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Abstract

To achieve the goal of realizing object adaptationto envi-
ronments, a hew role-based model Epsilon and a language
EpsilonJ is proposed. In Epsilon, an ervironment is de-
fined as a field of collaboration between roles and an object
adapts to the environment assuming one of the roles. Ob-
jects can freely enter or leave environments and belong to
multiple environments at a time so that dynamic adaptation
or evolution of objects is realized. Environments and roles
are thefirst class constructs at runtime as well as at model
description time so that separation of concerns is not only
materialized as a static structure but also observed as be-
haviors. Environments encapsulating collaboration are in-
dependent reuse componentsto be deployed separately from
objects. In this paper, the Epsilon model and the language
are explained with some examples. The effectiveness of the
model is illustrated by a case study on the problem of in-
tegrated systems. Implementation of the language is also
reported.

1. Introduction

Objects represent things or concepts of the real world
and it is this representation feature that gives the object-
oriented technology the high modelling capability. Objects
in the real world exist in various environments. If an ob-
ject permanently resides in a fixed environment, the struc-
ture and behavior of the object can possibly stay unchanged
over time. However, environments surrounding objects may
not be stable due to various reasons. If objects are humans
or manufacturing equipment, their environment changes pe-
riodically between the day and the night and between the
weekdays and the weekend. When an object moves, the sur-
rounding environment naturally changes. Even if an object
stays at the same place for a certain period of time, the en-
vironment itself may dynamically change. Corresponding
to such environmental change, objects adaptively change
themselves. Conversely, objects may spontaneously evolve,

causing change in their relation to the environment and that
in turn may trigger change in the environment. Moreover,
there generally exist multiple environments around an ob-
ject and the object may selectively belong to a subset of
them at atime and the selection of environments may also
change dynamically.

How issuch adaptation or evolution of objectshandledin
the world of object-oriented modelling and programming?
As many researchers have pointed out, current widely-used
object-oriented modelling and programming languages do
not conveniently support such flexibility. Motivation of our
research is to build a computational model that is flexible
enough to cope with future changes but simple enough to
describe and reason about the design validity.

To explain motivation for our work more concretely, we
give some typical examples introduced by other researchers
to illustrate their work. We share similar objectives and the
difference of approaches will become clearer by handling
the same problems.

Y. Honda et al. [9] gave an example of adaptation. A
woman Hanako, modelled as an object, marries with Taro
and adapts to the environment family. She then gets em-
ployed as a researcher by a research laboratory and adapts
to the environment laboratory. The adaptation should be
made dynamically, thusit can be regarded as a kind of evo-
[ution. At the same time, the object Hanako should preserve
its identity when she enters a new environment like the lab
or even after she quitsthe lab for some reason.

In Honda et al.'s model Morphe, suppose an object (e.g.
Hanako) enters an environment (e.g. a laboratory) and as-
sumes arole (e.g. a researcher), then the object acquires a
new set of attributes and behaviors or alters some of the
attributes and behaviors aready possessed by the object
through following transformation rules associated with the
role. This strategy of employing transformation rules must
have been adopted mainly because the underlying language
of their work was a constraint based object-oriented lan-
guage. The problem is that once an object undergoes trans-
formation, it is often difficult to reverse it and thus the role
discarding transformation is hard to implement.



M. Fowler [4] gave an example of personnel rolesin a
company to be assumed by employees. He listed up engi-
neers, salesmen, directorsand accountants as rolesand put a
question how to deal with situationssuch that a person plays
more than one role or a person changes hisor her roleinthe
lifetime. He showed several patternsthat solve thisproblem
and gave a generic name role pattern. Those patterns, how-
ever, employ very clever and ad hoc techniques, revealing
the difficulties of describing such situations naturally in the
conventional object-oriented framework.

E. Kendall [13] gave an example of the bureaucracy pat-
tern. There are five roles in the pattern: Director, Manager,
Subordinate, Clerk and Client. A client deals with a clerk.
Manager and Subordinate are subclasses of Clerk. A man-
ager supervises subordinatesand reportsto adirector. There
exist two environments. a bureaucracy of a sales company
and atrading relation between clients and clerks. A clerk or
amanager may belong to both environments. Kendall treats
thissituation using AspectJ, indicating the relation between
the role based approach and the aspect-oriented technol ogy.

Our motivation and these examples suggest a role model
where an environment is defined as a field of collaboration
between roles and an object adapts to the environment as-
suming one of the roles. There have been proposed a num-
ber of role models but our model to be described in the suc-
ceeding sections has the following features.

1. Objects can freely enter or leave environments and be-
long to multiple environments at a time so that dy-
namic adaptation or evolution of objectsisrealized.

