. A subtype of DetailRecord. In addition to the attribu-

tes of the latter one, a CallDetailRecord furthermore contains four integers
and two strings.

In our measurement scenario, several subscribers asynchronously receive
events for a topic where a publisher produced the events. The numbers of mes-
sages considered for a single run of the experiment varied between 10 and 1000
and the measures obtained conveyed an average result after several experiments
of the same profile.

Figure 16 shows the latency when publishing. For example, a publisher needs
3s to publish 100 events of type DetailRecord. They include the time for mars-
halling each of the events and the time to put the events into the UDP socket.

Figure 17 shows the global throughput for the same scenario. It takes for
instance 5s until a subscriber has received 100 events of type DetailRecord. The
5s correspond therefore to the time spent at the publisher side and the subscriber
side of the DAC. They include the time for marshalling, remote communication
and unmarshalling.

These simple measurements allowed us to do draw several preliminary con-
clusions:
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– The complexity of the event type has a heavier impact on the time it takes for
a publisher to send events then on a subscriber to receive events. This is not
surprising because in the first case, the marshalling time is more significant
(there is no inherent cost of remote communication).

– It might look surprising that integers take longer than strings. In this im-
plementation however, everything is converted to strings in the serialization
procedure.

– Finally, the overall measures confirm the very fact that nowadays, optimizing
marshalling is at least as important as optimizing remote communication.

8 Related Work

During the last years, the need for large scale event notification mechanisms
has been recognized. Much effort has therefore been invested in this domain,
and a multitude of approaches have emerged from academic as well as industrial
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impulses. We present here the main characteristics of related approaches and we
compare them with our Distributed Asynchronous Collections.

8.1 Event Service Specifications

In order to integrate the publish/subscribe communication style into existing
middleware standards, specifications have been conceived by both the Object
Management Group [24] and Sun [12,2,6].

The OMG has specified a CORBA service for publish/subscribe oriented
communication, called the CORBA Event Service. The specification is aimed to
be general enough to not preclude sub-specifications and various implementati-
ons that would match the needs of specific applications. According to the general
service specified however, a consumer subscribes to a channel expressing thereby
an interest in receiving all the events from the channel. In other words, filtering
of events is done according to the channel names, which basically correspond
to topic names. When the consumer subscribes to the channel, it is supposed
to receive all events put in the channel. Event channels are CORBA objects
themselves, and in current implementations they are centralized components.
Therefore these engines manifest a strong sensitivity to any component failure,
which makes them unsuitable for critical applications.

The Java Messaging Service [12] is a specification from Sun. Its goal is to offer
a unified Java API around common publish/subscribe engines. Certain existing
services implement the JMS, but to our knowledge no publish/subscribe system
has been implemented with the goal to merely support the JMS API directly. Its
generic nature, required in order to conform to a maximum number of existing
systems, appears to be rather cumbersome. Applications are very aware of the
underlying messaging service, and developers must make themselves acquainted
with the API.

The Java Distributed Event Specification [2] explicitly introduces the notion
of event kind. Registration of interest indicates the kind of events that is of
interest, while a notification indicates an occurrence of that kind of event. One
can combine this notion with that of JavaSpace [8] to provide support for topic-
based publish/subscribe notification. Inspired by Linda [10], a JavaSpace is for
example a container of objects that might be shared among various suppliers
and consumers. The JavaSpace type is described by a set of operations among
which a read operation to get a copy of an object from a JavaSpace, and a notify
operation aimed at alerting some potential consumer object about the presence
of some specific object in the JavaSpace. Combined with the Java Distributed
Event interfaces, one can build a publish/subscribe communication scheme where
a JavaSpace plays the role of the event channel aimed at broadcasting events
(notifications) to a set of subscriber objects. The nature of the subscription is
however not specified and it is not clear whether one would be able to subscribe
to a particular operation.

The InfoBus 1.2 Specification [6] describes an information bus which ena-
bles dynamic data exchange between JavaBeans. Components must implement
a minimal interface in order to plug into the bus. As a member of the bus any
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component can exchange data structured as arrays, tables, or database rowsets
with other components. Interestingly, adapted collection types are available for
InfoBus, which ease the transfer of collections of objects.

These standards are based on specifications and it would be interesting to see
how one could implement services that comply with these standards using DACs.
Note however that the CORBA Event Service does not present any hierarchical
arrangement of channels, and the Java Messaging Service introduces explicit
message classes which require explicit marshalling/demarshalling.

8.2 Established Systems

Most industrial strength solutions involve topic-based publish/subscribe. Smart-
sockets [7] or TIB/Rendezvous [32] are such engines.

In Smartsockets, an event channel can accept subscriptions for specific topics.
A consumer receives all the event notifications that belong to the topic to which
it has subscribed. The topic defines a kind of virtual connector between objects
of interest and recipients. If a producer is interested in producing an event on
a number of topics or channels, it has to explicitly publish the event on all of
them. Event notifications are represented by records, nevertheless custom event
types may be defined.

A similar approach was adopted in the development of the TIB/Rendezvous
infrastructure. A hierarchical naming model corresponds to the hierarchical or-
ganization of the entities of interest. Just as Uniform Resource Locators (URLs)
provide a way of locating and accessing Internet resources, a naming scheme is
provided to locate and access events of interest. The naming scheme proposed can
use wildcards, which allows to subscribe to patterns of topics. TIB/Rendezvous
provides a certain degree of fault-tolerance, and makes usage of IP-multicast.
Event notifications are composed of a set of typed data fields, including the
topic.

Most industrial systems implement API’s for object-oriented languages, like
the JMS specification for Java. These solutions however did not undergo a fun-
damentally object-oriented design, but only offer an object-oriented layer on top
of a messaging system.

8.3 Collections

Both Java and Smalltalk offer integrated collection frameworks. These only span
the most common collection types. More specific collections can be found as
external libraries. For instance, JGL [21] and the util.concurrent [20] package
offer more elaborate collection types for Java.

JGL is a first approach to distributed collections in Java. It was designed
to provide a more advanced series of collections, since the Java environment by
default only offers limited support for data collections and algorithms, covering
only the main features used by the majority of Java developers. JGL extends
the basic Java collections with more refined types. The notion of distributed
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collection in JGL though describes a centralized collection object, accessible
through Java RMI.

The util.concurrent package provides the application programmer with a
set of collections especially targeted at resolving concurrency problems. It con-
tains for instance collections which alleviate concurrent traversals by making
each time a copy of the array backing the collection. Another feature are syn-
chronization wrappers for standard collections, with the possibility to specify
external read and/or write locks.

In contrast to JGL, our DACs avoid any single point of failure and are es-
sentially distributed. To exploit this distribution, asynchronous interaction is
enforced. Synchronization as discussed in the context of the util.concurrent
package is an issue we do not address with our DACs, but could be the topic of
future work.

9 Concluding Remarks

It has long been argued that distribution is an implementation issue and that the
very well known metaphor of objects as “autonomous entities communicating via
message passing” can directly represent the interacting entities of a distributed
system. This approach has been conducted by the legitimate desire to provide
distribution transparency, i.e., hiding all aspects related to distribution under
traditional centralized constructs. One could then reuse, in a distributed context,
a centralized program that was designed and implemented without distribution
in mind.

As argued in [33,19,11] however, distribution transparency is a myth that
is both missleading and dangerous. Distributed interactions are inherently un-
reliable and often introduce a significant latency that is hardly comparable to
that of a local interaction. The possibility of partial failures can fundamentally
change the semantics of an invocation. High availability and masking of partial
failures involves distributed protocols that are usually expensive and hard, if not
impossible to implement in the presence of network failures (partitions).

We have been considering an alternative approach where the programmer
would be very aware of distribution but where the ugly and complicated as-
pects of distribution would be encapsulated inside specific abstractions with
a well-defined interface. This paper presents a candidate for such an abstrac-
tion: the Distributed Asynchronous Collection. It is a simple extension of the
well-known collection abstraction. DACs add an asynchronous and distributed
flavor to traditional collections [4], and enable to express various forms of pu-
blish/subscribe interaction. In fact, most systems we know about are unwieldy
and consider only a limited set of interaction models. DACs are general light-
weight publish/subscribe abstractions: they can be introduced through a library
approach and they allow to express various interaction types and QoS.

We believe that our object-oriented view of publish/subscribe is a unique
compromise between transparency and efficiency. By offering a modular design
aligned with different communication semantics, we enforce ease of use without
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missing performance related issues. We are currently making use of DACs in
various practical examples, which are far more complex than the simple chat
example given in this paper. The objective of investing in several applications
is to end up with a stable framework, that would for instance extend JGL.
The issue of translating operations known from conventional collections to an
asynchronous distributed context is however not entirely completed, and certain
parts of the API might be affected by future modifications. We also explore
approaches to express content-based publish/subscribe and specific algorithms to
realize efficient matching. This is especially challenging in a mobile environment,
where nodes might be disconnected, and objects might migrate from a node to
another [17].
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Abstract. While sequential behavior of single objects is fairly well un-
derstood, orchestrating the collective behavior emerging from the beha-
viors of individual objects continues to be a challenging task. This is
especially true for distributed reactive systems.
The joint action paradigm is a design methodology that concentrates
on the collective behavior of objects. Aspects of collective behavior are
gradually introduced in a controlled manner in a specification. This paper
presents how such aspects can be archived as generic templates, and
instantiated in such a way that formal properties verified for a template
become properties of its application. Both design and verification effort
are reused when a template is applied.

1 Introduction

The traditional unit of modularity in software construction is a component,
which is an open system with an interface and some internal state. A complete
system is then composed of components. This approach works well at the im-
plementation level, where the goal is to determine the distribution of code and
data on the physical components of the system, and to assign responsibilities to
teams and individual programmers. However, it is becoming evident that pro-
blems at the specification level call for something that extends across objects
and ties them together [7].

The work reported here deals with the specification of reactive distributed
systems, where the coordination of interactions between objects is of interest.
Because of the inherent parallelism of such systems and the resulting complexity
of the state space, it is very difficult to ascertain the correctness of a given de-
sign. An alternative to component based decomposition is to give functionality
in an aspect-oriented fashion [15]. Each aspect specifies a view on the collective
behavior of the system, and the complete specification is composed by superim-
posing the aspects. This enables a specifier to concentrate on the correctness of
one aspect at a time.

The aspects often follow common idioms so it is advantageous to be able
to archive and reuse them. The work presented here describes how this can be
done using DisCo [1,10,14] specification language. We focus on safety properties,
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specifically invariants. The main contribution of this paper is a method by which
a design step introducing an aspect of collective behavior can be archived and
applied in such a way that safety properties are transferred to the application.

A design step consists of a description of the context in which the step is
applicable, and a description of the additional structure (variables and operati-
ons on them) that is superimposed on the context to solve a particular design
problem. Design steps are expressed as DisCo specifications, so their safety pro-
perties may be verified as for any DisCo specification [12]. Applying a design
step incurs proof obligations, but the proof obligations are typically considera-
bly easier to verify than the safety properties obtainable from the design step.

The rest of the paper is organized as follows. Section 2 presents necessary
background on action systems and the DisCo language. The main contribution
of the paper is in Section 3, which describes how design steps are archived and
applied. The formal basis of why safety properties are preserved is described
in Section 4, and an extended example is given in Section 5. Related work is
reviewed in Section 6, and conclusions are drawn in Section 7.

2 The DisCo Language and Action Systems

In this section we describe the joint action [2,3] approach to specification, the
use of superposition, and the specification language DisCo.

2.1 Joint Actions

The formal basis of action systems lies in temporal logic. The specific temporal
logic used here is Lamport’s Temporal Logic of Actions [16] (TLA). An action
system consists of a predicate on the initial state, and a number of state tran-
sitions called actions. An action is a TLA formula that describes a step in a
computation. It gives the conditions under which the step may be taken, and
defines the values of state variables after the step.

A joint action is a formula for a multi-party operation that describes a syn-
chronization of the participants of the action. The states of the objects that
do not participate the execution remain unchanged. An action may have para-
meters, which are similar to participants except that they denote values, not
objects. The values assigned to the variables of the participants in an execution
of an action may freely refer to the attributes of the other participants and the
parameters of the action. A joint action defines inter-object cooperation at a
high level of abstraction, where the focus is lifted from communication details
and the behavior of individual objects to the collective behavior.

2.2 Superposition

Stepwise refinement in the DisCo approach is based on superposition. In super-
position, new state variables are incrementally added to a specification until
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the desired level of detail is reached. The actions of the specification being re-
fined may be augmented with assignments to the new state variables, but new
assignments to state variables introduced earlier may not be given. The initial
condition and the guards of the actions may also be strengthened.

Superposition preserves safety properties by construction, since all assign-
ments to a state variable are given when the state variable is introduced. DisCo
specifications are thus closed world specifications.

A specification may contain explicit nondeterminism in the form of action
parameters. By augmenting actions with new constraints on the values the pa-
rameters may assume, one can constrain the nondeterminism at a later stage.

2.3 The DisCo Language

The experimental specification language DisCo (Distributed Cooperation) has
been designed for the incremental development of specifications using superposi-
tion. The language syntactically enforces that only superposition steps are used,
and it offers a convenient notation for expressing superposition.

The syntactic unit describing a superposition step in DisCo is a layer. A
layer may import a number of specifications, whose state spaces and actions are
merged. The layer may then refine the imported entities and introduce new ones.

State variables reside in objects, which are instances of classes. Objects are
anonymous in the sense that it is not possible to refer to an object by name
in a specification. Universal and existential quantification is used for referring
to objects. An action lists the participants and their classes, the guard of the
action, and the body consisting of assignments to state variables.

Figure 1 depicts a simple DisCo specification L1 . It describes a world in which
two objects of class C may arbitrarily swap the values of their i attributes. The
same figure presents a superposition step L2 that constrains the swap action
in such a way that the result is a distributed exchange sort. Objects are also
augmented with a counter that counts how many times they have been engaged
in a swap action. The extend clause adds new variables to a class, and the ellipsis
“. . . ” in the action refinement denotes parts from the previous layer.

2.4 Tool Support

DisCo specifications have a straightforward operational interpretation, so even
very high level specifications can be executed. To enable early validation of
specifications, an animation tool [23] has been implemented.

Besides validation, the animation tool can be used for rudimentary state
space exploration. More formal verification can be carried out using the PVS
[21,20] theorem prover. DisCo specifications can be mapped to PVS theories [12]
in order to verify invariant properties.

The current DisCo tools do not support parametric specifications as described
in this paper, but we plan to extend them so that parametric specifications could
be animated and verified in the same fashion as regular DisCo specifications.
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layer L1 is
class C is
i : integer;
end;

action swap(c1, c2 : C) is
when true do
c1.i := c2.i;
c2.i := c1.i
end;

end;

layer L2 import L1 is
extend C by
left : C;
swaps : integer := 0;
end;

refined swap(. . . ) is
when . . . c2.left = c1

and c1.i > c2.i do
. . .
c1.swaps := c1.swaps + 1;
c2.swaps := c2.swaps + 1;
end;

end;

Fig. 1. A DisCo superposition step

3 Archived Steps

In this section we describe the main contribution of the paper, namely how a
superposition step can be archived and applied in such a way that design and
verification effort is reused.

An archived step consists of a context layer describing the contextual con-
straints under which the step is applicable, and a solution layer describing the
superposition step that can be taken if the constraints are satisfied. Contextual
constraints are given in the form of a pattern of interactions between objects
that needs to be present in a specification to which the step is to be applied.

If the pattern of objects and their interactions is present in a specification
under construction, then an instance of the solution layer can be superimposed on
it. The names of variables in the specification under construction may be different
from those in the archived step, so the variables need to be linked together. This
is accomplished by making the archived step parametric, and instantiating the
parameters with entities from the specification under construction when the step
is applied.

We use a simple example of token passing in the following. The example
illustrates how collective behavior can be captured in an archived step. Section 5
gives a more extended example of archived steps and illustrates other aspects of
the mechanism.

3.1 The Context Layer

The role of the context layer is to specify the behavior assumed when the ar-
chived step is applied, described operationally using joint actions. The formal
parameters of the context layer denote entities (classes, actions, etc.) that need
to be provided when the step is applied. The formal parameters are bound to
entities in the specification to which the step is being applied.
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In DisCo, parameterization is denoted by enclosing the parameters within
square brackets. The formal parameter list of a layer must include all the entities
(types, classes, functions, relations, initial conditions, assumptions, assertions
and actions) defined in the layer. Each of the class parameters includes a list of
variables the class should contain, and each of the action parameters includes a
list of participants. The lists must agree with the definitions of the classes and
actions in the layer.

A simple example of a context layer is presented in Figure 2. The specification
describes a system in which objects perform Act operations nondeterministically.
In order for a specification to match TokenContext , it needs to contain a class
corresponding to Object and an action corresponding to Act .

layer TokenContext[
Object : class;
Act(o) : action] is

class Object is
end;

action Act(o : Object) is
when true do
end;

end;

Fig. 2. A context layer

A context layer may not include initial conditions or assertions. This restric-
tion is not essential, but it makes it easier to establish refinement between the
context layer of a step and a specification to which the step is being applied.
If initial conditions are needed for verification of safety properties, they can be
introduced in the solution layer.

3.2 The Solution Layer

The solution layer refines the entities in the context layer and introduces new
entities, including initial conditions and assertions. The formal parameter list
of the solution layer consists of the new entities in the layer. Since they are to
be introduced as new entities in the application, the formal parameters are not
bound to entities in the specification under construction. Instead, fresh names
are provided for them.

An example of a solution layer that can be superimposed on TokenContext is
presented in Figure 3. It describes how objects coordinate their Act operations
by circulating a token that grants permission to perform the operation.
The solution layer introduces a new class Token, an initial condition SingleToken
constraining the number of tokens, and a new action to pass the token around.
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layer TokenSolution[
Token(at) : class; SingleToken : initial condition;
SingleEnabled : assertion; PassToken(t,o) : action;
Act(o,t) : action] import TokenContext is

class Token is
at : Object;
end;

initially SingleToken is ∀ t1, t2 : Token :: t1 = t2;

assert SingleEnabled is
not exists o1, o2 : Object ::

o1 /= o2 and enabled(Act(o=o1)) and enabled(Act(o=o2));

action PassToken(t : Token; o : Object) is
when true do
t.at := o;
end;

refined Act(. . . t : Token) of Act(. . . ) is
when . . . t.at = o do
. . .
end;
end;

Fig. 3. A solution layer

The formal safety property guaranteed by the solution layer is expressed
as assertion SingleEnabled , where enabled(Act(o=o1)) denotes ∃tt : Token ::
(Guard(Act))(o1, tt), i.e., such a token exists that the guard of Act is true. The
assertion is easy to verify for the solution layer.

3.3 Applying a Step

Applying an archived step to a specification S under construction involves provi-
ding actual parameters for the formal parameters of the layers. This links entities
in S with entities in the archived steps.

The actual parameters for the formal parameters of the context layer are ent-
ities drawn from S. For the data related entities (classes, types, relations), there
needs to be a one to one correspondence. Each action in the context layer may
correspond to zero or more actions in S, so there is a list of actions corresponding
to each formal action. For a formal action that is refined by the solution layer,
the list should contain exactly one actual action. The actual action to be refined
is thus always uniquely determined.

It is simple to check that the actual parameter provided for each data-related
formal parameter agrees with the declaration of the formal entity in the context
layer. For each action provided as an actual parameter, a proof obligation of
refinement is obtained.
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Consider the following specification:

layer Uncoordinated is
class Node is
v : integer;
end;

class Medium(1) is
v : integer;
end;

action Send(sender, receiver : Node; m : Medium) is
when true do
m.v := sender.v;
receiver.v := sender.v;
end;

end;

The specification describes a system in which a sender and a receiver can com-
municate synchronously over a medium shared by all nodes (the parenthesized
one indicates that there is exactly one medium). The token passing strategy can
be applied to coordinate the use of the medium. Figure 4 presents an instance
of the solution layer applicable to Uncoordinated .

layer Coordinated import Uncoordinated is
assert
refines(Uncoordinated,

TokenContext[Uncoordinated.Node; {Uncoordinated.Send(sender)}])
instance TokenSolution[Token(at); SingleToken;

SingleEnabled; PassToken(t,n); Send(n,t)]
class Token is
at : Object;
end;

initially SingleToken is ∀ t1, t2 : Token :: t1 = t2;

invariant SingleEnabled is
not ∃ o1, o2 : Object :: o1 /= o2

and enabled(Send(sender=o1))
and enabled(Send(sender=o2));

action PassToken(t : Token; n : Node) is
when true do t.at := n; end;

refined Send(. . . t : Token) of Send(. . . ) is
when . . . t.at = n do . . . end;
end;

Fig. 4. Token passing applied to specification Uncoordinated
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The assert refines clause expresses a proof obligation to show that Uncoordi-
nated is a refinement of the given instance of TokenContext . There are no requi-
rements for the actual parameter corresponding to class Object in the context
layer, since the formal class does not have any internal structure. The extended
example in Section 5 presents a more complex binding of an actual class to a
formal class.

The proof obligation for each formal action–actual action pair is to establish
that the guard and body of the actual action imply the guard and body of the
instance of the formal. The instance of the formal action is derived by repla-
cing the formal relations, types and classes have been replaced by their actual
counterparts, and replacing the names of the participants and parameters of the
formal action by the names provided in the binding. If the list of actions provi-
ded for a formal action is empty, no proof obligation is obtained (one can always
think that a corresponding action exists, but its guard is identically false). Fur-
thermore, the actual actions not paired with formal actions must be stuttering
with respect to the variables provided as actual parameters.

The instance of the formal action act is

action Send(sender : Node) is
when true do
end;

and the corresponding proof obligation is

(true ∧ m.v′ = sender.v ∧ receiver.v′ = sender.v) ⇒ true, (1)

which is trivial to verify (primed variables denote the values of the variables
after the execution). Section 5 presents examples of more complicated proof
obligations.

Intended invariants of an archived step are given as assertions in the solution
layer of the step. The solution layer may also include assumptions that can be
used when verifying the assertions. When a solution layer is instantiated, asser-
tions in the solution layer become invariants in its instance, and assumptions
become assertions (proof obligations). If an assertion has been verified in the ar-
chived step, it is sufficient to verify the refinement discussed above and to prove
that the proof obligations hold, in order to establish that the assertion is an inva-
riant of the application of the step. Verifying (1) thus establishes SingleEnabled
in Coordinated .

3.4 Tool Support

The instance in Figure 4 was produced manually, but our intent is to provide
a mechanical tool to perform the instantiation of archived steps. Such a tool
should make matching a specification under construction with a context layer
easy. Much of the matching process could be automated using a unification style
approach.
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The instance of the solution layer is linked to the archived step by the refines
and instance clauses. This is useful for documentation purposes, since it tells
the reader of the specification how the layer was obtained. It can also be used
for checking that the instance agrees with the archived step, in order to catch
modifications to either the instance or the archived step that would invalidate
the invariants verified for the step.

4 Formal Basis

In this section we explain the formal basis of why safety properties verified for
an archived step hold when it is applied.

Informally the argumentation proceeds as follows. If we can establish that
a specification S to which we wish to apply a step implies an instance of the
context of the step, then the conjuncts of the actions of the context are in a
sense contained in the conjuncts of the actions of S. Applying the solution layer
adds equal conjuncts to both S and the solution layer. Hence anything implied
by the specification obtained by superimposing the solution layer on the context
is also implied by the specification obtained by superimposing the solution layer
on S.

More formally, a superposition step is a function U that maps specifications
to specifications. Consider a design step consisting of a context part L0 and a
superposition step U . Verifying a safety property P for U(L0) means verifying

U(L0) ⇒ P. (2)

When the step is applied, we create an instance L̂0 of the context and an
instance Û of the superposition step by replacing the formal relations, types
and classes with the actual entities provided. Since there is a trivial refinement
mapping between U(L0) and Û(L̂0), it is true that that

Û(L̂0) ⇒ P̂ , (3)

where P̂ denotes an instance of P .
We want to derive a sufficient condition C so that the safety property P also

holds in an application Û(S) of the step to specification S, i.e.

C ⇒ ((U(L0) ⇒ P ) ⇒ (Û(S) ⇒ P̂ )). (4)

We proceed by examining actions AÛ(S) in Û(S) and AÛ(L̂0)
in Û(L̂0). Each

action AÛ(S) is a refinement of some action AS in S, which is further bound to

an action A
L̂0

in L̂0 by the formal parameter list of L0. The superposition step

Û may refine AS to a disjunction

A0
Û(S)

∨ · · · ∨ Ak

Û(S)
(5)
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and A
L̂0

to

A0
Û(L̂0)

∨ · · · ∨ Ak

Û(L̂0)
, (6)

but there is a one to one correspondence between the disjuncts (a superposition
step always introduces a fixed number of refinements). It is thus sufficient to
consider a single pair of actions AÛ(S) and AÛ(L̂0)

.
Let A

L̂0
be defined as

A
L̂0

= ∃p1, . . . , pn : F
L̂0

(p1, . . . , pn). (7)

Since a superposition step cannot remove conjuncts from an action, its refinement
is of the form

AÛ(L̂0)
= ∃p1, . . . , pn, q1, . . . , qm :

F
L̂0

(p1, . . . , pn)
∧Fnew

Û (p1, . . . , qm).
(8)

Similarly, let AS be defined as

AS = ∃p1, . . . , pl : FS(p1, . . . , pl). (9)

Applying Û to it adds the same participants and parameters q1, . . . , qm, and
conjuncts Fnew

Û :

AÛ(S) = ∃p1, . . . , pl, q1, . . . , qm :
FS(p1, . . . , pl)
∧Fnew

Û (p1, . . . , qm)
(10)

If we assume
FS(p1, . . . , pl) ⇒ F

L̂0
(p1, . . . , pn), (11)

it is possible to write AS equivalently as

AÛ(S) = ∃p1, . . . , pl, q1, . . . , qm :
F

L̂0
(p1, . . . , pn)

∧FS(p1, . . . , pl)
∧Fnew

Û (p1, . . . , qm)

(12)

This is a simple consequence of the tautology (Q ⇒ R) ⇒ (Q ⇔ Q ∧ R).
From (12), and (8) it follows that

AÛ(S) ⇒ AÛ(L̂0))
. (13)

The reasoning above applies to all actions in Û(S), since each of them is a
refinement of some action in S and thus a refinement of some action in L̂0. It
follows that if P̂ is a safety property of Û(L̂0), no action in Û(S) can invalidate
it:

(Û(L̂0) ⇒ P̂ ) ⇒ (P̂ ∧ AÛ(S) ⇒ P̂ ′) (14)
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L0 does not contain any initial conditions, so the initial conditions of Û(L̂0)
are by construction present in Û(S) as well, as they are introduced by Û . We
thus conclude that (11) is a sufficient condition for the preservation of safety
properties of U(L0) in Û(S).

5 An Extended Example

In this section we give an extended example of an archived step that illustrates
some aspects not present in the token passing example. The example deals with
the common problem of communicating some data over a channel that cannot
directly represent the data. At the sending end a datum to send is decomposed
into lower level data, and at the receiving end it is composed back to a higher
level datum. The obvious safety property is that the lower level channel should
implement a higher level channel.

Figure 5 presents a parameterized DisCo layer describing the contextual con-
straints of the decomposition–composition step. This time the context is some-
what more complicated, involving variables and state changes. The specification
describes a system in which data is produced to the sending buffer of the sender,
sent to the receiver, and consumed from the receiving buffer of the receiver.

Besides the entities introduced in DecomposeComposeContext , its formal pa-
rameters include the type lowT and the functions decompose and compose, which
are not used in the layer. The reason for their appearance is that they are entities
used in the solution layer that should nevertheless be provided when the step is
applied.

Figure 6 depicts the solution part of the step. In the solution, a datum to be
sent is first decomposed into lower level date, and the lower level data are sent
one by one to the receiver. Transmitting the final low level datum corresponds
to the high level send action,

The invariant ensured by the solution is lowBufferComposition, which states
that the composition of the low level data in the lowBuffer variables equals the
first item to be sent in the sender’s high level sending queue. In particular, this
means that a receiver does not need access to the sender’s high level sending
queue in action sendLast . It is sufficient to access the local low level receiving
queue. The specification does not specify the mechanism by which the recei-
ver recognizes the last low level datum, since there are several possibilities a
particular application could use.

The invariant can be verified using the initial conditions SingleSender and
SingleReceiver which constrain the number of objects, and the assumption IsIn-
verse which describes the properties required from the functions.

Figure 7 presents a specification to which we wish to apply the decomposi-
tion – composition step. It describes a weather sensor that measures temperature
and humidity and sends the measurements to a recorder that stores the sequence
of measurements. Actions senseTemperature and senseHumidity model the in-
dependent sensing of the environment, and action measure models reading the
sensors and storing the measurement to be transmitted.
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layer DecomposeComposeContext[
Sender(dataToSend), Receiver(receivedData) : class;
highT, lowT : type; decompose, compose : function;
produce(s,d), send(s,r), consume(r) : action] is

class Sender is
dataToSend : sequence hightT;
end;

class Receiver is
receivedData : sequence hightT;
end;

action produce(s : Sender; d : highT) is
when true do
s.dataToSend := s.dataToSend & <d>;
end;

action send(s : Sender; r : Receiver) is
when size(s.dataToSend) > 0 do
r.receivedData := r.receivedData & <head(s.dataToSend)>;
s.dataToSend := tail(s.dataToSend);
end;

action consume(r : Receiver) is
when size(r.receivedData) > 0 do
r.receivedData := tail(r.receivedData);
end;

end;

Fig. 5. Context part of decomposition–composition

The specification does not include functions corresponding to compose and
decompose, so they are introduced in a separate layer WeatherFunctions (Fi-
gure 8) before applying the step. Action measure is also augmented with a pa-
rameter matching d in produce.

Applying the step to WeatherFunctions yields an instance of Decompose-
ComposeSolution. Figure 9 presents an excerpt of the instance. Actions have
been omitted, as they are simply derived by making the substitutions of actual
parameters to formal parameters.

Compared to the token passing example, an application of the decompose–
compose step incurs more complicated proof obligations. The proof obligations
related to action produce in the archived step is
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layer DecomposeComposeSolution[
Sender(lowBuffer), Receiver(lowBuffer) : class;
emptyBuffers, SingleSender, SingleReceiver : initial condition;
IsInverse : assumption; lowBufferComposition : assertion;
prepareSend(s),lowSend(s,r),sendLast(s,r) : action]
import DecomposeComposeContext is
extend Sender by lowBuffer : sequence lowT; end;

extend Receiver by lowBuffer : sequence lowT; end;

initially emptyBuffers is
∀ s : Sender; r : Receiver :: s.lowBuffer = < > and r.lowBuffer = < >;

initially SingleSender is ∀ s1, s2 : Sender :: s1 = s2;
initially SingleReceiver is ∀ r1, r2 : Receiver :: r1 = r2;

assumption IsInverse is
∀ ht : highT :: compose(decompose(ht)) = ht;

assert lowBufferComposition is
∀ s : Sender; r : Receiver ::
size(r.lowBuffer & s.lowBuffer) /= 0
=> compose(r.lowBuffer & s.lowBuffer) = head(s.dataToSend);

action prepareSend(s : Sender) is
when size(s.lowBuffer) = 0 and size(s.dataToSend) > 0 do
s.lowBuffer := decompose(head(s.dataToSend));
end;

action lowSend(s : Sender; r : receiver) is
when size(s.lowBuffer) > 1 do
r.lowBuffer := r.lowBuffer & <head(s.lowBuffer)>;
s.lowBuffer := tail(s.lowBuffer);
end;

refined sendLast(. . . ) of send(. . . ) is
when . . . size(s.lowBuffer) = 1 do
. . .
s.lowBuffer := < >;
r.lowBuffer := < >;
end;

end;

Fig. 6. Solution part of decomposition–composition

(size(s.sendingBuffer) = 0
∧m = Measurement(s.temperatureReading, s.humidityReading)
∧ s.sendingBuffer’ =

〈Measurement(s.temperatureReading, s.humidityReading)〉)
⇒

(true ∧ s.sendingBuffer’ = s.sendingBuffer& 〈m〉),

(15)
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layer WeatherSensor is
type Measurement is
temperature : real;
humidity : real;
end;

class Sensor is
temperatureReading : real;
humidityReading : real;
sendingBuffer : sequence Measurement;
end;

class Recorder is measurements : sequence Measurement; end;

action senseTemperature(s : sensor; t : real) is
when true do
s.temperatureReading := t;
end;

action senseHumidity(s : sensor; h : real) is
when true do
s.humidityReadon := h;
end;

action measure(s : Sensor) is
when size(s.sendingBuffer) = 0 do
s.sendingBuffer := <Measurement(s.temperatureReading,

s.humidityReading)>;
end;

action transmit(s : Sensor; r : receiver) is
when size(s.sendingBuffer) = 1 do
r.measurements := r.measurements & <head(s.sendingBuffer)>;
s.sendingBuffer := < >;
end;

end;

Fig. 7. Specification of a weather station

which is relatively straightforward to verify. The proof obligation related to ac-
tion send is

(size(s.sendingBuffer) = 1
∧ r.measurements’ = r.measurements& 〈head(s.sendingBuffer)〉
∧ s.sendingBuffer’ = 〈〉)

⇒
(size(s.sendingBuffer) > 0
∧ r.measurements’ = r.measurements& 〈head(s.sendingBuffer)〉
∧ s.sendingBuffer’ = tail(s.sendingBuffer)).

(16)
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layer WeatherFunctions import WeatherSensor is
function MeasurementToReals(m : Measurement) : sequence real is
<m.temperature, m.humidity>
end;

function RealsToMeasurement(s : sequence real) : Measurement is
Measurement(head(s), head(tail(s)))
end;

refined measure(. . . m : Measurement) of measure(. . . ) is
when . . . m = Measurement(s.temperatureReading, s.humidityReading)
do . . . end;

end;

Fig. 8. Adapting WeatherSensor to DecomposeComposeContext

This is also easy to verify. As there is no action in WeatherSensor corresponding
to consume, no proof obligations arise.

The assumption IsInverse in the solution layer gives rise to a further proof
obligation as assertion IsInverse in WeatherSolution. Verifying it is also a simple
exercise in reasoning about records and sequences.

6 Related Work

Formal refinement of specifications into executable programs has been exten-
sively studied (see e.g. [4,19]). Our work is different from the mainstream re-
finement research because of the use of superposition. A superposition step is
a refinement step by construction, so refinement need not be verified. Instead,
we are interested in safety properties related to the new variables introduced
in a superposition step. These properties may link newly introduced variables
to the higher level variables (data refinement), or they may be e.g. consistency
properties of the new variables.

Compared to refinement of specifications into sequential programs, our work
has somewhat different focus. Instead of algorithmic complexity, we are inte-
rested in managing the complexity emerging from interactions of objects. In
this context, complex local computations can often be abstracted away using
nondeterminism, and sophisticated data refinement is not necessary. For a fully
formal derivation of distributed systems the sequential computations embodied
in actions would also need to be derived, but this is not our present goal.

Archiving design steps is well established in the context of sequential pro-
grams. The Specware [11] system and others developed in the Kestrel Institute
have been notably successful in the derivation of executable programs from al-
gebraic specifications [22,5]. In Specware, refinement is based on interpretations.
An interpretation A → S is a pair of morphisms S → S′ and A → S′, where S ′

is a definitional extension of S. In our construction S → S′ is the superposition
relation, and A → S′ is the composition of instantiation and refinement.
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layer WeatherSolution import WeatherFunctions
assert
refines(WeatherFunctions,

DecomposeComposeContext[WeatherFunctions.Sensor(sendingBuffer),
WeatherFunctions.Recorder(measurements),
WeatherFunctions.Measurement, real,
WeatherFunctions.MeasurementToReals,
WeatherFunctions.RealsToMeasurement,
{WeatherFunctions.measure(s,d)},
{WeatherFunctions.transmit(s,r)}, {}]

instance DecomposeComposeSolution[emptyBuffers, SingleSensor,
SingleRecorder, IsInverse, lowBufferComposition, Sensor(lowBuffer),

Recorder(lowBuffer), prepareSend(s), lowSend(s,r), sendLast(s,r)]
is
extend Sensor by lowBuffer : sequence real; end;
extend Recorder by lowBuffer : sequence real; end;

initially emptyBuffers is
∀ s : Sensor; r : Recorder :: s.lowBuffer = < > and r.lowBuffer = < >;

initially SingleSensor is ∀ s1, s2 : Sensor :: s1 = s2;
initially SingleRecorder is ∀ r1, r2 : Recorder :: r1 = r2;

assert IsInverse is
∀ ht : Measurement ::

RealsToMeasurement(MeasurementToReals(ht)) = ht;

invariant lowBufferComposition is
∀ s : Sensor; r : Recorder ::
r.lowBuffer & s.lowBuffer /= < > =>
RealsToMeasurement(r.lowBuffer & s.lowBuffer) = head(s.sendingBuffer);

...
end;

Fig. 9. Application of DecomposeComposeSolution to WeatherFunctions

By restricting to the special case, we manage without the rather heavy ma-
thematical machinery underneath Specware. Avoiding mathematics is of course
not a value in itself, but our approach meshes well with how development is
normally done in DisCo. It also uses concepts that are close to those of pro-
gramming, which has been a design goal when developing the DisCo approach.

Our work is also connected with patterns [8,6]. A specification in the closed
world approach embodies a solution and the context in which the solution is
applicable. Together with an informal problem statement, these meet a common
definition of what constitutes a pattern. A joint action specification formally
describes relations and interactions between objects, which in pattern literature
are usually given informally using class diagrams accompanied with prose and
descriptions of message interchange. Behavioral patterns can easily be expressed
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as closed world joint action specifications. Work on formalizing patterns in the
joint action formalism has been reported in [18].

Compositional TLA (cTLA) [9] is an approach closely related to DisCo, as
both are specification languages based on Temporal Logic of Actions [16]. The
languages support and encourage quite different styles of specification, though.
Compared to DisCo, cTLA has a more component oriented flavor: a specification
is composed of processes, which are subsystems described in TLA. Each process
has a set of private state variables, which are only accessible to the actions of the
process. When a new process is composed, actions of the component processes
are synchronized, and action parameters are used for sharing values among the
synchronized actions.

The cTLA pattern integration [17] operation can be used for merging the
state spaces of component processes. Integration is similar to composition, but
additionally one gives a new set of state variables. The state variables of the
components are replaced with expressions involving the new state variables. The
result is a process that has the properties of its components, but a flat rather
than a hierarchical structure. The pattern integration operation can be used to
achieve results similar to those of our approach, but with a considerably different
style.

At a first glance, archived joint actions specifications may resemble e.g. Ada
generic packages or C++ templates. There is an important difference brought
about by the use of superposition, however. Instead of components, our archived
units describe aspects of behavior. In the programming language world the closest
analogy is aspect oriented programming [13], where fragments of code called
aspects are woven into a complete program by an aspect weaver. The ellipsis
“. . . ” in DisCo plays the role of the aspect weaver.

7 Conclusions and Further Work

We have presented how aspects of collective behavior can be archived and ap-
plied as parametric joint action specifications. Applying such archived aspects
facilitates the reuse of both design and verification effort. Safety properties may
be verified for an archived specification. These properties are transferred to an
application of the specification by discharging a set of proof obligations that are
typically easier to verify than the safety property itself.

Further work is needed for finding aspects that are worthwile to archive and
verify. In connection with the DisCo method we see the greatest potential in
situations where atomicity needs to be ensured e.g. by some form of locking.
Implementing data abstractions is another possible area of application. We plan
to extend the current DisCo tools so that parametric specifications could be
animated and verified.

Acknowledgments. This work has been partly funded by the Academy of
Finland, project 757473.
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Abstract. We are interested in the class of systems for which the satis-
faction of code dependencies is a dynamic process rather than one which
is determined purely at load-time. Examples include dynamic delegation,
mobile code and agent systems. Such systems exhibit properties which
are not well-captured by current typing models. We describe a system of
ionic object types which capture these effects and allow them to be anal-
ysed within a standard object type framework. We show how ionic types
improve the modeling of various forms of dynamic object completion
including certain aspects of security checking, delegation and method
update, contrast them with other approaches to the same problems, and
sketch a possible ionic extension to Java.

1 Introduction

Programming languages exhibit a constant tension between static and dynamic
checking. The former attempts to catch problems at compile-time, but inhibits
many useful dynamic decisions; the latter provides more run-time flexibility at
a cost of run-time type errors. This tension is exhibited by many programming
approaches of current interest including dynamic adaptation, code mobility and
component-based systems. Designers must balance the need for dynamic flexi-
bility against a desire for static correctness checks.

Such systems are representative of a broad class in which the satisfaction
of code dependencies is a dynamic process rather than one fixed at compile-
or load-time. This dynamism manifests itself in various guises. In a delegation-
based system the object which actually satisfies a method may be re-assigned
as computation progreesses. For a mobile code system, it occurs when a piece of
code migrates into a foreign environment and is tacitly re-linked with that en-
vironment’s functions for display, file access etc. Under certain security regimes
the environment may refuse to provide some expected functions, causing execu-
tion to fail at run-time. The important point is that the application depends on
the availability of the functions and could never execute successfully under that
security regime, so many of the dynamic security checks – although required in
other, more complex cases – might better be performed statically. Intuitively it
seems preferable for code whose requirements can never be accommodated to
fail before execution.

Elisa Bertino (Ed.): ECOOP 2000, LNCS 1850, pp. 296–312, 2000.
c© Springer-Verlag Berlin Heidelberg 2000
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The unifying theme is that an object’s response to a method can be changed
as computation progresses. These changes are not generally arbitrary, but have a
well-defined structure and require that some dependencies are maintained. If we
capture these structures and dependencies uniformly within the type framework
we can model their behaviours more accurately and obtain better predictions of
an application’s long-term behaviour.

We have been exploring the notion of ionic types which allow functional-
ity to be deliberately extracted from an object while retaining the necessary
dependencies. The resulting ion may then be resolved against another object
implementing the extracted functions. Ionic types provide a direct and type-safe
model for examining the dynamic satisfaction of code dependencies in its various
guises, providing new perspectives on phenomena including inheritance, mobile
agents, delegation and method update.

In this preliminary study we present a system of ionic types expressed within
the object calculus of Abadi and Cardelli[2]. We introduce ions as variants on
standard objects by providing types and operations for removing and resolving
functionality, and show how the ideas apply to both objects and classes. We
discuss some of the issues in static versus dynamic checking of ions, and then
describe the use of ions in a number of scenarios involving dynamic changes
in behaviour. We contrast our work with that of others and briefly sketch a
possible embedding of ions into Java, before concluding with some directions for
the future.

2 Necessary formalism

We present ions using the system Ob1<:, one of the simplest members of the
family of object calculi developed by Abadi and Cardelli – readers familiar with
the system may want to skip this section. It should be noted that ions have no
essential dependence on the features of this system and can easily be generalised
to other calculi.

A,B ::= types
X type variable
K ground type

Top the biggest type
[liυi : Ai∈1..n

i ] object type
A → B function type

a,b ::= terms
x variable

[li = ς(self : A)ai∈1..n
i ] object literal

a.l member access
a.l ⇐ ς(x : A)b member update

λ(x : A)b function literal
b(a) function application

Fig. 1. Syntax of the Ob1<: calculus

The object calculus is formed using the types and terms from figure 1. An
object type is represented by a sequence of labelled members, all labels distinct.
An object literal maps labels to values, where a value may include a reference to
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the object itself. These self-referring members are the methods in the object, and
are constructed using the ς (sigma) binder. A method term such as ς(self : O)b
binds self within b to the object on which the method is called. More complex
methods may be built using a λ-term for the body of the method. The “dot”
operator is used to access the members of an object, and will implicitly bind
self in any methods accessed. For example the object type O ≡ [val : Int, get :
Unit → Int] defines the type of an object with two members, an integer val
and a function get taking no arguments and returning an integer. One possible
object with this type is o ≡ [val = 1, get = ς(self : O)λ()self .val + 1], where
the get member is a method with self reference self and a body consisting of a
function returning the value of val plus one.

Note that the use of methods does not affect the type signatures of members,
since ς-binding is performed implicitly by the dot operator. This has a number
of implications, most notably that, using the example above, o.get (with no
application) generates an ordinary function whose free self references are bound
to the object from which it was accessed. Note also that the usual interpretation
of the calculus is purely functional, so assigning to a member generates a new
object rather than an update-in-place.

(Sub Object)
Γ ` υiBi <: υ′

iB
′
i

[liυi : Bi∈1..n+m
i ] <: [liυ′

i : B
′i∈1..n
i ]

∀i ∈ {1..n}, υi ∈ {0,+ }

(Sub invariant)
Γ ` B

Γ ` 0B <: 0B

(Sub covariant)
Γ ` B <: B′

υB <: +B′ υ ∈ {0,+ }

Fig. 2. Ob1<: object sub-typing

Object sub-typing is generally invariant: an object type A is a sub-type of
another object type B iff A has at least the members of B with the same types.
However, methods may be decorated with + to mark them as covariant1. The
ordinary form of method declaration, with no annotation, is considered a short-
hand for an invariance decoration 0. (Figure 2, where the υi represent decora-
tions.) For our work we use covariance solely for encoding classes.

Classes are not regarded as primitive but are encoded as objects: a class for an
object type is simply an object which builds instances of that type with common
definitions for the members, and there may be several classes generating objects
of a given object type. For an object type A ≡ [li : Ai∈1..n

i ] the corresponding
class type Class(A) ≡ [new+ : A, l+i : A → Ai∈1..n

i ] consists of a method
new and encodings for the methods as pre-methods – functions from a receiving

1 A variation of Ob1<: provides contravariant methods as well. These are not needed
for our purposes, and we do not explicitly address them: however, there seems no a
priori reason why they cannot be accomodated.
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(Type Class)
Γ ` A

Class(A)
object type A

(Sub Class)
Γ ` Class(A) Class(B) A <: B

Class(A) <: Class(B)

Fig. 3. Ob1<: classes and class sub-typing

object type A to the method body. The covariance decorations ensure A <:
B ⇒ Class(A) <: Class(B) (figure 3). Each member of Class(A) has the
form [new = ς(z : Class(A))[li = ς(self : A)z.li(s)i∈1..n], li = λ(s : A)ai∈1..n

i ],
where new constructs an object where each member invokes the appropriate
pre-method on the class. The new method models the mechanical process of
constructing an object from a class rather than being a “constructor” in the
usual sense of object-oriented languages.

3 Ionic objects

In this section we develop a minimal type model for ions.
First we need to formalise some intuitions about the construction of objects.

In many cases an object is composed of sets of methods, each implementing a
particular aspect or feature of the object’s overall functionality. These features
are often largely independent but weakly interacting. In some cases it is desirable
to adapt the object by replacing one feature without disturbing the others, or
extracting one or more features for use elsewhere. It is these manipulations that
ionic types seek to model.

Let A ≡ [li : Ai∈1..n
i ] be an object type having members labeled from LA ≡

{li∈1..n
i }. We may partition this label set into {LJ}J⊆{1..n}, each of which induces

an object type OJ ≡ [lj : Aj∈J
j ]. Each OJ defines a feature which combine to form

the final definition of O. Generally we say that the OJ cover A (or equivalently
that the LJ cover LA), since A <: OJ for all the OJ with no extra methods being
introduced. We also introduce a type extension operator. If A ≡ [li : Ai∈1..n

i ]
and B ≡ [lj : Bj∈n+1..m

j ] are object types, we define A . B ≡ [li : Ai∈1..n
i , lj :

Bj∈n+1..m
j ] as extending A with the members of B. Note that in this definition

the two types share no common labels, so both A . B <: A and A . B <: B.
An object is composed of methods, which in general depend on the existence

of other methods. An ion is created by removing some of these methods, giving
a “proto-object” which may only be used again when these methods have been
replaced. An application constructs an ion by specifying those methods of an
object which should be retained in the ion; the type rules track the “missing”
methods to guarantee that they are replaced by compatible implementations
when the ion is de-ionised back to an object (figure 4).

Let two label sets LI and LD induce types I and D covering A. Suppose
we have an object a : A, and we wish to capture the members in LI . We can-
not simply remove those members in LD as the bodies of the LI members will
generally depend on the LD for their definition. We therefore capture the de-
pendency which the members in LI have on the members in LD by defining a
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Fig. 4. Ion basics

type Ion(A, D) (read as “ion of A at D”). Because all labels are unique, A and
D uniquely specify I, and also A <: D. The members of such types – the ions –
represent objects which have some of their members abstracted and which may
be replaced by other suitably-typed members. If LD has no members – so D ≡ [],
the empty object type usually referred to as root – then the ion has no depen-
dencies and is essentially an ordinary object2. We refer to A as the underlying
type of the ion, I as its ionisation type, and D as its dependency type.

The type rules for ions are shown in figure 5. Ionic types are covariant in
their members and contravariant in their dependencies: for an ion i′ to be sub-
stitutable for an ion i it must provide at least the same members with no more
dependencies. The ionise() operation generates an ion from an object given a
description of the methods to retain. The deionise() operation resolves these
dependencies against another suitably-typed object, delegating the methods in
the dependency type to this object and yielding an object which includes the
actual type of the object against which the ion is resolved.

There is a small subtlety concerning method overriding. Suppose that we
have i : Ion(A, D) and d : D′ <: D where D′ also includes a member lj : Aj∈LI

j .
It is possible that both A and D′ may include a member lj , so deionise(i, d)
must select which method body to use in the deionised object. It is also possible
that the two method types are incompatible, since A and D′ may be sub-types

2 One could therefore define an object calculus completely in terms of ions, or equate
Ion(A, []) with A.
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(Type Ion)
Γ ` A Γ ` I Γ ` D

Γ ` Ion(A, D)
object type A covered by I, D

(Sub Ion)
Γ ` Ion(A, D) Γ ` Ion(A′, D′) Γ ` A′ <: A Γ ` D <: D′

Γ ` Ion(A′, D′) <: Ion(A, D)

(Val Ionise)
Γ ` A Γ ` I Γ ` D

Γ ` Ion(A, D) Γ ` a : A

Γ ` ionise(a, I) : Ion(A, D)
object type A covered by I, D

(Val Deionise)
Γ ` A Γ ` I Γ ` D

Γ ` i : Ion(A, D) Γ ` D′ <: D Γ ` d : D′

Γ ` deionise(i, d) : I . D′
object type A covered by I, D

Fig. 5. Type rules for ions

of D down two different sub-typing paths. Since both i and d may contain a
definition of lj we must make three decisions:

1. If a method defined in i invokes lj , which implementation is used?;
2. If a method defined in d invokes lj , which implementation is used?; and
3. If a client of deionise(i, d) invokes lj , what implementation is used?

This problem has arisen in other guises, and most of the combinations have
been tried (see section 7). In the current application, we want to use ions to
model transparent delegation of functionality to other objects in order to sup-
port mobility and other applications. Specifically we want to be able to deionise
several ions against the same parent object whilst leaving the parent’s behaviour
unchanged. This contrasts with most delegation-based languages in which the
additional functionality may change the behaviour of the parent object.

We therefore adopt the following model:

1. If the method is defined only in i, invocations from clients of deionise(i, d)
and from methods defined in i use the implementation from i – by definition
there will be no invocations from d;

2. If the method is defined in i and d, and the two are type-incompatible, a
dynamic type error occurs;

3. Otherwise, all invocations use the implementation from d.

It should be noted that point 2 is the only place where ionic types require
dynamic checks.
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These rules are formalised in figure 6. (The side conditions reflect the interac-
tions between ions and classes dealt with in the next section.) The object d is left
completely unaffected by deionisation against it, meaning that several child ob-
jects may safely be deionised against a single parent without sensitivity to order.
However, some of the ion’s functionality may not be propagated into the final
deionised object. This is the critical difference between ions and delegation-based
systems: they prevent overriding using the type system. It means that an ion can
only add functionality to another object, not affect functionality already present.
This is essential for modeling mobility using ions: if code from the network is al-
lowed to override system-provided functionality, it opens a gaping security hole.
These issues are examined further in section 5.

