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Preface

For the first time four workshops have been held in conjunction with the 8th
Object-Oriented Information Systems conference, OOIS 2002, to encourage in-
teraction between researchers and practitioners. Workshop topics are, of course,
inline with the conference’s scientific scope and provide a forum for groups of
researchers and practitioners to meet together more closely and to exchange
opinions and advanced ideas, and to share preliminary results on focused issues
in an atmosphere that fosters interaction and problem solving.

The conference hosted four one-day workshops. The four selected workshops
were fully in the spirit of a workshop session hosted by a main conference. Indeed,
OOIS deals with all the topics related to the use of object-oriented techniques for
the development of information systems. The four workshops are very specific
and contribute to enlarging the spectrum of the more general topics treated in
the main conference. The first workshop focused on a very specific and key con-
cept of object-oriented development, the specialization/generalization hierarchy.
The second one explored the use of “non-traditional” approaches (at the edge
of object-oriented techniques, such as aspects, AI, etc.) to improve reuse. The
third workshop dealt with optimization in Web-based information systems. And
finally the fourth workshop investigated issues related to model-driven software
development.

Each workshop was organized by a group of international organizers, lead-
ing a program committee in the process of reviewing submissions. Together the
workshops selected 30 papers, involving about 80 authors, and gathered a good
number of participants to the campus of the University of Montpellier on Septem-
ber 2, 2002.

The editors would like to thank Springer-Verlag for publishing this year both
the main conference and workshops proceedings in the Lecture Notes in Com-
puter Science series. They would also like to thank all the workshop organizers
and program committee members for their support and collaboration in the
success of this first series of workshops and in the preparation of this volume.
Finally, they are also grateful to the local organizers for their support.

September 2002 Jean-Michel Bruel
Zohra Bellahsene
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This volume is a compilation of the four OOIS workshops organized at the
University of Montpellier. It is organized in four chapters. Each chapter contains
an introduction, written by the workshop organizers, which provides an overview
of the workshop contribution, along with the Program Committee and details of
other related information, followed by the accepted papers of the workshop.
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Stéphane Coulondre and Thérèse Libourel
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MAnaging SPEcialization/Generalization
HIerarchies

Marianne Huchard1, Hernan Astudillo2, and Petko Valtchev3

1 L.I.R.M.M., France
2 Financial Systems Architects, New York, USA

3 Université de Montréal, Canada

Preface

In object-oriented approaches (modeling, programming, databases, knowledge
representation), the core of systems is, most of the time, a specialization hierar-
chy, that organizes concepts of the application domain or software artifacts useful
in the development. These concepts are usually known as classes, interfaces and
types. Software Engineering methods for design and analysis are concerned by
application domain modeling as well as transferring the model into the target
programming language chosen for implementation. For programming languages
and database systems, the specialization hierarchy is implemented by inheri-
tance, that also supports feature (specification or code) sharing and reuse. In
Knowledge Representation and data-mining approaches, the modeling aspect of
a class hierarchy prevails, whereas its main purpose is to guide the process of
reasoning and rule discovery.

Despite their wide and long use in these domains, specialization hierarchies
still give rise to controversial interpretations and implementations. The design,
implementation and maintenance of such hierarchies are complicated by their
size, the numerous and conflicting generalization criteria, and the natural evo-
lution of the domains themselves and of the knowledge about them, which of
course must be reflected by the hierarchies.

The fact that two workshops (“The Inheritance Workshop” at ECOOP 2002
[2] and MASPEGHI at OOIS 2002) hold the same year on close topics indicates
that it is time to bring to the fore specialization/generalization as a specific
research field.

Among the 15 early submissions, we selected 9 papers that cover five main
areas:

– general discussion about common sense specialization and its implementa-
tion,

– lattice/order theory (aspects useful for hierarchy manipulation),
– modeling (points of view and new paradigms),
– programming (analysis of practices, meta-programming),
– linguistic issues (taxonomy construction).

The web site of MASPEGHI remained open until the workshop for refereed late
submissions that are gathered in [1].

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 1–2, 2002.
c© Springer-Verlag Berlin Heidelberg 2002
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de Montréal, Canada).

Program Committee

Michel Dao (France Télécom R&D, France)
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“Real World” as an Argument for Covariant
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Abstract. Class specialization is undoubtedly one of the most original
and powerful features of object orientation as it structures object models
at all stages of software development. Unfortunately, the semantics of
specialization is not defined with the same accuracy in the various fields.
In programming languages, specialization is constrained by type theory
and by a type safe policy, whereas its common sense semantics dates back
to the Aristotelian tradition. The well known covariant vs. contravariant
controversy originates here. In this paper, we investigate how modeling
and programming languages deal with this mismatch. We claim that type
errors are part of the real world, so they should be taken into account
at all stages of software development. Modeling as well as programming
languages should adopt a covariant policy.

1 Introduction

Originated in Simula more than 30 years ago [3], object orientation has become,
by now, quite hegemonic in the field of programming languages and software en-
gineering, not to speak of databases or knowledge representation. This hegemony
has often been explained by the closeness of various object-oriented concepts to
corresponding common sense notions as they have been elaborated in classic
philosophy [21,22]. Noticing that, one could hope for a seamless development
process from so-called real world to program implementation, through analysis
and design steps. However, this apparently uniform model presents some discon-
tinuities, particularly when specialization is concerned.

Class specialization is undoubtedly one of the most original and powerful
features of object orientation, yielding most of its qualities and breaking with
previous programming paradigms. A large part of the literature is devoted to it,
and it is the central point of many active topics of research such as inheritance
(programming languages), classification or subsumption (knowledge representa-
tion), polymorphism or subtyping (type theory). Unfortunately, the semantics
of specialization is not defined with the same accuracy in those various fields.
Moreover, specialization may be constrained, in some field, by some external
considerations. For instance, the well known covariant vs. contravariant contro-
versy (e.g. [8], [18, chapter 17] or [25]) can be explained as a conflict between the

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 3–13, 2002.
c© Springer-Verlag Berlin Heidelberg 2002



4 Roland Ducournau

demands of a type safe policy and the needs for expressivity. In this paper, we
look at this well known controversy from the point of view of our common sense
understanding of the “real world” and investigate whether modeling languages
answer adequately to this requirement. Type errors are part of the real world.
A dramatic example has been given by the “mad cow” disease: cows, as a spe-
cialization of herbivorous, should only eat grass, not meat, but it happened
that they were feeded with remains of cows. So, we claim that type errors should
be taken into account at all stages of software development: analysis and design
methods, as well as programming languages should adopt a covariant policy.

The rest of this paper is organized as follows: section 2 briefly recalls the
de facto standard object model, then states how specialization can be related to
common sense reasoning and Aristotelian tradition and gives some hints regard-
ing how knowledge representation formalizes it. Next section takes the viewpoint
of programming languages and type theory and states the covariance vs. con-
travariance controversy. The case of most widely used languages is examined and
some alternatives such as multiple dispatch are investigated. Section 4 looks at
analysis and design methods, mainly Uml, and concludes to their current ab-
dication to impose a semantics in front of Java’s one. In conclusion, we sketch
out the specifications of a language adapted to the semantics of specialization.

2 Semantics of Specialization

The de facto standard object model is the class-based model, consisting of
classes, organized in a specialization hierarchy, and objects created as instances
of those classes by an instantiation process. Each class is described by a set of
properties, attributes for the state of its instances and methods for their behav-
ior. Applying a method to an object follows the metaphor of message sending
(also called late binding): the invoked method is selected according to the class
of the object (called the receiver). This is the core of the model and it suffices to
state the point of the specialization semantics. It is a de facto standard since it
covers all of the widely used languages as the core of analysis and design models.

Though novel in computer science, specialization has quite ancient roots in
the Aristotelian tradition, in the well known syllogism: Socrates is a human,
humans are mortals, thus Socrates is a mortal. Here Socrates is an instance,
human and mortal are classes. The interested reader will find in [21,22] a deep
analysis of the relationships between object orientation and Aristotle syllogistic.

2.1 Inclusion of Extensions, Intensions and Domains

According to the Aristotelian tradition, as revised with the computer science
vocabulary, one can generalize this example by saying that instances of a class
are also instances of its superclasses. More formally, ≺ is the specialization rela-
tionship (B ≺ A means that B is a subclass of A) and Ext is a function which
maps classes to the sets of their instances, their extensions. Then:

B ≺ A =⇒ Ext(B) ⊆ Ext(A) (1)
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This is the essence of specialization and it has two logical consequences: inclusion
of intensions (i.e. inheritance) and inclusion of properties’ domains (i.e. covariant
refinement). When considering the properties of a class, one must remember that
they are properties of instances of the class, factorized in the class. Let B be
a subclass of A: instances of B being instances of A, have all the properties
of instances of A. One says that subclasses inherit properties from superclasses.
More formally, Int is a function which maps classes to the sets of their properties,
their intensions :

B ≺ A =⇒ Int(A) ⊆ Int(B) (2)

Properties have a value in each object and can be described in the class by a
domain, that is the set of values taken by the property in all the class’s instances.
For instance, the class Person has a property age whose domain is [0, 120]. When
specializing a class, one refines the domains of inherited properties: for instance,
a subclass Child of Person will have domain [0, 12] for its property age. The
function Dom maps classes and properties to sets of values. Then:

B ≺ A & P ∈ Int(A) =⇒ Dom(B, p) ⊆ Dom(A, p) (3)

The age example concerns attributes. Methods may have several domains, for
parameters and returned value. As an example, consider classes of Animals, in
a hierarchy à la Linnaeus, with a method eat defined with different domains in
classes such as herbivorous, carnivorous, and so on. [18, chapitre 17] develops
a longer example, more oriented towards programming languages.

The inclusions of extensions and intensions have opposite directions, while
those of extensions and domains have the same: intensions can be said contravari-
ant whereas domains are covariant, both w.r.t. extensions, i.e. specialization.

2.2 Specialization in Knowledge Representation

Though quite intuitive, inclusion (3) cannot be proved to be entailed by (1)
without a careful definition of class extensions which needs a model-theoretic
approach. Such a semantics of specialization has been formalized in knowledge
representation systems called description logics or languages of the Kl-One
family [27,10]. In previous works, we showed that such a formalization could be
exported to a more standard object model but this is not a common approach
[12]. A main feature of this semantics is that the equations corresponding to
(1-3) can be equivalences, not mere implications: in other words, classes can be
defined as necessary and sufficient conditions and specialization between classes
(then called subsumption) can be deduced from class properties, which leads to
classification. Previous examples obviously need such semantics since adult
and child are defined by their age, as well as herbivorous and carnivorous
by what they eat. However, such a semantics is not necessarily adapted to
programming languages nor to analysis and design modeling, as it has a major
drawback, being essentially monotonous: one can add values, not modify them.
Nevertheless, it could give some hints to precise the semantics of object models,
as well as semantical bases to automatic computation of class hierarchies [13].
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3 Programming Languages, Subtyping and Polymorphism

Object-oriented programming languages can be considered as a mixture of
object-oriented notions and programming languages notions. We will just con-
sider the notion of type, central in programming languages, and focus on stat-
ically typed languages. Arguments in favor of static typing are numerous. The
main one concerns reliability. Static, i.e. compile-time, analysis is needed to avoid
dynamic, i.e. run-time, errors. Static typing allows a simple and efficient static
analysis, whereas dynamic typing requires more expensive and less effective anal-
yses. Anyway, static typing is another de facto standard.

3.1 Contravariance of Subtyping

In a statically typed language, every entity in the program text which can be
bound to a value at run-time is annotated by a type, its static type. At run-time,
every value has a type, its dynamic type, i.e. the class which creates the value
as its instance. In such a context, an entity is said to be polymorphic when it
can be bound to values of distinct types, and the dynamic types of the values
must conform to the static type of the entity. Otherwise, there is a run-time
type error, which may lead to an unknown message error when a method, called
upon this entity, is known by the static type, not by the dynamic one.

Types and classes are quite similar—a type can be seen as a set of values
(extension) and a set of operators (intension)—and the conformance relation-
ship between types, denoted by ¡:, is analogous to specialization between classes.
Statically typed languages allow a static (compile-time) type error checking, i.e.
a type safe compilation. A simple way to allow this is to define conformance
through the notion of substitutability: a type t2 conforms to a type t1 iff any
expression of type t1 can be substituted by (bound to) any value of type t2 with-
out any run-time type error. Types can be identified with classes or, preferably,
types can be associated to classes but the very point is to liken class specializa-
tion and subtyping. Class specialization can support polymorphism—an instance
of a subclass can be substituted to an instance of a superclass—as long as the
type of the subclass conforms to the type of the superclass. Of course, with a
type safe policy. Class specialization is thus constrained by type safety.

This constraint revolves around the way types of properties can be redefined
(overridden) in a subclass. Let A be a class and m a method defined in A,
noted mA. Method types are noted in a functional way, with arrow types: mA

has, for instance, type t → t′. Let B a subclass of A, where m is redefined in mB,
with type u → u′. The type of B conforms to the type of A, only if u → u′ is a
subtype of t → t′. Subtyping on arrow types is defined as follows [7]:

u → u′ ¡: t → t′ ⇐⇒ t ¡: u & u′ ¡: t′ (4)

A function of type t → t′ can be replaced by a function of type u → u′ if the
latter accepts more values as parameter (t ¡: u) and returns less values (u′ ¡: t′).
Following Cardelli, the return type is said covariant, while the parameter type is
contravariant : this is known as the contravariance rule. Attribute redefinition is
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ruled by a mixture of them, as an attribute can be seen as a pair of two methods,
a reader which returns the attribute value and a writer which set this value from
its parameter’s value. Thus an attribute redefinition must be both covariant and
contravariant, leading to invariance.

3.2 Covariance vs. Contravariance

Coming back to the semantics of specialization, one sees that domain specializa-
tion is subjected to some kind of covariant rule (3). The controversy lies there:
contravariance for types versus covariance for domains. The fact is that domains
are not types. Domains are defined as the sets of values taken by a property—i.e.
an attribute, a method parameter or returned value—on all instances of a class.
Static types are program annotations intended to avoid run-time type errors. Do-
mains are ruled by existential quantifiers—there exists a value for a property—,
while types are ruled by universal quantifiers—any value of the type should be
substitutable. Properties may have both domains and types. Domains can be
understood as subsets of type extensions [6] and there is no way to precisely
express domains in programming languages, but types. Nevertheless, introduc-
ing domains in programming languages would lead to domain errors and to a
domain safe policy, which would be essentially the same as the type safe policy.
So, our thesis is that domains can be expressed by types and that domain errors
are part of the real world: cows should not eat meat, but grass, and there is no
way to statically check for it. One unfortunately knows that, in the real world,
it has not been dynamically checked. Type safe programs are certainly more
reliable, but faithful programs are better. Thus the type safe policy should be
imposed only when type errors originate in the program not when they are part
of the real world.

3.3 Actual Languages

Actual languages are apparently ruled by the type safety dogma. C++ and
Java, the two most widely used object-oriented languages, apply the contravari-
ance rule, in a stricter way than needed: parameter and attribute types are
actually invariant. As for return types, they are also invariant in Java, without
any reason, but they can be covariantly redefined in C++, at least recently [15].
However, both languages present two error-proning features which make type
safety unreachable. Downcast is a way to assume that a value of a given static
type has actually a more specific subtype: this assumption must be checked
at run-time, which leads to run-time type errors. Static overloading allows to
define, in the same classes, different methods with the same name and distinct
parameter types. Both features allow apparent covariant redefinition. In the case
of static overloading, it remains an illusion since static overloading is ruled by a
static dispatch which obviously cannot emulate dynamic dispatch but interferes
with it in a very confusing way. As for downcast, it allows to precisely express
the covariant semantics that a programmer would have to, at the cost of clumsi-
ness and potential type errors. Moreover, downcast is not restricted to handling
covariant parameters and can be reused as a bad general programming style.
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Eiffel is the only widely known language to rule out the contravariance rule:
parameter and attribute types must be covariantly redefined [17,18]. However,
it tries to maintain the type safety dogma, with the so-called catcall rule, where
‘cat’ stands for “Changing Availability or Type”. We will state the rule in the
case of a type change, i.e. a covariant refinement. A call is polymorphic if the
receiver’s dynamic type may be different from its static type. A catcall is a call
to a method which is covariantly redefined in the subclasses of the receiver’s
type. Polymorphic catcalls are forbidden. Unfortunately, this rule would forbid
to actually use the covariantly redefined methods, if it were applicable. For the
catcall rule cannot be implemented in separate compilation and doesn’t seem
to have ever been implemented. Moreover, since a global analysis is needed, the
type safety could be obtained with a far less strict rule [23].

3.4 Variations around Language Design

Many variations around standard object model and type system have been pro-
posed, often as an answer to this controversy. We will examine two of them:
variations on method dispatch and variations on polymorphism and subtyping.

Multiple Dispatch Multiple dispatch has been popularized by Clos [4] be-
fore finding a theoretical framework in static typing [19,8]. It has been adopted
by many languages. Apart from Clos, which is dynamically typed, none of
those languages is widely used: thus multiple dispatch remains academic, de-
spite its true interest. In standard object model, method dispatch (also called
late binding) is realized according to the message sending metaphor: the type of
a distinguished parameter, called the receiver, is used to select a method. Other
parameters have no influence on dynamic dispatch: they are only used for static
overloading, when it is the case. With multiple dispatch, all parameters are used
for selecting the method. An easy way to understand multiple dispatch is to see
it as a single dispatch on the cartesian product of parameter types. This is the
implicit Clos point of view. Contravariance disappears as it concerns only pa-
rameters unused for dispatch but usual modularity of classes and methods also
disappears: methods are no more within classes, but between.

Another view on multiple dispatch is provided by overloaded functions—not
to confuse with static overloading—which preserve modularity [8]. Multimeth-
ods, instead of methods, are associated to classes: each multimethod can have
several branches, i.e. methods, which differ from each other by the types of
their secondary parameters. Dispatch is then two-steps: a multimethod single
dispatch on the receiver type is followed by a branch multiple dispatch on the
types of other parameters (i.e. single dispatch on their cartesian product). Some
typing rules allow type safe compilation. Implementing covariant refinement of
parameter types is easy with multimethods. One defines a multimethod with two
branches: the first one is the overriding method, with refined parameter types,
while the other one has non-refined parameter types and signals a type error.

Multiple dispatch is a good programming solution, for methods only since it
doesn’t apply to attributes. But it is no more type safe than, either downcast
in C++ and Java, or a truly covariant language like Eiffel. [5] proposes a
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technique for automatically transform covariant programs into type safe mul-
tiple dispatch programs, by changing methods into multimethods and adding
branches when meeting covariant refinement. Added branches call overridden
multimethods. This technique may be adapted for pure covariant refinement:
then, added branches signal a type error instead of calling overridden multi-
method.

Genericity and Subtyping Many types systems have been proposed, often
with the aim of making Eiffel’s type system safe. Besides its covariant policy,
Eiffel’s type system presents an original feature. A type can be “anchored” to
the type of the receiver (self, this or current according to languages) with
the type like current, also called mytype. The anchor can also be a property p
of self, with the type like p. Anchored types are typically covariant: in the
interface of a class, i.e. on a non self receiver, they are not type safe, unless
when used as return types. Several propositions for making Eiffel type safe
have been made [9,26]: they are mainly based on a translation of anchored types
into parametric types. Indeed, as a corollary of the contravariance rule, if A〈T 〉
is a parametric type, B and C two classes, then A〈C〉 is not a subtype of A〈B〉
when C ¡: B, at least in a type safe policy. Thus, those propositions for making
Eiffel type safe replace an unsafe covariant specialization by a safe but non
substitutable parameterization.

Another way to avoid the contravariance controversy has been to dissoci-
ate subclassing and subtyping, as in Sather [25]. Again, the result is to allow
covariant refinement, but to forbid substitutability, as with the catcall rule or
Eiffel corrections. Not surprisingly, all those approaches are more or less equiv-
alent, since usual types A need to be defined as recursive types µ(t)A(t) where µ
binds a variable t to the type being defined, i.e. mytype [1]. Though genericity
(i.e. parametric polymorphism) and subtyping (i.e. inclusion polymorphism) are
conceptually different, their formal bases are the same. Thus any translation
of anchored types into parametric types, or any dissociation of subclassing and
subtyping will have no effect on the controversy: covariant refinement, polymor-
phism (i.e. substitutability) and type safety are incompatible.

4 Analysis and Design Methods

Analysis and design methods bridge the gap between, on the one hand, real world
and common sense reasoning and, on the other hand, programming languages.
Clearly, analysis should be independent from programming languages. There is
no evidence that analysis’ specificities and goals would be very different from
knowledge representation’s ones. In fact, one can find bridges between them
(e.g. [14]) and the main requirement for knowledge representation is that it
must afford a formal support to reasoning, while analysis should only produce
an informal model. So, our first point will be that analysis methods should use
covariant models, as common sense reasoning and knowledge representation.

As for design methods, it is unclear how independent from programming
languages they should be. Part of design methods is often dedicated to imple-
mentation, thus depends on some specific languages.
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Looking at existing methods, one finds a family of universal object-oriented
methods, such as Omt [24], which have been unified in Uml [20]. It doesn’t
matter that Uml is not a method but a modeling language, since we are only
concerned here by the object models. At the opposite, a language like Eiffel [17]
can be seen as equipped with its own design method [18]. Not surprisingly, this
method preconizes a covariant modeling, thus satisfying our demands. Uml be-
ing the product of a unification process, it is presumed to have gained experience
from previous methods such as Omt. Moreover, it tends towards hegemony. So
it will be our main target. Uml, after Omt, demands that signatures, including
return types, be invariant by overriding. Moreover, in Omt, static overloading
is explicitly advocated. Though one of the goals of Uml is to “support specifica-
tions that are independent of particular programming languages”, it appears than
many details of its specifications come from Java, such as signature invariance. A
main drawback of the unifying approach of Uml is then that unification applies
only at lexical (i.e. entities composing a model) and syntactic (i.e. relationships
between entities) levels: semantics is left to the reader or even is explicitly re-
ferred to the target programming language. In this article, we developed the
case of the covariant semantics of specialization. Other features of modeling and
programming languages could and should be discussed from the same point of
view. For instance, the notion of visibility is realized in Uml through a mixture
of Java and C++ keywords, with a semantics which seems to be that of the
programming languages, but it is well known that common keywords have dif-
ferent semantics in Java and C++ [2]. No effort seems to be made to propose a
novel, proper semantics and the canonical encapsulation of Smalltalk as well
as the more complex export clauses of Eiffel are not considered whereas they
are closer to the essence of object orientation, by allowing the protection of self.

5 Conclusion and Perspectives

A main quality of object-oriented technology is to provide to programs, through
various development stages, a uniform model from common sense understand-
ing of “real world”. In computer science and technology, this is an original and
priceless quality which should lead to a seamless development process. One could
expect that object-oriented languages reflect a conflict between formal theories
which do impose some technical policy, e.g. type theory for type safety, and anal-
ysis methods, which would demand some expressivity, e.g. covariant refinement.
Surprisingly, there is no evidence of such a conflict. Moreover, if a controversy
does exist about co and contravariance, it is confined to the programming lan-
guages community. The Uml community seems to find Java a perfect language
and doesn’t seem to have ever heard about Eiffel, not to speak of Aristotle.

Nevertheless, analysis and design methods should see themselves as program-
ming languages’ clients: they should impose their specifications of what should
be a programming language, instead of adopting the specifications of the cur-
rent most widely used programming languages. This is not to rule out type
theory: type safety is an important viewpoint on programs, not the main one.
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Type errors exist in the “real world”—it could happen that cows eat meat,
not grass, moreover it happened—thus, they should be integrated in analysis,
design and programming stages. Programming languages designers must com-
promise between the languages expressivity and the formal properties they want
to ensure. Such a compromise recalls the compromise between expressivity and
completeness which caused a long lasting debate in the knowledge representa-
tion community [16]. But this new compromise differs for type safety is truly
incompatible with the ability to express real world type errors.

Thus, our conclusion and perspectives are twofold. First, analysis and design
methods, i.e. OMG, should adopt a model with covariant refinement integrating
type errors both in the model and in the methods; and they should ask for pro-
gramming languages adapted to such a model. Second, programming languages
designers should design languages allowing an easy expression of covariant re-
finement, either with single or multiple dispatch; type errors should be explicitly
handled at run-time, and an improved static analysis of those type errors should
allow the programmer to compare the potential errors in the program with their
existence in the analysis and design models. Analysts, designers and program-
mers should all be aware of the type errors which might happen when using
covariant refinement. Moreover, if the ability to express covariance is necessary,
invariance may often be sufficient: type safe models and programs must be en-
couraged. Languages could supply keywords to express that a specific property
could or couldn’t be covariantly refined in subclasses. As a corollary, there is no
solution to the controversy to expect from type theory, for two reasons. First,
type errors come from the “real world”: no theory is powerful enough to modify
it. Second, all the variations on types and polymorphism are mainly equiva-
lent: a choice must always be made between specialization, polymorphism and
type safety. The interested reader will find a more detailed discussion in [11].
More generally, for all features which are a matter of modeling, analysis and
design methods should propose their own proper specifications to programming
languages.
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Abstract. Galois lattices (or concept lattices), which are lattices built
on a binary relation, are now used in many fields, such as Data Min-
ing and hierarchy organization, but may be of exponential size. In this
paper, we propose a decomposition of a Galois sub-hierarchy which is
of small size but contains useful inheritance information. We show how
to efficiently maintain this information when an element is added to or
removed from the relation, using a dynamic domination table which de-
scribes the underlying graph with which we encode the lattice.

1 Introduction

Galois lattices (also called concept lattices), are an emerging tool in research
areas such as Data Mining, Database Managing and Object Hierarchy Organi-
zation (see [5], [10], [11], [13], [14], [15]).

A lattice has the advantage over a tree that it allows a much more complex
structure, as every pair of elements not only has a greatest lower bound, but also
has a lowest upper bound. In particular, this structure has been shown to be
well adapted to representing multiple inheritance (a car can be both a wheeled
vehicle and water-faring).

Concept lattices, moreover, are built from a binary relation, classically be-
tween a set P of properties and a set O of objects, which completely represents
the information which is to be analysed. The elements of the lattice describe
all possible maximal associations of the properties and objects. They are both
a powerful investigation tool for Data Mining applications, and a complete un-
derlying structuration for relationships, which makes them a good basis for ex-
tracting an organization into hierarchies.

The main drawback of such a lattice is that it may be exponential in size
compared to the initial binary relation it is constructed from. Though it is known
that, when one can give an upper bound on the number of properties for an
object, the lattice is of polynomial size (see [4], [6], [7]), there is no known
general characterization for relations which will define only a polynomial number
of concepts. As a result, users of concept lattices are left with few options:

– use only a part of the lattice, by defining a sub-lattice or applying zooming
techniques;
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– use and maintain a relation which belongs to a class which is known to define
only a polynomial number of concepts;

– use a polynomial representation of the lattice to extract the most pertinent
information.

In this paper, we will investigate the third possibility, by using both an under-
lying polynomial-sized graph which we use to encode the lattice (see [2]) and by
restricting the information to a variant of a Galois sub-hierarchy.

Moreover, we address the issue of maintaining such information when an
element is added to or deleted from the relation, without re-computing the entire
sub-hierarchy.

2 Concept Lattices and Galois Sub-hierarchies

Given a finite set P of ”properties” (which may be attributes, methods, features,
etc., and which we will denote by lowercase letters) and a finite set O of ”objects”
(which may be tuples, individuals, classes, etc., and which we will denote by
numbers), we consider a binary relation R as a proper subset of the Cartesian
product P ×O; we will refer to the triple (P ,O, R) as a context.

Given a context C = (P ,O, R), a concept or closed set of C, also called
a maximal rectangle of R, is a sub-product A × B ⊆ R such that ∀x ∈
O − B, ∃y ∈ A | (y, x) 
∈R, and ∀x ∈ P − A, ∃y ∈ B | (x, y) 
∈R. A is called the
intent of the concept, B is called the extent.

The set of concepts thus defined form a lattice when ordered by inclusion on
the intents, or, dually, by inclusion on the extents, called a concept lattice or
Galois lattice.

Example 1. P = {a, b, c, d, e, f}, O = {1, 2, 3, 4, 5, 6}. Binary relation R:

a b c d e f g h
1 × × × ×
2 × × × × ×
3 × × × × ×
4 × ×
5 × ×
6 × ×

The associated concept lattice L(R) is shown in Figure 1.

Because of the inheritance rules associated with this lattice, the labels can
be simplified into mentioning only properties or objects which occur for the first
time, in a top-bottom fashion for properties, in a bottom-top fashion for objects.

Example 2. The simplified concept lattice obtained from L(R) associated with
relation R of Example 1 is shown in Figure 1.
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Fig. 1. Concept lattice L(R) and corresponding simplified lattice of relation R
of Example 1

When the number of elements of the lattice is exponential, several authors
([5], [3], [10]) have found it useful to further simplify this lattice into a Galois
sub-hierarchy, by defining a partially ordered set obtained by removing from
this simplified lattice trivial nodes such as empty set pairs {∅, ∅}, and usually
the top and bottom elements.

Example 3. Figure 2 shows the Galois sub-hierarchy obtained from the simplified
lattice of Example 2. Note that this partial ordering does not define a lattice, as
elements {∅, 2} and {∅, 1} fail to have a unique nearest common descendent.

ah,6

O

O

O

OO Oc,

O ,1

g, e,4

,2f,3

,5

d,b,{      } {      }

{      }

{      } {      }

{      } {    }

{    } {      } {      }

Fig. 2. Galois sub-hierarchy obtained from the simplified lattice of Example 2

3 Decomposing a Galois Sub-hierarchy Using Graph
Domination

Our approach to encoding a Galois lattice (see [2]) is, surprisingly enough, to
use an underlying graph GR, constructed on the complement of the relation,
defined, for a given context (P ,O, R) as GR = (V, E), with V = P∪O, and with
edges defined as:

1. internal edges which make P and O into cliques (if x, y ∈ P then xy ∈ E
and if x, y ∈ O then xy ∈ E).

2. external edges: if x ∈ P and y ∈ O then xy ∈ E iff (x, y) /∈ R.
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Since P and O are trivially cliques, we will not represent their internal edges,
nor will these have any influence on the complexity evaluations we discuss, as
they need not be traversed. We will denote by N+(x) the external neighborhood
of vertex x: if x ∈ P , N+(x) = {y ∈ O|(x, y) 
∈R}, and if x ∈ O, N+(x) = {y ∈
P|(y, x) 
∈R}. We use n = |P|+ |O|, and m = |P| × |O| − |R|.

Note that, though not much is known on the size of the concept lattice defined
by a given relation, in general the lattice tends to be exponential in size when it
is dense (i.e. when it has many crosses); in this case, for our graph, m will be of
the order of n instead of n2.

The reason we define this graph is that we have the remarkable property
that a vertex set S of GR is a minimal separator of GR, separating connected
component A from connected component B if, and only if A × B is a concept
defined by relation R. Now this may seem a little far-fetched, but a steady output
of work done in the past decade has yielded many results on minimal separation,
and in [2] we show this to be an efficient tool for concept lattice investigation and
concept generation. It is interesting to note, however, that quite regularly work
appears on the relationship between graphs and lattices (see [1], [8], [9], [12]).

One of the related graph notions which turns out to be of primary importance
for the study of concept lattices is that of domination: a vertex x is said to
dominate another vertex y if N+(y) ⊂ N+(x).

The domination relation defines a partial pre-ordering on V , which we de-
compose into the property domination relation and the object domination
relation.

Example 4. The relation of Example 1 yields the graph given in Figure 3.
N+(a) = {1, 4, 5}, N+(b) = {4, 5, 6}, N+(c) = {3, 4, 6}, N+(d) = {2, 3, 6},
N+(e) = {2, 3, 5, 6}, N+(f) = {1, 2, 4, 5, 6}, N+(g) = {1, 4, 5, 6}, N+(h) =
N+(a), N+(1) = {a, f, g, h}, N+(2) = {d, e, f}, N+(3) = {c, d, e}, N+(4) =
{a, b, c, f, g, h}, N+(5) = {a, b, e, f, g, h}, N+(6) = {b, c, d, e, f, g}.

a and h share the same neighborhood and behave as a single vertex ah.
f dominates g, g dominates a and b; by transitivity, this implies that f also
dominates a and b. c is neither dominated nor dominating.

Figure 3 gives the property domination relation and the object domination
relation.

It is clear from Example 4 that this domination relation is strongly related
to the Galois sub-hierarchy shown in Figure 2.

