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RESUME :

Depuis son apparition, le méta-modéle UML s’avére étre un mécanisme intéressant pour décrire la sémantique des modeles
UML et de ses extensions. Cependant I’approche est purement déclarative. En particulier, le méta-modele ne définit ni com-
portement ni opération. Ainsi I’implémentation d’outils UML et d’extensions ne peuvent pas directement tirer profit de celui-ci.
Ce rapport propose un premier pas vers une implémentation ouverte du méta-modele d’UML, rendant possible I’'implémentation
d’extensions sémantiquement slres. Cette implémentation est basée sur MML (Meta-Modeling Language défini par le groupe
pUML) et définit méta-opérations et méta-méthodes pour manipuler les éléments de modélisation et opérationnaliser les con-
traintes du méta-modéle. Puisque le méta-modéele UML se décrit en UML et que MML est réflexif, cette implémentation est
aussi reflexive et constitue une sorte de méta-objet protocol (un MOP). Nous illustrons I’utilisation de notre MOP grace a trois
exemples qui couvrent tous les types d’extensions proposés par UML. Ces exemples sont : la factorisation d’attributs dans
une nouvelle super-classe (ajout de comportement, amélioration des fonctionnalités d’un outil), définition d’un profil Java simple
(spécialisation d’éléments de modélisation existants), ajout d’information sur les auteurs et les versions (introduction de nouveaux
éléments de modélisation). En conclusion nous présentons les problémes d’implémentations rencontrés lors de I’utilisation de
techniques de méta-programmation dans le contexte de la méta-modélisation. De plus nous montrons I’importance du choix du
langage d’implémentation dans la réalisation d’un méta-protocole. Enfin, nous discutons les bénéfices que pourraient tirer les
outils d’une telle implémentation du méta-modeéle, et le travail qui reste a faire pour créer un outil complétement opérationnel.

MOTS CLES :
UML, Méta-modélisation, Méta-programmation

ABSTRACT:

From the origin the UML meta-model has been a valuable mechanism to describe the semantics of UML models as well
as to extend UML itself. However the approach is purely declarative. In particular the meta-model does not define any be-
havior nor operation. Thus the implementation of UML CASE tools cannot directly benefit from it, nor can the realization of
extensions. This paper proposes a first attempt toward an Open Implementation of UML meta-models, making it possible to
implement semantically sound extensions. The implementation relies on the MML (Meta-Modeling Language defined by the
pUML group) and defines meta-operations and meta-methods to manipulate the modeling elements and to operationalize the
meta-model constraints. Due to the fact that the UML meta-model is itself expressed in UML and that MML offers reflective
capabilities, this implementation is naturally reflective and thus constitutes a sort of Meta-Object Protocol (a MOP). We illustrate
the use of our MOP by implementing all possible kinds of extensions to UML with three examples: factorizing attributes into a
new superclass (addition of behavior, improving tool features), defining a sketch of a Java profile (specialization of existing mod-
eling elements), and adding version and author information (introduction of new modeling elements). In conclusion we present
the implementation problems that we encountered when using meta-programming techniques in a meta-modeling context. We
show the importance of the choice of the meta-protocol implementation language. Finally we discuss the benefit that CASE tools
could draw from such an implementation of the meta-model, and the work that needs to be done to achieve a fully operational
integration into CASE tools.

KEY WORDS :
UML, Meta-modeling, Meta-programming
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Abstract. From the origin the UML meta-model has been avaluable mechanism
to describe the semantics of UML models as well as to extend UML itself. How-
ever the approach is purely declarative. In particular the meta-model does not
define any behavior nor operation. Thus the implementation of UML CASE tools
cannot directly benefit from it, nor can the realization of extensions.

This paper proposes a first attempt toward an Open Implementation of UML
meta-models, making it possible to implement semantically sound extensions.
The implementation relies on the MML (Meta-Modeling Language defined by
the pUML group) and defines meta-operations and meta-methods to manipulate
the modeling elements and to operationalize the meta-model constraints. Due to
the fact that the UML meta-model is itself expressed in UML and that MML
offers reflective capabilities, this implementation is naturally reflective and thus
congtitutes a sort of Meta-Object Protocol (a MOP).

We illustrate the use of our MOP by implementing all possible kinds of exten-
sions to UML with three examples: factorizing attributes into a new superclass
(addition of behavior, improving tool features), defining a sketch of a Java pro-
file (specialization of existing modeling elements), and adding version and author
information (introduction of new modeling elements).