(Eq Ionise)
Γ ` a ↔ [lj = a

lj∈LI∪LD

j ] : A

Γ ` ionise(a, I) ↔ [lj = aj∈LI
j ] : Ion(A, D)

LI , LD cover LA, A, I not class types

(Eq Deionise)
Γ ` c ↔ [lj = c

lj∈LI

j ] : Ion(A, D)
Γ ` d ↔ [lk = d

lk∈LD∪LX
k ] : D′

Γ ` deionise(c, d) ↔ [lj = c
lj∈LI−LX

j , lk = dlk∈LD∪LX
k ] : I . D′

A, D not class types

Fig. 6. Semantics for ions

A further consequence of the rule (Val Deionise) in figure 5 is that the final
type of a child object resulting from deionisation reflects the actual type of its
parent: the final object is a valid sub-type of the ionisation type, the actual type
of the parent object, and (by subsumption) the dependency type. This means
that an application receiving an ion may both add the ion’s functionality to
an object and ensure that the object’s extra methods (over and above those in
the ion’s dependency type) remain accessible. Assuming no name clashes, these
extra methods are invisible to the method bodies derived from the ion.

4 Ions and classes

As mentioned in section two, Ob1<: does not treat classes as primitive. Rather,
a class is an object which produces objects of a given underlying object type
which share a common implementation of their methods. If X is an object type
then Class(X) is the object type of classes generating objects of type X. In this
section we explore the interactions of the class and ion constructions.

The first observation is that the class construction may be applied to ionic
types in two distinct ways. The first builds a family of types Class(Ion(A, D)),
representing classes which create ions rather than objects. The second builds a
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family of types Ion(Class(A), Class(D)), representing classes with some func-
tionality extracted. We refer to the former as ion classes and the latter as ionised
classes3.
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Fig. 7. Ion and ionised classes

An ion class constructs ions in the same way as a class constructs objects:
it generates instances of an object type which share a common implementation
(figure 7a). Each object created by a class is identical to all others in terms
of initial state but independent in terms of future state transitions; similarly
the ions created by an ion class are initially identical but may be deionised
independently to generate objects which will be functionally distinct despite
their common heritage.

An ion class may be encoded in a manner very similar to the usual class
encoding. The pre-methods specify the defined parts of the ion as expected, but
the constructor returns an ion including some dependencies. Suppose A ≡ [li :
Ai∈1..n

i ], LD and LI cover LA, and D ≡ [li : Ali∈LD
i ]. Then Class(Ion(A, D)) ≡

[new+ : () → Ion(A, D), l+i : A → Ai∈LI
i ] – the pre-methods map an object of

the underlying type to the provided body.
Ionised classes are a little more subtle, requiring explicit handling of new

methods. Ionising a class removes some of its pre-methods and new: the result-
ing object is then deionised against a class providing the abstracted pre-methods
(figure 7b). Deionisation synthesises a new method reflecting the new class’ struc-
ture (figure 8). Although the rule (Eq Class Deionise) looks complex, it basically
just performs sequential composition of the new methods with duplicates being
overridden by methods from d as expected.

It is interesting to note the difference between an ionised class and an abstract
class. In an abstract class some of the class’ methods are left to be defined by the
sub-classes; in an ionised class some of the methods are left to be defined by the
dependency type, which is effectively an abstracted superclass. This inversion
of the normal extension approach means that a designer may apply the same
extended functionality to different leaves in the inheritance hierarchy, whereas

3 There are actually two other possibilities, Ion(Class(A), D) and Ion(A, Class(D)),
which do not have obvious interpretations for arbitrary types A and D.
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(Eq Class Ionise)
Γ ` a ↔ [new = . . . , li = λ(s : A)ali∈LA

i ] : Class(A)
Γ ` ionise(a, I) ↔ [li = λ(s : A)ali∈LI

i ] : Ion(Class(A), Class(D))
LI , LD cover LA

(Eq Class Deionise)
Γ ` c ↔ [li = cli∈LI

i ] : Ion(Class(A), Class(D))
Γ ` d ↔ [new = . . . , lj = d

lj∈LD′
j ] : Class(D′) Γ ` D′ <: D

Γ ` deionise(c, d) ↔


new = ς(z : Class(I . D′))[li = ς(self : I . D′)z.li(self)li∈LI∪LD′ ],
li = λ(s : I . D′)cli∈LI−LD′

i ,

li = λ(s : I . D′)dli∈LD′
i


 : Class(I .D′)

Fig. 8. Ionisation rules for class types

the normal inheritance approach would require such shared functionality to be
applied to a common ancestor of the leaves – which is typically not possible in
systems which are dynamically extended. Ionised classes therefore provide an
important foil to the normal inheritance mechanism.

The traditional approach to controlling overriding has been through visibility
modifiers such as Java’s public, protected and final modifiers. Such modifiers
define a single overriding policy for all the code in a system – and when code
increasingly derives from multiple sources with different degrees of trust this
seems to be a very blunt implement with which to tackle an increasingly subtle
problem. With ionised classes, rather than extending a single class under a single
policy, we may apply the same extension to different bases. This adds a layer of
flexibility when (for example) the extensions are imported from remote sources,
since the base may be tailored to suit the source.

5 Applications

In this section we show how ions and ionised classes can be used to model and
improve four common programming structures.

5.1 Method update

Object calculi (including Ob1<:) frequently allow the methods of an object to
be updated as computation progresses. In a formal system this allows value
and method update to be handled uniformly; in practice it can also be a useful
capability, for example in providing dynamic adaptation of key algorithms. Since
mainstream languages do not support method update, such features are usually
addressed using (unchecked) design patterns. Ions provide a direct solution, with
the additional benefit of being able to perform multiple updates simultaneously.

The static, inheritance-based approach to method update defines a sub-class
with the new method implementations, adding the new implementations from
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the bottom of the inheritance hierarchy. The dynamic case using ions does the
opposite: the object is first ionised to remove the unwanted implementations,
and is then deionised against an object providing the new implementations.
Since deionisation must satisfy all abstracted dependencies, one may force a set
of simultaneous updates simply by controlling the initial ionisation.

This definition of method update retains the old object, dynamically gener-
ates a copy with the new functionality, and does not disturb any other objects –
a run-time, selective, preserving adaptation to use the terminology of [13]. The
same approach may be applied to classes, building an ionised class without the
unwanted functionality and deionising against a class providing the new imple-
mentations. The preservation of the old definition may be undesirable in some
circumstances, as it may be impossible to transparently replace the old definition
with the new throughout a complex program.

5.2 Agents

An agent is an object instance which moves between sites according to some
itinery. The agent may retain state gathered at each site and possibly use it to
determine its future path. At each site the agent requires access to some part
of the host site’s environment, and the capabilities which each site grants will
typically depend on the agent’s source. Agents are usually represented as objects,
but their environmental dependence means that they are more correctly viewed
as ions.

When an agent migrates, the host will not typically transfer the entire pro-
gram: instead it will transfer that part of the program which provides the agent’s
novel functionality, assuming that the common parts of the run-time system will
be made available by the receiving host. This assumption is flawed, in the sense
that a host may decide not to make some sensitive functions available to some
incoming agents. This in turn means that, if the agent depends on those func-
tions, it cannot successfully execute. However, this dependence remains implicit
within the agent rather than being made explicit in its type, making it difficult
to determine a priori whether the agent has an unsatisfied dependency or not.

As an example, suppose we have an environment containing an operation
which prints an integer on the screen, Env ≡ [printint : int → ()]. This op-
eration depends critically on location in terms of resource acquisition (different
places use different displays); it is also security-sensitive, in that untrusted code
may not be allowed to access the screen. This means that a host may wish not
to make printint available to all agents.

Suppose we now define an object type O ≡ Env.[i : int, inc : int → (), print :
() → ()] representing an agent running in an environment and maintaining a
counter which can be incremented and printed on the screen. The print method
of O uses the printint method of Env to display the counter on the screen before
moving to the next host.

To migrate o from one site to another we ionise it at Env to capture its
environmental dependency, transport it using the appropriate wire protocol, and
then deionise it against the appropriate local environment (figure 9).
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Fig. 9. Ions and migrating agents

If the destination site decides that the incoming o should not be allowed to
access the screen, it may supply an environment without the printint method.
Deionising o against this environment will fail with a type error without execu-
tion.

An application receiving an agent may, in addition to running it, wish to
provide monitoring “hooks” to track its activities. Ionic types offer a simple way
of providing these hooks. The application adds the monitoring methods to the
environment (for example by defining an environment Env′ ≡ [printint : int →
(), numberofintsprinted : () → int] with a hook to monitor output behaviour).
Deionising against this extended environment allows the extra method to show
through (a consequence of (Val Deionise) in figure 5), allowing the receiving
application to access both the incoming code and its own monitoring and control
code.

We may contrast the behaviour of ions against the fully dynamic approach
where environmental access is provided by system-wide objects such as Java’s
use of java.lang.System. An incoming object’s dependence on these objects is
poorly captured, so operations which are known to be generally disallowed (such
as file access) are only caught at run-time. Furthermore some of the objects may
be unavailable even though they remain notionally defined (for example Java’s
System.out console stream, which can be a “black hole”), leading to unexpected
behaviour.

By capturing explicitly the dependence which an object has on routines which
potentially change across environments we provide a hook for improved analysis
and control. One may, for example, define the minimal dependence which an
agent has on its environment as the dependency type of the ion, and then analyse
precisely the impact of different security regimes.

5.3 Applets

Java applets are a common form of mobile code. The main difference between
an applet and an agent is that, while agent systems move objects, applets move
classes which are instantiated afresh at each site.

Applets generally run in an environment with very restricted disk and net-
work access. These restrictions are enforced by run-time checks inserted manually
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into all “sensitive” methods, allowing a browser to intercept and disallow calls
which might violate security. For many systems the restrictions will simply dis-
allow all accesses to some methods by applets, throwing a security exception if
the method is called. This simple form of security is basically a type-checking
problem, since a call to such a method will always fail.

We may model this situation using an ionised class. Rather than treat the ap-
plet as a fully-fledged class – implying that its execution environment is the same
as that in which it was defined – we instead ionise the applet class before trans-
porting it to the client-side. The ionised applet class is then deionised against an
environment including exactly those methods which the applet is allowed to call.
If the applet requires more methods then this environment will not completely
satisfy its dependency type and the deionisation operation will fail before the
applet is executed. This prevents partial completions whose consequences may
range from annoying to catestrophic.

This example illustrates the use of ionic types to capture, within the type
system, what are effectively load-time link errors. It provides a useful extra
“sanity check” for all dynamically loaded classes, not just applets.

5.4 Delegation

Delegation is often seen as an alternative to inheritance when building object-
oriented programs. In inheritance, the methods of an object are composed by
adding new members to an already-existing class, which is then instantiated.
In delegation, some of the methods of one object are passed-off to be handled
by another object. Delegation therefore involves two objects rather than one.
In most mainstream object-oriented languages delegation is treated as a design
pattern rather than as a basic language construct, and must be constructed ad
hoc by each application.

The simplest case is where a child object delegates to a parent without affect-
ing its behaviour – adding methods but not overriding any. We define an ion i
whose underlying type include all the available methods and whose dependency
type contains the signatures of the methods to be delegated. We then deionise
against the object d to which those methods should be delegated. The fact that
d is self-contained in deionise(i, d) – so the methods of d remain unaffected by
the addition of i – means that it is perfectly safe to delegate several ions (poten-
tially with different underlying types or extended implementations) to the same
object.

Ions are not a complete replacement for general delegation, however. A gen-
eral delegation system allows the child object to override methods in the parent.
If there are multiple children, the parent must select the method definition from
the child on which the invocation originated – the so-called “self problem”[14].
Ions explicitly outlaw this form of behavioural modification – the child’s methods
cannot override the parent’s – so ion-based delegation is only applicable when
extending the parent’s functionality.

Delegation is particularly important in distributed systems, where an object
may wish to extend the functionality of another object on a remote server.



308 S. Dobson and B. Matthews

Distributed object systems such as CORBA or RMI generate “stub” objects to
act as local representatives of remote services. Both inheritance and delegation
are problematic in these situations, as the client may attempt to override some
of the server’s functionality without the server being notified. This means that,
while calls to the client will use the overridden method, embedded calls within
the server will use the original implementation.

Ions may be used to provide “wrapper” objects around the stub without
introducing these problems. The client constructs an ion with the added func-
tionality and deionises it against the stub. The semantics of ions means that the
server’s behaviour remains unchanged, so the resulting object behaves exactly
as expected if the object were local instead of being represented by a stub. This
makes it trivially easy for a local object to delegate some of its functionality to
a remote object with no “surprises”.

6 Ionic types in Java

How might one add ionic types to Java? There are several possible solutions,
and in this section we sketch perhaps the simplest approach which extends Java
minimally (in terms of syntax, semantics and “feel”) to provide ionic constructs.
The presentation is informal, our intention being to indicate the feasibility of
providing ions in Java rather than to fully formalise and extend Java’s type
system – a task already well performed by others[9].

Java’s designers have consistently maintained the significance of the names
given to classes and interfaces, as well as their structure. This suggests a model
of ions where we use interfaces to indicate allowed ionisation boundaries. This
respects Java’s insistence that all class and objects types are named, which is a
little more restrictive than the arbitrary ionisation allowed by our presentation
so far. It turns out that this decision also has a slight impact on the definition
of deionisation.

Consider a Java declaration class A implements D { ... } together with
an instance a. We may ionise a at the D interface boundary to construct an ion
i having an extended Java type ion A at D corresponding informally to our
Ob1<: type Ion(A, D) and represented as a clone of a with the methods from D
abstracted. We may then deionise i against an object b of class B implement-
ing interface D in the expected way. Operationally this delegates the D-declared
methods of i to b. The definition of class A may include other interfaces as
well as D, which should be preserved by ionisation.

What is the type of the deionised object? According to our rules it extends
A with the methods of B – but this type is novel, synthetic and without a name,
meaning that it cannot be expressed in a Java program. However, we can guar-
antee that it is a legal instance of A, B or D, which is sufficient to allow it to be
used.

An ion class is declared by providing the definition of its methods assuming
that it implements the methods of the interface along which it is ionised. Creating
an instance of this class constructs an ion, which may then be deionised to
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class A implements D { ... }
class B implements D { ... }
A a = new A(); B b = new B();
ion A at D i = ionise a at D;
A aprime = deionise i against b;

Fig. 10. Ionising Java objects

form an object (figure 11, top). Ionised classes are a bit more subtle, as they
effectively allow run-time manipulation of the class hierarchy. We introduce a
new Java type ion class A at D representing a class A with methods declared
in D abstracted, creating such objects using ionise class A at D and allowing
them to be passed around and resolved (figure 11, bottom). Visibility modifiers
behave as expected: a private modifier on the base prevents an ion depending on
that method, and so forth. Composition of constructors is similarly well-behaved.

class ion A at D { ... }
ion A at D a = new A();

ion class A at D Aprime = ionise class A at D;
A a = new (deionise Aprime against class B)();

Fig. 11. Ion and ionised classes in Java

How do these constructs support Java-based mobile code systems? We need
the ionic operations to preserve special interfaces such as java.io.Serializable,
so that the ion is serialisable if the object is. Similarly we want ionised classes to
be serialisable so that they may be passed between machines. This is possible in
Java – outside the type system! – using Class objects and the reflection API, so
the ionic operations may be regarded simply as giving a typed basis to existing
low-level functionality.

This sketch of ions in Java remains incomplete, leaving a number of thorny
issues inevitable when trying to integrate a new construct into an existing lan-
guage – most notably the impact of threads, class loaders, and the handling of
interfaces such as java.io.Externalizable which could generate subtle errors
if applied to ions. We hope we have indicated the ions lie sufficiently close to
modern practice to be a viable proposition.

7 Related work

The ability to add functionality uniformly to the bottom of a class hierarchy –
usually referred to as mixin-based inheritance – has been studied extensively, e.g.
[4][10]. Mixins arose within a dynamic typing regime, and have been extended
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with static checks. Ionised classes offer essentially the same functionality as mix-
ins, and are statically type-safe in environments where all classes are elaborated
at compile-time. The more general ionic types offer more dynamism with a small
and controlled loss of type safety.

The problem of name capture and overriding discussed in section 3 can be
resolved in several different ways. Delegation-based languages generally allow
the child object to override methods in the parent, changing its behaviour. (An
elegant solution to name capture along different sub-typing paths in this context
is given by Kniesel[13].) The Beta language[15] prohibits simple overriding but
allows a child method to be called within the parent method. Neither approach
effectively addresses untrusted downloaded code or transparent delegation to
remote objects.

Many groups are working towards the design and implementation of mobile
agent systems – a good review may be found in [12]. Most of this work has
focussed on mechanisms for migration (e.g. [11]) and on traditional authorisa-
tion and verification approaches such as digital signatures, assuming that an
agent’s environment is in some senses the same across hosts. Treating environ-
mental changes as a phenomenon in their own right provides a different – and
in some ways more flexible – view of these issues, allowing them to be treated
more uniformly within a type framework. Another substantial body of work has
addressed low-level aspects of mobile systems such as channel usage[17] and en-
crypted transport protocols[3] using type systems. These efforts may be seen as
part of a trend which replaces ad hoc checks with richer type checking.

The ambient calculus of Cardelli and Gordon[6] is a particularly interesting
emerging formalism for mobility. An ambient encapsulates a set of processes and
sub-ambients into a package which may migrate through a hierarchy according
to some simple rules. Two type frameworks have been developed on top of the
original untyped system: a conventional system controlling the types of com-
munications[7] and a novel system of “mobility types”[5] providing type-level
control over how an ambient may move about the system. We speculate that
communication types are closely related to ions, in the sense that an ion repre-
sented as an ambient might add new communications (method calls) if opened
within another context. This is a possible area for future work.

Work on design patterns offers a great many useful approaches to designing
complex systems. It is interesting to note that many patterns simply provide
mechanisms for controlling behavioural updates and indirections – issues which
may in many cases be addressed type-safely using ions. This addresses a major
criticism of design patterns, that they add layers of complexity to applications
without providing additional layers of checking.

8 Conclusion

We have described a minimal model of ionic types and shown how they can
model some otherwise problematic issues in systems with dynamic code com-
pletion. We showed some applications of the technique to mobile code, simple
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security checking, delegation and method update. The uniform treatment pro-
vides suitable type guarantees to many aspects usually addressed using design
patterns or fully dynamic type-checking. We briefly sketched an incomplete em-
bedding of ions into Java, suggesting that the concepts could easily be reified in
a practical programming language.

Existing models of object-oriented systems are designed with a static, mono-
lithic system in mind. With distributed systems, mobile code and policy-controlled
access becoming more commonplace, these models are no longer sufficiently pow-
erful to represent all the desirable behaviours. The main contribution of this work
is to provide a simple model for structured behavioural change which accurately
reflects the capabilities, limitations and threats observed in the emerging genera-
tion of systems and which allows static and dynamic modifications to be treated
uniformly.

Type checking evolved as a way of avoiding as many run-time “sanity checks”
as possible. As application domains become more complex it becomes vital to
encompass additional properties within the type system, avoiding as far as pos-
sible an explosion in avoidable run-time checks (and, by implication, avoidable
run-time failures). New versions of Java, for example, will allow applications
to define security domains for incoming code, meaning that the behaviour of a
migrating object may be radically affected as it changes domains[1]. One may
use ions to model the static exclusions necessary for a policy, highlighting those
methods which need context-sensitive handling. This can suggest different de-
sign approaches, for example separating potentially sensitive functions which
manipulate files from their more general counterparts. We are also exploring re-
finements by which the dependency type of an ionic type can be expanded and
reduced piecemeal, to provide finer-grained control over ion dependencies.

A number of implementations of ions are possible, and we have sketched a
restricted model close to the spirit of Java. We are exploring other models using
the Vanilla language toolkit[8] with a view to determining the extent to which
ions provide a widely applicable orthogonal type construction to be integrated
into languages for mobile computing. We are also interested in the interaction
of ions with native compilation, especially systems such as Harissa[16] which are
able to handle dynamic class loading.
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Abstract. The standard reflection API of Java provides the ability to
introspect a program but not to alter program behavior. This paper pre-
sents an extension to the reflection API for addressing this limitation.
Unlike other extensions enabling behavioral reflection, our extension cal-
led Javassist enables structural reflection in Java. For using a standard
Java virtual machine (JVM) and avoiding a performance problem, Javas-
sist allows structural reflection only before a class is loaded into the JVM.
However, Javassist still covers various applications including a language
extension emulating behavioral reflection. This paper also presents the
design principles of Javassist, which distinguish Javassist from related
work.

1 Introduction

Java is a programming language supporting reflection. The reflective ability of
Java is called the reflection API. However, it is almost restricted to introspection,
which is the ability to introspect data structures used in a program such as a
class. The Java’s ability to alter program behavior is very limited; it only allows
a program to instantiate a class, to get/set a field value, and to invoke a method
through the API.

To address the limitations of the Java reflection API, several extensions have
been proposed. Most of these extensions enable behavioral reflection, which is
the ability to intercept an operation such as method invocation and alter the
behavior of that operation. If an operation is intercepted, the runtime systems of
those extensions call a method on a metaobject for notifying it of that event. The
programmer can define their own version of metaobject so that the metaobject
executes the intercepted operation with customized semantics, which implement
a language extension for a specific application domain such as fault tolerance [9].

However, behavioral reflection only provides the ability to alter the behavior
of operations in a program but not provides the ability to alter data structures
used in the program, which are statically fixed at compile time (or, in languages
like Lisp, when they are first defined). The latter ability called structural reflec-
tion allows a program to change, for example, the definition of a class, a function,
and a record on demand. Some kinds of language extensions require this ability
for implementation and thus they cannot be implemented with a straightforward
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program using behavioral reflection; complex programming tricks are often nee-
ded.

To simply implement these language extensions, this paper presents Javassist,
which is a class library for enabling structural reflection in Java. Since portability
is important in Java, we designed a new architecture for structural reflection,
which can be implemented without modifying an existing runtime system or
compiler. Javassist is a Java implementation of that architecture. An essential
idea of this architecture is that structural reflection is performed by bytecode
transformation at compile-time or load time. Javassist does not allow structural
reflection after a compiled program is loaded into the JVM. Another feature of
our architecture is that it provides source-level abstraction: the users of Javassist
do not have to have a deep understanding of the Java bytecode. Our architecture
can also execute structural reflection faster than the compile-time metaobject
protocol used by OpenC++ [3] and OpenJava [20].

In the rest of this paper, we first overview previous extensions enabling be-
havioral reflection in Java and point out limitations of those extensions. Then
we present the design of Javassist in Section 3 and show typical applications of
Javassist in Section 4. In Section 5, we compare our architecture with related
work. Section 6 is conclusion.

2 Extensions to the Reflection Ability of Java

The Java reflection API dose not provide the full reflective capability. It does
not enable alteration of program behavior but it only supports introspection,
which is the ability to introspect data structures, for example, inspecting a class
definition. This design decision was acceptable because implementing the full
capability was difficult without a decline in runtime performance. An imple-
mentation technique using partial evaluation has been proposed [17,2] but the
feasibility of this technique in Java has not been clear.

However, several extensions to the Java reflection API have been proposed.
To avoid performance degradation, most of these extensions enable restricted
behavioral reflection. They only allow alteration of the behavior of specific kinds
of operations such as method calls, field accesses, and object creation. The pro-
grammers can select some of those operations and alter their behavior. The
compilers or the runtime systems of those extensions insert hooks in programs
so that the execution of the selected operations is intercepted. If these operati-
ons are intercepted, the runtime system calls a method on an object (called a
metaobject) associated with the operations or the target objects. The execution
of the intercepted operation is implemented by that method. The programmers
can define their own version of metaobject for implementing new behavior of the
intercepted operations.

The runtime overheads due to this restricted behavioral reflection are low
since only the execution of the intercepted operations involves a performance
penalty and the rest of the program runs without any overheads. Especially, if
hooks for the interception are statically inserted in a program during compila-
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tion, the runtime overheads are even lowered. To statically insert hooks, Reflec-
tive Java [22] performs source-to-source translation before compilation and Kava
[21] performs bytecode-level transformation when a program is loaded into the
JVM. MetaXa [16,11] internally performs bytecode-level transformation with a
customized JVM. It uses a customized just-in-time compiler (JIT) for improving
the execution speed of the inserted hooks. This hook-insertion technique is well
known and has been applied to other languages such as C++ [4].

Although the restricted behavioral reflection is useful for implementing va-
rious language extensions, there are some kinds of extensions that cannot be
intuitively implemented with that kind of reflection. An example of these exten-
sions is binary code adaptation (BCA) [13], which is a mechanism for altering
a class definition in binary form to conform changes of the definitions of other
classes. Suppose that we write a program using a class library obtained from
a third party. For example, our class Calendar implements an interface Writable
included in that class library:

class Calendar implements Writable {
public void write(PrintStream s) { ... }

}

The class Calendar implements method write() declared in the interface Writa-
ble.

Then, suppose that the third party gives us a new version of their class
library, in which the interface Writable is renamed into Printable and it declares
a new method print(). To make our program conform this new class library,
we must edit the definitions of all our classes implementing Writable, including
Calendar:

class Calendar implements Printable {
public void write(PrintStream s) { ... }
public void print() { write(System.out); }

}

The interface of Calendar is changed into Printable and method print() is added.
BCA automates this adaptation; it automatically alters class definitions in

binary form according to a configuration file specifying how to alter them. Note
that the method body of print() is identical among all the updated classes
since print() can be implemented with the functionality already provided by
write() for the old version. If that configuration file is supplied by the library
developer, we can run our program without concern about evolution of the class
library.

Unfortunately, implementing BCA with behavioral reflection is not intuitive
or straightforward. Since behavioral reflection cannot directly provide the ability
to alter data structures such as a class definition or construct a new data struc-
ture, these reflective computation must be indirectly implemented. For example,
the implementation of BCA with behavioral reflection defines a metaobject indi-
rectly performing the adaptation specified by a given configuration file. For the
above example, this metaobject is made to be associated with Calendar and it
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watches method calls on Calendar objects. If the method print() is called, the
metaobject intercepts that method call and executes the computation correspon-
ding to print() instead of the Calendar object. The metaobject also intercepts
runtime type checking so that the JVM recognizes Calendar as a subtype of Prin-
table. Recall that Java is a statically typed language and the original Calendar
is a subtype of Writable.

The ability to alter data structures used in a program is called structural
reflection, which has not been directly supported by previous systems. Although
a number of language extensions are more easily implemented with structural
reflection than with behavioral reflection, the previous systems have not been
addressing those extensions. They have been too much focused on language
extensions that can be implemented by altering the behavior of method calls
and so on.

3 Javassist

To simply implement language extensions like BCA shown in the previous sec-
tion, we developed Javassist, which is our extension to the Java reflection API
and enables structural reflection instead of behavioral one. Javassist is based on
our new architecture for structural reflection, which can be implemented without
modifying an existing runtime system or a compiler.

3.1 Implementations of Structural Reflection

Structural reflection is the ability to allow a program to alter the definitions of
data structures such as classes and methods. It has been provided by several
languages such as Smalltalk [10], ObjVlisp [6], and CLOS [14]. These languages
implement structural reflection with support mechanisms embedded in runtime
systems. Since the runtime systems contain internal data representing the defini-
tions of data structures such as a class, the support mechanisms allow a program
to directly read and change those internal data and thereby execute structural
reflection on the correspondent data structures.

We could not accept this implementation technique for Javassist since it needs
to modify a standard JVM but portability is important in Java. Furthermore,
a naive application of this technique to Java would cause serious performance
degradation of the JVM because this technique makes it difficult for runtime
systems to employ optimization techniques based on static information of exe-
cuted programs. Since a program may be altered at runtime, efficient dynamic
recompilation is required for redoing optimization on demand. For example, me-
thod inlining is difficult to perform. If an inlined method is altered at runtime
with structural reflection, all the inlined code must be updated. To do this, the
runtime system must record where the code is inlined. This will spend a large
amount of memory space. Another example is the “v-table” technique used for
typical C++ implementations [8]. This technique statically constructs method
dispatch tables so that invoked methods are quickly selected with a constant
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offset in the tables. If a new method is added to a class at runtime, then the
dispatch tables may be updated and all offsets in the tables may be recomputed.
Since the dynamic recompilation technique has been used so far for gradually op-
timizing “hot spots” of compiled code at runtime [12], it has been assuming that
a program is never changed at runtime. Effectiveness of dynamic recompilation
without this assumption is an open question.

Another problem is correctness of types. Since Java is a statically typed
language, a variable of type X must be bound to an object of X or a subclass Y
of X. If a program can freely access and change the internal data of the JVM,
it may dynamically change the super class of Y from X to another class. This
change causes a type error for the binding between a variable of type X and an
object of Y. To address this problem, extra runtime type checks or restrictions
on the range of structural reflection are needed.

3.2 Load-Time Structural Reflection

To avoid the problems mentioned above, we designed a new architecture for
structural reflection; it does not need to modify an existing runtime system or
a compiler. On the other hand, it enables structural reflection only before a
program is loaded into a runtime system, that is, at load time. Javassist is a
class library enabling structural reflection based on this architecture. In Java,
the bytecode obtained by compilation of a program is stored in class files, each
of which corresponds to a distinct class. Javassist performs structural reflection
by translating alterations by structural reflection into equivalent bytecode trans-
formation of the class files. After the transformation, the modified class files are
loaded into the JVM and then no alterations are allowed after that. Thereby,
Javassist can be used with a standard JVM, which may use various optimization
techniques.

Javassist is used with a user class loader. Java allows programs to define their
own versions of class loader, which fetch a class file from a not-standard resource
such as a network. A typical definition of the class loader is as follows:

class MyLoader extends ClassLoader {
public Class loadClass(String name) {

byte[] bytecode = readClassFile(name);
return resolveClass(defineClass(bytecode));

}

private byte[] readClassFile(String name) {
// read a class file from a resource.

}
}

The methods defineClass() and resolveClass() are inherited from ClassLo-
ader. They request the JVM to load a class constructed from the bytecode given
as an array of byte. The returned value is a Class object representing the lo-
aded class. Once a class X is manually loaded with an instance of MyLoader,
all classes referenced by that class X are loaded through that class loader. The
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JVM automatically calls loadClass() on that class loader for loading them on
demand.

Javassist helps readClassFile() shown above obtain the bytecode of a re-
quested class. It can be regarded as a class library for reading bytecode from
a class file and altering it. However, unlike similar class libraries such as the
JavaClass API [7] and JOIE [5], Javassist provides source-level abstraction so
that it can be used without knowledge of bytecode or the data format of the
class file. Also, Javassist was designed to make it difficult to wrongly produce a
class file rejected by the bytecode verifier of the JVM.

3.3 The Javassist API

We below present the overview of the Javassist API.

Reification and Reflection: The first step of the use of Javassist is to create
a CtClass (compile-time class) object representing the bytecode of a class loaded
into the JVM. This step is for reifying the class to make it accessible from a
program. If stream is an InputStream for reading a class file (from a local disk,
memory, a network, etc.), then:

CtClass c = new CtClass(stream);

creates a new CtClass object representing the bytecode of the class read from
the class file, which contains enough symbolic information to reify the class.
Also, the constructor of CtClass can receive a String class name instead of an
InputStream. If a String class name is given, Javassist searches a class path and
finds an InputStream for reading a class file.

One can call various methods on the CtClass object for introspecting and
altering the class definition. Changes of the class definition are reflected on the
bytecode represented by that object. To obtain the bytecode for loading the
altered class into the JVM, method toBytecode() is called on that object:

byte[] bytecode = c.toBytecode();

Loading the obtained bytecode into the JVM is regarded as the step for reflecting
the CtClass object on the base level. Javassist provides several other methods
for this step. For example, method compile() writes bytecode to a given output
stream such as a local file and a network. Method load() directly loads the class
into the JVM with a class loader provided by Javassist. It returns a Class object
representing the loaded class. Recall that Class is included in the Java reflection
API while CtClass is in Javassist.

Note that Javassist does not provide any framework for specifying how and
what classes are processed with Javassist. The programmer of the class loader
has freedom with respect to this framework. For example, the class loader may
process classes with Javassist only if they are specified by a configuration file
read at the beginning. It may process them according to a hard-coded algorithm.
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Table 1. Methods in CtClass for introspection

Method Description
String getName() gets the class name

int getModifiers() gets the class modifiers such as public
boolean isInterface() determines whether this object represents

a class or an interface
CtClass getSuperclass() gets the super class

CtClass[] getInterfaces() gets the interfaces
CtField[] getDeclaredFields() gets the fields declared in the class
CtMethod[] getDeclaredConstructors() gets the constructors declared in the class
CtMethod[] getDeclaredMethods() gets the methods declared in the class

Javassist allows a user class loader to define a new class from scratch without
reading any class file. This is useful if a program needs to dynamically define a
new class on demand. To do this, a CtClass object must be created as follows:

CtClass c2 = new CtNewClass();

The created object c2 represents an empty class that has no methods or fields
although methods and fields can be added to the class later through the Javassist
API shown below. If toBytecode() is called on this object, then it returns the
bytecode corresponding to that empty class.

Introspection: Javassist provides several methods for introspecting the class
represented by a CtClass object. This part of the Javassist API is compatible with
the Java reflection API except that Javassist does not provide methods for crea-
ting an instance or invoking a method because these methods are meaningless
at load time. Table 1 lists selected methods for introspection.

CtClass objects returned by getSuperclass() and getInterfaces() are
constructed from class files found on a class path. They represent the origi-
nal class definitions and thus accept only introspection but not alteration. To
alter a class, another CtClass object must be explicitly created with the new
operator. Modifications to this object have no effect on the CtClass object re-
turned by getSuperclass() or getInterfaces(). For example, suppose that
a class C inherits from a class S. If a CtClass object for S is created with new
and a method m() is added to that object, this modification is not reflected on
the object returned by getSuperclass() on a CtClass object for C. The class C
inherits m() from S only if the CtClass object created with new is converted into
bytecode and loaded into the JVM.

The information about fields and methods is provided by objects separate
from the CtClass object; it is provided by CtField objects obtained by getDeclar-
edFields() and CtMethod objects obtained by getDeclaredMethods(), res-
pectively. The information about a constructor is also provided by a CtMethod
object. Table 2 lists methods in CtField and CtMethod for introspection.
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Table 2. Methods in CtField and CtMethod for introspection

Method in CtField Description
String getName() gets the field name

CtClass getDeclaringClass() get the class declaring the field
int getModifiers() gets the field modifiers such as public

CtClass getType() get the field type
Method in CtMethod Description

String getName() gets the method name
CtClass getDeclaringClass() get the class declaring the method

int getModifiers() gets the method modifiers such as public
CtClass[] getParameterTypes() gets the types of the parameters
CtClass[] getExceptionTypes() gets the types of the exceptions that the

method may throw
boolean isConstructor() returns true if the method is a constructor
boolean isClassInitializer() returns true if the method is a class initializer

Table 3. Methods for alteration

Method in CtClass Description
void bePublic() make the class public
void beAbstract() make the class abstract
void notFinal() remove the final modifier from the class
void setName(String name) change the class name
void setSuperclass(CtClass c) change the super class
void setInterfaces(CtClass[] i) change the interfaces
void addConstructor(...) add a new constructor
void addDefaultConstructor() add the default constructor
void addAbstractMethod(...) add a new abstract method
void addMethod(...) add a new method
void addWrapper(...) add a new wrapped method
void addField(...) add a new field

Method in CtField Description
void bePublic() make the field public

Method in CtMethod Description
void bePublic() make the method public
void instrument(...) modify a method body
void setBody(...) substitute a method body
void setWrapper(...) substitute a method body

Alteration: A difference between Javassist and the standard Java reflection
API is that Javassist provides methods for altering class definitions. Several
methods for alteration are defined in CtClass (Table 3). These methods are ca-
tegorized into methods for changing class modifiers, methods for changing class
hierarchy, and methods for adding a new member. They were carefully selected
to satisfy our design goals.
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Our design goals are three. (1) The first goal is to provide source-level ab-
straction for programmers. Javassist was designed so that programmers can use
it without knowledge of the Java bytecode. (2) The second goal is to execute
structural reflection as efficiently as possible. (3) The last goal is to help pro-
grams perform structural reflection in a safe manner in terms of types.

As for the first goal, the most significant design decision was how program-
mers specify a method body. Suppose that a new method is added to a class.
If a sequence of bytecode is used for specifying the body of that method, the
programmers would get great flexibility but have to learn details of bytecode.
To achieve the first goal, Javassist allows to copy a method body from another
existing method although this design decision restricts the flexibility of the ad-
ded method. The copied bytecode sequence is adjusted to fit the destination
method. For example, the bytecode for accessing a member through the this
variable contains a symbolic reference to the type of this. This reference is
replaced with one to the class declaring the destination method.

Despite the well-known quasi-equivalence between Java source code and byte-
code, the correspondence between source-level and bytecode-level alterations are
not straightforward. Hiding the gap between the two levels from programmers
is also a part of the first goal.

For example, setName() renames a class but it also substitutes the new
name for all occurrences of the old name in the definition of that class, including
method signatures and bodies. Modifying a single constant-pool item never per-
forms this substitution. If a constructor calls another constructor in the same
class (if it executes this()), then the bytecode of the former constructor is mo-
dified since the bytecode contains a symbolic reference to the name of the class
declaring the latter constructor. This reference must be modified to indicate the
new name.

setSuperclass() performs similar substitution. If it is called, all occurren-
ces of the old super class name is replaced with a new name and all constructors
are modified so that they call a constructor in the new super class. However,
there is an exception to this substitution. If the name of the original super
class is java.lang.Object (the root of the class hierarchy), setSuperclass() does
not perform the substitution except it modifies constructors. This is because
java.lang.Object is often used for representing any class. For example, although
addElement() in java.util.Vector takes a parameter of class java.lang.Object,
which is the super class of java.util.Vector, this never means that addElement()
takes an instance of the super class.

The second design goal is to reduce overheads due to class loading with Ja-
vassist. Since we will use Javassist for implementing a mobile-agent system, in
which Javassist inserts security-check code into bytecode, Javassist must trans-
form bytecode received through a network as efficiently as possible. Mobile agents
frequently move among hosts and thus we cannot ignore the loading time of the
bytecode implementing the mobile agents.

Our design decision on how programmers specify a method body was influen-
ced by the second goal as well as the first one. Javassist does not use source code
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for specifying the body of an added method. If source code is used, it must be
compiled on the fly when a class is loaded into the JVM. A naive implementation
of this source-code approach would produce a complete class definition including
the added method at source level and then compile it with a Java compiler such
as javac. As we show later, however, this implementation implies serious per-
formance penalties. To achieve practical efficiency, we need a special compiler
that can quickly compile only a method body. We did not adopt the source-code
approach because of limitations of our resources. Instead, Javassist allows to
copy a pre-compiled method body from a class to another. This approach does
not imply overheads due to source-code compilation at load time.

The third design goal is to prevent programs to wrongly produce a class
including type incorrectness. To achieve this goal, Javassist allows only limited
kinds of alteration of class definitions. In general, reflective systems should im-
pose some restrictions on structural reflection so that programs do not falsely
collapse themselves with reflection. Suppose that a reflective system allows to
remove a field from a class at runtime. If there are already instances of that
class, is it appropriate that the system simply discards the value of the removed
field of those instances?

Since erroneous bytecode produced with Javassist is rejected by the byte-
code verifier, it can never damage the JVM. However, restricting the reflective
capability of Javassist is still necessary because it is often awkward to correct
a program producing erroneous bytecode. For this reason, Javassist does not
provide methods for removing a method or a field from a class because they
cause type incorrectness if there is a method accessing the removed method or
field. Javassist also imposes restrictions on the class passed to setSuperclass(),
which is a method for changing a super class. The new super class must be a
subclass of the original super class since there may be methods that implicitly
cast an instance of that class to the original super class. Of course, the new super
class must not be final. Furthermore, Javassist does not provide a method for
changing the parameters of a method. Programmers are recommended to add a
new method with the same name but with different parameters.

Adding a new member: Javassist provides methods for adding a new method
to a class. To avoid the abstraction and performance problems mentioned above,
addMethod() receives a CtMethod object, which specifies a method body. The
signature of addMethod() is as shown below:

void addMethod(CtMethod m, String name, ClassMap map)

name specifies the name of the added method. The method body is copied from
a given method m. Since a method body is copied from an existing compiled
method, no source-code compilation is needed at load time or no raw bytecode
is given to addMethod(). Programmers can describe a method body in Java and
compile it in advance. Javassist reads the bytecode of the compiled method and
adds it to another class. This improves execution performance of Javassist since
a compiler is not run at load time.
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When a method body is copied, some class names appearing in the body
can be replaced according to a hash table map.1 For example, programmers can
declare a class XVector:

public class XVector extends java.util.Vector {
public void add(X e) {

super.addElement(e);
}

}

and copy the method add() into a class StringVector:

CtMethod m = /* method add() in XVector */;
CtClass c = /* class StringVector */;
ClassMap map = new ClassMap();
map.put("X", "java.lang.String");
c.addMethod(m, "addString", map);

The class name java.lang.String is substituted for all occurrences of the class
name X in add(). The added method is as follows:

public void addString(java.lang.String e) {
super.addElement(e);

}

Javassist provides another method addWrapper() for adding a new method.
It allows more generic description of a method body:

void addWrapper(int modifiers, CtClass returnType, String name,
CtClass[] parameters, CtClass[] exceptions,
CtMethod body, ConstParameter constParam)

The first five parameters specify the modifiers, the return type, the method
name, the parameter types, and the exceptions that the method may throw.
The body of the added method is copied from the method specified by body.
No matter what the signature of the added method is, the method specified by
body must have the following signature:

Object m(Object[] args, value-type constValue)

To fill the gap between this signature and the signature of the added method,
addWrapper() implicitly wraps the copied method body in glue code, which
constructs an array of actual parameters passed to the added method and
assigns it to args before executing the copied method body. The glue code
also sets constValue to a constant value specified by constParam passed to
addWrapper(). In the current version of Javassist, an integer value or a String
1 At least, addMethod() replaces all occurrences of the name of the class declaring

the copied method. Even if that class name does not appear at source level, the
corresponding bytecode may include references to it.
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object can be specified for the constant value. For example, this constant value
can be used to pass the name of the added method.

The value returned by the copied method body is an Object object. The glue
code also converts it into a value of the type specified by returnType. Then it
returns the converted value to the caller to the added method. If type conversion
fails, then an exception is thrown. Although methods added by addWrapper()
involve runtime overheads due to type conversion, a single method body can be
used as a template of multiple methods receiving a different number of parame-
ters. Examples of the use of addWrapper() are shown in Section 4.

Javassist also provides a method for adding a new field to a class:

void addField(int modifiers, CtClass type, String fieldname,
String accessor, FieldInitializer init)

If accessor is not null, this method also adds an accessor method, which returns
the value of the added field. The name of the accessor is specified by accessor.
Moreover, the last parameter init specifies the initial value of the added field.
The initial value is either one of parameters passed to a constructor, a newly
created object, or the result of a call to a static method.

Altering a method body: Although Javassist does not allow to remove a me-
thod from a class, it provides methods for changing a method body. setBody()
and setWrapper() in CtMethod substitute a given method body for an original
body:

void setBody(CtMethod m, ClassMap map)
void setWrapper(CtMethod m, ConstParameter param)

They correspond to addMethod() and addWrapper() respectively. setBody()
copies a method body from a given method m. Some class names appearing in
the body are replaced with different names according to map. setWrapper() also
copies a method body from m but it wraps the copied body in glue code. The
signature of m must be:

Object m(Object[] args, value-type constValue)

Javassist also provides a method for modifying expressions in a method body.
instrument() in CtMethod performs this modification:

void instrument(CodeConverter converter)

The parameter converter specifies how to instrument a method body. The
CodeConverter object can perform various kinds of instrumentation. Table 4 lists
methods provided by the current implementation of Javassist. They direct a
CodeConverter object to replace a specific kind of expressions with hooks, which
invoke static methods for executing the expressions in a customized manner. The
idea of CodeConverter came from C++’s operator overloading. CodeConverter was
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Table 4. Methods in CodeConverter

Method Description
void redirectFieldAccess() change a field-access expression to access

a different field.
void replaceNew() replace a new expression with a static method

call.
void replaceFieldRead() replace a field-read expression with a static

method call.
void replaceFieldWrite() replace a field-write expression with a static

method call.

designed for safely altering the behavior of operators such as new and . (dot)
independently of the context.

For example, expressions for instantiating a specific class can be replaced
with expressions for calling a static method. Suppose that variables xclass and
yclass represent class X and Y, respectively. Then a program:

CtMethod m = ... ;
CodeConverter conv = new CodeConverter();
conv.replaceNew(xclass, yclass, "create");
m.instrument(conv);

instruments the body of the method represented by the CtMethod object m. All
expressions for instantiating the class X such as:

new X(3, 4);

are translated into expressions for calling a static method create() declared in
the class Y:

Y.create(3, 4);

The parameters to the new expression are passed to the static method.

Reflective class loader: The class loader provided by Javassist allows a loaded
program to control the class loading by that class loader. If a program is loaded
by Javassist’s class loader L and it includes a class C, then it can intercept
the loading of C by L to self-reflectively modify the bytecode of C (Figure 1).
For avoiding infinite recursion, while the loading of a class is intercepted, further
interception is prohibited. The load() method in CtClass requires that a program
is loaded by Javassist’s class loader although the other methods work without
Javassist’s class loader.

Java’s standard class loader never allows this self-reflective class loading for
security reasons. If it is allowed, a program may change some private fields to
public ones at load time for reading hidden values. Furthermore, in Java, if a
program creates a class loader and loads a class C with that class loader, the
loaded class is regarded as a different one from the class denoted by the name
C appearing in that program. The latter class is loaded by the class loader that
loaded the program.
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loader L

class C

bytecode

class X
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Fig. 1. Javassist’s class loader allows self-reflective class loading

Using Javassist without a class loader: Javassist can be used without a
user class loader. There are three kinds of usage of Javassist: with a user class
loader, with a web server, and off line.

For security reasons, an applet is usually prohibited from using a user class
loader. However, we can write an applet working with Javassist if we use a web
server as a replacement of a user class loader. Since classes used in an applet are
loaded from a web server into the JVM of a web browser, we can customize the
web server so that it runs Javassist for processing the classes before sending them
to the web browser. Javassist includes a simple web server written in Java as a
basis for such customization. We can extend it to perform structural reflection
with Javassist. The program of the customized web server would be as follows:

for (;;) {
receive an http request from a web browser.
CtClass c = new CtClass(the requested class);
do structural reflection on c if needed.
byte[] bytecode = c.toBytecode();
send the bytecode to the web browser.

}

Before sending a requested class to a web browser, it performs structural reflec-
tion on the class according to the algorithm, for example, given as a configuration
file.

Another usage of Javassist is “off line”. We can perform structural reflection
on a class and overwrite the original class file of that class with the bytecode
obtained as the result. The altered class can be later loaded into the JVM without
a user class loader. The following is an example of the off-line use of Javassist:

CtClass c = new CtClass("Rectangle");
do structural reflection on c if needed.
c.compile(); // writes bytecode on the original class file.

This program performs structural reflection on class Rectangle and overwrites
the class file of that class with the bytecode obtained by c.toBytecode().
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4 Examples

This section shows three applications of Javassist. We illustrate that Javassist
can be used to implement non-trivial alteration required by these applications
despite the level of the abstraction.

4.1 Binary Code Adaptation

The mechanism of binary code adaptation (BCA) [13] automatically alters class
definitions according to a file written by the users, called a delta file:

delta class implements Writable {
rename Writable Printable;
add public void print() { write(System.out); }

}

This delta file specifies adaptation that we mentioned in Section 2.
If Javassist is used, the implementor of BCA has only to write a parser

of delta file and a user class loader performing adaptation with Javassist. For
example, the parser translates the delta file shown above into the Java program
shown below:

class Exemplar implements Printable {
public void write(PrintStream s) { /* dummy */ }
public void print() { write(System.out); }

}

class Adaptor {
public void adapt(CtClass c) {

CtMethod printM = /* method print() in Exemplar */;
CtClass[] interfaces = c.getInterfaces();
for (int i = 0; i < interfaces.length; ++i)
if (interfaces[i].getName().equals("Writable")) {

interfaces[i] = CtClass.forName("Printable");
c.setInterfaces(interfaces);
c.addMethod(printM, new ClassMap());
return;

}
}

}

The class Exemplar is compiled together with Adapter in advance so that adapt()
can obtain a CtMethod object representing print(). adapt() uses the reifica-
tion and introspection API of Javassist for obtaining it. It first constructs a
CtClass object representing Exemplar and then obtains the CtMethod object by
getDeclaredMethods() in CtClass. The class file for Exemplar is automatically
found by Javassist on the class path used for loading Adapter.

The user class loader calls adapt() in Adaptor whenever a class is loaded
into the JVM. It creates a CtClass object representing the loaded class and
calls adapt() with that object. The method adapt() performs adaptation if the
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loaded class implements Writable. Then the user class loader converts the CtClass
object into bytecode and loads into the JVM.

Note that this implementation is more intuitive than the implementation with
behavioral reflection. Moreover, it is simpler than the implementation without
reflection since the implementor does not have to care about low-level bytecode
transformation. If the users of BCA can directly write the classes Exemplar and
Adaptor instead of a delta file, then the implementation would be much simpler
since we do not need the parser of delta file.

4.2 Behavioral Reflection

Behavioral reflection enabled by MetaXa [16,11] and Kava [21] can be imple-
mented with an approximately 750-line program (including comments) using
Javassist. A key idea of their implementations is to insert hooks in a program
when a class is loaded into the JVM. We below see an overview of a user class
loader performing this insertion with Javassist.

Let a metaobject be an instance of MyMetaobject, which is a subclass of
Metaobject:
public class MyMetaobject extends Metaobject {

public Object trapMethodcall(String methodName, Object[] args) {
/* called if a method call is intercepted. */ }

public Object trapFieldRead(String fieldName) {
/* called if the value of a field is read. */ }

public void trapFieldWrite(String fieldName, Object value) {
/* called if a field is set. */ }

}

If field accesses and method calls on an instance of C:
public class C {

public int m(int x) { return x + f; }
public int f;

}

are intercepted by the metaobject, then the user class loader alters the definition
of the class C into the following:2

public class C implements Metalevel {
public int m(int x) { /* notify a metaobject */ }
public int f;
private Metaobject _metaobject = new MyMetaobject(this);
public Metaobject _getMetaobject() { return _metaobject; }
public int orig_m(int x) { return x + f; }
public static int read_f(Object target) {

/* notify a metaobject */ }
public static void write_f(Object target, int value) {

/* notify a metaobject */ }
}

where the interface Metalevel declares the method getMetaobject().
2 For simplicity, this implementation ignores static members although extending

the implementation for handling static members is possible within the ability of
Javassist.
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class Exemplar {
private Metaobject _metaobject;

public Object trap(Object[] args, String methodName) {
return _metaobject.trapMethodcall(methodName, args);

}

public static Object trapRead(Object[] args, String name) {
Metalevel target = (Metalevel)args[0];
return target._getMetaobject().trapFieldRead(name);

}

public static Object trapWrite(Object[] args, String name) {
Metalevel target = (Metalevel)args[0];
Object value = args[1];
target._getMetaobject().trapFieldWrite(name, value);

}
}

Fig. 2. Class Exemplar

This alteration can be performed within the ability of Javassist. The interface
Metalevel is added by setInterfaces() in CtClass. The field metaobject and
the accessor getMetaobject() are added by addField() in CtClass.