In order to precisely describe this relationship, we introduce a decomposi-
tion of the Galois sub-hierarchy into the sub-hierarchy of intents and the sub-
hierarchy of extents, by using only the left or right parts of the labels of the
sub-hierarchy. If, consistently with the original definition, we then remove the
empty set nodes, we find the domination relation.

Example 5. Figure 4 gives the sub-hierarchies of intents and of extents derived
from Figure 2.

Based on these considerations, we give the following property:
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Fig. 3. Graph GR coding the relation from Example 1 and the corresponding
domination relation

O

O O

ah b c d

eg

f

O O O

O

6

5 4

3 2 1

Fig. 4. Sub-hierarchies of intents and of extents derived from Figure 2

Property 1. The property domination relation of GR is equivalent to the Galois
sub-hierarchy taken on the intents, from which all empty set nodes have been
removed, and the object domination relation of GR is equivalent to the Galois
sub-hierarchy taken on the extents, from which all empty set nodes have been
removed.

4 Computing and Updating the Domination Information

Computing the domination relation of a graph costs roughly O(nm) time. In
this section, we will introduce a data structure which will enable us to update a
relation by adding or deleting elements, with a cost of only O(n) per update.

We will restrict our description of our process to computing the property
domination relation; of course, the same process can be applied dually to com-
puting the object domination relation.

4.1 Computing and Querying the Domination Table

In order to maintain property domination information, we construct a domina-
tion table, which, for each pair (x, y) of properties, lists the objects, the presence
of which prevents x from dominating y, or from having a neighborhood which
is the same as that of y. This just means that if for object i, (x, i) ∈ R and
(y, i) 
∈R, i will appear in the list for (x, y).

Example 6. Property domination table corresponding to relation R from Exam-
ple 1:
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a b c d e f g h
a ∅ {1} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅
b {6} ∅ {5} {4, 5} {4} ∅ ∅ {6}
c {3, 6} {3} ∅ {4} {4} {3} {3} {3, 6}
d {2, 3, 6} {2, 3} {2} ∅ ∅ {3} {2, 3} {2, 3, 6}
e {2, 3, 6} {2, 3} {2, 5} {5} ∅ {3} {2, 3} {2, 3, 6}
f {2, 6} {1, 2} {1, 2, 5} {1, 4, 5} {1, 4} ∅ {2} {2, 6}
g {6} {1} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ {6}
h ∅ {1} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅

This table is to be read as (x, y) pairs, each containing the information on x
dominating y, where x labels a column and y a row.

The algorithmic process for constructing the property domination table is simple:

For each x ∈ P
For each y ∈ P

For each z ∈ O
If (x, z) ∈ R and (y, z) /∈ R then add z to list (x, y);

The process for building the object domination table is symmetric, and ob-
tained from the previous one by exchanging P and O.

The global size of the tables is of O(nm); as each entry can be computed in
constant time using relation R, the total time cost for computing the property
domination table and the object domination table will be in O(nm).

From the table, we can deduce that:

– a will dominate b if object 6 is deleted.
– e dominates d since (e, d) = ∅. The property domination relation shown in

Figure 3 can easily be globally computed by examining this domination for
each property.

– N+(a) = N+(h), since a dominates h and h dominates a; note how columns a
and h are identical.

– N+(g) = N+(a)∪N+(b), as column g is the intersection of columns a and b
in the domination table. This means that relation R fails to be a reduced
relation: g appears in the intent of a concept of L(R) iff both a and b appear
too.

Computing the intents and extents of the sub-hierarchy elements from
the domination table.
For a given property, for example f , find from the table which properties f dom-
inates, that is which have ∅ in the f column; this query yields a, b, f, g, h; abfgh
will be the intent; then compute O−N+(f) = {3}, which yields the extent of the
element; we thus obtain element abfgh× 3 as element of L(R), in a complexity
proportional to the size of the result.
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Computing the simplified Galois sub-hierarchy from the domination
table.
Compute as above the intent which corresponds to each property x; tentatively
store {x, ∅} as an element of the sub-hierarchy; for each object, likewise com-
pute the corresponding intent; if this intent has already been computed by some
property x, then replace {x, ∅} with {x, y} as an element of the sub-hierarchy;
else add element {∅, y} to the list of elements of the sub-hierarchy. For exam-
ple, property 3 will yield intent P − N+(3) = {a, b, f, g, h}, which has already
been computed by f : replace {f, ∅} with {f, 3} as element of the simplified
sub-hierarchy. This requires roughly O(n2) time, but this complexity can be
streamlined.

4.2 Updating the Domination Table

1. When adding an element (x, z) to relation R, with x ∈ P and z ∈ O, which
means adding a cross in R at location (x, z), or, equivalently, removing edge
xz from the corresponding coding graph GR:
– for each ”non-cross” y of line z in R (i.e. (y, z) /∈ R), add z to list (x, y);
– for each ”cross” y of line z in R (i.e. (y, z) ∈ R), delete z from list (y, x);

2. When deleting an element (x, z) from relation R, x ∈ P , z ∈ O:
– for each ”non-cross” y of line z in R (i.e. (y, z) /∈ R), delete z from list

(x, y);
– for each ”cross” y of line z in R (i.e. (y, z) ∈ R), add z to list (y, x);

Updating the table will cost time O(|P|).
Example 7. Let us add element (b, 5) to relation R of Example 1.

New relation R′ obtained:

a b c d e f g h
1 × × × ×
2 × × × × ×
3 × × × × ×
4 × ×
5 × × ×
6 × ×

Line 5 contains non-crosses a, e, f, g, h and crosses c, d. 5 must be added to
the lists of (b, a), (b, e), (b, f), (b, g) and (b, h), and deleted from the lists of (c, b)
and (d, b).

New domination table obtained:
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a b c d e f g h
a ∅ {1,5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅
b {6} ∅ {
5} {4, 
5} {4} ∅ ∅ {6}
c {3, 6} {3} ∅ {4} {4} {3} {3} {3, 6}
d {2, 3, 6} {2, 3} {2} ∅ ∅ {3} {2, 3} {2, 3, 6}
e {2, 3, 6} {2, 3,5} {2, 5} {5} ∅ {3} {2, 3} {2, 3, 6}
f {2, 6} {1, 2,5} {1, 2, 5} {1, 4, 5} {1, 4} ∅ {2} {2, 6}
g {6} {1,5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ {6}
h ∅ {1,5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅

As a result of the modification of R, c now dominates b. Figure 5 shows
the new concept lattice L(R′) and the associated Galois sub-hierarchy; Figure 6
gives the new property domination relation.

Let us now delete element (b, 1) from the previous relation R′.

New relation R′′ obtained:

a b c d e f g h
1 × × ×
2 × × × × ×
3 × × × × ×
4 × ×
5 × × ×
6 × ×

Line 1 contains non-crosses a, f, g, h and crosses c, d, e. 1 must be deleted from
the lists of (b, a), (b, f), (b, g) and (b, h), and added to the lists of (c, b), (d, b) and
(e, b).

New domination table obtained:

a b c d e f g h
a ∅ {
1, 5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅
b {6} ∅ {1} {1, 4} {1, 4} ∅ ∅ {6}
c {3, 6} {3} ∅ {4} {4} {3} {3} {3, 6}
d {2, 3, 6} {2, 3} {2} ∅ ∅ {3} {2, 3} {2, 3, 6}
e {2, 3, 6} {2, 3, 5} {2, 5} {5} ∅ {3} {2, 3} {2, 3, 6}
f {2, 6} {
1, 2, 5} {1, 2, 5} {1, 4, 5} {1, 4} ∅ {2} {2, 6}
g {6} {
1, 5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ {6}
h ∅ {
1, 5} {1, 5} {1, 4, 5} {1, 4} ∅ ∅ ∅

After this second modification of R, c does not dominate b any longer. Fig-
ure 7 shows the new concept lattice and the associated Galois sub-relation.

The property domination relation reverts to its original form, given by Fig-
ure 3, even though the lattice is larger and structurally significantly different.
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Fig. 5. New concept lattice L(R′) and the associated Galois sub-hierarchy ob-
tained when adding (b, 5) to relation R of Example 1
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Fig. 6. Domination relation obtained when adding (b, 5) to relation R of Exam-
ple 1
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Fig. 7. New concept lattice L(R′′) and the associated Galois sub-hierarchy ob-
tained when deleting (b, 1) from the new relation R′ of Example 7
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5 Conclusion

We have shown a new approach to modifying significant information we need
to extract from a concept lattice structure, with an efficient updating tech-
nique, based on a new graph-based data structure which enables us to avoid
re-computing the entire structure.

This updating technique could be extended to efficiently constructing the
initial domination table for a given relation which is very dense, by first consid-
ering the relation with only a diagonal of zeroes, which describes a graph with
no domination, and then removing elements from this until the desired relation
is obtained.

Conversely, the principle of domination table could also be used to model a
relation into respecting a given sub-hierarchy, with particular desirable relation-
ships between classes.
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Abstract. One of the most powerful tools of abstraction used in object-
oriented conceptual modelling is the specialisation/generalisation hier-
archy, which allows representing taxonomic relationships among
classes. A specialisation/generalisation hierarchy (from now on, taxon-
omy or taxonomic hierarchy) has always two main associated charac-
teristics: the classification and the inheritance concepts. There are, how-
ever, different kinds of taxonomic hierarchies (classification, inheri-
tance, role, etc.) which are often confused or misused in modelling.
Sometimes, this occurs because one kind of taxonomic hierarchy is used
to represent two or more different concepts. In this paper we present a
model of useful taxonomic hierarchies for conceptual modelling from an
object-oriented perspective. The taxonomic hierarchies that we propose
to represent knowledge are based on Aristotle�s definition of essence
and accident.

1 Introduction

One of the most important objectives in conceptual modelling consists in narrowing
the gap between the real world and its representation. To make this possible, concep-
tual models have improved their expressiveness through new primitives, which are
closer to the real world. The specialisation/generalisation hierarchy (from now on,
taxonomy or taxonomic hierarchy) is generally considered to be one of the most im-
portant structures of reasoning and knowledge representation. Every object-oriented
conceptual model supports taxonomic hierarchies as a natural way of representing
data. However, the name and meaning can vary in different models: specialisation
inheritance [4, 12], classification [7], IS-A generalisation [9] etc. For the rest of the
paper we define taxonomy or taxonomic hierarchy as:

�Hierarchy of classes that allows us to classify the objects of a class by specialis-
ing or generalising them. A taxonomy should satisfy two properties: a) classifica-
tion: the extension of every subclass is a subset of the extension of the superclass;
b) inheritance: the subclass inherits all properties (attributes, methods, restrictions,
etc.) of the superclass�.
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It is important to underline that inheritance is not a taxonomy but a characteristic of
the taxonomy. However, at the implementation level (that is, in programming, not in
conceptual modelling), we could define hierarchies that only satisfy the property of
inheritance. The only purpose of this kind of hierarchies is to share and reuse code.
We shall use inheritance hierarchy in reference to �hierarchies that do not satisfy the
principle of classification�. Inheritance is a property of every hierarchy (taxonomic
or inheritance hierarchy) while classification is just a property of the taxonomic hier-
archy.

One of the main problems of using taxonomic hierarchies in conceptual modelling
is that the concept of taxonomy lumps together a variety of representation mechanisms
(suppose, for example, the problems that could arise if we had just one constructor to
represent objects and relationships, or objects and attributes). There is also some con-
fusion among different concepts of classification and between classification and in-
heritance [1], which may be one of the reasons why some authors [10, 14] consider it
very difficult to find examples of inheritance hierarchies outside the realm of biology.
The problem arises because we always consider that any identified taxonomy is simi-
lar to its biological referents. Aristotle�s biological taxonomy is an important classifi-
cation because it has been used as a model for other classifications. However, it can-
not be considered as the universal taxonomic model, because it is not directly applica-
ble to every classification in the world. In [1], the authors posit the need to integrate
the two views of inheritance, i.e., conceptual modelling and code reuse.

As stated by [13], if conceptual modelling constructors1 are to be used effectively,
their meanings will have to be defined rigorously. Since conceptual models are in-
tended to capture knowledge about a real world domain, we consider that the meaning
of the model constructors should be sought in models of reality. In this paper, we
analyse the use of multiple taxonomies in conceptual modelling. The identified tax-
onomies are based on Aristotle�s definition of essence vs. accident and change vs.
motion.

The rest of the paper is organised as follows: section 2 is an overview of the differ-
ent kinds of taxonomies that we have identified to use in conceptual modelling; in
section 3 we analyse the possibilities of defining multiple taxonomies in conceptual
modelling; section 4 poses the main conclusions and future work.

2 A Classification of Hierarchies

One of the main problems speaking of taxonomies is that there is no general agree-
ment as to what is and what is not a taxonomic hierarchy. Different authors identify
different kinds of taxonomic hierarchies, with different names, and with different
characteristics and requirements [2, 3, 5, 8, 11, 14]. This is because the classifications
of taxonomies proposed in the literature are based on taxonomies defined in different
models (conceptual or implementation models). Our approach is radically opposite:
                                                          
1 Conceptual modelling constructors and object oriented programming constructors are not the same. For

example, the aggregation and association are conceptual modelling constructors that have usually the
same representation at implementation level.
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we seek to classify taxonomic hierarchies according to the ontology of the world that
we want to model, and we will characterise these taxonomies to determine how con-
ceptual (and implementation) models should represent them [6].

In the world, taxonomies, as well as classes, serve to classify objects according to
different criteria. Classes classify objects that have similar characteristics and similar
behaviours, while taxonomies offer a more specific classification, for we can special-
ise, or generalise, the objects of a specific class. A taxonomy should verify that the
extension of the subclass is a subset of the extension of the superclass. Our approach
is based on Aristotle�s ontology.

2.1 Aristotle�s Ontology

As we have said, our approach is based on Aristotle�s ontology, particularly on the
distinction between substance and accident, and also on the change and motion con-
cepts. According to Aristotle, things are substances with accidents (Metaphysics 025“).
He also distinguishes between substantial change that depends on the essence, and
accidental change that depends on some accidental characteristic (Physics V).
Whereas the accidental change implies any motion on the individual, there is no mo-
tion in the substantial change. He stated that there are only three kinds of change: from
subject to non-subject (perishing), from subject to subject (movement) and from non-
subject to subject (becoming) (Physics V 225a). Every perishing or becoming change
implies a substance change, whereas a motion implies an accidental change. Table 1
summarises Aristotle�s ontology in relation with the object-oriented ontology.
An essential characteristic is a characteristic that determines the substance of the ob-
ject. If the value of an essential characteristic change, the object changes. However,
the value of an accidental characteristic can change and the object continues being the
same. We have identified three different kinds of taxonomies depending if the crite-
rion chosen to build the taxonomy is based on an essential or accidental characteris-
tic: IS-A, STATE and ROLE taxonomy. The IS-A taxonomy is built according to the
value of some essential characteristic of the objects (that is to say, if the value of the
characteristic changes, the object changes). The rest of the taxonomies are based on
accidental characteristics, whose value can change while the object continues being
the same.

Table 1. Aristotle�s ontology

Aristotle�s ontology Object Oriented Conceptual Model-
Subject Object
Substance Attribute that is the essence of the
Accident Attribute whose value can change
Accidental change Change the value of an attribute

Motion Migration
Substantial change Change of the essence

Perishing Delete object
Becoming Create object
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2.2 The Hierarchies

As we have already said, three possible taxonomic hierarchies can be considered as
constructors for conceptual modelling. To define them and for the rest of the paper we
consider the following definitions:

• An object is an instance of a class. It is a subject in Aristotle�s terminology.
• The extension of a class C, denoted as ext(C), is the set of objects belonging to

the class at a given state.
• The intension of a class is the set of all the properties shared by possible ob-

jects of the class.
• C1 is a subclass of C0, if ext(C1) is a subset of ext(C0), for every possible

state.
• An object migrates when it moves from one class to another, in the same level

of the hierarchy, or in another level but in a different branch of the tree. That is
to say, the target class can be neither an ancestor nor a descendant of the origi-
nal class. If the object moves to any class in another level of the hierarchy, then
the object is specialised or generalised.

IS-A Taxonomy

The IS-A taxonomy classifies objects in different classes according to some essential
characteristic of these objects. In a less strict classification, these objects could belong
to a single class. Taking the biological taxonomy example, see figure 1(a), human is a
class that specialises the mammal class according to an essential characteristic: the
species. Figure 1(b) shows an extension of the example in figure 1(a), where John,
Peter, Lassie and Milky represent objects. For this kind of taxonomy, we define three
rules:
Rule 1. The objects of the subclasses also belong to the superclass. That is to say, the
subclass is always a subset of the superclass, as can be seen in figure 1(b).
Rule 2. Subclasses are mutually disjoint. This is because the classification is made
with regard to an essential characteristic, and it is impossible for an essential charac-
teristic of an object to have two different values simultaneously. For example, a
mammal cannot be simultaneously a human and a bovine (see figure 1(b)), because it
cannot belong to more than one specie.
Rule 3. Object migration is not allowed, because if the essential feature is changed, the
object will not be the same. In our example, a human cannot become a cow.

As we have already said, unlike other classifications of taxonomic hierarchies, our
proposal is based on the semantics of the world, but this approach has a shortcoming:
the very subjectivity of the world. Sometimes it is not clear what the essential charac-
teristic of a thing actually is. In our example (we have looked for an unquestionable
one) it seems quite clear that a person and a cow are essentially different from each
other. It is impossible for �John� to become a cow. People who believe in reincarna-
tion, however, consider it possible for a person to come back as a cow without chang-
ing their essence. In spite of this philosophical issue, we believe that an essential crite-
rion can always be found, albeit an arbitrary one, as is sometimes the case in concep-
tual modelling for distinguishing between attributes and classes.
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Is-a
Mammal

BovineHuman

Fig. 1(a)- Example of an IS-A
t

Fig. 1(b)- Disjoint subclasses

Mammal

BovineHuman

John Peter Milky

Lassie

Fig. 1. An example of the IS-A taxonomy

ROLE Taxonomy

The ROLE taxonomy puts objects in different classes, according to the role each one
plays. In a less strict classification, these objects could belong to the same class. Fig-
ure 2 shows an example of the ROLE taxonomy. For this kind of taxonomy, we define
three rules:

Rule 1. The subclass is always a subset of the superclass
Rule 2. Unlike the IS-A hierarchy, subclasses are not mutually disjoint (see figure

2 (b)). The same object can be classified in two different classes, accord-
ing to two different roles played simultaneously. In our example, a man
can simultaneously play the roles of father and husband.

Rule 3. Object migration is allowed. Classification is based on the role rather than
on any essential characteristics, and the role can change at any moment.

Role
Man

HusbandFather

Fig. 2(a)- Example of a ROLE taxonomy Fig. 2(b)- Overlapping subclasses

Man

HusbandFather
Peter Alfred Klaus

John

Fig. 2. An example of the ROLE taxonomy

STATE Taxonomy

The STATE taxonomy classifies objects according to their state at a given moment. In
a less strict classification, such objects could belong to a single class. Figure 3 shows
an example of the STATE taxonomy. We define three rules:

Rule 1. The subclass is always a subset of the superclass.
Rule 2. Subclasses are mutually disjoint, for classification is made with regard to

mutually exclusive states. For example, see figure 3 (b), a person cannot be
married and single at the same time.

Rule 3. Object migration is allowed. Classification is based on the state and the state
can change at any moment.

As in the previous sections, exceptions to our rule can be found. For example, a
person can be legally single in one country and married in another. We shall therefore
also have to define an arbitrary group of states. The chosen state, as is the case with
the role and the essential characteristic, will depend on the universe of discourse.
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State

Person

MarriedSingle

Fig. 3 (a).- Example of a STATE
t

Fig. 3 (b).- Disjoint  subclasses

Person

MarriedSingle
John Mary Alfred

Peter

Fig. 3. An example of the STATE taxonomy

The inheritance hierarchy is not a taxonomic hierarchy but a characteristic of the
taxonomic hierarchies. However, it is very common to define hierarchies just to share
properties. The next section defines inheritance hierarchies.

Inheritance Hierarchy

The inheritance hierarchy does not classify objects. It is just a relationship between
classes that allows objects to share properties. The main difference with the proposed
taxonomies is that, in a less strict classification, such objects would not normally be-
long to a single class, i.e. inheritance hierarchy is not a taxonomic hierarchy. So, the
classification principle is not applicable. Figure 4(a) shows an inheritance hierarchy
example. For this kind of hierarchy, we formulate four rules:

Rule 1. The subclass is not necessarily a subset of the superclass. However,
subclass characteristics do be a subset of the superclass.

Rule 2. Usually, subclasses are mutually disjoint. Because this hierarchy is not a
classification, the objects of a subclass do not usually belong to another
one. For example, see figure 4 (b), a company can never be a dog.

Rule 3. For the same reasons, object migration is not allowed.

The inheritance hierarchy is defined as an inclusion of properties rather than an in-
clusion of objects. Usually, subclasses are mutually disjoint and migration is not al-
lowed.

This inheritance hierarchy does not represent a taxonomy. In the world, objects are
not classified according to the name of their characteristics, because two different
classes can share the same name for some characteristic without these characteristics
being mutually equivalent. These characteristics have a different meaning, because
they represent different things. For example, the name of a company does not repre-
sent the same thing as the name of a man. Thus, the only reason for using inheritance
taxonomy is shared properties (especially behavioural properties, which allow for
code reuse) and this is a design or implementation question rather than a conceptual
one. There are therefore no semantic reasons for considering the inheritance hierarchy
as a constructor for conceptual modelling.

Table 2 shows an overview of our classification, distinguishing between taxonomy
hierarchies and their characteristics. We can observe that the differences between IS-
A, ROLE and STATE taxonomies are based on the disjoint and migration characteris-
tics. However the differences between inheritance hierarchy and taxonomic hierar-
chies is that the first one does not fulfil the subclass property that is mandatory in
every taxonomic hierarchy. The similarity between inheritance hierarchy and taxo-
nomic hierarchies is that all of them fulfil the inheritance property.
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Inheritance

Fig. 4(a).-Example of an INHERITANCE
Hierarchy

Man
Name
Adress

Dog
Name
Address

Company
Name
Address

Fig. 4(b).-Disjoint classes

Man

DogCompany

Lassie

John

Oracle
Microsoft

Fig. 4. An example of Inheritance Hierarchy

Table 2. Classification of Taxonomic Hierarchies

Characteristics
Non Taxonomic Taxonomic

Inheritance Subclasses Migration Disjoint

IS-A Yes Yes No Yes
ROLE Yes Yes Yes No
STATE Yes Yes Yes Yes

INHERIT. Yes No No Yes

2.3 The Object Oriented Hierarchies vs. Aristotle�s Ontology

To sum up, we have identified three kinds of taxonomic hierarchies that should be
used in conceptual modelling according to the ontology of the world that we want to
represent. Our approach, as we have said, is based on Aristotle�s philosophy, particu-
larly on the distinction between substance and accident, and also on the change and
motion concepts.

As an IS-A taxonomy is based on any essential characteristic of the objects it is only
possible creating or deleting (becoming or perishing in Aristotle�s terminology) ob-
jects (subjects), but it is impossible to move objects from a class to another (migration
is not allowed). Moving objects from a class to another, due to the nature of the IS-A
taxonomy, would imply a substantial change from object (subject) to object (subject)
and, apart from being inconsistent with Aristotle�s theory, the target object would not
be the same object.

Both, role and state taxonomies, are based on Aristotle�s accidental characteristics.
As we have explained in section 2.1, there are only three kinds of changes and only
the change from subject to subject, which is an accidental one, is a motion. Thus, an
accidental change (that is, a role or a state change) can give rise to an object motion
that is to an object migration. However, and due to the fact that perishing and becom-
ing are substantial changes, an accidental change can never produce an instantiation or
deletion.

We can also notice that the inheritance hierarchy has not any relationship with Ar-
istotle�s Ontology. The reason, again, is that inheritance is not a taxonomy and its task
is not to classify but just to reuse code. Table 3, shows a comparison between the
object oriented hierarchies and Aristotle�s ontology.

The identified taxonomies are near to the conceptual mechanisms that we have to
represent knowledge. These concepts are represented in English with just a verb: �to
be�. Although we have the three concepts in our minds, conceptual models, as English



Hierarchies in Object Oriented Conceptual Modeling      31

language, do not provide us a way to distinguish among them. However, there are
some languages that distinguish explicitly among some of these concepts. So, for
example, the verb �to be� can be translated to the Spanish language in two different
ways: �ser� (that refers to the IS-A concept) and �estar� (that means to be in a state).
In fact, IS-A is translated to Spanish as ES-UN instead of ESTA-EN-UN. The Spanish
verbs �ser� and �estar�, allow us to make the difference between �to be A drunk� or
�to be drunk�.  ROLE taxonomies can be identified because the verb �to be� can be
replaced by another verb as �to work�. For example �he is a teacher� can be replaced
by �he works as a teacher�.

Table 3. Object oriented hierarchies and Aristotle�s ontology

Aristotle�s Ontology
Non Taxo- Taxo-

Kind of
attrib-

King of
change

Movement allowed

IS-A Essen- Substantial Perishing, Becoming
ROLE Acci- Accidental Perishing, Becoming,

STATE Acci- Accidental Perishing, Becoming,
INHERIT. - - -

3 Multiple Inheritance in Conceptual Modelling

When a class has two or more superclasses and the extension of the class is a subset of
the extension of its superclasses (classification property), we have a multiple taxon-
omy. The focus of this discussion is on multiple taxonomies where the subclass inher-
its from two parents that belong to the same hierarchy, see figure 5(a), rather than on
multiple parallel taxonomies, see figure 5(b).

Multiple taxonomy always involves multiple inheritance and multiple classification.
So, multiple taxonomies will not be allowed when the supertypes belong to the same
hierarchies and they are mutually disjoint. Thus, neither IS-A nor STATE taxonomies
can be specialised by multiple taxonomies, unless they are specialised through inheri-
tance hierarchies, which do not fulfil the classification property. ROLE taxonomies
are not disjoint, and they can be specialised through: a multiple is-a taxonomy, a mul-
tiple role taxonomy, a multiple state taxonomy or a multiple inheritance hierarchy.

Person

TeacherStudent

Teacher-
Assistant

Person

TeacherStudent

Spanish-
Student

Spanish English

Fig. 5(a)- Example of multiple taxonomy Fig. 5(b)- Example of multiple paralell taxonomies

Fig. 5. Multiple taxonomies and multiple parallel taxonomies

Any kind of taxonomic hierarchy can be specialised through multiple inheritance.
But, as argued in section 2.4, there are no semantic reasons for considering inheritance
hierarchy as a constructor for conceptual modelling. The only reason for using the
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inheritance taxonomy is shared properties and this is a design or implementation deci-
sion rather than a conceptual one. Table 4 shows a summary of the possible combina-
tions of multiple inheritance at conceptual level.

Table 4. Possible combinations of multiple inheritance

Subclass Superclasses IS-A ROLE STATE INHERITANCE
IS-A Al- Allowed
ROLE Al- Allowed
STATE Al- Allowed
INHERITANCE Al- Allowed

4 Conclusions

In this paper we have tried to clarify the meaning of the different taxonomic hierar-
chies that appear in the literature (often with different names and different meanings).
The different taxonomic hierarchies are often used as if they were the same. So, it is
possible to introduce an inheritance hierarchy in conceptual modelling. A proper defi-
nition of the different kinds of taxonomic hierarchies will also allow us to properly use
taxonomic hierarchies in conceptual modelling. Figure 6 shows the classification of
hierarchies that we have defined in this work and the relationship between them using
our taxonomic model.

Future studies include: (1) studying these issues in multiple parallel taxonomies (for
example, a person can be specialised according to the role he plays and according to
his state simultaneously); (2) application of the theoretical conclusions to the concep-
tual modelling task.

<<Is_a>>

<<Is_a>>

<<Is_a>>

Hierarchy

Inheritance

Taxonomic
Hierarchy

Classification

Inheritance
Hierarchy

IS-A
Taxonomy

No migrationt
Disjoin

Non essential
Taxonomies

Migration

STATE
Taxonomy

Disjoint

ROLE
Taxonomy

Overlapping

Fig. 6. Classification of hierarchies
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Abstract. The driving force in object-oriented analysis to use the
concept of specialization/generalization is polymorphism: the capability
and need to reason about the union of the sets of objects of the
specialization classes. Hereby features will be defined at the appropriate
place. The fact that classes have common features is not a sufficient
condition to generalize. The principle of strengthening specifications of
features is an indispensable rule to manage class hierarchies. From the
viewpoint of polymorphism, multiple specialization/generalization is
only a logical extension of this modeling concept and not an optional or
exotic one. Further, we discuss some guidelines to build sound class
hierarchies, such as using (multiple) partitions.

1 Introduction

The major purpose of object-oriented (OO) analysis is to establish the requirements
for the software system to be developed. In view of the OO paradigm, a conceptual
model of relevant objects is developed including a specification of their
characteristics, constraints and behavior [3,5]. This model describes the problem
context in all its facets. The model will therefore be as close as possible to the facts,
as they are observed in the external world.

Object-oriented analysis is a relative young research area. Many conceptual models
are already oriented towards system implementation and a lot of design decisions are
already taken. This can partly be explained by the fact that conceptual modeling
draws part of its concepts from OO programming. The border between OO analysis
and design is often vague. We are in favor of a strict separation between both
activities. Every decision made by an analyst on how to represent an observed fact in
a conceptual model should have been postponed to the design phase. An analyst has
to concentrate on the reality and the requirements itself. A good OO analysis method
                                                          
* Research Assistant of the Fund for Scientific Research � Flanders (Belgium) (FWO �

Vlaanderen)



Specialization/Generalization in Object-Oriented Analysis      35

has investigated and evaluated different alternatives. It has to impose rules on the
concepts the method offers. This should lead to better, more extensible and reusable
conceptual models.

During OO design we transform the conceptual model into an operational model.
Software quality factors and other non-functional requirements will dominate the
transformation. In the design phase we describe how a conceptual model can be
implemented in terms of software. Other rules and guidelines apply here.

One of the key concepts in object-orientation is specialization/generalization
(spec/gen). In this paper we investigate the use of spec/gen in OO analysis and we
propose some methodological guidelines indicating when and how to use spec/gen.
Section 2 describes the relationship spec/gen introduces between classes. In Sect. 3
we emphasize on polymorphic consideration as the guiding motivation to introduce
spec/gen. Section 4 elaborates the rule of strengthening and gives some very powerful
uses. In Sect. 5 we advocate the use of partitions, i.e. to use complete and disjoint
specializations. In Sect. 6 this is extended to multiple spec/gen. The discussion is
inspired by the EROOS method [15,13]. While EROOS offers its own notation, which
is tailored to the concepts and principles of the method, we elaborate this paper using
the Unified Modeling Language (UML) [12].

2 The Specialization/Generalization Relation

Specialization/generalization allows a class to be defined as a specialization of
another more general class. In this paper the former is called the specialization class
and the latter the generalization class.

In the semantics for a conceptual model, for each class a population is considered.
At each point in time relevant in the reality that is modeled, the population of a class
models the set of objects that exist at that time. The primary characteristic of the
spec/gen relationship between two classes is that it introduces a set inclusion between
the population of the specialization class and the population of the generalization
class.

The set inclusion relation between a specialization class and the generalization
class implies the very powerful possibility to use objects of specialization classes in a
polymorphic way: everywhere where objects of the generalization class are
considered, objects of any specialization class can be present in the reality/population.

An important related consequence is that all features are inherited. All attributes
and associations present for objects of the generalization class are also present for
objects of the specialization class and all constraints on the objects of the
generalization class must equally apply for objects of the specialization class. All
operations that are applicable to objects of the generalization class are equally
applicable to objects of the specialization class.

Features can be introduced at different levels in the spec/gen hierarchy and
redefinition of features at more specialized levels is possible. The question is then
raised which definition applies when a feature is accessed through a polymorphic
reference to an object. In OO programming, the dynamic binding process selects the
most specific implementation for the operation that is applied. In OO analysis a
comparable approach is used, with one difference: not only the most specialized
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definition applies, but all definitions present in the concrete class of the object as well
as in all direct and indirect generalizations apply. Some programming languages (e.g.
Beta [6]) apply a comparable approach, referred to as refinement or Scandinavian
semantics for methods. Due to procedural semantics this does not guarantee the
conservation of semantics. In EROOS conceptual modeling however we advocate the
use of declarative definitions for operations and logical conjunction is used to
combine all definitions in the branch.

Thus, all knowledge specified and derived at the level of a certain class applies for
all its objects, a fortiori for the objects of specialization classes. This realizes the
(state as well as behavioral) subtype relationship and ensures compliance with the
Substitution Principle of Liskov [7,8] that states that wherever an instance of a class is
expected, one can always substitute an instance of any of its specialization classes.
Thus in a part of the conceptual model that uses a certain generalization class,
reasoning can be done based on the definition of this class and its own generalization
classes, and will be valid, independent of the actual (and future) specializations.