In conclusion we present the implementation problems that we encountered when
using meta-programming techniques in a meta-modeling context. We show the
importance of the choice of the meta-protocol implementation language. Finally
we discuss the benefit that CASE tools could draw from such an implementa-
tion of the meta-model, and the work that needs to be done to achieve a fully
operational integration into CASE tools.

1 Introduction : Meta-Modeling in UML

1.1 The Role of a (Meta-)Model

Generally speaking a meta-model is a model of models. As such it should fulfill the
traditional four aims of modeling, as expressed, for instance, in [3]:

1. visualizethe system,
2. gpecify the structure and the behavior of the system,



3. helpin building the system,
4. document the decisions made while building the system.

But here “the system” means an other (lower level) model.

The Unified Modeling Language (UML) comes with a meta-model [19], itself ex-
pressed in a combination of UML, natura language text, and OCL constraints. This
UML meta-model (UML-MM for short) may help in visualizing the models (item 1),
since it defines the graphical structure and the general organization of models. Docu-
menting the decisions (item 4) would mean for instance supporting history mechanisms,
versioning, journaling of models. Thisis not (currently) part of the UML-MM, and was
not even intended to be.

The key items are in fact the middle ones (items 2 and 3). The UML-MM is well
suited to express the structure of UML models. It describes the entities constituting the
models together with the constraints they must respect and the rule to assemble them.
By doing so it defines formally the notion of a valid UML model. The validity of a
model may then be checked afterwards by CASE tools, even though the current tools
are less than satisfactory in this matter.

However, the UML-MM does not (yet) try to describe the behavior of the UML
models. To do so one would need to describe (within the meta-model) things like code
generation, execution and simulation of model instances, etc. A step in this direction
might be in the definition of some kind of “action language” for UML [5]. Another step
is constituted by the so called “executable UML" models as implemented by commer-
cial tools such as Rational Rose Real Time [20] or I-Logix Rhapsody [12, 7].

Does the UML-MM help in building UML models? Strictly speaking, this would
mean that the UML-MM is one (the?) UML model for UML CASE tools. Few toals, if
any, rely directly on the UML-MM. Some people are even afraid by a long history of
meta-CASE tools failures! But are we in the same context with UML? Most of those
meta-CASE tools had to be devel oped together with their meta-models, whereasin the
case of UML, the meta-model definition preexists.

To be of some help for tool building, the meta-model should not only describe the
structure of valid models, but a so the valid operations and transformations that may be
performed on models. Clearly thisis not the current situation for UML-MM. This paper
will show how adding behavior to the UML meta-model may help to use UML-MM to
model UML CASE tools.

1.2 Extensibility of (Meta-)Models

The extensibility of meta-models is an important issue. UML currently provides two
extension mechanisms:

— thelight weight extensions, where one may introduce new stereotypes (sub-classes
of existing meta-classes), new tagged val ues (adding meta-attributes), or new OCL
constraints;

— the heavy weight extensions, where it is possible to define new meta-entities (e.g.,
new meta-classes not necessarily deriving from existing ones) or to modify existing
ones deeply (meta-attributes, meta-operations, meta-associations, €tc.).



These extension mechanismsare becoming more and moreimportant. Indeed, UML
is now recognized not as a unique language, but as a family of different languages|[6].
The emerging notion of an UML profile, either vertical (targeted to aparticular language
or implementation) or horizontal (dedicated to a particular domain of applications), re-
quires precisely defined extension mechanisms. Thus, we must define the valid manipu-
lations and operations on the meta-model itself. Since the UML-MM is givenin UML,
this calls for some kind of reflection mechanism on the meta-model, a Meta-Object
Protocol (MOP) [14]. Thiswill be detailed in section 2.1.

At thistime most tool s support extension mechanismsin acrude form, very often by
wiring them into the tool implementation. If you want to define a new stereotype, most
tools will allow you to define its label, as a character string. If you wish to associate an
icon with your stereotype, you will have to modify someinitiaizationfile(. i ni ). And
if you desire to associate some specific semantics your only chance may be to write
some script in, say, Visual Basic, to access the API provided by the tool! None of these
actions recurse to the UML meta-model .