For intercepting method calls, the user class loader first makes a copy of every
method in C by calling addMethod() in CtClass. For example, it adds orig m()3

as a copy of m(). Then it replaces the body of every method in C with a copy
of the body of the method trap() in Exemplar (see Figure 2). This modification
is performed by setWrapper() in CtMethod. The gap between the signatures
of m() and trap() is filled by setWrapper(). The substituted method body
notifies a metaobject of interception. The first parameter args is a list of actual
parameters and the second one name is the name of the copy of the original
method such as "orig m". These two parameters are used for the metaobject to
invoke the original method through the Java reflection API.

For intercepting field accesses, the user class loader instruments the bodies
of methods in all classes. All accesses to a field f in C are translated into calls
to a static method read f() or write f(). This instrumentation is performed
by instrument() in CtMethod and replaceFieldRead() and replaceField-
Write() in CodeConverter. The methods read f() and write f() notify a me-
taobject of the accesses. They are added by addWrapper() in CtClass as co-
pies of trapRead() and trapWrite() in Exemplar. The gap between the signa-
tures of read f() (or write f()) and trapRead() (or trapWrite()) is filled
by addWrapper(). For example, actual parameters to read f() are converted
into the first parameter args to trapRead(). The second parameter name to
trapRead() is the name of the accessed field such as "f".

3 If a method name is overloaded, a copy of each method must be given a different
name such as orig m1(), orig m2(), ...
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4.3 Remote Method Invocation

Generating stub code for remote method invocation is another application of
Javassist. A Java program cannot directly call a method on a remote object on
a different computer. It needs the Java RMI tools generating stub code, which
translates a method call into lower-level network data transfer such as TCP/IP
communication. However, the Java RMI tools are compile-time ones; a program
must be processed by the RMI compiler, which generates and saves stub code on
a local disk. Also, a program using the Java RMI must be subject to a protocol
(i.e. API) specified by the Java RMI.

Javassist allows programmers to develop their own version of the RMI tools,
which specify a customized protocol and produce stub code at either compile-
time or even runtime. Suppose that an applet needs to call a method on a
Counter object on a web server written in Java. For remote method invocation,
the applet needs stub code defining a proxy object of the Counter object, which
has the same set of methods as the Counter object. If the Counter object has
a method setCount(), the proxy object also has a method setCount() with
the same signature. However, the method on the proxy object serializes given
parameters and sends them to the web server, where setCount() is invoked on
the Counter object with the received parameters.

This stub code can be generated at runtime with Javassist at the server side
and it can be sent on demand to the applet side. The applet programmer can
easily write the applet without concern about low-level network programming.
The stub code for accessing the Counter object is as follows:

public class ProxyCounter {
private RmiStream rmi;
public ProxyCounter(int objectRef) {

rmi = new RmiStream(objectRef);
}
public int setCount(int value) { /* remote method invocation */ }

}

An instance of ProxyCounter is a proxy object. An RmiStream object handles
low-level network communication. The class RmiStream is provided by a runtime
support library.

ProxyCounter can be defined within the confines of Javassist. The field rmi
is added by addField() in CtClass and the initialization of rmi in a constructor
can be specified by a FieldInitializer object passed to addField().

The method setCount() is added by addWrapper() in CtClass as a copy of
the method invoke() in Exemplar shown below:

class Exemplar {
private RmiStream rmi;
Object invoke(Object[] args, String methodName) {

return rmi.rpc(methodName, args);
}

}
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The gap between the signatures of setCount() and invoke() is filled by add-
Wrapper(). If setCount() is called, the actual parameter value is converted into
an array of Object and assigned to args. methodName is set to a method name
"setCount"4. Then rpc() is called on the RmiStream object for serializing the
given parameters and sends them to the web server. Note that the parameters
can be serialized within the ability of the standard Java if they are converted
into an array of Object.

Stub code generation is another example, which is not straightforward to im-
plement with behavioral reflection. In a typical implementation with behavioral
reflection, a proxy object is an instance of the class Counter although all method
calls on the proxy object are intercepted by a metaobject and forwarded to a
remote object; the class ProxyCounter is not produced. Therefore, if the proxy
object is created, a constructor declared in Counter is called and may cause fatal
side-effects since the class Counter is defined as a class at the server side but the
proxy object is not at that side.

5 Related Work

Reflection in Java: MetaXa [16,11] and Kava [21] enable behavioral reflection
in Java whereas Javassist enables structural reflection. They are suitable for im-
plementing different kinds of language extensions. However, Javassist indirectly
covers applications of MetaXa and Kava since a class loader providing functio-
nality equivalent to MetaXa and Kava can be implemented with Javassist as we
showed in Section 4.2.

Although Kava performs bytecode transformation of class files before the
JVM loads them as Javassist does, they only insert hooks for interception in
bytecode but do not run metaobjects at that time. They enable reflection at
runtime and their ability is not structural reflection but the restricted behavioral
reflection.

The Java reflection API was recently extended in the JDK 1.3 beta to par-
tially enable behavioral reflection [19]. The new API allows a program to dy-
namically define a proxy class implementing given interfaces. An instance of
this proxy class delegates all method invocations to another object through a
type-independent interface.

Javassist is not the first system enabling structural reflection in Java. For
example, Kirby et al proposed a system enabling structural reflection (they called
it linguistic reflection) in Java although their system only allows to dynamically
define a new class but not to alter a given class definition at load time [15]. With
their system, a Java program can produce a source file of a new class, compile
it with an external compiler such as javac, and load the compiled class with a
user class loader. They reported that their system could be used for defining a
class optimized for a given runtime condition.

4 If a method name is overloaded, this should be setCount1, setCount2, ... for distin-
ction.
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Compile-time metaobject protocol: The compile-time metaobject protocol
[3] is another architecture enabling structural reflection without modifying an
existing runtime system. OpenJava [20] is a Java implementation of this archi-
tecture. As Javassist does, it restricts structural reflection within the time before
a class is loaded into the JVM although it was designed mainly for off-line use
at compile time. However, OpenJava is source-code basis although Javassist is
bytecode basis; OpenJava reads source code for creating an object representing
a class, a method, or a field. Alteration to the object is translated into corre-
sponding transformation of the source code. The bytecode for the altered class
is obtained by compiling the modified source code. Since OpenJava is source-
code basis, it can deal with syntax extensions within a framework of structural
reflection. For example, one can extend the syntax of class declaration and make
it possible to add an annotation to a class declaration.

On the other hand, the source-code basis means that OpenJava needs the
source file of every processed class whereas Javassist needs only a class file (com-
piled binary). This is a disadvantage because source files are not always available
if the class is provided by a third party. OpenJava also involves a performance
overhead due to handling source code; the source file of every class must be par-
sed for reification and compiled for reflection. Although this overhead is compen-
sation for the capability for fine-grained transformation of source code (including
syntax extension), it is not negligible if OpenJava is used by a class loader for
altering a loaded class. Some kinds of applications such as a mobile agent system
do not need fine-grained transformation but fast class loading.

Although the implementations of OpenJava or Javassist have not been tuned
up, the performance difference between OpenJava and Javassist is notable with
respect to reification and reflection. If a class loader can be implemented with
either OpenJava or Javassist, Javassist achieves shorter loading time. To show
this performance difference, we compared Javassist and OpenJava with two small
applications. We implemented BCA 5 and behavioral reflection presented in
Section 4 with both Javassist and OpenJava and we measured the time needed
for altering a given class with each implementation. For fair comparison, the
implementations with Javassist write modified class files back on a local disk.

Table 5 lists the results. The execution time is the average of five continuous
repetitions, which do not include the first repetition. Since a program is gradually
loaded into the JVM during the first repetition, the first one is tremendously
slow. For compiling a modified source file, OpenJava uses a compiler provided
by the Sun JDK for Solaris. However, it never uses the javac command since it
starts the compiler in a separate process; instead, it directly runs the compiler
(sun.tools.javac) on the same JVM.

Although the sizes of the programs implementing the applications are almost
equal between Javassist and OpenJava, Javassist processed a class more than ten
times faster than OpenJava. Note that the execution time by Javassist is shorter
than the time needed only for compiling a modified source file. This is because

5 Of course, the implementation of BCA with OpenJava does not modify a class file
in binary form. It emulates equivalent adaptation at source-code level.
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Table 5. Performance comparison between Javassist and OpenJava

execution program original modified
time size source class file class file

(msec) (lines) (lines) (bytes) (bytes)
BCA Javassist 42 26 24 372 551

OpenJava 543 (172†) 17 24 548
Reflection Javassist 142 205 35 946 3932

OpenJava 4108 (302†) 247 35 2244

Sun JDK 1.2.2 (HotSpot VM 1.0.1), UltraSPARC II 300MHz
†compilation time by sun.tools.javac (Java compiler).

Javassist can move compilation penalties to an earlier stage. Even a method
body is not compiled while Javassist is running; it is pre-compiled in advance
and the resulting bytecode is directly copied to a target class at run time.

Bytecode translators: Bytecode translators such as JOIE [5] and the Ja-
vaClass API [7] provide a functionality similar to Javassist. They enable a Java
program to alter a class definition at load time. However, they are toolkits for
directly dealing with bytecode, that is, the raw data structure of a class file. For
example, classes included in JOIE are ClassInfo, Code, and Instruction. They show
that JOIE was designed for experienced programmers who have a deep under-
standing of the Java bytecode and want to implement complex transformation.
On the other hand, Javassist was designed to be easy to use; it does not require
programmers to have knowledge of the Java bytecode but instead it provides
source-level abstraction for manipulating bytecode in a relatively safe manner.
Although a range of instrumentation of a method body is restricted, we showed
that Javassist can be used to implement non-trivial applications. Javassist can
be regarded as a front end for easily and safely using a bytecode translator like
JOIE; it is not a replacement of the bytecode translators.

Using bytecode instrumentation for implementing a reflective facility is a
known technique in Smalltalk [1]. A uniqueness of Javassist against this is the
design of the API providing source-level abstraction. The Javassist API was
carefully designed to avoid wrongly producing a class definition containing type
incorrectness.

Others: OpenJIT [18] is a just-in-time compiler that allows a Java program to
control how bytecode are compiled into native code. It provides better flexibi-
lity than Javassist with respect to instrumenting a method body while OpenJIT
does not allow to add a new method or field to a class. However, using OpenJIT
is more difficult than using Javassist because OpenJIT requires programmers to
have knowledge of both the Java bytecode and native code. Although OpenJIT
can be used without knowledge of the Java bytecode if programmers use a me-
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chanism of OpenJIT for translating bytecode into a parse tree of an equivalent
Java program, overheads due to that translation has not been reported.

The idea of enabling reflection only at load time for avoiding performance
problems is found in the CLOS MOP [14]. For example, the CLOS MOP allows
a program to alter the algorithm of determining the super classes of a given
class but the super classes are statically determined when the class is loaded;
the program cannot dynamically change the super classes at runtime.

Some readers may think that Javassist is very similar to BCA. However,
Javassist was designed for a wider range of applications than BCA, which is
specialized for on-line class adaptation. BCA only allows to modify a given class
but not to dynamically define a new class from scratch. On the other hand, BCA
allows programmers to describe the algorithm of adaptation in declarative form.

6 Conclusion

This paper presented Javassist, which is an extension to the Java reflection
API. Unlike other extensions, it enables structural reflection in Java; it allows a
program to alter a given class definition and to dynamically define a new class.
A number of language extensions are more easily implemented with structural
reflection than with behavioral reflection.

For avoiding portability and performance problems, the design of Javassist
is based on our new architecture for structural reflection. Javassist performs
structural reflection by instrumenting bytecode of a loaded class. Therefore, it
can be used with a standard JVM and compiler although structural reflection is
allowed only before a class is loaded into the JVM, that is, at load time. Since
a standard JVM is used, the classes processed by Javassist are subject to the
bytecode verifier and the SecurityManager of Java. Javassist never breaks security
guarantees given by Java.

The followings are important features of Javassist:

– Javassist is portable. It is implemented in only Java without native methods
and it runs with a standard JVM. It does not need a platform-dependent
class library. Portability is significant in Java programming.

– Javassist provides source-level abstraction for manipulating bytecode in a
safe manner while bytecode translators, such as JOIE [5] and the JavaClass
API [7], provide no higher-level abstraction. The users of Javassist do not
have to have a deep understanding of the Java bytecode or to be careful for
avoiding wrongly making an invalid class rejected by the bytecode verifier.

– Javassist never needs source code whereas OpenJava [20], which is another
system for structural reflection with source-level abstraction, does. Since
OpenJava performs structural reflection by transforming source code, it must
parse and compile source code for reifying and reflecting a class. Thus a
class loader using Javassist can load a class faster than one using OpenJava.
However, OpenJava enables fine-grained manipulation of class definitions so
that the resulting definitions may be smaller and more efficient than ones by
Javassist.
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The architecture that we designed for Javassist can be applied to other object-
oriented languages if a compiled binary program includes enough symbolic in-
formation to construct a class object. However, the API must be individually
designed for each language so that it allows a program to alter class definitions
in a safe manner with respect to the semantics of that language.
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Abstract. Modern software must evolve in response to changing condi-
tions. In the most widely used programming environments, code is static
and cannot change at runtime. This poses problems for applications that
have limited down-time. More support is needed for dynamic evolution.
In this paper we present an approach for supporting dynamic evolution of
Java programs. In this approach, Java programs can evolve by changing
their components, namely classes, during their execution. Changes in a
class lead to changes in its instances, thereby allowing evolution of both
code and state. The approach promotes compatibility with existing Java
applications, and maintains the security and type safety controls impo-
sed by Java’s dynamic linking mechanism. Experimental analyses of our
implementation indicate that the implementation imposes a moderate
performance penalty relative to the unmodified virtual machine.

1 Introduction

Software systems must change over time. Changing business practices, the re-
lentless advance of technology, and the demands of end users drive this evolu-
tion. The functionality required of applications inevitably changes in response to
these factors. Consequently, in order to remain viable, applications must evolve
to meet new requirements. Software component evolution is a major focus of
effort in software engineering [27,38].

The vast majority of commercial software is written in a few imperative
languages, such as C++ or Java [3]. For these languages, software evolution
is generally a slow, static process. Most of us are familiar with the process of
waiting for the latest version of our favorite program to come out, stopping
work to install the new version over the old one, then cleaning up the resultant
mess of incompatible document formats and lost settings. The fact that a run-
ning program cannot be changed drives this cycle. Since any update requires
stopping a program and overwriting all or part of it, incremental updates are
often impractical, and major updates problematic. For a large class of critical
applications, such as business transaction systems, telephone switching systems
and emergency response systems, the interruption poses an unacceptable loss of
availability.
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What is needed, then, is more support for applications that evolve during
execution. In addition to supporting true evolution of software systems, dynamic
evolution provides several other benefits:

– Software distribution and management : Dynamic evolution has applications
in software distribution and management. Consider a distributed system
in which changes in all active applications are either pulled or pushed from
software servers to the active applications. While several applications, for in-
stance NetscapeNavigator, MicrosoftInternet Explorer and RealAudioReal-
Player, currently support such application-specific updates, most use static
updates for modifying applications.

– Runtime optimization: Often, specific properties of systems are best deter-
mined at runtime. For example, many applications can be highly optimized
if some information about the input is known during development. However,
these same optimizations result in specialized code restricted to a smaller
input domain. If code can be modified at runtime, a program can accept
a wider range of data, yet load and use methods optimized for the current
data set.

– Dynamic policy specification: Dynamic evolution can be very useful in any
application whose behavior is driven by a set of policies, for instance security
policies. For example, dynamic security policies can be implemented using
total mediation, without modifying code at runtime. This method requires
a security check at every access of every resource [36]; due to the high per-
formance cost, it is not widely used. Systems that employ total mediation
implement dynamic policies by using general, static code to interpret dyna-
mic data structures – a computationally expensive process. Dynamic evo-
lution allows designers to move logic from interpreted data structures into
directly executed code. This provides the efficiency of code-driven security
enforcement [35] without sacrificing flexibility.

In this paper, we present an approach for dynamic evolution of Java programs.
While Java [3] provides several mechanisms, such as inheritance, interfaces and
dynamic linking, for program extensibility, it does not support true dynamic
evolution, in which both the code and state of a program can evolve gracefully. In
our approach, Java programs can evolve by changing their components, namely
classes, during execution.

Java classes can be considered to have a life cycle with three discrete states:
unloaded, or static, loaded, and active. A static class exists only in storage; it has
not been loaded into the Java virtual machine. A loaded class has been loaded
and possibly linked. Finally, an active class has live instances and/or methods
running. We are concerned with changing active classes; a dynamic class can
change while active.

We wished to preserve the syntax and semantics of the target language. Doing
so ensures compatibility with existing code, and provides greater ease of use as
developers do not need to learn new language constructs. This constraint re-
quires that we preserve the type safety characteristics of a program throughout
its execution. Type safety encourages the development of safer, more discipli-
ned code. In a dynamic system, type safety can restrict wild, unsound changes,
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alleviating the dangers inherent in changing code. Further, many of Java’s se-
curity mechanisms, for instance separation of user and system name spaces and
protection of private data, depend on the type-safe properties of Java programs.
Therefore, we impose the restriction that all changes in a program preserve the
type safety properties of the program. Section 2.1 presents our formal model,
and defines valid class change. Using the formal model, we show that a valid
class change preserves type safety. Further, in order to provide a convenient,
backward-compatible interface, and to support changes in any Java class, we ex-
tended the Java class loader [29]. The new dynamic class loader allows a program
to define a class multiple times. The dynamic class loader implements changes
in a class, and any resulting changes in its instances, in an executing program.
We describe the dynamic class loader in detail in Section 2.2.

Support for dynamic evolution, however, raises additional security issues, as
malicious applets may use the dynamic class mechanism to modify the classes
that enforce specific security policies of a host. Therefore, the dynamic class
loader implements a security model that ensures that Java programs can dyna-
mically modify only those resources to which they are authorized. We enforce
this policy using name space separation and resource access control. We discuss
the security model in Section 2.3.

We have implemented support for dynamic classes by modifying Sun’s Java
virtual machine (JDK 1.2). Dynamic classes can be implemented in several ways:
by changing the language, through library-based support, or by modifying the
virtual machine. As stated above, we did not wish to change the language.
Library-based support proved to be too awkward and inefficient for our require-
ments. Thus, we chose to directly modify the virtual machine. Section 3 describes
our implementation in detail.

We performed several experiments to measure the performance characteri-
stics of our implementation. The experiments show that dynamic classes add
about 6-10% of overhead to Sun’s JVM. Further, the cost of updating classes
is moderate. Section 4 presents these results, as well as further analysis with
regard to alternative methods and related work.

2 Dynamic Classes

In this section, we formally describe the concept of dynamic classes. We be-
gin by presenting a formal model of classes, objects, and inheritance in Java.
We consider the potential effects of introducing dynamic classes into a running
application. We then use our model to define type-safe dynamic classes. We
discuss how best to support dynamic classes while addressing type safety and
security issues, and describe our design. In general, we have made conservative
design choices, emphasizing compatibility with existing Java code, minimizing
performance penalties, and maintaining type safety and overall system security.
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2.1 Formal Model

We begin by formalizing the notion of classes, interfaces, inheritance, compo-
sition, and dependency among classes in Java. In doing so, we build upon the
formal Java type model developed in [9], which includes type widening [8,39].
Types, classes and objects: A type T denotes a set of objects. T is bound to
a definition that describes the contents of the objects and operations that act on
them. Specifically, this definition consists of T ’s interface and its implementation.

Definition 1. Proof ((Type interface (i(T))). The interface of a type T , i(T),
is a set of public data fields and methods.

Definition 2. Proof ((Type implementation (b(T))). The implementation, or
body, of a type T , b(T), is a set of private data fields and a set of method
bodies.

Definition 3. Proof ((Interface)). The Java interface construct describes, but
does not implement, a type. An interface contains no data fields.

Definition 4. Proof ((Class)). A class describes and implements a type. Thus,
a class C is defined by the tuple <i(C), b(C)>, where b(C) contains implemen-
tations for all methods declared in i(C). Java supports abstract classes, which
provide only a partial implementation.

Definition 5. Proof ((Implements (≥I))). The relation C ≥I I is true if C
implements the interface I: i(I) ⊆ i(C).

Definition 6. Proof ((Program)). A program is a set of classes.

A Java class C1 depends on another class C2 if b(C1) contains references to C2.
The references may include method invocations, field accesses and inheritance.
Any change to C2 may mean that C1 must change as well [6].

Definition 7. Proof ((Dependency (∝))). The relation C1 ∝ C2 is true if C1

depends on C2. Transitivity applies, denoted by
∗∝. The dependency relationship

applies to specific methods or fields as well. For instance, C1.M ∝ C2.N is true
if C1.M invokes C2.N .

Definition 8. Proof ((Composition (⊕, 	))). C1 ⊕ C2 denotes the union of
C1 and C2, where C1 and C2 are two sets of methods and data. C1 	 C2 de-
notes their difference; the methods and fields that are defined in C1, but not in
C2. These operators provide an abstraction for the Java inheritance mechanism.
Thus, the Java composition semantics of scoping and overloading are implicit in
the definitions of ⊕ and 	.

We do not define ⊕ and 	 precisely because our focus in this paper is more on
examining the effects of dynamic classes.
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Definition 9. Proof ((Inheritance(v))). The relation C v CS is true if C
directly extends CS. Inheritance affects the composition of a class. b(C) contains
the implementations of all of C’s superclasses, and i(I) contains their interfaces.
Stated formally:

∀ T : C
∗v T : b(T ) ⊆ b(C)

∀ T : C
∗v T : i(T ) ⊆ i(C)

Transitivity applies, denoted by
∗v. Java does not permit recursive inheritance.

Thus, C1
∗v C2 =⇒ ¬ (C2

∗v C1). Finally, C1 v C2 =⇒ C1 ∝C2. Inheritance
can apply to both classes and interfaces. Let vC specify class extension, and vI

specify interface extension. v can refer to either case.

Definition 10. Proof ((Defines: class (≥C))). The relation Cdef ≥C C is true
if Cdef is the class definition bound to the name C; Cdef defines C. A ≥C

relationship is not necessarily permanent, but it is singular; Cdef ≥C C =⇒ ∀
Ci: Ci 6=Cdef , ¬ (Ci ≥C C). This restriction preserves Java name semantics
— a name should only be bound to one value.

Definition 11. Proof ((Instantiation (≤))). The relation O ≤ T is true if the

object O is an instance of the class or interface T . O ≤ C ∧ C
∗v D =⇒ O ≤

D. Likewise, O ≤ C ∧ C ≥I I =⇒ O ≤ I.

Definition 12. Proof ((Defines: object (≥O))). The relation Cdef ≥O O is true
iff Cdef ≥ C ∧ O ≤ C. As with ≥C , ≥O is not necessarily permanent, and is
singular.

Note that ≤ is the transverse of ≥O.
Type safety issues: Changing a class C can have a serious impact on type
safety. The interface and/or implementation may be affected. Methods can be
added, deleted, or modified, and data fields may be added or deleted. Further-
more, the type itself can change. Adding or removing superclasses or interfaces
effectively changes the set of types that an instance of C can be cast or assigned
to, with potential effects on any variables bound to such an object. Type violati-
ons caused by dynamic changes in class definitions fall into two categories: static
type violations and dynamic type violations. The design and implementation of
Java contain mechanisms to prevent either from occuring in a static program.
Our system must also prevent them from occuring in a dynamic program, due
to class changes.

Here we define static and dynamic type violations, and describe how both the
standard JVM and our model prevent these violations and ensure type safety.
In doing so, we use the notion of the type set of a class C, which is the set of
all classes and interfaces to which an instance of C can be cast. The type set
contains C itself, all classes from which it inherits, and all interfaces that C or
one of its superclasses implements.
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Definition 13. Proof ((Type set (τ(C)))). Let IC be the set of all interfaces i
such that C ≥I i. Let CS be C’s superclass; C v CS. Then, τ(C) ≡ {C} ∪ IC ∪
τ(CS).
From the definition of instantiation, O ≤ C =⇒ ∀ T : T ∈ τ(C): O ≤ T .

A static type violation is an invalid field or method reference. For example,
if a method in class C1 references the field C2.X, and C2 does not contain a field
called X, the reference to X is invalid. This type of violation can be detected
statically by examining the source program. The Java compiler and dynamic lin-
ker detect static type violations in source code. This mechanism cannot prevent
static type violations caused by dynamic class changes. For instance, a class D
may invoke a method, say C.foo(), of a class C. Now, any dynamic changes in
C that removes foo will cause invalid references to foo.

A dynamic type violation occurs when some event results in a reference being
bound to an object of an incompatible type. For example, let O be an instance
of C. C does not implement the interface I. If O is bound to a variable i of
type I, a dynamic type violation results. This type violation cannot be detected
statically, since it depends on O. The JVM performs dynamic type checking
during operations such as assignment and type casting. If an operation might
result in a dynamic type violation, the JVM throws an exception. This type of
checking does not always catch dynamic type violations caused by class change,
since an assignment might have occurred prior to the class change. For instance,
assume that C implements interface I. Let O be an instance of C. Some other
object has a reference to O, via i, of type I. If C changes such that it no longer
implements I, i’s reference to O becomes invalid, since O’s type has changed. In
this example, i has already been assigned a value. If O’s type changes, then any
subsequent access to i might cause an error. The only way to prevent such an
error would be to type check every object reference instruction, which the JVM
currently does not do.

We now show how dynamic type violations can occur when classes are chan-
ged dynamically. Assume that class C implements the interface I. Thus, τ(C)
≡ {C, I, Object}. We first assign an object of type C to a variable of type I,
a legal action. We then modify C such that it no longer implements I; τ(C)
≡ {C, Object}. The reference i.foo() causes an error, because the object bo-
und to i is no longer of type I.

We can now define type safety formally:

Definition 14. Proof ((Type safety)). A class C is type-safe if it contains neit-
her static type violations nor dynamic type violations that cannot be detected by
the JVM’s runtime type checking. A program P is type-safe if all of its component
classes are type-safe.

There are two approaches to ensuring type safety during class changes. We
could place no constraints on how classes can change, and type check every
object reference and method invocation instruction. Or, reduce the necessity for
extra runtime type checking by placing constraints on class changes. Various
definitions of a valid class change are possible, depending on the approach used.
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We have defined a valid class change as one that cannot cause type violations,
either static or dynamic.

We chose this approach for two reasons. First, we wished to preserve the
type semantics of the Java language. A valid Java program, P , does not contain
these type violations. Second, efficiency – type checking all method and object
references requires significant CPU time. Our model requires only static checking
before a class is modified. No extra runtime type checking is necessary.

Formally, we define the semantics of class change to prevent static and dy-
namic type violations as follows:

Notation: Let C denote the definition bound to class C before a change.
Notation: Let C denote the definition bound to class C after a change.
Notation: Let ∆C denote the changes made between C and C; ∆C ≡ (C 	 C)

⊕ (C 	 C).

Definition 15. Proof ((Dynamic class change (7→))). The operation C 7→C
describes a change to C’s definition, and is valid if and only if the following two
conditions hold true:

1. No class defined in P , where P is the enclosing program, depends on fields
or methods being removed from C.
∀ CD ∈ P : ¬ (CD

∗∝ (C 	 C))
2. An element of C’s type set cannot be removed if other classes depend on it.

∀T : T ∈ τ(C 	 C) : ¬(∃ CD : CD 6=C ∧ CD ∈ P : CD ∝ T ).

Under these conditions, b(C) may be changed in any way. Methods and data
may be added to i(C), and removed if doing so does not cause type violations.
C’s superclass may be changed, and abstract interfaces added or removed as long
as types with dependents are not removed from C’s type set. Further, C 7→C has
the following effects on C subclasses and instances:

1. The change in C’s definition is reflected in all subclasses.
∀ CD: CD v C, CD 7→CD.
By the definition of inheritance, ∆CD ≡ ∆C.

2. All instances of C change to match the new defintion.
∀ O: O ≤ C, O 7→O, where C ≥O O and C ≥O O. See Section 3.2 for
more information about this requirement.

Note that CD
∗∝ C does not mean that CD must change if C does. If CD depends

on C via method invocation, field access, or aggregation (CD contains an instance
of C), then no change to CD’s definition is implied. We discuss this, as well as
other details such as method table updates, further in Section 3.3.

The two conditions for 7→preserve type safety. The first condition prevents
static type violations, and the second prevents dynamic type violations. No other
constraints are needed. After any number of changes, a program is still type-safe.
Formally, we state this as a theorem:
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Theorem 1. Given P
∗7→P , if P is type-safe, then P is type-safe.

We prove Theorem 1 using induction on the number of class changes enacted.

Base step: if no change has been made to P , then P is type-safe. True by the
definition of a valid Java program.

Inductive step: If P is type-safe, then P is type-safe. We prove this using cont-
radiction: we have some C 7→C =⇒ P 7→P , where P is type-safe and P
is not. Therefore, ∃ some class X ∈ P : C 7→C =⇒ X 7→X ∧ X is not
type-safe. There are two cases:
Case 1: X contains a static type violation: ∃ Y : C 7→C =⇒ Y 7→Y ∧ X

∝(Y 	 Y ). Recall Condition 1, which requires that ∀X ∈ P : ¬(∃ Y , X
∝(Y 	 Y )). This condition contradicts the above.

Case 2: X contains a dynamic type violation: ∃ CD : CD 6=C : CD ∝ T .
τ(X) * τ(X). However, X 7→X ⇐⇒ ¬(∃ CD : CD 6=C : CD ∝ T ) by
Condition 2 of 7→, and we have a contradiction.

Therefore, if P is type-safe, then P is type-safe.

2.2 Support for Dynamic Classes

Dynamic classes can be implemented in several ways: (i) by changing the Java
language to support mutable classes, as done in [8], (ii) using library-based sup-
port, as done with C++ in [19], or (iii) by modifying the virtual machine. We did
not wish to modify the syntax or semantics of the Java language. The library-
based solution is inefficient and contains intractable implementation problems.
In this section, we describe our design, which uses a modifed virtual machine
to provide runtime system support for dynamic classes, and extends the class
loader to provide an interface.
Java class loader: The interface by which users manipulate dynamic classes is
an extended Java class loader. Thus, we begin our discussion with some pertinent
background on the Java class loading mechanism.

public abstract class ClassLoader {
public Class loadClass(String name);
protected Class findClass(String name);
protected Class defineClass(String name, byte[] b, int off, int len);
protected void resolveClass(Class c);

· · ·
}

Fig. 1. Java VM class loader

The JVM resolves references to a class during runtime using a mechanism
called the class loader [28]. A class loader is responsible for locating the definition
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of a class, which takes the form of a class file, and loading it into the JVM. A
class in Java is, thus, defined by both its name and the class loader that loaded
it. The JVM defines two kinds of class loaders: the system class loader and user-
defined class loaders. The system class loader is the default class loader used for
locating and loading system classes and user-defined classes. Users can override
the behavior of the default class loader by defining their own class loaders. To
build a specialized class loader, the user must extend the abstract base class
ClassLoader. Figure 1 depicts part of the interface of ClassLoader, as well as
the methods that can be overriden in user-defined subclasses.
The dynamic class loader: The programming interface for dynamic clas-
ses is the dynamic class loader. This class, DynamicClassLoader, extends the
JVM class loader. In addition, it supports replacement of a class definition, and
update of objects and dependent classes. Any class loaded by an instance of
DynamicClassLoader is automatically a dynamic class.

We chose this approach for several reasons. Since the class loader loads, stores,
and examines class definitions, it is a logical choice for a module that modifies
class definitions. The design extends Java’s dynamic linking mechanism, instead
of replacing it. Thus, it supports existing code, with little or no modification.
Users can choose to use dynamic classes when and where they see fit. Most
importantly, our design preserves the security mechanisms inherent to the class
loader system, which include namespace separation and bytecode verification.

public class DynamicClassLoader extends ClassLoader {
public Class reloadClass(String newc);
public final int replaceClass(String oldc, Class newc);

· · ·
// several overloaded versions of replaceClass are defined
// for convenience

}

Fig. 2. DynamicClassLoader interface

The dynamic class loader loads classes from disk in the same manner as the
system class loader. It complies fully with the specified semantics of a Java class
loader, as described above. However, the dynamic class loader provides additional
methods (reloadClass and replaceClass) that can reload an active class and
replace it with a new version. Using runtime system support, these methods
implement the semantics of class change (7→) as stated in Definition 15. Method
reloadClass is similar to loadClass in that it reads a designated class file from
the disk, creates a class object, and returns it. However, loadClass does not load
classes that are already defined in the system, whereas reloadClass succeeds
whether the target class was previously defined or not. Given C, replaceClass
defines C to be the new definition of C, and initiates instance update. These rely
on several native methods that interface with the VM’s internal data structures.
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We provide relevant implementation details in Section 3. Figure 2 summarizes
the interface to DynamicClassLoader.

Users can extend the dynamic class loader by redefining reloadClass or
findClass. Method replaceClass is a final method and cannot be overridden.
This ensures consistent class redefinition and security, as replaceClass performs
verification of C, and enforces namespace constraints.

2.3 Security

In Java 1.2, the JVM prevents classes from performing forbidden actions by using
bytecode verification, supporting namespace partitioning, and enforcing user-
defined access control policies. The bytecode verifier examines each class before
loading it into the JVM, checking for type violations and other illegal operations.
Figure 3 depicts a typical namespace configuration in a system that hosts mobile,
untrusted applets, such as a web browser. Applets are each run in their own na-
mespace, defined by separate class loaders. Resource classes provided by the host
are placed in another namespace Access between namespaces is only permitted
down the tree; applets are effectively isolated from one another. Furthermore, the
user can specify access control policies for more fine-grained protection. In Sun’s
JDK 1.2 security model, the class AccessController acts as a security mo-
nitor [2,14,15]. All protected resources must call AccessController.check(),
which checks the access against the permissions specified in the security po-
licy. Although the security policy, and thus permissions, can change, the set of
protected resources is static.

Applet2
(DCL)

Applet1
(DCL)

Resource
(DCL)

System

Fig. 3. Typical namespace configuration. DCL indicates a dynamic class loader.

Dynamic classes pose new security hazards. Malicious code could potentially
bypass many existing security mechanisms, by modifying either itself or the
protected classes it targets. Specifically, a malicious class could modify itself in
order to perform forbidden actions, or modify sensitive classes to either perform
or allow forbidden actions. Consider, for instance, Figure 4. A host provides a
resource, myResource, to which access is restricted via an access control policy. A
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malicious applet, evilApplet, contains code that replaces the protected resource
with a new version that does not invoke the access controller. evilApplet can
then gain access to which it is not entitled.

public class myResource { // original version
public static void foo() { // protected resource method
// perform security check
accessController.check(new myResourcePermission());
// access sensitive resource
· · ·

}
}
public class myResource { // weakened version
public static void foo() { // method now unprotected
// skip security check...
// access sensitive resource
· · ·

}
}
public class com.evilDomain.evilApplet extends Applet {

// malicious mobile applet
public void start() {
// get handle to dynamic class loader
DynamicClassLoader dcl = getClass().getClassLoader();
// get a URL class loader, linked to originating, evil host
URLClassLoader ucl = new URLClassLoader(‘‘evil.domain.com’’);
// use it to load a weakened version of the resource class
Class wr = ucl.loadClass(‘‘myResource’’);
// now use dcl to replace protected resource with weakened version
dcl.replaceClass(‘‘myResource’’, wr);
// invoke resource, which should be denied but won’t be
myResource.foo();

}
}
System security policy: only allow local namespace access to resource
grant codebase ‘‘localhost’’ {

permission myResourcePermission;
}

Fig. 4. Using dynamic classes to bypass access control.

We want to ensure that dynamic classes do not introduce any new security
risks. Therefore, Java’s security mechanisms must extend to dynamic classes.
This requires several measures.

The dynamic class loader subjects all modified classes to bytecode verifica-
tion before loading them into the JVM, so a malicious class cannot instrument
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grant codebase ‘‘localhost’’ {
permission ucd.pdclab.dynclass.modifyClassPermission;

}

Fig. 5. Grant class modification privileges only to classes in the local codebase.

itself to include illegal bytecode operations. The dynamic class loader honors
the separation between namespaces by replacing only those classes defined wit-
hin its own namespace. Returning to Figure 3, let DCL denote a dynamic class
loader. Thus, applets and resources are dynamic classes. An applet running in
namespace Applet1 cannot use its own class loader to replace a class defined in
Applet2. The scenario depicted in Figure 4 cannot happen.

These steps do not, however, prevent a malicious applet in Applet1 from
invoking the resource namespace dynamic class loader and modifying resource
classes. Thus, dynamic class loaders should be protected by an access control
policy. Figure 5 contains a simple example of such a policy: only classes from
the local codebase, or namespace, can invoke the dynamic class loader. Applets
are excluded. DynamicClassLoader contains appropriate calls to the access con-
troller, as described in earlier. Under this policy, applets in Figure 3 cannot
modify system or resource classes, nor can they modify themselves. A similar
policy could provide full protection for myResource in Figure 4.

In practice, it is possible to violate Java’s type model and compromise secu-
rity [37]. This is due to problems in the semantics of dynamic linking and the
implementation of the virtual machine. The issue does not bear directly upon
dynamic classes, and we do not address it.

Another compelling question is that of the security behavior of the program
itself. Ideally, we could like to ensure that the security behavior of C is no
weaker than that of C; that is, no potential security holes are introduced into the
code. However, this problem is unsolvable in the most general case. Conceivably,
heuristics could be used, together with assumptions about or constraints on
program behavior to solve the problem for specific cases. Such heuristics are,
however, beyond the scope of this paper. It remains the responsibility of the
programmer to maintain security behavior across changes.

3 Implementation

DynamicClassLoader requires virtual machine support for reloading a class de-
finition, finding and updating dependent classes, and finding and updating in-
stances of modified classes. We have modified the Solaris version of Sun’s JVM
(JDK 1.2). Much of our discussion here pertains specifically to that VM. Our
implementation includes a shared library containing functions that support class
replacement and instance update. We have also made minor changes in some data
structures and functions internal to the JVM to support the library functions. In
the remainder of this paper, we refer to this modified, dynamic classes-enabled
virtual machine as DVM.
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Adding support for dynamic classes requires understanding and manipulating
the JVM’s internal data structures and functions in several areas. The JVM uses
several optimizations to increase performance, and we take this into account in
our design. In this section, we first provide the necessary background on the
JVM. We then discuss our implementation.

3.1 Background: Java Virtual Machine

Here we describe the general architecture of the JVM. We focus only on those
aspects of the architecture that are relevant to to support for dynamic classes.
Specifically, we describe JVM’s runtime memory organization, the structure and
function of class definition objects, and the optimizations within the bytecode
interpreter.
Execution of Java programs: Java programs are composed of classes, each
of which is stored in a separate class file. A class file contains the types and
definitions of fields and methods defined in the class. All references to classes,
fields, or methods are symbolic and contain enough information to allow the
JVM to link classes in a type safe manner.
Java heap organization: All Java objects are allocated within a data structure
known as the Java heap. In many JVM implementations, including JDK 1.2, the
heap is divided into a handle pool and an object pool. Java objects are always
addressed indirectly through their handles. The use of handles facilitates garbage
collection. When an object is moved, only the pointer in its corresponding handle
needs to be updated; the handles never move.

This model is very useful when handling object update for dynamic classes,
as described in Section 3.2. The DVM can allocate new space for an object when
updating it, without changing the handle used to reference the object.
Class objects: A class object, an instance of Class, is created for each loa-
ded class. This object contains the entire class definition, including field types,
method signatures and bytecode, and inheritance information. Class objects are
special in that they are allocated on the Java heap, but some fields contain poin-
ters into the interpreter’s C++ heap. Thus, the code segment for an executing
program is distributed among several Java class objects. All names – or clas-
ses, methods, fields, etc. – used by the class are stored in the constant pool. In
the bytecode, indices into this constant pool are used as symbolic references.
Our implementation uses the semantic information contained in class objects to
assess dependency relationships among classes and methods.
JVM optimizations: The JVM performs several optimizations that can ob-
fuscate internal data structures and cause problems during class changes. These
optimizations include the use of method tables, inlining, quick instructions, and
direct referencing. Below, we describe the problems that the optimizations raise
during dynamic class implementation and how we resolve them.

Each class data structure contains method and field tables used by virtual
method calls and other instructions. These tables contain the names of all me-
thods or fields defined within a class C and its superclasses; each entry has a
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pointer to the method body or field visible in C’s scope. When changing C, the
DVM rebuilds the method tables in C and all of its subclasses.

When a class is first loaded, its constant pool contains symbolic references,
and its bytecode contains indices into the constant pool for all method and data
access instructions. The first time the JVM encounters any such instruction, it
checks if the constant pool entry has been resolved, and resolves the entry if
needed. Then, the JVM changes the instruction to a special quick instruction
that does not perform the check. Any subsequent execution of that instruction
is relatively fast. Certain quick instructions contain offsets into objects or me-
thod tables that may change when a class is modified. To make class updating
cleaner, the DVM only uses quick instructions that do not contain any offsets or
direct references. This avoids the need to update bytecode, but incurs a slight
performance penalty.

JDK 1.2 includes a Just-in-Time (JIT) compiler [22]. JIT compilers provide
a significant speed boost to a Java VM by generating native machine code from
Java bytecode on the fly. This optimization has an impact on dynamic classes
– if a method is modified, previously generated machine code becomes invalid.
Therefore, if the JIT compiler is enabled, the DVM must ensure that any modi-
fied methods are recompiled. We have not yet implemented this step. At present,
the JIT compiler is disabled within the DVM.

The JVM also performs inlining, where some method invocation instructions
are replaced by the actual bytecode of the method called. This technique also
affects dynamic classes, as inlined code may be invalidated by a class change. We
have, therefore, disabled method inlining for all classes loaded by a dynamic class
loader. System classes and non-dynamic classes are inlined as usual. We plan to
re-enable inlining for dynamic classes by forcing a recompile of any methods that
contain inlined code for methods that have changed.

3.2 Updating Instances

There are several alternatives for handling existing instances when a class chan-
ges: none, some, or all of them can change to match the new definition. We
discuss the options, and justify our decision to enforce global update. Then, we
address the implementation details involved in finding, locking, and updating
the objects.
Instance update models: Possible models for instance update include a ver-
sion barrier, passive partitioning, global update, and active partitioning. We de-
scribe and compare these models here. Our definitions of version barrier, passive
partitioning, and global update, as well as Figure 6, are based on [19].

First, the DVM could use a barrier on object versions. With this solution,
C 7→C cannot occur until all objects defined by C have expired, as shown in
Figure 6(a). Note that, in this case, tupdate is delayed until all old objects have
expired. This solution lacks the flexibility we desired. Effectively, active classes
cannot change.

Another possibility is passive partitioning, where objects created before C
7→C are unchanged, and any created afterwards reflect the new type. Figure 6(c)
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a)

b)

c)

d)

tupdate

Time

Fig. 6. Object update models: (a) version barrier, (b) global update, (c) passive par-
titioning, and (d) active partitioning. Black objects denote old version, and white are
new version.

depicts this model. In this case, as with the previous, multiple definitions of a
class can be active simultaneously. This breaks the Java name-binding semantics,
and introduces ambiguity that we wished to avoid.

Active partitioning allows the user to actively select which objects to update
and which to leave at the previous version, thus partitioning the objects into
type spaces. Such a model effectively implements fully dynamic typing, as one
could redefine classes at the granularity of individual objects, giving each object
its own dynamic type descriptor. Figure 6(d) illustrates this model. As discussed
in Section 2, we chose not to make such a drastic change in Java’s type system.

Therefore, our model uses the fourth method: global update of all objects
defined by C, shown in Figure 6(b). We defined 7→(see Definition 15) such that
the DVM must locate and update all instances of C and its subclasses to reflect
the new definition, C.
Implementing incremental global update: Once the DVM has determined
that a modified class’s instances must be updated, the problem remains of ac-
tually locating and processing them. This problem is similar to that of garbage
collection. In both cases, there are three major steps: find relevant objects on
the heap, lock them, and process them.

Garbage collection algorithms generally fall into one of three categories: ba-
sic, incremental, and generational [43]. Basic algorithms use techniques such as
reference counting or mark and sweep to identify and process objects in a single
transaction. This transaction is atomic in that all other threads must block
while garbage is collected, and has the undesirable effect of temporarily halting
program execution. Incremental algorithms interleave garbage collection with
program execution, alleviating the pause effect. Generational algorithms exploit
temporal locality in memory usage to optimize garbage collection. We required
a more efficient method than a basic algorithm, and generational algorithms rely
on assumptions about program behavior that may not apply to instance update.
Therefore, we chose an incremental mark-and-sweep approach to updating. In
this method, there are two phases: the mark phase, during which objects are
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identified, and the sweep phase, in which they are actually updated. The mark
phase is atomic, and the sweep phase proceeds incrementally.

In the mark phase, the DVM finds the objects by scanning the handle pool,
looking for instances of C. When it finds one, the DVM sets a bit in the ob-
ject header to indicate that the object needs to be updated. Finally, the DVM
modifies the class object pointer present in the corresponding handle structure
to point to the new definition, C. The mark phase eliminates the need to check
all object references, thus increasing overall efficiency – the DVM only traps
references when updates are pending.

In the sweep phase, the DVM incrementally updates marked objects. To
maintain the heap in a consistent state, the DVM traps all accesses of marked
objects. If any objects need to be updated, the DVM checks the update bit
of the target object when interpreting an object reference instruction. It may
seem that this sweep technique implements version partitioning in that old and
new versions may actually be present on the heap at the same time. However,
the implementation guarantees that any old object will be updated before it is
referenced. The state of an inactive object does not matter. An advantage of
this technique is that the DVM does not update objects destined for garbage
collection. The disadvantage is a slight performance cost.

The DVM takes several steps to update an object O. Since other threads
may be active, it first locks O to prevent race conditions. Then, processing may
continue. The DVM allocates a new object O, where C ≥O O, and copies O’s
data to O. It initializes any new fields within O to zero (null), then switches
the handles of O and O. Any references to O now point to O, and O is reclaimed
by the garbage collector. Finally, the DVM unlocks O, and the method that
triggered the update may continue.

3.3 Updating Dependent Classes

When redefining C, the DVM changes the state of all dependent classes to en-
able C’s new definition. This process requires several steps. First, the DVM
identifies all dependents and categorizes them by their relation to C – subclass,
method usage, etc. It re-resolves all dependent classes, and updates additional
information within subclasses.

The DVM identifies dependent classes by scanning the constant pools of all
loaded classes for C. Then, it updates each one according to its relation to C.
When a class is first loaded, its constant pool contains symbolic references to
other class objects and their methods and fields. When the JVM resolves the
class, it replaces these references with actual pointers to the referenced object.
When the DVM redefines C, any pointers to C become invalid, and the DVM
replaces all resolved references with the original symbolic references. It then
resolves the class and replaces the references with pointers into C. To support
restoration of symbolic references, we added an additional field to the class object
structure that contains the original constant pool.

C’s subclasses require additional processing. If any data or methods are added
to C, the DVM updates the method and field tables of all subclasses. It rebuilds
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these tables when it re-resolves a class. Classes that contain instances of C as
data require no further action. Since Java objects contain references in their
component fields and not entire objects, classes are not affected by a change in
the class definition of one of their components.

3.4 Pitfalls in Dynamic Classes

The introduction of arbitrary new code into a running Java application has many
potentially negative consequences. Type safety may be affected, race conditions
may result, etc. In this section, we analyze several problems that we encountered
during the implementation and the present the solutions.
Type safety: Recall from Section 2 that the operation C 7→C is allowed if it
does not cause static or dynamic type violations. Therefore, before making any
change, the DVM verifies these conditions. This maintains program correctness
and type-dependent security mechanisms.

The DVM checks for static type violations by examining C, C, and any
dependents. Assume that C has a field X, and the switch to C removes X.
There are two possible cases for invalid references – within C, and in other
classes. Since we enforce the constraint that C must be a valid class definition,
the first case is impossible. Before enacting the change, the DVM resolves C
and runs through the bytecode verifier. Therefore, whether C is a compiled class
or was generated on the fly, it cannot contain any references to X. However,
we may have another class CD that is dependent on C and references X. In
Section 3.3, we described how to identify dependent classes quickly by scanning
their constant pools. We extend this technique to locate references to deleted
fields or methods such as X – the name C.X must be present in CD’s constant
pool. If any such references are found, the DVM invokes a user-supplied handler,
passing it a list of classes that depend on C. This handler may then throw an
exception, update dependent classes if possible, etc. This step ensures that all
classes defined, and thus the program itself, are valid after the change.

Likewise, the DVM checks the second condition by comparing C and C,

and recursively examining C’s superclasses. If C
∗v CS and C does not, the

DVM searches for any classes that depend on CS . If any are found, the DVM

throws an exception. Similar steps are taken if C
∗≥IT and C does not. It is a

straightforward matter to extract this information from the class object data
structures.
Race conditions in multithreaded applications:Multithreaded applications
raise the issue of race conditions on the definitions and instances of dynamic
classes. During redefinition, the data in C and C are in an inconsistent, transitory
state. If an active thread references C during this time, runtime system errors
will likely result. The DVM prevents this event by blocking all threads prior to
performing the replacement.

Ideally, the DVM could identify all threads that depend on C, and block
only those threads. Unfortunately, this requires a lengthy recursive search of all
loaded classes for every frame on every thread stack. This operation is actually
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much more expensive than the class replacement, which is fairly brief. Thus, the
DVM blocks all threads except for the thread performing the change, and allows
the threads to continue after the change is complete.
Native methods:The JVM allows users to run native methods, and the po-
tential for race conditions during a class change exists here as well. Since native
methods do not use a Java stack, and their code cannot be easily examined for
dependencies, it is very difficult to determine if it is safe to make a change while
a native method is active. Further, native code does not consist of discrete byte-
code instruction sections. It is difficult to determine when it is safe to block a
native method without causing race conditions as described above.

One solution is to simply disallow class changes while native methods are
active. Unfortunately, many native methods are involved in I/O and include
polling loops; they are perpetually active. Therefore, the DVM does not block
native threads, nor does it wait for them to finish or reach any particular state
before continuing with a class change. There is a danger that a native thread
could access some internal data structure while the DVM is modifying a class.
However, since the JVM cannot control the execution of native methods, there
is always the danger that one will corrupt the runtime state in some manner.
We assume that all native methods are trusted to behave properly.

Race conditions during object update are easier to handle. Native methods
should “pin” Java objects before accessing them, a form of locking. Before chan-
ging a class, the DVM scans the heap and ensures that no instances of that class
are pinned.
Changing active methods: An interesting problem involves changing a me-
thod that is currently running. Given a method C.M , we must first determine if
C.M has changed. Whenever the dynamic class loader loads a class, it calculates
and stores a hash value for each method. The DVM can then determine if M
has changed by comparing the old and new hash values.

This cannot be done by a simple string compare of C’s and C’s versions of M ,
since the constant pools indices used as arguments in the bytecode may change,
even if the method code does not. Any deeper examination of the bytecode
becomes costly. So, whenever the dynamic class loader loads a class, it calculates
and stores a hash value for each method. This hash value includes all bytecode
instructions, and the full names of all classes, methods, and fields referenced,
rather than the symbolic references. Then, the DVM can determine if M has
changed by comparing the old and new hash values. There is a slight possibility
of collision, where two different methods give the same hash value, thus causing
a false negative. Therefore, in the event of a match, the DVM also checks other
information such as bytecode length and stack size.

Once it has determined that M has changed, the DVM must include C.M
in its search of the active thread stacks. Given that M is at an arbitrary point
in execution, that Java bytecode contains no semantic information about con-
trol flow, and that no particular relationship between M and M is required,
it is impossible, in the general case, to determine where and how to continue
execution in M . For instance, if M and M solve the same problem using diffe-
rent algorithms, there may not be a point in M corresponding to the current
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location in M . Or, M may use local data that is not present in M , and that
must be initialized. This problem is similar to that posed by security behavior
across class changes, as discussed in Section 2.3. Again, heuristics might be used
to solve specific cases, but such heuristics are beyond the scope of this paper.
Therefore, active methods cannot be changed. If the user attempts to change
an active method, the DVM throws an exception, aborting the offending thread.
The user may handle this exception in another manner, by continuing the thread
but aborting the replacement, terminating and re-invoking the method, etc.