2. Environments as fields of collaborations as well as
roles are the first class constructs at runtime as well
as at model description time so that separation of con-
cerns is not only materialized as a static structure but
also observed as behaviors.

3. Environments encapsulating collaboration are inde-
pendent reuse components to be deployed separately
from objects that participatein them.

In this paper, we introduce our role model Epsilon and a
language based on the model Epsilond with examples. We
also explain ways of language implementation.

2. Role M odd

2.1. Collaboration and Role Model

The history of object-oriented technology is abundant
with role models [30]. The major objective of consider-
ing roles has been to describe collaboration of objects and
identify clear and solid boundary of each object. An object
may take part in multiple collaborations assuming different

rolesin different collaborations. Thus, the characteristics of
an object may be clarified by consolidating roles the object
plays in multiple collaborations.

A typical way of describing a collaboration is by spec-
ifying use cases or behavioral scenarios as observable be-
haviors of the collaboration. Originally advocated by |. Ja-
cobson [11] as a method OOSE and inherited by the Unified
Modeling Process [10], the use case approach is now well
practiced. A similar approach was taken by Wirfs-Brock
et a. [37], where responsibilitiesto be taken by objects for
achieving various types of collaborationswere given much
attentionand akind of Class-Responsibilities-Collaboration
Cards [3] was adopted to describe these relations. In these
methodologies, the word role is not necessarily used. In
UML, “roles’ had been historically used to denote direc-
tions of static associations (AssociationRole) and relating
theterm to collaboration (CollaborationRole) was rel atively
new. Whatever the name, “role” or corresponding concept
inthese methodsis captured as an aspect of objectsengaged
in collaboration. Roles are considered for listing up func-
tions or behaviors of an object to define a clear boundary of
the object, thustheir granularity is smaller than objects and
conceptually comparable to the level of methods.

In some other OO development methodol ogies, the con-
cept of rolesis given a higher position so that the term role
modelling is created and extensively used. A typical ex-
ample is the OOram methodol ogy [21], which not only de-
fines role models but also integrates them with OO models
through the step of role model synthesis.

In these methodologies, roles play an important part in
the phases of analysis and design but usually become invis-
ible in the implementation phase. However, there are some
work that aim at preserving roles explicitly in programs.
For example, VanHilst & Notkin [35, 34] used class tem-
plates of C++ to implement roles. Smaragdakis & Batory
[25] introduced a construct of mixin layers where collabo-
ration fields are described as layers composed of roles, and
roles are filled by objects alamixin style. Subject-oriented
programming [ 7] and its successor, Multi-Dimensional Sep-
aration of Concerns (MDSOC) [19], has a longer history
but the idea of describing collaboration fields in separate
dimensions and defining classes by consolidating roles in
those dimensionsis similar. All these approaches are class
based and composition of objects consolidating roles is
done statically.

2.2. Epsilon Model

Our aim is to support description of collaboration not
just at the model level but also at the programming level.
Collaboration model is built not for identifying objects but
to manipulate collaboration environments and their roles di-
rectly and reuse them as program components. Up to that



point, we share the same objective as VanHilst & Notkin,
Smaragdagis & Batory, or Hyper/J, alanguage for MDSOC.

However, as we stated in the previous section, the ma-
jor motivation for our research isto devise amechanism for
object adaptation to environments. An environment in the
context of rolemodel isregarded asacollaborationfield and
in order to realize adaptation, objects should be alowed to
enter collaboration environments by assuming roles and to
leave from environments by discarding roles dynamically.
At thispoint, our approach parts from the above other meth-
ods.

The basic design principles of our model Epsilon can be
summarized as follows.

Support adaptiveevolution In our model, objects evolve
by participating in environments and assuming their
roles. Participation can be made dynamically and leav-
ing the environment is also allowed dynamically. An
object is free to belong to multiple environments at a
time.

Describe separation of concerns Each environment rep-
resents a concern so that separation of concerns is
explicitly supported by the model. Interactions be-
tween concerns are realized through objects simulta-
neously assuming roles of different collaboration envi-
ronments.

Advancereuse Besides objects, environments including
roles can be units of reuse. Moreover, since environ-
ments and roles are given the status of first class con-
structsin a proposed programming language, collabo-
ration patterns can be reused directly as programming
level components.

2.3. Language

Our language named EpsilonJd has the following con-
structs to support the above mentioned model features. Ep-
silonJis an extension of Java, basically following the Java
syntax.