Spec/gen will always be semantically motivated. We think that in analysis there is
no place for inheritance that does not fulfill the subtype relationship. The EROOS
method only allows building subtype hierarchies. OMT [11] allows the modeler to
specify whether or not a given inheritance relation should be conformant. Other kinds
and uses of inheritance are identified and classified in OO design and programming
[9,4], some of which compliant with our approach, e.g. subclassing for specialization,
subclassing for extension.

3 When to Generalize: Polymorphic Consideration

Specialization/generalization is a concept that combines two aspects: substitutability
(involving polymorphism) and inheritance (with a focus on reuse). Both are used as
motivation to define a class as a specialization class of another class.  While reuse has
been heavily focused upon, it is not a primary reason anymore.

We believe that in OO analysis the need for polymorphic consideration is the
guiding principle: if the objects of different classes are not considered by the modeler
as all being somehow instances of the same concept, a common generalization is not
appropriate. The other way round, if classes are not related somehow in a spec/gen
hierarchy, polymorphic consideration is in general not possible.

Polymorphic consideration is typically present in the model itself in the form of an
association involving at one end objects that can come from more than one class. This
urges for the definition of a common generalization class, which will participate in the
association. Polymorphic consideration can also manifest itself in (formal) reasoning
about possible populations and population evolutions. A large part of this reasoning
will be done based on the definition of generalization classes, e.g. the class involved
in the association. The principle of polymorphic consideration implies that spec/gen is
a semantic relation and will lead to the semantic foundation for the generalization
class. Therefore compliance with the substitution principle is of key importance.

Generalization merely based on reusing common features is ruled out. At the level
of design and implementation, this use of inheritance might have its place. In analysis,
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a Person and a Product will not be generalized only because they share a name
with manipulation operations. Other concepts should be offered to enable reuse here.

However, when a motivation for spec/gen is found as described above, it is very
important to generalize the features (and constraints) shared in all specialization
classes. Hereby shared semantics of the feature is a prerequisite.

4 When and How to Specialize: Strengthening

Often only part of the semantics can be generalized. When differentiation is needed in
the definition of certain features between different groups of objects of a class,
specialization is needed, together with a refinement of the definition. As advocated
above, this redefinition is limited: the objects of the specialization class must comply
with all the definitions in the generalization classes and thus definitions in
specialization classes should not lead to contradictions. The process of refinement or
redefinition that obeys this rule is called strengthening.

4.1 Strengthening Structure

A first strengthening is the addition of extra constraints. Care has to be taken that
these extra constraints do not give rise to the violation of the substitution principle for
the operations. The specification approach for behavior in EROOS warrants this,
thanks to the absence of preconditions, and the possibility of failure1. However this
disallows the modeler to reason about success and failure in a polymorphic way.

Another possible strengthening is the strengthening of associations. We have the
impression that this is used rather rarely and considered exotic. It has nevertheless a
high potential and can be used often. In [12] an example is given involving paired
class hierarchies between which an association is present and pair wise specialized.
Due to the same possibility of failure, such a covariant redefinition poses no problems
with respect to substitutability. Other examples that can often be used are illustrated
in Fig. 1, using the notation of [12]. Central to these strengthenings is the preservation
of the existential dependences. The existential dependence of a Rent from a Person
is strengthened at the level of Membership Rent via an intermediate object of the
Membership class. At the level of Reservation Rent this dependence, as well
as the inherited dependence from a Book is strengthened via a single intermediate
Reservation object. In certain configurations, the redefinition must be enriched
with extra information (i.e. query redefinitions) to clear up ambiguities.

The rule about the preservation of existential dependences can be generalized for
multiplicities: they can only be strengthened to a subset of the original. The
strengthenings proposed here also preserve the intent and subset the extent of the
parent. In EROOS this interesting use of strengthening is less confusing, due to
reification of all associations, the central role of existential dependence and the
implicit notation for strengthening associations.

                                                          
1 In EROOS, the postcondition is only guaranteed in case of success. In case of failure, the

operation has no effect besides failing.
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An alternative for some of the strengthenings of associations is the introduction of
explicit constraints. We prefer however the use of visual implicit constraints [16] as
indicated.

 
Rent 

Membership Membership Rent Book 

Reservation  
Rent 

Reservation 

1 1

1 

1 

Library Person 1 * 
* 

*

* 
* 

0..1 

1 
* 

1
* 

1 

Fig.1. Strengthening associations (the relation between books and libraries has been left out)

4.2 Strengthening Behavior

The definition of operations can also be strengthened. This might e.g. be needed due
to structural strengthening. The strengthening of an association might for instance
require strengthening operations that manipulate that association.

Non-deterministic specification of behavior is a very powerful concept to separate
the specification of structure from the specification of behavior [1,2]. Non-
deterministic specifications can be strengthened to less non-deterministic ones.

5 Partitions

In this section we will investigate on organizing specialization/generalization
hierarchies. Spec/gen introduces a hierarchical taxonomy, where the commonalities
are specified in more general classes while the specifics are specified in more
specialized classes. A specialization class is then not only to be considered in relation
with its generalization class, but also with its siblings.

In many methods constructs are available to group specialization classes of a given
generalization class and to put restrictions on these groups, although their use is not
always stressed. Two constraints that can be imposed on top of such a group of
specializations are completeness and disjointness. While completeness introduces
extra semantics, disjointness2 only restricts which hierarchies are correct.

                                                          
2 Assuming single instantiation.
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If a group of specializations is restricted to be both disjoint and complete, they
form a partition of the generalization class. EROOS imposes the use of partitions for
structuring spec/gen hierarchies. One of the reasons is that we believe it leads to
spec/gen hierarchies that are more stable with respect to later needs and changes in
the problem domain. In Sect. 6.2, we will motivate that the partitioning principle, in
combination with multiple specialization, can lead to better spec/gen hierarchies. The
possible need for (polymorphic) use of a certain group of objects, as well as the need
to introduce a feature for this group will be a driving force for partitions here.

Our partitioning principle is fulfilled in subtype inheritance as presented by Meyer
in his taxonomy of taxonomies [10,9]. We do not reject the other forms of model
inheritance that Meyer describes, but believe that also there the partitioning principle
can and should be used.

The partitioning principle could also be interpreted as obstructing future evolution
of the conceptual model. More in particular completeness might be seen as
prohibiting the addition of extra specializations in a given partition when they appear
in reality. This is not the case, since it is completely normal that the model changes
when the (perception and conception) of the problem domain changes. The
partitioning rule, together with multiple spec/gen using orthogonal partitions (see
Sect. 6.2), even supports this change, since it helps to build hierarchies that are
independent of the order in which they were created during the evolution of the
problem domain. Moreover, polymorphic use and reasoning will support this addition
without dramatic changes to the rest of the model.

6 Multiple Specialization/Generalization

Multiple specialization/generalization occurs when a specialization class is a
specialization of more than one generalization class. This introduces with each
generalization class in isolation a relationship as described in Sect. 2.

The population of the specialization class is a subset of the population of each of
the generalization classes and thus of the intersection of the populations of all its
generalization classes.

Each object of the specialization class inherits all features of all (direct and
indirect) generalization classes. Hereby features with common names will
automatically be unified.3 For associations, role names are considered (however
explicit multiple specialization of relations can also be used to indicate unification).

In OO programming multiple inheritance is often considered problematic among
others due to the problems related with repeated inheritance and with need for
strategies to decide which feature definition is selected in certain languages. In OO
analysis however no such choices need to be made. All definitions for a given feature
apply (thus also those found in all generalizations) as with single inheritance.

                                                          
3 The naming of features in the model should be done in a way that supports this. The

possibility to rename features exists in certain approaches to resolve problems. This should
however not be used to diverge features that were introduced as a single feature in a common
generalization class in the hierarchy.



40      Pieter Bekaert et al.

If clear, the combination of all definitions is implicitly assumed. It is also possible
to further strengthen this definition. In any case, the rules of strengthening must apply
for the spec/gen relation between the specialization class and each generalization class
in isolation. If this is not realizable, the organization of the spec/gen relations and/or
feature definitions is not appropriate.

6.1 Why Do We Need Multiple Specialization/Generalization?

In Sect. 3, polymorphic consideration is put forward as the guiding principle
necessitating spec/gen. Certain needs for polymorphic consideration cannot be
fulfilled using single spec/gen. This is the case if these needs involve object sets that
have a non-empty intersection but are not subsets of one another. Multiple spec/gen is
frequently present in the world and thus inherent in many problem domains. As a
consequence, multiple spec/gen is not just a concept that can optionally be offered by
a conceptual modeling method and that an analyst can choose to use or not.

Building a multiple spec/gen hierarchy4 enables the definition and strengthening of
features at the right place. The form of the spec/gen hierarchy will be compatible, and
inspired by, the distribution of features over the different classes.

6.2 Building Good Multiple Specialization/Generalization Hierarchies

A good OO conceptual modeling method must provide rules and guidelines that lead
to a good organization of the specialization/generalization hierarchy. The principle of
polymorphic consideration is a good start. But other criteria are also important. First
of all, the organization must also support abstraction, must comply with intuition and
allow modular reasoning by separating concerns. Second, the organization must
support the evolution of the problem domain. During the process of software
development the perception and conception of the problem domain typically evolve.
This implies changes to the spec/gen organization. The modeling method should lead
to an organization that supports these changes with the least impact possible.

Rooted Class Hierarchies. In what follows, rooted class hierarchies are assumed. We
believe that multiple spec/gen hierarchies should have roots, leading to diamond-
shaped hierarchies. The reason is semantic: it is not appropriate in analysis to
combine through multiple spec/gen two generalization classes that have no common
semantics at all. These common semantics should be generalized.

Multiple Partitions. EROOS uses the partitioning principle to organize spec/gen. As
a consequence of this principle, multiple spec/gen implies multiple partitions of a
common generalization class and vice versa. This principle leads to partitioning the
population of a generalization class along different dimensions according to
orthogonal criteria. This is referred to as orthogonal partitioning.

Without further multiple specialization, no objects of an orthogonally partitioned
class can exist, since an object can only directly belong to one concrete class. A
concrete class that is an indirect specialization of an orthogonally partitioned class,

                                                          
4 Actually, it is of course not a hierarchy in strict sense.
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has to be a specialization of exactly one class from each partition: at least one due to
completeness and at most one due to disjointness. Every combination of classes of the
different partitions that is possible in the real world must be introduced explicitly in
the conceptual model. Thus it becomes possible to rule out certain combinations.

In a deeper multilevel hierarchy, care must be taken not to violate this rule. Not
selecting classes from each partition for instance makes the class abstract: further
multiple specialization below in the hierarchy will still be needed.

Orthogonal partitioning stimulates the separation of concerns. It allows other parts
of the conceptual model to consider only one (or some) of the partitions. This
separation has already been advocated before as a good decision (e.g. [11]), but we
impose it via disjoint specialization, pushing the modeler to search for real orthogonal
criteria (with a finer granularity), and thus to not mix different dimensions.
Completeness ensures the full consideration of the criterion, by classifying all objects
with this respect, making the generalization class abstract. An incomplete group of
specializations for instance does not offer the possibility to specify (without extra
constraints) the use of an object of the generalization class that does not belong to one
of the specializations. Imposing completeness and disjointness from the beginning
avoids changes related to already covered dimensions due to new needs for
polymorphic use.

When a new criterion is discovered, adding an extra partition can be done without
touching the existing partitions. New combinations must be made, but existing use of
the hierarchy does not have to be changed.

Managing Complex Hierarchies. Suppose we want to build a good spec/gen
hierarchy given the observation of sets of (potential) objects. Each set indicates
polymorphic consideration and/or the observation of a semantically common feature
(or strengthening thereof). These sets can be arbitrarily related to each other.

A full hierarchy can be built in which all features or strengthenings can be
specified once at the appropriate place and in which all current needs for polymorphic
consideration as well as all possible future needs based on combinations of current
sets can be fulfilled without change. A possible hierarchy will have at the top level a
binary partition for each observed set, and below a well-organized hierarchy of
combinations. The future discovery of new sets can be merged with this hierarchy.

The anticipation of all possible future polymorphic needs leads however to an
overly complex and exponentially large hierarchy. Moreover this does not exploit the
intuitive nature of taxonomies in the observed reality.

One way to relax this complexity is to replace binary partitions with partitions
involving more than two specializations (see Fig. 2). This can be done if such a
partition is present (A-B-C) in the sets mentioned above and if the need for neither the
complement (e.g. X\A) nor the union (e.g. A∪B) of some of the specialization classes
is observed or expected in the future. Another way is based on the observation of
subset relationships among the sets (see Fig. 3): the partition introduced by a certain
(set of) set(s) (V) could be placed under a class corresponding with the superset (U).
Also here, the criterion is the expectation that the complement (e.g. Y\V) of none of
the sets, with respect to a larger set (Y) than the union (U), is not needed, i.e. that the
semantic of the dimension introduced by the partition is local.
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This bottom-up taxonomy experiment illustrates that in building a good spec/gen
hierarchy a lot of common sense and realistic expectations about future needs are
needed to manage the trade-off between simplicity and anticipation of future needs.
Moreover good tool support can help us deal with the complexity and evolution.

Fig.2. Introducing partitions with more than two specializations (further combining
specializations left out)

Fig.3. Moving partitions down in the hierarchy (further combining specializations left out)

7 Conclusion

In this paper, we presented our view on specialization/generalization in OO analysis.
The principle of polymorphic consideration is used to decide when to introduce a
generalization. Strengthening guides the redefinition of features at different levels.
Partitioning is put forward as an instrument to build good and stable spec/gen
hierarchies. The observations have been generalized for multiple spec/gen.

An interesting topic for further consideration is among others static versus dynamic
classification or roles [14]. In EROOS currently classification is static, but we believe
dynamic classification can be integrated in our approach, as an option for each
partition. A related issue for further investigation is when to use alternatives of
spec/gen, such as delegation (or reification of roles as another associated class) or
classes modeling types. Also the trade-off described in the last section, as well as the
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position of non-disjoint and incomplete groupings of classes instead of partitions in
this context, asks for further research.
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1 Introduction

In this paper, we consider the framework of ”complex” information systems,
related to biology, geographical information, multimedia, etc. Apart from being
inherently complex, objects of these domains are evolutive, and related applica-
tions require more and more often to take into account this functionality, in the
same way that reusability and extensibility currently are.

What does it mean exactly to bring evolution in a formalism as a basic func-
tionality ? It means proposing, from the very first step of analysis and modeling,
a way to express that future objects will, on one hand be persistent, and on the
other hand be able to evolve through their life. This can be realized by allowing
them to dynamically gain or loose some pieces of structure or behaviour aspects.

This capability is practically added by taking into account the ”role” notion
as a complement of the notions of concept or class. In traditional class-based
models, an object is linked to a single class (its generating abstract model),
according to the mono-instanciation principle, and this class determines the ob-
ject’s structure and behaviour during its lifespan.

Indeed, some propositions, as that of P. Coad [6], suggested that objects
could turn up to play several roles (cf. figure 1), but the role is considered as a
concept located on the same level as the class.

A quick survey of object-modeling past work [14,13,12,10] reveals three es-
sentials features of the evolution functionality :

– the ability for every object to change its structure and behaviour during its
lifespan,

– the ability for every object to play several roles at the same time,
– the ability for every object to enter the systm with a given ”base” role, then

to dynamically gain or loose other roles, thus respecting the Aristotelician
way of considering objects.

In this paper, we present an approach for extending the UML formalism,
in order to take into account evolution of objects. The extension we propose is

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 44–52, 2002.
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name
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<<role>>
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1

1

0..1

0..1

Fig. 1. Classe and roles

based on the main concepts of the database model called Samovar, which is the
first object-role database model that is fully ODMG-compliant[4,1,5]. The goal
of our current work is to provide a complete paradigm for evolution, from the
modeling phase (which is the subject of this paper) to the implementation and
querying phases (which is the subject of the Samovar database system).

The extension we propose is based on the features of UML 1.4 meta-model,
in which the concepts of classifiers and associations are fundamental. We will
emphasize in the conclusion that the various proposals for UML 2.0 consider
the role concept as part of the model, but with a noticeable different meaning.
Indeed, the goal is to consider modelling the whole system behaviour from the
angle of roles.

To our knowledge, only little work has considered evolution in an homo-
geneous way, from modeling to implementation and querying, such that the
ODMG standard prequesites are respected [9,3,11,15] . For a survey on role
management within object-oriented languages and database systems, we refer
the reader to [8,7].

The outline of the paper is as follows: section 2 introduces the basic concepts
of the Samovar model. Section 3 then describes the proposed UML extensions for
taking into account evolution in the modeling phase. Section 4 finally concludes
the paper.

2 Basic Concepts

We shall introduce the core concepts of the Samovar model we rely on:
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2.1 Types

Our model supports three kinds of types: atomic types, constructed types and
user types. Atomic types are: integer, char, string, boolean, real and bits. Con-
structed types are obtained from atomic types by recursive application of the
following constructs: tuple, set and list. Given a class name n, n is a user type,
as well as %n, which is the view type on the class n, related to the new notion
of view on instances of n, presented later.

2.2 Classes and Roles

A class contains a set of roles. Each role is defined by a criterion, a type and a set
of method signatures. Figure 2 identifies the roles in a conceptual manner, with
simple terms, such as Physical, Student, Chemical, etc., reflecting the desired
semantics, for reasons of clarity. Actually, criteria are not simple syntactic terms,
but a restricted form of first-order logic (FOL) formulae freely chosen by the user,
in order to reflect the desired semantics. For example, the class Animal has six
roles: Common, Physical, Chemical, Biological, Predator and Prey, which can,
for example, be respectively defined as true, state(physical), state(chemical),
context(biological), context(biological) ∧ state(predator), and context(biological)
∧ state(prey), or with any other formula the user will choose.

Criteria semantics induce a partial order, defined by FOL logical implica-
tion. Figure 2 shows the role hierarchies within classes. For example, in the
Animal class, as context(biological) ∧ state(predator) implies context(biological),

FOL partial order on role criteria

Is a sub−class

Inherited role

Role defined / redefined

Role

Role

Class nameClass

Physical Chemical

Physical Chemical

Physical Chemical

Solid Liquid Gas

Entity

Plant

Physical Chemical

Animal

Common

Lifeless

Biological

Predator

ChemicalPhysical

Human

Retired Medical

Citizen

Common

Common

Common

EmployedStudent

Biological

Predator Prey

Vegetative

StudentEmployedPrey

Common

Fig. 2. Class and role hierarchies
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then Predator is located under Biological in the role hierarchy. FOL provides a
declarative approach to modeling, and this declarative paradigm provides inter-
esting additional features such as property sharing between roles or declarative
valuation, as illustrated in the next section.

Each of these roles has its own associated type and set of method signatures.
Indeed, no type or method is directly associated to classes. A class is intuitively
seen as a bag of role definitions. It only describes the set of types and operations
that can be assumed by its instances - i.e., all the roles they can play.

Classes are themselves organized in another hierarchy, built on the Is a sub-
class link, with possible multiple inheritance. Unlike in standard object models,
no type is directly assigned to classes. Thus the Is-a-sub-class link is different
here, entailing constraints on the form of the role hierarchies each class contains,
and also on the types and methods of these roles. Therefore, a class inherits its
role hierarchy from its super-classes, and can extend these by adding or refining
roles types, as well as adding or redefining methods. Figure 2 illustrates a class
hierarchy. The top is the Entity class. For example, the Biological role is defined
in the Animal class, and redefined in its Human sub-class.

2.3 Objects

An object is an instance of a class. It can play one or more roles defined in its
class, and gain or lose them dynamically. It always plays the top role of the role
hierarchy defined in its class. It has a specific identifier (OID). The set of roles
played by an object is always a sub-hierarchy of the role hierarchy defined in its
class. To each of these played roles is assigned a value within the object that
conforms to the corresponding type. Figure 3 shows the structure of the object
Peter with an OID of 28. It plays only five roles, which are Common, Physical,
Chemical, Citizen and Student. Values associated with each role conform to the
corresponding types in the Human class.

2.4 Hierarchies

The hierarchies introduced above induce several consequences on object capa-
bilities:

– Role hierarchies: if r′ is located under r, then each object playing the role r′

also plays the role r. Therefore, as Peter plays the Student role, it also plays
the Citizen role. It therefore has the properties surname and firstname, and
it can invoke the methods of Citizen.

– Class hierarchies: if o is an instance of the class c, and if c is a sub-class of
c′, then o can play all the roles defined in c′. Thus, as Peter is an instance
of the Human class, it can play all the roles of the Animal class and of the
Entity class.
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ChemicalPhysical Citizen

name : human#34

diploma : BSc
register : 9028composition : 70%water

radioactivity : 0

FOL partial order on role criteria

Is an instance of

Predator

ChemicalPhysical

Human

Prey Medical

CitizenBiological

Common

Common

StudentEmployed

EmployedStudent

Retired

Peter (OID 28)

Student

weight : 60kg
color : multiple

firstname : Peter
surname : Smith

Fig. 3. A class instance

3 Potential Extension of the UML Formalism

The UML formalism [16,2] is presently used in numerous object-oriented analysis
and modeling cases. One of its strength is to offer a communication channel
through a projection of the analyzed system, this projection being obtained
from graphical representation. Its strength relies on the definition of the meta-
model in which all the elements necessary for the object-oriented approach are
defined. However, one must note that some elements are still lacking, in order
the formalism to be able to answer some natural situations in which the objects
evolution must be taken into account.

Therefore, we propose to extend the notion of ”role” within the UML formal-
ism. The concept of role in UML is considered as ”association role”. Indeed, if
we refer to the excerpt of UML meta-model, related to associations (cf. figure 4),
classes that are implicated as AssociationEnd in an association can play a role
in this association which can be described in the class diagram.

As presented in figure 5, our proposition is to insert, at the meta-model level,
a specialization of Classifier.

Current Classifiers are elements that are specialized in a ”static” way, accord-
ing to the modeler wish (for example by creating a generalization-specialization
link between classes). A role can be introduced as a ”dynamic” classifier because
it contains StructuralFeature and BehavioralFeature as traditional classifiers, but
also LogicalFeature (or criterion) and its specialization is automatically deduced
according to its criterion. The Classifier element is refined in Class (with a tra-
ditional meaning) and in D Class (the new way to define classes in terms of an
aggregation of roles).
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1 *
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0..1

type

isNavigable
isOrdered
agregation
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changeable
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visibility

GeneralizableElement

Attribute

AssociationClass

Classifier

Class

Association

Fig. 4. UML meta-model association and classes

Moreover, the UML metamodel must be enriched by adding automatic spe-
cialization (Is-an-extension link between roles) and specialization-generalization
between D class(es) (Is-a-subclass link) to RelationShip elements.

Within a given model (cf. figure 6), we could therefore have the concept of
Dynamical Classifier as a stereotype role. The D class would be constructed as
a Classifier, but it would be here an aggregate of roles, not a set of attributes
and operations.

Concerning the instanciation, the constructors associated to the D class can
specify which role is the base role.

4 Conclusion and Perspectives

The object-oriented paradigm is indeed largely used because of the powerful
mechanism of specialization and generalization which allows the modeler to fac-
torize the common characteristics, thus simplifying his/her tasks.

However, the principle of mono-instanciation remains a strong constraint
which ties the modeler to a fixed vision of objects.
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Introducing the role notion as we present it in this paper, adds a declarative
part (criteria) to the existing formalism, and allows a dynamic classification.
The role hierarchy is induces by the system by logical implication. The modeler
can continue to refine classes as usual, because the traditional specialization-
generalization link is still conserved.

It seems to us that these double-semantics of classification is underlying and
necessary to the evolutive nature of objects we presented in the introduction.

The evolution of UML towards realease 2.0 extends the modelling process
by considering two perspectives or viewpoints: Class Perspective (CP) and Role
Perspective. It seems that our proposition lies in the CP perspective, for which
we think the concept of classifier can be treated in a different manner. However,
the RP perspective is a interesting approach from which Samovar may implement
some additional features, especially as we study the opportunity of using it in
the framework of software components.

As stated before, the proposition presented in this paper, has been imple-
mented and used in the context of the Samovar database system. Our goal is
thus to provide a full framework for evolution from modeling to implementation
and querying.

Dynamical_Classifier
0..1

1

Class

Element

StructuralFeature

1

ModelElement

Parameter

BehavioralFeature

∗

0..∗

0.
.∗ GeneralizableElement Feature

Classifier

0..∗

LogicalFeature

D_Class

type

type

Fig. 5. Extension of UML meta-model
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Abstract. This paper proposes to use the formal technique of Concept
Analysis to analyse how methods and classes in an object-oriented inher-
itance hierarchy are coupled by means of the inheritance and interfaces
relationships. Especially for large and complex inheritance hierarchies,
we believe that a formal analysis of how behaviour is reused can pro-
vide insight in how the hierarchy was built and the different relation-
ships among the classes. To perform this analysis, we use behavioural
information provided by the self sends and super sends made in each
class of the hierarchy. The proposed technique allows us to identify weak
spots in the inheritance hierarchy that may be improved, and to serve
as guidelines for extending or customising an object-oriented application
framework. As a first step, this paper reports on an initial experiment
with the Magnitude hierarchy in the Smalltalk programming language.

1 Introduction

Understanding a software application implies to know how the different entities
are related. In the case of an object-oriented application framework, our entities
are classes and methods. When a developer defines a class in an application,
he requires knowledge about how behaviour and structure have to be reused
using inheritance techniques. It is not trivial to achieve optimal reuse, especially
when the number of classes is large or the inheritance hierarchy is deep. In these
situations, concept analysis can be used as a technique to help us cope with
these problems, by analysing the inheritance and interface relationships among
the classes in the class hierarchy. Then we can understand and document the
way inheritance is used in the framework, and use this information to provide
guidelines for how the framework can be modified or customised without running
into behavioural problems or without breaching the design conventions used
when building the framework.

Concept Analysis (CA) is a branch of lattice theory that allows us to identify
meaningful groupings of elements (referred to as objects in CA literature) that

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 53–63, 2002.
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have common properties (referred to as attributes in CA literature) 1. These
groupings are called concepts and capture similarities among a set of elements
based on their common properties. Mathematically, concepts are maximal col-
lections of elements sharing common properties. They form a complete partial
order, called a concept lattice, which represents the relationships between all the
concepts [1,15,6]. To use the CA technique, one only needs to specify the prop-
erties of interest on each element, and does not need to think about all possible
combination of these properties, since these groupings are made automatically
by the CA algorithm.

2 Applying Concept Analysis to Inheritance Hierarchies

In this paper, we report on an experiment that uses concept analysis to analyse
an existing inheritance hierarchy with the aim to better understand how inheri-
tance is used in practice to achieve reuse, and to provide guidelines to improve
the inheritance hierarchy. To achieve this, we analyse classes and their meth-
ods based on their relationships in terms of inheritance, interfaces and message
sending behaviour. The inheritance relationship indicates whether a class is an
ancestor or descendant of another one. The interface relationship indicates which
methods are defined abstract or concrete in each class. The message sending be-
haviour indicates which methods are called by other methods in a class. Because
we are mainly interested in reuse of behaviour, we will only look at self sends
and super sends.

As a first step, we need to define the elements and properties we wish to rea-
son about to apply the CA technique. Because we are interested in classes in an
object-oriented hierarchy, together with their methods and the messages sent by
these methods, we define an element as a pair (C, s) such that “a method with
signature s is called (via a self send or super send) by some method implemented
in the class C”. For the CA properties, we chose a classification based on the
relationships explained previously:

Classification based on message sending behaviour. (C, s) satisfies predicate
calledViaSelf if s is called via a self send by some method in C. (C, s) satisfies
predicate calledViaSuper if s is called via a super send by some method in C.

Classification based on interface relationship. (C, s) satisfies predicate isCon-
creteIn: D if s is implemented as a concrete method in class D. (C, s) satisfies
predicate isAbstractIn: D if s is implemented as an abstract method in class D.

Classification based on inheritance relationship (C, s) satisfies predicate isDe-
finedInAncestor: D if D defines s and is an ancestor class (i.e., a direct or
indirect superclass) of C. (C, s) satisfies predicate isDefinedInDescendant: D
if D defines s and is a descendant class (i.e., a direct or indirect subclass) of C.
1 We prefer to use the terms element and property instead of object and attribute
because the latter terms have a specific meaning in the object-oriented paradigm.
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(C, s) satisfies predicate isDefinedLocally if C defines s. This means that s is
defined in the same class that calls it.

CA properties are then defined as conjunctions obtained by taking one pred-
icate from each classification. Below, we present some of the properties that can
be obtained by a conjunction of the predicates presented previously.

– Predicate concreteSuperCaptureIn: D is a conjunction of calledViaSuper,
isConcreteIn: D and isDefinedInAncestor: D. (C, s) satisfies this predicate
if s is called via a super send in some method of C, and the receiver method
is implemented in the class D that is an ancestor class of C.

– Predicate concreteSelfCaptureLocally: C is a conjunction of calledVia-
Self, isConcreteIn: C and isDefinedLocally. (C, s) satisfies this predicate if s
is called via a self send in some method of C, and the receiver method is
defined as a concrete one in the same class C.

– Predicate concreteSelfCaptureInAncestor: D is a conjunction of called-
ViaSelf, isConcreteIn: D and isDefinedInAncestor: D. (C, s) satisfies this
predicate if s is called via a self send in some method of C, and the receiver
method is defined as a concrete one in the class D that is an ancestor class
of C.

– Predicate concreteSelfCaptureInDescendant: D is a conjunction of
calledViaSelf, isConcreteIn: D and isDefinedInDescendant: D. (C, s) sat-
isfies this predicate if s is called via a self send in some method of C, and
the receiver method is defined as a concrete one in the class D that is a
descendant class of C.

– Predicate abstractSelfCaptureLocally: C is a conjunction of calledVia-
Self, isAbstractIn: C and isDefinedLocally. (C, s) satisfies this predicate if s
is called via a self send in some method of C, and the receiver method is
defined as an abstract one in the same class C.

C5

s1 {self s4, self s5}
s2
s3
s4 {self s6}
s5 {abstract}
s6 {abstract}

C1

s1 {super s1}
s5
s6 {self s1}

C2

s2 {super s2}
s5

C3

s1 {super s1}
s2
s3 {super s3}

C4

s2 {super s2}
s4 {super s4}
s5 {self s2}
s6 {self s5, self s6}

Fig. 1. Example class hierarchy
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As an example of how these properties can be used to compute concepts,
take a look at the example class hierarchy of Figure 1. All self sends and super
sends in the source code have been annotated between curly braces. Based on
this information, the CA algorithm will automatically compute the following
concepts (among others):

– Concept 1 has elements { (C4, s2), (C4, s5), (C4, s6) } and properties { con-
creteSelfCaptureLocally: C4 }. This means that only the selectors s2, s5

and s6 are called via a self send that is captured by concrete method imple-
mentations in the class C4 itself.

– Concept 2 has elements { (C1, s1), (C2, s2), (C3, s1), (C3, s3), (C4, s2),
(C4, s4) } and properties { concreteSuperCaptureIn: C5 }. This means that
only the selectors s1, s2, s3 and s4 are called via a super send in the
classes C1, C2, C3, C4 and they are implemented by a concrete method
in the ancestor C5 of these classes.

– Concept 3 has elements { (C5, s5), (C5, s6) } and properties { abstractSelf-
CaptureLocally: C5, concreteSelfCaptureInDescendant: C1, concreteSelfCap-
tureInDescendant: C4, }. This means that abstract methods s5 and s6 in C5

are defined concrete in the subclasses C1 and C4.

In the remainder of this paper, we will make the concept notation more
compact by grouping together all selectors that belong to the same class. For
example, the element set of concept 2 can be abbreviated to {(C1,s1), (C2,s2),
(C3,{s1, s3}), (C4,{s2, s4})}. We will also identify each concept by a unique
number that is automatically assigned to the concept by the CA algorithm.

3 Case Study

The abstract example of section 2 was only intended to make the reader un-
derstand how the process works. Our actual experiment consists of applying the
CA technique to study the Magnitude inheritance hierarchy of Smalltalk in more
detail2. We decided to use the Magnitude hierarchy for our first experiment be-
cause: it is sufficiently large to get meaningful results (29 classes, 894 methods);
it heavily relies on code reuse by inheritance (19 abstract methods, 296 self sends,
49 super sends); it is stable and well-documented; it is commonly available for
most versions of Smalltalk. Figure 2 displays the part of the Magnitude hierarchy
that is used for the examples later in this paper.