If deeper modifications are required in the behavior of the toal, it is nearly a new
implementation which has to be elaborated. As an example the capsule in UML RT
are just presented as class stereotypes. However they do not seem to be implemented
as simply in Rational Rose Real Time [20, 24] partialy based on the ROOM method
[23] which is an extensive re-implementation of Rational Rose, where capsules arefirst
class citizen.

1.3 Current situation and evolution of the UML Meta-Model

The current UML-MM istoo big to bereadlly tractable and understandable. Many errors
and inconsistencies have been discovered. Moreover the lack of integration of the Ob-
ject Constraint Languageinto UML does hot help in expressing precisely the semantics
of the meta-model.

These flaws have been recognized and solutions are called upon in the RFP for
UML 2.0[18]. In particular the precise UML group (pUML [1]) has made an important
contribution by refactoring the UML-MM and defining a Meta-Modeling Language
(MML) to describeit [4]. The model can now be smaller, it relies on strong semantics,
and it makes it possible to describe behavior through pseudo-code.

The inventors of MML recognize the importance of tool support. They provide an
implementation of MML (MMT) and encourage other people to implement tools using
MML as a kernel. The automation provided by these tools would then benefit from the
precise semantics of MML aswell as from a guarantee of model validity.

This is precisely why we use MML to describe our behavioral extensions to the
UML meta-model (see section 2.2).

1.4 Outline of the paper

This paper proposes a Meta-Object Protocol for a subset of the meta-model of UML.
This MOP relies on MML. It makes it possible to introduce behavior in UML-MM. A
first tentative implementation and a few simple examples of application are given.



The paper is organized as follows. The next section presents in more details the
motivation for aMOP for UML, describesthe MOP itself, and our first implementation
in Java. Section 3 gives three examples of the application of the MOP, dealing with
various kinds of extension. In section 4 we evaluate the contribution of such aMOP and
we discuss the work remaining to be done to reach an usable tool.

2 A MOP for UML

2.1 Motivation (lack of behavior)

Our main motivation for introducing a MOP in UML is related to tools [9]. As men-
tioned by Gregor Kiczales [13], tools are usually “black boxes’. Each time a user tries
to write an application, to make an extension, or to design a plugin, she faces with
communication problems with the tool.

The case of plugin or extension is typical. Usually tools provide an input interface
allowing to install plugins. However they do seldom provide an output interface. Thus,
one can add an element from outside the tool but no warning is given when a new
element is added within the tool. Even if the tool may provide some notification, this
may not be enough. For instance, if one wants to modify some internal behavior of the
tool or simply to track its inner state, oneis often obliged to recreate ad hoc structures
outside the tool, duplicating the more or less equivalent existing ones.

In the previously mentioned paper, Kiczales advocated that an Open Implementa-
tion is a nice and elegant solution to such problems. In the case of UML, since the
meta-model has to be extensible, an easy and semantically sound way of adding be-
havior is needed. A standard way to provide such a feature would be a Meta Object
Protocol.

It isdifficult to base such aMeta Object Protocol directly onto the UML meta-model
asit is currently defined. The UML-MM is big and too intricate. The behavior of the
modeling entities is expressed both informally (simple text describing the semantics of
operations) and more formally (multiplicity of meta-associations, OCL constraints).

Indeed there exists some predefined semi-automatic generation proceduresand map-
pings for structures and methods, like the so-called MOF/IDL mapping [17]. However,
this mapping to an implementation interface is not detailed enough (it consists mainly
of accessors) and the constraints of the meta-model are not isolated but they are buried
into the code of the accessors, making it difficult to change or refine them.

Before constructing atool, a full analysis of these constraints is required. Thisisa
very difficult task with the UML-MM; it is much easier with MML.

2.2 Atentative implementation of a MOP for UML

In order to provethe necessity of aMOPfor UML, we prototyped an open-implementation
of UML-MM (in Java). Since the OMG’s one is too monolithic, we decided to base our
implementation onto the MML [4, 10]. MML presentsthe same facilitiesas Meta-UML
but it has been refactored and packaged in smaller sets. It is thus easier to manipulate:
it clearly separates the concepts from the syntax, and the model elements from their in-
stances. The semantic relationship between model and instance is defined in a semantic



package importing all necessary packages. The notion of a packageis slightly different
from the one known in programming languages (such as Java) since, once imported, an
element can be enhanced (new fields, methods...). Here packages are used as a unit of
layering and to separate concerns|[8, 4], and so offer more flexibility to define elements
step by step. Figures 1 and 2 show the concepts of model and instance for classes and
attributes, and figure 3 shows the semantics binding them (the sermant i ¢cs package
importsthe concept and i nstance package, and add associ ations between el ements of the
two packages). To simplify the diagrams, we did not show class Package, a simple
derivativeof classCl assi fi er.