2.3.1 Declaration of environments and roles

In Epsilond, environments are called “contexts’. Context
and role are declared with attributes and methods just like
object classes. Declaration of role is placed inside of
context declaration, similar to inner classes of Java but
the coupling between a context and itsrolesis stronger than
that of an outer class and inner classes as we will see later.
Instances of contexts and roles are created dynamically.

2.3.2 Encapsulation of rolesin environments

As declaration of rolesis confined in a context, their inter-
actionis encapsulated within the context. Rolesin a context

can communi cate with each other but cannot access to other
contexts and roles in other contexts directly. Collaboration
is naturally described on the role instance basis.

Following is an example program to show how
context and role are declared and collaboration be-
tween roles are described.

context Company {
static role Employer
int salary = 100;
void pay() {
Employee.getPaid(salary) ;
}
}

role Employee {
int save;
void getPaid(int salary)
save += salary;

}
}
}

Whenthe qualifier “static” isdeclared in arole definition, there
is exactly one instance of that role in a context instance and it
is created at the time of the context instance creation. Note that
this semantics of “static” is different from that of the Java nested
classes. In Java, a static class declared in a classis not an inner
class; it hasno current instance of the enclosing class. Onthe other
hand, a “static” role in a context is associated with its enclosing
context instance. It only meansthe role instanceis asingleton in
the context. The singleton role instance can bereferred by therole
name within the context and by the role name qualified with the
context instance reference outside of the context.

For example, after acontext instanceis created as:

Context ¢ = new Company () ;

the roleinstance of Employer can bereferred by ¢ . Employer.

2.3.3 Roleinstancecreation

When aroleis not declared “static” its role instances can be cre-
ated by an indefinite number, using the keyword “new” and a con-
structor. A role instanceis necessarily associated with the enclos-
ing context instance and thus the constructor should be qualified
by a context instance reference, not by the context type. Continu-
ing the above example, new c.Employee () will create anew
roleinstance of Employee.

Here, arole isregarded as a class or arole instance factory but
even in this case, the role instances can be referred collectively
by the role name, possibly qualified with the context instance ref-
erence. When a method of arole that has multiple instancesis
caled by referring just its role name, the method is invoked for
all the role instances in nondeterministic order. Thus, the method
cal Employee.getPaid (salary) ; in the method declara-
tion of pay () in Employer roleisinterpreted as calling meth-
odsgetPaid of al the Employee instances.



2.3.4 Binding of objectswith roles

An object can be dynamically bound to arole of acontext and can
be unbound later. An object may be bound to multiple roles of
different contexts. When an object is bound to arole, it acquires
the functions of the role, i.e. it can call the role’'s methods as the
following example shows.

class Person {
int money;

Person tanaka = new Person() ;
Person sasaki = new Person() ;
Company todai = new Company () ;
todai.Employer.bind (sasaki) ;
todai.Employee.newBind (tanaka) ;
sasaki. (todai.Employer) .pay() ;
tanaka. (todai.Employee) .getPaid () ;

A methodbind (Object o) isdefinedto all roles, meaning
to bind the Object o to the role instance whose bind method is
being invoked. A method newBind (Object o) isdefinedto
all non-static roles, meaning to create anew role instanceand bind
the Object o to it. The newBind method is actually a two step
process: todai.Employee.newBind (suzuki) is equiva
lentto (new todai.Employee()) .bind (suzuki).

After the binding, the object bound to arole acquires an access
to the role instance and thus can use the role methods as shown
in the above program piece. Conversely, role methods cannot be
accessed unlessthe role instanceis bound to an object. Thismech-
anism of role method access through the binding to an object can
be regarded asakind of delegation.

Our design choiceof defining the binding operation between an
object and a role instance, not between an object class and arole
class, isintentional and hasrationale. We could have characterized
aroleasasdlot or atemplate where abinding object is inserted. We
did not do so, becausein some cases, it would be useful for arole
instance to retain its own state after detaching from the binding
object. For example, suppose a person object Tanakatook arole
of the account department head at the company Todai but then the
role wasreplaced by Suzuki. It would be appropriate that the role
instance of the account head still retains the state of the work left
unfinished by Tanakaand lets Suzuki succeed it.

Instead of sasaki. (todai.Employer) .pay(), oOne
may want to write just:

sasaki.pay () ;

but it is not allowed for the following two reasons.

1. Since an object can be bound to multiple role instances, the
above expression can be ambiguous.

2. By explicitly indicating the bound role, static type checking
is possiblet.

A method unbind () isdefinedto al roles. This method can

beappliedto aroleinstanceor astatic role. When theroleisbound

IHowever, as binding and unbinding are dynamic operations, whether
the object is really bound to the designated role so that the method can be
found without failure should be checked dynamically.

to an object, its binding is dissolved and the reference to the role
instance is returned. When the role is not bound to an object, its
effect is no operation.