Based on results provided by the CA algorithm, we analyzed the relation-
ships between the classes in terms of inheritance, interface and message sending
behaviour. With SOUL, a logic meta-programming language built on top of –
and tightly integrated with– Smalltalk [17], we extracted 248 elements and 73

2 For our experiments, we worked in VisualWorks release 5i4, and restricted ourselves
to only those classes belonging to the Smalltalk namespaces Core, Graphics, Kernel,
and UI.
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Magnitude

ArithmeticValue

Point Number

IntegerFractionLimitedPrecisionReal

Double Float LargeInteger SmallInteger

LargePositiveInteger LargeNegativeInteger

Fig. 2. Smalltalk Magnitude class hierarchy

properties. 3 Based on this, the CA algorithm that we implemented directly in
Smalltalk computed 125 concepts as a result.

As we said previously, the properties will be of the form concreteSuperCap-
tureIn: C, concreteSelfCaptureInDescendant: C, abstractSelfCaptureLocally: C,
concreteSelfCaptureLocally: C, concreteSelfCaptureInAncestor: C, . . . . If we ab-
stract the argument C out of these properties, we find that many concepts resem-
ble each other because they contain the same set of properties. This commonality
between concepts allows us to identify concept patterns. A concept pattern con-
sists of a textual and graphical description, a concrete example related to the
Magnitude class hierarchy, and an analysis of how the pattern provides more
insight in how parts of the code are reused.

Concept Pattern 1: Self Sends Captured Locally

A set of selectors m1 . . .mp are called via a self send in a class B and they are
implemented in the same class. Figure 3 shows this concept pattern graphically.
It occurs in 21 concepts of the Magnitude concept lattice.

For example, concept 71 has elements {(Fraction, {reduced, negative, as-
Float, asDouble})} and properties {concreteSelfCaptureLocally: Fraction}.

This concept pattern is useful to document the internal interface of a class,
i.e., the set of all selectors that are implemented in the class and to which
self sends are made by methods implemented in the same class. This internal
interface captures and documents the core behaviour of the class. This can be
used to distinguish the core methods of a class from the auxiliary ones. This is
important information for reusers because, if the core methods are overridden in
a subclass, all auxiliary methods will still work correctly with the new core [10].

3 For our experiment we computed a static approximation of the self sends and super
sends. For example, even if sends occur in a conditional branch that is never executed,
they are still extracted by our algorithm.
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m1 { ..... }
.....
mp { ...... }

.... { self m1 } ....

..... { self mp } ....

B

Fig. 3. Concept pattern 1
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... { self mp }

n

   ....... 

  B

    mp { .... }

    m1 { .... }

Fig. 4. Concept pattern 2

Concept Pattern 2: Self Sends Captured in Ancestor

A set of selectors m1 . . . mp implemented in a class B are called via self send in
descendant classes A1 . . . An. Figure 4 displays this concept pattern graphically.
It occurs in 9 concepts of the Magnitude concept lattice.

For example, concept 73 has elements {(LargePositiveInteger, {digitLength,
digitAt:}), (LargeNegativeInteger, {digitLength, digitAt:})} and properties
{concreteSelfCaptureInAncestor: LargeInteger}.

This concept pattern is useful to detect the actual subclass interface of a class,
i.e., the set of all selectors that are implemented in the class and to which self
sends are made by subclasses. Changes to these methods will also have an impact
in all subclasses that reuse it. For example, using concept 73 we know that if
we change the implementation of digitLength or digitAt: in LargeInteger, we have
to check whether the methods in LargePositiveInteger and LargeNegativeInteger
that call these methods still behave as expected.

In terms of software refactoring [4], the concept pattern can sometimes be
used to identify common code in sibling classes that is useful to refactor in
the common superclass. For example, concept 73 illustrates that, to a cer-
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tain extent, sibling classes LargePositiveInteger and LargeNegativeInteger reuse
the behaviour defined in their superclass LargeInteger in the same way. Fur-
ther investigation of the actual source code allows us to discover that the self
sends (digitLength: and digitAt:) are invoked from within the implementation
of the method compressed in both sibling classes and the implementation of this
method is very similar in both cases. Hence, a refactoring might be appropriate
to extract this common behaviour into an auxiliary method that can be pulled
up into the common superclass LargeInteger. This analysis showed us a limita-
tion of our approach: we should not only take the receiver of a self send into
account (in this case digitLength and digitAt:) but also the sender (in this case
compressed), since this represents essential information.

Concept Pattern 3: Super Call

A set of selectors m1 . . .mp implemented in the class B are called via a super
send in descendant classes A1 . . . An. Figure 5 illustrates this concept pattern
graphically. It occurs in 8 concepts of the Magnitude concept lattice.

For example, concept 105 has elements {(Float, {>, ≥, ≤}), (Double,
{>, ≥, ≤}), (SmallInteger, {>, ≥, ≤}), (LargeInteger, {>, ≥, ≤})} and prop-
erties {concreteSuper-CaptureIn: Magnitude}.

This concept pattern can be used to detect the actual overriding interface of a
class, i.e., the set of all selectors that are implemented in the class and to which
super sends are made by methods implemented in descendants. For example,
concept 105 shows that {>, ≥, ≤} is an important part of the overriding
interface of Magnitude, since each of these selectors are overridden in descendant
classes Float, Double, SmallInteger and LargeInteger for optimisation purposes.

The concept pattern can also detect situations of implementation inheri-
tance [11]. Typically, when implementation inheritance is used, a class overrides
many methods defined in its parent (and uses super sends to invoke the parent
behaviour). Finally, the concept pattern can provide guidelines for framework
customisation. If we define a new subclass of a given class, it is likely that we
have to override the methods specified in the overriding interface of the parent
class. For example, if we would decide to create a new subclass of LimitedPreci-
sionReal or Integer, it is very likely that we need to override all the selectors in
{>, ≥, ≤}.

Concept Pattern 4: Local Self Send Captured in Descendants

A set of selectors m1 . . . mp are called via a self send in the class A and the
selectors are implemented in A and in some of its descendant classes B1 . . . Bk.
Figure 6 shows this concept pattern in a general way. It occurs in 31 concepts
of the Magnitude concept lattice.

For example, concept 69 has elements {(Number, {raisedTo:, sqrt, ln, trun-
cated})} and properties {concreteSelfCaptureInDescendant: Float, concreteSelf-
CaptureInDescendant: Double, concreteSelfCaptureLocally: Number}.
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    m1 { .... }
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Fig. 5. Concept pattern 3
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m1 { . . . }
. . . . 
mp { . . . }

Fig. 6. Concept pattern 4

This concept pattern documents which specific methods are overridden in the
subclasses of a common superclass. This means that the superclass defines some
common or default behaviour for these methods, and each of the descendants can
override this implementation via the mechanism of late binding with subclass-
specific behaviour.

Concept Pattern 5: Local Self Send with Super Delegation

A set of selectors m1 . . .mp are called via a self and super send in a class A
and the selectors are implemented in the same class A as well as in an an-
cestor class B. Figure 7 illustrates this concept pattern graphically. It occurs
in 4 concepts of the Magnitude concept lattice. For example, concept 48 has
elements {(SmallInteger, {>, ≥, ≤})} and properties {(concreteSuperCapture:
Magnitude, concreteSelfCaptureLocally: SmallInteger}

This concept pattern documents delegation between methods in the same
class and with the superclass. In all the found cases, the method that calls a
selector via a super send has the same name as the selector itself. For example,
in SmallInteger the method ≥ contains a “super ≥” statement. This means
that part of the action to be executed (when a self send is made) is defined in
the superclass, and the message is delegated by a super send.

Concept Pattern 6: Template Methods and Hook Methods

A set of selectors m1 . . . mp are called via a self send in a class A and the selectors
are implemented as abstract methods in the same class A and are implemented
as concrete methods in descendant classes B1 . . . Bk. Figure 8 illustrates this
concept pattern graphically. It occurs in 7 concepts of the Magnitude concept
lattice.

In the Magnitude hierarchy, this concept pattern only occurs for the
subhierarchies with root classes Integer and ArithmeticValue. For exam-
ple, concept 31 has elements {(ArithmeticValue, {*, -})} and prop-
erties {abstractSelfCaptureLocally: ArithmeticValue, concreteSelfCaptureInDe-
scendant: {LargeInteger, Fraction, Integer, SmallInteger, Float, FixedPoint,
Point, Double} }.



Analysing Object-Oriented Application Frameworks Using Concept Analysis 61

    m1 {.....}
   .... { self m1 }
   .... { super m1}

  B
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Fig. 7. C. pattern 5

 1B B2

    

A

. . . { self m1 }

. . . { self mp }

m1 { . . . . }
. . . 
mp  { . . . }

m1 { . . . . }
. . . .
mp { . . .  }

m1 { . . . }
. . . . 
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Bk

m1 { <abstract> }
mp { <abstract>  }

Fig. 8. Concept pattern 6

In this example, the abstract methods {*,-} in ArithmeticValue are called
by other methods of the same class, but the actual implementation is defined
in descendant classes. This concept pattern identifies the hot spots in an object-
oriented application framework [9,3]. These hot spots are implemented by means
of so-called template methods and hook methods [16,5]. In their simplest form,
template methods are methods that perform self sends to abstract methods,
which are the hook methods that are expected to be overridden in subclasses.

The information expressed in this concept pattern identifies the abstract in-
terface of a class, as well as the subclasses that provide a concrete implementation
of this interface. This information is essential during framework customisation
when we want to add a concrete subclass of an abstract class, because it tells us
which methods should be at least be implemented.

4 Related Work

Godin and Mili [7,8] used concept analysis to maintain, understand and detect in-
consistencies in the Smalltalk Collection hierarchy. They showed how Cook’s [2]
earlier manual attempt to build a better interface hierarchy for this class hier-
archy (based on interface conformance) could be automated. In C++ and Java,
Snelting and Tip [13] analysed a class hierarchy by making the relationship be-
tween methods and variables explicit. They were able to detect design anomalies
such as class members that are redundant or that can be moved into a derived
class. The approach proved useful to serve as a basis for automated or inter-
active restructuring tools for class hierarchies. Siff and Reps [12] used concept
analysis to modularise legacy C programs into C++ classes. Last but not least,
Tonella and Antoniol [14] used concept analysis to infer structural design pat-
terns from C++ code, which also provides crucial information to get a deeper
understanding of object-oriented application frameworks.

All the above approaches only took information into account about which
selectors are implemented by which classes. More behavioural information (e.g.,
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based on self and super sends) was not considered. Hence, they could only de-
tect interface inheritance but not implementation inheritance. As shown in this
paper, more behavioural information about how a subclass is derived from its
subclass is essential to analyse and understand the kind of reuse that is achieved.

5 Conclusion and Future Work

In this paper we analysed the well-known Magnitude inheritance hierarchy in
Smalltalk using Concept Analysis. Based on information about self sends, super
sends and invoked methods, we calculated the concept lattice for this hierar-
chy. We classified the generated concepts into concept patterns, which provide a
roadmap of the code that ought to be analysed and understood. With the in-
formation given by the concept patterns, we discovered a number of interesting
non-documented relationships about how classes and methods in the hierarchy
are reused. A preliminary analysis of these patterns strengthened our belief that
the technique is useful to: document the subclass interface of a class; provide
guidelines on how an object-oriented framework can be customised or reused;
identify hot spots in an object-oriented application framework; detect the type
of inheritance (e.g. interface inheritance or implementation inheritance) used in
an inheritance hierarchy; identify opportunities for refactoring; get insight in the
potential impact of changes to framework classes. Based on these results, we be-
lieve that Concept Analysis is a promising technique in the understanding and
re-engineering of large inheritance hierarchies.

Based on these results, we know that a lot of further research is necessary.
One research avenue concerns the applicability of CA. We intend to confirm
the usefulness of our method by analysing other well-known and non-trivial
Smalltalk class hierarchies (e.g., Collection, Model, View and Controller). We
also want to apply our approach to other object-oriented languages (such as
Java and C++) to investigate the effect of language-specific properties (such
as interfaces or multiple inheritance) by comparing similar class hierarchies in
different languages. Another topic of future work is to investigate the effect of
other behavioural information such as method invocations, variable accesses and
variable updates; or the effect of other essential relationships between classes,
such as composition and aggregation. Finally, we should take into account the
additional information provided by how the concepts in the generated concept
lattice are related via a partial order.

Acknowledgements

We thank Dirk Deridder, Oscar Nierstrasz, Roel Wuyts and the referees for their
feedback.



Analysing Object-Oriented Application Frameworks Using Concept Analysis 63

References

1. G. Birkhoff. Lattice theory. American Mathematical Society, 1940. 54
2. William R. Cook. Interfaces and specifications for the smalltalk-80 collection

classes. In Proc. Int’l Conf. Object-Oriented Programming Systems, Languages,
and Applications, volume 27(10) of ACM SIGPLAN Notices, pages 1–15. ACM
Press, October 1992. 61

3. Serge Demeyer. Analysis of overriden methods to infer hot spots. In Serge Demeyer
and Jan Bosch, editors, ECOOP ’98 Workshop Reader, volume 1543 of Lecture
Notes in Computer Science. Springer-Verlag, 1998. 61

4. Martin Fowler. Refactoring: Improving the Design of Existing Programs. Addison-
Wesley, 1999. 58

5. E. Gamma, R. Helm, R. Johnson, and J. Vlissides. Design Patterns: Elements of
Reusable Object-Oriented Languages and Systems. Addisson-Wesley, 1994. 61

6. B. Ganter and R. Wille. Formal Concept Analysis: Mathematical Foundations.
Springer Verlag, 1999. 54

7. Robert Godin and Hafedh Mili. Building and maintaining analysis-level class hier-
archies using galois lattices. In Proc. Int’l Conf. Oject-Oriented Programs, Systems,
Languages and Applications, volume 28 of ACM SIGPLAN Notices, pages 394–410.
ACM Press, October 1993. 61

8. Robert Godin, Hafedh Mili, Guy W. Mineau, Rokia Missaoui, Amina Arfi, and
Thuy-Tien Chau. Design of class hierarchies based on concept (galois) lattices.
Theory and Application of Object Systems, 4(2):117–134, 1998. 61

9. Ralph E. Johnson and Brian Foote. Designing reusable classes. J. Object-Oriented
Programming, 1(2):22–35, February 1988. 61

10. John Lamping. Typing the specialization interface. In Proc. Int’l Conf. Oject-
Oriented Programs, Systems, Languages and Applications, volume 28 of ACM SIG-
PLAN Notices, pages 201–214. ACM Press, October 1993. 57

11. Bertrand Meyer. Object-Oriented Software Construction. Prentice Hall, second
edition, 1997. 59

12. Michael Siff and Thomas Reps. Identifying modules via concept analysis. In Proc.
Int. Conf. Software Maintenance, pages 170–179. IEEE Computer Society Press,
1997. 61

13. Gregor Snelting and Frank Tip. Reengineering class hierarchies using concept
analysis. In ACM Trans. Programming Languages and Systems, 1998. 61

14. Paolo Tonella and Giulio Antoniol. Object oriented design pattern inference. In
Proc. Int’l Conf. Software Maintenance, pages 230–238. IEEE Computer Society
Press, 1999. 61

15. R. Wille. Restructuring lattice theory: An approach based on hierarchies of con-
cepts. Ordered Sets, Ivan Rival Ed., NATO Advanced Study Institute, pages 445–
470, September 1981. 54

16. R. Wirfs-Brock, B. Wilkerson, and L. Wiener. Designing Object-Oriented Software.
Prentice Hall, 1990. 61

17. R. Wuyts. Declarative reasoning about the structure of object-oriented systems. In
Proc. Int’l Conf. TOOLS USA’98, pages 112–124. IEEE Computer Society Press,
1998. 56



Using Both Specialisation and Generalisation

in a Programming Language: Why and How?

Pierre Crescenzo and Philippe Lahire

Laboratoire I3S (UNSA/CNRS)
Projet OCL 2000 route des lucioles
Les Algorithmes Bâtiment Euclide

B BP 121 F-06903 Sophia-Antipolis CEDEX, France
{Pierre.Crescenzo,Philippe.Lahire}@unice.fr
http://www.i3s.unice.fr/{~crescenz/,~lahire/}

Abstract. The reuse of libraries of classes by client applications is an
interesting issue quite difficult to achieve, especially when modification of
the class tree is needed but not possible because of the context. We pro-
pose a solution which is based on the presence of both specialisation and
generalisation relationships in an object-oriented programming language.
The specification of both relationships is based on a meta-model called
OFL which provides a support for describing the operational semantics
of a language through the definition of parameters and semantical ac-
tions. We propose an overview of the expressiveness of OFL and of its
implementation and we give also some other interesting applications.

1 Introduction

In this paper we address the problem of the reuse of libraries of classes by client
applications when modifications of the class tree is needed. We propose a solu-
tion which is based on the introduction of both specialisation and generalisation
relationships in future object-oriented programming langages. This idea to com-
bine both relationships altogether is also pointed out in [5] which focuses more
on the integration feasibility within existing OOPL. According to the handling
of libraries of classes there are other problems to solve like the maintenance of
classes (removal of deprecated features, redefinitions, etc.) that may be solved
using interclassing [4]. Even if those approaches deal with the use of libraries
of classes by client applications, the philosophy is quite different: our approach
deals with existing libraries that may not be modified by client applications
whereas the other approach is related to the modification of libraries of classes
themselves and their consequences in client applications.

To develop this idea, we present two main parts. Firstly, in section 2, we
describe a very pragmatic situation where specialisation and generalisation are
useful in the graph of types. You will see that the use of only one of them would
lead to only a poor approximation.

Secondly, in section 3, we present a practical solution to define a new pro-
gramming language with both specialisation and generalisation, or to improve an
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existing language with a reverse inheritance. This solution is based on the OFL
Model (“Open Flexible Languages”) [2]. The section 4 presents some implemen-
tation issues which handle principles of the OFL Model. Then, we conclude the
paper in the last section, 5.

2 Why Both Specialisation and Generalisation?

Our approach is defined in the context where a programmer uses a software
library of components (these components could be classes). He may have written
this library or not, but he cannot modify it. This situation happens very often,
for instance when the code is not provided, when it is copyrighted, when it has
to be left unchanged for existing applications, and so on. The figure 1 give an
example of such a very simple library with two very typical classes.

Now, for a specific program need or to make the library evolve, we want to
add a component in the library (i. e. a class in the graph). This fact is illustrated
in figure 2.

We can imagine three solutions to integrate Rectangle in the hierarchy:

1. The first is the most simple: “If we want to add a class, we must reorganise
all the hierarchy!” This solution, illustrated in figure 3, is obviously the best
one. But the best one if we can modify the hierarchy and an impossible
one otherwise. And even if we could modify the existing classes, it could be
a bad idea: we could add some bugs in some other applications which use
these existing library and, in the example, the stability of Square is called
into doubt by introducing Rectangle.

Parallelogram

Square

A B
B specialises A

Caption

Fig. 1. An existing and unmodifiable hierarchy of classes

Parallelogram

Square

Rectangle
?

Fig. 2. A new class in the unmodifiable hierarchy
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Parallelogram

Square

Rectangle

Fig. 3. The first solution: a total reorganisation of the hierarchy

2. A second solution respects the constraint of the unmodifiable existing hi-
erarchy. The idea is to insert Rectangle as a specialisation of Parallelogram,
as you can see in figure 4. Here there is no problem with existing classes
and the relationship between Parallelogram and Rectangle is correct. But the
instances of Square logically have to be instances of Rectangle and this is not
the case here.

Parallelogram

Square Rectangle

Fig. 4. The second solution: Rectangle specialises Parallelogram

3. The third solution is to take advantage of the fact that Rectangle is closer
from Square than from Parallelogram. So, the idea is to specialise Square
rather than Parallelogram as it is shown in figure 5. This solution is valid
as long as polymorphism capabilities between Square and Rectangle are not
used. The instances of Square logically have to be instances of Rectangle and
this is the contrary here.

Rectangle Square Parallelogram

Fig. 5. The third solution: Rectangle specialises Square

As we just see, if we have only specialisation (the problem is the same if we
have only generalisation), we can make evolution of a graph of classes without
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risk (e.g. without modifying existing classes) but we can’t have, simultaneously,
a valid behaviour of the types (e.g. correct polymorphism capabilities) in the
resulting graph.

Our proposition is to add a generalisation relationship in order to have both
specialisation and generalisation in the same language. Generalisation is only the
reverse link of specialisation so, theoretically, only one of them is sufficient. But
practically, we could perfectly resolve our evolution problem with both. Let’s
show you a new figure, 6. It demonstrates a good way to handle evolution in our
graph of classes. Rectangle is integrated as a specialisation of Parallelogram and
a generalisation of Square. But what are the advantages in comparison with the
three previous solutions?

The advantage of our solution in relation to the first one is that no class is
modified in the initial graph. If we haven’t the code or the right to modify it,
we can nevertheless apply a relevant adaptation of the graph. And even if we
can modify the initial graph, our solution protects the quality of Square since
the new Rectangle must be compatible with the well-tried Square and not the
contrary. In comparison with the second proposition, to use both links allows
to make capital out of a correct behaviour of polymorphism between Square
and Rectangle. In relation with the third approximative solution, the idea to use
generalisation is better because the graph of types is relevant : a square is a
rectangle and not the contrary! Obviously the pseudo-code inserted in figure 6
is not self-sufficient to explain the semantics and it should be deeply discussed.
Particularly, he has to be linked to the possible parameter values presented
in 3.2 and should be further specified by assertions built on the model reification.
However, in order to give a flavour of the capabilities which may be provided
to programmers, we could say that in a Java-like language, the two keywords
extends and generalizes are strongly related to lookup operation (see 3.3) in order

Parallelogram

Square

Rectangle

Caption

B generalises A
A B

Class Parallelogram

Class Square extends Parallelogram

{

}

{

}

int edgeLength () {
int surfaceArea (){ }

int surfaceArea (){ ... general implementation ... }

... square implementation ...

// Rectangle implementation

pseudo−code associated to classes
close from Java

edge length is the same for all }

Rectangle r = new Rectangle ();
Square s = new Square ();

Parallelogram p ;

... Object initialisation ....

p = s; p.surfaceArea ();

p = r; p.surfaceArea(); 

r = s; r.surfaceArea();

r = s; r.edgeLength(); // Not allowed

// Square implementation

// Square implementation

int surfaceArea (){ ... Rectangle implementation ...

Class Rectangle extends
Square
Parallelogram

{

}

}

edge
generalizes

without

Fig. 6. A satisfactory integration of Rectangle with possible pseudo-code
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to implement polymorphism and to allow to access to class instances as if the
class hierarchy was the one described in figure 3.

3 How? The Model Open Flexible Languages

3.1 OFL in a Nutshell

This section presents the OFL model (Open Flexible Languages) and its capa-
bility to define easily both specialisation and generalisation.

The OFL Model aims to describe the main object-oriented programming
languages (such as Java, C++, Eiffel, . . . ) to allow their evolution and their
adaptation to specific programmer’s needs. To reach this goal, OFL reifies all
elements of an object-oriented programming language in a set of components
of a language. Thus classes, methods, expressions, messages, and so on are the
OFL-components and are integrated in a specific MOP (Meta-Object Protocol)
which is self-extendable and contains the set of entities needed for the reification
of both languages and user applications.

The meta-programmer creates a language by selecting adequate OFL-compo-
nents in predefined libraries. He can also specialise a given OFL-component in
order to generate one dedicated to some specific uses.

Classes are reified by OFL-components. Take the example of Java. We
have ComponentJavaClass, ComponentJavaInterface, ComponentJavaArray, . . . An
originality of OFL is that relationships are also reified. So, we have for Java:
ComponentJavaExtendsBetweenClasses, ComponentJavaImplements, etc1.

To facilitate the creation of an OFL-component, OFL provides some meta-
components, called OFL-concepts. So, we have a ConceptRelationship and a Con-
ceptDescription (the word description has been chosen to represent classes and
all entities which look like classes, such as interfaces). Thus, ConceptDescription
as well as ConceptRelationship are equivalent to meta-meta-classes. In each con-
cept, a set of parameters gives the meta-programmer necessary expressiveness
to create or adapt an OFL-component.

3.2 Hyper-Generic Parameters

But how can the meta-programmer easily define the OFL-components for the
language he wants to create or adapt? In fact, this work may be very difficult and
tedious because he would have to rewrite a lot of algorithms such as type controls,
dynamic links, use-of-polymorphism verifications, inheritance rules, etc..

In OFL, we provide a way to simplify this task: hyper-generic parameters. All
the algorithms are predefined and are customized by hyper-generic parameters
which have a value in each OFL-components.

In the sequel, we illustrate a subset of the hyper-generic parameters which
can be applied to an OFL-component reifying a relationship to customize it.
We explain each parameter and its capabilities of customization, and we give
1 The full list of OFL-components for Java is given in [1].
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its value when it is mandatory for the definition of ComponentSpecialisation and
ComponentGeneralisation.

Kind In OFL, we handle four kinds of relationships: import for inheritance and
all other importation links between descriptions, use for aggregation, compo-
sition, and all other use links between descriptions, type-object for all links
between types and objects such as instantiation, and objects for all links
between objects. Its value for ComponentSpecialisation and ComponentGen-
eralisation is import.

Cardinality It defines the maximal cardinality of a relationship. For example,
the value of Cardinality is 1 − 1 for a single inheritance and 1 − ∞ for a
multiple one. We want to specify single links, so its value is 1 − 1 for Com-
ponentSpecialisation and ComponentGeneralisation.

Repetition It is useful if and only if Cardinality is not 1 − 1 (to implement
repeated inheritance, for example). For ComponentSpecialisation and Com-
ponentGeneralisation, the value of Repetition is ignored.

Circularity It expresses if the OFL-component admits a circular graph (it is use-
ful mainly for use relationships). Circularity is forbidden for ComponentSpe-
cialisation and ComponentGeneralisation.

Symmetry This parameter points out if the OFL-component provides relation-
ships that are symmetrical (e.g. a is-a-kind-of relationship). Neither Compo-
nentSpecialisation nor ComponentGeneralisation is symmetrical.

Opposite We may have, in a language, two OFL-components with reversed se-
mantics. This is an essential information for all actions which need to nav-
igate through the graph of descriptions (e.g. to ensure type conformance).
ComponentSpecialisation and ComponentGeneralisation are opposites.

Direct access and Indirect access These parameters give the capability to
choose the policy of this visibility. In traditional inheritance, features of the
ancestor are directly visible in the heir, as if they are declared in it. Some
languages propose also to name the target-description for example to access
to the old-version of a redefined method. For ComponentSpecialisation and
ComponentGeneralisation it may be allowed or not2.

Polymorphism implication It can take four values: up means that all instances of
the source-description must be also instances of the target-description; down
points out the contrary (very useful to specify a generalisation); both means
that source-description and target-description have the same instances (it is
useful to describe versionning); none allows for example to define relation-
ships dedicated to code reuse. The value for ComponentSpecialisation is up
and it is down for ComponentGeneralisation.

Polymorphism policy It indicates if a new declaration of attribute or method
in the source-description hides the feature in target-description or overrides
it. For ComponentSpecialisation and ComponentGeneralisation, we can use a
traditional value: hiding for attributes and overriding for methods3.

2 All languages may not provide the same expressiveness. Just think about the differ-
ence about the handling of inheritance in Java, C++, Eiffel or Sather, etc.

3 In OFL, overloading is not handled by relationships but by descriptions.
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Feature variance It proposes three kinds of variance rule for the redefinition of
features : covariant like in Eiffel (the type indicated in the source-description
must be the same or a subtype according to Polymorphism implication), con-
travariant as in Sather [6] (this is the reverse), nonvariant as in Java4 (the
type indicated in the source-description must be the same than the one in
the target-description). ComponentSpecialisation and ComponentGeneralisa-
tion do not impose a specific value but their status of opposite means a
coordinated choice.

Assertion variance It takes into account languages with assertions like Eiffel.
It indicates the kind of variance for assertions: weakened (the assertion of
source-description must be implicated by the assertion of target-description),
strengthened (this is the reverse), unchanged (they must be equivalent).

Renaming, Adding, . . . The First one is dealing with the right to rename a
feature through a relationship defined by the OFL-component5. OFL also
provides parameters to customize the capability to add, to remove, or to re-
define assertions, method’s signatures, method’s bodies, and method’s quali-
fiers, but also to mask, to show, to abstract, or to make effective the imported
features. For example, according to ComponentSpecialisation, it is relevant to
add a feature to a specialised class but not to remove any of them. To re-
define a feature is also possible. ComponentGeneralisation should have the
opposite semantics : for instance we should be able to remove but not add
some feature.

3.3 Actions

To associate values to a set of parameters may be appropriate for describing
the customized behaviour of a sort of relationship. But we need more to allow
relevant control and execution of these links so that OFL includes a list of actions.

Each action defines the operational semantics of a part of work traditionally
handled during the compilation or execution time. And each action takes into
account the value of the hyper-generic parameters. So the behaviour of the de-
fined language is adapted to the value of each parameter of each component. We
have classified our actions in seven categories: actions to search a feature
(e.g. lookup to find the relevant feature in the graph of descriptions according to
a message), actions to execute a feature such as execute which allows to per-
form a routine call, actions to make a control like are valid parameters which
controls the compatibility between effective and formal parameters, actions to
handle instances of descriptions (e.g. create instance or destroy instance),
actions to handle extension of descriptions or Base operation such as
assign or copy.

4 If type of parameters of methods are not exactly the same, in Java this is overloading
and not overriding.

5 Renaming is possible in Eiffel but not in Java or C++.
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How to Write an Action? An action could be simple such as verify circularity
which controls that all relationships with the parameter Circularity not set don’t
make circular graph. The algorithm of this action is simple: to go all over the
graph for this relationship and to verify that none of the descriptions is direct
or indirect target of itself. The moment to execute verify circularity is also easy
to imagine: it could be launch once in a static tool like a compiler or a code
checker.

But other actions are a lot intricate! For example, let’s examine the action
lookup. To find the relevant feature in accordance with a message, the task may
be difficult and the algorithm complicated. We have to take the value of many
parameters into account. The value of Polymorphism implication is used to build
a graph of types. Polymorphism implication will help to determine which policy
(hiding or overriding) have to be considered. With Cardinality and Circularity,
we can choose an efficient way to go all over the graph. Symmetry could help
us to adopt a two-direction route. Direct access and Indirect access give infor-
mation about the visibility of the target-description. Finally, Feature variance,
Assertion variance, Adding, Removing, and so on, allow to know how features are
imported. Furthermore, the moment when it is correct to execute the lookup is
also not obvious. We can easily imagine that a first part of this task is static (de-
termination of all unambiguous calls for example) and another one is dynamic
(dynamic linkage at runtime for example).

Then we may understand that it is possible to write the code of lookup.
But if we want to provide some useful model to the programmer, it is obviously
necessary to help him to write actions. In this way, we supply three things.
The first one is that we have split complex actions in more elementary ones6.
For example, we have a local lookup which make the local (independently of
all import relationships) research of a relevant feature in a description and a
match which takes a feature and a message and determines if the second one
is compatible with the first one. . . Thus, we split the difficulty of the complex
lookup which has to call local lookup, match and other actions to make its job.

Secondly, to solve the problem of the static and dynamic facets of our actions,
we provide a way to define them in several parts. So, in fact, each action is split
in a set of facets and each facets is declared static (used in a preliminary step like
a compiler, a code checker, or a first access) or dynamic (used in an interpreter,
an execution engine, or a virtual machine).

Thirdly, we intend to provide some default behaviours for all actions. Indeed,
OFL could be used for a large variety of tools about source code. In this paper,
we present a way to assist an extension of a programming language, but it is also
possible to use our actions to make others tools like a code checker, some trace
service, or a wizard for programming. So, our idea is to write typical algorithms
for actions and to supply them in libraries.

Who Writes the Actions? There are three possible answers to this question.
As we just explained, OFL-designers (we) have to provide libraries of actions
6 Chapter 6 of [2] presents more than fifty actions.
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OFL Actions

Meta − programmer tasks

Software engine
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target Application

User application
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Report of type checker

Metrics for application

Java code of application

Definition
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through OFL parameters

(SmartTools)

Definition of intermediate representation

Fig. 7. Architecture of OFL implementation

for the more frequent usages. These libraries must be for very general purposes.
When a relevant solution is not given in these libraries, the meta-programmer
(the person who designs a language or a tool for handling source-code) has
to redefine some of the actions or, in a bad case, to rewrite all of them. It
is here useful to create a kind of plug-in library which adds some interest to
the OFL set of tools. Finally, when the meta-programmer wants to add a very
particular behaviour, he can redefine or write some actions in order to handle
this behaviour. As this case is for a specific use (useful for an unique application,
for example), creation of a library is not useful and the redefinition could be
temporary.