+elements | ModelElement
- name : String
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Generalisable |+child *

Container Generalisation
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+elements generalisations
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Classifier

+ isAbstract() type

+attributes

Class Attribute

Fig. 1. MML package defining the core model elements.

We now shortly present our simple Open Implementation of the classes (figure 4).
After flattening the hierarchy, the first step in thisimplementation, consists in creating
a Java class for each UML-MM meta-class (meta-classes from figure 3 do not have an
associated Java class, since they are imported and extended in package semant i cs).
For every attribute a set of accessors is created allowing to add, remove, or access at-
tributes. From our personal experience in using Meta-UML implementations [2, 16]
to build extensions, we gathered that we often lacked a fine grained protocol. Conse-
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Fig. 2. MML package defining the core instance elements.
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quently, to achievethisfine granularity we designed three kinds of operationsfor every
attribute;

— basic operations: setting values, adding elementsin collections, etc.
— constraint operations. implementing a constraint in one or several methods

— regular operations; mixing constraint operations and basic operations to provide
operations enforcing the model semantics.

Generalisation
(from concepts)

ModelElement
(from concepts)

+ getParent()
+ getName() + getChild()

+ setName() setChild()
+ destroy() setParent()
+ toString() + Generalisation()

+type() + addin()

+ checkCycle()

+ checkParentConformance()
+ checkTypeCompatibility()

Generalisable

(from concepts)

+specialisation:

+ destroy()
+ factorizeAttributes()

+generalisations

+ addGeneralisation()

+ addSpecialisation()

+ allparents()

+ areTypeCompatible()

# basicAddGeneralisation()
# basicAddSpecialisation()

Container
(from concepts)

+ checkCycle()

+ checkParentConformance()
+ checkTypeCompatibility()
conformsTo()

+ destroy()

+ doesltConformToParents()
+ hasGeneralisations()

+ hasSpecialisations()

+ isCyclic()

+ addElement()

+ basicAddElement()
checkNameUniqueness()
+ destroy()
+

itNamed()
isNameUnique()
isNameUnique()

+ setName()

+ parents() + type()
# removeGeneralisation()
# removeSpecialisation()

* type() gen_elements

Clazz Z%

(from concepts) Classifier
(from concepts)

+ addAttribute()

+ removeAttribute()
+ allAttributes()

+ basicAddAttribute()

isAbstract : boolean

+ setAbstract()
+ getAbstract()
+ allContents()
+ type()

+ destroy()
+ toString()

+ 1
ype) Attribute type
(from concepts)
+ setType()

+ getName()
+ getType()
+ destroy()
+type()

Fig. 4. The MOP.

It should be noticed that we did not try to implement the full MOF mapping even
though it could have appeared reasonable (after all, the UML-MM is a MOF instance).
However the MOP mapping generates many classes (in fact many interfaces) for each



meta-class and its accessors are too genera for our purpose. As an example of MOF
mapping, one may refer to the implementation of NSUML [16] 1.

One of our goalsisto make constraints operational and to keep them isolated so that
they may be adapted easily: they constitute the main way to change the UML-MM se-
mantics. Thus the implementation of a constraint is split into several methods. The first
one is just a regular predicate (for example: ar eTypeConpat i bl e). This method
does not throw any exception and thus can be used anywhere. Now when we want that
the violation of this constraint raises an exception, we use a second method, check-
TypeConpati bi | ity that raises Typel nconpat i bl eExcept i on if the pred-
icate ar eTypeConpat i bl e is false. Note that we define exactly one exception for
each constraint.

The creation of model elements is done through factory methods, thus adding an
indirection for each element creation. These methods are located in the meta-class em-
bedding the elements being created. For example, meta-classCl azz containsamethod
to create instances of attribute (addAt t ri but e).

2.3 Why do you call this a MOP?

At afirst glance, this implementation just looks like a framework with an APl manipu-
lating classes, operations, attributes, etc. Depending of your background you may call
this a MOP or not. What makes this implementation a true MOP is the presence of a
reflection package in MML (see figure 5): al model elements are objects, and thus it
is possible to describe meta-level architecturesin MML. “MML model can be viewed
as an instance of the MML meta-model, or as an instance of itself” [4]. From this, it
follows that the protocol offered here to manipulate the elements is a meta-protocol.