235 Required interface

If binding an object with arole just brings about digoint union of
the methods in the object and the role, nothing particularly inter-
esting will happen. There should be some interaction between the
object and the role that are bound together so that the state and the
behavior of the object should be affected by the binding.

For that purpose, thereisaway of defining an interfaceto arole
and it is used at the time of binding with an object, requiring the
object to supply that interface, i.e. the binding object should pos-
sessall the methods specifiedin theinterface. A required interface
can be declared using the requires phraseasfollows.

interface Deposit ({
void deposit (int) ;}
context Company {
role Employee requires Deposit {
void getSalary(int salary) {
deposit (salary) ; }

}

To reduce a plethora of names, there is an anonymousrequired
interface expression as follows.

role Employee requires
{void deposit(int);} {
void getSalary(int salary) {
deposit (salary) ; }

}

2.3.6 Method import

When a required interface is declared to a role, methods can be
imported to therole from the binding object. For example, suppose
the class Person hasamethod deposit suchas:

class Person {
string name; int money;
void deposit (int s) {
money+=s; }

andthe variable tanaka hasareferenceto itsinstance. Using
the binding operation:

todai.Employee.newBind (tanaka)

the method deposit (int) of tanaka isimported to the
Employee role instance through the interface. The binding ob-
ject classmay explicitly implement the interface like:

class Person implements Deposit {
string name; int money;
void deposit (int s) {
money+=s; }



but it is not mandatory. It is only necessary to have a method
that hasthe same nameand the same signature required by therole.
After the binding, whenever the method deposit (int) of the
role instance is called, the corresponding method of tanaka is
invoked.

The binding object may even have a method with a different
name but the same signature as the required method. In that case,
binding with the replacing phrase is used to specify the cor-
respondence. For example, suppose the class Person is defined
as.

class Person {
string name; int money;
void save (int s) {
money+=s; }

Then, the binding operation should be given by:

todai.Employee.newBind (tanaka)
replacing deposit (int) with save(int) ;

After this binding, whenever the method deposit (int) of
theroleinstanceis called, themethod save (int) of tanaka is
invoked instead.

In general, when a role has a required interface declaration,
every interface method should be explicitly replaced at the time
of binding by a binding object method, except when the object
possessesa method with the same name and the same signature.

2.3.7 Method export

All public methods declared in role’s are “exported” in a sense
that they can be used from the binding object. But here, we focus
on the case where an interface method is overridden in the role
body. For example,

context Company {
role Employee requires
{void deposit(int);} {
void deposit (int salary) {

.

In this case, when the Person object referred by the variable
tanaka isboundto Employee role as before:

todai.Employee.newBind (tanaka)
replacing deposit (int) with save(int) ;

thereafter whenever the method save of tanaka is called,
the overriding role method deposit isinvokedinstead. Thiscan
be regarded as method export from the role to the binding object.

2.3.8 Method import/export

When aninterface method is overridden by the correspondingrole
method, the replacing method of the binding object becomes hid-
den. If thereis aneed for invoking the hidden method in the con-
text, either in the body of the overriding method or in other role
(or context) methods, it is possible to invoke it by attaching the
qualifier super to the method name. For example,

context Company {...
role Employee requires
{void deposit(int);} {
void deposit (int salary) {

super .deposit (salary) ;

.
}

2.3.9 Multiple method replacement

As an object may bind to multiple role instances, the same object
method may replace multiple role methods. Such a situation may
appear to cause much complexity but it can be comprehended sys-
tematically. We divide the situation into three cases. As binding
and unbiding are dynamic operations, the situation may change
from one case to other dynamically.

Casel: replaced methodsare all imported (not overridden)

This is the simplest case. Each call of the role interface
method will actually call the replacing object method.

Case2: replaced methods are all exported (overridden)

When the replacing object method is called, all the overrid-
ing methods are called. The order of invocation is compiler
dependent. The order of binding is one of the natural orders
but it is not stipulated, allowing the possibility of concur-
rent invocation. When the method has a return value, the
onefrom the last invocation will be returned, which actually
means which one will be returned is not determined. Note
that when one of the overriding methods (role methods) is
caled, the effect is the same, i.e. al the other overriding
methodsthat share the same replacing method are called, be-
cause the effect of overriding is that the invocation of the
overriding method is equivalent to the invocation of the re-
placing object method.

Case3: somereplaced methodsareimported, othersare exported
Call to the replacing object method that is overridden (and
equivalently, call to the overriding role method) will resultin
the same behavior as stipulated in Case 2.