4 Implementation Issues

Firstly, an implementation of OFL (cf. fig. 7) is based on the reification of both
language semantics (OFL-components instances of an OFL-concepts) and ap-
plication entities such as method, attribute, statement, etc. Because it is not
reasonable to design a reification which deal with any entity of any language, it
is necessary to design an extensible reification model. All this issues are achieved
through a Meta-Object Protocol (MOP) written in Java and called OFL/J . In
order to make easier the coupling with other tools, an XML-DTD of OFL/J can
be generated automatically whereas meta-information and application reification
are stored under an XML representation which conforms to this DTD.

Secondly, the reification of application should be parsed and semantics ac-
tions should be performed on each entities according to the language semantics.
This will be done by SmartTools [3] which allows to define visitors (design-
pattern) in order to allow the description of semantical actions to be associated
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to application entities. SmartTools apply all these actions, automatically to any
node of the abstract syntax tree associated to the application reification.

One interesting thing is the flexibility of the system. Actions can be added
or removed from OFL/J and they can implement the approach described above
from different point of view: to control the appropriateness between the body of
application methods and the relationships defined between the classes within the
reification, to generate pure Java code according to the information above, or to
do both control and generation. Many other variants may be found according to
the level of reification of statements and expressions (e.g. to insert into action-
semantics the code for implementing an open virtual machine).

5 Conclusion and Future Work

In this paper we demonstrated that it was interesting to make coexist both spe-
cialisation and generalisation relationships, in order to better handle libraries
of classes in the design of application. Other relationships also could be useful
such as a reuse-code relationship whose aim is to provide one class the capability
to include some methods from existing classes without allowing any polymor-
phism for its instances with those classes. These are only examples of the kind
of relationships that OFL/J , the implementation of OFL model could handle.
the part of OFL/J which deals with meta and non meta information reifica-
tion and with the OFL Mop for extending the capabilities of the reification are
implemented. Now we are investigating how to implement a first version of the
semantics actions into SmartTools.
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Abstract. This paper presents a technique, based on linguistic
algorithms, to construct hierarchical taxonomies from free text. These
hierarchies, as well as other relationships, are extracted from free text
by identifying verbal structures with semantic meaning. The created
taxonomies can be used as kernel for complete domain representation of
a particular knowledge area. The domain representation could allow
software architects to reuse Information. In order to test the algorithms,
an example domain is presented to exemplify the use of the technique.

1 Automatic Generation of Information Structures in Sw.
Engineering

Software engineering (SE) has quickly evolved towards effectiveness in the lasts
decade. Software projects development demand quality policies, metrics and best
practices. Among them, software reuse has always been considered as a key factor to
enhance an organization�s productivity and strength. During the last years, the
concept of software has evolved towards a more complete definition.

According to Jacobson et. al in [1], an artifact is �a tangible piece of information
that (1) is created, changed, and used by workers when performing activities, (2)
represents an area of responsibility, and (3) is likely to be put under separate version
control. An artifact can be a model, a model element, or a document.�. Therefore,
considering an artifact as the atomic element is software development, an artifact�s
reuse should no longer be just software reuse but information reuse, considering
information as a general container of structured and free text data.

Implicit in this artifact definition, one of Software Engineering�s main goals since
the 1980�s has been finding a way to represent software artifacts using a standard
model. Software engineers needed a common language, and a common representation
schema for visualizing, specifying, constructing, documenting, and communicating all
kinds of artifacts [2]. At the end of the 1990�s, the UML (Unified Modeling
Language) [3] had become the clear standard, and many organizations have begun to
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use its information representation model to represent software artifacts.
Unfortunately, the UML metamodel [4] has not been designed to cope with textual
artifacts, particularly regarding textual information storage, which implies that a
complete textual domain representation model can not be created to support
information reuse.

Textual artifacts (text documents) were the first ones to be represented in a
computer, as computers changed their goals from calculation to information
processing [5]. Therefore, the first information representation models were developed
to cope with this kind of artifacts. Many approaches to text representation models
have been made, using free text words as descriptors, or using terms from controlled
vocabularies [6] coming from basic taxonomies (Dewey decimal system, presented by
Melvil Dewey in 1873 [7], [8]), or advanced ones, like semantic networks [9],
Thesauri [10], [11], Topic Maps [12] or facets [13]. These controlled vocabularies are
part of standard cataloguing practice in libraries and information traders and are now
being applied to more advanced digital resources using thematic keywords in
metadata resource descriptors. For example, the Dublin Core [14] standard metadata
set includes elements for Title, Creator, Date, Format, etc. in addition to the more
complex notion of the Subject (or theme) of a resource. Guidelines recommend that,
where possible, the Subject element be taken from a relevant controlled vocabulary.
Links between concepts in the subject domain can be expressed by the semantic
relationships in a thesaurus. According to [10], the three main thesaurus relationships
are Equivalence (equivalent terms), Hierarchical (broader/narrower, whole/part and
enumerative terms), and Associative (more loosely Related Terms) [15].

However, most of the domain representation attempts, as DARE [16], DRACO
[17], the intelligent libraries of Simos [18], Feature Oriented Domain Analysis
(FODA) [19], the Synthesis project [20], the intelligent design of Lubars [21], the
Rapid project [22], KAPTUR tool [23], Gomaa�s domain analysis method [24] or the
Organization Domain Modeling [25], provide a kind of support for hierarchical
taxonomies as the kernel to organize information.

In order to support information reuse by software engineers, a clear domain
representation is needed; the lack of such is one of the essential drawbacks towards
the generalization of reuse practices inside the software development process. In order
to settle the issue, classification algorithms assisting automatic generation of domain
representations have been tried in the last years, coming from such disciplines like
pattern clustering (from artificial intelligence), data-text mining, psychology or
information science.

Many researchers have been trying to apply cluster analysis and pattern matching
algorithms (originally from Artificial Intelligence) to information classification.
Neural networks like Kohonen�s maps [26], ART based algorithms and classical
perceptrons [27], have been used. The main application has been to find clusters of
semantically common terms, linked by associative relationships.

Text mining has been another approach to information structuring. Although the
main goal of miners used to be the location of associations within large data-text
corpus, their work, specially in the application of complicated regression models, has
led to interesting definitions for complex information structures. Relevant authors are
Feldman & Hirsh [28] and Basili & Pazienza [29].



76      Juan LlorØns and HernÆn Astudillo

From a different perspective, studying the abstraction as a kernel principle, Rosch
et. al. in [30] created their own models for information structure, including
hierarchies.

Information science has provided plenty of algorithms for information
classification. Main examples are Zipf·s law [31] for information discrimination,
Inverse Document Frequency (IDF) [32] for relevance measurements of terms or n-
grams [33] for phrase filtering based on statistical calculations of grams (character
groups) occurrences.

Also, co-wording algorithms [34] arise from some proposals related to
bibliometrics. It consist basically in building up science maps by means of word
occurrences. One common application of co-wording is Chen�s algorithm [35]. This
algorithm generates, for each pair of terms, a coefficient that measures the degree of
relationship between them. The result of this algorithm is a set of terms, called cluster,
that semantically are similar to each other. Again, the results of this algorithm are
only associative relationships.

Statistics have also been widely used before, specially those dealing with
classification. K-means (supervised), axial k-means used in [36] by Lelu, max-min or
Isodata (not supervised) applied in [37], using Euclidean and Humming distance. It is
clearly accepted today that statistical classifiers can not, without other information
sources, get meaningful semantic clusters. Anyhow, these methods gather also
associative relationships between terms.

Some authors have proposed methods to generate thesaurus structures, like Chen in
[38], but the proposed techniques are only applied to the associative relationship of
the ISO-2788 standard for information taxonomies (Thesauri). Diaz et. al proposed in
1998 [39] a recursive neural networks method to create hierarchies of clusters which
would lead to a hierarchical taxonomy. Although it can be considered an advance,
obtained results showed the need of an improvement in order to practically apply the
algorithms.

As a complement to the experiments carried out in the last decade, Natural
Language Processing (NLP) techniques started to be applied to information
classification [40]. NLP provides accurate techniques to identify tags in natural
language phrases. Modern translators have had high level of success in translating
complex sentences.

The authors intention has been to apply NLP techniques to identify verb structures
in order to find semantic information about the concepts the verb is linking.

2 Gen/Spe Hierarchical Relationships from Free Text

The main principle of the presented technique is to consider that hierarchical
information regarding terms can, many times, be found explicitly in electronic
documents, specially if the document corpus is carefully selected. Field description
documents, manuals, state of the art summaries, etc. are a very good source to look
for Generalization/Specialization (Gen/Spec) hierarchies. This technique identifies
two types:

The main principle of the presented technique is to consider that hierarchical
information regarding terms can, many times, be found explicitly in electronic
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documents, specially if the document corpus is carefully selected. Field description
documents, manuals, state of the art summaries, etc. are a very good source to look
for Generalization/Specialization (Gen/Spec) hierarchies. This technique identifies
two types:

2.1 Grammatical Gen/Spec Hierarchies Gathered from Term-Phrases

A normal term-phrase can certainly hide a specialization hierarchy, called
grammatical in this work as it comes from a grammatical rule. For example, the term
phrase �Artificial Intelligence� can provide the following taxonomical structure:

Fig.1. Taxonomical structure for the �Artificial Intelligence� phrase

2.2 Linguistic Gen/Spec Hierarchies

It is possible to identify Gen/Spec hierarchical relationships from text phrases by
linking normalized verb structures to semantic relationships. For example, the
following sentence: �A MAZDA is a kind of car that [..]� could provide the following
hierarchy:

Fig.2. Specialization hierarchies gathered from linguistic parsing

The intention of the proposed technique is to identify verb structures in normal
form (in the example, it would be to identify the �BE A KIND OF� verb expression)
and to associate them to a semantic relationship (in this example, associate �BE A
KIND OF� with a specialization hierarchy). This method allows not only to identify
specialization hierarchies but also aggregations, compositions, associations etc. This
feature is the essence of its main application: to generate representations of domains.
The algorithm, which indeed is a kind of indexer, is presented in the following
diagram:

This indexer is called RelationSHiPs Indexer (RSHPIndexer) because it needs to
identify relationships. Finally, to construct a complete taxonomy from the { <Name>,
<Verb structure>, <Term> } tuples, a management process to link together all the
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different hierarchies identified in the indexing process is needed. A brief description
of the RSHPIndexer follows:

Normalize single words to 
a Conceptual Form

Ident ify Noun 
Phrases

Identify  Verb 
Structures

Match Verb Structures to 
Semantic Relationships

Generate Linguistic Relationship patterns of the form 
{ <Term> <Relationship> <Term> }

Free text input

Relationships map

Generate Grammatical Relationship pattern of the form 
{ <Sub Term Phrase> <Hierarchy> <Term Phrase> }

Fig. 3. Algorithm description using UML Activity diagrams.

A - Single Words Normalization into Conceptual Form: (Worder) The
normalization process consists of checking whether a word is a generic form, and if it
is not, transforming it into an accepted normal version of the representative concept,
either in singular, plural, infinitive, etc. For example the input term �vehicles� could
be normalized to �Vehicle� if this representation is considered normal for the
<vehicle> concept. If the generic form of a given word input can not be found, that
word is included as a new generic form of a new concept. This process is based on
classical stemming algorithms. The single word normalization has been fully
presented in [41].

B � Noun Phrase Identification: (Phrase Normalizer) The Phrase Normalizer
intends to identify either noun and verbal phrases. Single terms can be used to
represent concepts but usually, the more specific a domain is (or its taxonomic
representation) the more noun phrases are used. In order to identify noun phrases, the
following automaton was defined:

E0

W / P

E1 E2

T

W

W

T

P

PT

N(T)

Fig. 4. Noun Phrase identification automaton
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where: T: Noun Terms, P: Noun connectives, W: Rest of grammatical tags, N(T):
Automaton start

This automaton can be evolved to a more complicated one, according to the
particular needs. The E1 state is the only one returning results. It returns the
concatenated text chain in the form of a Noun Phrase.

C - Verb Structures Identification: (Phrase Normalizer) Essentially, the previous
automaton can be reconfigured for identifying verb structures, in the type of �BE A
KIND OF�.

E0

Z / Q

E1 E2

V

Z

Z

V

Q

QV

N(V)

Fig. 5. Verb structures identification automaton

where: V: Verb Terms, Q: Verb connectives, Z: Rest of grammatical tags, N(V):
Automaton start The E1 state is the only one returning results. It returns the
concatenated text chain in the form of a Verb Structure.

D -Verb Structures Matching Against Semantic Meaning This stage is a simple
mapping between language text chains and relationship meanings. Text chains
represent verb structures, and relationship meanings represent semantic links between
concepts. This step is quite critical as it intends to map syntactical analysis with
semantic meaning. This information is stored in Database tables. For example:

Verb Structure Relationship Type
<BE A KIND OF> Generic- Specific hierarchy
<BE A TYPE OF> Generic- Specific hierarchy
<BE A PART OF> Whole Part Aggregation (Whole/Part hierarchy in

ISO-2788 standard)
<BE EQUIVALENT TO> Equivalence relationship (synonym in ISO-2788

standard)
etc.

E - Identification of Linguistic RelationSiHP Tuples: (RSHPExtractor) Once a
verb structure has been matched against a relationship type, a possible Relationship
can be created, depending on the noun phrases position around the verb structure.
Therefore, in order to identify the whole relationship tuple, {<Noun phrase> , <Verb
structure>, <Noun phrase>} from the Noun and Verb phrases, a third automaton was
designed :
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E1 E2 E3SV
SN

SN/FF FF

SN

FF/SV
SV

SN
E0

SV/SW

SW

SW

SW

Fig. 6. Relationships generation automaton

where: SV: Verb Structure, SN: Noun Phrase, SW: Stop Word, , FF: End of Phrase.
The E3 state is the only one returning results. It returns the relationship tuple.

F - Identification of Grammatical RelationSiHP Tuples: (RSHPExtractor) The
algorithm has been designed to extract grammatical relationships from Noun Phrases.

3 Conclusions

This paper presents a technique which main goal is to identify relationships from free
text using linguistic algorithms. Although the technique extracts all kinds of
relationships, we have concentrated the presentation on the issue of hierarchical
relationships. Two different types of sources were used to identify them: the noun
phrases and the verbal structures, all of them found within free text electronic
documents. An experiment was made to test the algorithm, showing that it extracted a
low number of hierarchies. The main problems detected point to the need of a
complete semantic ontology for verbal structures, which would help to solve the
�gray-zone problems� formed by hierarchical Gen/Spec, composition and
aggregation. However, the main goal of this algorithm was fulfilled, namely helping
domain engineers to represent domain structures using taxonomies, since the
computer provides the expert with taxonomic structures, albeit some of them are
incomplete or incorrect, which can be used as start point for more complex domain
generation procedures.
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Abstract. The NLP team of LIRMM currently works on lexical dis-
ambiguation and thematic text analysis [Lafourcade, 2001]. We built a
system, with automated learning capabilities, based on conceptual vec-
tors for meaning representation. Vectors are supposed to encode ideas
associated to words or expressions. In the framework of knowledge and
lexical meaning representation, we devise some conceptual vectors based
strategies to automatically construct hierarchical taxonomies and val-
idate (or invalidate) hyperonymy (or superordinate) relations among
terms. Conceptual vectors are used through the thematic distance for
decision making and link quality assessment.

1 Introduction

In the framework of meaning representation, the NLP team of LIRMM currently
works on strategies for automatically populating hierarchical taxonomies. Such
strategies are based on the simultaneous exploitation of the conceptual vector
model, definitions found in human usage dictionaries, and free text. The con-
ceptual vector model aims at representing thematic activations for chunks of
text, lexical entries, locutions, up to whole documents. Roughly speaking, vec-
tors are supposed to encode ideas associated to words or expressions. The main
applications of the model are thematic text analysis and lexical disambigua-
tion [Lafourcade, 2001] and can found interesting approaches for vector refine-
ment through the lexical implementation of taxonomies. Practically, we have
built a system, with automated learning capabilities, based on conceptual vec-
tors and exploiting monolingual dictionaries for iteratively building and refining
them. So far, from French, the system learned 87000 lexical entries correspond-
ing to roughly 350000 vectors (the average meaning number being 5). We are
conducting the same experiment for English.

With these lexical and vector resources, we can, in conjunction with simple
hyperonym (or superordinate) extraction methods [Hearst, 92], automatically
construct many partial hierarchies. In our context, the hyperonymy relation is
(perhaps abusively) considered as the inverse of the hyponymy relation, more
often refered in software engineering as specialization. The hierarchy soup com-
posed of hierarchy fragments is built through an iterated process that involves

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 84–93, 2002.
c© Springer-Verlag Berlin Heidelberg 2002
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several strategies. The ideas, applied to French in our experiment, are generic
and could be extended to any language. The bootstrapping consists in producing
a set of hyperonyms from definition dictionaries that are corresponding directly
to meanings as defined in our French dictionary. Filtering and selection are done
with the help of thematic distance on the vectors associated to the items. The
adjunction of hyponyms extracted from definitions, permits to add new mean-
ings or salient properties to the hierarchies. At least, it allows us to strengthen
our links or to detect inconsistencies. Free texts can also be exploited although
(contrary to entry definitions), in case of polysemy, a word meaning identification
should be carried out.

Beside NLP, taxonomy extraction can find applications in intelligent assis-
tance in domain modeling and software engineering. This is specially critical,
when (at least) two sets of classes have to be merged, as strategies based uniquely
on class definitions fall short because of their lack of interpreting capabilities of
naming entities. The name of a class or of an attribute has normally been chosen
by designers for their evocating power, and is definitively (at least) a very strong
clue for semantic induction and (at most) sometimes the only information avail-
able [Rayside, 2001 ]. So far, automated strategies rely only on symbol matching
but never on the semantic association carried by the symbols. Similarly to met-
rics used in software engineering and class hierarchy factorization [Dao, 01], the
thematic distance helps evaluating similarity. The main difference between Soft-
ware Engineering and Lexical Semantics remains for the latter that meaning
is a blurred halo in the semantic space and is susceptible of slippage (through
metaphor and meronymy, notably).

In this paper, we first expose the conceptual vectors model and the notion of
semantic distance and contextualization. Then, we expose the hierarchy build-
ing strategies that associate meanings to hyperonyms through sets of correspon-
dences and conceptual distances.

2 Conceptual Vectors

We represent thematic aspects of textual segments (documents, paragraphs, syn-
tagms, etc.) by conceptual vectors. Vectors have been used in information re-
trieval for long [Salton et MacGill, 1983] and for meaning representation by the
LSI model [Deerwester et al, 90] from latent semantic analysis (LSA) studies in
psycholinguistics. In computational linguistics, [Chauché, 90] proposes a formal-
ism for the projection of the linguistic notion of semantic field in a vectorial
space, from which our model originates. From a set of elementary notions, con-
cepts, it is possible to build vectors (conceptual vectors) and to associate them
to lexical items. The hypothesis that considers a set of concepts as a generator
to language has been long described in [Rodget, 1852] (thesaurus hypothesis).
Polysemous words combine the different vectors corresponding to the different
meanings. This vector approach is based on well known mathematical proper-
ties, it is thus possible to undertake well founded formal manipulations attached
to reasonable linguistic interpretations. Concepts are defined from a thesaurus
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(in our prototype applied to French, we have chosen [Larousse, 1992] where 873
concepts are identified). To be consistent with the thesaurus hypothesis, we con-
sider that this set constitutes a generator space for the words and their meanings.
This space is probably not free (no proper vectorial base) and as such, any word
would project its meaning on this space.

2.1 Thematic Projection Principle

Let C be a finite set of n concepts, a conceptual vector V is a linear combi-
nation of elements ci of C. For a meaning A, a vector V (A) is the descrip-
tion (in extension) of activations of all concepts of C. For example, the differ-
ent meanings of ↪quotation↩ could be projected on the following concepts (the
CONCEPT [intensity] are ordered by decreasing values): V(↪quotation↩) = STOCK

EXCHANGE [0.7], LANGUAGE [0.6], CLASSIFICATION [0.52], SYSTEM [0.33], GROUP-

ING[0.32], RANK [0.31], ORGANIZATION [0.30], ABSTRACT [0.25], . . .

In practice, the larger C is, the finer the meaning descriptions are. In return,
computer manipulation is less easy. It is clear, that for dense vectors1 the enu-
meration of the activated concepts is long and difficult to evaluate. We would
generally prefer to select the thematically closest terms, i.e., the neighborhood.
For instance, the closest terms ordered by increasing distance of ↪quotation↩ are:
V(↪quotation↩) = ↪management↩, ↪stock ↩, ↪cash↩, ↪coupon↩, ↪investment↩, ↪admission↩,
↪index ↩, ↪abstract↩, ↪stock-option↩, ↪dilution↩, . . .

2.2 Angular Distance

Let us define Sim(A, B) as one of the similarity measures between two vectors
A et B (eq. 1), often used in information retrieval [Morin, 1999]. Then, we define
an angular distance DA between two vectors A and B (eq. 2). We suppose here
that vector components are positive or null, and “·” refers to the scalar product.

Sim(A, B) = cos(Â, B) =
A · B

‖A‖ × ‖B‖ (1)

DA(A, B) = arccos(Sim(A, B)) (2)

Intuitively, this function constitutes an evaluation of the thematic proximity
and is the measure of the angle between the two vectors. We would generally
consider that, for a distance DA(A, B) ≤ π

4 , (i.e. less than 45 degrees) A and
B are thematically close and share many concepts. For DA(A, B) ≥ π

4 , the
thematic proximity between A and B would be considered as loose. Around π

2 ,
they have no relation. DA is a real distance function. It verifies the properties of
reflexivity, symmetry and triangular inequality. We can have, for example, the
following angles2 (values are in degrees):

1 Dense vectors are those which have very few null coordinates. In practice, by con-
struction, all vectors are dense.

2 Examples are extracted from: http://www.lirmm.fr/~lafourca
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The first value has a straightforward interpretation, as .profit. cannot be closer 
to anything else than itself. The second and third are not very surprising since a 
.benefit. is quite synonymous of profit>, in the .finance. field. The words .market., 
.product. and goods> are less related which explains a larger angle between them. 
The idea behind .sadness. is not much related to .profit., contrary to its antonym 
' joy' which is thematically closer (either because of metaphorical meanings of 
.profit. or other semantic relations induced by the definitions). The thematic 
proximity is by no way an ontological distance but a measure of how strongly 
meanings may relate to each others. 

The graphical representations of the vectors of cezchange. and .profit. shows 
that these terms are indeed quite polysemous. Two other terms (.cession. and 
.benefit.) seems to be more focused on specific concepts. These vectors are the 
average of all possible meanings of their respective word in the general The- 
saurus [La4-ousse, 19921. It is possible to measure the level of fuzziness of a given 
vector as a clue of the number of semantic fields the word meaning is related to. 

Because of the vagueness related either to polysemy or to lacks of precision 
(only 873 general concepts), we have to  plunge our vectors into a specialized 
semantic space. However, we cannot cut loose from the general ones for two 
reasons. First, even non-specialized words may turn out to be pivotal in word 
sense disambiguation of specialized ones. Second, we cannot know beforehand 
whether a given occurrence of a word should be understood in its specialized 
acception or more a general one. 

2.3 Vector Operators 

Vector Sum. Let X and Y be two vectors, we define their normed s u m  V as: 

This operator is idempotent (we have X f3 X = X).  The null vector 0 is by 
definition the neutral element of the vector sum. Thus we write down 0 f3 0 = 

0. We derive by deduction (without demonstration) the closeness properties 

Fig. 1. Graphical representation of (more to less polysemous) terms ezchange, benefit 
and cession (from left to right) 
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associated to this operator (both local and general closeness).

DA(X ⊕ X, Y ⊕ X) = DA(X, Y ⊕ X) ≤ DA(X, Y )

and DA(X ⊕ Z, Y ⊕ Z) ≤ DA(X, Y )
(4)

Normed Term to Term Product. Let X and Y be two vectors, we define V
as their normed term to term product :

V = X ⊗ Y | vi =
√

xiyi (5)

This operator is idempotent (X ⊗ X = X) and 0 is absorbent (X ⊗ 0 = 0).
Contextualisation. When two terms are in presence of each other, some of
the meanings of each of them are thus selected by the presence of the other,
acting as a context. This phenomenon is called contextualisation. It consists in
emphasizing common features of every meaning. Let X and Y be two vectors,
we define γ(X, Y ) as the contextualisation of X by Y as:

γ(X, Y ) = X ⊕ (X ⊗ Y ) (6)

These functions are not symmetrical. The operator γ is idempotent (γ(X, X) =
X) and the null vector is the neutral element (γ(X,0) = X ⊕ 0 = X). We will
notice, without demonstration, that we have the following properties of closeness
and of farness):

DA(γ(X, Y ), γ(Y, X)) ≤ {DA(X, γ(Y, X)), DA(γ(X, Y ), Y )} ≤ DA(X, Y ) (7)

The function γ(X, Y ) brings the vector X closer to Y proportionally to their
intersection. The contextualization is a low-cost meaning of amplifying proper-
ties that are salient in a given context. For a polysemous word vector, if the
context vector is relevant, one of the possible meanings is activated through con-
textualization. For example, bank by itself is ambiguous and it vector is pointing
somewhere between those of river bank and money institution. If the vector
of bank is contextualized by river, then concepts related to finance would be
considerably dimmed.

3 Hyperonym Identification and Hierarchy Construction

From term definitions found in human usage dictionaries and from free texts,
we extract hyperonym and hyponym sets. The technic used is directly inspired
from [Hearst, 92] for the use of simple and low cost pattern recognition. The main
difficulty is that for a term t with k meanings, the proper word sense should be
identified before figuring out its place in a hierarchy. When using (highly) spe-
cialized hierarchies [Llorens, 2001], we may skip this disambiguation process,
although it still might lead to interpretation problems [Barrière et al, 01]. We
use dictionary definitions and conceptual vectors for, at the same time (1) ex-
tracting the hyperonym from a well identified meaning, and (2) disambiguating
the hyperonym candidate when needed.
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Fig. 2. Geometric represention (in 2D) of the contextualization function. The a angle 
represents the distance between A and B contextualized by each other 

3.1 Hyperonym Identification 

For a given term and from several vectorized dictionaries, we extract an hyper- 
onym set. For instance, for the French term gmeraude (emerald), we have two 
meanings with the following hyperonym sets: 

- Hyper(i.meraude.1) = pierre pri.cieuse (src I), pierre (src I ) ,  [type de] bi.ry1 
(src 2), gemme (src 3). (Eng. precious stone, stone, [kind of] beryl, gem.) 

- Hyper(i.meraude.2) = couleur [de lli.meraude], vert, vert lumineux (Eng. 
color [of emerald], green, shiny green) 

The name of the source is given along the potential hyperonyms. Several candi- 
dates can be proposed for one definition as several patterns may be applied, and 
in general the frontier between under and over-contraction of definitions is dim. 
Parts of hyperonym between brackets are trimmed. 

The difficulty here is to find one (or several) acceptable hyperonyms for each 
meaning. For each set, we compute the conceptual vector of each hyperonym 
candidate V(Hyper-cand/meaning{). 

We contextualize the vector obtained from the definition of the hyperonym can- 
didate with the vector of the definition it has been extracted from. If the hyper- 
onym candidate exist as a term in the conceptual vector lexical database, then 
its vector is used. Otherwise, its vector is computed by composition of the vector 
of its sub-term (after a morphological and syntactical analysis). 

The selected hyperonym candidate is the term which vector is the closest 
(in thematic distance terms) to V(Hyper-cand/meaningi)). We are now able to 
create a node for each Hyper-cand/meaning{ with a link to the corresponding 
disambiguated hyperonym candidate (cf Fig. 3 stage 1). If the term doesn't exist 
in the lexical database, it is added along its computed vector. 
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3.2 Identical Meaning Trimming

For a given meaning, we have added all disambiguated terms and links to hy-
peronym to the partial hierarchy. We need to delete all but one of the equivalent
terms (cf Fig. 3 stage 2). The objective is to identify the most adequate item.
Again, the strategy invoked here is straightforward, as only the link to the most
specific (lowest in the hierarchy) is kept. In case of doubt (same level in the hi-
erarchy or incompleteness of the hierarchy), the item which vector is the closest
to its hyperonym is kept. In other words, only the most similar couple (term,
hyperonym) is chosen.

This above procedure gives us a symbol for naming a given word meaning
(this is useful only when the word is polysemous). This symbol is constructed
with the simplest possible form: the concatenation of the term and of its most
specific hyperonym. From a psycholinguistic point of view (which is out of scope
here), the concision of the symbol would also be taken into consideration. Fur-
thermore, such symbols are human readable and machine parsable. If the vec-
tor of emerald/green is not available, we (human and machine) can guess from
the symbol that it might be a kind of green, and use the vector of green as a
substitute. Of course, from the name of the hyperonym, which itself could be
polysemous, we cannot without the hierarchy guess the proper meaning. But, in

Émeraude/pierre précieuse Émeraude/béryl

béryl

Pierre précieuse

Gemme/pierre précieuse Gemme/bourgeon Gemme/résine

closest vector

Émeraude/gemme

…

v v

vv v

v

Émeraude/pierre précieuse Émeraude/béryl

béryl

Pierre précieuse

Gemme/pierre précieuse Gemme/bourgeon Gemme/résine

Émeraude/gemme

…

v v

v
v

v

v

Émeraude/béryl

béryl

Pierre précieuse

Gemme/pierre précieuse

0.81

0.9

0.85

Émeraude/vert

Vert/couleur des signaux

Couleur/matièreCouleur/sensation

Vert/couleur

…

…

1

2

…

…

same meanings

same meanings

Fig. 3. (1) Linking of each meaning equivalent to its hyperonym. If an hyperonym
is by itself ambiguous, its proper meaning is selected by minimizing the thematic dis-
tance between vectors. (2) Trimming of redundant meanings. When several meaning
equivalents are competing, the one linked to the most specific hyperonym is selected.
Other meanings are deleted as they related to upper items in the partial hierarchy
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case the hierarchy is lost, the mutual information shared between the hyponym
and the hyperonym would in most cases disambiguate both.

3.3 Hyponym Added Information

In dictionaries, many definitions of very general terms make extensive use of
examples. Basically, these examples constitute hyponyms (the inverse relation
relatively to hyperonyms) and could be exploited with benefit. The most obvious
use of hyponyms is to cross-check hyperonyms, nevertheless we can also extract
information that are not directly accessible from normal (hyperonymic) defini-
tions. By the use of hyponymy, the hierarchy cannot take the form of a tree but
of a (partial) lattice (cf Fig. 4). Indeed, a meaning can have several hyperonyms.
For instance, we have extracted the following hyponyms (among others):

– Hypo(moyen de transport) = véhicule, voiture, avion, train, automobile,
cheval, · · · (Eng. Hypo(transport means): vehicle, car, plane, train, motor-
car, horse, · · · )

– Hypo(viande) = poulet, agneau, boeuf, cheval, mouton, · · · (Eng. Hypo(meat):
chicken, lamb, beef, horse, mutton, · · · )

Here, we can observe that horse (cheval) is a particular meat (viande) and also a
means of transportation (moyen de transport). Although, we have the following
hyperonyms (familiar meanings excluded):

cheval.1: mammifère. (Eng. mammal)
cheval.2: art de monter à cheval. (Eng. art of ridding horses)
cheval.3: unitÄ de mesure. (Eng. measure unit)

We have seen clearly (through vector contextualization and thematic distance)
that the two hyponym sets seem to induce two new meanings that were not given
through definitions. In this case, we do create the new meanings (cheval/moyen
de transport and cheval/viande) and link them to their hyperonyms. The prob-
lem is that starting from vectorized definitions, there is no way to catch these
new meanings as they are not (yet) identified. Thus, to overcome this problem,
we link each of these new meanings as hyperonym to its closest already existing
counterpart. In the above example, we have:

– cheval/moyen de transport is closer to cheval/mammifère than to cheval/unité
de puissance. This relation can be checked on their respective vector, and
(sometimes) by pattern matching on some part of (encyclopedic) definition.