Object

(from concept3)|

7

ModelElement
(from concepty)

Fig. 5. Reflection in MML.

In order to show the applicability of our protocol, we describe three applications
using it.

L 1tisnot an exact MOF mapping, though; the resulting protocol suffersfrom the same problems.
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Fig. 6. Factorizing attributes.

3 Application

This section shows through progressive examples the use and interest of the meta-
protocol. The first application will show how to ssimply extend the behavior, in adding
an attribute factorizing feature. Then, the definition of a Java profile will illustrate how
to specialize meta-elements and change their behavior by changing constraints. The
third application will add version and author information to modeling elements.

3.1 Factorizing attributes

Factorizing attributes is the fundamental process of gathering into a superclass those
elements that are shared by sub-classes. Even if this operation is not described in the
UML meta-model —and it is on purpose—, it is probably a useful operation that most tool
userswould like to have. Here we automate this feature and figure 6 showsiits effect.

This operation could be implemented without extensive meta-model extensions, us-
ing an observer watching for class and attribute addition. However, observers usually
have awarning role only, and are not supposed to change the model. Of course bypass-
ing the latter rule is possible, but this implementation would still require to implement
an observer pattern within the UML-MM and, sometimes, to keep an external and re-
dundant representation of the model.

Our implementation just modifies the behavior of the method to add an attribute to
a class and that of the Gener al i zat i on meta-class which models the inheritance
relationship. When an attribute is added, it is moved into the right place in the hierar-
chy. Since one cannot know before the addition of the inheritance relationship that two
classeswill besisters, theGener al i zat i on constructor has been extendedto call the
factori zeAttri but es method, which then call thef act ori zeAttri but es
method on the new superclass. The factorizing mechanismisdefinedin classCl azz.

This example shows how adding behavior to the UML-MM as well as defining an
Open Implementation with a fine grained protocol make tool extensions easy and avoid
redundant information, painful to manage.



3.2 Sketch of a Java profile in UML

The Java profile proposed here is far from being complete. We only consider Java
classes, Java interfaces and their inheritance model, and we just address two issues:
forbidding multiple inheritance between Java classes and forbidding a Java interface to
inherit from a Java class. For the latter issue we used the notion of type compatibility
defined by an MML constraint.
ThreeUML modeling elementsaresub-classed: Cl azz,Gener al i zat i on,Pack-

age. Thesub-classing resultsin four classes: JavaCl ass,Javal nt er f ace,Jav-
aCeneral i zat i on and JavaPackage (figure7)

Package Generalisable o Generalisation
(from concepts) (from concepts) #child_*specialisations (from concepts)
+addClass() + addGeneralisation() +generalisations| + Generalisation()
+ removeClass() + addSpecialisation) iz rent
+ addGeneralisation() + areTypeCompatible()
+ removeGeneralisation() +..0
+type()
JavaGeneralisation
a (from java)
azz
(from concepts) + JavaGeneralisation()
+ checkMultipleInheritance()
JavaPackage
(from java)

+ addClass() JavaClass

+ addGeneralisation() (from java) Ja‘("alnt‘erfa)ce

+ addinterface() - _ P rom java)

- interfaces : JavaGeneralisation|
+ype() 0
+ addGeneralisation() +areTypeCompatible()

+ addinterface() + checkMultiplelnheritance()

+ addSpecialisation() +type()
+ areTypeCompatible()

+ getinterfaces()

+ hasinterface()

+ checkMultiplelnheritance()
+type()

Fig. 7. A Javaprofile.

Class JavaPackage overrides the addCl ass method in order to create an in-
stanceof JavaCd ass instead of Cl azz. It aso definesamethod for adding interfaces,
and overridesaddCener al i zat i on. The JavaCener al i zat i on meta-classis
added to reflect the difference with Gener al i zat i on: JavaGeneral i sati on
needs to check that a class does not inherit from two classes, whereas the default Gen-
eral i zat i on alows multiple inheritance.

To prevent a Javainterface to inherit from a Java class, we define two meta-classes,
Javad ass andJaval nt er f ace andweoverridethei sTypeConpat i bl e method
definedinCl azz.

These three meta-classes can be used only if some (embedding) element is able to
build them: thisistherole of JavaPackage.