Call to an interface method in the role with " super” qualifier
will alwaysresult in calling the original replacing method of
the binding object however it is overridden. When a cal to
an interface method is not qualified with " super”, it callsthe
current overridden object method, the effect of which is the
same as Case 2, i.e. when more than one role methods are
overriding it, all of themwill be called.

Thiscasemay look complicated but the principleisvery sim-
ple. The binding/unbinding mechanismis dynamicin nature
and the current status of binding is always respected, except
the explicit call of the original method with " super”.

3. Case Study

It is straightforward to write the three examples introduced in
the introduction with our Epsilon model as they are analogousto
the example of the Company context explained above.



3.1. Integrated System

Here, we take the problem of integrated systems for a case
study. An integrated system is a system integrating independent
but related components. When a component takes an action, re-
lated components behave accordingly. For example, a collected
system of an editor, a compiler, and a debugger is a typica in-
tegrated system. When the compiler detects a syntax error or the
debugger stopsat abreakpoint, the editor scrollsto the correspond-
ing source statement.

A simplified model of integrated systems was introduced by
K. Sullivan et al.[28]. In this model, the components subject to
integration are objectsthat have just abinary state, “on” and “off.”
We call these objects Bits. An instance of Bit has operations* set”
and “clear,” that changesthe state to “on” and “off”, respectively.
Binary relations, Equality and Trigger, are defined between Bits.
The Equality relation always makes the states of the related Bits
the same, while the Trigger relation activates the target Bit to be
“on” if the source Bit becomes “on,” but takes no actions on the
other situations.

For example, let usassumethe structure asillustrated in Figure
1. In this system, the four nodes, bl, b2, b3 and b4, represent

)
>

Figure 1. Bit Relations

instances of Bit; bl and b2 are connected by an Equality relation
and so areb2 and b3; b3 triggersb4. If bl receivesamessage* set,”
then the “set” message is also sent to b2, which in turn sends the
“set” message to b3. Furthermore, the “set” messageis sent to b4
because b3 is a trigger of b4. However, no matter what is sent to
b4, nothing happens to b3 or to the other nodes. Note that each
of b2 and b3 isinvolved in two different relations, which requires
specia care. Also, some mechanism of preventing the message
propagation reflecting back to the sender is required, otherwise
the propagation will continueinfinitely.

The problem is to make this system scalable and evolvable,
separating the definitions of the Bit objects and the Equality and
Trigger relations. More concretely, the questions are:

e |sit easy to add anew node?

e |sit easy to add anew type of nodes?

e |sit easy to add anew relation?

e |sit easy to add anew type of relations?

3.2. Problems with Current

proaches

00 Ap-

It has been argued that conventional object oriented techniques
are not adequate to meet the above requirements [28, 12, 24]. A
simple approach of embedding relationsin the Bit class definition
obviously harmsthe independenceof Bit from relation definitions.
Applying design patterns, particularly the mediator pattern and the
observer pattern, may look promising. However, they are not so
effective as expected, because:

Mediator Pattern Bit class must know the mediator that imple-
ments Equality, Trigger, etc. and thusit directly dependson
the mediator definition.

Observer Pattern The observer pattern is better than the medi-
ator pattern for dealing with the case where a Bit instance
isinvolved in multiple relations. However, Bit hasto accept
observersand a so hasto notify observerswhen it changesits
state. Theformer isusually implemented by inheriting “ Sub-
ject” superclass or interface and the latter introduces some
changeto the Bit method declaration, which makesit impos-
sible to reuse the existing Bit definition entirely. Moreover,
an observer should be created for each event distinguishing
the event source and the event type. Thus, for each Equality
relation, two observers should be alocated for each opera-
tion, set and clear, resulting in four observersfor one Equal-
ity instance, which is awkward. It also implies that the ob-
server should haveto know what kind of eventsit isto watch,
which harms the independenceof the relation definition.

Using AspectJdoesn’'t work nicely either [28, 24]. Implement-
ing Equality asan Aspect does not scale for new equality instance
introduction. Preventing unbounded recursion doesn’t work due
to lack of Aspect instantiation?.

One probabl e solution to the problem is maintaining atabl e that
keepsdata of al relations aswell as another table keeping data of
all nodes. Then, it would berelatively easy to add new relations or
new nodes. However, these tables and the control procedureusing
them are global by nature, while adding (and deleting) relations
and nodesis alocal operation. Thisisasolution that solvesalocal
problem globally, which in general is not desirable.