4 Discussion

In this section, we first analyze the performance of the DVM, as compared to
the standard JVM. We then compare our design and implementation with other
work related to dynamic evolution.

4.1 Performance Analysis

We are concerned with two performance factors: baseline performance of the
modified VM, and the cost of replacing a class and updating its instances. We
have performed a series of experiments to determine precisely where penalties are
incurred and their degree, and to suggest optimizations and improvements. These
results pertain to an unoptimized DVM; work on optimization is proceeding
apace.
Overhead of adding dynamic classes to JVM: It is straightforward to test
the baseline performance of the DVM, simply by running a series of benchmark
programs on both the DVM and unmodified JVM. We ran the SpecJVM ’98
benchmark suite [41], with a problem size of 100, on a 266 MHz Intel Pentium II
running SunOS 5.6. Figure 7 summarizes the results. The performance penalty
varied between applications from around five percent to nearly ten, with the
average around six percent.

SpecJVM Programs JVM DVM JVM/DVM DVM w/ repl. no repl./repl.
jess 1420.888 1562.581 90.9% 1738.559 90%
db 2675.772 2932.931 91.2% 3257.733 90%
javac 1692.285 1840.9 91.9% 2181.056 84%
mpegaudio 6383.705 6743.099 94.7% 6853.353 98%
mtrt 1709.399 1883.119 90.8% 2163.25 87%
jack 2083.441 2306.306 90.3% 2559.645 90%
Total 15966.552 17269.977 92.5% 18753.596 92%

Fig. 7. SpecJVM benchmark results. All time in seconds.

We ran another experiment to determine the penalty caused by each of our
modifications. For this experiment, we used a simpler set of benchmark pro-
grams [16], run with different versions of the DVM. Each successive DVM version
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VM version time JVM/DVM penalty
JVM 54.6 – –
DVM 55.8 97.8% 2.2%
No quick instructions 58.8 92.9% 4.9%
Update object check 58.9 92.7% 0.2%
Class replace lock check 62.4 87.5% 5.2%

Fig. 8. Performance cost distribution.

activates an additional instrumentation of the unmodified JVM. Instrumentati-
ons include the elimination of quick instructions, checking if an update is needed
in object reference instructions (see Section 3.2), and the class replace lock check
for object reference and method invocation instructions. Figure 8 summarizes
the performance cost distribution. The costly modifications are the elimination
of quick instructions and the class replace lock; each incurs an approximately 5%
penalty. The penalty caused by the object update check is very small. Current
efforts focus on reducing these penalties by implementing a more efficient locking
mechanism, and possibly re-enabling quick instructions for non-dynamic classes.

These data inform the wide range in performance cost reported in Figure 7.
Applications that have a higher proportion of object reference and method in-
vocation bytecode instructions, as compared to other instruction types, suffer
more from both the loss of quick instructions and the class replace lock check.
Cost of modifying classes: The acquisition of meaningful data about the
cost of replacing a class and updating instances is more complex. Many varia-
bles are involved, including the behavior of the application (object allocation
and usage, etc.) and the state of the runtime system (number of classes loaded,
thread state, etc.). Thus, different applications will generate widely varying data.
We have experimentally modeled this cost by running the Spec benchmarks, as
above, alongside a thread that periodically replaced a randomly selected user
class. We did not modify any Spec classes; any such class is replaced with itself,
causing no instance update. We included a “dummy” class that, when changed,
has a different implementation. Our extra thread allocates and periodically ac-
cesses many instances of this class. The number of objects used in this set of
experiments was 10000, and the interval between class changes was 5 seconds –
we consider this to be a fairly heavy replace/update load. We show the results in
Figure 7. The overall performance penalty ranged from ten to sixteen percent,
with average at eight percent.

4.2 Related Work

We survey related work in dynamic evolution in the context of programming
models. We loosely classify techniques according to the semantics of changing
code and the programming interface.
Dynamic classes: Under dynamic classes, the definition of a type may be
changed at runtime. However, the defining type of an individual object may not,
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as is the case with dynamic typing. Any change is applied directly to the type
definition rather than its instances. Therefore, objects in memory must somehow
be partitioned between different versions of the class.

C++-style templates, at first glance, seem to provide some dynamic capabi-
lity – a template class or function can change based on what template parameter
is provided. However, this is static. Effectively, templates generate new classes
during compilation, but cannot generate or modify classes at runtime. The Java
interface construct suffers from similar limitations, as discussed under dynamic
linking. The Java interface construct is not sufficient either; one may load and use
a new implementation class for an existing interface, but any existing instances
of the original implementation are not affected.

Hjalmtysson and Gray [19] implement dynamic classes in C++. The system
uses a wrapper, or proxy class, method that essentially implements Java style
interfaces in C++, and further extends the mechanism to allow linking of a new
implementation class at runtime, and the presence of multiple active versions.
This does not require runtime system support or language extensions, and could
be applied to Java as well — we chose not to do so for performance reasons.

Shadows [12] is a system for projecting objects between type spaces, and has
been implemented in C++. Shadows also uses a form of proxy class, called a
shadow map. This map is used to map nodes from the original data structure or
type into an extended structure, or shadow. Shadows uses runtime type checking
to maintain type safety. As with dynamic C++ classes, Shadows does not re-
quire compiler or runtime support, but can only be used with specifically coded
programs and incurs overhead that might be prohibitive in a Java environment.

Delegation [30] provides a mechanism by which Kniesel [26] implements dy-
namic classes. Delegation permits object- rather than class-based inheritance. A
class can contains delegates, which are objects invoked to perform certain func-
tions. By changing the delegates bound to a function, one can easily change that
function’s implementation.

Dynamic linking: Dynamic linking [20,24,11] allows names to be bound when
the program begins execution. Once done, this binding cannot be changed with-
out restarting the program. The common point among all traditional stages of
binding is that any type or method name can only be bound once across all pha-
ses. Further, dynamic linking contains no notion of state or correctness. Even
if it were possible to re-link a dynamic library, there is no semantic framework
dictating how and when it may be done.

Load-time transformation: Several projects exist that support modification
or generation of classes at load-time (before or during class loading). This tech-
nique can be used to optimize or reconfigure applications by generating and
loading specialized classes. However, the method is subject to the limitations
of dynamic linking. New classes can be generated and loaded, but classes and
objects previously present in the JVM are not affected. Classes can change in
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the static or loaded state, but not while active. Linguistic reflection [25], Binary
Component Adaptation [23] and JOIE [7] implement load-time transformation.

Dynamic architectural frameworks: Architectural frameworks such as COM
[5], CORBA [1] and C2 [42] provide a mechanism by which a program can be
described in terms of high-level components such as modules and connectors. In
general these frameworks are static – once defined, a program is static and its
design cannot be changed at runtime. Dynamic frameworks allow the user to
change the high-level architectural specification of a program at runtime.

Archstudio [34] provides graphical and command-line tools used to modify
a C2-Java program specification at runtime. An attempt to change the specifi-
cation invokes an Architecture Evolution Manager, which checks the request for
validity, and modifies the program’s implementation accordingly.

The Argus language [31], which provides a client/server model for distributed
computing, supports dynamic update of servers, or guardians [4]. Similarly, Co-
nic [32] provides a module-based environment using message passing. Modules
communicate via ports, and may be dynamically updated by switching all links
from the present version of a module to a new one. However, the ports between
modules are static, thus connections cannot be created or broken dynamically.

Dynamic typing: CLOS [40] and Smalltalk [13] support dynamic typing, in
which the type descriptor of an object may be changed freely at runtime. Method
code may be modified, data fields and methods may be added or removed, etc.
For example, the Information Bus [33] distributed systems architecture uses a
CLOS-derived language to implement dynamic classes. Fabry [10] implements
a dynamic type system using capabilities. Widening [39] provides a mechanism
for constrained dynamic type changes, in which objects may be temporarily
“widened” to a subtype of their defining class. [8] implement a mechanism
similar to widening, for imperative languages, and present a formal type system
with proof of soundness.

Dynamic typing, in its unconstrained form, supports the greatest flexibility.
However, static type checking of any kind becomes infeasible, so the runtime sy-
stem must support complete runtime type checking, with all associated overhead.

Parallel versions: One approach to replacing one version of a program (P ) with
a new version (P ) is to beginning running both versions in parallel, transferring
P ’s state to P at an appropriate time. Both software and hardware-based solu-
tions exist. Gupta and Jalote [17] use processes as update vectors, and SCP [38]
uses redundant CPUs.

While efficient, redundant hardware is obviously expensive, and only practical
in certain situations such as the telecommunications environment towards which
SCP is targeted. Parallel processes are an efficient technique. However, transfer
of state, which may include open files, displays, and elements not affected directly
by the change, can be awkward.
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5 Conclusion

We have described the design and implementation of dynamic classes in Java,
using runtime support. Our solution is novel in the combination of type sa-
fety preservation, nearly unrestricted changes, support for any Java class, and
efficiency. These features balance efficiency, convenience, safety, and power of
expression.

We have developed a dynamic security infrastructure using dynamic clas-
ses [18], as well a mechanism that enhances the dynamism of JDK 1.2’s native
security model. We are also working on a dynamic architectural framework based
on Java Beans [21], and a code distribution mechanism. These applications, in
conjunction with our performance analysis, show that dynamic Java classes are
a useful language extension that supports an exciting class of software systems.
Further optimization of the DVM is an ongoing process.

Currently, our primary focus for future work is the extension of the dynamic
classes model to distributed systems. The introduction of distributed applica-
tions running across multiple hosts, with objects migrating between them, has
many implications. For example, due to latency and packet dropping over the
network, our current synchronization model does not scale well to multiple hosts.
It is difficult to avoid race conditions while maintaining efficiency. One solution is
to simply accept race conditions and work around them. This approach implicitly
creates a multiple-version model of classes, which merits further examination.
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Abstract. OpenJIT is an open-ended, reflective JIT compiler frame-
work for Java being researched and developed in a joint project by Tokyo
Inst. Tech. and Fujitsu Ltd. Although in general self-descriptive systems
have been studied in various contexts such as reflection and interpre-
ter/compiler bootstrapping, OpenJIT is a first system we know to date
that offers a stable, full-fledged Java JIT compiler that plugs into existing
monolithic JVMs, and offer competitive performance to JITs typically
written in C or C++. This is in contrast to previous work where compila-
tion did not occur in the execution phase, customized VMs being develo-
ped ground-up, performance not competing with existing optimizing JIT
compilers, and/or only a subset of the Java language being supported.
The main contributions of this paper are, 1) we propose an architec-
ture for a reflective JIT compiler on a monolithic VM, and identify the
technical challenges as well as the techniques employed, 2) We define
an API that adds to the existing JIT compiler APIs in “classic” JVM
to allow reflective JITs to be constructed, 3) We show detailed bench-
marks of run-time behavior of OpenJIT to demonstrate that, while being
competitive with existing JITs the time- and space-overheads of compi-
ler metaobjects that exist in the heap are small and manageable. Being
an object-oriented compiler framework, OpenJIT can be configured to
be small and portable or fully-fledged optimizing compiler framework in
the spirit of SUIF. It is fully JCK compliant, and runs all large Java
applications we have tested to date including HotJava. We are currently
distributing OpenJIT for free to foster further research into advanced
compiler optimization, compile-time reflection, advanced run-time sup-
port for languages, as well as other areas such as embedded computing,
metacomputing, and ubiquitous computing.

1 Introduction

Programming Languages with high-degree of portability, such as Java, typically
employ portable intermediate program representations such as bytecodes, and
utilize Just-In-Time compilers (JITs), which compile (parts of) programs into
native code at runtime. However, all the Java JITs today as well as those for
other languages such as Lisp, Smalltalk, and Self, are monolithically architected
without provision for user-level extension. Instead, we claim that JITs could be
utilized and exploited more opportunely in the following situations:
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c© Springer-Verlag Berlin Heidelberg 2000
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– Platform-specific optimizations — Execution platforms could be from em-
bedded systems and hand-held devices to large servers and massive parallel
processors (MPPs). There, requirements for optimizations differ considera-
bly, according to particular class of applications that the platform is targeted
to execute. JITs could be made to adapt to different platforms if it could be
customized in a flexible way.

– Platform-specific compilations — Some platforms require assistance of com-
pilers to generate platform-specific codes for execution. For example, DSM
(Distributed-Shared Memory) systems and persistent object systems require
specific compilations to emit code to detect remote or persistent reference
operations. If one were to implement such systems on Java, one not only
needs to modify the JVM, but also the JIT compiler. We note that, as far as
we know, representative work on Java DSM (cJVM[2]) and persistent objects
(PJama[3]) lack JIT compiler support for this very reason.

– Application-specific optimizations — One could be more opportunistic by
performing optimizations that are specific to a particular application or a
data set. This includes techniques such as selection of compilation strategies,
runtime partial evaluation, as well as application-specific idiom recognition.
By utilizing application-specific as well as run-time information, the compi-
led code could be made to execute substantially faster, or with less space,
etc. compared to traditional, generalized optimizations. Although such tech-
niques have been proposed in the past, it could become a generally-applied
scheme and also an exciting research area if efficient and easily customizable
JITs were available.

– Language-extending compilations — Some work stresses on extending Java
for adding new language features and abstractions. Such extensions could
be implemented as source-level or byte-code level transformations, but some
low-level implementations are very difficult or inefficient to support with
such higher-level transformations in Java. The abovementioned DSM is a
good example: Some DSMs permit users to add control directives or storage
classifiers at a program level to control the memory coherency protocols,
and thus such a change must be done at JVM and native code level. One
could facilitate this by encoding such extensions in bytecodes or classfile
attributes, and customizing the JIT compilers accordingly to understand
such extensions.

– Environment- or Usage-specific compilations and optimizations — Other en-
vironmental or usage factors could be considered during compilation, such
as adding profiling code for performance instrumentation, debugging etc. 1

Moreover, with Java, we would like these customizations to occur within an
easy framework of portable, security-checked code downloaded across the net-
work. Just as applets and libraries are downloadable on-the-fly, we would like
the JIT compiler customization to be so as well, depending on the specific plat-
form, application, and environment. For example, if a user wants to instrument

1 In fact we do exactly that in the benchmarking we show later in Section 5, which
for the first time characterizes the behavior of a self-descriptive JIT compiler.
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his code, he will want to download the (trusted) instrumentation component
on-the-fly to customize the generated code accordingly.

Unfortunately, most Java JITs today are architected to be closed and mo-
nolithic, and do not facilitate interfaces, frameworks, nor patterns as a means
of customization. Moreover, JIT compilers are usually written in C or C++,
and live in a completely separate scope from normal Java programs, without
enjoying any of the language/systems benefits that Java provides, such as ease
of programming and debugging, code safety, portability and mobility, etc. In
other words, current Java JIT compilers are “black boxes”, being in a sense
against the principle of modular, open-ended, portable design ideals that Java
itself represents.

In order to resolve such a situation, the collaborative group between Tokyo
Institute of Technology and Fujitsu Limited sponsored by Information Promo-
tion Agency of Japan, have been working on a project OpenJIT[19] for almost
the past two years. OpenJIT itself is a “reflective” Just-In-Time open compiler
framework for Java written almost entirely in Java itself, and plugs into the
standard Sun JDK 1.1.x and 1.2 JVMs. All compiler objects coexist in the same
heap space as the application objects, and are subject to execution by the same
Java machinery, including having to be compiled by itself, and subject to static
and dynamic customizations. At the same time, it is a fully-fledged, JCK (Java
Compatibility Kit) compliant JIT compiler, able to run production Java code.
In fact, as far as we know, it is the ONLY Java JIT compiler whose source code
is available in public, and is JCK compliant other than that of Sun’s. And, as
the benchmarks will show, although being constrained by the limitations of the
“classic” JVMs, and still being in development stage lacking sophisticated high-
level optimizations, it is nonetheless equal to or superior to the Sun’s (classic)
JIT compiler on SpecJVM benchmarks, and attains about half the speed of the
fastest JIT compilers that are much more complex, closed, and requires a specia-
lized JVM. At the same time, OpenJIT is designed to be a compiler framework
in the sense of Stanford SUIF[28], in that it facilitates high-level and low-level
program analysis and transformation framework for the users to customize.

OpenJIT is still in active development, and we are distributing it for free for
non-commercial purposes from http://www.openjit.org/. It has shown to be
quite portable, thanks in part to being written in Java—the Sparc version of
OpenJIT runs on Solaris, and the x86 version runs on different breeds of Unix
including Linux, FreeBSD, and Solaris. We are hoping that it will stem and culti-
vate interesting and new research in the field of compiler development, reflection,
portable code, language design, dynamic optimization, and other areas.

The purpose of the paper is to describe our experiences in building OpenJIT,
as well as presenting the following technical contributions:

1. We propose an architecture for a reflective JIT compiler framework on a
monolithic “classic” JVM, and identify the technical challenges as well as
the techniques employed. The challenges exist for several reasons, that the
JIT compiler is reflective, and also the characteristics of Java, such as its
pointer-safe execution model, built-in multi-threading, etc.
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2. We show an API that adds to the existing JIT compiler APIs in “classic”
JVM to allow reflective JITs to be constructed. Although still early in its
design, and requiring definitions of higher-level abstractions as well as ad-
ditional APIs for supporting JITs on more modern VMs, we nonetheless
present a minimal set of APIs that were necessary to be added to the Java
VM in order to facilitate a Java JIT compiler in Java.

3. We perform extensive analysis of the performance characteristics of OpenJIT,
both in terms of execution speed and memory consumption. In fact, as far as
we know, there have not been any reports on any self-descriptive JIT com-
pilation performance analysis, nor memory consumption reports for any JIT
compilers. In particular, we show that (1) JIT compilation speed does not
become a performance issue, especially during the bootstrap process when
much of the OpenJIT compiler is run under interpretation, (2) memory con-
sumption of reflective JITs, however, could be problematic due to recursive
compilation, especially in embedded situations, (3) that there are effective
strategies to solve the problems, which we investigate extensively, and (4)
that the solutions do not add significant overhead to overall execution, due
to (1). In fact, the self-compilation time of OpenJIT is quite amortizable for
real applications.

2 Overview of the OpenJIT Framework

2.1 OpenJIT: The Conceptual Overview

OpenJIT is a JIT compiler written in Java to be executed on “classic” VM sy-
stems such as Sun JDK 1.1.x and JDK 1.2.x. OpenJIT allows a given Java code
to be portable and maintainable with compiler customization. With standard
Java, the portability of Java is effective insofar as the capabilities and features
provided by the JVM (Java Virtual Machine); thus, any new features that has
to be transparent from the Java source code, but which JVM does not provide,
could only be implemented via non-portable means. For example, if one wishes
to write a portable parallel application under multi-threaded, shared memory
model, then distributed shared memory (DSM) would be required for execu-
tion under MPP and cluster platforms. However, JVM itself does not facilitate
any DSM functionalities, nor provide software ‘hooks’ for incorporating the
necessary read/write barriers for DSM implementation. As a result, one must
modify the JVM, or employ some ad-hoc preprocessor solution, neither of which
are satisfactory in terms of portability and/or performance. With OpenJIT, the
DSM class library implementor can write a set of compiler metaclasses so that
necessary read/write barriers, etc., would be appropriately inserted into critical
parts of code.

Also, with OpenJIT, one could incorporate platform-, application-, or usage-
specific compilation or optimization. For example, one could perform various
numerical optimizations such as loop restructuring, cache blocking, etc. which
have been well-studied in Fortran and C, but have not been well adopted into
JITs for excessive runtime compilation cost. OpenJIT allows application of such
optimizations to critical parts of code in a pinpointed fashion, specified by either
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Fig. 1. Comparison of Traditional JITs and OpenJIT

the class-library builder, application writer, or the user of the program. Further-
more, it allows optimizations that are too application and/or domain specific to
be incorporated as a general optimization technique for standard compilers, as
has been reported by [16].

In this manner, OpenJIT allows a new style of programming for optimiza-
tions, portability, and maintainability, compared to traditional JIT compilers,
by providing separations of concerns with respect to optimization and code-
generation for new features. With traditional JIT compilers, we see in the up-
per half of Figure 1, the JIT compilers would largely be transparent from the
user, and users would have to maintain code which might be too tangled to
achieve portability and performance. OpenJIT, on the other hand, will allow
the users to write clean code describing the base algorithm and features, and by
selecting the appropriate compiler metaclasses, one could achieve optimization
while maintaining appropriate separation of concerns. Furthermore, compared
to previous open compiler efforts, OpenJIT could achieve better portability and
performance, as source code is not necessary, and late binding at run-time allows
exploitation of run-time values, as is with run-time code generators.

2.2 Architectural Overview of OpenJIT

The OpenJIT architecture is largely divided into the frontend and the backend
processors. The frontend takes the Java bytecodes as input, performs higher-
level optimizations involving source-to-source transformations, and passes on
the intermediate code to the backend, or outputs the transformed bytecode.
The backend is effectively a small JIT compiler in itself, and takes either the
bytecode or the intermediate code from the frontend as input, performs lower-
level optimizations, and outputs the native code for direct execution. The reason
there is a separate frontend and the backend is largely due to modularity and ease
of development, especially for higher-level transformations, as well as defaulting
to the backend when execution speed is not of premium concern. In particular,
we strive for the possibility of the two modules being able to run as independent
components.

Upon invocation, the OpenJIT frontend system processes the bytecode of the
method in the following way: The decompiler recovers the AST of the original
Java source from the bytecode, by recreating the control-flow graph of the source
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program. At the same time, the annotation analysis module will obtain annota-
ting info on the class file, which will be recorded as attribute info on the AST2.
Next, the obtained AST will be subject to optimization by the (higher-level) op-
timization module. Based on the AST and control-flow information, we compute
the data & control dependency graphs, etc., and perform program transforma-
tion in a standard way with modules such as flowgraph construction module,
program analysis module, and program transformation module. The result from
the OpenJIT frontend will be a new bytecode stream, which would be output
to a file for later usage, or an intermediate representation to be used directly by
the OpenJIT backend.

The OpenJIT backend system, in turn, performs lower-level optimization over
the output from the frontend system, or the bytecodes directly, and generates
native code. It is in essence a small JIT compiler in itself. Firstly, when invo-
ked as an independent JIT compiler bypassing the frontend, the low-level IL
translator analyzes and translates the bytecode instruction streams to low-level
intermediate code representation using stacks. Otherwise the IL from the fron-
tend is utilized. Then, the RTL Translator translates the stack-based code to
intermediate code using registers (RTL). Here, the bytecode is analyzed to di-
vide the instruction stream into basic blocks, and by calculating the depth of the
stack for each bytecode instruction, the operands are generated with assumption
that we have infinite number of registers. Then, the peephole optimizer would
eliminate redundant instructions from the RTL instruction stream, and finally,
the native code generator would generate the target code of the CPU, allocating
physical registers. Currently, OpenJIT supports the SPARC and the x86 proces-
sors as the target, but could be easily ported to other machines. The generated
native code will be then invoked by the Java VM, as described earlier.

3 Overview of the OpenJIT Frontend System

As described in Section 2, the OpenJIT frontend system provides a Java class
framework for higher-level, abstract analysis, transformation, and specialization
of Java programs which had already been compiled by javac: (1) The decompiler
translates the bytecode into augmented AST, (2) analysis, optimizations, and
specialization are performed on the tree, and (3) the AST is converted into
the low-level IL of the backend system, or optionally, a stream of bytecodes is
generated.

Transformation over AST is done in a similar manner to Stanford SUIF,
in that there is a method which traverses the tree and performs update on a
node or a subtree when necessary. There are a set of abstract methods that are
invoked as a hook. The OpenJIT frontend system, in order to utilize such a hook
functionality according to user requirements, extends the class file (albeit in a
conformable way so that it is compatible with other Java platforms) by adding
annotation info to the classfile. Such an info is called “classfile annotation”.
2 In the current implementation, the existence of annotation is a prerequisite for fron-

tend processing; otherwise, the frontend is bypassed, and the backend is invoked
immediately.
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The overall architecture of the OpenJIT frontend system is as illustrated in
Fig. 2, and consists of the following four modules:

1. OpenJIT Bytecode Decompiler
Translates the bytecode stream into augmented AST. It utilizes a new algo-
rithm for systematic AST reconstruction using dominator trees.

2. OpenJIT Class Annotation Analyzer
Extracts classfile annotation information, and adds the annotation info onto
the AST.

3. OpenJIT High-level Optimizer Toolkit
The toolkit to construct “compilets”, which are modules to specialize the
OpenJIT frontend for performing customized compilation and optimizations.

4. Abstract Syntax Tree Package
Provides construction of the AST as well as rewrite utilities.

For brevity, we omit the details of the frontend system. Interested readers
are referred to [20].

4 OpenJIT—Backend and Its Technical Issues

4.1 Overview of the OpenJIT Backend System

As a JIT compiler, the high-level overview of the workings of OpenJIT backend
is standard. The heart of the low-level IL translator is the parseBytecode()
method of the ParseBytecode class, which parses the bytecode and produces an
IL stream. The IL we defined is basically an RISC-based, 3-operand instruction
set, but is tailored for high affinity with direct translation of Java instructions
into IL instruction set with stack manipulations for later optimizations. There are
36 IL instructions, to which each bytecode is translated into possibly a sequence
of these instructions. Some complex instructions are translated into calls into
run-time routines. We note that the IL translator is only executed when the
OpenJIT backend is used in a standalone fashion; when used in conjunction
with the frontend, the frontend directly emits IL code of the backend.
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Then, RTL converter translates the stack-based IL code to register based
RTL code. The same IL is used, but the code is restructured to be register-based
rather than encoded stack operations. Here, a dataflow analyzer is then run to
determine the type and the offset of the stack operands. We assume that there
are infinite number of registers in this process. In practice, we have found that
24–32 registers are sufficient for executing large Java code without spills when no
aggressive optimizations are performed[24]. Then, the peephole optimizer would
eliminate redundant instructions from the RTL instruction stream.

Finally, the native code generator would generate the target code of the CPU.
It first converts IL restricting the number of registers, inserting appropriate spill
code. Then the IL sequence is translated into native code sequence, and ISA-
specific peephole optimizations are performed. Currently, OpenJIT supports the
SPARC and x86 processors as the target, but could be easily ported to other
machines3. The generated native code will be then invoked by the Java VM,
upon which the OpenJIT runtime module will be called in a supplemental way,
mostly to handle Java-level exceptions.

The architectural outline of the OpenJIT backend is illustrated in Figure 3.
Further details of the backend system can be found in [23].

4.2 Technical Challenges in a Reflective Java JIT Compiler

As most of OpenJIT is written in Java, the bytecode of OpenJIT will be initially
interpreted by the JVM, and gradually become compiled for faster, optimized
execution. Although this allows the JIT compiler itself to adapt to the particular
execution environment the JIT optimizes for, it could possibly give rise to the
following set of problems:

1. Invoking the Java-based JIT compiler from within the JVM
As the JIT compiler is invoked in the midst of a call chain of the base Java
program. There must be a smooth way to massaging the JVM into invoking
a JIT compiler in Java in a separate context.

3 Our experience has been that it has not been too difficult to port from SPARC to
x86, save for its slight peculiarities and small number of registers, due in part being
able to program in Java. We expect that porting amongst RISC processors to be
quite easy.
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2. Recursive Compilation
The current OpenJIT is designed to be entirely bootstrapped in “cold” mode,
i.e., no parts of the JIT compiler are precompiled. Thus, as is with any
reflective system, there must be some mechanism to stop the infinite recursive
process, and “bottom out”. This is a little more subtle than conventional
compiler bootstrapping, as compilation occurs at runtime coexisting with
compilation of applications; furthermore, the mechanism must be safe w.r.t.
Java multi-threading, i.e., no deadlocks should occur.

3. Speed and Memory Efficiency of the JIT compiler
A JIT compiler is beneficial only if the combined (compilation time + execu-
tion time) is smaller than the interpretation time under JVM. In more prac-
tical terms, OpenJIT must compete with traditional C-based JIT compilers
for performance. Here, because of the interpretation and possible slowness
of JIT execution even if itself were JIT compiled due to quality of generated
native code, it is not clear if such goals could be satisfied. Moreover, me-
mory efficiency is of primary concern, especially for embedded systems. In
this regard, there is a particular issue not present in C-based JIT compilers.

4. Lack of appropriate API for Java-written JIT compilers in standard JVM
A JIT compiler must be able to introspect and modify various data structu-
res within the JVM. Unfortunately, JVM does not have any APIs for that
purpose, primarily because it is likely that JIT compilers were assumed to
be written with a low-level language such as C. For this purpose, there must
be appropriate Java-level APIs which must be reasonably portable for JVM
introspection in OpenJIT.

Again, for brevity, we only cover the most salient technical features here: for
complete technical details readers are referred to [25].

Invoking the Java-based JIT compiler from within the JVM. In a
“classic” JVM, for each method, both JIT compilation and transfer of control to
the native method happens at the point of the subject method invocation. The
JVM interpreter loop is structured as follows. When a method is invoked, the
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invoker function of the methodblock structure (a structure internal to the JVM
which embodies various info pertaining to a particular method) mb is called.
Under interpretive execution, this in turn calls the JVM to generate a new Java
stack frame. The first argument of invoker() function o is the class object for
static method calls, and the invoked object on normal method calls. The second
argument mb is a pointer to the methodblock structure, etc.

while(1) {
get opcode from pc
switch(opcode) {
...(various implementation of the JVM bytecodes)
callmethod:

mb->invoker(o, mb, args_size, ee);
frame = ee->current_frame; /* setup java frame */
pc = frame->lastpc; /* setup pc*/
break;

}
}

As showed in Figure 4, we substitute the value of the invoker in method-
block structure of every method to OpenJIT invoke when a class is loaded. The
OpenJIT invoke function is defined as follows in C:

bool_t OpenJIT_invoke(JHandle *o, struct methodblock *mb,
int args_size, ExecEnv *ee)

This function in turns calls the OpenJIT compile() in the C runtime to
dynamically compile the method. Thereafter, the control is transferred to
mb->invoker, transferring control to the just compiled method. The called
OpenJIT compile() performs the following functions:

1. Mutual exclusion to prevent simultaneous compilation of the same method —
We must prevent multiple threads from compiling the same method at the
same time with proper mutual execution using a compile lock. We reserve a
bit in the methodblock structure as a lock bit.

2. Setup of invoker and CompiledCode fields in the methodblock structure —
When a method is invoked, and subject to compilation, we reset the invoker
and other fields in the methodblock so that any subsequent invocation of the
method will have the method run by the interpreter during compilation. This
allows natural handling of recursive self-compilation of OpenJIT compiler
classes.

3. Invocation of the body of the JIT compiler — The Java method to invoke
the compiler is then upcalled. An instance of a new JIT compiler in Java (to
be more specific, its upcall entry class) is allocated and initialized for each
JIT compiler invocation. Then, the compile() method of the instantiated
entry class is up with do execute java method vararg(). Note that the
current call context is preserved in the stack; that is to say, the same thread
is utilized to make the upcall.
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4. Postprocessing of JIT compilation — After compilation, control returns to
the C runtime. At this point, most of the compiler becomes garbage, except
for the persistent information that must be maintained across method com-
pilations. This is to facilitate dynamic change in the compiler with compilets,
and also to preserve space, directly exploiting the memory management fea-
ture of Java. If the compilation is successful, we set the invoker field of the
methodblock structure to the compiled native code. When compilation fails:
The methodblock field values are restored to their original values. 4

In this manner, the JIT compiler in Java is smoothly invoked on the same
execution thread. In practice it is much more complicated, however, due to
possibility of exceptions, JIT compilation occurring even on calls from native
methods, advanced features such as backpatching, inlining, and adaptive com-
pilation. Some of the issues are further discussed below, while for the rest refer
to [25].

Recursive Compilation. Recursive compilation is handled at the C runtime
level of OpenJIT with simple locking mechanism, as we see in the following
simplified code fragment (in practice, it would include more code such as support
for adaptive compilation):

COMPILE_LOCK(ee);
if (COMPILE_ON_THE_WAY(mb)) {

/* now compiling this method. avoid from double compiling */
COMPILE_UNLOCK(ee);
return;

}
START_COMPILE(mb);
/* reset invoker temporarily */
mb->invoker = (mb->fb.access & ACC_SYNCHRONIZED) ?

invokeSynchronizedJavaMethod : invokeJavaMethod;
/* reset dispatcher temporarily */
mb->CompiledCode = (void *)dispatchJVM;
COMPILE_UNLOCK(ee);

This is essentially where the compilation “bottoms out”; once the method starts
to be compiled, a lock is set, and further execution of the method will be in-
terpreted. In fact, in Java we actually obtain this behavior for free, as mutual
exclusion of multi-threaded compilation has to be dealt with in any case, defaul-
ting to interpretation.

However, in the case of recursive compilation, there are some issues which do
not exist for C-based JIT compilers:

4 In practice, the invoker field is not directly substituted for the compiled native
method, but rather we invoke a native code stub, depending on the type of the
return argument. This is done to handle exceptions, java reflection, calls between
native and interpreted code, etc.
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– Possibility of Deadlocks — We must be assured that, as long as JIT compi-
ler obeys the locking protocol, recursive multi-threaded compilation does not
cause any deadlocking situations. This is proven by showing that cyclic re-
source dependencies will not exist between the multi-threaded compilations.
Let the dependencies between the methods be denoted mc

1 −→ mc
2, where for

execution of compiled method mc
1 we need to execute a compiled method mc

2.
We further distinguish compiled and interpreted execution of methods with
mc and mi, respectively. Then, starting from the entry method as a node,
graph of dependency relations will clearly form a tree for single-threaded
case. For multi-threaded case, however, it must be shown that arbitrary in-
terleavings of the tree via possible self compilation will only create DAGs.
Informally this simply holds because all mi’s will not be dependent on any
other nodes, and thus the cycle will have to be formed amongst mc’s, which
is not possible.
We also note that, in practice, deadlocks could and does occur not only
between the JIT compiler and the JVM. One nasty bug which took a month
to discover was in fact such a deadlock bug. As it turns out, the “classic”
JVM locks the constant pool for a class when its finalizer is run. This could
happen just when OpenJIT tries to compile the finalizer method, resulting
in a deadlock.

– Speed and Memory Performance Problems — Aside from the JIT compiler
merely working, we must show that the JIT compiler in Java could be time
and memory efficient. The issue could be subdivided into cases where the
OpenJIT is compiling (1) application methods, and (2) OpenJIT methods.
The former is simply shown by extensive analysis of standard benchmarks
in Section 5, where it is shown that OpenJIT achieves good time and me-
mory performance and despite being constrained by the limitations of the
“classic” VM, such as handle-based memory systems implementation, non-
strict and non-compacting GC, slow monitor locking, etc. The latter is much
more subtle: because of recursive compilation, two undesirable phenomena
occur. (A) compilation of a single application bytecode will set off a chain
of recursive compilations, due to the dependency just discussed. This has
the effect of accumulating compiling contexts of almost the entire OpenJIT
system, putting excessive pressure on the memory system. (B) We could pre-
vent the situation by employing adaptive compilation and defaulting back to
interpretation earlier, but this will have the effect of slowing down the boot-
strap time, as long as possibly having some residual effect on application
compilation due to some OpenJIT compiler methods still being interpreted.
(A) and (B) are strongly interrelated; in the worst case, we will be trading
speed, especially the bootup time, for space. On the other hand, one could
argue that little penalty is incurred by adaptive means, not because of the
typical execution frequency argument, but rather, that because of recursive
compilation, much of the OpenJIT system could be compiled under inter-
pretation in the first place. We perform extensive performance analysis to
investigate this issue in Section 5.
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Lack of appropriate API for Java-written JIT compilers in standard
JVM. None of the current Java VMs, including the “classic” VM for which
OpenJIT is implemented, have sufficient APIs for implementing a JIT compiler
in Java. In particular, JVM basically only provides APIs to invoke a C-based
JIT compiler, but does not provide sufficient APIs for generalized introspection
or intersession features. Note that we cannot employ the Java reflection API
either, for it abstracts out the information required by the JIT compiler.

Instead, we define a set of native methods as a part of the OpenJIT runtime.
The Compile class declares the following native methods, which are defined in
api.c of the distribution. There are 17 methods in all, which can be categorized
as follows:

– Constant pool introspection methods

public final native int ConstantPoolValue(int index)
private final native int ConstantPoolTypeTable(int index)
public final int ConstantPoolType(int index)
public final boolean ConstantPoolTypeResolved(int index)
public final String ConstantPoolClass(int index)
private native byte[] ConstantPoolClass0(int index)
public final String ConstantPoolName(int index)
private native byte[] ConstantPoolName0(int index)
public final native int ConstantPoolAccess(int index)
public final native byte[] ConstantPoolMethodDescriptor(int index)
public final native int ConstantPoolFieldOffset(int index)
public final native int ConstantPoolFieldAddress(int index)

– Native method allocation and reflection

public final native void NativeCodeAlloc(int size)
public final native int NativeCodeReAlloc(int size)
public final native void setNativeCode(int pc, int code)
public final native int getNativeCode(int pc)
private native byte[] MethodName()

– Class resolution methods (used for inlining)

public final native void initParser(int caller_cp, int index)
public final native void resolveClass(int caller_cp, int index)

As one can see, majority of the methods are such that either introspective
or intercessive operations being performed on the JVM.

The current API is sufficient, but admittedly too low level of abstraction, in
that it exposes too much of the underlying VM design; indeed, our goal is to
allow JITs to be a customizable and portable hook to the Java system, and thus,
have OpenJIT be portable across different kinds of VMs. For this purpose, in
the next version of OpenJIT, we plan to design a substantially higher-level API,
abstracting out the requirements of the different VMs. The implementation of
the API for “classic” VM will sit on the current APIs, but other VMs will have
different implementations of native methods.
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Another issue is the safety of the API. In the current implementation, the
OpenJIT native method APIs are accessible to all the classes, including the
application classes. It is easy to restrict the access to just the compiler classes
(those with path org.OpenJIT.), but this will preclude user-defined compilets.
Some form of security/safety measures with scope control, such as restricting
access only to signed classfiles, might be necessary. We are currently investigating
this possibility to utilize the security API in JDK 1.2.

5 Performance Analysis of OpenJIT

We now analyze the behavior of OpenJIT with detailed benchmarks. As mentio-
ned earlier, our concern is both execution speed and memory usage. The former
is obvious, as the execution overhead of the JIT compiler itself as well as quality
of generated code will have to match that of conventional JIT compilers. Me-
mory usage is also important, especially in areas such as embedded computing,
one of major Java targets.

All the OpenJIT objects, except for the small C runtime system, coexists
in the heap with the target application. The necessary working space inclu-
des that of various intermediate structures of compiler metaobjects that the
OpenJIT builds, including various flowgraphs, intermediate code, etc., and per-
sistent data, such as the resulting native code. Standard C-based JIT compilers
will have to allocate such structures outside the Java heap; thus, memory usage
is fragmented, and efficient memory management of the underlying JVM is not
utilized. For OpenJIT, since both the application and compiler metaobjects will
coexist in the heap, it might seem that we would obtain the most efficient usage
of heap space.

On the other hand, the use of Java objects, along with automated garbage
collection, could be less memory efficient than C-based JITs. Moreover as men-
tioned in Section 4, there could be a chain of recursive compilations which will
accumulate multiple compilation contexts, using up memory. It is not clear what
kind of adaptive compilation techniques could be effective in decreasing the ac-
cumulation, while not resulting in substantial execution penalty.

5.1 Benchmarking Environment

As an Evaluation Environment, we employed the following platform, and pitted
OpenJIT against Sun’s original JIT compiler (sunwjit) on JDK 1.2.2 (Clas-
sicVM).

– Sun Ultra60 (UltraSparc II 300MHz×2, 256MB)
– Solaris 2.6-J
– JDK 1.2.2 (ClassicVM)

We took six programs from the SPECjvm98 benchmark, as well as the simple
“Hello World” benchmark. The six— 201 compress (file compression), 202 jess
(expert system), 209 db (DBMS simulator), 213 javac (JDK 1.0.2 compiler),
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Table 1. Code size of OpenJIT and C runtimes

classes (files) methods # lines classfile (stripped binary) bytes
Frontend 243 1,439 24,148 629,062
Backend (sparc) 23 182 7,560 118,592
Backend (x86) 21 182 8,085 118,125
C runtime(sparc) 3 3,565 42,556
C runtime(x86) 3 3,752 28,928
sunwjit (sparc) 234,112
sunwjit (x86) 146,508

and 227 mtrt (multi-threaded raytracer), and 228 jack (parser generator)—
have been chosen as they are relatively compute intensive, do not involve mere
simple method call loops, and not reliant on runtime native calls such as net-
works, graphics, etc. “Hello World” benchmark superficially only makes a call
to System.out.println(), but actually it will have executed almost the entire
OpenJIT system, the Java packages that OpenJIT employs, as well as the con-
structors of system classes. This allows us to observe the bootstrap overhead of
the OpenJIT system.

In order to obtain the precise profile information for memory allocation, we
employed the JVMPI (Java Virtual Machine Profiler Interface) of JDK 1.2.2.
Additionally, we extended OpenJIT to output its own profile information. This
is because it is difficult to determine with JVMPI whether the allocated compiler
metaobject is being used to compile application methods, or used for recursive
compilation, because JVMPI merely reports both to be of the same class (say,
merely as instances of ILnode, etc.). By combining JVMPI and OpenJIT profile
information, we obtain precise information of how much space the live OpenJIT
compiler metaobjects occupy, how much native code is being generated, how
much of the native code is that of OpenJIT, along the execution timeline. Also,
how much classfiles are being loaded, how many methods are being compiled,
and what is the percentage of the OpenJIT classes, can be profiled as well.

Such profiling is done in real-time, in contrast to the simulation based profi-
ling of SpecJVM memory behavior in [6]. Such an approach is difficult to apply
for our purpose, as JIT compilation is being directly involved, resulting in code
not directly profilable with JVM simulation. Our compiler-assisted profiling al-
lows us to obtain almost as precise an information as that of [6] at a fraction
of time. Nevertheless, the profile information generated is quite large, reaching
several hundred megabytes for each SpecJVM run.

5.2 Benchmarking Contents

The Size of OpenJIT. We first show the code size of OpenJIT compared to
sunwjit. As we can see, the frontend is approximately 3 times the size of backend
in terms of number of lines, and factor of approximately 8–10 larger in terms of
number of classes and methods. This is because the frontend contains numerous
small classes representing syntactic entities of Java, whereas the backend has
much larger method size, and the backend IL does not assign a class for each
instruction. We also see that the combined size of OpenJIT backend and C
runtime is smaller than sunwjit, but when it is self-compiled, the x86 version
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Table 2. Baseline Performance

Program JIT class# alloc obj# allocsize[MB] GC# time
(openjit) (openjit)

interpreter 167 4,890(—) 0.273(—) 0 0.380
Hello sunwjit 172 5,244(—) 0.285(—) 0 0.450

openjit 185 90,600(74,831) 2.906(2.316) 5 1.270
openjit-int 185 37,059(31,149) 1.265(0.941) 2 1.280
interpreter 224 15,547(—) 110.640(—) 20 673.910

201 sunwjit 226 9,399(—) 110.266(—) 16 89.620
compress openjit 241 136,328(107,197) 114.330(3.318) 21 72.530

openjit-int 241 81,910(62,742) 112.662(1.918) 18 74.460
interpreter 373 7,951,562(—) 221.919(—) 547 148.550

202 sunwjit 375 7,936,214(—) 221.190(—) 565 65.750
jess openjit 390 8,103,973(142,626) 226.383(4.402) 528 62.530

openjit-int 390 8,049,403(98,045) 224.710(2.998) 532 62.160
interpreter 218 3,218,293(—) 63.249(—) 33 307.480

209 sunwjit 220 3,213,851(—) 63.095(—) 32 142.160
db openjit 235 3,343,820(109,778) 67.104(3.398) 39 172.830

openjit-int 235 3,289,249(65,197) 65.431(1.994) 37 182.080
interpreter 386 5,972,713(—) 147.288(—) 80 200.940

213 sunwjit 388 5,936,663(—) 145.458(—) 69 94.850
javac openjit 403 6,181,295(208,562) 154.486(6.478) 77 102.960

openjit-int 403 6,126,571(164,145) 151.531(5.080) 67 108.850
interpreter 239 6,382,222(—) 84.118(—) 90 173.510

227 sunwjit 241 6,376,266(—) 83.902(—) 90 59.430
mtrt openjit 256 6,524,115(124,549) 88.467(3.855) 96 56.640

openjit-int 256 6,469,545(79,968) 86.794(2.451) 93 56.980
interpreter 270 6,878,777(—) 150.755(—) 451 196.330

228 sunwjit 272 6,868,951(—) 150.353(—) 465 66.669
jack openjit 287 7,046,695(152,625) 155.818(4.707) 286 66.970

openjit-int 287 6,992,109(108,001) 154.144(3.302) 276 68.010

could get larger. Thus, this raises an interesting issue of what happens if we
run the compiler always interpreted in embedded situations; in the subsequent
benchmark, we will also investigate this possibility.

Baseline Performance. We next observe the baseline execution time and me-
mory usage characteristics of OpenJIT. We set the heap limit to 32MBytes (as
mandated by the SpecJVM98 benchmarks) comparing the execution of JVM
interpreter, sunwjit, OpenJIT with self compilation, and OpenJIT without self
compilation. Table 2 shows for each execution, how many classes are loaded and
their sizes, how many objects are allocated (parenthesis indicates how many
OpenJIT compiler metaobjects), how much memory size are allocated (and that
of OpenJIT compiler metaobjects), wallclock execution time, and number of
GCs.

Figure 5 additionally show consumed overall heap space, live OpenJIT object
heap space, along the time axis. This shows the process of compiler bootstrap-
ping. The compilation in OpenJIT was set to be most aggressive i.e., all the
methods are JIT compiled on their first invocations, and the entire frontend had
been turned off, and are not loaded.

The Hello benchmark exemplifies the overhead of bootstrapping openjit and
openjit-int; compared to sunwjit, we see approximately 2.8 times increase in
startup time, indicating that compilation with OpenJIT incurs approximately
×3 overhead over sunwjit. On the other hand, difference between openjit and
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Fig. 5. Timeline behavior of heap usage and live object allocated by OpenJIT (in-
terpreter, sunwjit, openjit, openjit-int). The measured time of this figure contains the
overhead of profiling, so it did not exactly match the results of Table 2.

openjit-int is negligibly small; this indicates that overhead of self compilation
is almost negligible, but rather, the overhead of system and library classes are
substantial (we observe approximately 457 methods compiled, as opposed to 128
methods for OpenJIT).

For the six SPECjvm98 benchmarks, we see that the overhead is well amorti-
zed, and OpenJIT is competitive with sunwjit, sometimes superior. The running
time of programs range between 56–172 seconds, so the overhead of JIT compila-
tion is well amortized, even for openjit-int, given the relative expense of OpenJIT
compilation over sunwjit. Moreover, since method-specific openjit compiler me-
taobjects are mostly thrown away on each compilation, in principle we do not
occupy memory compared to sunwjit (Fig. 5) In fact, we may be utilizing me-
mory better due to sharing of the heap space with the application. The runtime
comparison of execution times of each program depends on each program. For
compress, openjit was 20% superior, whereas sunwjit was faster by about 18%.
Other benchmarks are quite similar in performance. Even small but unnegligible
difference in compilation overhead, OpenJIT is likely producing slightly superior
code on average.

We do observe some anomalies, however. Firstly, for most cases OpenJIT
had increased invocations of GCs due to heap coexistence; but for jack and jess,
OpenJIT had less GC invocations, by approx. 40% and 5%, respectively. This
is attributable to unpredictable behavior of conservative GC in the “classic”
JVM; it is likely that by chance, the collector happened to mistake scalars for
pointers on the stack. Neither really contributes significantly to performance
differences. Another anomaly is that, in many cases openjit-int was faster than
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openjit with self-compilation. This somewhat contradicts our observation that
compilation DOES incur some overhead, as difference between interpreted and
compiled executions of OpenJIT itself should manifest, but doesn’t.

Figure 5 shows the timeline track of the amount of heap usage by the entire
program, OpenJIT (openjit) and interpreted OpenJIT (openjit-int), respectively,
for the Hello benchmark. Again, we observe that during bootstrapping, openjit
and openjit-int require approximately 700Kbytes of heap space, which is about
2.6 times the heap space as sunwjit and pure interpreter. Since openjit-int does
not allocate metaobjects to compile itself, and the amount being consumed to
compile methods of other classes are small, we attribute the consumption to the
system objects with the libraries being called from OpenJIT, and immediately
released.

The Hello benchmark also verifies that there are two phases of execution
for OpenJIT. Firstly, there is a bootstrap phase where the entire OpenJIT is
aggressively compiled, accumulating multiple compilation contexts in the call

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60 70 80 90

H
ea

p 
si

ze
(M

B
)

Time(sec)

compress

Heap usage(OpenJIT)
Heap usage(sunwjit)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 50 100 150 200 250 300

H
ea

p 
si

ze
(M

B
)

Time(sec)

jess

Heap usage(OpenJIT)
Heap usage(sunwjit)

0

1

2

3

4

5

6

7

8

9

10

0 50 100 150 200 250 300

H
ea

p 
si

ze
(M

B
)

Time(sec)

db

Heap usage(OpenJIT)
Heap usage(sunwjit)

0

5

10

15

20

25

0 50 100 150 200 250 300

H
ea

p 
si

ze
(M

B
)

Time(sec)

javac

Heap usage(OpenJIT)
Heap usage(sunwjit)

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100 150 200 250

H
ea

p 
si

ze
(M

B
)

Time(sec)

mtrt

Heap usage(OpenJIT)
Heap usage(sunwjit)

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200 250 300

H
ea

p 
si

ze
(M

B
)

Time(sec)

jack

Heap usage(OpenJIT)
Heap usage(sunwjit)

Fig. 6. Timeline behavior of heap usage with SPECjvm98 (sunwjit vs. openjit). The
measured time of this figure contains the overhead of profiling, so it did not exactly
match the results of Table 2.
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Table 3. SPECjvm98 results on Linux (x86)

Benchmark OpenJIT interpreter sunwjit IBM1.1.8
200 check 0.043 0.082 0.106 0.042
201 compress 40.828 316.687 59.338 18.236
202 jess 29.783 90.434 48.493 13.142
209 db 85.881 203.289 119.228 40.259
213 javac 56.227 120.199 70.698 30.964
222 mpegaudio 40.911 263.870 41.705 11.942
227 mtrt 30.101 96.156 37.337 17.014
228 jack 28.403 107.049 49.176 10.751

chain of the JIT compiler. Thus, the space required is proportional to the critical
path in the call chain. Then, it quickly falls off, and transcends into a stable phase
where most parts of OpenJIT have been compiled, and only application methods
are being compiled and executed.

No matter how the memory is being used, the amount of additional heap
space required for recursively compiling OpenJIT will not be a problem for mo-
dern desktop environments, in some situations. A typical desktop applications
consumes orders of magnitude more space: for example, our measurements in
Figure 6 for javac shows it consumes more than 20 Mbytes5. However, for em-
bedded applications, such an overhead might be prohibitive. As discussed earlier,
this could be suppressed using less aggressive, adaptive compilation similar to
the Self compiler[12], but it is not clear what strategy will achieve good suppres-
sion while not sacrificing performance. In the next section we consider several
adaptive strategies for suppression.

We have also taken some benchmarks on the x86 version of OpenJIT, and
compared it against IBM’s JDK 1.1.8 JIT compiler, which is reputed to be
the fastest JIT compiler for x86, in neck to neck with Sun’s Hotspot. Table 3
shows the results: we see that, for most benchmarks, OpenJIT x86 is superior to
sunwjit, and runs about half the speed of IBMs JIT, despite being constrained
by the “classic” JVM.