– cheval/viande is closer to cheval/mammifère than to cheval/unité de puis-
sance.
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Voiture/wagon

wagon

Moyen de transport

véhicule/Moyen de transport véhicule/vecteur

automobile

Voiture/automobile

Cheval/moyen de transport

Cheval/mammifère

mammifère

Cheval/viande

Viande/nourriture

aliment

nourriture

artefact

Cheval/unité de puissance

animal

hypo

hypo

Fig. 4. Hyponym insertion. Adding found hyponyms can lead to the identification
either (1) of new salient properties in already existing meanings or (2) of new meanings
altogether. Thematic distance is used as a meaning selector

4 Conclusion

This paper has presented a strategy for hierarchy construction through low cost
hyperonym extraction (from definitions) associated to disambiguation and link-
ing decision based on conceptual vectors. By itself, the overall process consists
in symbolizing word meaning (giving a unique name to each item that are mem-
bers of a meaning set). It is now possible to handle a meaning not only by
exemplifying its vector, but also by referring to it thanks to its symbol.

Our strategies have been prototyped and have been included in our (concep-
tual) vector lexical database. It is mainly used for comforting vector calculation
and detecting inconsistencies. The overall process is by itself iterative and in-
cremental. And a global hierarchy is being built by fusion of partial ones. Only
some hierarchy parts are actually exploited during NLP process, mainly those
which are really useful for word sense disambiguation. The experiment has been
conducted (and is still in process) on 50000 nouns (for roughly 87000 words).
Comforting enough is the fact the constructed hierarchy is really close to some
Aristotelian classification. This is basically explained by the fact that the struc-
ture of the dictionary definitions draws much on this tradition. The main depar-
ture is the multiple inheritance schema that originates from property salience
(as show on the term horse). In general, the frequency of this phenomenon is
inversely proportional to the technicality of the domain.

The produced partial specialization hierarchies enable some automatic re-
finement of domain representation. In effect, when domains are too specialized,
the fine meaning difference cannot be apprehended through conceptual vectors
(unless enlarging considerably the vector space). Allowing agents to process in-
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formations both at the vectorial and symbolic (as defined above) levels seems
definitively a way to solve some aspects of the symbol grounding problem. Beside
Natural Language Processing and information retrieval, possible application of
this research is to provide intelligent assistance in advanced software engineering.
Such assistance would mainly rely on guessing designer intentions through the
inspection of names of entities. Relating lexical information to common knowl-
edge could pave the way to more flexible domain representations.
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Preface

Improving reuse is still an important issue of Information Systems Engineer-
ing. Several current object-oriented approaches, such as patterns, frameworks
or business components, address this topic at different phases of the software
development process. This workshop focused on tools, techniques and methods
developed to improve the reuse of design elements.

Reuse is today mainly gained with empirical tools and methods, and it is
necessary to make reuse more systematic in object-oriented information systems
design. Reuse at the design phase can be considered from two different yet com-
plementary perspectives: (1) design for reuse or (2) design by reuse.

1. Design for reuse (1) deals with identifying reusable elements, specifying and
organizing components, and integrating sets of
and models for specifying reusable artifacts.

2. Design by reuse (2) needs to define new information systems engineering
processes, and develop tools supporting systematic reuse of components in
information systems.

Special attention has been given to contributions aiming to improve the above
techniques by adapting novel or “non traditional” approaches at the edge of
object-orientation (e.g. aspect-orientation or multi-viewpoints approaches, tools
integrating artificial intelligence techniques, information retrieval, . . . ).

Many of the 6 papers selected for publication in these proceedings deal with
the need to relate design activities with previous phases in the software develop-
ment process. Adopting use-case patterns, a description-driven, a specification-
oriented or a pattern language based approach are several possible ways to
achieve this. Reuse at the design phase can of course also be eased by use of
architectures and implementation techniques, such as XML-based middlewares
that allows the collaboration of heterogeneous components, or HyperObjects
that enable the handling of larger parts than single objects in an information
system.

Having good reusable design artifacts is indeed not sufficient to achieve suc-
cessful software reuse. Indexing and information retrieval techniques may help in
searching the components that are the most suited to be used when designing a
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new information system. Reusable artifacts need to be adapted in most cases, and
adaption techniques are an important issue, whatever the chosen technique (re-
flexive programming, framework instantiation, . . . ). New adaptation techniques
and approaches, such as aspect-orientation, may for instance increase traceabil-
ity of design components into programs. Further work needs to be achieved on
these topics.
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Abstract. This work concentrates on reuse-oriented software develop-
ment. We propose an approach in which we incorporate reuse compo-
nents in the initial phases of the software development process, that is to
say, requirements specifications. These components, use case in the
pattern form, reused during the requirements capture, allow a visualiza-
tion of the system to be implemented. On the other hand, they also fa-
cilitate some normalization in the requirements process and, further, can
be reused in several applications; this is obtained more easily with pat-
terns. The primary motivation of this study derives from the fact that
system requirements represent abstract knowledge of which a great part
can be reused in other systems.

1 Introduction

Reuse development is now seen as a way to improve the productivity and quality of
software systems, reducing both costs and risks.  In other engineering areas, reuse of
components is implicit, and even essential, in their training. The consistent and fore-
seeable stages of development reflect many years of experimentation and scientific
development, contrary to what goes on in Software Engineering. We do not make
trade-offs; we instead build systems to meet precise requirements thus making reuse a
difficult practice [20].

A significant change in the way that software is conceived is, thus, fundamental.
Reuse of software components embodies this change, completing the software devel-
opment life cycle with new activities of reuse, including component classification,
selection, composition and integration. Thus, the component-based software develop-
ment life cycle differs from traditional software development in many ways [11,21].
The component-based software system design phase, for example, includes new ac-
tivities such as selection and creation of software architectures, as well as selection
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and customisation of a set of software components [11]. This requires developing
wrappers that glue reusable components together to build a software system [11].

Also, according to Meyer [18], the convergence of component-based development
and quality is essential. On the other hand, the need for developing high-quality com-
ponents to appreciate, criticize, and emulate is emergent.

Furthermore, reuse ought to be an ever-present concern in the life of a cost-
effective organization, even if there is not an explicit reuse program [12]. However,
reuse requires a substantial investment in an organizational infrastructure to encour-
age, support, maintain and manage the reusable components [24].

Although component-based development offers many potential benefits, such as
greater reuse and a commodity-oriented perspective of software, it also raises several
issues that developers need to consider. Developers must describe components in a
way that is suitable for use by automated tools and is also understandable to human
integrators [5]. Hence, developers may need to acquire new skills in document pro-
duction, integration and maintenance [5].

In this context, we would like to propose use case components for reuse-oriented
development. Use cases are pointed out as reusable components by several authors,
like Biddle [4], D�Souza [8], Jacobson [14]. The use case approach provides a more
natural partitioning of a complex system into more manageable pieces at the beginning
of the development of the software system. Use cases can be seen as a sort of proto-
type on paper, describing, one by one, the various steps required to implement the
system functionalities.

Use cases are a scenario-based technique for requirements elicitation which were
first introduced in the Objectory method [13]. They have now become a fundamental
feature of the UML notation for describing object-oriented system models.

The main purpose of the use case model is to define what the system should do, and
to allow software engineers and customers to agree on this. The model consists of
actor types, use cases, and relations between them [14].

The main motivation of this work derives from the fact that the system require-
ments represent abstract knowledge of which a great part can be reused in other sys-
tems. Comparative analysis of software systems has shown that, in general, 60 to 70
percent of systems functionality also exists in other systems. This includes code, de-
sign, functional and architectural similarities [16]. On the other hand, it is clear that
much more than code should be reused; components, frameworks, documentation
templates, software processes and development standards can all be reused [3].

2 Reuse-Oriented Development with Use Case Patterns

The architect Cristopher Alexander introduced the concept of pattern. He also [1]
coined the term pattern language and explained the form well in his book [2]. A pat-
tern language has the structure of a network. The elements of this language are entities
called patterns [1].

Each pattern describes a problem that occurs over and over again in our environ-
ment and, then, describes the core of the solution to that problem [1]. Similarly, a
software pattern describes a repeating problem in a specific context and a generic
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solution for solving problem [6]. In other words, a pattern consists of four things: a
title, a problem, a context, and a solution [7,10,15,23]. Additional information can be
included, such as consequences, comments, and examples.

A common problem related to increasing the supply of well-documented patterns is
the time required to capture them. Pareto�s Law, also know as the 80/20 rule, states
that 80 percent of the value is attributable to 20 percent of the effort [22, 23]. Coplien
[7] has show us that it is possible to capture very important knowledge with signifi-
cantly less effort by using a more compact pattern format. Thus it is important to pay
attention to not spending extra effort in designing and constructing additional func-
tionality, beyond the application’s needs [22].

Software development is a highly repetitive activity, involving frequent use of pat-
terns [17]. To go beyond their simple pedagogical value, patterns must go further. A
successful pattern cannot just be a book description: it must be a software component,
or a set of components [17]. These components can be adapted to various specific
situations. In this sense, we would like to propose use case components in the pattern
form, which will be referred to as use case patterns. These patterns can be documented
much the same way as suggested for design patterns in Gamma [10].    Use case pat-
tern is an approach to systematic use of existing patterns to ensure consistency of
terminology.

In our approach, use case components can be reused during requirements capture
by treating the components system as a toolbox of reusable elements [14]. Thus, use
case components help the reusers as an entry point into the subsequent object models
and implementation. These components can be documented. The terminology used to
describe the components is very important. While it is important to document all reus-
able components, this is particularly crucial for actor and use case components, be-
cause these will be used in discussion with customers and other stakeholders, not just
software engineers [14].

Therefore, all of this information requires the development of adequate databases
of components, which interested developers may search by appropriate keywords to
find out quickly whether some existing component satisfies a particular need. Having
said that, we need a system that supports not only search and retrieval of reusable
components but also librarian functions such as cataloging and classification.

A classic problem in software reuse is organizing collections of reusable compo-
nents for effective search and retrieval. A software reuse library, organized around a
faceted classification scheme, presents a partial solution to this problem [19]. This
faceted scheme includes several dimensions still being studied. Faceted classification
offers certain features that not only improve search and retrieval, but also support the
potential reuser�s selection process and contribute to the development of a standard
vocabulary for software attributes [19].

The research and selection of the components from the repository, with the help of
a tool, will be automatic, similar to the Patricia system [9]. This repository needs to be
built and constitutes the primary difficulty in this approach.

The composition of the components is executed according to the needs of the cus-
tomer; the customer�s needs will also serve to verify the completeness of the solution.
The customer validates and makes a decision depending on the availability of compo-
nents.
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In simple form, our proposed component-based development consists of six se-
quential major activities: identification and classification of components; research into
the potential components for a project; composition and integration of the selected
components; verification of the completeness of a given solution; creation and classi-
fication of new components; and optimization of the activities involved in the compo-
sition and integration of components.

3 Final Considerations

This work, although in a preliminary state of development, is a promising approach to
component reuse, especially use case patterns. As use case pattern is an approach to
systematic use of existing patterns to ensure consistency of terminology, the result is
enhanced communication with stakeholders. By reusing the same use case components
in various application systems, engineers will design systems in a uniform way.

After surpassing the problem of the use case patterns repository, we will test its ap-
plicability. Based on our experiences, we feel that the reuse of use case patterns in the
initial phase of software development makes them ideal for capturing user’s require-
ments, and hence systems constructing.
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Abstract. One of the main drivers in object-oriented design for
information systems is the need for the reuse of design artifacts in
handling systems evolution. To be able to cope with change, systems
must have the capability of reuse and to adapt as and when necessary to
changes in requirements. To address the issues of reuse in designing
evolvable systems, this paper proposes a so-called description-driven
system architecture. The proposed architecture is based on a two-
dimensional design approach founded on the adoption of a multi-
layered modeling architecture and on a reflective meta-level
architecture. This paper discusses the need for capturing holistic system
description when modeling large-scale distributed systems and the role
of reflection as a method to cater for reuse in systems evolution. A
practical example of the application of this design philosophy, the
CRISTAL project, is used to demonstrate the reuse of description-
driven data objects to provide for evolution.

1 Introduction

With the advent of the Internet and e-commerce, the need for coexistence and
interoperation with legacy systems and for reduced �times-to-market� the demand for
the timely delivery of flexible software has increased. Couple to this the increasing
complexity of systems and the requirement for systems to evolve over potentially
extended timescales and the importance of clearly defined, extensible models as the
basis of rapid systems design becomes a pre-requisite to successful systems
implementation.
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Many approaches have been proposed to address aspects of design reuse and
implementation for modern object-oriented systems. Each has its merits and focuses
on concerns such as data modeling, process modeling, state modeling and lifecycle
modeling. More or less successful attempts have been made to combine these
approaches into modeling languages or methodologies such as OMT [1] and UML [2]
but ultimately these approaches lack cohesion since they are often simply collections
of disparate techniques. Recent reports on their use have led to proposals for
enhancements such as pUML [3], which have recognized and begun to address these
failings.

This paper advocates a design and implementation approach that is holistic in
nature, viewing the development of modern object-oriented software from a systems
standpoint. The philosophy that has been investigated is based on the systematic
capture of the description of systems elements covering multiple views of the system
to be designed (including data, process and time views) using common techniques.
The approach advocated here has been termed description-driven and its underlying
philosophy is the subject of this paper. Essentially the description-driven approach
involves identifying and abstracting the crucial elements (such as items, processes,
lifecycles, goals, agents and outcomes) in the system under design and creating high-
level descriptions of these elements which are stored and managed separately from
their instances.

The following section outlines how we have arrived at a description-driven
systems philosophy and that is followed by a discussion of the role of reflection in
self-description. A practical example of the use of this approach is introduced later in
the paper, which is brought to a close with conclusions based on the implications of
the use of a description-driven systems design approach.

2 Experiences of Methods, Patterns and Frameworks
Recent experience of implementing complex and dynamic object-oriented systems
has indicated that effective software reuse can result from the reuse of high-level
design artifacts. One reason for this is that underlying software technology changes so
rapidly, this being especially true in software projects that have long timescales,
thereby making code reuse difficult. For example object technology has witnessed, in
a short space of time an evolution from languages such as Smalltalk, ADA, C++, Java
through middleware such as EJB, COM+, Active X and OMG CORBA and the object
community is still in a state of flux.

Where we have experienced most success in reuse of software artifacts is with
visual modeling languages such as OMT and UML. The creation and evolution of
graphical models using UML has allowed us to specify, visualize, construct and
document the artifacts of the software systems we have built, adopting an approach in
which we concentrate on the descriptive elements of UML.  UML has increasingly
become the universal object analysis and design modeling standard and as a
consequence of this we have over the years been able to reuse large-grained
architectural frameworks and patterns which have been captured in UML.

In the object oriented community well-known design patterns [4] are named,
described and cataloged for reuse by the community as a whole. We have not only
used many well-known patterns but in the domain of description-driven systems
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development we have discovered new patterns. It has enabled us to make use of
design patterns that were proven on previous projects and is one example of reuse at
the larger grain level. UML diagrams are able to describe pattern structure but provide
little support for describing pattern behavior or any notation for the pattern template.

Frameworks are reusable semi-complete applications that can be specialized to
produce custom applications. They specify reusable architectures for all or part of a
system and may include reusable classes, patterns or templates. We have found that
frameworks focus on reuse of concrete design algorithms and implementations in a
particular programming language, they can be viewed as the reification of families of
design patterns and are an important step towards the provision of a truly holistic
view of systems design.

Emerging and future information systems however require more powerful data
modeling techniques that are sufficiently expressive to capture a broader class of
applications. Evidence suggests that the data model must be OO, since that is the
model providing most generality. The data model needs to be an open OO model,
thereby coping with different domains having different requirements on the data
model [5]. We have realised that object meta-modeling allows systems to have the
ability to model and describe both the static properties of data and their dynamic
relationships, and address issues regarding complexity explosion, the need to cope
with evolving requirements, and the systematic application of software reuse.

To be able to describe system and data properties, object meta-modeling makes use
of meta-data. Meta-data are information defining other data. The judicious use of
meta-data can lead to heterogeneous, extensible and open systems [6]. Meta-data
make use of a meta-model to describe domains. Our recent research has shown that
meta-modeling creates a flexible system offering the following - reusability,
complexity handling, version handling, system evolution and inter-operability [7].
Promotion of reuse, separation of design and implementation and reification are some
further  reasons for using meta-models [8]. As such, meta-modeling is a powerful and
useful technique in designing domains and developing dynamic systems.

The use of UML, Patterns and Frameworks as design languages and devices
clearly eases difficulties inherent in the timely delivery of large complex object-based
systems. However, each approach addresses only part of the overall �design space�
and fails to enable a holistic view on the design process. In particular they do not
easily model the description aspects or meta-information emerging from systems
design. In other words, these approaches can locate individual pieces in the overall
design puzzle but do not enable the overall puzzle to be viewed. In the next section
we look at reflection as the mechanism to open up the design puzzle.

3 Reflection in Systems Design
A crucial factor in the creation of flexible information systems dealing with changing
requirements is the suitability of the underlying technology in allowing the evolution
of the system. Exposing the internal system architecture opens up the architecture,
consequently allowing application programs to inspect and alter implicit system
aspects. These implicit system elements can serve as the basis for change and for
extensions to the system. Making these internal structures explicit allows them to be
subject to scrutiny and interrogation.
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A reflective system utilizes an open architecture where implicit system aspects are
reified to become explicit first-class meta-objects [9]. The advantage of reifying
system descriptions as objects is that operations can be carried out on them, like
composing and editing, storing and retrieving, organizing and reading. Since these
meta-objects can represent system descriptions, their manipulation can result in
change in the overall system behaviour. As such, reified system descriptions are
mechanisms that can lead to dynamically modifiable systems and reusable systems.
Meta-objects, as used in the current work, are the self-representations of the system
describing how its internal elements can be accessed and manipulated. These self-
representations are causally connected to the internal structures they represent i.e.
changes to these self-representations immediately affect the underlying system. The
ability to dynamically augment, extend and redefine system specifications can result
in a considerable improvement in flexibility. This leads to dynamically modifiable
systems, which can adapt and cope with evolving requirements.

There are a number of OO design techniques that encourage the design and
development of reusable objects. In particular design patterns are useful for creating
reusable OO designs [4]. Design patterns for structural, behavioral and architectural
modeling have been well documented elsewhere and have provided software
engineers with rules and guidelines that they can immediately (re-)use in software
development. Reflective architectures that can dynamically adapt to new user
requirements by storing descriptive information which can be interpreted at runtime
have lead to so-called Adaptive Object Models [10]. These are models that provide
meta-information about domains that can be changed on the fly. Such an approach,
proposed by Yoder, is very similar to the approach adopted in this paper

A Description-Driven System (DDS) [7] architecture, as advocated in this paper, is
an example of a reflective meta-layer (i.e. meta-level and multi-layered) architecture.
It makes use of meta-objects to store domain-specific system descriptions, which
control and manage the life cycles of meta-object instances, i.e. domain objects. The
separation of descriptions from their instances allows them to be specified and
managed and to evolve independently and asynchronously. This separation is
essential in handling the complexity issues facing many web-computing applications
and allows the realization of inter-operability, reusability and system evolution as it
gives a clear boundary between the application’s basic functionalities from its
representations and controls. As objects, reified system descriptions of DDSs can be
organized into libraries or frameworks dedicated to the modeling of languages in
general, and to customizing its use for specific domains in particular.

Fig. 1. The four-layer architecture of the OMG



Promoting Reuse through the Capture of System Description      105

4 Description-Driven Systems

In modeling complex information systems, it has been shown that at least four
modeling layers are required [11], see Fig. 1. Each layer provides a service to the
layer above it and serves as a client to the layer below it. The meta-meta-model layer
defines the language for specifying meta-models. Typically more compact than the
meta-model it describes, a meta-meta-model defines a model at a higher level of
abstraction than a meta-model. The meta-model layer defines the language for
specifying models, a meta-model being an instance of a meta-meta-model. The model
layer defines the language for specifying information domains. In this case, a model is
an instance of a meta-model. The bottom layer contains user objects and user data, the
instance layer describing a specific information domain. The Object Management
Group (OMG) [12] standards group has a similar architecture based on model
abstraction, with the Meta-Object Facility (MOF) model and the Unified Modeling
Language (UML) [2] model defining the language for the meta-meta-model and meta-
model layers, respectively.

Orthogonal to the model abstraction inherent in this multi-layered approach is the
information abstraction that separates descriptive information from the data they are
describing. These system descriptions are normally called meta-data, as they are
information defining other data. A reflective open architecture typifies this
abstraction. A reflective open architecture is divided into two levels - the meta-level
where the descriptive information reside and the base level which stores the
application data described by the meta-level elements. The meta-level contains the
meta-data objects (also referred to as meta-objects in this paper) which hold the meta-
data. These meta-objects manage the base level objects.

Fig. 2. A Description-Driven Architecture

In a description-driven system as we define it, descriptions are separated from their
instances and managed independently to allow the descriptions to be specified and to
evolve asynchronously from particular instantiations of those descriptions. Separating
descriptions from their instantiations allows new versions of elements (or element
descriptions) to coexist with older versions. This paper proposes an architecture that
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combines a multi-layered meta-modeling approach with a meta-level architecture
[13]. The description-driven architecture is illustrated in Fig. 2.

The layered architecture on the left-hand side of Fig. 2 is typical of layered systems
and the multi-layered architecture specification of the OMG (see Fig. 1). The
relationship between the layers is Is an instance of. The instance layer contains data
that are instances of the domain model in the model layer. Similarly, the model layer
is an instance of the meta-model layer. On the right hand side of the diagram is
another form of model abstraction. It shows the increasing abstraction of information
from meta-data to model meta-data, where the relationship between the two is Is an
instance of as well. These two architectures provide layering and hierarchy based on
abstraction of data and information models.

The horizontal view in Fig. 2 provides an alternative abstraction where the
relationship of meta-data and the data they describe are made explicit. This view is
representative of the information abstraction and the meta-level architecture discussed
earlier. The meta-level architecture is a mechanism for relating data to information
describing data, where the link between the two is Is described by. As a consequence,
the dynamic creation and specification of object types is promoted.

The separation of system type descriptions from their instantiations allows the
asynchronous specification and evolution of system objects from system types;
consequently, descriptions and their instances are managed independently and
explicitly.  The dynamic configuration (and re-configuration) of data and meta-data is
useful for systems whose data requirements are unknown at development time. It is
the combination of the instance of and is described by relationships that provides the
holistic approach inherent to description-driven systems.

5 A Relational Description-Driven System

Paper [14] discusses an analogous modeling architecture, which is based on relational
models. The horizontal abstraction of the architecture is also based on Instance-of
relationship and a meta-modeling approach. Meta-data are generated and extracted
from data elements� structures. The data layer corresponds to the instances that are
manipulated in the system. The type of meta-data that can be extracted in the data
layer concerns the physical aspects of the data such as the volume or localization. The
model layer corresponds to concepts for model description describing data and meta-
data in the data layer. In relational models, the model layer is the application model.
The meta-data that can be extracted from the model layer are descriptive information
concerning the physical structure, e.g. data dictionary.

The meta-model layer defines the model formalism that is used in the system. As
the architecture is intended for relational systems, the meta-model layer describes the
concepts of the relational model, e.g. Table, Relation and Key and the model relating
these primitives together. At this level, the type of meta-data that can be extracted
concerns tools and methods for inter-operating and relating the different relational
models. The meta-meta-model layer is the root modeling level that supports inter-
operability and extensibility. The meta-meta-model layer uses conceptual graphs [15]
to allow homogeneous representation and manipulation of the lower levels.
Conceptual graphs are formalisms where the universe of discourse can be modeled by



Promoting Reuse through the Capture of System Description      107

concepts and conceptual relations. A relational architecture example is shown in
Fig. 3.

Our proposed DDS architecture is similar to the architecture described in [14], but
is based on an object model. Both horizontal layerings are based on model
abstraction, and meta-data are used as descriptive information to describe the
concepts for managing data at each layer. The two architectures are orthogonal in the
modeling paradigm used - relational model for [14] and object model for DDS. Thus,
the relational architecture uses conceptual graphs and the DDS architecture uses the
MOF as its representation formalism in the meta-meta-model layer. In the meta-
model layer, the relational architecture uses a relational model and the DDS
architecture uses the UML. As a practical example of our approach the next section
describes the DDS architecture developed in the context of research carried out in the
CRISTAL project at CERN.

Fig. 3. Relational model represented as a description-driven system

6 An Object-Based Description-Driven Architecture
The Compact Muon Solenoid (CMS) is a general-purpose experiment at CERN [16]
that will be constructed from around a million parts and will be produced and
assembled in the next decade by specialized centres distributed worldwide. As such,
the construction process is very data-intensive, highly distributed and ultimately
requires a computer-based system to manage the production and assembly of detector
components. In constructing detectors like CMS, scientists require data management
systems that are able of cope with complexity, with system evolution over time
(primarily as a consequence of changing user requirements and extended development
timescales) and with system scalability, distribution and interoperation.

No commercial products provide the capabilities required by CMS. Consequently,
a research project, entitled CRISTAL (Cooperating Repositories and an Information
System for Tracking Assembly Lifecycles [17]) has been initiated to facilitate the
management of the engineering data collected at each stage of production of CMS.
CRISTAL is a distributed product data and workflow management system which
makes use of an OO database for its repository, a multi-layered architecture for its
component abstraction and dynamic object modeling for the design of the objects and
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components of the system. CRISTAL is based on a DDS architecture using meta-
objects. The DDS approach has been followed to handle the complexity of such a
data-intensive system and to provide the flexibility to adapt to the changing scenarios
found at CERN which are typical of any research production system. Lack of space
prohibits further discussion of CRISTAL; detail can be found in [7] and [13].

The design of the CRISTAL prototype was dictated by the requirements for
adaptability over extended timescales, for system evolution, for interoperability, for
complexity handling and for reusability. In adopting a description-driven design
approach to address these requirements, the separation of object instances from object
description instances was needed. This abstraction resulted in the delivery of a three
layer description-driven architecture. The model abstraction (of instance layer, model
layer, meta-model layer) has been adopted from the OMG MOF specification [12],
and the need to provide descriptive information, i.e. meta-data, has been identified to
address the issues of adaptability, complexity handling and evolvability.

Fig. 4. The CRISTAL architecture

Fig. 4 illustrates the CRISTAL architecture. The CRISTAL model layer is
comprised of class specifications for CRISTAL type descriptions (e.g.
PartDescription) and class specifications for CRISTAL classes (e.g. Part). The
instance layer is comprised of object instances of these classes (e.g. PartType#1 for
PartDescription and Part#1212 for Part). The model and instance layer abstraction is
based on model abstraction and Is an instance of relationship. The abstraction based
on meta-data abstraction and Is described by relationship leads to two levels - the
meta-level and the base level. The meta-level is comprised of meta-objects and the
meta-level model that defines them (e.g. PartDescription is the meta-level model of
PartType#1 meta-object). The base level is comprised of base objects and the base
level model which defines them (Part is the base-level model of Part#1212 object).

In the CMS experiment, production models change over time. Detector parts of
different model versions must be handled over time and coexist with other parts of
different model versions. Separating details of model types from the details of single
parts allows the model type versions to be specified and managed independently,
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asynchronously and explicitly from single parts. Moreover, in capturing descriptions
separate from their instantiations, system evolution can be catered for while
production is underway and therefore provide continuity in the production process
and for design changes to be reflected quickly into production. The approach of
reifying a set of simple design patterns as the basis of the description-driven
architecture for CRISTAL has provided the capability of catering for the evolution of
a rapidly changing research data model. In the two years of operation of CRISTAL it
has gathered over 20 Gbytes of data and been able to cope with 25 evolutions of the
underlying data schema without code or schema recompilations.

7 Conclusions
Reflection provides a sound foundation for the specification of meta-level
architectures and gives the capability of customizing system behavior through explicit
descriptive mechanisms of implicit system aspects. The transformation of implicit
system aspects to explicit description meta-objects is termed reification. These
description meta-objects comprise the meta-layer that manages and controls the life
cycles of the base-layer objects it describes. By reifying system descriptions as meta-
objects, they can be treated, accessed and altered as objects. As a consequence, this
work has demonstrated that through reification, system behavior can be accessed and
manipulated at runtime thereby creating a dynamically modifiable system.

The combination of a multi-layered meta-modeling architecture and a reflective
meta-level architecture resulted in what has been referred to in this paper as a
description-driven systems (DDS) architecture. A DDS architecture, is an example of
a reflective meta-layer architecture. The CRISTAL DDS architecture was shown to
have two abstractions. The vertical abstraction is based on the OMG meta-modeling
standard, and has three layers - instance layer, model layer and meta-model layer.
This paper has proposed an orthogonal horizontal abstraction mechanism that
complements this OMG approach. The horizontal abstraction is based on the meta-
level architecture approach, and has two layers - meta-level and base level. The
relationship between the vertical layers is Instance-of and the relationship between the
horizontal layers is Describes.

The approach taken in this paper is consistent with the OMG�s goal of providing
reusable, easily used and integrated, scalable and extensible components [18].
Likewise, the contributions of this work complement the ongoing research on
Adaptive Object Model (AOM) espoused in [19], where a system with an AOM (also
called a Dynamic Object Model) is stated to have an explicit object model that is
stored in the database, and interpreted at runtime. Objects are generated dynamically
from the AOM schema meta-data that represent data descriptions. The AOM
approach also uses reflection in reifying implicit data aspects (e.g. database schema,
data structures, maps of layouts of data objects, references to methods or code).

The description-driven philosophy facilitated the design and implementation of the
CRISTAL project with mechanisms for handling and managing reuse in its evolving
system requirements. In conclusion, it is interesting to note that the OMG has recently
announced the so-called Model Driven Architecture as the generic basis of future
systems integration [18]. Such a philosophy is directly equivalent to that expounded
in this and earlier papers on the CRISTAL description-driven architecture.
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Abstract. A costly part of software development regards verification,
i.e., checking  that the code implements the specification correctly. We
introduce the concept of specification-oriented frameworks, with the
purpose of facilitating verification. A specification-oriented framework
enables direct translation of the specifications into code, whose equiva-
lence with the specification is easy to establish. The feasibility of this
concept was investigated with the experimental Simple Interfacing (SI)
framework for construction of user interface software of interactive in-
formation systems. Such an information system is constructed by trans-
lating the natural-language use-case specification into SI based code.
SI provides high-level methods for data entry and data display. The use-
case coding assumes that a database schema and required complex data
manipulations are developed separately. The code produced for the use-
cases of five small projects corresponded quite closely to the natural-
language specifications and facilitated considerably the verification.
Further research is required to assess the usefulness of the approach.

1 Introduction

The software engineering challenge regards the manufacturing and management of
complex systems. One mean to overcome these complexities is the use of high-level
tools such as very high-level languages and frameworks of high-level software com-
ponents. This investigation is concerned with the design of frameworks for construc-
tion of graphical user interfaces (GUI) for interactive information systems (IS). It
considers frameworks for use-case oriented software development processes, such as
the Unified Software Development Process (USDP) [1]. The USDP was designed in
connection with design of the Unified Modeling language (UML) [2]. We are espe-
cially interested in use-case oriented processes as they facilitate the manufacturing of
systems with high usability levels, i.e., systems that enable the users to accomplish all
required tasks with a minimum of effort and in a pleasant way. This is achieved by
employing usability considerations in the design of the use-cases. The USDP process
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begins with requirement elicitation and continues with the specification of the system
by its use-cases. First a natural-language use-case specification is developed and its
usability is validated. The use of natural language enables validation by domain ex-
perts that are not familiar with formal specification methods. The validated use-cases
are then translated into formal UML use-case diagrams. The process continues with
the analysis of the formal use-case specification, system design, implementation and
testing. The testing phase includes verification, i.e., checking that the code implements
the use-case specification correctly. This is usually done by testing each one of the
different use-cases with sets of test data that cover the different kinds of possible sce-
narios (black box testing). The verification may also be accomplished with formal
methods that assume that the natural-language use-case specification has been cor-
rectly translated into a formal use-case specification. Using formal methods, e.g. [3],
to show that the code implements the formal specification is not a trivial task. The
verification process involves a considerable effort. In some situations it is possible to
produce the code automatically from the specifications and thus completely avoid the
costly verification. One example is a statecharts specification of reactive systems [4]
that may be translated automatically to code [5]. We are, however, not aware of a
general method for producing the code of information systems from their specifica-
tion. This study suggests therefore a less ambitious approach to reduce the verification
effort.

In the approach suggested in this paper, the natural-language use-case specification
is translated into high-level code, which implements the use-cases. The verification
effort in this approach is reduced to showing the equivalence between the natural-
language use-case specification and the code. We denote a framework that enables a
direct coding of the specifications as a specification-oriented framework. The process
proposed in this paper differs from the USDP process where the use-cases are not
coded, but form the basis for the analysis and design of the system. The feasibility of
the approach proposed in his paper depends on whether it is possible to design an
appropriate high-level language or component framework for coding of use-case ac-
tivities.  In this research we investigate the feasibility of a use-case specification-
oriented framework for construction of the GUI software of interactive information
systems. To the best of our knowledge, none of the frameworks existing today has
been especially designed to support use-case specification-oriented system develop-
ment.