Sullivan & Notkin [29] treated this problem with ABT (Ab-
stract Behavior Types). In their solution, the Bit class defines op-
erations, “set” and “clear” and aso announces events, “justset”
and “justcleared”. Relations such as Equality are defined asame-
diator that listens to events and invokes corresponding operations.
Compared to the mediator pattern in the ordinary object-oriented
framework, the Bit object doesn’'t have to know the existence and
the interface of the mediator but it is required to explicitly raise
eventsto be used by the mediator.

3.3. Our Solution

We claim that the problem is solved elegantly using EpsilonJ.
The definition of Bit is natural and simple, totally independent
from the Equality and Trigger relations.

2The latest version of AspectJ allows Aspect instantiation but there still
remain related problems as Sakurai et al.[24] shows.



class Bit
boolean state=false;
void set () {state=true;}
void clear() {state=false;}
boolean get () {return state;}

TheEquadlity relation is defined as acontext, requiring aninter-
faceActionInterface that smply declaresamethod without
parameters and return values.

interface ActionInterface ({
void fire();}
context Equality ({
boolean busy=false;
// A flag to prevent infinite recursion
static role Actorl requires ActionInterface
void fire() {
super.fire() ;
if (1busy) {
busy=true;
Actor2.fire() ;
// Role instance method "fire" of
// all Actor2 instances are called
busy=false;
b}
static role Actor2 requires ActionInterface
// Similar to Actorl

}
}

The Equality definition above is totally independent from that
of Bit or any other types of components. The structure of this
context isillustrated in Figure 2.

Equality

Actor1 Actor2
fire() DR fire()

——————————»

Figure 2. Structure of Equality Context

Combining this context and Bit, theintegrated system of Figure
1 can be defined exploiting binding operations asfollows.

Bit bl=new Bit(); Bit b2=new Bit();
Bit b3=new Bit(); Bit b4=new Bit();
Equality el2set = new Equality() ;
Equality e23set = new Equality() ;
Trigger t34 = new Trigger() ;
el2set.Actorl.bind(bl)

replacing fire() with set();
el2set.Actor2.bind(b2)

replacing fire() with set();

3.4. Results

We have succeeded in separating Bit and Equality; they are
totally independent and reusable. As the context Equality must
be instantiated, its context variable busy is an instance variable
created for each context, which is convenient for implementing
the infinite loop prevention mechanism. The method replacement
operation of import & export in this case, together with the method
renaming capability, was powerful enoughto allow avery concise
description. The design scalesto new node(Bit) introduction and
new types of nodes introduction as well as new relation instance
introduction and new type relation introduction.

Besides the integrated system, we have written various kinds
of examples, including the mediator pattern, the observer pattern,
the visitor pattern, Kendall's bureaucracy structure, arenta shop
business, the contract net protocol([26]) and the dining philoso-
phers problem.

4. Implementation

An early version of Epsilon was implemented on ABCL/R3,
a reflective concurrent object-oriented language [17] but the syn-
tax and semantics at the time was considerably different from the
language explained in this paper [32].

A preliminary implementation of EpsilonJ was done on Ruby
by the third author. Ruby, created by Y. Matsumoto, is a full
object-oriented language like Smalltalk with the feature of script-
ing languages like Perl [31]. It has such a nice feature as adding
methodsto a classand even to an object instanceat runtime, which
is quite convenient for implementing alanguage like EpsilonJ.

As it was implemented on Ruby, its syntax is different from
Epsilond and so we gave a different name, Bunraku 3, to thisim-
plementation. The implementation of Bunraku was made simple
by sacrificing static type checking. As the platform Ruby was a
type-lesslanguage, this design decision was natural.

Currently, we are also implementing EpsilonJ on Java. The
basicideais to use the annotation feature of Java2 5.0 so that it is
implemented totally within the scope of standard Java. Context
andRole’s are declared like:

class @Context class Company {
@StaticRole abstract class Employer
extends RoleBase<Employer> {

}

@Role abstract class Employee
extends RoleBase<Employee> {

Context isdefinedasaclassandRole’s are defined asinner
classesof the Context class but they are annotated by @Context
and @StaticRole (in the static case) or @Role, respectively.

3Bunraku isthe Japanesetraditional and most refined puppet show per-
formed by the collaboration of puppet manipulation, joruri recitation and
shamisen music with roles played by puppets. Moreover, the name “Bun-
raku” sharesthreeletters, “b”, “u”, and “r”, with Ruby.