5.3 Adaptive OpenJIT Compilation Strategies

There are several criteria in the design space for adaptive compilation in OpenJIT
for memory suppression of the bootstrapping phase.

1. Alteration of JIT compilation frequency — The most aggressive strategy
will compile each method on its first invocation. We reduce the frequency
of compilation using the following strategies, with p as a parameter (p =
2, 4, 8, 16)
– JIT compile on pth invocation, deferring to interpretation for the first

p − 1 invocations (constant delay).
– Assign each method a random number between [0, p − 1], and compile

when the number of invocation reaches that number (random delay).
5 [6] reports that with exact GC, the actual usage is approximately 6MBytes. The

difference is likely to be an artifact of conservative GC, our close examination has
shown.
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– Compile with probability 1/p on each invocation (probabilistic). reduced
probability increased the execution time by

2. Restriction of methods subject to adaptation — We could delay compilation
for all the methods, or alternatively, only those of the OpenJIT compiler
metaclasses. The former obviously will likely consume less space, but the
former may be sufficient and/or desirable, as it will not slow down the ap-
plication itself. We verify this by comparing altering compilation frequency
changes to all classes, versus only altering the frequency of OpenJIT method.
For the latter, all other methods are compiled on first invocation except for
class initializers, which are interpreted.

3. Restriction of number of simultaneous compilations — We put global re-
striction on how many compilations can occur simultaneously. This can be
done safely without causing deadlocks. Attempt to compile exceeding this
limit will default back to the interpreter. (L = 1, 8). Note that, although
simultaneous compilation could occur for application methods under multi-
threading, this primarily restricts the simultaneous occurrence of deep re-
cursive compilation chains on bootstrapping.

4. Restricting compilation of org.OpenJIT.ParseBytecode.parseBytecode()
— This is a special case, as preliminary benchmarks indicated that parse-
Bytecode(), is quite large for a single method, (1576 lines of source code,
6861 JVM bytecodes), and thus single compilation of this method creates
a large structure in the heap space once it is subject to compilation, irre-
spective of the strategies used. In order to eliminate the effect, we test cases
where compilation of parseBytecode() is restricted. In the next version of
OpenJIT we plan to factor the method into smaller pieces.

According to the Hello benchmark, in when adaptaion is applied to all the
methods, combinations of other schemes effectively yielded reduction in the num-
ber and size of objects that are allocated during bootstrapping, without signi-
ficant increase in bootstrap time. On the other hand, restricting compilation of
OpenJIT method only did not yield significant results, except for the case when
the entire OpenJIT was interpreted, or when parseBytecode() was restricted,
again, without significant loss of performance.

The table only shows the total memory allocated. In order to characterize
the peak memory behavior, we present the timeline behavior in Figure 7. Here,
for each scheme, the parameter with lowest peak is presented. We observe that,
(1) probabilistically lowering the frequency helps reduce the peak usage, and
(2) parseBytecode() dominates the peak. We are currently conducting futher
analysis, but it is conclusive that naive frequency adjustment does not help to
reduce the peak; rather, the best strategy seems to be to estimate the heap usage
based on bytecode length, and supressing compilation once a prescribed limit is
exceeded.
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Table 4. Alteration of JIT compilation frequency for all methods

Hello
criteria param method# alloc obj# alloc size [MB] GC# time

(openjit) (openjit) (openjit)
always – 457(128) 90,594(74,831) 2.905(2.316) 5 1.270

constant 2 225(126) 64,827(52,194) 2.117(1.629) 3 1.190
delay 4 180(116) 57,568(46,133) 1.898(1.445) 3 1.280

8 161(114) 55,743(44,470) 1.843(1.395) 4 1.250
16 151(113) 54,069(43,064) 1.793(1.352) 4 1.810

random 2 412(127) 84,739(69,746) 2.729(2.162) 5 1.270
delay 4 301(123) 72,686(59,272) 2.357(1.843) 4 1.190

8 231(120) 62,628(50,589) 2.050(1.578) 4 1.240
16 196(115) 61,923(49,790) 2.031(1.558) 3 1.350

probability 2 170(115) 56,383(45,041) 1.862(1.412) 4 1.280
4 190(115) 58,493(46,877) 1.924(1.466) 4 1.900
8 149(115) 53,710(42,735) 1.780(1.341) 3 2.010
16 112(99) 27,066(21,399) 0.955(0.664) 1 0.920

Table 5. Alteration of JIT compilation frequency for OpenJIT methods only

Hello
criteria param method# alloc obj# alloc size [MB] GC# time

(openjit) (openjit) (openjit)
always – 457(128) 90,594(74,831) 2.905(2.316) 5 1.270

constant 2 457(128) 90,526(74,757) 2.904(2.314) 5 1.240
delay 4 451(122) 89,616(73,988) 2.877(2.291) 5 1.260

8 449(120) 88,535(73,179) 2.845(2.265) 5 1.280
16 446(117) 85,699(71,112) 2.760(2.200) 5 1.800

random 2 457(128) 90,534(74,765) 2.904(2.314) 5 1.320
delay 4 455(126) 90,236(74,491) 2.895(2.306) 5 1.220

8 452(123) 89,780(74,115) 2.882(2.295) 5 1.230
16 450(121) 89,299(73,763) 2.868(2.284) 5 1.330

probability 2 450(121) 89,490(73,884) 2.873(2.288) 5 1.270
4 429(116) 83,831(69,523) 2.703(2.152) 4 1.980
8 446(117) 85,722(71,136) 2.760(2.201) 5 2.020
16 441(112) 84,637(70,295) 2.728(2.117) 4 0.910

limit 1 457(128) 90,590(74,821) 2.906(2.316) 4 2.530
simultaneity 8 457(128) 90,514(74,751) 2.903(2.314) 4 1.410

no parseBytecode – 456(127) 69,463(58,430) 2.248(1.788) 3 1.190
openjit-int – 329(0) 37,059(31,149) 1.265(0.941) 2 1.280
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Fig. 7. Timeline behavior of heap usage for adaptive compilation (best cases).
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6 Related Work

As mentioned earlier, most modern compilers and language systems are boot-
strapped in a self-descriptive fashion, but they do not coexist at runtime. In fact,
although Lisp and Smalltalk systems embodied their own compilers written in
terms of itself and executable at run-time, they are typically source-to-bytecode
compilers, and not bytecode-to-native code compilers, which JITs are. In fact,
as far as we know, there have not been any reports of a JIT compiler for a
particular language being reflective. Most JIT compilers we have investigated,
including those for Lisp, Smalltalk, Java as well as experimental languages such
as SELF, have been written in C/C++ or in assembly language.

More recent efforts in self-descriptive, practical object-oriented system is
Squeak[14]. Squeak employs the Bluebook[9] self-definition of Smalltalk, then
bootstraps it using C, then further optimizes the generated VM. Bootstrap-
ping in Squeak involves the VM only, and not the JIT compiler. The recently-
announced JIT Squeak compiler is written in C and basically only merges the
code fragments corresponding to individual bytecode. Thus, this is not a true
compiler in a sense, but rather a simple bytecode to binary translator. This was
done to achieve very quick porting of Squeak to various platforms, and stems
from some of the earlier work done in [21].

We know of only two other related efforts paralleling our research, namely
MetaXa[10] and Jalapeño[1]. Metaxa is a comprehensive Java reflective system
whereby many language features could be reified, including method invocations,
variable access, and locking. MetaXa has built its own VM and a JIT compiler;
as far as we have communicated with the MetaXa group, their JIT compiler is
not full-fledged, and is specific to their own reflective JVM. Moreover, their JIT
is reported not robust enough to compile itself.

Jalapeño[1] is a major IBM effort in implementing a self-descriptive Java
system. In fact, Jalapeño is an aggressive effort in building not only the JIT
compiler, but the entire JVM in Java. The fundamental difference stems from
the fact that Jalapeño rests on its own customized JVM with completely shared
address space, much the same way the C-based JIT compilers are with C-based
JVMs. Thus, there is little notion of separation of the JIT compiler and the
VM for achieving portability, and the required definition of clean APIs, which is
mandated for OpenJIT. For example, the JIT compilers in Jalapeño can access
the internal objects of the JVM freely, whereas this is not possible with OpenJIT.
So, although OpenJIT did not face the challenges of JVM bootstrapping, this
gave rise to investigation of an effective and efficient way of interfacing with a
monolithic, existing JVMs, resulting in very different technical issues as have
been described in Section 4.

The manner in which Jalapeño bootstraps is very similar to Squeak and
other past systems. The way the type safety of Java is circumvented, however,
is similar to the technique employed in OpenJIT: there is a class called Magic,
which defines a set of native methods that implements operations where direct
access to VM internals are required. In OpenJIT, the Compile class defines a
set of APIs using a similar technique. Unfortunately, again there is no mention
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of attempting to develop the API into a clean one for generalized purposes of
self-descriptive JITs for Jalapeño.

There are other technical differences as well; OpenJIT is architected to be
a compiler framework, supporting features such as decompilation, various fron-
tend libraries, whereas it is not with Jalapeño. No performance benchmarks
have been made public for Jalapeño, whereas we present detailed studies of exe-
cution performance validating the effectiveness of reflective JITs, in particular
memory profiling technique which directly exploits the ‘openness’ of OpenJIT.
Interestingly enough, Jalapeño is claimed to be only targeting server platforms,
and not desktop nor embedded platforms. It would be quite interesting to in-
vestigate the memory performance of Jalapeño in the manner we have done, in
particular to test whether it makes sense to target smaller platforms or not.

Still, the Jalapeño work is quite impressive, as it has a sophisticated three-
level compiler system, and their integrated usage is definitely worth investigating.
Moreover, there is a possibility of optimizing the the application together with
the runtime system in the VM. This is akin to optimization of reflective systems
using the First Futamura projection in object oriented languages, as has been
demonstrated by one of the author’s older work in [17] and also in [18], but could
produce much more practical and interesting results. Such an optimization is
more difficult with OpenJIT, although some parts of JVM could be supplanted
with Java equivalents, resulting in a hybrid system.

There have been a number of work in practical reflective systems that target
Java, such as OpenJava[27], Javassist[5], jContractor[15] , EPP[13], Kava[30],
just to name a few. Welch and Stroud present a comprehensive survey of Java
reflective systems, discussing differences and tradeoffs of where in the Java’s
execution process reflection should occur[30].

Although a number of work in the context of open compilers have stressed
the possibility of optimization using reflection such as OpenC++[4], our work
is the first to propose a system and a framework in the context of a dynamic
(JIT) compiler, where run-time information could be exploited. A related work
is Welsh’s Jaguar system[31], where a JIT compiler is employed to optimize
VIA-based communication at runtime in a parallel cluster.

From such a perspective, another related area is dynamic code generation
and specialization such as [7, 11, 8]. Their intent is to mostly provide a form of
run-time partial evaluation and code specialization based on runtime data and
environment. They are typically not structured as a generalized compiler, but
have specific libraries to manipulate source structure, and generate code in a
“quick” fashion. In this sense they have high commonalities with the OpenJIT
frontend system, sans decompilation and being able to handle generalized com-
pilation. It is interesting to investigate whether specialization done with a full-
fledged JIT compiler such as OpenJIT would be either be more or less beneficial
compared to such specific systems. This not only includes execution times, but
also ease of programming for customized compilation. Consel et. al. have inve-
stigated a hybrid compile-time and run-time specialization techniques with their
Tempo/Harrisa system [29, 22], which are source-level Java specialization system
written in C; techniques in their systems could be applicable for OpenJIT with
some translator to add annotation info for predicated specializations.
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7 Conclusion and Future Work

We have described our research and experience of designing and implementing
OpenJIT, an open-ended reflective JIT compiler framework for Java. In parti-
cular, we proposed an architecture for a reflective JIT compiler framework on a
monolithic VM, and identify the technical challenges as well as the techniques
employed, including the minimal set of low-level APIs required that needed to
be added to existing JVMs to implement a JIT compiler in Java, contrasting
to similar work such as Jalapeno. We performed analysis of the performance
characteristics of OpenJIT, both in terms of execution speed and memory con-
sumption, using collaborative instrumentation technique between the JVM and
OpenJIT, which allowed us to instrument the JIT performance in real-time,
and showed that OpenJIT is quite competitive with existing, commercial JIT
systems, and some drawbacks in memory consumption during the bootstrap pro-
cess could be circumvented without performance loss. We demonstrate a small
example of how reflective JITs could be useful class- or application specific cu-
stomization and optimization by defining a compilet which allowed us to achieve
8-9% performance gain without changing the base-level code.

Numerous future work exists for OpenJIT. We are currently redesigning the
backend so that it will be substantially extensible, and better performing. We
are also investigating the port of OpenJIT to other systems, including more
modern VMs such as Sun’s research JVM (formerly EVM). In the due process
we are investigating the high-level, generic API for portable interface to VMs.
The frontend requires substantial work, including speeding up its various parts
as well as adding higher-level programming interfaces. Dynamic loading of not
only the compilets, but also the entire OpenJIT system, is also a major goal,
for live update and live customization of the OpenJIT. We are also working on
several projects using OpenJIT, including a portable DSM system[26], numerical
optimizer, and a memory profiler whose early prototype we employed in this
work. There are numerous other projects that other people have hinted; we
hope to support those projects and keep the development going for the coming
years, as open-ended JIT compilers have provided us with more challenges and
applications than we had initially foreseen when we started this project two years
ago.
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Abstract. The integration of the telephone network and the internet
enables convergence of voice and data services. The explosion of informa-
tion appliances also provides new service opportunities. Object-oriented
systems show great promise for building new classes of services that dyna-
mically adapt to changing networks and appliances. This paper describes
how we use migratory objects to build new classes of services. The focus
is on telecommunication services where voice is integrated with other
types of media/data.

1 Introduction

Recent dramatic improvement in data networking technologies have dramatically
changed the landscape for traditional providers of telecommunication services.
Data networks are now able to provide adequate quality telephone service, both
in access networks (e.g. IP over cable) and in backbone networks (e.g. various
forms of IP telephony over ATM). Telecommunication providers see a signifi-
cant threat to their revenue. The presence of IP telephony providers and open
competition in the long distance market has resulted in price reductions ranging
from from 20% in the U.S. to 70% in Germany.

However, significant new revenue opportunities are available to telecom pro-
viders who can expand into new markets. The market size is significant. Consu-
mer spending on communication services such as telephony, cable, internet access
and premium services such as Video on Demand are predicted to be around $100
billion in 2001 with telephony services accounting for $48 billion.

The underlying technological trend is the explosive growth of data networks.
The percentage of network bandwidth occupied by voice traffic is predicted to
decline from 40% today to less than 5% in 2005. The optimal strategy for tele-
communication may be handle voice as much as possible like data.

This new integrated network is termed the Next Generation Network (NGN).
A NGN is a network where all kinds of information (voice, fax, video, data) are
transmitted uniformly using packet-based transport and switching media.

The challenge for telecom providers is to deploy new, innovative services that
integrate the traditional ease of use and reliability of the phone network with
the vast new potential of the data network and the web.

Using the flexibility of NGN, a new integrated multi-service communications
framework can be created. Using this framework telecommunication companies
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can bundle new services with traditional services and reverse the trend of losing
revenues to internet, cable and entertainment companies.

At Telcordia we have developed a framework for NGN services based on
objects and object migration. Our goal is to develop a framework where new
services can be rapidly developed and deployed. We believe that our framework
meets goals of seamless integration of the phone network and data network in-
corporating the best that each network has to offer. The new framework requires
a significant change in the infrastructure used for call (communication) set-up.

2 Object Framework and Applications

Our goal is to provide a framework where new services can be developed and
deployed rapidly. Our focus is more than simple telephone calls, it is communi-
cating applications. New application should be able to use the new services as
easily as they would make a telephone call.

We have designed a basic set of building blocks that can be assembled to
create new services. A communicating service begins with a pair of coupled
objects which are the communication endpoints. For a typical 2-party commu-
nication, one endpoint is sent to the destination party. A third party call set-up
would require sending both sides to different destinations. Local resource mana-
gers are responsible for allocation of resources such as audio devices for normal
telephone calls or screen real estate, camera, etc for more complex interactions.
The communicating service can also be created by cloning an existing commu-
nicating service.

To place an ordinary telephone call, a user creates two endpoints, sends one to
the intended recipient, attaches the other to a local device (e.g., a phone). When
the peer arrives on the recipient’s desktop, it will attempt to get resources and
give an alert (e.g., ring the phone). If the originating user does not immediately
attach his endpoint to a device, we are left with a symmetric situation resembling
a ”hot line”: each side has an endpoint for the call, but no resources (or signaling)
will take place until one side picks up. This can be used to implement a variety
of interesting services (e.g., an anonymous dating service).

The endpoint objects can be migrated to different devices or destinations.
We use object mobility as the basis for migration. One might ask why we bother
using mobility at all, rather than just using standard distributed object techno-
logy (e.g., CORBA). From our perspective, object mobility is simply distribu-
ted objects, along with (1) transparent message forwarding, and (2) automatic
code distribution. The second capability is not necessarily critical in our system
(where we emphasize object composition over new code creation). For our pur-
pose, the main advantage of automatic message forwarding is that it enables
greater decoupling between clients and servers.

A user may wish wish to integrate a number of service capabilities into a
single handler. For example, he might have a number of objects able to display
media of different types, and one of these may be chosen for an incoming me-
dia stream. Or he might have access to a number of different service providers
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offering a common capability (e.g., bit transport), and he wants to choose the
one offering the best rate. Such management policies can be embedded in spe-
cialized objects, which we call ”service containers”. These containers behave like
ordinary desktop containers (i.e., managed objects can be dragged in and out),
and provide coherent presentation and management of their contained services.

We have focused on building framework objects that can be used to imple-
ment complex business function. For example, object containment can be used
to implement complex services such as bundling voice and data. Object contain-
ment can also be used to maintain application context when items are passed
among participants. We have used these concepts to implement a tele-medicine
application.

Using our framework, the tele-medicine application can be designed so that
even non-technical people like doctors and nurses can make effective use of the
flexibility of services. The doctor can make a phone call to another doctor, patient
or pharmacist. During the conversation, any one of the participants can choose
to share or include a data item and use the phone call as a channel to share
or broadcast data to the other participants. Private communication between
any subset of the parties can also be easily accommodated by establishing a
private channel or by using private data in objects. All of these functions can
be accomplished within the phone call or any other communication. The phone
call is just another application and to the end-user or the developer, it is a
convenient channel that is currently configured to handle audio. The channel
can dynamically adapt to other media types.

In our prototype, we demonstrate the following features:

– Information passed between patient, doctor and pharmacist is encapsulated
in objects

– Prescription and patient history are bundled with voice communication and
migrated across the parties

– Database access and transaction context of patient history can be shared
and protected

– The infrastructure supports customized handling of media types based on
user preferences. These preferences may be to send data to one network while
the voice goes to another network.

3 Services Model

We now compare our object-based framework to traditional implementation of
telephony services. We focus on the differences in call set-up and call models.

Current telephony systems are based on centralized creation and deployment
of relatively static services, carefully designed to interoperate safely. Conversely,
on the Internet, anybody can create and deploy a new service, but these services
cannot interoperate effectively.

In traditional telephony, there is a sharp division between services and sessi-
ons. Services are usually written in a programming language, carefully integrated
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with other system components, with severe security requirements, while a ses-
sion is created by a user (or a service), and has a relatively short duration/value.
An important thrust of our work is to eliminate the distinction between these
two types of entities.

In telephony, it is common to use very different protocols for the originating
and terminating endpoints of a call. This approach greatly complicates the design
of many services (e.g., third-party call setup). Instead, we try to make use of call
models that are completely symmetric.

We have used object and object migration as the fundamental method of
communication. We now present a comparison of the our approach compared
with the traditional approach for telephony.

– In traditional telephony call setup is based on a universal addressing scheme.
That is, the initiator decides on the address of the responder (possibly after
some universal number translation phase, like 800 number translation, or
some multilevel lookup, as in call forwarding or internet DNS), and requests
a connection to that endpoint.
In our framework, all application addressing is to objects; the client never
sees where the message is actually routed. Objects can migrate while the
system is running; this migration is transparent to clients/communication
peers.

– Traditionally, there is a previously agreed-upon protocol regulating commu-
nication between the initiator and responder; this protocol regulates how
parties can join, suspend, and terminate a call, what sort of busy/failure
signals can be conveyed, etc. This makes changes to the call model extre-
mely difficult; evolutions to the call model are very rare, and must always
maintain backward compatibility.
In our system, the call initiator chooses the complete protocol to be used for
the communication. Of course, by choosing a protocol where the terminating
endpoint is expected to provide a standard terminating half call model, he
can get the effect of the current call model. However, he can also choose a
completely different call model, requesting direct interaction with devices at
the terminating endpoint.

– Telephone calls require initiating and terminating sides to have very different
roles. This is because conventional calls are relatively short lived, during
which the initiator (but not necessarily the terminator) is assumed to be
participating.
Conversely, our call models are generally symmetric. This is because the
calls are possibly long-lived, with either or both parties temporarily or per-
manently suspending participation, without the call being torn down (from
the logical standpoint - an implementation may choose to tear down the
actual circuit for efficiency reasons).

– Audio is the media of choice in telephony and is normally determined at
call setup time (perhaps through a process of negotiation between the two
parties). In contrast, in our calls, the initiator (or, more commonly, the
call model) obtains a handle to a virtual environment of devices (resources)
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belonging to the terminator. The call model can allocate and/or deallocate
resources, on either side of the call, at any time.
Resource allocation in our framework is carried out through resource ma-
nagers. A resource manager is an object that can be asked to deliver other
objects, given a description of the object desired (typically its type). When
a call (or any other communication object, such as a document or an adver-
tisement) wants to make use of resources (such as stable storage, a speaker,
or an alerting device like a ringer), it gets suitable objects from the resource
manager. (Because devices like phones can themselves be viewed as being
composed of many subdevices, the resources are themselves resource mana-
gers.)

– Security is maintained by associating actions with principals (typically re-
presenting people or organizations), and annotating sensitive resources (like
files and devices) with lists of principals (called access control lists). When
an action tries to access a resource, the system checks that the principal
responsible for the action is on the list of allowed accessors; if the principal
is not on the list, the access fails. However, this makes it difficult for one
party to hand access off to another, which is an essential paradigm in our
system.
Our system uses what is called capability-based access control: a handle to
an object itself guarantees access. Since handles can be freely copied and
sent to other principals, this allows one participant to hand access off to
another participant.
The usual problem with capability-based access control is what is called the
confinement problem: once you give away a capability, you can never get it
back. We solve this problem by making extensive use of a proxy discipline.
When a resource manager wants to delegate use of a resource to some party
that it does not fully trust, it creates another object of the same type that
forwards requests on to the original resource. However, this new resource
also has a ”kill” switch, accessible only to the resource manager, that can
be used to dissociate the proxy object from the original. (The proxy is also
designed so that when it gives out a subresource, these subresources are also
given out as proxies, which can be killed when the original proxy is killed.)
This allows the resource manager to revoke previously issued resource grants
at the cost of a level of indirection). (It can also preprogram the proxies to
kill themselves, either after some time interval or after a certain number of
accesses.)

4 Conclusion

We have a prototype built using the framework. We have incorporated multiple
devices in our prototype ranging from Java Rings, MP3 players, IP phones, and
gateways to traditional telephone networks. The infrastructure allows setting
up communication channels, attaching resources (e.g audio) to communication
channels and migration of live communication across devices and users. Furt-
hermore, a complex object (voice and data) can be combined or split and sent
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to different destination (users) on different networks. The immediate next steps
are to incorporate our framework into NGN products and deploy the products.

Deployment of the framework and applications on a world-wide basis po-
ses tremendous challenges. Challenges from traditional system design are the
scalability and reliability of the new applications. Security is a major concern
that we have left unexplored. Definition of a security policy and implementation
of security for objects that can appear in a user’s environment are avenues for
exploration.

We have object mobility as the basis for communication. The implementa-
tion and definition of the object mobility platform is an area of further research.
A simple question is how much of an object to move when the top level object
moves. Moving the complete object may have performance impacts while mo-
ving a partial object leaves room for failure due to network partitions or object
repository failure.

Finally, telecom and network providers have to design schemes for managing
applications that are long-lived and may require high bandwidth. Monitoring
and managing these applications may require cooperation between application
objects and network management software for efficient allocation of resources.



Empirical Study of Object-Layout Strategies and
Optimization Techniques

Natalie Eckel? and Joseph (Yossi) Gil??

Department of Computer Science
Technion—Israel Institute of Technology

Technion City, Haifa 32000, Israel
natalie | yogi@cs.Technion.AC.IL

Abstract. Although there is a large body of research on the time overhead of object
oriented programs, there is little work on memory overhead. This paper takes an
empirical approach to the study of this overhead, which turns out to be significant
in the presence of multiple inheritance. We study the performance, in terms of
overhead to object size of three compilation strategies: separate compilation, whole
program analysis, and user annotations as done in C++. A variant to each such
strategy is the inclusion of pointers to indirect virtual bases in objects. Using a
database of several large multiple inheritance hierarchies, spanning 7000 classes,
several application domains and different programming languages we find that in
all strategies there are certain classes which give rise a large number of compiler
generated fields in their object layout. We then study the efficacy of the recently
introduced inlining and bidirectional object layout optimization techniques, and
show that an average saving of close to 50% in this overhead can be achieved.

1 Introduction

One of the most difficult challenges in the implementation of object oriented program-
ming languages is to efficiently realize together multiple inheritance (MI) and dynamic
dispatch. Indeed, it was believed [8] that it was impossible to efficiently introduce MI
into C++, until proved otherwise [26].

The main difficulty is due to the fact that in presence

c b
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c b

a

(a) (b)

Fig. 1: Multiple inheritance
and virtual inheritance.

of MI, an object of class a, can also serve as an instance
of classes b and c, where no inheritance relationship exists
between b and c, as in Fig. 1(a). The problem is complica-
ted further in case b and c have a common ancestor, d, as
depicted in Fig. 1(b). In this case d is called a virtual base,
(of b, c, and a), and the inheritance links between b and d
and c and d are called virtual inheritance1 (VI).

To support this highly polymorphic nature of objects
in presence of MI, the compiler is required to generate extra data fields in objects.
Benchmarking shows that this overhead is significant [28]; and it can even double the
memory footprint of some applications.
? Contact author
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1 also shared inheritance
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In a recent theoretical paper, Gil and Sweeney [11] described the kinds of compiler
generated fields: vptrs —pointers to virtual functions tables (vtbls), and vbptrs—
pointers to virtual bases. There are two kinds of vbptrs. Essential vbptrs , or for short,
e-vbptrs, point to direct virtual bases. A time-space tradeoff is offered by inessential
vbptrs , i-vbptrs for short, which point to indirect virtual bases, i.e., virtual bases of
virtual bases. i-vbptrs make it possible to access an indirect virtual base in a single
dereference operation, without going through any intermediate virtual bases. Optimiza-
tion techniques for reducing the number of these fields were offered in the theoretical
framework of [11].

Taking an empirical, yet language-independent, approach, our work continues the
study of compiler generated fields. Compiler generated fields can be thought of as the
per-object memory overhead of MI. It should be noted that MI incurs a bloat in two
other kinds of memory overheads: per-class for storing class tables, and per-hierarchy
for storing e.g., type inclusion information. Both are left outside the scope of this paper:
Per-class overhead, which tends to be small, was thoroughly studied in the context of C++
in [28]; optimization techniques were suggested e.g., in [9]. See [15] for an empirical
and theoretical study as well as a survey of research of the per-hierarchy overhead.

As described in Sec. 2, our study relies on a database of circa 7,000 classes. The
main issues which interest us are summarized in the next few paragraphs. These also
give forward references to the detailed discussion in the body of the paper.

Topology of large inheritance hierarchies. With such a large number of classes, it is
becoming difficult to have an intuition on the structure of hierarchies. In Sec. 3 we
define a suite of parameters of the topology of the directed acyclic graph (DAG) of
inheritance. These parameters should help in gaining better understanding of the structure
of inheritance hierarchies. By applying this suite to our database, we are able to reach
some interesting findings on the topology of inheritance hierarchies, and explain some
of the benchmarking results.

Separate compilation vs. whole program analysis. VI complicates MI not only by its
presence, but also due to the uncertainty it generates. A compiler encountering class y
inheriting from x, cannot be sure that x is not a virtual base of y before verifying in the
whole inheritance hierarchy that there is no other class z that inherits independently from
both x and y. In a separate compilation environment, the compiler is therefore inclined
to make a worst case assumption and treat all inheritance links as virtual.

This research is the first to investigate the cost of this assumption which is a direct
consequence of the separate compilation model. We will see in Sec. 4.4 that separate
compilation more than doubles the number of compiler generated fields of a median
object, while for some objects it incurs more than 40-fold increase in the number of the
compiler generated fields!

In C++, the responsibility of distinguishing between virtual and non-virtual links
lies with the programmer. However, this language design decision, which is probably
as questionable as many other features of the language [24], does not make the situa-
tion much better. As explained in [11], with the absence of omniscient capacities, the
programmer will tend to conservatively choose virtual over non-virtual inheritance. For
example, in the almost standard IDL hierarchy (used e.g., in [10, 4, 28]), out of the 65
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inheritance links (connecting 66 classes), 50 links were marked as virtual. Evidently, a
whole program analysis reveals that only two inheritance links in this hierarchy are truly
virtual!

Inessential vbptrs. As explained in [11], all VI edges must be represented in the tradi-
tional object layout scheme using an e-vbptr. However, to avoid an excessive number of
dereference operations, which are known to be expensive in modern RISC processors,
many compilers place inessential vbptrs in object layouts. In Sec. 4.3 we give estima-
tes on the actual memory overhead of this compiler implementation decision. We also
comment on the expected number of dereference operation required to reach a virtual
base in the absence of i-vbptr.

Optimization techniques. Our findings show that even in the frugal whole program
analysis strategy, there is a significant fraction of mammoth classes—classes with around
a hundred compiler generated fields in each of their instances. This number increases to
circa 250 if i-vbptrs are included!

It was shown in [11] using a theoretical analysis and a number of small case studies
that a significant reduction in these numbers might be possible, using a number of
optimization techniques.

One of our primary objectives is to understand these optimization techniques better
and to apply them to show that the memory overhead induced by the time-efficient i-
vbptrs can be reduced to a minimum. To this end, we give an empirical study of the
efficacy of the following object layout optimization techniques.

ETRANS Elimination of transitive virtual inheritance edges. This technique is used
mainly as a pre-processing stage for other, more advanced techniques.

DEVIRT Devirtualizing single virtual inheritance edges. Single virtual inheritance
edges are edges designated as virtual by the programmer, but not serving as such.

S-INLN Simple inlining of virtual bases. Inlining means that no vbptr is used to
represent a virtual base in its descendant. Instead, the corresponding subobject is
made part of the including object. The inlining is simple if no attempt is made to
inline a virtual base into more than one of its descendants.
Note that devirtualization can also be thought of as inlining.

A-INLN Aggressive inlining of virtual bases. In aggressive inlining, a maximal inde-
pendent set algorithm is used to maximize the number of descendants into which
a virtual base is inlined. Since the best such algorithms are still exponential, care
should be taken before their application. We therefore dedicate some attention in
Sec. 6.2 to estimate the resources required for applying this advanced technique.

PAIRUP Marriage of immediate non-virtual bases. The bidirectional object layout
suggested in [11] makes it possible to “marry” together a positive and an negative
immediate, non-virtual bases of a class, whereby saving one vptr in their represen-
tation. The algorithm for doing so is described in procedure Pair-Up of [11].

EPHEM Ephemeral marriage of virtual bases. Yet another optimization technique
which uses the bidirectional object layout is the ephemeral marriage of virtual bases.
The marriage is called ephemeral since virtual bases married in one class are not
necessarily married in any of it descendants.
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BIDIR Combination of PAIRUP and EPHEM.
H-PAIRUP Marriage of immediate, non-virtual, hermaphrodite bases.

This paper also proposes and investigates yet another new technique for the opti-
mization of object layout. The hermaphroditing idea is similar to bidirectional object
layout, except that directed classes, may have instances of both positive and nega-
tive directionality. Hermaphroditing increases further the marriage opportunities,
but also requires means to distinguish at runtime between negatively and positively
oriented objects. For example, this distinction could be made by using the sign bit
of object pointers, so that negative pointers would be used to designate objects laid
out in the negative direction. Modifications to the dispatch mechanism would be
required to make the distinction between negatively and positively oriented vtbls.
H-PAIRUP refers to the hermaphrodite version of PAIRUP.

H-EPHEM Ephemeral marriage of hermaphrodite virtual bases.
This is the hermaphrodite version of EPHEM.

H-BIDIR Combination of H-PAIRUP and H-EPHEM.
In other words, this is the hermaphrodite version of BIDIR.

Table 1 gives the summary of the requirements and the potential savings of all of
these techniques.

We see that inlining of all vari-Requirements Savings

Technique
whole
program
analysis

architecture
support

vptrs vbptrs

ETRANS - - + +
DEVIRT + - + +
S-INLN + - + +
A-INLN + - + +
PAIRUP - - + -
EPHEM - - + -
BIDIR - - + -
H-PAIRUP - + + +
H-EPHEM - + + +
H-BIDIR - + + +

Table 1: Techniques for optimizing object layout.

ants: devirtualization, simple and
aggressive, requires whole pro-
gram analysis. The primary kind
of savings of savings is in vbptrs.
However, each saving in a vbptr
bears a potential for vptr saving
due to sharing. The efficacy of the
inlining family of optimization
techniques is discussed in Sec. 6.

On the other hand, bidirecti-
onal object layout techniques,
whose benchmarking is described
in Sec. 7, do not require whole pro-
gram analysis, and can only save

vptrs. It is a rather surprising conclusion of our study that the savings of bidirectional
techniques are in the same order of magnitude as DEVIRT and as A-INLN. Hermaphro-
diting is a new optimization technique described in detail in the sequel. The reader is
referred to [11] for a detailed description of the other techniques. The efficacy of all the
optimization techniques is summarized in Sec. 8. Finally, Sec. 9 gives the conclusions
and outlines directions for further research.

2 Experimental Setting

This section discusses the database used in our benchmarking. Prior to this description,
few words are in place regarding the special problems in making measurements of the
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sort we are interested in. The main difficulty in benchmarking memory overhead due
to MI is that of scale. Although measurements of time made on small and medium
sized benchmark programs such as SPEC [12] and SPECjvm98 [25] remain meaningful
when extrapolated to large application, no similar extrapolation can be made for memory
usage. Small programs tend to make little use of MI. Consequently, their typical object
layout is small and simple, leaving little or no room for optimization. Consider for
example Driesen and Hölzle timing of virtual functions calls [10]. Their second largest
application, groff, has only 92 classes, with only 48 inheritance relationships, with no
MI, let alone VI. This data-point of 19,000 LOC of C++ is useless for our purposes,
since in the absence of MI, all three kinds of memory overhead are minimal. In fact, the
per-object memory overhead is reduced to one compiler generated field [11].

Obtaining a sample of large applications that make use of complex inheritance hier-
archies, is difficult since such applications tend to be propriety, prohibitively expensive,
and unavailable at all in source code form.Yet another bias in sampling is that as a result
of the significant overhead of MI as encountered by every user, enforced by warnings
from industry leaders (e.g., [5, 17, 18]), designers tend to restrain their needs for MI.
Reducing this overhead by work such as this one is likely to increase the use of MI.

Our database selection started from the collection of large hierarchies which served
Krall, Vitek and Horspool in benchmarking their algorithms for efficient type inclusions
tests [16, 15].2 This collection was used in other classical benchmarking papers, e.g., [9].
Of the eleven applications used in [15], four did not make any use of MI, and hence are
not suitable for object-layout benchmarking (nor are they particularly appropriate for
demonstrating type inclusion algorithms).

Also, a careful examination of the 225 nodes in the Java hierarchy used in [16, 15],
shows that it wrongly assumes that Java interfaces inherit from class Object. We therefore
disregarded this hierarchy, and replaced it with a hierarchy of around 1,700 classes of
JDK 1.1. Since Java uses only a very restricted form of MI, we did not use this Java
hierarchy at all in comparing the different strategies of MI. We however used it in our
study of the topological structure of MI.

To these seven hierarchies, we added the class hierarchy of ISE version 4 [14] distri-
bution of Eiffel [20]. Overall, the database consists of real word applications, covering
a spectrum of usage of MI in various programming languages: C++ [27], Java [3], Eif-
fel [20], LOV (a language similar to Eiffel due to Verilog, France, a manufacturer of an
OO CASE tool), Self [29] as well as Laure language of Caseau [6].

The hierarchies used are summarized in Table 2. The most important characteristics
of each hierarchy are n, the number of classes (nodes), and m the number of inheritance
relationships (edges). In total, the database has circa 8,500 nodes and 11,500 edges. Of
these, around 7,000 classes and 9,500 edges were used in benchmarking MI.

Column r in the table gives the number of roots, i.e., classes which do not inherit from
any other class. In single inheritance hierarchies r is simply the number of connected
components, which will be 1 in the case the hierarchy is a tree. As can be seen from
the table, r is strongly dependent in the programming language. Languages which allow
multiple roots have a fair number of roots. However, overall only 2.9% of all classes are
roots.

2 Our thanks to Jan Vitek for providing access to this data.
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The next column, α, the average number of parents of non-root classes, is indicative
of the extent to which MI is used.

For all single inheritance hierar-Hierarchy Language n(i) m(ii) r(iii) α(iv)

Unidraw C++ 613 476 147 1.02
Self Self 1801 1838 51 1.05
Laure Laure 295 315 1 1.07
JDK1.1 Java 1654 1927 89 1.23
Eiffel4 Eiffel 1999 2678 1 1.34
Ed LOV 434 750 1 1.73
LOV LOV 436 774 1 1.78
Geode LOV 1318 2785 1 2.11
Total 8550 11543 293 1.39

(i) Number of classes
(ii) Number of inheritance edges

(iii) Number of root classes
(iv) Average number of parents of non-root classes

Table 2: Class hierarchies used in our experiments.

chies, α ≡ 1. The hierarchies in Ta-
ble 2 are sorted in ascending order
of α. Thus, Laure, Self and Unidraw
hierarchies are pretty close to a single
inheritance hierarchy, while all the
three applications written in LOV
make an extensive use of MI.

It should be announced that some
of the numbers presented in Table 2
do not agree with the corresponding
values in Table 2 in [16] and Table 2
in [15]. The value of n for Unidraw,
Self and Geode in Table 2 is grea-
ter by one than in [16, 15]. Also, the
average number of parents (α) for
Unidraw, Ed, LOV and Geode, does

not agree with [16, 15], with differences ranging from 0.01 to 0.22. In view of these
differences, we verified our software by having it rewritten by another person in another
programming language; the results turned out to be the same in both implementations.
This discrepancy could be explained by updates made by the authors to their database
subsequent to publication, rather than a flaw in the experimental work of [16, 15]. Ho-
wever, it should be noted that the numbers in our table do agree with earlier reports on
the same data (Table 1 of [9]).

Our data did not include information on the use of virtual vs. ordinary (repeated)
inheritance in C++, nor on the equivalent of this distinction in the Eiffel family of
languages. We were therefore inclined to assume that no repeated inheritance occured,
i.e., no class is duplicated in any of its descendants. Thus, in the hierarchy of Fig. 1(b),
we always use the semantics that there is only one occurrence of a subobject d in a, even
though C++ gives way also to the semantics of two such occurrences. Our assumption
agrees with the observation that repeated inheritance is a rarity, with the belief of some
that “repeated inheritance is an abomination" 3, and the fact that many programming
languages do not even support it, or as it is the case with Eiffel, require the programmer
to go into extraordinary effort to make use of it.

No statistics on runtime memory usage was available. Indeed, for a library hierarchy
such data would be meaningless, unless collected over a very broad array of applications
which make use of this library. Moreover, measurement of memory usage in runtime
opens the door to a debate between conflicting definitions, such as high water mark and
total memory usage. Even further, many subtle issues such as fragmentation, tradeoffs
between sizes of classes which tend to be instantiated together, etc., have to be dealt when
dynamic runtime information is taken into account. Consequently, this research conten-

3 words of an anonymous reviewer to [11]
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ded itself with measurements based on static analysis; the problem of benchmarking
runtime information is left for further research.

Our results are presented broken by overhead to object size and sometimes by hier-
archy. The fundamental hypothesis is that since frequency of instantiation each class
cannot be predicted, all the layout of all classes should be optimized. To obtain a single
number summarizing a range of measurements it is sometimes convenient to make a

Uniform Instantiation Hypothesis: All classes are equally likely to be in-
stantiated.

In other words, with the absence of any other information, there is no reason to assume
that one class is more likely to be instantiated than another class. Another hypothesis
which can be used to compute such a single number is:

Leaf Instantiation Hypothesis: All leaf classes are equally likely to be in-
stantiated, but internal classes are never instantiated.

This hypothesis is supported by the observation that an abstract class is (usually) not a
leaf, and on the proviso that library-user defined classes which are likely to be instantiated
more frequently, tend also be leaves. As we will see, the differences in numbers between
these two hypothesis is minute. This strengthens our belief that the static results we
obtain carry their meaning to runtime performance.

3 The Topology of MI Hierarchies

In designing algorithms and heuri-Hierarchy µ(i) `(ii) b(iii) d(iv) v(v) ν(vi)

Unidraw 7.2% 78.5% 9 8 2 0.3%
Self 21.1% 63.0% 10 16 3 0.2%
Laure 3.5% 64.1% 8 11 11 3.7%
JDK1.1 19.3% 77.3% 10 8 19 1.1%
Eiffel4 23.4% 61.6% 10 14 63 3.2%
Ed 5.1% 50.7% 8 8 23 5.3%
LOV 5.1% 50.0% 8 9 24 5.5%
Geode 15.4% 55.5% 10 11 100 7.6%
Total 100% 64.1% 13 16 245 2.9%

(i) The relative weight of this hierarchy in the da-
tabase n/

∑
n

(ii) Percentage of leaf classes
(iii) Depth of the complete binary tree with n nodes
(iv) Depth of the hierarchy
(v) Number of virtual bases

(vi) Percentage of virtual bases

Table 3: Topological properties of the class hierar-
chies.

stics for MI hierarchies, it is important
to understand the patterns of usage of
MI in real applications.

Since such hierarchies are huge,
it is difficult to gain any insight into
their structure by a drawing their DAG
which is often highly non-planar. In-
stead, we propose to study the struc-
ture of MI hierarchies by defining and
computing topological properties of
the inheritance DAG. Some such pro-
perties are summarized in Table 3.

Column µ gives the weight of this
hierarchy in the database, computed
based on the number of classes. Co-
lumn ` gives the percentage of leaf
classes. We already saw that there are
very few root classes; now we see that
the majority of all classes are leafs.

This is a strong indication that hierarchies do not have a lattice like structure, despite the
counter argument based on proper design considerations [13]. Perhaps this is also the
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reason why Caseau [7] algorithm for type inclusion tests which tried to impose a lattice
structure on the graph was inferior to other attempts at this challenge.

The depth of each hierarchy,
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Fig. 2: Distribution of number of immediate base classes
of non-root classes.

i.e., the maximal distance in ed-
ges between a root and a leaf is
denoted by d. By comparing d
with the depth of a complete
binary tree (dlg(n+1)e−1) we
see that the hierarchies are very
shallow. In fact, the depth ne-
ver exceeds that of a balanced
binary tree such as AVL.

The total number of virtual
bases, i.e., classes which serve
as an ancestor to some other
class along more than one path,

is given in column v of Table 3. Note that the number of virtual bases is relatively small.
Overall, only about 3% of all classes are virtual bases. However, as we shall see later,
the majority of classes have at least one virtual base. As a result, this small fraction of
virtual classes has a huge impact the object size of many more classes.

Some more topological properties of our hierarchies are given in Table 4.

Column, α is similar to the columnHierarchy α(i) β(ii) γ(iii)

Unidraw 1.02±0.15 3.61±5.18 0.02±0.18

Self 1.05±0.33 2.76±11.2 0.73±0.47

Laure 1.07±0.27 2.97±1.77 2.86±1.15

JDK1.1 1.23±0.57 5.13±22.9 0.52±0.74

Eiffel4 1.34±0.75 3.49±18.8 2.49±2.61

Ed 1.73±1.17 3.50±7.10 3.79±2.79

LOV 1.78±1.28 3.55±7.22 3.99±3.04

Geode 2.11±1.50 4.76±17.1 8.37±6.30

Total 1.39±0.92 3.74±15.6 2.62±4.02

(i) Average number and standard deviation
of parents of non-root classes

(ii) Average number and standard deviation
of children of non-leaf classes

(iii) Average number and standard deviation
of virtual base classes

Table 4: Additional topological properties of the
class hierarchies.

with the same title in Table 2, gives both
the average and the standard deviation
of the number of parents of non root
classes. Note that both these values are
not much greater than 1. By examining
the distribution of the number of pa-
rents in Fig. 2, we see that more than
70% of all classes have only one pa-
rent, while for the Unidraw, Self and
Laure hierarchies, this number increa-
ses to over 90%. Further, more than
90% of all classes have no more than
two parents. Even for Geode, which has
the least number of classes with one pa-
rent, close to 80% of all classes have at
most two parents. We see that classes
with large number of parents are rare,
even in hierarchies which make quite
an extensive use of MI.

We argue that the impact of MI on classes is gradual. Although classes tend to
have a small number of immediate parents, these parents might also use MI, etc. This
phenomena can be seen by examining the number of root-classes from which non-root
classes inherit, directly or indirectly, which is 20.59±4.49 in Geode, even though for
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this hierarchy α = 1.05±0.33. Interestingly, for this hierarchy, αd = 1.0516 = 2.1827,
which is still much smaller than the average number of roots. In other words, the nodes
in which multiple inheritance occurs are located in critical and influential junctions of
the hierarchy.

Dual to the α parameter is β, the number of children of non-leaf classes. As can
be seen from Table 4, the standard deviation of β is quite large, often greater than its
average value.

Finally, the γ column of Table 4 gives the average number of virtual bases, direct
and indirect that each class has. The distribution of the number is depicted in Fig. 3. In
Unidraw there are very few classes with virtual bases. This is partly explained by the
fact that as many as 24% of the classes of Unidraw are roots. With this exception, we
see that even though virtual bases are scarce in general, many more classes have virtual
bases. In the Self hierarchy for example, even though there are in total only 3 virtual
bases, over 70% of all classes use one or more of these virtual bases.
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Fig. 3: Distribution of number of virtual bases of a class.

In single-root hierarchies, virtually all classes have at least one virtual base. Further,
in Eiffel4, 27% of all classes have two virtual bases. There is also a significant fraction
of classes with a very large number of virtual bases. In Geode over 40% of classes have
10 or more virtual bases. The large standard deviation in the number of virtual bases is
also worth noting, since the overhead in object size may increase quadratically with the
number of virtual bases [11].

4 Traditional Compilation Strategies

There are two major strategic decisions in the compilation of MI. First, it should be
decided whether whole program analysis could be done, at the cost of slowing down
the compilation process. We will use the notation WHO for a whole program analysis
compilation strategy.

The alternative to WHO is to use a separate compilation strategy, which will be
denoted as SEP. SEP which appears to be used by compilers such as ISE Eiffel [19,
pp.339-340], is faster, but may produce less efficient executable. In particular, since a
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SEP compiler has no way of predicting that an inheritance edge will not turn out to be
virtual, it must conservatively assume that all inheritance edges are virtual.

The traditional C++ compilation model, denoted as CC, sits somewhere in between
SEP and WHO. On the one hand, the programmer must annotate all virtual inheritance
as such by using the virtual keyword. On the other hand, more advance optimization
techniques are impossible since no whole program information is available until link
time.

This section focuses on CC and SEP. As we shall see shortly, WHO is nothing but
CC with the application of devirtualization. We postpone the discussion of WHO to
Sec. 6.3.

The second decision that must be made is whether i-vbptrs be included in object
layout. The advantage is in maintaining the time efficient “single dereference distance"
between an object and each of its subobjects. A “+” superscript will be used to denote
a strategy variant which uses i-vbptrs: SEP+, WHO+, and CC+.

The alternative is to optimize memory by omitting those, but with time overhead of
following a chain of pointers in an upcast to a non-direct virtual base. A “−” superscript
on the name of strategy will be used to denote omission of i-vbptrs.

4.1 Kinds of Inheritance Edges

To simulate the CC in our hierarchies which are mostly non-C++, it is necessary to
automatically generate the programmer’s virtual annotations.

In general, it is difficult to predict this kind of human de- a

b

c

d e

f

Fig. 4: The three kinds
of inheritance ed-
ges.

cisions, which might be whimsical or influenced by a personal
sense of style. For example, the IDL hierarchy unnecessarily
used a large number of virtual inheritance, since it is designed
also to be an elegant application framework.

In our to understand how programmer annotations are ge-
nerated automatically consider the hierarchy graph of Fig. 4. It
makes sense to assume that edge (b, a) will not be annotated
as virtual. We will automatically denote edges of this sort as
non-virtual. We have that (f, d) and (f, e) are non-virtual as
well. With our assumption forbidding repeated inheritance, we
have that (d, b), (e, b) and (f, b) are virtual. Edge (c, b) poses
an interesting dilemma. A whole program analysis would re-
veal that this edge is non-virtual. However, a prudent programmer is likely to mark it as
virtual in anticipation of code evolution. A class which served once as a virtual base is
likely to serve as such again in the future. This is confirmed by our findings in Sec. 3 that
virtual bases tend to serve multiple times as such. In this example, the introduction of a
new class g inheriting from both c and d will require that (c, b) is marked as virtual. We
will call (c, b) and other edges of its kind potentially virtual. In order to simulate the CC
strategy we assume that potentially virtual edges are annotated virtual. In WHO, these
edges will be considered non-virtual.

Table 5 gives the breakdown of inheritance edges into these three kinds in our hier-
archies. With close to two-thirds of all edges, non-virtual inheritance dominates the two
other categories.
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Non-virtual Virtual Potentially virtual
Hierarchy mn

(i) mn
m

(ii) mv
(iii) mv

m
(iv) mpv

(v) mpv

m
(vi)

Unidraw 471 98.9% 5 1.1% 0 0%
Self 1627 88.5% 6 0.3% 205 11.2%
Laure 268 85.1% 30 9.5% 17 5.4%
Eiffel4 1709 63.8% 464 17.3% 505 18.9%
Ed 423 56.4% 135 18.0% 192 25.6%
LOV 423 54.7% 140 18.1% 211 27.3%
Geode 1305 46.9% 763 27.4% 717 25.7%
Total 6226 64.7% 1543 16.0% 1847 19.2%

(i) Number of non-virtual edges
(ii) Fraction of non-virtual edges

(iii) Number of virtual edges
(iv) Fraction of virtual edges
(v) Number of potentially virtual edges

(vi) Fraction of virtual edges
Table 5: The kinds of inheritance edges.

There are around 20% of potentially virtual edges, that will be devirtualized in WHO.
The number of virtual inheritance, is the smallest and stands at 16%. These edges are
the main target of our inlining optimization technique. It is also interesting to note that
non-virtual inheritance decreases and virtual inheritances increases, as α increases. On
the other hand, there seems to be no direct relationship between α and the fraction of
potential-virtual edges.

4.2 Object Size in Different Compilation Strategies

For brevity, we will use the term object size to refer to the total number of compiler
generated fields in the layout of objects of a certain class. No confusion will arise since
our database measurements do not include information on the other kinds of fields stored
in an object. Another slight abuse of terminology will be in the use of “class size” in the
meaning “number of compiler generated fields in objects of the class”.
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Fig. 5: Distribution of object size in SEP+, SEP−, CC+, and CC−.
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Fig. 5 show how object size values are distributed in the four main strategies: CC+,
CC−, SEP+, SEP−. The X-axis gives the object size in terms of the number of compiler
generated fields. The Y -axis is the percentage of classes out of the total of all classes in
our database with the corresponding size.