Note that in figure 7, we define an attribute of JavaCl ass to represent the inter-
faces implemented by the current class and we override the addGener al i sati on
method to fill this attribute.



This sort of extension, where one sub-classes existing meta-classes, is generally
considered as light weight and represented as stereotypes. However, the use of stereo-
typesin this context may cause implementation problemsthat will be discussed in sec-
tion4.1.

3.3 Versions and authors

In this last example, we will add a notion of version and author to some modeling
elements. The version is a simple attribute (a character string) whereas the author is
represented by a new meta-class containing information related to the user’'s access
rights.

We wish the author information to be added to all classes; thus, it is sufficient to add
it to meta-class Gl azz (we suppose that a person writing a classis aso the one writing
the methods, so we do not duplicatethisinformation), and also to meta-classPackage.
By contrast, we wish the version information to be added only to sel ected meta-classes.
This implies that this information cannot be added into meta-class Mbdel El erment ,
theroot of all meta-classes. The behavior of every method adding or editing an element
needs to be refined to keep track of new versions.

Our current implementation is donein Javawhich is not atruly reflective language.
Thus we had to edit the code of meta-classes in order to add the feature. A truly reflec-
tive language would have made simpler to implement the model as an instance of itself.
Consequently, we could have done the addition of version and author information by
simply calling theaddAt t r i but e method on the meta-classes to change.

The MOP we defined alows to extend the basic UML-MM in a simple way thanks
to the operationalization of constraintsthat can be reused or customized, and to the fine
grained protocol. However we encountered problems during the implementation, and
we shall discuss them in the next section.

4 Discussion

The MOP described here permitsto access the operational semantics of the system, and
especialy to changeit by modifying or overloading constraints, creators... However, the
goal was not to provide afully functional case tool but to explore the problems and dif-
ficulties caused by the implementation of ameta-model offering extension capabilities.
It was also afeasibility study about providing atool open to plugins.

We do not claim to propose the ultimate protocol for building UML tools. This
work just constitutes a step in an experimentation process to build more adaptative
UML modeling environments.

Indeed the protocol described here went through several phases of refinement and
refactoring while we were building the extensions described section 3.

4.1 MM implementation and meta programming: common problems

Asin all software activity, the most difficult part has been to define the protocol manip-
ulating the elements, since in the given specification (a meta-model partly represented
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Fig. 8. Applying stereotypes.

in figures 1, 2, 3) very few clues were given to implement the system. There were
only a few constraints and methods describing some operations that could not have
been defined in other ways (for example, the method conf or ns To). This problem of
tweaking a MOP is known as been difficult and “ developing a protocol that is simulta-
neously powerful, easy to use, and efficient involves a number of issues’ [14] that are
more complicated that they seem to be.

Implementing stereotypes The stereotype mechanism consists in extending UML in
avery light way (sub-classing existing meta-elements). In the UML diagrams, it is de-
picted by character strings between < <French guillemets>> that decorate the stereo-
typed element (seefigure 8). Thistextual annotation can be added and removed at wish,
then changing the semantics of the element. When a stereotype is applied, the user ex-
pects to take advantage of the behavior defined in the new meta-class the stereotype
corresponds to. However, those semantic changes are currently not taken into account
by tools, and they are problematic to implement. The figure 8 shows the class Cl azz
and its Java specialization. When an ordinary class (an instance of Cl azz) is stereo-
typed to become a Java class, one should be able to add an interface to it and to prevent
it from multiple inheritance. To do so, the ordinary class has to change its (meta-)type
to become an instance of JavaCl ass. Changing an abject type can either be imple-
mented with programming techniques, with meta-programming techniques, or using
some languages specific features.

Using a non reflective programming language, asimple way is to delete the element
and recreate it as an instance of the new class. This techniqueis slow and complicates
the code. It also causes problems for embedded elements. some might require to be
rebuilt, some might not. For example, applying the stereotype Javato a package requires
all the classes to become Java classes or Java interfaces.

An other technique to implement stereotypesis to use the decorator design pattern.
The decorator pattern "attaches additional responsibilities to an object dynamically"



and "provides a flexible aternative to sub-classing for extending functionality" [11].
However, it requires a specia design of the hierarchy where decorators need to sub-
class the decorated element. The decorator pattern is troublesome when the decoration
needs to change dynamically since a reference to a decorated object is not identical to
areferenceto the original object.