Roleclassesare declared abstract, becausesome method bod-
iesare supplied at runtime when the binding of arole and an object
is executed. A set of basic role methods, including bind, new-
bind, and unbind, are defined in RoleBase class and every role
class has to inherit it. The requires phraseis actually desig-
nated by the standard interface implements phrase. Creating a
new instance of contexts and rolesis executed by a specia factory
method and thus the use of new operator explained in the preced-
ing subsections is modified here. Besides this point, the syntax
explainedin Section 2.3 is partly modified in this implementation,
but the features are essentially the same.

Some annotation types can be read at runtime and with the re-
flective APIsthey can changethe program behaviors. Thismecha
nism is employed for implementing dynamic features of EpsilonJ,
including binding and unbinding.

The current implementation does not yet support some features
like method name replacement and access to a super method but
they will be realized in short time.

5. Related Work

Besides the work referred so far, all work of Aspect-Oriented
Software Development, i.e. Aspect-Oriented Programming, MD-
SOC, Composition Filters and Demeter, are naturally related to
our approach. As discussed in Section 2, MDSOC is relatively
closer to our approach among them. A clear difference between
MDSOC (or more concretely Hyper/J) and EpsilonJis that com-
position of “features’ in MDSOC is on the class-to-class basis at
compile time, while composition of roles with objectsin EpsilonJ
is on the instance-to-instance basis at runtime. Since the compo-
sition in Epsilond is dynamic, it is possible and natural to realize
decomposition (unbinding).

Aspect-oriented programming with AspectJ has a feature of
adding aspects dynamically as well as statically [14]. The main
objective of writing aspectsisto deal with cross-cutting concerns.
It implies that there already exists some structure of module de-
composition but in adding a new type of concern, related pieces
of code are distributed among modules, cross-cutting the existing
structure. Our intention isthat each concern can be encapsulatedin
a collaboration context that has a clear meaning and can be com-
prehended independently. They are related through objects that
participate in multiple collaborations and so there should be no
problem of “cross-cutting”.

Although there have been efforts of designing software from
the beginning based on the AOP method under the name of “early
aspects’[20], the normal framework of mind for thinking aspects
assumesthe existing program code as atarget of inserting advices
to join points. On the other hand, Epsilon’s way of thinking as-
sumes no existing code and designs collaboration contexts inde-
pendently. The work corresponding to designating pointcuts and
attaching advices is executed by binding objects to roles. As
pectJ provides features of specifying sophisticated pointcut con-
ditions, whereas EpsilonJ only allows replacement on the method-
to-method basis. Our experience of writing a number of examples
in EpsilonJ lets us believe that this limitation of EpsilonJ practi-
caly brings no problems while it enhancesthe level of resulting
programs’ behavioral comprehension but we have to accumulate

more experiences, devel oping large application programsto really
endorsethis claim.

Some research attempts at describing aspectsin terms of role
models have been reported (e.g. [6]. Among them, the Caesar
model [18] is particularly related with our work, which will be
discussedin Section 6.

In addition to the literature referred in Section 2, we introduce
some more work of role modelling that are worth noting.

Contracts, proposed by R. Helm et al. [8], is a construct for
the explicit specification of behavioral compositions. A contract
defines a set of communicating participants and their contractual
obligations. This notion of participants correspond to roles but
participants are actually slots whose required attributes and meth-
ods have to be supplied by objects that commit to the contract.

D. Riehle extended the approach of role modelling to deal with
object migration [36] and to design composite patterns [22] and
frameworks[23]. B. Kristensen et a. also presented a conceptual
framework of role modelling [15, 16]. They listed up the charac-
teristics of roles: visibility, dependency, identity, dynamicity, mul-
tiplicity, and abstractivity. They proposed a graphical notation for
illustrating roles and did some experiments on supporting roles by
programming languages. Our model and language are more rigor-
ously defined and concretebut it isinteresting to characterizethem
from their conceptual viewpoint.

Gottlob et a. [5] deals with dynamic change of objects using
the concept of roles. Sincetheir main concernis database, objects
are more like data base schemas. They claim that inheritance is
class based and thus inconvenient for handling dynamic changes.
Instead, they propose a role hierarchy and realize specialization
and inheritance at the instance level.

As we emphasize the dynamic feature of our model, the dele-
gation mechanism should naturally be associated. Actualy, since
messages sent to objects bound to roles are possibly dispatched to
role methods, it can be regarded as a kind of delegation. Delega-
tion is arelatively primitive mechanism and it may be convenient
to implement Epsilonin aprototype-based languagelike Self [27].
There are attempts to give structure in delegation mechanism like
collaboration. For example, Bardou & Dony [2] proposed anotion
of “split object” that is composed of a number of piecesand arriv-
ing messages are delegated to proper pieces. Rolesin our model,
in a way, correspond to the “pieces’ but the meaning of roles in
Epsilon are clarified by the collaboration context.