In CC+ and CC−, the object size of most classes is under 40. In particular, CC−,
doesn’t produce objects greater than 100 in size. Around 2.5% of all classes in CC+ give
an object size in the range of 100 to 250. In SEP, the percentage of mammoth objects
begins to grow. Around 30% of objects have size between 50 and 70 in SEP−. In SEP+

around 35% of objects will have size between 100 and 550.
With the objective of showing that both time and memory efficient object layout

is possible in C++, we choose CC+ as the baseline for benchmarking optimization
techniques. Henceforth, unless clearly specified otherwise, all results are presented in
comparison to this strategy. Note that this choice of a baseline sets the bar at a pretty
high level, since the size of 50% of all classes is 10 or less.

Fig. 6 examines the distribution of object size in CC+ more carefully.
We see that there are three
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Fig. 6: Distribution of object size in CC+.

main peaks to the distribution–
at object size 1–5, at around 20,
and at around 50. In addition, a
smaller and almost equal num-
ber of classes can be found at all
object sizes in the range 20–150.

In total we see that there is a
very significant portion of very
small classes: 30% of all clas-
ses have at most three compiler
generated fields. Moreover, the
size of 85% of all classes have
no more than 30 compiler generated fields.

4.3 Distribution of Compiler Generated Fields

As explained before, there are three kinds of compiler generated fields: vptrs, e-vbptrs,
and i-vbptrs. Fig. 7 shows how the total overhead is broken down into these three kinds
for different object sizes.

Even though the graph in Fig. 7(a) shows the values for the CC+ strategy, it is easy to
infer from it the distribution in CC−, which is the same as CC+, except that no i-vbptrs
occur. It is important to note that in the bulk of the objects, i.e., objects of size no greater
through 30, 50–80% of the overhead is due to vptrs. This is indicative of the potential
for savings by bidirectional layout techniques of classes of this size. To reduce the size
of larger classes, inline techniques must be activated.

A similar breakdown for SEP+ is shown in Fig. 7(b). Since in SEP+ all edges are
marked virtual, we have that for every vptr in a subobject, there is at least one e-vbptr
in the object or in a containing subobject pointing to this subobject. In this strategy a
subobject corresponding to a virtual base will even have two or more vbptrs pointing
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Fig. 7: Distribution of compiler generated fields.

to it. The number of i-vbptrs could be even greater. Therefore, the fact that the majority
of the overhead in this strategy is due to vbptrs is not surprising.

Fig. 8 sheds light from a dif-
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Fig. 8: Accumulative distribution of cost of using inessen-
tials for CC and SEP.

ferent angle on the cost of in-
cluding i-vbptrs in SEP and in
CC. This graph is accumulative
in the sense that a data point
(x, y) means that x percent of
all classes experience an increa-
se of y percent or more in size
due to i-vbptrs. More accumu-
lative graphs will follow.

In CC, we see that although
there are some classes whose
size is almost tripled by i-vbptrs,
over 60% of all classes do not
have i-vbptrs at all, while there are 20% of the classes whose size is increased due to
i-vbptrs by more than 30%. Thus, in the majority of classes, i-vbptrs induce only a
modest increase to object size. This gives a good justification to the decision of numerous
compiler writers to use i-vbptrs in C++ compilers. However, since applications may
instantiate classes at varying frequencies, there should be a strong effort to optimize the
use of i-vbptrs in those 10% of classes in which the increase is 50% or more. In contrast,
the use of i-vbptrs in the SEP model may put a heavy strain on resources. The size of
50% of all classes is at least doubled in switching from SEP− to SEP+.

4.4 Cost of Separate Compilation

It is quite apparent from Fig. 5 that SEP generates much larger objects than CC. It
is however interesting to compare the size of the same objects in these two different
strategies.

Fig. 9(a) shows the increase in object size when SEP+ is chosen over CC+. With
close to 40% of classes suffering a six-fold increase, and some classes increasing by
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a factor of over forty, the CC+ strategy seems to be truly impractical. In a separate
compilation model the decision to store i-vbptrs should not be made lightly.

The alternative, namely the SEP− strategy, incurs a cost of an increase in the time
to access indirect virtual bases.
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Fig. 9: Accumulative distribution of increase in object size.

Let us now compare SEP−, the more memory-efficient version of SEP, with CC+,
the memory-wasteful version of CC, as done in Fig. 9(b). Although there is a small
fraction (less than 10%) of classes in which SEP− is more efficient than CC+, in the
majority of classes CC+ is much more efficient than SEP−. Phrased differently, C++
without the virtual annotation by user, and without whole program analysis will incur a
median increase in object size of over 100%!

5 Eliminating Transitive Inheritance

ETRANS is a preliminary step to more c

d b
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Fig. 10: Change in status of edges due to
ETRANS.

advanced optimization techniques, in
which all transitive virtual inheritance ed-
ges are eliminated. Since by assumption
there is no repeated inheritance in our
hierarchies, this step is basically to re-
move all transitive edges. Beyond the ob-
vious simplification of the hierarchy graph,
the elimination of transitive virtual edges
reduces object size. ETRANS can be also
implemented in SEP, since even in sepa-
rate compilation it is assumed that whe-
never a class is compiled, information on
all of its ancestors is available.

We will use the name of a compilation strategies as a subscript in a name of an
optimization technique to emphasize the environment where the technique is applied,
for instance ETRANSCC+ will notify ETRANS applied in CC+ environment.
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ETRANS reduces object size due to the fact that transitive edges, by definition, make
diamonds hierarchies (Fig. 1(b)). Typically, an elimination of a transitive edge will also
eliminate a diamond. This could make virtual edges into potentially virtual, or even
non-virtual. In addition, potentially virtual edges may become non-virtual.

Consider for example the hierarchy of Fig. 10(a). By eliminating the transitive edge
(a, c), the edge (b, c) changes its status from virtual to non-virtual.

Also, the edge (d, c) changes
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Fig. 11: Accumulative distribution of efficacy of
ETRANSCC+ .

its status from potentially virtual
to non-virtual. Removing the
transitive edge (a, c) in the hier-
archy of Fig. 10(b), changes the
status of the edge (b, c) from vir-
tual to potentially virtual.

Table 6 describes the chan-
ges in distribution of the inhe-
ritance edges by kind due to
ETRANSCC+ . The fact that as
many as 4.1% of all edges were
eliminated indicates that pro-
grammers do make use of tran-

sitive inheritance edges, probably as a matter of design style, since transitive inheritance
contributes only very little to the semantics. It is evident however that there are hier-
archies in which no transitive edges were used, although at least in C++ this is not
forbidden by the programming language.

Non-virtual Virtual Potentially virtual
Hierarchy ∆m(i) mn

m
(ii) ∆mn

(iii) mv
m

(iv) ∆mv
(v) mpv

m
(vi) ∆mpv

(vii)

Unidraw 0.0% 98.9% 0.0% 1.1% 0.0% 0.0% 0.0%
Self 0.0% 88.5% 0.0% 0.3% 0.0% 11.2% 0.0%
Laure 0.0% 85.1% 0.0% 9.5% 0.0% 5.4% 0.0%
Eiffel4 -1.6% 65.8% +1.5% 15.6% -11.4% 18.6% -2.8%
Ed -3.9% 70.3% +19.9% 13.6% -27.4% 16.1% -39.6%
LOV -3.5% 61.8% +9.2% 14.3% -23.6% 23.8% -15.6%
Geode -10.7% 60.7% +15.6% 16.8% -45.3% 22.6% -21.8%
Total -4.1% 71.3% +5.6% 11.6% -30.4% 17.0% -15.1%

(i) Relative change in the total number of edges
(ii) New fraction of non-virtual edges

(iii) Relative change in the number of non-virtual edges
(iv) New fraction of virtual edges
(v) Relative change in the number of virtual edges

(vi) New fraction of potentially virtual edges
(vii) Relative change in the number of potentially virtual edges

Table 6: The impact of ETRANSCC+ on the distribution of inheritance edges.
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About one in three virtual edges was either eliminated or made into non-virtual or
potentially virtual. This brought the percentage of virtual edges from 16% (Table 5)
down to 11.6%. The reduction in the percentage of potentially virtual edges was more
modest (17% instead of 19.2%). The most dramatic changes in the distribution were of
course in Geode since this hierarchy had the largest fraction of transitive edges.

In order to describe the impact of an optimization technique on the object size we
will use the term efficacy.

Definition 1. The efficacy of optimization technique for a certain class is the relative
reduction in object size of a class due to application of the technique.

Fig. 11 shows the efficacy of ETRANSCC+ . As can be seen in the figure, ETRANS
is not a particularly effective optimization technique. Even though there is a very small
fraction of classes which enjoy a significant reduction of 40% or more, overall only 8%
of all classes experience a saving of 8% or more in their size.

6 Inlining Techniques

Consider the class hierarchy of Fig. 12. In this hierarchy, classes a and e are virtual
bases and edges (b, a), (c, a), (d, a), (e, a) (h, e) and (i, e) are all virtual. Also, (f, a) is
designated as potentially virtual in the CC strategy since it is incident on a virtual base.
A whole program analysis will reveal that (f, a) is not virtual and will devirtualize it.

After DEVIRT was applied, S-INLN optimization, chooses exactly one of virtual
edges incident on a virtual base, and inlines this base down this edge. In this example, a
virtual base a may be inlined into any one of b, c, d or e by S-INLN. A-INLN improves
on S-INLN by choosing a maximal subset of virtual edges incident on a virtual base,
such that this virtual base can be inlined into all of them. A-INLN will inline a into b,
e and f , which is the maximal set of children of a, such that no two of them share a
descendant.

Note that devirtualization and the

b c

g

a

d e

i

f

h j

k

Fig. 12: A class hierarchy demonstrating diffe-
rent levels of inlining.

other inlining optimization techniques
([11]), are greatly simplified thanks to the
absence of duplicate inheritance. Class a
could not be inlined into e under no cir-
cumstances, if k also had a repeated in-
heritance link to e.

Every time inlining takes place, an e-
vbptr is eliminated. Inlining also has the
potential of eliminating i-vbptrs since it
cuts by one the number of dereference
operations of e-vbptr required to reach
a virtual base.

Since (e, a) and (i, e) are virtual ed-
ges, the i-vbptr leading from i to a can
be eliminated as soon as a is inlined into e. Inlining has also the potential to eliminate
vptrs. In the example, when a is inlined into f , the vptr of a f object can be shared
with the vptr of its a subobject.
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6.1 The Extent of Inlining

Table 7 gives the fraction of edges which are inlined by each of these three techniques.
Comparing this to Table 6 weHierarchy DEVIRT SINLNCC+ AINLNCC+

Unidraw 0.0% 0.4% 0.4%
Self 11.2% 0.2% 0.2%
Laure 5.4% 3.5% 5.1%
Eiffel4 18.6% 3.5% 9.5%
Ed 16.1% 2.4% 6.0%
LOV 23.8% 2.8% 6.3%
Geode 22.6% 3.1% 8.6%
Total 17.0% 2.4% 6.3%

Table 7: The fraction of edges inlined by DEVIRT,
SINLNCC+ and AINLNCC+ .

see that all potentially virtual ed-
ges were inlined by DEVIRT. We
also see that SINLNCC+ inlines
only 2.4% of all edges, i.e., less
than one in four of all virtual ed-
ges. There are significant diffe-
rences in the extent of inlining
of SINLNCC+ . Two out of three
virtual edges are inlined in Self,
while less than one in five edges

are inlined in Geode. This variance and the small extent of SINLNCC+ can be explained
by the huge standard deviation in the number of children (column β in Table 4). Since
S-INLN inlines into only one descendant, its impact would be smaller in all virtual bases
with large number of descendants.

Note that the variance between the hierarchies in the extent of inlining byAINLNCC+

is much smaller than that of SINLNCC+ . Overall, AINLNCC+ is successful in inlining
more than one in two virtual edges.

6.2 Implementation of Aggressive Inlining

As we said, A-INLN uses a
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Fig. 13: Distribution of size of connected components.

maximal independent set algo-
rithm. Two immediately derived
classes of a virtual base are de-
pendent if they share a descen-
dant, because the virtual base
must occur exactly once in that
descendant. For each virtual
base A-INLN creates a depen-
dency graph of all of its imme-
diately derived classes. This
graph is then broken into its
connected components, and the

maximally independent set of nodes in each component is then found. We found that the
vast majority (98%) of components are small, having no more than 13 nodes. For such
small graphs, an exhaustive search algorithm with minor optimizations can be used to
find the maximally independent set.

From Fig. 13 describing the distribution of size of small connected components, we
see that close to 90% of all connected components have no more than 4 nodes—which
makes the exhaustive search approach even more appealing.

Fig. 14(a) is a scatter diagram giving the number of edges in those components.
Since the coordinates of all points are integral and drawn from a small range, many data
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points may coincide at the same grid location. To visualize these clusterings, we add a
small random perturbation−0.25 ≤ ε ≤ 0.25 to all values. This technique is used in all
subsequence scatter diagrams as well. We see that most of the components are sparse.
In fact, 82% of all components are trees. Now, since a tree is also a bipartite graph, the
maximally independent set has at least half of the nodes. Fig. 14(b) describes the size of
the maximal independent sets found in small connected components. The two diagonal
guidelines drawn on the grid show that in the maximal independent set is at least half in
size of most connected components. In fact, there are many connected components in
which all but one node take part in the maximal independent set.
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Fig. 14: Small connected components.

6.3 The Efficacy of Inlining Algorithms

Even though the extent of inlining is interesting, it is much more important to determine
how much inlining reduces object size.

For the purpose of presentation in this section we will include DEVIRT in SINLNCC+

and in AINLNCC+ . Thus, SINLNCC+ will be at least as good as DEVIRT and
AINLNCC+ will be at least as good as SINLNCC+ .

Fig. 15(a) is a scatter diagram showing the reduction in object size due to DEVIRT.
It is important to note that DEVIRT reduces the size of all classes with 45 or more
compiler generated fields. Also, even though there are small classes in which no savings
are made, there is a cluster of large classes of size 50 or more with savings in the range
of 10-20%.

A somewhat closer look at Fig. 15(a) reveals that the points appear to lie on hyperbolic
curves. This is by no means a coincidence!

A saving of f fields in a class of size b will place a point (b, f/b) on the graph.
In other words, all classes with a saving of f fields can be found on the hyperbola
y = f/x. To illustrate this, we redraw Fig. 15(a) in Fig. 15(b) with the hyperbolic
curves corresponding to f = 1, . . . , 14.

Fig. 16(a) is a similar scatter diagram for SINLNCC+ . This time we see that savings
occur in all classes whose size is greater than 30. Savings in large classes with more than
50 compiler generated fields is clustered in the 25%-30% range.
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(b) Fig. 15(a) with the first 14 hyperbolic
curves

Fig. 15: Eifficacy of DEVIRT.

As can be seen from Fig. 16(b) AINLNCC+ guarantees savings at some level for all
classes whose size is greater than 25. This time, the typical saving in large classes is
around 60%, and even more than that for really large classes.
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Fig. 16: Efficacy of inlining techniques in CC+.

The three inlining techniques are compared in Fig. 17(a). We see that DEVIRT gives
a consistent average saving of 10–20% in all object sizes. As explained earlier, WHO
is nothing but CC after DEVIRT is applied. We argue that WHO+ is much like CC+,
except that objects tend to be 10–20% smaller. Such saving may not seem enough to
warrant transition to whole program analysis. Perhaps this is why many widely available
C++ compilers do not apply whole program analysis to reduce object size. The shift to
WHO can however be justified by the efficacy of the advanced optimization techniques.

It is important to note that whole program analysis for object layout does not mean in
C++ (say) a batch compile of the whole program. All that is required is that object layout
is decided in link time, and that appropriate fixup table is used to patch object-code files.

In small classes with no more than 30 compiler generated fields, SINLNCC+ does not
add much savings to DEVIRT. In larger classes, the additional savings by SINLNCC+

are in the 15–35% range.
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Fig. 17: Average and accumulative efficacy of inlining in CC+.

AINLNCC+ is significantly better than DEVIRT and SINLNCC+ in all object sizes,
with the exception of classes whose size lies in the 21–30 range. This is unfortunate,
since as observed in Sec. 4.2 one of the peaks in the distribution of classes lies exactly in
this range. However, as we shall see below, bidirectional layout optimization techniques
will be particularly effective in this range.

Another perspective at the comparison of the three inlining techniques is offered by
Fig. 17(b). From the figure we can see for example thatAINLNCC+ effects a 50% saving
or more in 35% of all classes, SINLNCC+ makes a saving of at least 30% in 30% of all
classes, while DEVIRT saves at least 25% of object size in 20% of all classes.

7 Bidirectional Object Layout

The bidirectional object layout idea is that all root classes and all other classes for which
this is possible, are assigned a directionality. The directionality, which could be either
positive or negative, is selected using a two-wise independent hash function. Since both
positive and negative classes have their vptr at offset zero, it is possible to “marry” a
positive and negative bases in a derived class, whereby saving a vptr. For example, in
Fig. 1(a), if b is negative and c is positive, then a marriage could occur in a. Class a
would then have mixed directionality. No vbptrs can be saved by this technique.

7.1 Applying Bidirectional Layout after Inlining

Fig. 19(a) is a scatter diagram showing the reduction in object size due to BIDIR applied
after A-INLN was applied.

At first look, it appears that BIDIRCC+ is not a very effective technique, since,
asymptotically, for large classes, it gives only about 5% reduction in object size. This
however should be expected, recalling that BIDIRCC+ can only eliminate vptrs. As we
saw in Fig. 7(a) on average less than 20% of the size of classes whose size is greater
than 80 is used by vptrs. Thus, the ≈ 5% observed saving is not in total disagreement
with the theoretical prediction ([11]) of saving of around a quarter of vptrs.

BIDIRCC+ has a stronger impact on smaller classes in which the weight of vptrs is
greater. We see in Fig. 19(a) that there is a cluster of classes, sized 20–25, in which the
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Fig. 18: Average efficacy of PAIRUP and EPHEM.

saving in object size is around 40%. Theses findings are confirmed by Fig. 18(b) shows
the average savings due to BIDIRCC+ in different object sizes. We see that for the peak
in the distribution of class size located at the 21–30 bracket, BIDIRCC+ makes a hefty
saving of over 30%.

BIDIR is in fact a combination of two optimization techniques: PAIRUP, in which
inlined and non-virtual parents are persistently married, and EPHEM in which virtual
bases are ephemerally married. Fig. 18(b) shows also how the savings are broken down
between these two sub-techniques.

It is quite surprising to see that even in large classes, not too much saving is owed
to EPHEM. This is quite surprising in view of Fig. 3 which shows that there are many
classes with a large number of virtual bases. The explanation is that the preliminary in-
lining optimization eliminated so many virtual bases that the optimization opportunities
of EPHEM were severely restricted. This phenomena can also be seen by examining
Fig. 18(a), which shows how the saving due to BIDIR are broken down between PAIRUP
and EPHEM after SINLNCC+ , a less effective inlining technique.
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In comparing Fig. 18(a) and (b), we see that although BIDIR after S-INLN is slightly
better than BIDIR after A-INLN, their performance is quite similar. However, when
S-INLN was applied, EPHEM took a greater share of the total achievements of BIDIR.

Yet another comparison of between these two alternatives is given in Fig. 19(b).
Again, we see that the two alternatives are quite similar: they both achieve about 30%
savings in about 30% of all classes. The conclusion from this data is that inlining may
hinder bidirectional optimization it is better to apply A-INLN and then BIDIR. This
conclusion is confirmed by theoretical, probabilistic considerations which show that the
expectation of the saving in vptrs is decreased by inlining.

7.2 Hermaphrodite Object Layout

In plain bidirectional layout marriage opportunities may be missed due to unfortunate
selection in the pseudo-random assignment of directionality to classes.

Going back again to Fig. 1(a),
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Fig. 20: Efficacy of H-BIDIR /AINLNCC+ .

if the hash function assigned a
positive directionality to both b
and c, then no vbptr could be
saved in a. Hermaphroditing is
an object optimization technique
designed to overcome this pro-
blem.

A hermaphrodite class is a
class whose instances may use
one of two different layouts: one
using positive and the other with
negative one. Initially, all root
classes are hermaphrodite. When a class u inherits from h hermaphrodite parents, then if
h is even, h/2 marriages occur, where appropriate directionalities are selected for each
of the h subobjects.

The class u has then mixed directionality, but there is only one possible layout
for its objects. If h is odd, then (h − 1)/2 marriages occur, fixing the directionality
of h − 1 subobjects. The remaining parent, v, remains hermaphrodite in u. Class u
becomes hermaphrodite as well, where its instances of positive (respectively negative)
directionality use a positively (negatively) directed u subobject.

All hermaphrodite classes have their vptr at offset zero. However, in order to make
a virtual function call, it must be possible to determine at run time the directionality of
a specific instance, since the directionality of the vtbl is the same as the directionality
of the object.4 Since in many modern architectures, not all bits of a pointer are used,
directionality could be stored as one of these bits, say LSB. Here is the pseudo-code for
invoking a virtual function f using a pointer p to a hermaphrodite class.

The implementation of this algorithm in machine code and its run time efficiency
are very dependent on the instruction set. It could even be possible to develop dedicated
hardware support. Conversely, with the absence of such support, this dispatch mechanism
would bloat the code significantly. All these questions are beyond the scope of this paper.
Instead, we are interested in the saving in per-object memory that this technique may

4 A similar need arises for data members access. However, data members access could be restricted
to member functions, and each hermaphrodite object could have also two versions for each of
its member functions.
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bring about. Fig. 20 shows the saving in object size due to H-BIDIR when applied after
AINLNCC+ . The results are similar in appearance to Fig. 19(a), except that as expected,
greater savings are demonstrated in all object sizes. For example, the cluster of classes
of size 20–25 sees a 45% reduction in its size rather than 40%.

Fig. 21(a) compare the performance of HBIDIRCC+

vtbl← *bp/2c
off← offset(f )
if odd(p) then

off← −off
end if
call vtbl [off]

relative to the inlining algorithm that was applied prior to
it. It appears, and in a much clearer way than in Fig. 19(b)
that better inlining has adverse affects on the performance
of a bidirectional layout. For example, if SINLNCC+ was
applied than 37% of all classes see a reduction of a third
or more in their size, whereas only 33% of all classes see
a similar reduction if AINLNCC+ was applied.
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Fig. 21: Accumulative and average efficacy of BIDIR and H-BIDIR in CC+.

Finally, Fig. 21(b) compares the performance of BIDIRCC+ and HBIDIRCC+ when
applied after SINLNCC+ and AINLNCC+ , Even though HBIDIRCC+ is better than
BIDIRCC+ , the differences are not so big, except for the smaller classes, sized 1–10.
The incurred dispatch cost of H-BIDIR could be justified in those applications which
have a large number of classes of this kind, which is hard to optimize using any other
technique.

7.3 Using Bidirectional Optimization in Separate Compilation Model

In contrast with inlining optimization, bidirectional object layout can be done without
whole program analysis. It is therefore interesting to evaluate the efficacy of these algo-
rithms in a separate compilation model. Since SEP+ seems to be impractical, SEP− is
used as baseline for this benchmarking.

The savings in object size due to BIDIRSEP − in are shown in Fig. 22(a). The
figure demonstrates that there is a cluster of classes with savings in the 15–20% range.
Further, saving is guaranteed for all classes with 13 or more compiler generated fields.
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As Fig. 22(b) shows, the switch to hermaphroditing in SEP− raises a bit the range of
typical savings.
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Fig. 22: Efficacy of Bidirection Layout techniques in SEP−.

Moreover, the figure demonstrates what can also be easily inferred from a pigeon
hole principle: saving is guaranteed for all classes of size at least three.

Fig. 23(a) gives a side by side comparison of the efficacy of BIDIR and H-BIDIR in
SEP− in SEP− for different object sizes. In no range the efficacy of H-BIDIR is bounded
above by 25%. This bound is explained by our previous observation that in SEP−, the
number of vbptrs is about the same as that of vptrs, no savings in vbptrs are made by
bidirectional techniques, whereas at most half of all vptrs can be saved. This meager
saving of quarter in object size is far from bridging the gap between CC− and SEP+

(Fig. 9)(a).
It is also worth noting that in no size bracket HBIDIRSEP − is better than BIDIRSEP −

by more than 8%. The difference between the techniques is also highlighted in Fig. 23(b)
showing the distribution of their savings in SEP−.
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8 Summary

Table 8 summarizes the efficacy of the optimization techniques introduced in this paper.
With aggressive lining we can achieve average savings of 32%, regardless whether the
average is computed over all classes or just leaves. Applying bidirectional layout after
inlining gives an additional average saving of 14.7%, which is very close to the efficacy
of devirtualization. In applying the whole optimization suit, almost 50% of compiler
generated fields can be eliminated. The last two lines in Table 8 are concerned with
SEP−. Bidirectional object layout optimization reduces object size in this case by more
than 17%.

Savings
Median Average

Technique overall leaves overall leaves
CC+

ETRANS 0.0% 0.0% 2.0% 1.9%
DEVIRT 8.5% 8.7% 13.9% 16.3%
S-INLN 0.0% 0.0% 6.0% 5.5%
A-INLN 0.0% 0.0% 16.0% 13.9%
BIDIR /S-INLN 9.1% 8.6% 15.2% 15.0%
BIDIR /A-INLN 7.7% 7.1% 14.7% 14.7%
H-BIDIR /S-INLN 16.7% 16.7% 21.8% 20.8%
H-BIDIR /A-INLN 14.3% 13.6% 19.7% 19.5%

SEP−

BIDIR 17.5% 17.9% 17.2% 17.4%
H-BIDIR 23.8% 23.5% 23.4% 23.3%

Table 8: The efficacy of all optimization techniques.

9 Conclusions

We studied the topological properties of large inheritance hierarchies which make use
of MI. It was found that not very many classes make direct use of MI, and the ones that
do have a relatively small number of parents. Further, the number of virtual bases is
relatively small. Nonetheless, we found that the effects of MI can be seen throughout the
hierarchy, and many classes have a large number of virtual bases. Despite this, hierarchy
DAGs tend to share many of the properties of balanced trees.

The object size due to several layout strategies was investigated. Large classes with
50 and more compiler generated fields were found in significant portions even for CC−,
which seems to be the most efficient strategy in wide use. Even larger classes were
found in CC+, the strategy favored by most C++ compilers. Object sizes found in SEP+

seemed so large to render this strategy impractical. On the other hand, SEP− may suffer
from timing problems due to the cost of casting to virtual bases, although we were unable
to give an accurate estimate on the penalty in runtime in this strategy.
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Concentrating on CC+, we studied a variety of optimization techniques, grouped into
two families: inlining and bidirectional layout. It was found that inlining is particularly
effective for large classes, while bidirectional layout is more suitable for medium and
small sized objects.

The use of hermaphrodite object layout, a new optimization technique contributed
here, can improve on bidirectional layout by another 5–6% in general. However, herma-
phroditing is especially effective in very small classes, where it guarantees saving in all
classes having more than one vptr or more than one e-vbptr. It is not clear however
what is the runtime cost of dispatch with hermaphrodite layout.

Some of the directions for future research include:

Repeated inheritance. Based on several independent reasons we assumed here that no
repeated inheritance can occur. It would be interesting to study the extent to which
repeated inheritance is used in practice, and if indeed it is found that there is more
an occasional use of it, to try to optimize it. The main difficulty is that bidirectional
layout is much less effective in the presence of repeated inheritance, and that inlining
is only effective for virtual inheritance.

Instantiation frequency. Even though our working assumption was that classes are
equally likely to be instantiated, the efficacy of optimization techniques was also
studied for different object size. Sweeney and Burke [28] confirmed that there is a
wide variety in the frequency of instantiation of different classes. It would be impor-
tant to experiment with these optimization techniques in a sample of applications
running with a sample of inputs.

Data member optimization. Non-compiler generated fields were not included in our
study. It is important not only to compare the overhead due to compiler generated
fields with actual object size, but also to apply our techniques to the optimization of
ordinary data members. For example, bidirectional layout can easily be applied to
expanded fields. For fields which use reference semantics one might be able to use
concepts of ownership [21] and Balloon types [2] for the purpose of inlining.

Acknowledgments. We are grateful to Peter Sweeney of the IBM T.J. Watson research
center for fruitful, stimulating and encouraging discussions.
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[1] M.Akşit and S. Matsuoka, editors. Proceedings of the 11th European Conference on Object-
Oriented Programming, number 1241 in Lecture Notes in Computer Science, Jyväskylä,
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Matsuoka [1].

[3] K. Arnold and J. Gosling. The Java Programming Language. The Java Series. Addison-
Wesley, 1996.

[4] D. F. Bacon and P. F. Sweeney. Fast static analysis of C++ virtual calls. In OOPSLA’96
[22].

[5] T. Cargill, B. Cox, W. Cook, M. Loomis, and A. Snyder. Is multiple inheritance essential to
OOP? Panel discussion at the Eighth Annual Conference on Object-Oriented Programming
Systems, Languages, and Applications (OOPSLA’95) (Washington, DC), Oct. 1993.



420 N. Eckel and J. Gil

[6] Y. Caseau. An object-oriented deductive language. Annals of Mathematics and Artificial
Intelligence, Mar. 1991. Special issue on deductive databases.

[7] Y. Caseau. Efficient handling of multiple inheritance hierarchies. In Paepcke [23], pages
271–287.

[8] B. J. Cox. Object-Oriented Programming - An Evolutionary Approach. Addison-Wesley,
1986.

[9] K. Driesen and U. Hölzle. Minimizing row displacement dispatch tables. In Proceedings
of the 10th Annual Conference on Object-Oriented Programming Systems, Languages, and
Applications, pages 141–155, Austin, Texas, USA, Oct. 15-19 1995. OOPSLA’95, Acm
SIGPLAN Notices 30(10) Oct. 1995.

[10] K. Driesen and U. Hölzle. The direct cost of virtual functions calls in C++. In OOPSLA’96
[22], pages 306–323.

[11] J. Y. Gil and P. Sweeney. Space- and time-efficient memory layout for multiple inheri-
tance. In Proceedings of the 14th Annual Conference on Object-Oriented Programming
Systems, Languages, and Applications, pages 256–275, Denver, Colorado, Nov.1-5 1999.
OOPSLA’99, Acm SIGPLAN Notices 30(11) Nov. 1999.

[12] R. Giladi and N.Ahituv. SPEC as a pefromance evaluation measure. Computer, 28(8):33–42,
Aug. 1995.

[13] R. Godin and H. Mili. Building and maintaining analysis-level class hierarchies using galois
lattices. In Paepcke [23], pages 394–410.

[14] Interactive Software Engineering. Ise eiffel compiler. See http://www.eiffel.com,
1999.

[15] A. Krall, J. Vitek, and R. N. Horspool. Efficient type inclusion tests. In Proceedings
of the 12th Annual Conference on Object-Oriented Programming Systems, Languages, and
Applications, pages 142–157,Atlanta, Georgia, Oct. 5-9 1997. OOPSLA’97,Acm SIGPLAN
Notices 32(10) Oct. 1997.

[16] A. Krall, J. Vitek, and R. N. Horspool. Near optimal hierarchical encoding of types. In Akşit
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Abstract. The support for precise exceptions in Java, combined with
frequent checks for runtime exceptions, leads to severe limitations on the
compiler’s ability to perform program optimizations that involve reorde-
ring of instructions. This paper presents a novel framework that allows a
compiler to relax these constraints. We first present an algorithm using
dynamic analysis, and a variant using static analysis, to identify the sub-
set of program state that need not be preserved if an exception is thrown.
This allows many spurious dependence constraints between potentially
excepting instructions (PEIs) and writes into variables to be eliminated.
Our dynamic algorithm is particularly suitable for dynamically dispat-
ched methods in object-oriented languages, where static analysis may
be quite conservative. We then present the first software-only solution
that allows dependence constraints among PEIs to be completely ig-
nored while applying program optimizations, with no need to execute
any additional instructions if an exception is not thrown. With a preli-
minary implementation, we show that for many benchmark programs, a
large percentage of methods can be optimized (while honoring the pre-
cise exception requirement) without any constraints imposed by frequent
runtime exceptions. Finally, we show that relaxing these reordering con-
straints can lead to substantial improvements (up to a factor of 7 on
small codes) in the performance of programs.

1 Introduction

Java [14] continues to gain importance as a popular object-oriented programming
language for general-purpose programming. Although some aspects of Java, such
as strong typing, simplify the task of program analysis and optimization, other
aspects, such as support for precise exceptions, can hamper program analysis
and optimizations. The Java language specification requires that exceptions be
precise, which implies that

1. when an exception is thrown, the program state observable at the entry of
the corresponding exception handler must be the same as in the original
program; and

2. exception(s) must be thrown in the same order as specified by the original
(unoptimized) program.
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To satisfy the precise exception requirement, Java compilers disable many im-
portant optimizations across instructions that may throw an exception (we refer
to these potentially excepting instructions as PEIs [19]). This hampers a wide
range of program optimizations such as instruction scheduling, instruction selec-
tion (across a PEI), loop transformations, and parallelization. Furthermore, PEIs
are quite common in Java programs – frequently occurring operations such as
reads and writes of instance variables, array loads and stores, method calls, and
object allocations may all throw an exception. Hence, the ability of the compiler
to perform any program transformation that requires instruction reordering is
severely limited, which impedes the performance of Java programs. This paper
presents a framework that enables aggressive program transformations to be ap-
plied in the presence of precise exceptions. Our approach relies on the following
intuition. First, the program state that needs to be preserved when an exception
is thrown is often a very small subset of the program state that is conservatively
preserved by compilers to support precise exceptions. By identifying this subset,
many spurious constraints on instruction reordering can be removed. Second,
exceptions are rarely thrown by correctly executing Java programs,1 and so it is
desirable to optimize the program for this expected case even at the expense of
some inefficiency when an exception is thrown.

This paper makes the following contributions:

– It presents both dynamic and static analyses to identify the subset of pro-
gram state that needs to be preserved if an exception is thrown. In particular,
it presents a novel approach to optimize procedures based on runtime propa-
gation of relevant properties of the calling environment to callee procedures.
This allows dependences between PEIs and other instructions that modify
the value of variables not live at the exception handler to be ignored during
instruction-reordering optimizations.

– It presents a framework that allows dependences among PEIs to be comple-
tely ignored during program transformations that reorder instructions. This
framework is based on a novel algorithm to generate compensation code,
which ensures that the same exception is raised as in the original unopti-
mized program when an exception is thrown. Our algorithm does not rely
on any special hardware support and does not incur the overhead of execu-
ting any additional instructions in the expected case when no exception is
thrown. To the best of our knowledge, no other approach has this property.

This paper also presents measurements of relevant benchmark characteristics
and preliminary experimental results. A significant percentage of instructions in
the benchmarks are PEIs, pointing to the importance of our technique for over-
coming dependences among PEIs, which can be applied to any code with PEIs.
In 11 out of 13 benchmarks, over 65% of methods are recognized as targets of
our aggressive optimization techniques for ignoring program-state dependences
1 This is particularly true for the predefined runtime exceptions, which typically ac-

count for most of the exception checks in Java programs. User-defined exceptions
are sometimes used for normal control flow.
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at PEIs; and using dynamic analysis, over 96% of the method invocations can be
aggressively optimized in 9 of those benchmarks. We also demonstrate that sig-
nificant speedups, up to a factor of 7 on small programs, can be obtained using
our techniques and hand-application of well-known program transformations.

The rest of the paper is organized as follows. Section 2 describes background
for this work. Section 3 describes the first part of our framework which eliminates
spurious dependence constraints by identifying the subset of program state that
needs to be preserved if an exception is thrown. Section 4 describes the second
part of our framework which allows dependences among PEIs to be completely
ignored for performing program optimizations. Section 5 demonstrates empi-
rically that our techniques are applicable to real Java programs and suggests
that these techniques can lead to substantial improvement in the performance of
programs. Section 6 describes related work and Section 7 presents conclusions.

2 Background

This section reviews background material on the specification of exceptions in
Java and on the modeling of exceptions in our compiler’s intermediate program
representation.

2.1 Exceptions in Java

Java defines try-catch blocks that govern control flow when an exception is
thrown by a statement – execution proceeds to the closest dynamically enclo-
sing catch block that handles the exception [14]. Java exceptions (represented by
Throwable classes) fall into one of four categories: runtime exceptions, checked
exceptions, errors, and asynchronous exceptions. Of these, only the first two re-
quire a compiler to generate code that precisely preserves the program state when
the exception is thrown. Runtime exceptions include several language-defined ex-
ceptions, such as NullPointerException, IndexOutOfBoundsException, and
ArithmeticException. Several bytecode instructions can potentially throw a
runtime exception, such as field-access instructions, array-access instructions,
integer-division instructions, and method-call instructions.

If a thread fails to catch a thrown exception, it executes the uncaughtExcep-
tion method of its thread group, and then terminates [14]. If the uncaughtExcep-
tion method is not overridden by the application for the thread group of the ex-
cepting thread, eventually the uncaughtException method of the system thread
group is invoked. This default method simply prints the stack trace at the point
of exception.2 Any other threads associated with the application are not directly
affected. It is possible for the user to override the exception handler that cat-
ches an exception not caught by any handler in the user code, by specifying the
uncaughtException method for a thread group.
2 It does not use any other part of the program state and is followed by the termination

of the thread, a fact that we exploit, as described in Section 3.
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2.2 Basic Framework to Model Exceptions

We use a form of the program dependence graph [7] to model control and data de-
pendences, with a special representation for exception-related dependences. This
representation exploits ideas from the factored control flow graph (FCFG) [9] to
model control flow due to exceptions. The FCFG representation does not termi-
nate basic blocks at PEIs, which results in larger basic blocks and fewer edges
than a regular control flow graph. The low-level intermediate representation
(LIR) of the Jalapeño optimizing compiler [6] we employ for our optimization
uses condition registers to represent the exception-conditional dependences. An
instruction that is exception-conditionally dependent on exception-check instruc-
tions should execute only if none of these exception-check instructions indicates
that an exception should be thrown. (We treat exception-conditional dependen-
ces in the same manner as data or control dependences in this paper.)

In addition to the usual control and data dependence edges, our program
dependence graph (which we subsequently refer to as the dependence graph)
has edges for two kinds of precise-exception related dependences: (i) program-
state dependences, which ensure that a write to a nontemporary variable is not
moved before or after a PEI, in order to maintain the correct program state if
an exception is thrown, and (ii) exception-sequence dependences among PEIs,
which ensure that the correct exception is thrown by the code. Our goal is to
eliminate as many of these precise-exception related dependences as possible, so
that a program can be optimized without paying a heavy performance penalty
for the precise exception semantics of Java. In the following, we will refer to these
precise-exception related dependences simply as exception-related dependences.

Program Example: Fig. 1 shows a simple Java class containing a method and
a low-level intermediate representation, LIR, with optimization. Condition regi-
sters, such as c1 at dependence graph node P1, represent the exception-conditi-
onal dependences of instructions on exception-check instructions. For example,
instructions of nodes n2 and n3 should be executed only if the null check
instruction of P1 succeeds without throwing the NullPointerException. As
shown in the figure, the Jalapeño optimizing compiler removes redundant in-
structions for exception checking [7].3 However, the compiler does not move
stores across PEIs or reorder PEIs.

Fig. 2 shows the dependence graph (before applying our techniques) for the
LIR shown in Fig. 1. The regular data and control dependence edges are shown
as thin lines, the program-state dependences are shown as dotted lines, and the
exception-sequence dependences are shown as dashed lines. We have not shown
the dependences that are transitively satisfied by other sequences of dependences
(e.g., the program state dependence from P7 to n9 is covered by dependences
from P7 to n8 and from n8 to n9). The critical path of the graph shown in the
figure has a length of 10: P1, P5, n6, P7, n8, n9, P10, n11, P12, n13, and n14.

3 For example, only one null check is performed on variable p, even though it is dere-
ferenced three times in the original program.
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public class EXCEPT {
int f, g;
static void foo(int a[], int b[], int i, EXCEPT p) {

a[i] = p.f + p.g;
b[i] = p.g;

}
}

Bytecode Dependence
Offset Operator Operands Graph Node
------ -------- -------- ----------

label B0
3 PEI null_check c1 = p P1
3 int_load t0 = @{p, -16}, <EXCEPT.f>, [c1] n2 // t0 = p.f

int_load t1 = @{p, -20}, <EXCEPT.g>, [c1] n3 // t1 = p.g
10 int_add t2 = t0, t1 n4 // t2 = t0 + t1
11 PEI null_check c2 = a P5

int_load t5 = @{a, -4}, [c2] n6 //
11 PEI trap_if c3 = t5, i, <=U, [c2] P7 // bounds_check

int_shl t6 = i, 2, [c2, c3] n8
11 int_store t2, @{a, t6}, [c2, c3] n9 // a[i] = t2
18 PEI null_check c4 = b P10

int_load t7 = @{b, -4}, [c4] n11 //
18 PEI trap_if c5 = t7, i, <=U, [c4] P12 // bounds_check

int_shl t8 = i, 2, [c4, c5] n13
18 int_store t1, @{b, t8}, [c4, c5] n14 // b[i] = t1
19 return n15

end_block B0

Fig. 1. An example Java code segment and its LIR. Instructions introduced by opti-
mization do not have a bytecode offset. Operands beginning with “c” are condition
registers.

P1

n2 n8 n9

P5 P7

n6 n14n13n11

P12P10

n3

n4

Fig. 2. Dependence Graph for LIR in Fig. 1
.
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3 Elimination of Program State Dependences

This section describes an algorithm to identify the subset of program-state de-
pendences that need not be preserved at each PEI. For the purpose of dependence
analysis, each PEI, p, represents a use of all variables, i.e., memory locations,
that are live (possibly used before defined) on entry to any handler for the excep-
tion potentially thrown by p. We refer to this set as use(p). (Section 4 presents a
technique to allow exception-sequence dependences to be effectively ignored for
the purpose of optimizations.) Section 3.1 describes an analysis that identifies
the set of variables that are live on entry to a given exception handler. This ana-
lysis takes multithreading into account. Although it is presented separately for
clarity, the analysis is applied as part of the algorithm, described in Section 3.2,
to propagate information about live variables at enclosing exception handlers to
various program points. We describe two algorithms, one using runtime analysis
and the other using compile-time analysis, to perform this propagation. Any of
these algorithms may be used in a static or a dynamic compiler. Section 3.2 also
describes how the liveness information is used to eliminate spurious program
state dependences. Section 3.3 describes an extension to improve the quality of
the analysis.

3.1 Liveness Analysis at Exception Handler

In this work, liveness analysis is performed at exception handlers in a very coarse-
grain manner, so that the information can be compactly represented and propa-
gated along the calling chain of methods in an efficient manner. In particular,
we try to capture the common case where only the exception object and some
I/O-related variables, such as files and stream objects, are live on entry to an ex-
ception handler. We refer to these variables as exception status-reporting (ESR)
variables. The set of live variables at entry to an exception handler H is

LIN (H) = UE (H) ∪ [LOUT (H) − MustDef (H)],

where UE (H) is the set of variables with upward-exposed use (i.e., a use not
dominated by a must definition) in H, LOUT (H) is the set of live variables at
exit from H, and MustDef (H) is the set of variables definitely written in H.
LOUT (H) must include variables that are live not only in the current thread,
but also in other threads.

We compute UE (H) by scanning the catch block code to check if it only
uses ESR variables or local variables declared within the catch block (local va-
riables don’t contribute to an upward-exposed use for the block). Otherwise,
UE (H) is conservatively set to include all nonlocal variables (i.e., variables not
locally declared in H) that are visible in H4 – in this case, further compu-
tation of LOUT (H) is not needed. For simplicity, one can conservatively use
MustDef (H) = ∅ in the liveness computation.
4 Local variables of a method are not visible to an exception handler appearing outside

that method.
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LOUT (H) is computed as follows:

LOUT (H) = LEOUT (H) ∪ LNEOUT (H).

These two components, LEOUT (H) and LNEOUT (H), respectively account for
the following two possibilities: (1) execution of the handler H itself ends abnor-
mally with an exception being thrown (possibly due to a PEI in H), or (2) the
execution of the handler ends normally.

We obtain the first component as

LEOUT (H) =
⋃

e∈E

LIN (EEH (H, e)),

where E denotes the set of exceptions possibly thrown by H, and EEH (H, e)
denotes the set of enclosing exception handlers that can catch the exception e
thrown by H. This component is computed as part of the algorithm, described in
Section 3.2, to identify the dynamically enclosing exception handlers for different
exceptions at an arbitrary point in the program.

To compute LNEOUT (H) (liveness at exit from H, when no exception is
thrown by H), we use a simple algorithm that checks for one of the following
cases: (i) H ends with a system exit, (ii) H ends with an exception being thrown
by an explicit throw statement, (iii) H is followed by termination of the cur-
rent thread, or (iv) default, when none of the other cases apply. In the first
case, where the catch block code terminates by calling the System.exit me-
thod, LNEOUT (H) = ∅, because the entire application is terminated after H
is executed. In the second case, again, LNEOUT (H) = ∅, because the execu-
tion of H does not end normally.5 This case includes a common idiom where
the catch block code rethrows the same exception after performing some book-
keeping action, such as releasing a lock. In the third case, which holds for the
default uncaughtException method of the System thread group, LNEOUT (H)
is conservatively estimated as the set of variables that are not local to the cur-
rent thread. Escape analysis [10,4,5] can be used to identify thread-local objects.
In particular, the algorithm presented in [10] has been shown to often identify
a large percentage of objects as thread-local. In the fourth case, LOUT (H) is
conservatively set to include all variables visible on exit from H.

Finally, computing the union of LOUT (H) with UE (H), conservatively assu-
ming MustDef (H) = ∅, leads to one of the following possible values of LIN (H):
(i) only ESR variables, (ii) ESR variables and variables that are not thread-local,
or (iii) all nonlocal variables (variables not declared in H) visible on exit from H
– we shall refer to such an exception handler as nontrivial. Two bits are sufficient
to encode this liveness information for a given handler. We can use one of the
bits (say, bit 0) to encode the liveness of thread-local variables, and the other bit
to encode the liveness of variables that are not thread-local (always implicitly
assuming that the ESR variables are live). Therefore, the three possible values
above are encoded as, respectively, 00, 10, and 11. This encoding has the ad-
vantage that a union operation can be performed using a bitwise or operation,
5 The computation of LEOUT (H) completely accounts for LOUT (H) in this case.
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which is convenient when a single word is used to record liveness information for
multiple handlers for various exception types. It is conceptually straightforward
to extend our framework to use more precise (and expensive) liveness analysis.

3.2 Identification of Enclosing Exception Handlers and Propagation
of Liveness Information

A simple control flow analysis of try-catch blocks, together with static type
information, is sufficient to identify the possible enclosing exception handlers, if
any, for a PEI within its method. If the type of exception thrown by a PEI can
be assigned to (is either the same or a subtype of) the declared exception type of
the catch clause, we regard the exception handler (corresponding to that catch
block) as enclosing the PEI. In a try-catch-finally construct [14], we regard
the finally block as enclosing each PEI in the try block.

An instruction that does not appear in a try block within a method may
still be dynamically enclosed in a try block due to a calling ancestor of the
given method. We describe two interprocedural algorithms to obtain informa-
tion about the dynamically enclosing exception handler(s) that may catch an
exception thrown by an instruction: one is a dynamic analysis, i.e., it uses run-
time information, and the other is a static analysis; it uses purely compile-time
information.

Consider a call by method A to method B inside a try block with k catch
clauses, where each pair [Hi, Ei], 1 ≤ i ≤ k represents the exception hand-
ler Hi and the exception type Ei caught by it. The basic idea is to propa-
gate the liveness information about the enclosing exception handler(s) (LEEH),
([LIN (Hi), Ei], 1 ≤ i ≤ k), to the callee node B and to each method transitively
called by B. Our algorithm using dynamic analysis performs this propagation
precisely to the relevant methods, while the one using static analysis may conser-
vatively propagate this information to methods where it is not necessary. In both
algorithms, an initial compile-time analysis is performed separately to identify
any method that overrides the uncaughtException method of any thread group.
If such a method H ′ exists, the pair [LIN (H ′), Exception] is conservatively ad-
ded to the LEEH information for the main method, where Exception denotes
the Java Exception class from which all exceptions that need to be handled
precisely are derived.

Dynamic Analysis The key idea behind our dynamic analysis is to propa-
gate runtime liveness information about enclosing exception handlers to each
method activation. This information is passed in the form of an extra LEEH
parameter. The set of exceptions tracked by this analysis can be determined by
a compile-time linear scan of the complete program to identify the set of excepti-
ons potentially thrown by any instruction in the program.6 For simplicity, in this
work, we do not perform such a scan, but instead keep separate liveness infor-
mation only for the predefined runtime exceptions in Java (i.e., we use two bits,
6 In general, the complete program is required for such an analysis.
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as described in Section 3.2, for each distinct runtime exception and its super-
classes). Information on all other handlers, which catch checked, asynchronous,
or user-defined exceptions, is summarized with two additional bits, without fur-
ther distinction among exceptions. Our results, presented in Section 5, suggest
that runtime exceptions account for most of the exception checks in typical Java
programs.

The total number of predefined runtime exceptions (e.g., the NullPointer-
Exception) and their superclasses (RuntimeException and Exception) is small
enough that the LEEH parameter can be encoded in a 32-bit word. The LEEH
parameter for the main method of the application is initialized to all “10” values
for each exception type (representing the liveness of only nonthread-local varia-
bles and ESR variables at the default uncaughtException method provided by
the JVM), unioned (using a bit-wise or operation) with the liveness encoding for
each overriding uncaughtException method declared in the program. At each
call site not appearing in a try block, the LEEH formal parameter value of the
caller is passed, without any change, to the callee as the LEEH actual parameter.
At a call site inside a try block, we require two values to accurately compute the
LEEH value passed to the callee: GEN , which denotes the encoding of liveness
information at the corresponding catch blocks (computed as described in Sec-
tion 3.1), and KILL, which is used to override the LEEH information from the
caller for exceptions that are definitely caught by one of the given catch blocks,
and therefore will not be caught by a handler dynamically enclosing the caller.
KILL is simply encoded as another 32-bit word with the bits “00” appearing for
each runtime exception type that is caught by one of the given catch blocks, and
1’s appearing in all other positions. The LEEH parameter value for the caller is
obtained as

LEEH callee = (LEEH caller & KILL) | GEN ,

where “&” and “|” represent the bit-wise and, or operations respectively.
In a dynamic compiler, the runtime information about the actual exception

handlers enclosing a method call can be used to optimize the code generation
of that method at runtime. Therefore, in a dynamic compiler, no program state
dependences are imposed between a PEI and write statements for variables that
are not live on entry to the exception handler for that PEI. Alternatively, in
a static or dynamic compiler, cloning/specialization [21] can be used to obtain
different versions of the method, optimized to different degrees based on the
incoming LEEH information. At one extreme, only a single additional version of
the method may be created to handle the best case where none of the PEIs in the
method has an enclosing exception handler with live variables other than ESR
variables. We used this approach in obtaining the results presented in Section 5.
Furthermore, execution history information about a method may be used to
create the specialized version that is most likely to be selected at runtime. We
do not discuss these techniques further in this paper.

Consider the example in Fig. 3, where method main calls leaf1 twice, once
from within a try-catch block and once outside of any such catch block. Be-
cause the catch block inspects static data, we consider all variables to be live at
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public class LIVENESS {
static int glob;
static void main() { static void leaf1() {

try { ...
S1: leaf1(); }

}
catch (NullPointerException e) { static void leaf2() {

S2: ... = glob ...
} }

S3: leaf1();
S4: leaf2();

}
}

Fig. 3. Example for static and dynamic liveness analysis

the entry to the handler. However, the second call (at S3) does not have such a
handler. The dynamic analysis will augment the calls to encode this liveness in-
formation at the different calls, allowing for the elimination of spurious program
state dependences when leaf1 is called from S3.