2 Model of the Experimental System

This section describes our use-case oriented model of the GUI software of interactive
information systems. Later we describe our experimental implementation of this
model, using our Simple Interfacing (SI) framework. Our model suggests IS software
to be composed of four parts. The first part is the implementation of the use cases,
based on some basic actions. The second part is a framework implementing these
basic actions. The third part is a database and the last part is data manipulation soft-
ware.
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In SI we employ the following basic use case actions:

1. displaying data to the user,
2. getting data from the user
3. getting data from the database
4. inserting and updating data in the database
5. general purpose data manipulation

By database we mean a persistent database that may be employed for sharing of data
between different applications. Our five basic actions hide the geometrical properties
of the Graphical User Interface (GUI), its related event handling and the database
access methods. The basic actions of our model only specify the flow of data between
the user, the system and the database. In other words, they specify the input and output
of data to the system. Our basic actions do not specify how the in/output is done. The
motivation for selecting this abstraction is that we consider the input and output of
data to the system to be the semantics of the user-interface system. The purpose of the
graphical layout of the user-interface is to facilitate the work of the user.

General-purpose data manipulation is done by tools such as the SQL language.
However, a use case specification may beyond the above five basic operations employ
special kinds of data manipulation, e.g. scheduling tennis games by special tournament
rules, finding the least expensive air line connection between two cities. Such special
data manipulation operations cannot be part of our general purpose SI use case
framework. It is therefore assumed that frameworks for such special operations are
developed separately. A use case is coded by combining the classes of the general-
purpose framework with the classes of operations that are specific to the application.

The design of the experimental SI system is described in Appendix 1. An example
of the use of SI is shown in Appendix 2. The next section evaluates the results of five
small SI based projects.

3 Evaluation

3.1 Code is Data-Centered

Data input and output are considered to be the basic operators of the user interface. SI
based code is basically data-centered. The I/O operators of SI are implemented by
methods of the PaneController class listed in Tab. 1 and Tab. 2.

Table 1. Input from the user and output to her/him

IInnppuutt  mmeetthhooddss OOuuttppuutt  mmeetthhooddss
RequestInput Display
GetInput AddLabel
AddButton AddPicture

Table 2. Input to the database and output from it

IInnppuutt  mmeetthhooddss OOuuttppuutt  mmeetthhooddss
Update Display
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3.2 Ease of Verification and Traceability

In the tested examples, the use of the SI framework produced code that resembles the
natural-language use-case specification. This facilitated the verification considerably.
We have examined the verification of the use-case Select Offer (Appendix 2). We
compared the above SI based implementation with another implementation employing
only Java and its Swing and JDBC packages. The SI based code hides the GUI and
database access details and is therefore shorter and seemingly easier to understand. As
shown in Table 2, the SI based code is only 61 lines long, while the code using the
Swing and JDBC is 147 lines long. Another expression of the shortness of the SI
based code is that each statement in the natural-language use-case specification trans-
lates on the average into 2.5 lines of SI based code [6], while it takes 7 lines of Java
code using the Swing and JDBC packages.

The verification of the SI based code was further facilitated by the observed ease of
tracing of the lines of code that corresponds to each statement in the natural-language
use-case specification [6]. This ease of tracing is because the code of a particular use-
case specification is found in a class that has the same name as the use case and ex-
tends the SI class UseCase. Tracing the code that implements a use-case specifica-
tion in the longer non-SI based Java code was noticeable more difficult. The ease by
which the code that implements a use case can be traced in SI based code is also ex-
pected to facilitate future modifications of the use-cases. However, verifying specifi-
cations of the user-interface appearance requires familiarity with the interaction-styles
of SI, since the SI based code hide these details.

Table 3. Length of code to implement a use-case, with SI and with Swing and JDBC

 Total number
of lines of the
use-case class
code

Average number of lines of
code implementing a single
statement in the natural-
language use-case specifica-
tion

Implementation with Java, Swing
and JDBC

147 7

Implementation with Java and SI 61 2.5

3.3 Learning Time and Interaction-Styles Limiting

Coding with SI requires understanding the use of the underlying interaction styles,
which requires some learning. These standard interaction styles were satisfactory in
four of the five tested projects. In one project the programmers wanted a different GUI
appearance, e.g., using different widgets, and placing them differently. This required
developing a new interaction style. Writing a new style requires understanding of the
internal structure of SI, i.e., the methods of the StyledPane and StyledFrame
classes, inheriting from one or two of these classes, and overriding some of their
methods. Reaching this higher level of understanding required further learning.
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4 Conclusions and Further Research

The use of SI produced code that is relatively easy to verify. It is also expected to
facilitate future use case modifications. The use of SI also reduced the coding effort.
In one example the code written with SI had only 40% of the length of equivalent Java
code exploiting the Swing and JDBC packages. Using the ready-made interaction-
styles standardizes the appearance of the GUI.

It is interesting to compare the specifications-oriented SI package with the GUI-
oriented Swing package of Java. Swing has classes for detailed construction of GUI
widgets. Input and output with these Swing widgets requires detailed coding. SI is on
the other hand centered on abstract input and output operations. The SI widgets are
also at a high level of abstraction hiding the geometrical details in interaction styles.

The interaction-styles provided by the current version of SI were not satisfactory in
one of the five test projects. The design of an interaction-style involves a difficult
tradeoff between an interaction-style being general-purpose and being able to meet
special requests. More research on design of interaction-styles is needed.

SI has been tested with small systems. To fully assess the approach it must be tried
on large systems. Considering the quite promising results, we believe the approach
deserves further investigations.
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Appendix 1. Structure of the Experimental SI Framework

A1.1 Design Decisions for SI

This section discusses the design decisions made for the experimental SI system:

1. Implementing SI with Java and its Swing and JDBC (Java Data Base Connec-
tivity) packages. These tools are considered to be * the state of the art and yet suf-
ficient mature.

2. Using a relational database and SQL, powerful and widely available technologies.
3. Using the Model-View-Controller (MVC) design pattern [7] [8] for the design of

SI. Using the MVC pattern is expected to facilitate modifications that may be
needed at later stages

4. Using a use-case as an implementation unit. Each use-case is implemented sepa-
rately, by one Java class, which extends the SI UseCase class. In terms of MVC
the use-case class is the Controller. The schema of the relational database
may implement the Model of the MVC pattern.

5. Separating the specification of the interaction-style, i.e., the way the GUI appears,
from the systems functionality. This will enable the interaction-styles to be reused
in different applications. From the MVC point of view, the interaction-style is
part of the View.

The idea of interaction-styles is inspired by the dialogue modes [9]. We define an
interaction-style of a GUI as the set of all its properties, e.g., colors of widgets, sizes,
layout of widgets on the pane, and also the types of widget used. Once constructed, an
interaction-style may be employed in a number of different information systems. SI
comes with a number of ready-made interaction-styles. The implementer of an infor-
mation system may, however, define additional reusable interaction-styles to meet
special needs.

A1.2 Using SI

The manufacturing of an information system with the SI framework begins with the
usual requirement elicitation and detailed natural-language specification of the use-
cases. The process continues with an analysis resulting a schema of the system�s data-
base. The analysis and design of database schema is, however, not needed in the many
cases, where it is required to employ an existing database of a given enterprise. The
system may now be implemented by writing a use-case class for each one of the speci-
fied use-cases. By convention we name this class with the name of the use-case that it
implements. This code is essentially a translation of the statements of the natural-
language use-case specification into appropriate method calls. These methods belong
either to classes of the SI framework or to classes provided by the programmer for
application specific manipulations. Each statement in the natural-language use-case
specification is typically translated into one or two method calls. The verification of
the resulting code is done by checking the equivalence between this code and the
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natural-language use-case specification. The database is created separately using a
relational database system.

The following are the five service classes of SI that are visible to the programmer.
Their important methods are explained in the following sections.

1. UseCase � all use-case classes inherit from this class. This class has a docu-
mentation role: since all use-case classes inherit from it, it is clear what the use-
case classes of the system are. Apart from this role, this class gives some hidden
flow-of-control services.

2. FrameController � the code of the use-case classes use this class to build
frames of the GUI. A frame is the basic GUI unit defined by the Java Swing
package. Frames have Swing panes added to them.

3. PaneController � the code of the use-case classes use this class to build
panes, and attach them to frames of the GUI.

4. DBProxy � gives database services to all framework and system classes. System
classes use this class when the database services of the PaneController class
are not sufficient.

5. Constants � keeps the constants of the system.

The above few classes and the methods that are listed in the next section are what a
use-case programmer has to learn. According to our experiments [6], it takes 4 hours.
When the interaction-styles that come with SI are not satisfactory, new interaction-
styles must be implemented. Learning to do this took 4 more hours

GUI Construction. In SI panes and frames are implemented by instances of the
PaneController and FrameController classes. A singular human-computer
interaction is in SI handled with one particular pane. The PaneControllers give
all the services of the basic actions: displaying data to the user, getting data from the
user, and updating the database.

The GUI is designed according to the MVC model [8]. The PaneController
and the FrameController are the Controllers of the GUI. Two classes, called the
StyledPane and StyledFrame, implement the View and Model.

The services of the FrameController class are:

1. addPane(PaneController pane) � adds a pane to the frame.
2. finallySet() � sets the frame to be visible and packs it.
3. close() � closes the frame.

The services of the PaneController class are:

1. display(String query) � executes the query by accessing the database,
and displays the resulting relation on the pane, in a few text-boxes or in a table.
The appearance of the pane is determined by the selected interaction-style.

2. requestInput(String[] SQLTypes, String[] captions) �
adds widgets to the pane, to request these input data types. The widgets have
these captions.
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3. getInput() � after requesting input from the user, this methods gets the data
inserted by the user in the widgets  of the pane. The method returns a vector of
objects, containing the data inserted by the user.

4. update(String SQLUpdateQuery) � executes the query on the database.
5. addButton(String method, String caption) - adds a button to the

pane, with this caption. When the button is pressed, this method is called.
6. addButton(String caption) - adds a button to the pane. Pressing this

button will call no method. This method is used for prototyping.
7. addLabel(String caption) � adds a label with this caption to the pane.
8. addPicture(String fileName) � adds the picture in this file to the pane.

Connecting to the Database. A system can connect to the database using the
DBProxy class. The services of this class are:

1. ResultSet executeQuery(String query) � executes the query, re-
turning a result set.

2. executeUpdate(String query) - executes the update query.
3. close() - closes the connection to the database.

Flow of Control Services. These services enable a use-case to return control to the
calling use-case or other use-cases. These services are given by the UseCase class, and
explained in [6].

Appendix 2. Example � SelectOffer Use Case

In this section we bring a short example, to demonstrate the quality of code written
using SI. We take the Select Offer use-case of the Offers system [6]. The use-case
natural-language specification is:

"The user sees a frame with two lists, a list of cities and a list of items. The user
selects a city and an item, and can press one of two buttons: the Cancel button, or the
See Suppliers button. If the user presses the Cancel button, the frame is closed. If the
user presses the See Suppliers button, a list of suppliers appears..".

By analyzing all the use cases of the application, the schema of the relational data
employed by the code below was designed. The analysis and design of this schema
was done traditionally. The resulting SI based code of the use case appears on the next
page. It produces the frame shown in Fig. 1.
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1. import java.util.*;
2. import si.*;
3. 
4. public class SelectOffer extends UseCase{
5. 
6. private String customerID = null;
7. 
8. private FrameController frame = null;
9. 
10. private PaneControllerListStyleWidth2 pane =

null;
11. 
12. public SelectOffer(String customerID){
13. super();
14. frame = new FrameController("What offers

are you interested in?");
15. pane = new PaneControllerListStyle-

Width2(this);
16. this.customerID = customerID;
17. pane.addLabel("Select city:");
18. pane.display("select distinct city from

Supplier");
19. pane.addLabel("Select item:");
20. pane.display("select distinct name from

Item");
21. pane.addButton("seeSuppliers","See Suppli-

ers");
22. pane.addButton("cancel","Cancel");
23. frame.addPane(pane);
24. frame.finallySet();
25. }
26. 
27. public void seeSuppliers(){
28. //…
29. }
30. 
31. public void cancel(){
32. //…
33. }
34. 
35. }
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Fig.1. The frame displayed by the Select Offers use-case
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Abstract. In this paper we propose the use of pattern languages to
guide an object-oriented framework instantiation. Both the framework
and the pattern language refer to the same domain, and the framework
must have been constructed based on the pattern language. The frame-
work instantiation here proposed is done in several steps, all of them
supported by the pattern language. This makes it easier for the devel-
oper to instantiate applications, as the knowledge about the pattern lan-
guage is used during the instantiation process. The proposed approach
is illustrated with the example of a framework we have built based on a
pattern language for an information systems’ domain.
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1 Introduction

Software patterns and pattern languages aim at reuse in high abstraction levels.
Software patterns try to capture the experience acquired during software devel-
opment and synthesize it in a problem/solution form [1]. A pattern language is
a structured collection of patterns that organize the knowledge about a specific
domain. Its patterns can be applied systematically and represent the temporal
sequence of decisions that lead to the complete design of an application, so it
becomes a method to guide the development process [2].

Object-oriented software frameworks (from now on called simply frameworks)
are a set of abstract and concrete classes that can be customized to specific appli-
cations, allowing the reuse of large software structures in a particular domain [3].
Families of similar but non-identical applications can be derived from a single
framework. However, frameworks are often very complex to build, understand,
and use. Framework instantiation, which consists of adapting the framework to
the specific application requirements, is complex and, most times, requires a
complete understanding of the framework design and implementation details.
According to Fayad and Johnson [4], the time to learn a framework to begin
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using it can vary from one to one hundred days, depending on the framework
size and comprehensiveness. This factor definitely impacts the final cost of the
application and, thus, can inhibit the use of this technology.

Pattern languages can be used together with frameworks to enhance soft-
ware reuse, as both of them embody experience in specific domains. A pattern
language can be used for documenting the framework, as already shown in sev-
eral works [5, 6]; for supporting the framework design and implementation [2];
and as a method to guide the transformation of the framework in a concrete
application [2]. Thus, the availability of a pattern language for a specific domain
and its corresponding framework imply that new applications do not need to be
built from scratch, because the framework offers the reusable implementations
of each pattern of the pattern language.

Several approaches have been proposed to help instantiating frameworks [7, 8,
9]. They rely on the framework documentation to obtain the information needed
to instantiate an application, which can include the framework class hierarchy,
examples of applications derived from the framework, or cookbooks that show
how to adapt the framework to a particular application. Also, patterns can be
used to document the framework and to show how to use it [6, 2].

Although several researchers have noticed the relationship between pattern
languages and frameworks, no work exists, to the author’s knowledge, showing
how to use a pattern language in the whole process from framework construc-
tion to framework instantiation. This paper explores this idea and shows how
to support framework instantiation based on pattern languages, making the in-
stantiation process easier and more systematic. The proposed process consists
of four steps, explained in detail in sections 3 to 6: system analysis, mapping
between analysis model and framework, implementation of specific classes, and
test of the resulting system. The framework must have been built based on the
same pattern language using the general process we have described in a previous
work [10], not shown here due to space restrictions.

The paper is organized as follows. Section 2 shows an example of a pat-
tern language and its associated framework. Section 3 presents the first step of
the instantiation, which consists of the system analysis guided by the pattern
language. Section 4 shows how to map the resulting analysis model to the frame-
work. Section 5 gives some advices about the implementation of the specialized
classes, as our proposal is aimed at white-box framework instantiation. Section 6
shows the resulting application testing phase. Section 7 presents the concluding
remarks.

2 Example of a Pattern Language and Its Associated
Framework

To illustrate our approach, we use the business resource management domain,
for which we have built a pattern language, denominated GRN[11], a white-box
framework, denominated GREN[12], and a tool to automatize the instantiation
process. In this paper we use only the GREN white-box version.
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Table 1. Example of the GREN documentation

Pattern Variant Pattern class GREN class

1 - Identify the All Resource Resource
Resource Default, Multiple types Resource Type SimpleType

Nested types Resource Type NestedType
9 - Maintain the All Resource Maintenance ResourceMaintenance
Resource Source Party SourceParty

Destination-Party DestinationParty

The GRN pattern language was built based on the experience acquired during
development of systems for business resource management. Business resources
are assets or services managed by specific applications, as for example videotapes,
products or physician time. Business resource management applications include
those for rental, trade or maintenance of assets or services. GRN has fifteen
patterns that guide the developer during the analysis of systems for this domain.
There are patterns concerning the identification, quantification and storage of the
business resource; to deal with several types of management that can be done
with business resources, as for example, rental, reservation, trade, quotation,
and maintenance; and to treat details common to all types of transactions, as
for example payment and commissions.

Figure 1 shows the Maintain the Resource pattern, extracted from GRN
[11]. Observe that the pattern structure diagram uses the UML notation with
some modifications. We have included special markers before input and out-
put system operations (“?” and “!”, respectively). Furthermore, a “&” before a
method name means that its call message is sent to a collection of objects.

The GREN framework was developed to support the development of appli-
cations modeled using the GRN pattern language, i.e., it implements all the
behavior provided by classes, relationships, attributes, methods, and operations
of GRN patterns. It was programmed using VisualWorks Smalltalk (from Cin-
com Systems) and the MySQL database, for object persistence. Its first version
contains about 150 classes and 30k lines of code. Its documentation provides
several tables, built based on GRN, to guide its instantiation for specific appli-
cations. For example, Table 1 is used in the creation of the concrete classes of the
application layer (there is another similar table for the graphical user interface
layer, not shown here). Other tables list the methods to be overridden in the
newly created classes. These methods are defined in GREN abstract classes and
need to be overridden by their subclasses.

3 System Analysis

The first step of the instantiation process is the analysis of the specific system to
be developed using the framework. Based on the specific system requirements,
the pattern language is used to model the system. The pattern language should
have been studied in advance by the developer to determine if it can be applied
in the analysis of this specific system. It contains analysis patterns, each of which
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Fig. 1. Part of maintain the resource pattern

containing at least the usual elements of a pattern, like problem, context, forces,
and solution. In particular, the solution contains a class diagram illustrating
the pattern participants. It is also desirable to have a diagram showing the
interaction among the patterns of the pattern language.

A pattern language usually has all the elements needed for its usage: a context
section, where there are elements that should be part of an application context
in order to use the pattern; a problem statement that should be checked to see
if it matches the problem to be solved; some forces that reflect the restrictions,
benefits and drawbacks confronted in the system; a solution and possible vari-
ants or sub-patterns that help finding the best solution to the problem. Other
elements such as consequences, examples, known uses, etc. can be present in
the patterns. As each pattern is applied, it is recommended to take notes of
the roles played by each class, of the variants or sub-patterns used, and of the
additional attributes and methods. This will constitute the “history of patterns
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and variants applied”, which is useful in the future framework instantiation. A
small class diagram is produced after the application of the first pattern. This
diagram grows as new patterns are applied, and turns into the class diagram of
the specific system.

After having applied the pattern language, the requirements document is
checked to find non-attended or partially attended requirements. The class di-
agram is complemented to fulfill them, by adding new attributes, classes, rela-
tionships, methods and operations. These complements should be highlighted
to distinguish them from the rest of the diagram. Also, notes should be taken
to document the analysis decisions made here, because they are essential in the
future maintenance of the system. The requirements document should be anno-
tated to discern requirements not covered by the pattern language, as this can
be used to improve the pattern language.

The example used in this paper to illustrate our approach is of a Pothole
Tracking Repair System (PHTRS), whose requirements were established by
Pressman [13] and are reproduced here. “Citizens can log onto a Web site and
report the location and severity of potholes. As potholes are reported they are
logged within a “public works department repair system” and are assigned an
identifying number, stored by street address, size (on a scale of 1 to 10), location
(middle, curb, etc.), district (determined from street address), and repair prior-
ity (determined from the size of the pothole), Work order data are associated
with each porthole and includes pothole location and size, repair crew identifying
number, number of people on crew, equipment assigned, hours applied to repair,
hole status (work in progress, repaired, not repaired), amount of filler material
used and cost of repair (computed from hours applied, number of people, mate-
rial and equipment used). Finally, a damage file is created to hold information
about reported damage due to the pothole and includes citizen’s name, address,
phone number, type of damage, dollar amount of damage. PHTRS is an on-line
system. All queries are to be made interactively.”

PHTRS requirements were analyzed using GRN, producing its analysis mod-
el, shown in Figure 2. Tags show the role played by the class it points to. Their
format is “P#n: role”, where “n” is the pattern number and “role” is the role
played by the class in that pattern. Notice that we do not represent canonic
methods and operations. During the analysis, a match has to be done between the
pattern attributes, methods and operations versus the concrete class attributes,
methods and operations. For the PHTRS example, some additional attributes
were added, as for example the attribute numberOfPeopleOnCrew (WorkOrder
class).

Table 2 shows some of the seven patterns used during the instantiation,
together with the roles played by each application class. During the application
of pattern 1 - Identify the Resource, Pothole was the resource managed by
the application. It was considered as a multiple-typed resource, because we may
need to classify potholes by district, by size, by location or by citizen. When
applying pattern 2 - Quantify the Resource, we decided that a pothole is
unique, so we have chosen the Single Resource sub-pattern (other options, like
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Fig. 2. PHTRS analysis model with patterns

resources that are measured, instantiated or dealt with by lots were not adequate
in our case). After having skipped some patterns not concerned with PHTRS, we
have applied pattern 9 - Maintain the Resource, pattern 13 - Identify the

Transaction Executor, pattern 14 - Identify the Maintenance Tasks,
and pattern 15 - Identify the Maintenance Parts.

At this point, the only requirement not attended by GREN was the damage
file creation. If we analyze the semantic of GRN patterns, we do not find a pattern
to address this requirement, as we want to log the damages caused to citizens
due to the pothole, and this is not a rental, trade or maintenance transaction.

Table 2. History of patterns used in the instantiation

Pattern Variant Participant Application Class
1 - Identify the Resource Multiple types Resource Pothole

Resource Type District
Resource Type Size
Resource Type Location
Resource Type Citizen

2 - Quantify the Resource Single Resource Resource Pothole
9 - Maintain the Resource No source party Resource Pothole

Resource Maintenance Work Order
Destination-Party Public works department

. . .
6 - Trade/Use the Resource No source party Resource Pothole

Resource Trade Damage File
Destination-Party Citizen
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However, if we analyze the patterns’ syntax, we see that the Resource Trade
has attributes similar to those we are looking for to our damage file. So, we
can use pattern 6 - Trade the Resource, to model the damage file. This
enabled us to use GREN in a way not envisioned by its designers, i.e., the
pattern has the required computational structure, although it does not carry the
domain semantics anticipated by the designer. We call this “semantic/ syntatic
replacement process”, and note it in Table 2 by the general Use the Resource

pattern.
The result of this step is the PHTRS analysis model (Figure 2) and the

history of patterns used in the instantiation (Table 2). We did not produce a list
of analysis decisions made, because GREN supported all the functionality needed
for PHTRS. This list would be required if we had included additional behavior,
not covered by GREN, to be manually programmed in the implementation step.

4 Mapping between the Analysis Model and the
Framework

The second step of the instantiation process is to map the resulting analysis
model to the framework. We consider that the framework was documented ac-
cording to the guidelines suggested in our process for building a framework based
on a pattern language [10], i.e., the relationship between the patterns of the pat-
tern language and the framework classes is adequately documented. Considering
the “history of patterns and variants applied”, created during system analysis,
the framework documentation can be used to identify the classes and methods
that need to be created to adapt the framework according to the patterns and
variants applied.

As an example, the mapping between PHTRS and GREN was done using
the special documentation provided by GREN. As mentioned in Section 2, this
documentation consists of several tables showing, for each GRN pattern, the
corresponding GREN classes to inherit from and the methods to be overridden
during instantiation. For example, based on Table 2, Table 1 of GREN docu-
mentation was used to identify the new application classes to be created.

The next phase is to examine the hook methods to be overridden in the newly
created classes. In order to better understand the concept of hook methods,
consider Figure 3, which shows part of the GREN class hierarchy. All classes that
contain methods in italics are abstract classes, and these methods need to be
overridden in specialized classes. In fact, some of them are optionally overridden,
depending on the framework usage. For example, the method hasSourceParty

of the abstract class BusinessResourceTransaction needs to be overridden,
while the method sourcePartyClass is optional, depending on whether the
“Source Party” participant of the pattern Maintain the Resource (Figure 1)
was used. This information can be obtained in the GREN documentation.
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Fig. 3. Part of GREN class hierarchy and derived classes in the application

5 Implementation of the Specific Classes

The implementation of the specialized classes is done based on the list of classes
and methods obtained in step 2 and using the same programming language used
in the framework implementation. The first implementation activity is to create
all the classes identified during the mapping, and their corresponding methods.
Then, additional attributes and their methods are implemented. Finally the
new application is compiled. According to the particular framework, it may
be necessary to implement additional classes or methods, e.g. to deal with the
graphical user interface.

In the GREN documentation there are several algorithms to help in the new
classes creation, adaptation of the GUI to include new attributes, and production
of the new system menus. In Figure 3 it can be observed some hook methods
overridden in the PHTRS example. For example, the Pothole class inherits from
Resource , which in turn inherits from QualifiableObject . So, according to
Figure 3, the typeClasses method was overridden.

6 Test of the Resulting System

The resulting system needs to be tested to ensure both that the requirements
have been fulfilled and that the system works in the end user environment. Based
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on the compiled application code, on the framework documentation, and using
an appropriate environment and test strategy, a tested application code to be
deployed is produced.

In GREN, the testing step requires the installation of the framework software
at a client machine, and the creation of a MySQL database to persist objects.
The specific tables to be created are defined according to the patterns used
during instantiation. The GREN cookbook has a special section to help its users
to create such tables.

We have spent about 9 hours to obtain the final PHTRS system (2 hours in
analysis, 1 hour in mapping, 4 hours in implementation, and 2 hours in testing).
About 1600 lines of code (loc) were written to adapt GREN to this specific
example (notice that about 50% of this code was automatically generated by
VisualWorks GUI painters’ tools and the remaining code is very simple and, most
times, reused through copy/paste). These numbers are very low if we consider
the number of Function Points (FP) [14] of the resulting system, which is about
370 (we have used an adjustment factor of 0.9 to calculate the function points).
To obtain the same functionality by programming the applications from scratch
would require at least five times more LOC than it actually did using GREN,
considering that Smalltalk requires twenty-one LOC per function point [15].

7 Concluding Remarks

The approach here proposed intends to ease framework instantiation using pat-
tern languages. Frameworks built using our approach have their architecture
influenced by the pattern language, which eases the instantiation of new ap-
plications. With the special documentation provided by our approach, frame-
work users basically need to know about the pattern language usage in order
to instantiate the framework. No technical knowledge about the framework im-
plementation details is needed. The novel aspect of our proposal is to use the
pattern language to allow a smooth transition from analysis to implementation
of specific applications.

We have used GREN to develop several systems, among which are a car
repair management system, a sales system, and a video rental store. We have also
conducted a case study with undergraduate students to implement a car rental
and a hotel system. GREN attended the functionality of all these systems. With
the case study presented in this paper it was also possible to confirm that GREN
can be used to model aspects not envisioned before: by examining the syntax
aspects of the patterns, we can achieve even more reuse than if we consider only
the semantic aspects.

Although we have tested our approach only for small/medium applications,
we believe that it scales well for larger applications. Due to the intrinsic char-
acteristics of patterns, which allow the development of complex systems by par-
titioning them into smaller units, pattern languages can be extended by adding
new patterns to cover more and more aspects of the domain. We are aware
that GRN and GREN cover a restrict domain inside information systems, but



The Role of Pattern Languages 131

our approach can be adapted to allow its usage in a wider variety of domains.
Extensibility for other computer science areas other than information systems
could be an object of future research.

An important result of our approach to improve reuse is that the framework
user knows exactly where to begin and to finish the instantiation, as the pattern
language guides her/him through the several parts that need to be adapted in
the framework. This solves a common problem of other approaches, because here
the instantiation is focused on the functionality required, with a clear notion of
which requirements are attended by each pattern.
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Abstract. In this paper, we define an Information System component
(ISC) in a data-intensive application context. An ISC is considered as
an autonomous IS, respecting a set of completeness conditions. It is
defined through a static space, a dynamic space and an integrity rules
space. We use the hyperclass concept to implement the static space. A
hyperclass is a large class, formed from a subset of conceptual classes
of the global schema of a database, forming a unit with a precise
semantics. This concept introduces a kind of modularity in the
definition and the management of a database schema and a powerful
kind of independence between the methods and the schema. Applied to
a ISC, it facilitates its handling when refined or integrated.

1 Introduction
Several researches and industrial projects have addressed reuse in Information
Systems (IS) Engineering, and several object-oriented approaches, such as patterns
[19], frameworks [7], business components [7], artefacts, domain components [18],
COTS, a-s-o. have been proposed to support reuse at different phases of software and
IS development processes.

Nevertheless, most of the approaches about software components are intended to a
process-intensive application context. In these components, only �public�
functionalities are considered, whereas their internal parts are kept �private�. The
software component is often viewed as a black box with entries and results. Even if
this model of component can be useful in some parts of an IS, it seems to us too
restrictive. Indeed an IS component (ISC) have to share information stored in
databases with other components. Its internal part concerning the manipulated
information can�t be « private » without hiding some important points in the IS design
about precisely sharing information with other ISCs. Furthermore, assembling ISCs to
build an IS is not only a question of plug-in: an ISC will use information that is
available also in other ISCs and a necessary coordination between them must be
established.

In another hand, the existing approaches address only one level of the IS (domain
level, analysis and specification level or implementation level).

In our work, we are trying to create an environment more suited to the ISCs.
Potentially it provides the basic mechanism to define, store, modify and integrate
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ISCs. An important point of this research is not to separate the different levels of an
IS but on the contrary to study them in a whole approach.

In this paper, we present our approach for reuse in IS (Section 2) and give our
definition of an ISC (Section 3). For us, an ISC is an implementation of a
corresponding pattern and business object in an IS. It is built from a hyperclass
(Section 4), its dynamic specifications and its integrity rules.

The concepts introduced in this paper are already or being implemented in our
CAISE environment M7. M7 is based on a repository composed of 7 conceptual
spaces (classes, hyperclasses, rules, life cycles, periods, events, treatments) that drives
databases (DBs) running on a commercial DB management system (DBMS,
Oracle8i).

2 Our Approach of Reuse
Our work is to be positioned in a data-intensive application context (in opposition
with a process-intensive application context (names issued from [23]). In such data-
centric approach, an IS component (ISC) interact with the other parts of the IS
through a database (DB) to store, retrieve, manipulate and share data and information.
Then, no part of the ISC should be kept hidden. In such context, the black box
paradigm with the input/output model is too restrictive, even if this model of
component can be useful in some parts of an IS.

In fact, in a software component (SC), only �public� functionalities are considered,
whereas its internal parts are kept �private�. The SC is often viewed as a black box
with entries and results. Indeed an IS component have to share information stored in
databases with other components. Its internal parts concerning the manipulated
information can�t be « private » without hiding some important points in the IS design
about precisely sharing information with other ISCs. Furthermore, assembling ISCs to
build an IS is not only a question of plug-in: an ISC will use information that is
available also in other ISCs and a necessary coordination between them must be
established.

In another hand, we support that to be effective, a component based development
of an IS have to address in a global approach the different levels of the IS. This is why
we are working on an evolutive IS framework, where we consider three levels:

1. Business objects (BO), at the domain level: set of concepts, rules, outstanding
events� representing a sum of knowledge, know-how and skills in a knowledge
base;

2. Patterns, at the analysis/specification level: A pattern is defined as a solution to a
problem in a context  [19]. It describes a generic situation in the IS development,
or in front of which a responsible for the IS may be placed. It provides some
generic possibilities with their advantages and drawbacks to take the good
decisions and overcome the situation;

3. IS components (ISC), at the implementation level: an ISC is the implementation
of a corresponding BO and pattern.

In this paper, we address only the third level: the ISC.
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An ISC can be extracted from an existing DB schema (by reuse approach) or built
from scratch (for reuse approach). It can be used as a base for a specification being
made or as an element to be integrated in an existing or under construction DB or IS.

3 IS Component

Before giving a definition of an ISC, we return on the definition of an IS.
The object-oriented methods introduce the concept of objects gathering structure of

data, controls and processing and propose total specifications of IS via static and
dynamic complementary specifications [16]. For us, an IS is defined by a triplet
{Static Space (SS), Dynamic Space (DS), Integrity Rules (IR)}.