Oneof the promising applications of our model is mobile agent
systems. When an object (or an agent) moves to a new site, it
adapts to the new environment by assuming a role in that con-
text. This situation can be appropriately described by the Epsilon
model. Our early result isreported in [33].

Multiple inheritanceis certainly related to the notion of object
and role binding. Specifically, an elegant construct of mixin [1]
that essentially realizes multiple inheritance has inspired the de-
sign of EpsilonJ. Theidea and the syntactic phrase of requiredin-
terface were borrowed from McJava[12], being developed in par-
allel to the work presented in this paper under the same research
project called Kumiki. Mixinsin McJava can be composed with
objectsthat supply their required interface, thustherole and object
binding can be effectively simulated. However, the mixin-object
composition is static on the class basis, which differs from the dy-
namic characteristics of binding/unbinding operationsin EpsilonJ.



McJavarather puts emphasis on assuring the type safety property
of programs.

6. Discussions and Conclusion

Here, we will discussthe comparison of Caesar and EpsilonJ.
The goal of Caesar is to decouple aspect interface, aspect imple-
mentation and aspect binding [18]. The aspect interfaceis called
ACI(Aspect Collaboration Interface) with multiple mutually recur-
sive nested types, which roughly correspondsto the context of Ep-
silonJ, where arole correspondsto a nested type.

For example, the observer pattern is written in Caesar by apair
of ACI and itsimplementation as follows.

interface ObserverProtocol ({
interface Subject ({
provided void add(Observer (Observer o) ;
provided void removeObserver (Observer o) ;
provided void changed() ;
expected String getState();}
interface Observer

}

class ObserverProtocolImpl
implements ObserverProtocol ({
class Subject

List observers = new LinkedList () :

void addObserver (Observer o) {
observers.add (o) ; }

void removeObserver (Observer o) {
observers.remove (0) ; }

void changed() {
Iterator it = observers.iterator () ;
while (iter.hasNext())

{expected void notify(Subject s);}

((Observer) iter.next ()) .notify (this);}}

The same pattern can be written in EpsilonJd as:

context ObserverPattern {
static role Subject
requires{void changed();} {
void changed() {
super.changed () ;
Observer.notify (this);}}
role Observer
requires{void notify(Subject);} {}

Thisis more concise, partly because the interface and the im-
plementation is not separated in EpsilonJ. But the essentia point
of the observer pattern is the interaction that when the subject’s
stateischanged, it notify’sthe observers. Thiscrucia behav-
ior is not expressed in the interface of ObserverProtocol in
Caesar and only given by the “implementation”. The other rea-
son the description in EpsilonJ is shorter is that the operations of
adding and removing observers can be omitted, because they are
taken care of by the innate binding and unbinding mechanism of
Epsilond.

A more important difference is the way of aspect binding in
Caesar and the binding in EpsilonJ. Aspect binding in Caesar ison
the class basis, employing the wrapping mechanism. This design
results in introducing many constructs such as wrapper recycling
to prevent multiple wrapping of the same object, most specific
wrappersto handle polymorphism and static and dynamic deploy-
ment statements. All these features are realized without any spe-
cific constructs in EpsilonJ owing to the dynamic instance-based
binding with type constraint (given by the requires interface).

Detailed comparisonusing the observer pattern exampleisvery
interesting but due to the space limitation, it will be deferred to
another paper.

In the introduction, we mentioned that an environment changes
over time and objects in that environment should change accord-
ingly. However, our model does not directly support changes of
environments. It is possible to simulate the situation where ob-
jects are affected by environment change by preparing multiple
environments and letting objects leave one environment to enter
another.

Thisis based on our design decision. If we alow flexibility at
al levels, beit context/role or object, it is hard to design a model
based on distinction between what is relatively stable and what is
not. We confine the adaptation feature to objects’ dynamic partic-
ipation into and separation from collaboration contexts, which we
assume makes modelling simpler. So our intended programming
styleis to accumulate typical collaboration contexts as a reuse li-
brary, build domain objects according to applications, create con-
crete collaboration contexts using the library componentsand en-
ter objectsto appropriate collaborations.

In summary, our approach of binding objectsand roles havethe
following characteristics:

1. Composition takes place when an object instance and arole
instance are bound together;

2. An object instance can be bound to multiple role instances
residing in different contexts;,

3. Thestate of an object and that of arole construct a Cartesian
product state after composition;

4. Throughinterface, arole may import methods of the binding
object and/or export methodsto the binding object. Thiswill
affect the combined states and the combined behavior of the
role-object composite and thus realize an organic union.
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