Static Analysis The static analysis is performed on the call graph representa-
tion of the program. In the call graph, each node represents a method, and an
edge ei from node A to node B represents a call site in A that invokes B. For
a virtual method call, there is a separate edge for each potential target of the
method. Given a call to method B inside a try block, the liveness information
about enclosing exception handlers (LEEH) is propagated to the callee node(s)
for B and to each node reachable from that node along the call graph edges. This
ensures, conservatively, that liveness information is propagated to each method
with an activation that is dynamically enclosed by the given try-catch block.
At each method, liveness sets from its different call sites are combined using a
union operation.

Finally, for each PEI, the compiler obtains information (using interprocedural
analysis described above and using intraprocedural analysis of local try-catch
blocks) about the live variables at each potentially enclosing exception handler.
This information is used to restrict the program state dependences that are
imposed between PEIs and write statements in that method.

Our static analysis is conservative relative to the dynamic analysis in two
ways. First, for a call to a virtual method inside a try block, the enclosing excep-
tion handler information is propagated to all methods considered to be targets of
that virtual call based on static type analysis. Second, information on call paths
is ignored. If a method is called without an enclosing handler (and hence, with
the propagation of liveness set of only the default uncaughtException handler)
along many call paths, but called with a nontrivial handler along even a single
call path, all the execution instances of the method are considered to have a
nontrivial enclosing handler. On the other hand, the advantage of static analy-
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sis is that no extra method parameter is needed to record the runtime liveness
information.

Once again consider the example in Fig. 3. Using static analysis, liveness
information for all calls is unioned. For example, method leaf1 in Fig. 3 will
be regarded as being enclosed by a catch block of NullPointerException due
to the call at S1 although the call at S3 is not in any catch block. This results
in the need to honor program state dependences in leaf1 (because of the call
from S1). Program state dependences involving thread-local variables need not
be honored in leaf2 because it does not have a call enclosed by a catch block.

3.3 Impact of Java Memory Model

Our basic analysis, described in Section 3.1, regards all variables visible to other
threads as live at an exception handler, unless the exception handler leads to
termination of the entire application. Thus, it forces all write statements for
those variables to have dependences with respect to the corresponding PEIs.
This is a consequence of the current Java memory model not requiring conflic-
ting data accesses in different threads to be synchronized in order to guarantee
defined behavior. However, the current memory model has some “serious flaws”
in this regard [22] and is in the process of being revised [22,17]. If, as expected,
it is revised to require synchronization between writes and reads of a variable in
different threads, a write operation performed in an unsynchronized region may
be regarded as not necessarily visible to any other thread. (We refer to state-
ments that are dynamically enclosed in a synchronized method or synchronized
statement block as constituting a synchronized region). Note that when a PEI p
throws an exception within a synchronized region, the default exception handler
releases the lock held by the thread, and in that case, we must regard the pro-
gram state reflecting the effect of instructions up to the excepting instruction
as visible to other threads. We identify synchronized regions in our preliminary
implementation to demonstrate the additional precision that can be obtained
if the revised Java memory model requires synchronization between writes and
reads of a variable in different threads.

4 Ignoring Dependences Among PEIs

This section describes how we completely eliminate exception-sequence depen-
dences between PEIs for the purpose of applying program optimizations. The
key contribution of this section is an algorithm to generate two sets of code: the
optimized code that runs ignoring the dependences among PEIs (without rely-
ing on any special hardware and without any check-pointing overhead); and the
compensation code that runs only when an exception occurs during the execution
of the optimized code. The role of the compensation code is to intercept any ex-
ception thrown by the optimized code, and throw the same exception that would
be thrown by the unoptimized code. Section 4.1 describes a transformation that
is performed on the dependence graph. Section 4.2 proves the correctness of this
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transformation. Section 4.3 describes a modified code generation algorithm and
proves its correctness.

The dependence graph that is the basis of the transformation described in this
section reflects the results of applying the techniques described in Section 3: the
dependence graph contains, along with the regular control and data dependences,
any remaining program-state dependences for precise exception semantics that
are not eliminated by the techniques described in Section 3.

4.1 Transformation of the Dependence Graph

We perform three transformation steps on the unoptimized dependence graph.
The first step splits each PEI node, PEI i, into two separate nodes: (a) an
exception-monitoring node, emi, that determines whether an exception should be
thrown and sets its exception flag, called efi, to true or false, accordingly; and
(b) an exception-throwing node, eti, that actually throws an exception if efi is set
true by emi. After this PEI-node splitting, the original exception-sequence de-
pendences are preserved by the second step, which inserts an exception-sequence
edge from emi to eti for each PEI i, and replaces each exception-sequence edge
from PEI i to PEI j with an exception-sequence edge from eti to emj . Finally,
the third step replaces each exception-sequence edge from eti to emj with an
exception-sequence edge from eti to etj . This step, therefore, has the effect
of eliminating the exception-sequence dependences among exception-monitoring
nodes.

The transformed dependence graph consists of two components: the optimized
dependence subgraph, which does not have any exception-throwing nodes, and
the exception-thrower subgraph, which has only exception-throwing nodes. The
transformed dependence graph allows two additional optimizations not possible
with the unoptimized dependence graph: (1) delaying throwing exceptions by eti
after emi sets efi true, and (2) reordering exception-monitoring nodes (modulo
control/data dependences). The first comes from splitting emi and eti, and the
second comes from deleting the exception-sequence edges among em nodes.

Let us revisit the LIR shown in Fig. 1. The transformed dependence graph in
Fig. 4 is the result of this transformation applied to the unoptimized dependence
graph in Fig. 2. Of the two subgraphs of the transformed dependence graph, the
optimized subgraph (in Fig. 4-(B)) becomes the basis for our optimization. The
critical paths (there are two) of the optimized subgraph alone have lengths of
4 each: em5, n6, em7, n8, n9; and em10, n11, em12, n13, n14. Shorter critical
paths in the dependence graph result in more freedom in code reordering. (In the
figure, the program-state dependence from n9 to em10 has been deleted after
liveness analysis.)

The next section shows that generating optimized code, based on honoring
the dependences in the transformed dependence graph and skipping the execu-
tion of certain statements when an exception flag is set, leads to no violation of
the precise exception semantics. In Section 4.3, we describe a modified algorithm
for code generation that leads to more efficient optimized code, and prove its
correctness as well.
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Exception-Thrower Subgraph

Optimized Dependence Subgraph

n14n13n11
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em1 em5 em7 em10 em12

et10 et12

Fig. 4. Transformed dependence graph for LIR in Fig. 1. (A) is the exception-thrower
subgraph. (B) is the optimized dependence subgraph. (A) and (B) combined constitute
the transformed dependence graph. Rectangular nodes in (A) are exception-thrower
nodes, and dotted oval nodes in (B) are exception-monitoring nodes.

4.2 Correctness

This section proves the correctness of the optimized code for the case when the
control flow graph (CFG) is acyclic, i.e., with no loops in the procedure. We
show the correctness by proving that the code generated from the transformed
dependence graph throws the same exception that the code generated from the
original dependence graph. Our transformation is valid in the presence of ar-
bitrary control flow, and the proof can indeed be extended to a cyclic CFG by
employing the concepts of loop iteration vectors and loop-carried dependences.7

We omit the more general proof due to its complexity.
We first define a few terminologies to be used below as follows:

– Po denotes the optimized code, and Pu denotes the unoptimized code.
7 In general, the control flow graph (CFG) need not be preserved in order to have

a program transformation that preserves the program semantics, as long as the
control/data dependences are preserved by the transformation.
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– ni
∗−→ nj indicates that there exists a CFG path, possibly zero length, from

ni to nj . In other words, ni executes before nj (because we assume an acyclic
CFG).

– ni
es−→ nj indicates that there exists an exception-sequence dependence edge

from ni to nj .
– ni

es,∗−→ nj indicates that there exists an exception-sequence path (a path over
exception-sequence dependence edges), possibly zero length, from ni to nj .

– Slice(ni) denotes the set of nodes in the transformed dependence graph
that are reachable from ni. In other words, nj ∈ Slice(ni) if and only if
there exists a path from ni to nj in the transformed dependence graph.

– Sliceec(ni), a subset of Slice(ni), denotes the set of nodes in the trans-
formed dependence graph that are reachable from ni over non-exception-
sequence (dependence) edges. In other words, nj ∈ Sliceec(ni) if and only
if there exists a path over control/data dependence edges, possibly zero
length, from ni to nj in the transformed dependence graph. For exam-
ple, Sliceec(em1) = {n2, n3, n4, n9, n14}. None of the exception-thrower
nodes belongs to Sliceec(x), for any x, because they are reachable only via
exception-sequence edges.

For convenience, PEIs are indexed from 1 to N based on a topological ordering
of the PEI nodes: if i < j, there is no execution path from nj to ni (because we
assume an acyclic CFG). We also use minEX to denote the minimum number
among the indices of the exception-flags that are true, i.e.,

minEX = k if ∀j, 1 ≤ j < k, efj = false ∧ efk = true.

Note that if minEX = k in Pu, PEI k is the (first) one that throws the exception
in Pu.

Our optimization scheme ensures that the correct exception is thrown by Po

when multiple em nodes in Po set their exception flags (to true) by skipping
the execution of Sliceec(emj) in Po if efj = true. The following theorem shows
the correctness of this scheme.

Theorem 1. Let the execution of Sliceec(emj) in Po be skipped if efj = true.
Then, minEX = k in Po ⇐⇒ minEX = k in Pu.

Before proving the theorem, we first present Property 1, which states the condi-
tion for a correct out-of-order execution of instructions in an optimized code. We
assume that any out-of-order optimization performed by the compiler observes
this property.

Property 1. Let ni
∗−→ nj in Pu. Execution of nj can precede that of ni in Po

only if nj /∈ Slice(ni).

We prove Theorem 1 based on the following lemmas.
Let EM = emm(1)

∗−→ emm(2) · · · ∗−→ emm(k) in Po be an out-of-order
execution of exception-monitors such that m(1) > m(2) > · · · > m(k) in Pu.
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Lemma 1. Let the execution of Sliceec(emm(i) ∈ EM), 1 ≤ i < k, in Po be
skipped. Then,

efm(k) = true in Po ⇐⇒ efm(k) = true in Pu.

Proof: Let j be any m(i), 1 ≤ i < k. The only side effect of emj ∈ EM is setting
efj . Therefore, executing emj before emm(k) does not affect the program state of
emm(k). Also, PEI m(k)

∗−→ PEI j means there exists an exception-sequence path
from emm(k) to etj , which prevents etj from prematurely throwing an exception
before emm(k) executes. Finally, any node nq ∈ Slice(emj) comes after emm(k)

in Pu because PEI m(k)
∗−→ PEI j , and skipping them should not affect the

program state of emm(k). 2

Lemma 2. Let efm(i) = false, 1 ≤ i < k. Then,

efm(k) = true in Po ⇐⇒ efm(k) = true in Pu.

Proof: Again, let j be any m(i), 1 ≤ i < k. Any node nq ∈ Sliceec(emj)∪ emj ,
that is executed before emm(k) must not affect emm(k) for correct optimization,
as stated by property 1. Since efj = false, executing nq ∈ Sliceec(emj) will
not result in any illegal operation, either. 2

Proof (of Theorem 1): According to Lemma 1 and Lemma 2, either skipping
the execution of Sliceec(emm(i) ∈ EM) or efm(i) = false, 1 ≤ i < k, ensures
that

minEX = m(k) in Po ⇐⇒ minEX = m(k) in Pu.

Therefore, skipping the execution of Sliceec(emm(i)) when efm(i) = true still
ensures the same. 2

Theorem 1 also shows how optimized code might be generated to guarantee
the same exception to be thrown that an unoptimized code will throw: when
efi is true all the statements that are transitively control/data dependent on
emi should not be executed (in order not to cause any illegal operations). This
scheme, however, penalizes an exception-free execution because execution of sta-
tements need to be guarded by code that checks whether the corresponding ex-
ception flag is true or false. The code-generation scheme we employ eliminates
this unwanted penalty for exception-free execution at an increased cost of excep-
tional execution, i.e., when an exception is thrown. This shifting of additional
cost from an exception-free execution to exceptional execution, we believe, is the
right approach for optimization because exceptions are in general regarded as
being exceptional. The following section describes our code-generation scheme in
detail.

4.3 Generation of Optimized Code and Compensation Code

The core idea of the code generation algorithm is generating two sets of code:
the optimized code that runs ignoring the dependences among PEIs; and the
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compensation code that runs only when an exception occurs during the execution
of the optimized code. The optimized code is generated from the optimized
dependence subgraph, such as the one shown in Fig. 4-(B). The compensation
code is generated from the fully transformed dependence graph, such as the one
shown in Figs. 4-(A) and 4-(B) combined, and its behavior follows Theorem 1.
The role of the compensation code is to intercept any exceptions thrown by
the optimized code, and to throw the same exception that would be thrown by
the unoptimized code. The compensation code does not attempt to recover any
“lost” program state: the dependence graph prevents code generation that might
require any such recovery of the program state when an exception occurs.

Our strategy is to run the optimized code until an exception is thrown.
This exception might not be the same (correct) as the exception thrown by
the unoptimized code, but will be caught by the compensation code. Then, the
compensation code runs as described in the previous section until an exception-
throwing node throws the real exception, which will be the correct exception to
be thrown by the unoptimized code. This way, performance of the optimized code
does not suffer when no exception is thrown by the optimized code. Transfer of
execution from the optimized code to the compensation code when an exception
occurs is performed by an exception handler: we enclose the optimized code in
a try block, whose catch block contains the compensation code. In a dynamic
compiler, the compensation code can be generated on demand when an exception
is thrown. In a static compiler, the compensation code may be placed such
that it does not pollute the instruction cache during normal execution when no
exception is thrown. The following steps describe the details of code generation:
1. We generate code from the transformed dependence graph. This code is the

basis of the compensation code.
2. A copy is created of the compensation code, excluding the portion correspon-

ding to the exception-thrower graph. This code, equivalent to code generated
from the optimized dependence subgraph, is the basis of the optimized code.
Both the optimized code and the compensation code share the same program
state, reading from and writing to the same variables.

3. In the optimized code, we replace each exception-monitor code with the
corresponding PEI code.

4. Exception-monitors in the compensation code only set the exception flags
if the results of their exception checks indicate that an exception should
be thrown. Guards are introduced in the compensation code so that if the
exception flag of an exception-monitor is set, execution of all the statements
transitively control/data dependent on the exception-monitor is skipped.

5. The compensation code is put into a catch block that catches any exception
thrown by the optimized code. The catch block of the optimized code starts
with code, called the handler prologue, that examines the exception thrown
by the optimized code. The handler prologue sets the exception flag corre-
sponding to the PEI that threw the exception, and transfers the control flow
to the instruction immediately after the exception-monitoring node in the
compensation code – additional labels are introduced in the compensation
code for this purpose.
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The following theorem states that the code generated as described above
guarantees throwing the same exception that an unoptimized code will throw.

Theorem 2. The compensation code executes if and only if an exception is
thrown by the unoptimized code. Furthermore, the exception thrown by the com-
pensation code is the same as that thrown by the unoptimized code.

Proof: We prove the theorem by showing that the execution behavior of the op-
timized code, the compensation code, the handler prologue, and the try-catch
structure inserted by the code generator, all combined, is the same as that of
the compensation code, denoted as Pc, alone. Theorem 1 already showed that
Pc and Pu are equivalent in execution behavior.

Let PEI t be the PEI that throws the exception in Po. The execution behavior
of Po up to PEI t is the same as that of Pc up to emt because (1) they are
identical by construction (of the code generation as described above) except for
the replacement of PEI nodes in Po with em nodes in Pc, and (2) no efk in Pc,
such that emk

∗−→ emt, would have been set (otherwise, PEI t would not be the
first PEI to throw an exception). At PEI t, the exception handler catches the
exception thrown by PEI t and passes the control flow to the handler prologue,
which in turn passes the control flow to right after emt in Pc after setting eft

to true. After that, the execution continues in Pc, which is already shown to be
equivalent to Pu in execution behavior by Theorem 1. 2

Fig. 5 shows a high-level view of the generated code for method foo in Fig. 1.
Let us consider an example situation where the original program throws an ex-
ception at P1, but during the execution of BODY A (the optimized code), P5
throws the first exception, which is caught by the generated catch block. The
handler prologue sets flag p5 to true, and branches to LABEL 5 in the compen-
sation code, which appears immediately after the instruction corresponding to
P5 in the optimized code. Since the execution behaviors of the optimized code
and the compensation code are identical (except for the PEIs), the execution
continues with the compensation code as it would with the optimized code. At
LABEL 5, since the flag is set for the PEI, the compensation code skips the
statements in the program that are transitively control/data dependent on em5
(i.e., in Sliceec(em5)), and continues its execution (eventually) to LABEL 1.
Exception-thrower et5 can execute only after Exception-thrower et1 because of
the exception-sequence dependence from et1 to et5. Exception-thrower node et1
can, in turn, execute only after em1, due to the exception-sequence dependence
from em1 to et1 in the exception dependence graph. Therefore, even though P5
initially throws an exception during execution of the optimized code, et1 will
throw the “real” exception to be caught by the user application or by the Java
virtual machine.

While our example uses straight-line code for simplicity, our algorithm for
compensation code generation works correctly in the presence of arbitrary control
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foo() {
try {

BODY_A; // optimized code of foo from the optimized graph
} catch (... e) {

// handler prologue
all flags = false;
if (e was thrown by PEI1) {

flag_p1 = true; branch to LABEL_1;
} else if (e was thrown by PEI5) {

flag_p5 = true; branch to LABEL_5;
} else if (e was thrown by PEI7) {

flag_p7 = true; branch to LABEL_7;
}

// Compensation code from (B) + (C).
// Note that code for PEI5 has been code-motioned before PEI1.
. . .
LABEL_5: // code immediately after PEI5 monitor in optimized code
. . .
LABEL_1: // code immediately after PEI1 monitor in optimized code
. . .
if (flag_p1) throw exception(PEI1);
. . .
if (flag_p5) throw exception(PEI5);
. . .

}
}

Fig. 5. A high-level view of the generated code for method foo in Fig. 1

flow, including loops. Furthermore, the technique described above can be applied
to any region of the method, including a try block.

5 Empirical Measurements

This section describes empirical evidence of the effectiveness of some of the
techniques described in the paper. It includes (1) evidence that PEIs occur often
in practice, particularly those related to runtime exceptions; (2) measurements
of the effectiveness of static and dynamic analyses for detecting methods with
desirable exception handler properties;8 and (3) experimental results that de-
monstrate the potential for performance improvement from our techniques to
8 We report the effectiveness of our algorithm for overcoming program-state depen-

dences. Our techniques for overcoming the exception-sequence dependences among
PEIs are always applicable to any code with PEIs.
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eliminate exception-related dependences. The static analysis (Section 6) is im-
plemented in an extended version of Jax [25], an application extractor for Java.
Liveness information for exception handlers is currently implemented as a con-
servative version of the analysis described in Section 3.1.

The dynamic analysis is implemented in the Jalapeño Java virtual machine [2]
by instrumenting each method using the Jalapeño optimizing compiler [6] to dy-
namically propagate exception handler information as described in Section 3.2.
This implementation does not currently perform liveness analysis of exception
handlers, and treats all exception handlers, except for the default uncaught-
Exception method, as nontrivial. Neither analysis performs the “kill” compu-
tation described in Section 3.2.

Because the Jalapeño optimizing compiler does not yet contain sophistica-
ted code transformations, performance improvements from eliminating exception
dependences allowed by our techniques are not yet realized in the system. To il-
lustrate that this is not a shortcoming of our techniques, we hand-optimized two
applications at the Java source level, applying transformations that are enabled
because of the dependences eliminated by our techniques. The transformations
we applied, loop tiling and outer loop unrolling (also known as loop unroll-and-
jam) [26,23], are well-known compiler transformations that are expected to be
included in the Jalapeño optimizing compiler in the future. Both the original
and optimized versions of the applications were executed using Jalapeño.

Table 1 presents some characteristics of the benchmark suite, which inclu-
des 13 programs from the SPEC JVM98 suite and other sources. The second
column of Table 1 presents the number of statically reachable methods in the
original application (including libraries) as determined by Jax’s static type ana-
lysis. The next column reports the number of HIR instructions for those reach-
able methods. The next column report the percentage of HIR instructions that
can throw a predefined runtime exception, such as ArithmeticException, Null-
PointerException, IndexOutOfBoundsException. The last column reports this
percentage for all PEIs. These results suggest that PEIs are quite frequent —
on an average 42.5% of HIR instructions are PEIs, which confirms the impor-
tance of overcoming exception-sequence dependences among PEIs. Furthermore,
a large percentage of PEIs (on average 99.5%) throw only runtime exceptions
predefined by the Java language.9

Table 2 presents the effectiveness of the static and dynamic analyses for the
techniques described in Section 3. The first two columns after the benchmark
name report the results of the static analysis. The next three columns report
the results of the dynamic analysis. The first static analysis column reports the
percentage of methods that (1) neither contain an exception handler nor have
an enclosing exception handler (EEH) in the program, or (2) all such handlers
are trivial, in that they do not contribute to the liveness set. The next column
reports the same metric as the previous column, except it checks only for the

9 None of benchmarks override the default implementation of uncaughtException
mentioned in Section 2.
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Table 1. Benchmark characteristics sorted by number of HIR instructions. HIR, the
high-level intermediate representation of the Jalapeño optimizing compiler, is converted
(with optimization) to LIR, which is closer to machine code.10

HIR Pct of PEIs
Benchmark Methods Instructions Runtime Only Total
Cholesky Factorization 24 330 31.2% 32.1%
Matrix Multiply 21 381 35.2% 36.0%
201.compress 140 2,654 37.3% 38.4%
209.db 157 3,069 44.5% 45.7%
227.mtrt 212 4,621 51.6% 51.9%
toba 167 6,422 55.2% 55.6%
pBOB 1.1 190 6,682 45.0% 45.7%
JavaLex 201 8,752 41.4% 41.7%
222.mpegaudio 341 10,316 42.8% 43.2%
228.jack 415 10,868 50.6% 51.3%
202.jess 586 11,228 50.5% 51.4%
JavaParser 654 12,242 20.3% 20.8%
213.javac 1,155 23,742 44.9% 45.4%
Average 42.3% 42.5%

Table 2. Applicability results, “RT” – Runtime, “EEH” – Enclosing Exception Hand-
ler. Our instrumentation failed to produce dynamic measurements for 228.jack.

Static Analysis Dynamic Analysis
% Methods with % of Executed Methods with

No RT EEH and
No EEH No RT EEH No EEH No RT EEH not Sync Region

Cholesky Factorization 100.0% 100.0% 100.0% 100.0% 100.0%
Matrix Multiply 100.0% 100.0% 100.0% 100.0% 100.0%
201.compress 52.9% 65.7% 99.996% 100.0% 99.998%
209.db 29.9% 69.4% 2.428% 99.968% 72.847%
227.mtrt 67.0% 93.4% 49.218% 96.024% 96.020%
toba 24.6% 88.0% 3.005% 99.995% 96.735%
pBOB 1.1 76.3% 99.5% 6.479% 10.957% 7.933%
JavaLex 1.2% 100.0% 1.238% 100.0% 96.687%
222.mpegaudio 21.1% 25.2% 0.012% 0.034% 0.023%
228.jack 12.3% 80.5% — — —
202.jess 12.3% 69.6% 99.243% 99.996% 99.768%
JavaParser 4.6% 99.8% 0.000% 100.0% 100.0%
213.javac 5.1% 6.3% 0.037% 0.064% 0.042%
Average 39.0% 76.7% 30.135% 67.253% 64.171%

presence of nontrivial runtime exception handlers, thereby potentially increasing
the percentage of methods.
10 The number of HIR instructions of a program is slightly smaller than that of LIR

instructions of the program. For example, the total numbers of HIR and LIR in-
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The static results show that, except for a few benchmarks, the majority
of methods either contain an exception handler or are enclosed in a nontrivial
exception handler (Static No EEH column). However, as shown by the next
(Static No RT EEH) column, in 11 of 13 benchmarks, over 65% of methods
neither contain, nor are enclosed in, a nontrivial runtime exception handler.11

The metrics used for dynamic analysis are the same as those for static analy-
sis, except that the analysis is performed at runtime for each method activation.
In 9 of 12 benchmarks, over 96% of method activations are not enclosed in a
runtime exception handler inside the program, and do not themselves contain a
runtime exception handler. Hence, these methods can be optimized quite aggres-
sively, particularly with further application of techniques presented in Section 4.
The decrease in effectiveness for the pBOB benchmark is mostly due to the con-
servative liveness analysis used in our current implementation, given the manner
in which Java bytecode generators implement synchronized statements. Namely,
the compiler translates synchronized statements into a try-catch block, where
the catch block unlocks the locked object and rethrows the exception. Although
the static analysis implementation determines that such blocks are trivial, the
current dynamic analysis implementation does not have this feature.

The extension described in Section 3.3, as shown in the last column under
dynamic analysis, finds a very high percentage of the “optimizable” methods
(those without enclosing or local runtime exception handlers, from the second
column) as being unsynchronized themselves and appearing in unsynchronized
regions. For example, the percentage of methods in JavaLex that are not enc-
losed by a runtime exception handler decreased only marginally from 100.0% to
96.687% when methods appearing in synchronized regions are excluded. With
the expected extensions to the Java memory model [22,17] (or by simply not
honoring those features of the current model that apply to programs with data
races, as all commercial JVMs seem to do [22,17]),12 these methods could be
optimized completely ignoring all runtime exception-related dependences.

Table 3 provides an indication of how the techniques presented in this work
can affect execution performance for Matrix Multiply and Cholesky Factor-
ization. It reports the execution time in seconds for the original application
and a hand-optimized version that applied well-known transformations, such as
loop tiling and outer loop unrolling [26,23]. These transformations are enab-
led because of the dependences eliminated by our techniques. The results show
speedups of 6.88 and 3.34 for Matrix Multiply and Cholesky Factorization,
respectively. Although such speedups may not be realized on larger applications,
these results do suggest that promising performance gains can be obtained once

structions of toba are about 23K and 30K, respectively. We have found no significant
difference in the number of PEIs between HIR and LIR.

11 The static and dynamic analysis of the SPEC JVM98 programs begins at the ap-
plication’s main, not the common harness. The harness contains a catch block that
catches the Throwable exception to allow for robust functionality.

12 All JVMs tested by Pugh [22,17] were found to break the Java memory model.
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Table 3. Performance improvement by eliminating exception dependences and perfor-
ming hand-transformations

Unoptimized Optimized
Benchmark Time (sec) Time (sec) Speedup
Matrix Multiply 115.5 16.8 6.88
Cholesky Factorization 58.8 17.6 3.34

exception-related dependences are eliminated using the techniques described in
this work.

6 Related Work

Previous work on speculative code motion for superscalar and VLIW proces-
sors [8,24,19,13] has some similarities with our work, in that it involves aggressive
code motion and recovery from exceptions thrown by speculative instructions.
Broadly, our work differs in at least two ways. First, it does not require any hard-
ware support, while these approaches rely on special hardware to support silent
exceptions or to store the results of speculative instructions. Second, (since we
are looking at a different problem, that of handling precise exceptions in Java)
our work is unique in addressing the problem of reducing the program state that
must be preserved at a possible exception point.

The problem of debugging optimized programs also has some similarities with
optimizing programs in the presence of exceptions, in that the notion of preser-
ving the currency of variables at a breakpoint [15] is similar to that of preserving
program state at exception points. Holzle et al. [16] restrict optimizations across
interrupt points and use dynamic deoptimization of code to support debugging.
Other researchers have proposed various approaches to detect variables whose
value may not be current at a breakpoint due to program optimizations [11,1,12],
and possibly recovering the original value of variables that are not current [12].
In contrast, our work must ensure that the value of each relevant variable is “cur-
rent” at an exception point and focus on determining the minimal set of such
relevant variables. Furthermore, we deal with the problem of ensuring the cor-
rect ordering of exceptions (without adversely affecting program optimizations),
which does not occur in the context of debugging optimized programs.

Hennessy [15] describes program optimizations in the presence of exception
handling, where he essentially deals with the altered control flow due to an
exception being thrown. His work does not deal with precise exceptions.

Le [18] describes a runtime binary translator that supports reordering of
instructions for architectures that support precise exception semantics. However,
this work requires the generation of checkpointing code, which contributes to
the overhead of executing extra instructions even when no exception is thrown.
Therefore, the benefits of increased flexibility in instruction scheduling have to
be weighed against the overhead of checkpointing, which can potentially be high.



444 M. Gupta, J.-D. Choi, and M. Hind

Moreira et al. [20] describe, for numeric computations with simple array
subscripts, a program transformation to create safe regions in which no (out-
of-bounds array index or null-pointer) exceptions may take place. They show
that the loop-reordering program transformations can contribute up to a factor
of 18 improvement in performance on an IBM Power2 workstation, over and
above the improvement from eliminating the exception checks in safe regions.
Our work handles the more commonly occurring case where it is not possible to
create exception-free regions, for example, if there is memory being allocated for
a new variable in the region.

Arnold et al. [3] describe the impact of Java runtime exceptions on a VLIW
and single-issue architecture using multiple instruction scheduling techniques.
Their simulation results show that exception overhead can be substantially re-
duced using advanced scheduling techniques, most notably on the VLIW archi-
tecture. The smallest overhead was achieved when using known hardware me-
chanisms for increased speculation. Their simulation results confirm the adverse
impact of precise exceptions on program performance, particularly on non-VLIW
machines, thus supporting the need for work like ours to enable aggressive opti-
mizations in the presence of precise exceptions.

7 Conclusions

Precise exception support imposes constraints on optimizations such as instruc-
tion reordering. The novel framework presented in this paper enables the re-
laxation of these constraints. By identifying the subset of program state that
needs to be preserved if an exception is thrown, the framework enables the re-
moval of many spurious dependences between writes and potentially excepting
instructions. The static and dynamic analysis algorithms we presented can be
used separately or together to improve the effectiveness of the analysis. Our
framework further allows aggressive optimization of the program, ignoring all
dependences between potentially excepting instructions, by generating compen-
sation code that is executed only when an exception is thrown. This code ensures
that the same exception is raised as in the original unoptimized code. The algo-
rithms are applicable to any language that constrains program transformations
due to dependences involving exceptions. The preliminary implementation using
a conservative version of our algorithm shows promising results: using the sta-
tic analysis, in 11 out of 13 benchmarks, over 65% of methods are recognized
as targets of our aggressive optimization techniques for ignoring program state
dependences at potentially excepting instructions; using the dynamic analysis,
over 96% of the method invocations can be aggressively optimized in 9 of those
benchmarks. We have also demonstrated that significant speedups, up to a factor
of 7 on small programs, can be obtained using our techniques and well-known
transformations.

We expect the importance of techniques presented in this paper to grow
further, as Java is used more heavily in application areas that require high per-
formance, and also as Java compilers become more mature, and run into the
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limitations imposed by precise exception semantics while applying aggressive
optimizations that involve code reordering.
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Abstract. This paper presents HERCULE, an approach to non-invasive-
ly tracking end-user application activity in a distributed, component-
based system. Such tracking can support the visualisation of user and
application activity, system auditing, monitoring of system performance
and the provision of feedback. A framework is provided that allows the
insertion of proxies, dynamically and transparently, into a component-
based system. Proxies are inserted in between the user and the graphical
user-interface and between the client application and the rest of the dis-
tributed, component-based system. The paper describes: how the code
for the proxies is generated by mining component documentation; how
they are inserted without affecting pre-existing code; and how informa-
tion produced by the proxies can be used to model application activity.
The viability of this approach is demonstrated by means of a prototype
implementation.

1 Introduction

The motivations for tracking application activity are many and varied. Motiva-
tions could be a need to:

– understand the application execution process, especially if the application is
distributed or runs on parallel processors;

– provide information needed to carry out system tuning;
– satisfy security requirements;
– provide an audit trail; or
– provide extra support for end-users.

It is the latter aspect which provides the motivation for the research outlined in
this paper. The fact that feedback is required by the end-user of an application
is no longer disputed [29]. However, the manner of providing this feedback, and
standards for ensuring the quality thereof, are still open to debate. Feedback
must, at present, be provided for during the development of an application,
and it is extremely difficult to remedy applications which provide inadequate
feedback, once they are in use. I propose to augment the application’s end-user
feedback provision by means of external application tracking.
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Providing feedback independently of the application can only be done if we
have a means for observing application activity. There are various ways to achieve
this, and the approach chosen here is to engage proxies which will intercept com-
munications and generate reports containing details about application activity.
These reports are relayed to a framework, called HERCULE1, which uses the
information to provide the desired level of feedback.

Since portraying information about application activity in order to augment
application feedback is a novel use of the information derived from application
tracking, this paper also addresses the visualisation of the information thus obtai-
ned, and shows how the visualisation has been used to provide feedback tailored
to the needs of users operating in different roles.

The following section will discuss current research into application tracking,
feedback and separation of concerns. Section 1.2 will outline the proposed solu-
tion to the problem.

1.1 Related Work

This section discusses current research into application tracking, separation of
concerns, and feedback.

Application Tracking. Applications can be tracked from two different per-
spectives, either tracking the user interaction with the application, or watching
application interaction with the system. One example of user interface tracking
is seen in the work of Trafton and Brock [39] whose system provides a layer
between the user interface and the application to keep track of the user’s ac-
tions, comparing them to an internal representation of various task models, to
try to identify the task being done by the user. When a correspondence can
be pinned down, the user is offered the option of the sequence being comple-
ted automatically. Fawcett and Provost [16] worked on finding ways to predict
whether the user of a given account is not the authorised user. They profile each
user by characterising their behaviour based on histories of previous sessions.
Many researchers have studied the processes and patterns of user interaction
with computer systems [5, 9, 22, 25], while Lin et al [24] have developed me-
thods for visualising the masses of data collected about user search patterns in
a variety of graphical formats, allowing human pattern recognition capabilities
to be applied. Chalmers et al [12] have developed a methodology to build up
Web usage histories for users in a particular community. The user search path is
compared to paths of other users within the community and if a match is found,
sites visited by the other users will be suggested as being of probable interest.

Other researchers have looked at tracking application use of system resour-
ces. Burton and Kelly [7, 8] have developed a tool which traces system calls and
provides the ability to re-execute these calls to allow system tuning. Ball and
Larus [4] have described algorithms for placing code within programs in order
to record program behaviour and performance. Jeffery et al [18] introduce the
1 Named after Hercule Poirot, Agatha Christie’s legendary detective.
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Alamo monitor program execution monitoring architecture which assists develo-
pers in bug-detection, profiling programs and visualisations. Siegle and Hofmann
[35] have developed the SUPRENUM microprocessor which uses a hybrid com-
bination of software and hardware monitoring to determine parallel program
behaviour. This assists programmers in gaining insight to the execution of their
parallel programs. Wybranietz and Haban [41] also use a hybrid approach to
observe system behaviour, measure performance, and record system informa-
tion. They make use of a special measurement processor which runs monitoring
software for each distributed node in the system. The information thus deri-
ved is displayed graphically and used to improve understanding about run-time
system behaviour. Joyce et al [19] monitor distributed systems by means of a dis-
tributed programming environment called Jade, which assists the programmer
in debugging, testing and evaluating distributed systems.

To summarise, tracking can be done either invasively or non-invasively. In-
vasive tracking requires that changes be made to the application in order to
support the tracking. This is risky, since it could be expensive in terms of time
and effort to remove the reporting mechanism when there is no longer a need
for it. It is also, by definition, application specific, and tracking must be added
to each application type individually. Non-invasive tracking does not require an
application to be changed in any way, is easily deactivated, and can seamlessly
track a variety of applications, but is much harder to accomplish.

Why Feedback? Users, especially novice users of an application, often have no
idea of how to use the application, and need to spend time and effort building
up an internal model of how the application works. They seldom read manuals,
wanting rather to find out for themselves how the system works [11], and they
tend to be impatient to get on with their task [6], not wanting to spend hours
being taught how to use a system.

Norman [29] argues that in any complex environment — like a new applica-
tion — one should always expect the unexpected. To deal with the unexpected,
Norman concludes that continuous and informative feedback is essential. Lear-
ning how a system works is made safer and less risky if the relevant information
is easy to find [11]. Chan et al [13] have shown that an active feedback system
greatly improves user performance. Therefore, feedback is far superior to user
manuals for helping the user to build up a correct internal model. The role of
clear explanations in this process is vital [23]. Users also need feedback because
they have severe limits with respect to the following, taken from [31]:

– perception — perceiving small difference in detailed information;
– memory — the limitations of human memory is illustrated by the following

examples:
– users sometimes forget what they have done, especially if they are inter-

rupted during a processing session;
– users often do not detect their errors. Often the user is vaguely aware

that something has gone wrong, but has no idea how this occurred.
– difficulties are often experienced in holding recently experienced infor-

mation until needed; and
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– users experience problems retaining information retrieved from long-
term memory — such as remembering where they are in a plan of action.

On the other hand, users have particular strengths with respect to [31]:

– processing visual information rapidly, and coordinating multiple sources of
information;

– making inferences about concepts or rules from past experiences;
– storing common patterns, like user action sequences, efficiently;
– retrieving relevant information quickly.

It is clear that the user requires feedback, to help them to discover how an appli-
cation works, to help discover what effect their inputs have on the application,
and to serve as a memory aid. The feedback is traditionally provided from wit-
hin the application code, but this approach is flawed because programmers are
seldom trained to provide adequate feedback, and it is almost impossible to aug-
ment the feedback once the application has been delivered. Users functioning in
different roles often have completely different feedback needs, and it is difficult
for an application to provide for all of them adequately.

Separation of Concerns. Programmers have to deal with a great deal of com-
plexity as part of their task in developing software. They have to concentrate
not only on the required functionality of the software, but also with important
issues like replication, distribution, real-time configuration, synchronisation, pe-
risistence and end-user needs. Much research has been done into providing pro-
grammers with tools which separate the behavioural features of the software
from the functional features [17]. Some examples illustrate the approach with
respect to:

– Distribution — since the failure of distributed systems has very different
failure semantics from centralised systems, the separation of this concern is
not a simple task. Guerraoui [17] describes Garf, a software development tool
which provides a library of abstractions to simplify distributed programming
by enabling the programmer to develop the functionality of the software first,
and then add distribution by using Garf.

– User Interface Code — the Chiron-1 user interface development system [36]
introduces a series of layers that separate user interface code from application
code by using user interface agents called artists which are attached to the
abstract data types. Operations on the data types then trigger user interface
activities.

– User Manuals — Thimbleby [37] developed Hyperdoc, a system which allows
a programmer to develop the user manual alongside the user interface, so
that the user manual mirrors the structure of the user interface.

– Exception Handling — Dellarocas [15] makes a case for separating exception
handling from normal system operation. An exception handling service is
provided for use by component developers, which uses a knowledge base to
describe the failure of the system to the user.
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– Kiczales [21] introduces aspect-oriented programming. Aspects refer to loca-
tion, communication or synchronisation and once specified, are automatically
combined with the application program by using some tool, like AspectJ [3].
Kersten and Murphy [20] have built a web-based learning environment using
this programming paradigm.

All these examples require the programmer to specify the basic functionality of
the application, and special concerns, albeit separately. Kiczales argues that this
helps to reduce complexity that the programmer has to cope with.

Use of Tracking Information. Whereas the results of user interface moni-
toring are sometimes utilised by the end-user of a system [12], it is often done
primarily for the benefit of system developers and maintenance teams. System
resource monitoring is done exclusively for the benefit of system development
teams. One important stake-holder in application usage, the end-user, is seldom
catered for. Since the focus of this research is the end-user, and their feedback
needs, I propose to provide the programmer with a feedback enhancing tool
which will enable them to concentrate on the functionality of the program with-
out the complication of having to provide extensive feedback. This will be done
by means of tracking the application in order to provide the feedback. The aut-
hor is unaware of any work which currently addresses augmenting feedback needs
in this particular way.

1.2 Proposed Approach: Disentangling Feedback by Using Tracking

Tracking application activity is simple if the need is anticipated before, or du-
ring, the development of the system. The programmer can explicitly code the
necessary reporting activities along with the coding of the application logic, and
this tracking will be detailed and provide excellent reporting facilities. However,
it does place a significant load on the programmer, and it is difficult to anticipate
all tracking needs that could be required. This also does not solve the problem
of tracking an existing application. It would be very useful to have an add-on
generic facility available to all applications. This type of application tracking
must, perforce, treat the entire application as a black box, thus providing very
little detail about the internal application operation. The application’s interac-
tion with its environment — the user and the rest of the distributed system —
will have to be observed, and these interactions tracked in order to provide a log
of application activity. This will be done by inserting proxies to report on this
activity. While this obviously does not provide the intricate detail which could be
provided by internal application reporting, it does have the advantage of being
generic enough to be applied to any application, and the added attraction of not
requiring any special effort from the application programmer.
The research discussed in this paper was done in the context of end-user appli-
cations within Component Based Systems (CBSs) (Fig. 1).

– CBSs were chosen because they have unique characteristics which make such
application tracking not only possible, but extremely beneficial. These cha-
racteristics include the independence of constituent components; the fact
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Fig. 1. CBS Application Architecture

that each component has its own documentation; and the use of interfaces
to interact with these components. The need for such a facility is even grea-
ter in CBSs than in normal applications, due to this selfsame independent
nature of the various component parts. This independence is a vital feature
of CBSs since it allows the construction of a system from various parts to
satisfy the user’s exact requirements. An organisation can purchase diffe-
rent tailor-made components from various vendors, install them in a server
runtime environment, and develop their end-user application to make use of
these components.
However, the fact that the constituent parts are developed by largely un-
known programmers means that the developer of the end-user application
will have a limited understanding of the full functionality and expected be-
haviour of server components. An external tracking facility can therefore be
extremely helpful to the programmer during both development and main-
tenance phases of an application, if informative feedback can be provided
about application interaction with the CBS.

– The decision was made to concentrate on Java-based applications since Java
has many features which suit tracking purposes admirably. Firstly, Java offers
an introspective capability which allows us to dynamically explore details
of Java classes. Secondly, the ability to dynamically substitute proxies is
essential for external application tracking.

It should be stated at the outset that the aims in providing activity tracking are
that it:

– should not interfere with the source code of the application;
– should not make any changes to existing package code, for any of the packages

currently being used by the application;
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– should require minimal application developer participation, and should even
function adequately without it.

The mechanism for dynamically engaging the proxy between the user and the
graphical user interface is explained in Sect. 2, while the mechanism for dynami-
cally inserting the proxy between the client application and the rest of the CBS
is explained in Sect. 3. The completed prototype is explained in Sect. 4. Section
5 discusses the advantages and disadvantages of the proposed approach. Section
6 discusses proposed future work on this project, and the paper is summarised
in Sect. 7.

2 Interception of User Interface Communication

This section describes the mechanism used to insert a proxy, positioned as shown
in Fig. 2, which tracks the appearance of, and interaction with, the user interface.
The design of the user interface proxy is discussed in Sect. 2.2. How the proxy is
used to satisfy our aims is discussed in Sect. 2.3. How information thus obtained
is used to track user activity is discussed in Sect. 2.4.

User

User Interface
Proxy

Server Proxy

Database Database Database

Databases on
Separate Machines
in Lowest Tier

Components Machine
Middleware Server

Client Machine

Framework
HERCULE

Application
Client

Fig. 2. CBS Application Architecture with Proxies

In order to track user activity, without, for the moment, being language specific,
there are two requirements:

1. The first is to build an internal representation of the user interface structure.
To do this, there is a need to know about each user interface component being
created, and how the user interface is composed. For example, the window
shown in Fig. 3 can be represented as a tree structure, as shown in Fig. 4.
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Fig. 3. The Client User Interface
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Fig. 4. The Internal User Interface Representation

2. The second is to keep track of user activities at the user interface, and to
associate them with the parts of the interface being used. To watch user
activities, a tracking facility needs to be notified whenever the user does
something at the Graphical User Interface (GUI). Since GUIs are primarily
event-based, we can reasonably expect to receive this information in the form
of events. So, for example, in the Window shown in Fig. 3, the application
obviously responds to button activations. In that case, HERCULE also needs
to be apprised of button activations.

The user interface tree structure is required so that the user interface events
make sense. Without such a structure, it would be impossible to identify win-
dows containing components which have generated events, or to keep track of
components within a window being added or removed, or to provide any sort of
context sensitive feedback.
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2.1 Inserting a Proxy — In Java

This section addresses Java specific issues with respect to inserting a proxy. Java
is platform independent, so that a program written to run on one platform, using
a particular Operating System (OS), can be executed on another platform using
another OS, without alterations.

The way the Java Virtual Machine (JVM) provides this feature for the GUI
is by means of a combination of the java.awt.Toolkit class and a library of
platform dependent Toolkit classes. When the Java program instantiates user
interface components in order to build a GUI, the actual component will use the
Toolkit to establish a link to a platform dependent peer.

When the Java application interacts with these java.awt objects, the mes-
sages are relayed to platform dependent peers, in order to display the required
GUI. The JVM handles these details so that the programmer is completely obli-
vious of the process. The programmer simply instantiates and invokes methods
on the java.awt objects and subsequent calls to the peer objects are comple-
tely invisible. The java.awt.Toolkit class has the responsibility for loading
these platform dependent classes. This Toolkit is loaded automatically by the
java.awt classes when they are instantiated. A programmer will often never have
to make direct use of this class at all. For example, they may do the following:

Button quit = new Button("Quit");

The Button class calls on the Toolkit to create a platform dependent peer
object, ButtonPeer. This object is the actual platform specific object which is
displayed on the user interface. If the programmer now calls:

quit.setLabel("Cancel");

then the quit object will call the setLabel method on ButtonPeer so that the
label on the button on the GUI will change. The structure of this activity is
shown in Fig. 5.

Application java.awt

Package

Platform
Dependent
Toolkit

java.awt.peers

Package

Fig. 5. The Use of the Toolkit to facilitate GUI platform independence

Our aim is to add activity tracking functionality to an application without ma-
king changes to either the application, or the java packages’ source code. One
approach would be to generate proxy classes for all the classes in the java.awt
package, use an auxiliary class loader, and, by an additional level of indirection,
substitute the proxy classes for the original classes. This satisfies our require-
ment that no part of the application should be altered, and it also does not
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interfere with the java.awt package. Unfortunately we cannot create a proxy
for the java.awt package, because of the java.awt.Toolkit class. A proxy can-
not be created for this class since it is abstract, and so the platform dependent
java.awt.Toolkit and java.awt peers are loaded by the application classloa-
der. This confuses the original classes which are loaded by their own separate
classloader, and they consequently cannot reference the Toolkit [32]. Since the
java.awt package is essential for our purpose in tracking user interface activity,
another mechanism must be used.

The previous approach attempted to intercept user interface communications
for each user interface component. However, an alternative source of information
can be found in the Toolkit class, since Java requires the creation of all user
interface objects be done via this class. Two factors make this a viable proposal:

1. The first is that Toolkit is an abstract class. In general, to obtain an in-
stance of an abstract class, you either have to use an instance of a class
that extends the abstract class, or use a static method which returns an
instance of the class. The java.awt package makes use of the abstract class
java.awt.Toolkit, which provides a static getDefaultToolkit() method,
which gets the name of the platform dependent Toolkit class from system
properties, and obtains an instance of that class from the OS libraries, to be
returned to the caller.

2. The second, which relies on the first, is that the static getDefaultToolkit()
method allows the use of an environment variable to specify which Toolkit
is to be loaded. The java.awt.Toolkit incorporates a mechanism to allow
the developer to substitute another Toolkit for the one which would, by
default, be loaded by the JVM.

So, suppose a proxy Toolkit is written which extends java.awt.Toolkit, called
java.awt.ProxyToolkit. The EssentialApp application can be told to use this
proxy Toolkit by starting the application with the following command line:

java -Dawt.toolkit=java.awt.ProxyToolkit EssentialApp

The java.awt.ProxyToolkit is now instantiated when the application needs
an instance of a Toolkit, and the proxy is thereby dynamically activated.

2.2 The ProxyToolkit

The java.awt.ProxyToolkit class extends java.awt.Toolkit. When the ap-
plication calls the static getDefaultToolkit method to get an instance of the
toolkit, the ProxyToolkit is created, and this ProxyToolkit then loads the OS
specific Toolkit, so that the ProxyToolkit acts as a channel, relaying all calls
to the platform dependent toolkit, and relaying all return values back to the
application. The resulting structure is shown in Fig. 6.

Each method in the ProxyToolkit generates construction reports which relay
information about the structure and composition of the user interface, enabling
the construction of an internal structure duplicating each window structure. This
structure provides the basis for making sense of user activity reports.
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Fig. 6. The System using the ProxyToolkit

2.3 Watching User Activity

Once an internal structure has been created, the next requirement is to be able
to keep track of user activities. This can only be done if we are informed when
those actions occur. We could, upon learning that a component has been created,
declare an interest in all events upon that component. This would mean that
we would be interested in every button press, every mouse movement, every
key press, window activation, and deactivation, and much more. This volume
of reporting would slow the system unacceptably. The second best option is
to register an interest in events which interest the application. These events
would presumably precipitate some action on the part of the application, and
are therefore meaningful activities from the point of view of the user when using
that particular application.

All java.awt components allow other objects to declare an interest in events
on the component by registering as a listener. The ProxyToolkit will be used to
allow HERCULE to register an interest in events of interest, and thereby remain
informed of all user activity at the user interface, by the receipt of event reports
from the ProxyToolkit.

The event notifications received as a result of registering as a listener will
serve to provide a tangible record of all user activity. Together with the pre-
viously defined internal structures representing these windows, the meaningful
information can be provided about user interaction with the system.

2.4 Maintaining and Using the Internal Image of the GUI

The construction reports generated by the ProxyToolkit are used to build up a
tree structure, depicting the appearance of the user interface, as shown in Fig.
4. Event reports will keep the tracking program informed of all activity, and
it will know exactly what the user has been doing at any time, together with
the effect on the user interface of that user activity [33]. A history of windows
which are shown at the user interface is maintained, as well as a history of user
actions which cause a change in the user interface appearance, including changes
to “editable” entities like text fields.

3 Intercepting Server Communication

This section discusses the mechanism for inserting a proxy between the client
application and the rest of the CBS, positioned as shown in Fig. 2. The fi-
gure depicts the CBS as a 3-tier system, which is common, but not essential
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for HERCULE’s operation. A decision was made to insert proxies to intercept
communication with the server components, because this would cause minimal
interference with the application. This can also be done transparently, so that it
requires no effort from the end-user or programmer.

3.1 Insertion of Proxies

Each server component interface is a potential source of contact with the compo-
nent, and so each interface requires a proxy. The JVM makes use of a CLASSPATH
environment variable that can be exploited to ensure that the JVM loads a proxy
class instead of the original class, simply by putting the location of the proxy
class ahead of the location of the original class in the CLASSPATH. For the purpose
of the HERCULE prototype, we choose to implement a proxy insertion mecha-
nism which would work for client applications using the JNDI package to contact
the application server. JNDI requires the client application to establish commu-
nication with the server housing the server components before any connection
can be made with those components. This connection is made by means of the
InitialContext class. The proxy for this class will be dynamically inserted by
making use of the above-mentioned CLASSPATH mechanism.

Once the proxy is inserted at this level, it is relatively simple to introduce
proxies for each component, since the InitialContext object is used to locate
required components, and the proxy object can be loaded and substituted for
the original component completely transparently.

3.2 Using the Reports Generated by the Proxies

When HERCULE receives the reports from the proxies, they have to be stored
so that the information can be retrieved at any time for feedback purposes.
It is important to realise that the server proxies are totally unaware of the
user interface proxy, and that they therefore have no communication with one
another. The only way that HERCULE can link user actions to server method
invocations is by using the time factor enclosed within the generated reports.
Therefore, when server reports are received, these actions need to be linked to
the user actions which preceded them. At this stage, there is a need to clarify
the strategy for mapping these separate activities to each other.