An other possihility is to consider the stereotype as a meta-object changing the
behavior of the base object. This can be seen as similar to the decorator pattern, but it
is much more versatile. For example the class JavaCl ass could be considered as a
meta-object dynamically adapting the behavior of the base class Cl azz. This solution
works fine if the meta-object only contains behavior refinement of the base element.
However, it does not alow to define new behavior (like the addl nt er f ace method
inJavad ass) becauseit cannot dynamically add new operationsto the base element.

On the one hand this meta-object solution, and in the other the logical need to sup-
port multiple stereotypesfor one element (for example aclass could be both a Java class
and a Real Time class (a capsule)) relate to the problem of meta-classes composition
[15].

In aprogramming language, the primary feature required to implement stereotypes
is the ability to change the class of an instance. This feature exists in Smalltalk un-
der two different possihilities: changeCl assToThat Of and becone. They respec-
tively allow to change the class of an instance and to switch two instance references.
Each of those facilities are both problematic. changeC assToThat Of has restric-
tion regarding the number of fields contained in the original and the destination classes:
they must to be equal and the order of fields needsto be the same. becone requiresthe
new object to be recreated before being interchanged with thefirst one. Those problems,
identified by Fred Rivard, are solved in NeoClasstalk [22].

It could also be noticed that the wide classes[25] should be of agood use since they
alow to changethe class of an instance to any class in its inheritance hierarchy.

4.2 What remains to be done? Is it worth the effort?

Towards an usable tool This first implementation in a language offering no support
for intercession rose the problem that implementing the UML meta-model, or even a
subset of it, is not an easy operation. To build a real tool, the first recommendation
could be to base the implementation on a language facilitating meta-programming. For
example, Smalltalk is a good candidate [21], since it alows dynamic modification of
class (see section 4.1). Indeed using another language is possible (just look at existing
tools!), but high capabilities of reflection facilitate the implementation.

Once the language has been chosen, comes the problem of the protocol definition.
Even for the few classes implemented here, the definition of the protocol and especially
the organization of the code for managing constraints or for adding elements was diffi-
cult. So, according to the big number of classes and constraints contained in the original
UML meta-model, afully consistent Open | mplementation appears as an overwhel ming
task. This is the reason why we chose the MML the small size of which makes more
likely to go through the implementation. In these conditions we wonder if the effort of
defining a minimal protocol to manipulate UML-MM, should not be done by an orga-
nization like the OMG when defining the meta-model. This would make sense since



many OMG members working on the UML specification are supposed to deliver tools
implementing these specifications.

Is it worth the effort? The effort isworth it if striving for building more open toolsis
worth it. For instance, every implementation of Smalltalk offers a set of basic features
and extended ones. With UML tools, it could be the same.

It also worth the effort if the UML, as it is defined now, wants to become a pro-
gramming language. If the description of the UML as a programming language does
not change from what it is now, we can see it has similarities with Smalltalk, in that it
is bootstrapped, it is extensible, it offers capabilities to change its core, and it needs to
be able to change the class of an instance (applying a stereotype). The definition of an
operational semantics (in complement of the denotational one provided by pUML) is
reguired for the precise definition of the operations of the MOP.

A tool fully supporting UML will keep on increasing the success of UML. Thanks
(partly) to UML, the notion of meta-modeling is now becoming familiar to more pro-
grammers. Having tools fully supporting it will certainly improve global understanding
of average users and may prompt them to consider meta-programming techniques.

5 Conclusion

In this paper we have demonstrated how defining a meta-object protocol to manipu-
late the UML meta-model could be a valuable help for building open tools, ready to
accommodate plugins, extensions, and profiles.

We have a so shown that the implementation of a MOP in a modeling context relies
on meta-programming. The meta-programming problems are well-known and apply
also to meta-modeling (e.g., MOP composition).

Thereis no ideal and Almighty MOP. At best one must strive to facilitate the most
frequently encountered manipulations. This is even more difficult as the meta-model
claimsto be open or extensible, asit is precisely the case for UML.

However, hand-crafted implementations are bad, since amajor change in the meta-
model may induce extensive recrafting of the code. And if meta-models are defined,
there are to be implemented. And to be used. And tools should rely on them. And
extensions should be defined within them and implemented through them.

Although further work is obviously needed to obtain a complete environment, the
simple experiment which has been exposed in this paper is astep toward the operational -
ization of meta-modeling as a basis for an automatic and semantically sound extension
facility and tool specification.
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