Since not all user activity will result in server component method invocations,
there could be a number of user actions occurring before a method invocation.
In the same way, a whole string of method invocations could be precipitated by a
sequence of user actions. In each application thread, the sequence of user actions
which precede one or more method invocations is called a UA-sequence (User
Action sequence), and the series of server calls thus precipitated is called an
MI-sequence (Method Invocation Sequence). When a UA-sequence is matched
to an MI-sequence, we can call this mapping an Episode. This is illustrated in
Fig. 7.

When storing the proxy information (both user interface and server), it is
vital to store it in the form of Episodes, which can then be depicted in the
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Fig. 7. UA-sequences, MI-sequences and an Episode

feedback. It is still necessary to keep them apart for some specialised feedback
requirements, so HERCULE will store a list of UA-sequences, and link each UA-
sequence to the MI-sequence precipitated by the UA-sequence. These two lists
will be linked one to the other, forming a history of session Episodes.

4 HERCULE Implementation

In order to test the viability of this approach, a prototype of HERCULE was
implemented. The prototype was tested on a three tier CBS with Enterprise Java
Beans (EJBs) [27] fulfilling the role of the server components. The application
server used was the Tengah server from Weblogic [38], an all-Java application
server. The test system was composed of a client on an NT host running on an
Intel, the Tengah server running on Solaris on an Intel, with the third level being
made up by a Cloudscape database [40] containing a set of client accounts.

HERCULE tracks application activity by dynamically inserting proxies, and
extracts information based on the reports generated by these proxies. The next
section discusses the inputs that HERCULE receives from the two proxies. Section
4.2 explains how HERCULE is customised for any given EJB, and how HERCULE
extracts the required inputs at runtime. Section 4.3 shows how HERCULE would
be used with a running application, and Sect. 4.4 gives an example of how
the information gleaned from the proxies can be presented to the user in order
to provide a useful tool to programmers, end-users and support staff. Section
4.5 reports on a preliminary study of how the presence of HERCULE affects
application performance.

4.1 Inputs into HERCULE

HERCULE basically operates based on two types of inputs. The first is made up
of the documentation and Java class files delivered with the EJB. The second
comprises the reports generated, at runtime, by the proxies. The following do-
cuments are the least we would expect to be delivered along with each server
component, since they provide the basic minimum information required to use
the component:

1. An Application Programmer Interface (API) document, explaining the pur-
pose of the component, and giving details of method functionality, for ex-
ample, javadoc [26] output.
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2. One or more interfaces through which the component can be accessed.
3. A deployment document which specifies the context dependencies of the

server component, and explains how the component should be deployed.

HERCULE must use the information from this documentation to customise itself.
This customisation facilitates the operation of the proxies at runtime. HERCULE
receives two types of reports from run-time invoked proxies:

1. User Interface Reports: signaling events and the user interface construction.
These events enable HERCULE to keep a history of user interface appearance
and user activity.

2. Server Method Invocation Reports: The reports received here indicate diffe-
rent stages of communication, including initial establishment of communica-
tion with the server and global method invocations following thereafter.

Once the UA-sequences have been linked to the MI-sequences, and the Episodes
constructed, the results need to be depicted in a helpful manner on the screen.
There are many aspects of this interaction that could be depicted, but for HER-
CULE, the decision was made to depict the success or failure of each Episode.
This decision was made because our focus is to provide end-user feedback, and
the success or failure of an Episode is of critical interest to the end-user. Since a
particular application session could easily generate many Episodes, the display
chosen has some important characteristics:

– it should be able to depict either one or many Episodes in a clear manner,
so that the user can obtain as much information as possible at a glance;

– it should not intrude, but offer user assistance. Thus, it should use as li-
ttle screen space as possible. Many feedback devices tend to become over-
powering, and the last thing we want to do is to annoy; and

– it should allow the user to step backwards in time to view and confirm their
previous actions.

4.2 HERCULE’s Phases

HERCULE has two distinct phases of use, discovery and runtime. The discovery
phase is a customisation phase, which serves to inform HERCULE, essentially a
generic feedback mechanism, of the server components which will be used by an
application. During the runtime phase, the results of the customisation will be
used to facilitate the required feedback.

The customisation is done prior to HERCULE being used, and as often as ne-
cessary after that as the programmer becomes more familiar with the operation
of the component. HERCULE makes use of the server component documentation
to customise the framework for a particular server component. The component
documentation is “mined” in order to extract descriptor objects which hold se-
mantic details about the methods used to access the server components, and to
generate proxies. If we consider these documents to be the input to the discovery
process, then the output we produce is:
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– proxy classes used in intercepting communication with the server.
– descriptor objects: which are essential to the visualisation of session ac-

tivity. Tracking will only be meaningful if its results can be depicted in
an information-rich and useful fashion. In order to provide the users with
explanations of server activity, the method invocations should be described
in terms easily understood by the user, rather than in language familiar to
the programmer of the system. These explanations are all to be found in the
server component API documentation, and the initial descriptor objects will
thus be derived from these documents. Since Java class documentation is ge-
nerally produced by javadoc, this makes the mining process simpler2. This
mining process should produce at least an adequate descriptor object, since
it contains the information as obtained from the API document. In order
to improve this object, HERCULE provides a tool to allow the programmer
to augment the descriptor object. With the programmer’s assistance the
descriptor object can be augmented from merely adequate, to substantially
helpful.

4.3 HERCULE in Action

An example of how HERCULE would be used by the user of an applicationn
will now be given. HERCULE runs in a separate process so that its execution
and termination are not dependent on the application. The HERCULE console
operates in the following modes:

– waiting mode as it waits for the application proxies to make contact.
– dynamic feedback mode after the application has made contact via the pro-

xies, and while it executes.
– static feedback mode after HERCULE registers the termination of the ap-

plication but stays active so that the user can use the console to provide
post-execution feedback, if required.

We will consider the case of two different users — the programmer and the
end-user.

The Programmer. The programmer will run the discovery process to custo-
mise HERCULE for the server components which will be used by the application.
Descriptor objects and proxies will be generated for each interface of each com-
ponent. These will automatically be compiled and made available to the JVM.

The programmer would then start execution of HERCULE, and the HERCULE
console would appear on the rightmost side of the screen. An icon would appear
at the base of the screen if it is being run on a Windows platform.

The programmer now starts execution of their program. HERCULE tracks
the application activity and uses the generated descriptor objects to provide an
2 If this is not done by javadoc, it becomes difficult to mine since we have no idea

how the documentation would be structured. The next EJB specification requires
the use of XML for this documentation, which would make the process even simpler.
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explanation of method invocations. If the programmer needs to augment these,
the discovery process can be executed again, and the explanations changed. If a
method invocation could result in an exception being thrown, the programmer
can also enter meaningful explanations for these exceptions.

Once the application program shuts down, the traffic lights display on the
HERCULE console will display a message indicating that the application has
finished executing. This is done so that the information about the session is
still available even if the application crashes. The programmer will then have a
tangible record of inputs given, together with details of method invocations and
results returned by the server components.

Should the programmer want to track a new session, HERCULE can be reset
by choosing a reset option from the console menus.

The End-User. The end-user starts execution of HERCULE, and the HERCULE
console appears on the rightmost side of the screen.

HERCULE tracks the application and displays the Episodes dynamically. If
the user chooses not to actively use HERCULE, it will remain unobtrusively in
the background. If the user needs an explanation, HERCULE can be made active,
and will provide the user with an explanation. Should this still be inadequate a
support person can be summoned, and the record of activities and explanations
can be used to solve the problem.

4.4 Feedback Provided

In Sect. 4.1 some criteria for the feedback display were mentioned. The console
designed for HERCULE was created with those requirements in mind, and satisfies
them as follows:

– it depicts the all Episodes for the entire application session in one window;
– it allows detailed information about Episodes to be obtained at the click of

a mouse;
– it depicts a great deal of information in a small screen space;
– it does not intrude, but is always available as an icon, offering the possibility

of obtaining feedback at any time; and
– it allows the user to obtain information about previous Episodes at the click

of a mouse.

At runtime, the HERCULE console (Fig. 8) provides the following information,
which is dynamically updated as the user works:

1. A traffic lights widget depicting the current system state. This will display:
– red when the application cannot be tracked. The legend beside the traffic

light will display the result of HERCULE’s attempt to diagnose the cause;
– orange when a component is busy servicing a request; and
– green when HERCULE is in dynamic feedback mode.
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System State Indicator Facility
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Fig. 8. The HERCULE Console

2. A Replay My Actions button will summon a playback facility which allows
the user to view a screen replay of all UA-sequences as they took place.
This is done in the form of the windows displayed by the application being
shown to the user, one at a time, with a highlight on the action which caused
the transition to the next window. For example, in the Window in Fig. 3,
if the user clicked on the Create Account button, that button would be
highlighted by setting the background colour to yellow in the replay window.
This serves to remind the user of past actions. By providing this functio-
nality, HERCULE supports users by alleviating their weaknesses (such as
limited working memory), and capitalising on, and utilising their strengths
(such as swift pattern recognition, and retrieving relevant information about
the meaning of these patterns quickly). This replay has no effect on the appli-
cation whatsoever, in accordance with the non-intrusion policy, and should
be considered to be rather like an action replay used in television sports
broadcasts.

3. A session history panel which presents all Episodes, displayed in three sepa-
rate panels:
– the bottom panel displaying the last ten Episodes,
– the middle panel depicting groups of ten Episodes, and
– the top panel depicting groups of hundreds of Episodes.

Each distinct Episode is displayed as a coloured rectangle. This depicts the
result of the MI-sequence resulting from the Episode UA-sequence as:
– red if it failed — assumed if the server throws an exception,
– yellow if the outcome is pending, and
– green if it succeeded — assumed by the absence of an exception.
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Fig. 9. The User Viewing an Explanation of a Previous Episode

4. In order to provide for different types of user needs, HERCULE can be custo-
mised to give extended feedback. The type of user feedback needs already
identified are:
a) explanation of an MI-sequence. In other words, what the system did as a

result of a UA-sequence. This is primarily an end-user need, and is met
as shown in Fig. 9.

b) assistance in debugging. A detailed explanation of the method invocati-
ons making up the MI-sequence, together with the parameters for each
invocation, and the return value or exception thrown.

c) performance monitoring, as shown in Fig. 10. For example, a graphical
display of response times is a good indicator of application performance
with respect to communication with the rest of the CBS. This feedback
component could be of use to system support.

There are two aspects of these feedback components to be considered:
a) Which Episode the feedback applies to — The first and second of the

above-mentioned feedback needs should be met by displaying an expla-
nation of the most recent Episode, or a previous one, as required by
the user. Feedback should be provided for the most recent Episode by
default, allowing the user to request the display of the explanation of a
previous Episode by clicking on one of the previous blocks in the lower
panel. Feedback can be obtained for Episodes not shown in the lower
panel by clicking on one of the grouped symbols, as depicted by groups
of blocks in the middle and upper panels. You will note from Fig. 8,
that each panel displays some rectangles, and that one is highlighted.
The highlighted rectangle indicates the Episode for which feedback is
currently being given in the visible feedback components. The Current
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Fig. 10. The HERCULE Console showing the Support Panel

Display label in Fig. 8 points to the highlighted rectangles in the history
panels, indicating that the second last Episode MI-sequence explanations
would be displayed (if any feedback components were visible).
The user’s immediate feedback requirements with respect to individual
Episodes, as indicated by clicking on a block which represents a pre-
vious Episode, will be met by dynamically reflecting the feedback for
that Episode in the information displayed by each of the visible feed-
back components. On the console shown in Fig. 9, the Episode actions
are explained as Withdraws 123.0 from account. This is not the ex-
planation of the most recent Episode MI-sequence, since the rectangle in
the last but one position is highlighted, indicating that the explanation
belongs to the second last Episode.

b) How additional feedback components are plugged into the system — The
HERCULE console is dynamically extensible, so that the identification of
a new user feedback need can be accommodated. New HERCULE feedb-
ack components can be coded, and plugged into the HERCULE console
at runtime. The top section of the console, as shown in Fig. 8, will al-
ways be displayed, since it provides the core functionality of the console
display. When a programmer wants to add a new feedback component,
the Advanced menu is chosen, and the programmer clicks on Plug new
Component in. The class name of the new component is entered, and
HERCULE will register the existence of this component. The user can
choose which components should be visible or invisible by using the
Show and Hide menus, and the user can save their overall preferences
with respect to visibility of tailored feedback components, so that the
console is customised to satisfy their particular needs. The Customise
menu is reserved for customisation such as user preferences with respect
to feedback components displayed, and choice of whether a failed epi-
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sode should be brought to the user’s attention by an audio signal or not.
To support this extensibility of the HERCULE console, the following are
provided:
– An abstract class named HerculeComponent (which extends java

.awt.Panel). This class must be extended by any feedback compo-
nent to be incorporated into the HERCULE console.

– A HistoryListener interface. The feedback component implements
this interface, and registers as a listener with the history panel. The
feedback component will then be notified of user actions at the hi-
story panel, which will enable it to provide relevant feedback. The
feedback component will implement this interface if it is going to
provide dynamic feedback related to a specific Episode.

– An OutcomeListener interface. The feedback component implements
this interface, and registers as a listener with the history panel. The
feedback component will then be notified of the outcome of Episode
MI-sequences. The feedback component will typically implement this
interface if it wants to provide statistics about the number of suc-
cessful Episodes, or performance.

4.5 Performance Reduction

It is very important that the presence of HERCULE should not affect application
performance unacceptably. Since HERCULE inserts proxies between the user and
the user interface, and between the user and the rest of the CBS, we can expect
any performance degradation to take place:

1. when the Toolkit is being loaded, since an extra level of indirection is being
introduced;

2. when the initial connection with the server is being forged, since this is where
the server proxy will be introduced;

3. whenever a new window is being constructed; and
4. when global methods are invoked on distributed components. Two types of

methods need to be considered independently, methods which will require
action by the component container, and methods on the component itself.
The former take longer than the latter to process.

A preliminary study of performance differences was undertaken, by running the
example application twenty times both with and without HERCULE. Where ef-
fects were observed, the results are shown in the table below3.

Action Without Proxies With Proxies
Display of Initial Application Window 1.44 2.45

Initial Contact with Server 5.92 8.73
Container Method Invocation 1.40 1.56

Component Method Invocation 0.25 0.54

3 There was no discernable effect when new windows were constructed, with only the
time taken for the initial window being affected.
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It is clear that the user will have to pay a penalty for using HERCULE. It would
be unreasonable to expect otherwise. The entire insurance industry is based
on the “present pain, future gain” principle. Shneiderman [34] cites research
which shows that modest variability in response times is deemed by users to be
acceptable. If the user sees the benefits of using HERCULE, they will hopefully
be prepared to pay the small penalty of slightly longer response times, for the
future gain of having informative and extensive feedback available. Finally, it
can be expected that the negative impact of HERCULE will soon become less
apparent due to the increased efficiency and speed of hardware.

5 Pros and Cons of this Approach

End-user feedback needs are often not adequately catered for. Traditional ap-
proaches to providing feedback have required the application programmer to in-
corporate it in the end-user application, or to provide it by means of an add-on
facility like an online manual. Manuals cannot hope to supply dynamic feedback,
but at best can only provide static help and explanations. The only other way
to provide feedback is by means of a set of libraries somewhat like those provi-
ded by the Garf tool [17], which a programmer could use to provide feedback.
Feedback is quite unlike distribution, however, since it is far more demanding
and pervasive than distribution. The guidelines for providing feedback advise
that every operator action should have accompanying feedback [34], and that
the user should be continuously informed [2, 28], which means that the load on
the programmer is substantial. The advantages of the HERCULE approach are
that:

– it requires minimal participation from the programmer;
– it frees the programmer from a heavy load of catering for feedback conti-

nuously;
– it can be disabled or enabled as required, since it does not require the addi-

tion of any code to the application;
– it provides a uniform, customisable feedback for different applications;
– the extensibility of the HERCULE console makes it easy to accommodate

changing user needs; and
– the tendency of distributed systems to indeterminate failures makes it useful

to have a standard way of indicating that an error has occurred, and for
explaining the causes.

The disadvantages of the approach are that:

– it can only give feedback based on the external activities of the application.
Thus the feedback that can be provided is limited to the interaction of the
application with the user and the rest of the distributed system; and

– it requires the use of a language with introspective capabilities, since this is
essential for the generation of proxies.
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The HERCULE approach was chosen since the primary aim was to simplify the
programmer’s task of feedback provision. This had to be done with minimum
disruption to the normal application development. The other important aim was
that this facility should be easily disabled or enabled. HERCULE satisfies these
requirements.

6 Future Work

An Episode has been defined as a UA-sequence followed by an MI-sequence, and
HERCULE presently links the UA-sequences to the precipitated MI-sequences
by using the time in each report. This will obviously cause problems in multi-
threaded applications. Work is underway to design and implement a version
which will cater for multi-threaded applications. We are currently further eva-
luating the negative impact of HERCULE on application performance. We are
also planning user evaluation trials of HERCULE to measure user reactions to
it. The querying capabilities of the console are presently limited to stepping
through the Episodes one at a time. It would be beneficial to extend the system
to group like Episodes to enhance querying facilities.

7 Conclusions

This paper has shown that it is indeed possible to augment the feedback provided
by an application by tracking application activity and providing the feedback by
means of a generic framework. The HERCULE framework uses the information
gained from this tracking to provide different users of the application with a
visualisation of their session activity. The scheme has been proved to be viable
by means of the implementation of the HERCULE prototype.

The mechanism for dynamic insertion of proxies detailed in this paper are ne-
cessarily applicable only to Java systems using JNDI. That does not mean that it
cannot be done in other application architectures. Insertion of the user interface
proxy is done relatively simply in Windows systems, by means of hooks explicitly
provided by the Microsoft OS. The mechanism for insertion of the server proxy
is easily extended for other types of CBS architectures, since communication
protocols in these systems are fairly standardised. For example, there are a few
techniques which will cover insertion of server proxies for most CBSs:

– COM+, the Microsoft component model, and CORBA (the OMG model)
allow the specification of interceptor components between a client application
and server components [14].

– Browsers (often housing client applications) commonly make use of proxies,
and many generic proxies, which can be tailored to specific needs, are widely
available.

– Two widely used protocols would allow the insertion of a proxy using the
CLASSPATH mechanism as follows:
– The Java Naming and Directory Interface(JNDI) protocol — already

explained in Section 3.1.
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– The Remote Method Invocation (RMI) protocol — The Naming class is
used to establish contact with services offered on any machine, and so a
proxy Naming object can be used as the point of insertion.

There are some issues which need to be considered when advocating a scheme
such as the one outlined in this paper. The first is whether the support structure
for applications should allow the normal execution environment to be replaced
by one which reports on user activities. The second issue raises the question of
whether the end-user will resent HERCULE — seeing it as some sort of spying
device — or whether it will be perceived as a worthwhile feedback provider.
These issues are outside the scope of this paper, but nevertheless constitute an
interesting research area.
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Abstract. We have recently shown how use cases can be systematically
transformed into UML state charts considering all relevant information from a
use case specification, including pre- and postconditions. The resulting state
charts can have transitions with conditions and actions, as well as nested states
(sub and stub states). The current paper outlines how test suites with a given
coverage level can be automatically generated from these state charts. We do so
by mapping state chart elements to the STRIPS planning language. The
application of the state of the art planning tool graphplan yields the different
test cases as solutions to a planning problem. The test cases (sequences of
messages plus test data) can be used for automated or manual software testing
on system level.

1 Introduction

The systematic production of high-quality software, which meets its specification, is
still a major problem. Although formal specification methods have been around for a
long time, only a few safety-critical domains justify the enormous effort of their
application. The state of the practice, which relies on testing to force the quality into
the product at the end of the development process, is also unsatisfactory. The need for
effective test automation adds to this problem, because the creation and maintenance
of the testware is a source of inconsistency itself and is becoming a task of
comparable complexity as the construction of the code.

To trace requirements throughout the software’s life cycle - testing included -
seems to be an appropriate way around the above mentioned problems. It can
minimise the deviation of the work products from the specification. To maintain
consistency throughout the activities of the software process, it has to be defined how
each part of the requirements specification impacts each of the downstream artifacts.
This strong traceability can already be achieved for certain parts of the requirements.
For example, steps in a use case relate to messages in dynamic UML models [19],
which map (in some contexts) to methods of a programming language and to steps in
a test case. For other parts, the systematic exploitation of the information throughout
all phases in the software process is not yet defined.

In the current paper, we describe a full mapping of all elements of a typical use
case document [3] to a UML state machine. Based on this state machine we
afterwards apply AI planning methods to derive test suites with a given coverage
level. The test generation method takes into account the specific elements (conditional
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transitions, nested states) resulting from our use case to state machine transformation.
We do not know of any other approach to systematically transform use cases via
dynamic UML models (part of the software analysis and design and test model) into
test suites, which considers the full amount of information provided by a use case
document. We thus provide a method which takes all the information from the
requirements, incorporates the necessary generalisations made during the analysis
phase (represented in a state chart), and enables the verification of the requirements at
the end of the software process.

The paper is structured as follows: Section 2 discusses related work on test
generation from state machines. Section 3 is concerned with the first part of the
transformation, i.e. the generation of a state machine based on a use case document;
this section is an abridged version of our discussion in [7]. In section 4 we then focus
on how the state machine created from the use cases can be used for test generation.
We discuss the relationship between the test generation problem and STRIPS planning
[5]. We define an algorithm for test suite generation and study an example using the
graphplan [2] tool. The appendix provides the graphplan input and output for the
example discussed in the text.

2 Related Work

There is common agreement in literature, e.g. [11], that use cases should be used for
deriving test cases. However, concrete approaches how to do that are rare. Jacobson
suggests in [11] three general kinds of tests that can be derived from use cases: (1)
tests of the expected flow of events, (2) tests of unusual flows of events and (3) tests
of any requirement attached to a use case. Jacobson does not go into the details of
how to choose test cases and how to know when you are done.

Binder proposes in [1] to enhance use cases with a few “testability extensions”: the
domain of each participating variable, the required input/output relationships among
use case variables, the relative frequency of each use case and the sequential
dependencies among use cases. He uses these extensions to describe in detail how to
develop test cases for use cases and the order in which they should be run.

Unlike use cases state diagrams have long been considered as important for the
development of software tests [1][7][13]. One recent discussion can be found in [13].
Therein Marick discusses both simple state machines and state charts as sources for
tests. The construction of state charts is described more informally, compared to our
method in section 3. The author starts from single scenarios instead of use cases; in
this way he has no systematic information on the relationship among the scenarios.
Pre- and postconditions of the scenarios as provided by our use case template are not
considered. While we use nested states to systematically capture the different levels of
sceanarios, Marick [13] uses them informally to group similar states in the state
machine. The method for deriving test cases described by Marick takes into account
important features of state charts but is described informally, compared to our semi-
automatical approach using AI planning methods. The coverage level targeted by
Marick's method is to exercise every transition. Our formal approach introduced in
section 4 achieves the same coverage level as Marick's manual method.
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3 From Use Cases to Dynamic UML Models

Use Cases [11] are a popular formalism for capturing functional requirements and
business requirements. Use cases are a good means to communicate with a customer.
They are the unit of work in incremental object-oriented software processes like the
Rational Unified Process [12]. Furthermore, they are a good basis for systematic
testing. In  [19] Rumbaugh et al. define a use case as "the specification of sequences
of actions, including variant sequences and error sequences that a system, subsystem
or class can perform by interacting with outside actors”. While the advantages of use
cases for requirements engineering are widely accepted, the impact of use cases on
software design is less clear. The UML meta model [15] offers three different
notations for designing dynamic system/subsystem/class behaviour based on use
cases, as discussed in [20]:
• Activity diagrams interpret use cases as branching processes. Some authors [21]

recommend their use for the formalisation of use cases. However, doing this has
considerable disadvantages: First, state diagrams correspond directly to the object-
oriented paradigm, whereas activity diagrams model the control flow of a program.
Thus they provide the same means for creating a spaghetti control-structure as do
flow diagrams. Second, the distinction between normal and abnormal behaviour,
which is one of the benefits of use case analysis is lost.

• Interaction diagrams (sequence diagrams and collaboration diagrams) can be used
to formalise single scenarios contained in use cases. In [18] Rumbaugh proposes to
start dynamic modelling with scenarios in text form, formalise them as sequences
of events in interaction diagrams and merge them subsequently into state diagrams
showing the complete lifecycle of an object. This seems to be a rather unnatural
approach for formalising use cases. Since a use case is a hierarchical collection of
scenarios, these have to be formalised separately in interaction diagrams and then
merged again into a single state diagram. [8][18][19][4]

• State machines specify the behaviour of a system/subsystem/class in reaction to
events from actors. In contrast to interaction diagrams they visualise multiple
scenarios, e.g. the hierarchy of scenarios described by a use case (see section 3.1).

3.1 Use Cases to State Machines

This section briefly describes a transformation from use cases to state machines,
which we describe more thoroughly in [7]. State machines and state diagrams have a
long history in computer science. Recent versions of UML [15] include an expressive
state diagrams concept inspired by Harel's state charts [8][9][10]. Especially the
abstraction mechanisms in the UML state machine formalism, i.e. nesting of states
and stubs, allow us to map all the important elements of our use case documents to
state machines.

Use Case Documents
The following simple example describes, how a library user borrows a book. The
structure of the use case was inspired by Alistair Cockburn’s use case template [3].
This template describes the scenarios of the use case in a hierarchical fashion. The
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Main Success Scenario is the straightforward sequence of steps leading to the
achievement of the user’s goal without consideration of possible problems. With each
step, possible error situation and their resolution can be described in the Extensions
section. Further, there may be different alternative ways to execute a step (e.g. search
a book by title or search by author). These alternatives are described in the Variations
section. The Preconditions section captures constraints, which the state of the world
must satisfy before the use case can be executed. These are typically properties of the
user (e.g. the user must have an account) or the state of program execution (e.g. the
user is logged in). The Postconditions section on the other hand describes the
conditions, which the use case establishes. Thus, Pre- and Postconditions together
define the contract of the use case [14]. A step in the use case can refer to another use
case being called. In the Borrow Book example below, step 8a1) references the Log in
use case. The referenced use cases are summarised in the Included Use Cases section.

Name Borrow Book
Goal This use case describes how a library user selects and then

borrows a book from the library.
Preconditions None
Postconditions The user is registered as the borrower of the book in the library

system.
Main Success
Scenario

1.   The user selects the search function from the main menu.
2.   The system displays the search form.
3.   The user enters the title of a book (possibly using wild-cards).
4.   The library system presents a list of all matching books
5.   The user selects a book.
6.   The system displays the detail view for this book.
7.   The user selects borrow from the menu for this book.
8.   The user is already logged in. The system issues a message to
the archive that the book is reserved for the user.

Extensions 4a) There are no matches to the query.
4a1) The system returns to the main screen.
8a)The user is not logged in.
8a1)The user logs in as described in Log in.

Variations 3a) The user enters the name of the author.
3b)The user selects the author from an author list.
3b1)The user clicks on “select author”.
3b2)The system displays a selection list of all authors.
3b3)The user selects an author from the list.

Included Use
Cases

Log in

Name Log in
Goal This use case describes how a library user logs into the system to

prove his identity.
Preconditions None
Postconditions The user is logged in



476         P. Fröhlich and J. Link

Name Borrow Book
Main Success
Scenario

1.   The user selects log in from the main menu.
2.   The system asks the user for his login name.
3.   The user enters his login name.
4.   The system asks the user for his password.
5.   The user enters his password.
6.   The system verifies login and password. They are ok.
7.   The system logs the user on.

Extensions 6a) The combination of login and password is not ok.
6a1) If the number of retries is not exceeded, repeat the use case
from step 2.

Variations None
Included Use
Cases

None

In the following sections, we will describe how all elements of a use case
document are mapped to a UML state machine.

Main Success Scenario
Each step in a use case corresponds to a message sent by an actor to the system or
vice versa. The interval between two messages sent to the system is an abstract state
of the sys-tem. As proposed by Rumbaugh [18], we denote all messages sent by the
system as actions of the state. Each message sent by an actor is denoted as an event,
causing a transition between two states of the system. The beginning of the use case is
modelled by an initial state; the use case ends in a final state of the state machine. As
intended in use case analysis, the main success scenario ends with the successful
achievement of the goal [3]. Thus, the final state reached after the last step of the use
case corresponds to successful completion. The whole state diagram is encapsulated
in a super state named after the use case for later reuse - to model relationships to
other use cases. Fig. 1 shows the state diagram corresponding to the Borrow Book use
case.

Each UML state diagram corresponds to an or an abstract system object, e.g. the
Library. The events shown in the state diagram, e.g. Enter Title and Select Search, are
not necessarily methods of a concrete class but events the system understands. These
map to statements in a test script for automatic system testing.

Variations
Variations in use cases are usually local alternatives for executing a step in the use
case. In a state diagram these can be modelled as multiple paths connecting two
states. In the simplest case, a variant can be represented as an additional link between
the two states delimiting the corresponding step in the main success scenario.
Intermediate states may be needed to model more complex variants. The state chart
modifications needed in our example for variants 3a) and 3b) are shown in Fig. 2.
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Borrow Book

Search screen

do: Show search form

Reservation

Reservation2

exit: Send msg to archive

Results List

do: Display results list
Book Detail

entry: Display Book Attributes

Search screen

do: Show search form

Reservation

Reservation2

exit: Send msg to archive

Results List

do: Display results list
Book Detail

entry: Display Book Attributes

Search screen

do: Show search form

Reservation

Reservation2

exit: Send msg to archive

Reservation2

exit: Send msg to archive  [ logged in ]

Results List

do: Display results list

Enter Title

Book Detail

entry: Display Book Attributes

Borrow Book

Select Book

Fig. 1. Basic state diagram capturing the main success scenario.

Extensions
An extension usually describes a backup solution for completing a subgoal in a use
case. A special case of this is when a subgoal (step) fails, because a precondition does
not hold as in the example’s extension 8a). A modular way to handle extensions is to
specify them using substates of the state representing the corresponding step in the
main success scenario. Extension 4a) is an exception, where we abandon the goal of
the use case. No book is found and the library system goes into an error state.

Search screen
do: Show search form

Authors List
entry: Display author names

Book Search

Results list
do: Display results list

Search
exit: Search Book

Abandon 

Search screen
do: Show search form

Authors List
entry: Display author names

Book Search

Results list
do: Display results list

Search
exit: Search Book

Search screen
do: Show search form

Authors List
entry: Display author names

Select authors list

Results list

Search
exit: Search Book

Results list2

do: Display results list

Select Book

Search

exit: Search Book

[ matches found ]

Select author

Enter Title

Enter Author Name

Abandon 

[ ~ matches found ]

...

Fig. 2. State diagram with variations and extensions. The Log in state is currently a
placeholder.
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Preconditions and Postconditions
The Preconditions and Postconditions sections of the use case template allow us to
specify the contract of the use case [14]. Preconditions describe verifiable conditions,
which must hold before the execution of the use case. We model the preconditions of
the use case as constraints on the first state representing the use case. The upper part
of Fig. 3 shows how a precondition on a state can be modelled in UML using a
superstate with two substates.

We model the postconditions of a use case as constraints on the last state
representing the use case. The lower part of Fig. 3 shows how a postcondition on a
state can be modelled using a superstate with two substates. In contrast to our
previous work [7], we now model postconditions of the use case by actions which
assure the postcondition of the use case (add C). These actions formalise the idea that
the use case establishes the postconditions on successful completion. We exploit these
action statements during test suite planning, when we match the actions establishing a
condition with the preconditions of other use cases or steps requiring this condition.

X

{Precond: C}

X’

 X X[ C ]

Y

{Postcond: C}

Y’

 Y Y e / add C

Fig. 3. Modelling Pre- and Postconditions using UML State Diagrams

Subordinate Use Cases
UML defines a mechanism for including one use case as a subfunction in another use
case. This information is covered by the subordinate use case section of our template.
In our example, the Borrow Book use case includes the functionality of the Log In use
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case. To integrate the Log In use case with the Borrow Book use case we use two
techniques from the UML state diagram notation:
• A submachine reference state allows us to copy the state machine formalising the

subordinate use case (Log in) into the enclosing use case (Borrow Book).
• Stub states allow us to connect the states in the submachine (Log in) to the right

states in the enclosing machine (Borrow Book).
Fig. 4 shows how the use case Log In is embedded into Borrow Book.

Abandon

Reservation2

exit: Send msg to archive

Log in

Reservation2

exit: Send msg to archive

Log in

[ not logged in ]

[ logged in ]

Login Failed

Login Prompt

Reservation

e / add logged in

Fig. 4. Connection of Borrow Book and Log in use case.

4  From State Machines to Test Cases

Using state models to derive test cases has been common practice in the software
testing world for some time [13]. The final goal of model-based testing is to automate
the test case generation from test models as much as possible.

The approach presented in the current chapter takes automation further than
previous approaches by interpreting the preconditions and actions of the transitions.
Our algorithm generates a set of valid test sequences, where the preconditions of all
transitions are established either by previous actions or by properties of the test data.

This is made possible by exploiting AI planning techniques, which allow us to
systematically search for paths in the state machine, which satisfy all preconditions of
the transitions. In particular, we describe the test generation problem as a STRIPS
planning problem [5] and solve it with the graphplan tool [2].

The scope of our method is the generation of test sequences supplemented by
constraints on the test data, as far as these can be derived from the information present
in the state machine.
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4.1 Properties of Considered State Models

One of the properties of our transformation from use cases to state machines is that
the resulting state models have conditional transitions. As shown in the example in
section 3.1, we introduce an identifier (e.g. logged in) for each pre- and postcondition
in a use case or use case step. From now on, we will call these conditions
Propositions and denote the set of all propositions in the state machine by A.

The propositions usually encode properties of the session or user on a semantical
level. Typical propositions are connected, logged in, items paid, request pending, or
unsaved changes. Note that the state space of a piece of software modelled in our
approach consists of multiple dimensions: the state of the execution modelled by
states and transitions of the state machine, and the state of the session or user
modelled by propositions.

4.2 Structure of a STRIPS Planning Problem

Before we establish the connection between test generation and STRIPS planning, we
have to introduce some STRIPS [5] terminology. In the search space of a STRIPS
planning problem each state is described by a set of propositions which hold in that
state. A set of operators describes the transitions among the states. The planning task
is to find a sequence of operators which safely connects the initial state (called S) to
the final (goal) state (called W). The fundamental advantage of the STRIPS language
lies in the way the operators are defined.
An operator a = (Pre, Add, Del) is defined by
• A set Pre of propositions, called Prerequisites of a. These prerequisites must be

true in every state to which a is applied.
• A set Add of propositions, which are true in every state resulting from the

application of a, i.e. Add describes the propositions which are established by
applying a.

• A set Del of propositions, which may no longer hold in a state directly resulting
from the application of a. This means, every other proposition p˛ A \ Del remains
true in the state resulting from application of a, if it was true before.

The power of this operator definition is that it only describes which propositions
are established or possibly deleted by the application of a. All propositions not
mentioned maintain their current values. This definition without the explicit
description of what remains constant avoids the so-called frame problem [17], from
which many other representations suffer. The STRIPS formalism is a widely accepted
language for specifying planning problems and supported by many state of the art
planning tools.

In examples of this paper, we use only propositional logic in the definitions of the
operators, i.e. sets of atoms, which contain no variables. The planning tool we use
allows in addition the use of free variables. With this simple extension we can define
an operator show(X), which has invisible(X) as prerequisite and visible(X) in the Add-
list. Since the planning tool requires the domain of X to be finite and defined, this is a
safe use of variables, which does not confront us with the problems of first-order
logic, since all variables can be instantiated based on the given domain [16].
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4.3 Basic Generation of a Planning Problem

Let us first define a planning problem, which yields a test case including a selected
state or a selected transition. In section 4.4 we will generalise our results leading to an
algorithm for generating a set of test cases covering all states or all transitions.
Consider the example shown in Fig. 5, which is a simplified version of the example
from section 3.1. For easier reference, we have labelled each transition with a name
(t0 through t9).

Search screen

do: Show search form

Reservation
Reservation2

exit: Send msg to archive

Results List

do: Display results list
Book Detail

entry: Display Book Attributes

Search screen

do: Show search form

Reservation
Reservation2

exit: Send msg to archive

Results List

do: Display results list
Book Detail

entry: Display Book Attributes

Search screen

do: Show search form

Reservation

Reservation2

exit: Send msg to archive

Reservation2

exit: Send msg to archive [ logged in ]

Results List

do: Display results list

Enter Title

Book Detail

entry: Display Book Attributes

Borrow Book

Select Book

[ ~logged in ]Log in

Main screen

do: Show main menu

Select Search

Log out

e / add: logged in

~ logged in

t0

t1

t2

t3

t4

t5

t6t7

t8

t9

Fig. 5. Simple state machine example for test case generation.

Operator Definition
In the planning problem we represent each transition of the state machine by an
operator. To specify the operators we need some additional propositions:
• For each state s in the state machine, we introduce two propositions:

- a proposition in(s), denoting that the current state of execution is s and
- a proposition log_state(s), denoting that the state s was the current state at some

point in time.
• For each transition t in the state machine, we introduce a proposition log_trans(t),

denoting that the transition t was used at some time.
Now consider the transition t shown in Fig. 6, which contains all elements of a
transition (event, condition, and action). We represent this transition by the operator

a := (Pre, Add, Del),
where
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 Pre = {in(s0), p}
Add = {in(s1), log_state(s0), log_trans(t), p1}
Del = {in(s0)}

This operator definition models both the transitions among the states of the state
machine and the value changes of propositions. The prerequisites specify that the
operator can only be applied, if the current state is s0 (in(s0)) and the proposition p is
true. The Add-list shows that after the application of the operator the state is s1 (in(s1)).
We create log-entries for the facts that we were in state s0 (log_state(s0)) and that we
used the transition t (log_trans(t)).

The change in the set of propositions is expressed by adding p1, because the
proposition p1 is made true by the action Add: p1. The Del-list shows that the current
state is no longer s0 (in(s0)). The truth value of p and all other propositions not
mentioned on the Add or Del-list is guaranteed to be preserved.
The operator definition is completely analogous for a transition with a Del-action. If
the action would be Del: p1 instead of Add: p1 in Fig. 6, we would put p1on the Del-
list instead of the Add-list. In case the condition and / or action are missing on a
transition, the operator definition is the same, just without the corresponding entries in
the Pre, Add, and Del-lists.

s0 s1

 Event [p] / Add: p1

t

Fig. 6. Transition t with Event, Condition, and Action

The following table gives the operator definitions for the state machine from Fig. 5.
As a convention, we call the initial state of the whole state machine initial, and the
final state of the whole state machine final. Similarly, we denote the initial state
within a state s by initial(s) and the final state within a state s by final(s). Further, we
use the character Ø  to denote the negation of a proposition, e.g. Ø  logged in reads "not
logged in".

Operator Pre Add Del

a0 in(initial) log_state(initial),
log_trans(t0)
in(Main Screen)

in(initial)

a1 in(Main
Screen)

log_state(Main Screen)
log_trans(t1)
in(Search Screen)

in(Main Screen)

a2 in(Search
Screen)

log_state(Search Screen)
log_trans(t2)
in(Results List)

in(Search Screen)

a3 in(Results
List)

log_state(Results List)
log_trans(t3)
in(Book Detail)

in(Result List)

a4 in(Book
Detail)

log_state(Book Detail)
log_trans(t4)
in(initial(Reservation))

in(Book Detail)
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Operator Pre Add Del

a5 in(initial(Res
ervation))
Ø  logged in

log_state(initial(Reservation))
log_trans(t5)
in(Log in)

in(initial(Reservation))

a6 in(initial(Res
ervation))
logged in

log_state(initial(Reservation))
log_trans(t6)
in(Reservation2)

in(initial(Reservation))

a8 in(Reservatio
n2)

log_state(Reservation2)
log_trans(t8)
in(Main Screen)

in(Reservation2)

a9 in(Main
Screen)

log_state(Main Screen)
log_trans(t9)
in(final)

in(Main Screen)
logged in

Initial State
Having the operator definitions in place, we have to specify the initial conditions and
the goal in order to arrive at a complete planning problem, which can be solved by a
planning tool. The initial state S of our planning problem specifies that we start the
execution of a test in the initial state of the state machine. Moreover, the initial state
has to specify for each proposition p˛ A, if it is true of false in the beginning of the
execution. For propositions, which keep track of the program execution, we will
always assume that they are false in the initial state. Thus, in our small example, we
assume that the proposition logged in is false. Based on these considerations, we have

S = { Ø  logged in, in(initial)}.

Goal
We have included log-state and log-trans-entries in the operator definitions to keep
track of the states and transitions covered during the execution of the test case. By
using these entries in the formulation of the goal state, we can instruct the planner to
create test cases, which include certain states and transitions. As an example, let us
derive a test case, which tests the transition t6, which leads to the Reservation2 state,
in case the user is already logged in. The corresponding goal statement is

W = {log-trans(t6), in(final)}.
The presence of the proposition in(final) makes sure, that the test case ends in the
final state of the state machine.

Computation of the Test Case
In Appendix A, we show the graphplan input files corresponding to the planning
problem described in the previous sections. The graphplan execution trace shown at
the end of Appendix A points out that graphplan generates the desired test sequence
in 0.06s. The test sequence consists of 15 steps (borrow two books in sequence, so
that the second time the user is already logged in).

This small proof of concept example had the goal to illustrate the basic steps in test
sequence generation using a planning tool. In the following section, we will derive a
systematic algorithm for generating a set of test sequences with a given coverage
level.
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4.4 Algorithms for Achieving a given Coverage Level

Properties of the Test Data
Let us now reconsider the meaning of our propositions: Propositions represent the
pre- and postconditions of the use cases. In our previous example, the proposition
logged in represented the fact that the user has already logged into the system. This
condition can be achieved through successful completion of the Log in use case. In
general however, we cannot assume that all conditions are achievable by use cases.
They can as well represent properties of the test data / test input. As an example,
consider Fig. 7: In this modified version of our state machine example, we have
added a check whether the selected book is available and expressed it by the
proposition Book available. Obviously, there exists no transition in the state model
which makes Book available true. The truth value of Book available depends entirely
on the title of the book, which the user enters. Thus, we cannot guarantee that the
book will be available only by the design of a test sequence, but we have to record
that the test input must have this property. We assure this using a two-step approach:

1. We determine all propositions in the state machine which do not occur in an add or
del-action.

2. For each proposition p found in step 1, we create two operators:

ap

+ = (Pre, Add, Del), where Pre = ˘ , Add = {p}, Del = ˘
ap

- = (Pre, Add, Del), where Pre = ˘ , Add = {Ø  p}, Del = ˘
In the example from Fig. 7, this procedure adds an operator which makes Book
available true and one, which makes it false. Before e.g. transition t8 can be passed,
the operator, which makes Book available true must be applied. From the plan, our
algorithm can see that this pseudo-operator has been applied and derive that the test
input has to have the property Book available. Thus, in addition to the test sequence,
we also formally deduce a set of constraints for the test data (in this case the
availability of the book).

Test Coverage
The weakest coverage criterion for state machine testing is to cover every state. The
next better coverage level, which is equivalent to branch coverage, is to cover every
transition. This is proposed e.g. in [13]. To achieve this coverage level, we construct
the test suite iteratively. We start by marking every transition as not covered. Then,
we generate the first test sequence and mark every transition in the test sequence as
covered. Then, in a loop, we pick one transition not yet covered and create a test
sequence, which includes this transition (and maybe some further previously not
covered transitions). We have described how to create such a test sequence including
one selected transition in section 4.3. We repeat this procedure until all transitions are
covered by at least one test sequence.
A complication of the above mentioned procedure arises in the case of nested state
machines. For example, in our state machines from Fig. 5 and Fig. 7, Log in is a sub-
machine reference state, representing the state machine resulting from the Log in use
case. There are two ways to handle test coverage for sub-machine reference states.
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Confirmation

exit: Confirm reservation
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t9
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Fig. 7. Modified state machine example. It adds the possibility that the book selected by the
library user is not available (e.g. already borrowed by someone else).

• Test separately: If the sub-machine can be tested separately, we can generate a test
suite for the sub-machine and ignore coverage for the sub-machine, when
designing a test suite for the surrounding state machine. In our example, this may
be a sensible choice, because the Log in procedure does not depend on the details
of the book being borrowed and can thus probably be tested separately.

• Combine test sequences: In the general case, we cannot assume, that the sub-
machine is tested separately. For example, if we had a sub use case describing the
communication of the library computer with the central database server it would
probably be beneficial to test this together with the surrounding borrow book use
case, because the communication depends on the book data provided by the user.

We achieve test coverage for the surrounding and included state machines by the
following recursive procedure:
• Generate a test suite for the included state machine and record the number n of test

cases in this suite.
• Generate a test suite for the surrounding state machine with the additional

constraint that the sub-machine reference state must occur at least n times in the
test cases.

• "Folding in": Insert the n different test sequences for the sub-machine at the
occurrences of the sub-machine reference state in the test sequences for the
surrounding state machine.
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Algorithm
The considerations of the previous two sections lead to the following algorithm for
test suite generation:

Algorithm Create Test Suite
Input A state machine M.
Output A list of test sequences and constraints on the test data for each test

sequence.
Preprocessing • Generate the set of operator definitions for M.

• Collect the set A of all propositions occurring in the state
machine.

• For each proposition p˛ A: Check if p occurs in an action
statement of the form Add:p or Del:p. If not, generate two new
operators for p, for recording it as a constraint on the test data:

a
p

+ = (˘ , {test-data(p), p}, ˘ },
a

p

- = (˘ , {test-data( Ø  p), Ø  p}, ˘ }
   Create the initial state definition:

å  = 
p̈˛ A

 { Ø  p}  ̈{in(initial)}
• Create a list of all transitions and mark each transition as not

covered.
Sub-machines IF sub-machines exist:

1. Create a counter for each state indicating, how often this state
must occur in the test suite.

2. Initialise all counters to 1.
3. For each (first occurrence of a) sub-machine reference state:

• Call Create Test Suite for the sub-machine and record the
results.

• Set the minimum occurrence counter of the sub-machine
reference state to the number of test sequences in the test
suite.

Test Generation WHILE unmarked transitions exist OR an occurrence counter > 0 for
any state exists:

1. Select (randomly) an unmarked transition or a state with
occurrence counter > 0.

2. Generate the goal definition for a test sequence covering the
selected transition or state.

3. Call the planner to obtain the test sequence.
4. Mark all transitions covered by the plan.
5. Decrease the occurrence counters of all states (if they exist) by

the number of occurrences of the state in the test sequence.
6. Derive the constraints of the test data from the pseudo

operators in the plan.
Combine the obtained test sequences with the sequences form the
sub-machines.
Return the test suite consisting of the test sequences together with the
constraints on the test data.
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5 Conclusions

In our paper we have discussed a new approach to automatically generate test cases
from use cases. We do that in two steps:

1. Formal transformation of a detailed use case description including pre- and
postconditions to a UML state model

2. Generation of test cases from the state model

Our formal transformation from use cases was introduced in [7] and was presented in
a shortened and slightly revised version here. Our test case generation approach
transforms the problem at hand into a planning problem and uses STRIPS - the most
widely used AI planning formalism – to derive a test suite for a given state chart.
Using this planning technique ensures that the test sequences derived from the state
machine are consistent in the sense that the preconditions of all transitions in the
sequence are satisfied. This is an improvement over previous methods which generate
arbitrary paths and do not consider conditional transitions. First results using the state-
of-the-art planner graphplan show the feasibility of our approach. Our method
ensures, that a test suite is generated for the system test, which is consistent with
requirements and the results of requirements analysis (the UML state model).

With our approach we now have a coherent procedure to derive test cases from use
cases in a formal and partly automatic way. Our procedure can however not prevent
that some manual additions have to be made:

• The expected system responses have to be added to the test sequence manually
to yield complete test cases.

• Although we derive some constraints on the test inputs automatically, the
concrete test data still has to be defined manually.

Ongoing and further work concentrates on extensions to our approach: Stronger
coverage criteria will be considered. Besides, systematic consideration should be
given to other aspects of the specification, e.g. performance and frequency
requirements.
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Appendix A: Graphplan Operator Definition File

(operator alpha0
  (params)
  (preconds (in initial))
  (effects (del in initial)

     (log-state initial) (log-trans t0)
        (in main-screen)))

(operator alpha1
  (params)
  (preconds (in main-screen))
  (effects (del in main-screen)

    (log-state main-screen)
                 (log-trans t1)
                 (in search-screen)))

(operator alpha2
  (params)
  (preconds (in search-screen))
  (effects (del in search-screen)

    (log-state search-screen) (log-trans t2)
                 (in results-list)))

(operator alpha3
  (params)
  (preconds (in results-list))
  (effects (del in results-list)

    (log-state results-list) (log-trans t3)
                 (in book-detail)))

(operator alpha4
  (params)
  (preconds (in book-detail))
  (effects (del in book-detail)

    (log-state book-detail) (log-trans t4)
                 (in initial-reservation)))
(operator alpha5

  (params)
  (preconds (in initial-reservation) (not-logged-in))
  (effects (del in initial-reservation)

    (log-state initial-reservation) (log-trans t5)
    (in log-in)))

(operator alpha6
  (params)
  (preconds (in initial-reservation) (logged-in))
  (effects (del in initial-reservation)

    (log-state initial-reservation) (log-trans t6)
    (in reservation2)))

(operator alpha7
  (params)
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  (precond (in log-in))
  (effects (del in log-in) (del not-logged-in)

    (log-state log-in) (log-trans t7)
                 (in reservation2)

    (logged-in)))

(operator alpha8
  (params)
  (precond (in reservation2))
  (effects (del in reservation2)

    (log-state reservation2) (log-trans t8)
    (in main-screen)))

(operator alpha9
  (params)
  (precond (in main-screen))
  (effects (del in main-screen) (del logged-in)

    (log-state main-screen) (log-trans t9)
    (in final) (not-logged-in)))

Initial State and Goal:

(preconds
(not-logged-in)
(in initial))

(effects
(log-trans t6)
(in final))

Execution trace of graphplan:

alpha0
alpha1
alpha2
alpha3
alpha4
alpha5
alpha6
alpha7
alpha8
alpha9
facts loaded.
time: 1, 5 facts and 3 exclusive pairs.
time: 2, 10 facts and 17 exclusive pairs.
time: 3, 13 facts and 32 exclusive pairs.
time: 4, 16 facts and 50 exclusive pairs.
time: 5, 19 facts and 71 exclusive pairs.
time: 6, 22 facts and 95 exclusive pairs.
time: 7, 26 facts and 135 exclusive pairs.
time: 8, 28 facts and 142 exclusive pairs.
time: 9, 28 facts and 99 exclusive pairs.
time: 10, 28 facts and 88 exclusive pairs.
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time: 11, 28 facts and 79 exclusive pairs.
time: 12, 28 facts and 72 exclusive pairs.
time: 13, 29 facts and 76 exclusive pairs.
time: 14, 29 facts and 75 exclusive pairs.
time: 15, 29 facts and 71 exclusive pairs.
Goals first reachable in 15 steps.
765 nodes created.
goals at time 16:
  log-trans_t6 in_final
1 alpha0
2 alpha1
3 alpha2
4 alpha3
5 alpha4
6 alpha5
7 alpha7
8 alpha8
9 alpha1
10 alpha2
11 alpha3
12 alpha4
13 alpha6
14 alpha8
15 alpha9
0 entries in hash table,
14 total set-creation steps (entries + hits + plan length - 1).
15 actions tried
  0.06 secs
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Martin Büchi . . . . . . . . . . . . . . . . . . . . 201
J. Fritz Barnes . . . . . . . . . . . . . . . . . . . 337
Earl Barr . . . . . . . . . . . . . . . . . . . . . . . . 337
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