IS=<SS, DS, IR>

3.1 Static Space

In this space are specified the static proprieties of an IS using a class diagram. In the
class diagram are detailed the classes of the IS, their attributes, their keys,
associations, and specialization/generalization relationships. Class methods are
defined in this space, too.

Relationships between the classes are defined as referential dependencies, as
existential dependencies, or as specialization dependencies. A specialization
dependency is a special case of existential dependencies and an existential
dependency is a special case of referential dependencies.

3.2 Dynamic Space

This model describes the specifications of the dynamic structures used in the life
cycles and event structures. Dynamic specifications allow structuring an object-life
(states) or an event structure (events and conditions).

There are several dynamic spaces in an IS specification such that the state-
diagrams or the object life cycles described with state charts (UML) or Petri nets
(M7).

Now we are implementing bipartite nets to specify the dynamic space of a
component. This network contains nodes and stars, where nodes correspond to classes
and stars to transactions.

A transaction is a complete cycle of data processing, which is carried out in
response to an event or a change in the state of one or more objects of classes in entry
of the transaction. A transaction constitutes a whole in itself, with a beginning and an
end. It is a sequence of operations; treated as a single unit and that uses predefined
primitives (elementary operations: Create, Retrieve, Update, Delete) or invocate class
method.

A star (Si) in the bipartite net has one or more nodes/classes (NIj) in entry, and one
or more nodes/classes in exit (NOk). If completed, the transaction corresponding to Si
interacts with objects of the classes of NIj and produces new objects in NOk.
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We define the domain of a transaction tri as the union of the set of classes in entry
of tri and the set of classes in exit of tri:

Dtri={NIj }∪∪∪∪{ NOk }

3.3 Integrity Rules

Integrity rules (or constraints) (IR) are one of the cornerstones of an IS.
The role of IRs in a DB is to preserve its coherence, correctness and consistency

during its exploitation. IRs must remain true for a database to preserve integrity. IRs
are specified at DB schema creation time and enforced by the database management
system.

- An IR is a condition defined on one or more classes, validated algorithmically.
- The context of an IR is the set of classes concerned by its definition or validation.
- The condition of one IR has to be checked for each state of the DB or change of

state.
- The scope of an IR is the set of primitives of class modification that have to

validate the IR to maintain the integrity of the DB.
- The response of an IR indicates the actions to be done in case of no-validation.

In addition to the referential and existential constraints defined in the static space,
there are two types of IRs: static IR or behavioral IR. A static IR can be applied to
each object of a class (static and individual IR) or to a set of objects of a class (static
set IR). A behavioral IR is relative to an operation of modification of one or more
objects of one class. It expresses a logical condition between the state of the DB
before its modification and its state after its modification.

3.4 Definition of an IS Component

Here we define an ISC. For us, an ISC is a particular IS. So, as an IS, its definition is
formed by a static space, where the data structure of the ISC is defined; a dynamic
space, where the behaviour of the different elements of the ISC is expressed; and an
integrity rules space, where rules governing the behaviour of the elements of the ISC
are specified. In addition, the ISC has to be autonomous: it must contain all the
elements that define it.

Formally, an ISC is defined as a triplet {SSc, DSc, IRc} respecting completeness
conditions, necessary to guarantee its autonomy and coherence:

ISC=<SSc, DSc, IRc>

1. SSc is a hyperclass (Section 4). This guarantees that the ISC has a semantic unity.
2. Class completeness: If a class Cli belongs to the ISC and references a class Clj,

then Clj belongs to ISC. One reference between classes is a referential, existential
or a specialization dependency.

∀∀∀∀Cli∈∈∈∈SSc; Cli→→→→Clj ⇒⇒⇒⇒ Clj∈∈∈∈SSc

3. Transaction coherence: all the transactions of the ISC validate all the IRs of ISC.
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4. Transaction completeness: if a transaction tr belongs to ISC, all the classes
belonging to the domain Dtr of tr belong to ISC.

if tr∈∈∈∈DSc, ∀∀∀∀Cli∈∈∈∈Dtr; Clj∈∈∈∈SSc

5. Integrity rule completeness: all the classes belonging to the context Cir of the IR
ir belong to the ISC;

if ir∈∈∈∈IRc, ∀∀∀∀Cli∈∈∈∈Cir; Clj∈∈∈∈SSc

3.5 ISC Handling

An ISC can be extracted from an existing DB schema or built from scratch. When
defined, it can be used as a base for a specification being built or as an element to be
integrated in an existing DB or IS.

To be able to adapt or refine one ISC or to integrate it, we should provide
necessary operations to handle it. Classes, attributes and methods are grouped in one
same category in the ISC. We choose/would like to select or unselect
(classes/attributes/keys/methods/�). Furthermore, to create an environment to
manage ISC, we are now implementing these operations for the handling of an ISC:

1. create an ISC,
2. extract an IS component from a database,
3. put an IS component into a database,
4. specialize/generalize an ISC,
5. modify an ISC,
6. condense an ISC,
7. expand an ISC,
8. study the common parts of two IS components.

To implement these ISCs handling operations, we are using the hyperclass concept to
represent the static space of an ISC. In fact, when implemented, the concept of
hyperclasses provide a DB Management System (DBMS) with a modularity of high
level and improve its evolutionarily; it provides a powerful kind of independence
between the methods and the schema.

In the next section, we present the concept of hyperclass and some related concepts
such as hyperattributes, hyperobjects and hypermethods.

4 The Concept of Hyperclass

A hyperclass is a large class, formed from a subset of conceptual classes of the global
schema of the DB, forming a unit with a precise semantics. Generally, it is associated
with a function around the IS and it delimits the informational domain necessary for
the achievement of this function. This space is a representation at the level of the DB
schema of a field of particular competence around the IS.

Formally, a hyperclass HCl is defined by:

HCl=<SCl, RC, NGr>
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1. SCl={RC, Cl1, Cl2� Cln}. SCl is a subset of the set of the global schema classes;
2. RC is the root class of HCl. It is a class of SCl (RC∈SCl), and
3. NGr is the oriented navigation graph associated to HCl. This graph is composed

of nodes corresponding one to one to the classes of SCl, and arcs corresponding
to associations between these classes. It indicates how the objects of each class of
SCl are reached from the object of RC. An arc from the class A to the class B in
the informational schema indicates that one object oA of A is linked to at most one
object oB of B and that inversely, oB is linked to oA. Furthermore, oB may be
linked to other objects of A. Thus, the navigation between the objects of related
classes is independent from the direction of arcs in the informational schema.

A hyperclass is built in a similar way to one universal relation [22]; the links between
two objects have the same semantics at the level of a hyperclass.

A hyperclass can share one or more of its elements with other hyperclasses. A HCl
attribute is an attribute of a HCl class. The set of the attributes of HCl is the union of
the sets of the attributes of the HCl classes.

For example, let�s consider M@TIS (Fig.1.), an IS for a PhD program where
teachings are generally given on different geographically distant sites.

To establish the end-of-year reports and the final student results, information about
the students and the results of their courses are needed. This information is contained
in the classes STUDENT, PERSON, PROJECT, RESULT and COURSE. These classes
constitute the set of classes of the hyperclass StudentResult representing the
informational domain needed to manage the academic results of the students. Student
identifies the information about the students� results, and that�s why STUDENT is the
root of StudentResult.

Another important functionality in M@TIS is the calculation of the professors�
salaries. Professors are paid according to the number of hours that they achieve and
the university where they give each course. Hour-prices are not the same in all the
universities of the training. Needed information for this functionality is available in
the classes PROFESSOR, PERSON, COURSE, PLANNING, CLASSROOM and
UNIVERSITY. Salaries will be established for each professor of the training. These
classes will constitute the set SCl of classes of the hyperclass PayProf representing
the informational domain needed to manage the professors� payments. Thus, the class
PROFESSOR will be the root class (RC) of our hyperclass: its objects will identify the
hyperobjects of PayProf.

4.1 Hyperobjects

The objects of a hyperclass HCl are called hyperobjects. A hyperobject ho is a set of
linked objects, built starting from an object of the root class RC (its root object) and
of the HCl closure of this root object.

The HCl closure of one hyperobject is the set composed of:

1. its root object oRC,
2. the objects of HCl classes linked to oRC, and
3. the objects of HCl classes, which are linked to an object belonging to the closure.

The objects of the root class identify the hyperobject in a hyperclass.
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The values taken by a hyperobject ho for an attribute A of a class C belonging to
HCl are the union of the set of values taken for A by the C objects belonging to the
HCl closure of ho.

The update of the value v taken by the HCl hyperobject ho for the attribute A of the
HCl class C into the value v', consists of updating the value v into v' taken for A by all
the C objects of the HCl closure of ho.

Fig.1. Example of hyperclasses

4.2 Hypermethods

Upon a hyperclass, it’s possible to define hypermethods, which use the hyperobject
base methods (create, delete, retrieve, update).

A hypermethod Hm is defined over several classes of SCl. It can use different HCl
attributes and invocate class methods of the HCl classes.

For example, on the hyperclass PayProf, we define a hypermethod called
�ProfSalary()� that calculates the professor�s salary from the number of hours
that he taught in each university.

stprofHourCoduration()profSalary k
kj

ji
ikj

.university*.planning.PayProf
]payProfin  linked university & planning[,

∑=

This hypermethod uses the attributes PLANNING.duration and
UNIVERSITY.profHourCost. It manipulates the values taken for these attributes
by the objects of the classes PLANNING and UNIVERSITY belonging to a same
hyperobject.
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4.3 Usefulness of the Concept of Hyperclass for ISCs

The hyperclass concept is useful in general when applied on a DB schema and
particularly when handling ISC. In fact, this concept introduces a kind of modularity
in the definition and the management of a DB schema. It is useful to facilitate the DB
analysis, design, implementation and maintenance steps.

The traditional class concept of the object-oriented approach becomes a
specialization of the hyperclass concept. It is a hyperclass with only a class, so the
implementation of the hyperclass concept inside a DBMS does not require many new
operations but only more sophisticate existing operations over classes (Create, Delete,
Update, Retrieve), which were developed to support the class concept.

On another hand, hypermethods are an advantage for the method designers,
because they don’t have to choose a class for the method. Furthermore the
hypermethod designers don’t have to know the detailed schema of the hyperclass; they
have to know only the attributes of the hyperclass: the mechanism of hyperclass
undertakes to resolve access paths of each attribute of HCl each time that class
attributes are accessed.

Furthermore, one hyperclass is a partial schema of the whole DB schema.
Traditional evolution and modification methods are still available for this partial
schema. Nevertheless, these methods must be adapted to the hyperclass. A set of
schema evolution primitives is being developed. These primitives are supported by a
mathematical theory [11, 12] and will permit a better handling of ISCs when to be
refined or integrated.

As we showed it in [19], thanks to the hyperclasses, there is a powerful kind of
independence between the data schema level and the method level. In fact, a priority
of our work with hyperclasses is to preserve hypermethods from dysfunctions due to
evolution operations:  hypermethods must still functional (method conservation) and
must still give the same result (method results conservation). A hypermethod Hm
defined on a hyperclass HCl can be performed even after some HCl transformations,
except of course, if they remove necessary information for Hm from HCl.

For example, if the class CLASSROOM is no longer useful in the hyperclass
PayProf, we can hide it in PayProf and consolidate the hyperclass to maintain
access to the class UNIVERSITY. Thanks to the hyperclass mechanism, ensuring
access to hyperclass attributes, ProfSalary still functional and return the same
results without any recompilation, even if CLASSROOM is excluded from PayProf.

Due to the independence between methods and schema, the hyperclass concept is
very useful for the evolution of the static space of an ISC.

Generally, in an IS, dynamic space is implemented in a separate way from the
static space. Previous work [11, 12] shows that there is a convergence between the
implementation of the hyperclasses and the implementation of dynamic
specifications. The Gavroche�s clauses can be used to take the dynamic aspects into
account in a hyperclass and the key point is the implementation of a bipartite net.
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5 Conclusion

In this paper, we presented our global approach of reuse, built around three levels:
business objects at the domain level; patterns at the analysis and specification level;
and IS components, at the implementation level. In our research, these different levels
are not separated but in contrary, they are studied in a whole approach.

An ISC is considered as an autonomous IS, respecting a set of completeness
conditions. It is defined through a static space, a dynamic space and an integrity rules
space. Hyperclasses are used to implement the static space.

Our work is to create an environment well suited to the ICSs. Potentially, and
thanks to the hyperclass concept, it provides the basic mechanisms to modify ISCs
and then to avoid to change every method of the IS component. In addition, this
evolutive approach focuses on the information.

Targeted ISC will be generic and not dedicated to a particular technology, to a
particular method, or to a particular IS.
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Abstract. Reuse of Commercial Off-The-Shelf simulators is a promis-
ing and new approach to support collaborative and distributed simula-
tions. This paper presents ComRTI, a reflexive XML middleware that
eases reuse and collaboration between various COTS simulators. It is a
portable middleware that runs on Windows and Unix stations. ComRTI
uses only widely available software such as TCP/IP and XML toolkits.
Heterogeneous simulators cooperate by sharing a neutral XML model.
ComRTI eases to manage meta-models and neutral models. It helps to
project dynamically a neutral model onto a specific target simulator.
ComRTI has proven efficiency to develop cooperation services between
industrial designers. Thus, distributed designers cooperate easily by
sharing meta-models and reusing their classical simulation interface.
The designers can cooperate also by running a distributed simulation in-
volving different meta-models.

1 Introduction

ComRTI is a reflexive XML middleware that eases integration and reuse between
various COTS 3D modelers and simulators. CoSimul is a cooperative application that
uses ComRTI to provide cooperative simulation services. ComRTI and CoSimul have
been developed within the IST-AIT VEPOP project of the European Commission.

The ComRTI and CoSimul software answer several industrial requirements 1) easy
coupling of 3D models with simulation models 2) reuse of COTS simulators and
Computer Aided Design tools 4) use of XML 5) propose an extensible and reusable
approach 5) use of off-the-shelf and widely available communication software.

                                                          
1 Work supported by the European Commission under contract Number IST 1999-13346,

EADS Airbus, EADS Astrium, EADS CCR, CNAM-CEDRIC, Flow-Master, University of
Oulu, DFKI.
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ComRTI and CoSimul address the lack of solution to couple easily COTS simula-
tors (e.g. FlowMaster2 [3]) and 3D space allocation application (e.g. CATIA [5] or
Rapid Prototyping software). Classical CAD system like CATIA enables to integrate
simulators within the 3D scene. But, they do not provide any middleware to reuse
external commercial simulators like FlowMaster2. Currently commercial CAD sys-
tems do not provide any service to set-up in a cooperative way a distributed simula-
tion. Distributed systems like [6] aim at providing communication services to achieve
a distributed simulation. But these systems do not ease the reuse of COTS simulators.
Other solutions like [10] requires access to the numerical code of a simulator to be
able to achieve a parallel simulation. Moreover, middleware like [8] and [13] provide
communication architecture to develop client-server application. But, reflexive aspects
are not integrated within the communication architecture. Management of meta-
models and models is complex: it requires a projection of meta-modeling facilities
onto useless intermediate language (e.g. CORBA-IDL). So, reflexive aspects are de-
veloped on top of the communication system with extra complexity.

In contrast, our solution does not require any access to the internal structure and
computation of the simulator. It aims at reusing easily COTS simulators and 3D soft-
ware. Reflexive aspects are integrated within our core communication services. Thus,
extensible meta-modeling and dynamic sharing of models are provided with few com-
plexity.

Let us summarize the benefits provided by a distributed application like CoSimul
developed using ComRTI.

First, designers can cooperate by reusing COTS software. For example, they can
share a neutral 3D model between heterogeneous 3D space allocation applications.
Thus, they can cooperate and interact through heterogeneous CAD systems.

Second, designers can cooperate to set-up a distributed simulation by coupling eas-
ily 3D space allocation systems and COTS simulators. Thus, a simulation expert re-
uses easily existing 3D models. The simulation model is deduced automatically from
the 3D model. The time to set-up a simulation is reduced and different designers, with
complementary skills, cooperate by reusing easily different consistent simulation
models.

Third, a distant designer reuses his simulator interface (e.g. the FM2 interface). He
does not have to learn a new simulator interface to process various simulations starting
from the received neutral model.
For the development of distributed simulation software, ComRTI provides different
advantages.

First, it provides an open architecture to reuse COTS simulators. Using ComRTI,
an adapter projects a neutral simulation model onto the target simulation model. A
ComRTI adapter is a reusable software component. Thus, dynamic reuse and assem-
bly of existing Adapters enables the coupling between simulators for various domains
of simulation. Reuse of Adapters and COTS simulators is provided through standard
and extensible methods to dynamically process various simulation meta-models and
neutral models.

Second, ComRTI is independent of the target programming language and simula-
tor. Thus the same neutral model can be shared between, for example, an adapter
written in Java and a distant adapter using C++.
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Third, distributed adapters share easily a neutral model using the ComRTI publica-
tion/subscription framework. That framework enables a dynamic propagation of a
model instance beyond the interested adapters. Thus, peer-to-peer communications are
easily developed using ComRTI publication and subscription methods.

Finally, mediators can be easily developed to achieve dynamic bi-directional trans-
formations between various neutral models. For example, a mediator transforms
automatically a neutral 3D model into a neutral flow simulation model. Thus, different
business logics can reuse existing neutral models to carry out various bi-directional
transformations.

Section 2 presents the Object Management Architecture proposed by ComRTI and
the related components (i.e. Object Simulation Bus, Adapters, Simulators and Media-
tors). Section 3 presents the ComRTI Object Simulation Broker that is a reflexive
kernel for developing communications between Adapters. Section 4 compares Com-
RTI with related works coming from CORBA, distributed simulation run-time and
parallel computing.  Conclusion describes the industrial feedback and future works.

2 Object Management Architecture of ComRTI

An Object Management Architecture defines the cooperation between the different
software components involved within ComRTI. This solution answers two main ob-
jectives defined by our industrial partners.

• the possibility of making a generic parameter setting that is independent of the
configuration of a simulator (e.g. FlowMaster2). This possibility is supported by
the proposed solution that permits a distinction between a neutral model and at-
tributes related to a target simulator.

• the possibility to dynamically chain simulators. It is possible using ComRTI
through an adapted mechanism for propagating produced values to the consuming
simulators. Various chaining, such as lightweight coupling (i.e. with loops) are
supported. Consistent coupling (i.e. sophisticated synchronization between the
simulators) can also be integrated. The important point is the ability to chain dy-
namically COTS simulators through reusable Adapters.

The ComRTI OMA defines a layered and well-decoupled architecture where 1) an
Adapter achieves the projection of a neutral simulation model onto a target simulator
model and 2) a Mediator (i.e. a specific Adapter with various business logics) trans-
lates a neutral model for a given Domain (e.g. 3D Geometry) to another neutral model
for another Domain (e.g. Hydraulic). An Adapter uses the ComRTI Object Simulation
Broker to plug dynamically a target simulator on the ComRTI simulation bus. Thus,
an Adapter can connect easily with other Adapters to share an instance of a neutral
simulation model.

The Object Simulation Broker includes 1) a Generic Adapter Layer that permits
concrete adapters to use a meta-meta model and connection facilities (i.e. publica-
tion/subscription services) and 2) a Proxy Adapter Layer that enables to share any
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instance of a neutral model (i.e. deriving from the meta-meta model) based on XML
transmissions.

The Generic Adapter Layer in its turn relies on the ComRTI baseline communica-
tion and configuration services. This Generic Adapter Layer provides means to dy-
namically link Adapters through meta-modeling management.

The Proxy Adapter Layer enables to transmit any kind of model as an XML stream.
For interfacing a new COTS simulator with others, an implementer only needs to

create a new Adapter. To interface with other domains of simulation, implementers
need to further as well a Mediator between the existing domain and the new one. All
the ComRTI parts are reusable components for dynamic meta-modeling and sharing.
An Adapter is also a reusable component that can share a model instance with future
Adapters.

ComRTI OSB is a simulation bus where the Adapters plug dynamically different
neutral model instances. An application peer that subscribes to a type of meta-model
(e.g. a Flow model) receives automatically a produced model instance of that type.
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Fig. 1. ComRTI architecture used for the CoSimul application

3 ComRTI Object Simulation Broker

3.1 Generic Adapter Layer

The general problem of integration of COST simulators is that each simulator has a
proprietary model for describing simulation networks.

In order to integrate two simulators A and B, the first solution is to make direct
conversions between the two proprietary models A and B. This solution is not satis-
fying since the number of converter is N2.

The second solution is to achieve the conversion using a pivot model (i.e. a Neutral
model X) that is independent of Model A and Model B. It is a better solution: once the
Adapter, to achieve the conversion between the Model A (i.e. a target simulator) and
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the Neutral model X is available, the connection with any other proprietary model is
possible. The number of Adapters is N. So, there is much less Adapters to develop.
Moreover, an Adapter is independent of the other Adapters since it uses a pivot model
(i.e. a neutral model) and projects that neutral model onto the target simulator model.
ComRTI uses that approach through a reflexive kernel (i.e. the Generic Adapter
Layer) that enables to define all the required meta-model and neutral models.

As depicted in Fig. 2, a Concrete Simulator Adapter inherits from the Generic
Adapter Layer class. It refers to the publication and subscription services of the Ge-
neric Adapter Layer in order to dynamically link, synchronize with other Concrete
Simulator Adapters. The Generic Adapter Layer is a reflexive component that permits
to describe any type of meta-model. So, the Generic Adapter Layer provides a meta-
meta model that describes itself and enables to define all the required meta-models
and shareable instances of neutral model. Thus, the number of Adapters is limited to
the number of target simulators due to a pivot neutral model.

 

Concrete 
Simulator 
Adapter

Target 
COTS 

Simulator 
Model B 

ComRTI Object Simulation Bus 

Concrete
Simulator 
Adapter

Generic
Adapter
Layer 

 

Neutral 
model 

X

Target 
COTS 

Simulator 
Model A 

Generic
Adapter 
Layer 

 

Neutral 
model 

X

Fig. 2. Concrete Simulator Adapter inherits from the Generic Adapter Layer to project the
shared neutral model onto a target simulator model

The Producer/Consumer Scheme Used by the Adapters. In order to define how the
simulators are interconnected and what they exchange between them, the architecture
furthers a dynamic approach for simulators interconnection. It is the role of the Ge-
neric Adapter Layer to connect the adapters depending on their domains of interest,
whether they are producers of data models, consumers of data models or both, whether
they can produce simulation and/or results. It does this dynamically. Typically, the
first thing a concrete adapter does is to register to its Generic Adapter Layer. The
registration process permits to dynamically link the concrete adapter to the others via
the layered architecture.

The Proxy Adapter Protocol. Fig. 3 describes the transmission protocol between a
producing peer and a distant consuming peer. First, the Concrete Adapter on peer A
publishes a DataModel. Second, the GAL notifies the Proxy Adapter that a Data-
Model is available. Third, the Proxy Adapter converts the consumed DataModel into



Collaborative Simulation by Reuse of COTS Simulators      147

an XML stream and sends it to the distant Proxy Adapter. Fourth, the distant Proxy
Adapter publishes the received DataModel. Finally, the GAL notifies the distant con-
suming Concrete Adapter.
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5: dataModel 
Available 4 : publishDM 

 Generic Adapter Layer 

Fig. 3. Interaction protocol between distributed peers

The Proxy Adapter Layer implements the conversion of a model instance into an
XML stream. The Proxy Adapter Layer is fully generic. It is able to convert any type
of model into an XML stream. The Proxy Adapter Layer achieves TCP/IP transmis-
sions and thread management using the portable ACE toolkit [1].

3.2 Reflexive Principles

The Meta-meta Level. The Generic Adapter Layer includes the meta-meta level of
our reflexive middleware. The meta-meta level provides reusable metaclasses that
support a tree representation of any meta-model/neutral model. Thus, the components
of a model and the attributes of each component have a standard representation parse-
able by all adapters.

The Generic Adapter Layer provides several metaclasses.
Every meta-model inherits from the DataModel metaclass whose attributes are:

• type : the type (most of the time related to the domain) of the meta-model,
• cdata: the data representation whose type is CompDataObj.

Every component of a meta-model inherits from the CompDataObj metaclass. That
metaclass is based upon the Composite Design Pattern [4]. The Composite Pattern
CompDataObj enables to implement DataObj trees in the Data Models (Fig. 5).

Each DataObj can contain attributes. The attributes are also implemented with the
Composite Design Pattern [4]. Fig. 4 illustrates that composite classes hierarchy.

• AttrValue is the leaf of the Composite Attribute Pattern. It enables to ma-
nipulate dynamically a scalar attribute (i.e. dynamic typed attribute creation).

• Attribute inherits from AttrValue and adds a name.
• CompAttr is the composite (recursive) part. It permits to represent non-scalar

and hierarchically organized attributes.
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Attribute CompAttr 

AttrValue 

Fig. 4. The Composite Attribute Design Pattern implementation class hierarchy

The Meta Level and the Model Level. Fig. 5 presents the application of the Comp-
DataObj metaclass to define an hydraulic meta-model called HydroComp that is a
real composite for the domain of Hydraulic Simulation.

CompDataObj HydroComp 

DataObj 

Fig. 5. Application of a concrete adapter defining an Hydraulic meta-model

Fig. 6 shows that HydroComp includes real objects such as SrcPressure and
Pipe deriving from DataObj.

CompDataObj HydroComp 

DataObj 

Pipe SrcPressure Junction DiscreteLoss 

CylPipe 

Fig. 6. Application to define a neutral model at a concrete hydraulic simulator side

Fig. 7 presents the XML tree resulting from the serialization of an instance of the
previous hydraulic neutral model. The ProxyAdapter carries out that serialization. One
can see that a DataModel includes a CompDataObj that defines a hierarchy of
hydraulic DataObj. Each hydraulic DataObj includes a category (i.e. �HydroNet�)
from the meta-model and a name (e.g. �pipe:cylindrical�) from the neutral model.

4 Related Works

MOF [9] can be used in conjunction with the CORBA-ORB [8]. A MOF model is thus
projected onto a CORBA-IDL interface. But it requires to compile the IDL interface
in order to instanciate the model. The IDL compilation provides C++ or Java skele-
tons for developing remote method calls. So, meta-modeling is supported on top of a
CORBA bus. But the IDL projection does not simplify the development process.
Moreover, CORBA interactions are client-server based and sharing is poorly sup-
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ported by additional CORBA Services such as the Event Service. In contrast, ComRTI
manages directly meta-modeling through its reflexive kernel. So, intermediate projec-
tion (e.g. IDL projection) is useless. Moreover, XML transmission solves the hetero-
geneity of the machines. Model sharing is supported using a peer-to-peer approach
based on efficient subscription and publication services for transmitting an XML tree.

Fig. 7. The XML tree corresponding to the serialization of a DataModel tree

High Level Architecture [6] is a distributed system devoted to simulation that is
also adopted as a CORBA standard [7]. It comes from military requirements to define
distributed simulation of battlefields. But, HLA provides a low-level communication
approach that does not help to integrate COTS simulators. The HLA-OMT language is
devoted to the standardization of distributed interactions but it does not support meta-
modeling. Moreover, HLA aims at guarantying reproducibility and consistency of the
distributed simulation using a logical time ordering. But, the only tentative [11] with
COTS simulators show that HLA fails to satisfy those properties. In practice, HLA
requires access to the internal computation of a simulator. In contrast, ComRTI eases
the reuse and the assembly of COTS simulators through meta-modeling facilities. It
provides a reusable and extensible reflexive architecture as inner meta-modeling fa-
cilities.

Jaco3 [10] addresses clearly the parallel computation of a global numerical code.
The main code uses distant CORBA objects and acts as a CORBA client that calls an
object to compute in parallel operations on matrixes (i.e. a multiplication or an addi-
tion). So, the main task calls a parallel CORBA object. That project claims also to
address reuse of existing simulation software. But the proposed demonstrator is a
parallel execution of an existing simulator. So, despite they claim to address reusabil-
ity the proposed demonstrator is not relevant of this point. ComRTI provides a com-
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plementary approach. It addresses clearly reuse and integration of existing simulators.
The CoSimul demonstrator shows the efficiency of the ComRTI approach to reuse
COTS simulators through reflexive meta-modeling and XML streams.

5 Conclusion

ComRTI provides a reflexive Object Simulation Broker that is devoted to the dynamic
coupling and reuse of COTS simulators. It provides meta-modeling facilities. It sup-
ports cooperation between heterogeneous software through the sharing of neutral
simulation model instances based on XML transmissions.

ComRTI has been used successfully to develop the CoSimul application. Thus, de-
signers can cooperate by sharing neutral simulation models starting from their usual
application interface to reuse existing CAD models. Thus, they can easily set-up a
distributed simulation involving multiple sites and simulation networks (e.g. flow
computation for a ventilation network and fuel network) by reusing 3D models. Dis-
tributed results can be shared to carry out simulation loops or cooperative improve-
ments.

Industrial feedback shows the powerful of CoSimul/ComRTI to reuse and assemble
COTS simulators. The time to set-up a simulation is reduced and various cooperation
scenarios are supported. The reuse capabilities of CoSimul/ComRTI provide major
benefits 1) Designer can reuse their usual application interface 2) Cooperation is sup-
ported through heterogeneous applications 3) Designer reuse CAD models to set-up
quickly a simulation 4) ComRTI provides reusable and extensible classes 5) Adapters
are reusable components and 6) Adapters process and share reusable neutral models.

Future works will consist in communication improvements. First, new Mediators
will be developed to achieve automatic and lightweight coupling between different
simulation domains. Second, CTOP [14] communications will be integrated to guar-
anty consistency of a distributed simulation. Third, DBSM services [3] will enable the
cooperative modification of a model instance based upon mobile services for manag-
ing a distributed model tree. Thus, the solution will support better the mobile working
that an extended cooperative team requires.
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Many approaches have been developed in the past to address efficient query
processing for information systems, integrated systems, as well as Web-based
systems (caching, etc.). However new techniques need to be developed to op-
timize query processing for Web-based information systems (WIS). These new
techniques need to address several challenges including management and publi-
cation of semi-structured data, limited access to Web data sources, lack of pub-
lished information about their content (statistics, metadata), complex coverage,
etc.
This is the first of (hopefully) a successful series of workshops dedicated
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access point.
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Abstract. In modern Internet/Intranet-based architectures, an increas-
ing number of applications requires an integrated and uniform access to
a multitude of heterogeneous and distributed data sources. In this paper,
we describe the artemis/momis system for the semantic integration and
query optimization of heterogeneous structured and semistructured data
sources.

1 Introduction

In modern Internet/Intranet-based architectures, an increasing number of appli-
cations requires an integrated and uniform access to a multitude of heterogeneous
and distributed data sources. A methodological framework for the integration of
highly heterogeneous data sources requires guidance and support tools for deal-
ing with different types of heterogeneity that can occur among the sources, and
should provide intelligent techniques and tools for automating as much as pos-
sible various activities involved in the semantic integration process, such as for
example the acquisition of interschema properties, the schema matching and rec-
onciliation activities, or the generation of semantic mappings between the global
schema and the local schemas of the underlying data sources for query purposes.
A first type of heterogeneity to be considered when integrating heterogeneous
sources derives from the level of structuring of data to be integrated. Several
data models and languages can be adopted for data representation and storage,
ranging from non structured data, typical of file systems, to highly structured
data, typical of database systems, to semistructured data, typical of Web data
sources [8]. Another type of heterogeneity to be considered derives from the
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terminology, structure, and context characterizing data stored at each source,
which requires to take into account data semantics and to define semantic map-
pings between data. These problems have been first addressed in the context of
database integration [9], and more recently in the context of Web and XML data
integration [10, 5, 6].

In this paper, we describe the artemis/momis system for the semantic inte-
gration and query optimization of heterogeneous structured and semistructured
data sources [2, 3]. artemis/momis supports a virtual approach to integration,
in that data residing at the sources are accessed during query processing by ex-
ploiting defined mappings, instead of being replicated at the global level. The
global schema, associated mapping descriptions and interschema knowledge ob-
tained from the integration process provide support for expressing queries in
terms of the global schema over underlying data sources, with mechanisms for
the reformulation and answering of such queries in terms of the data stored
in the sources. Such a problem is known in the literature as view-based query
processing, and has been studied very actively in the recent years[7, 11, 12].

The paper is organized as follows. Section 2 describes the interschema knowl-
edge extraction and representation process. Section 3 is devoted to the source
schema matching process. Section 4 describes the global schema and mapping
generation process. Section 5 illustrates the semantic query otimization process.
Finally, in Section 6, we give our concluding remarks.

2 Interschema Knowledge Extraction and Representation

The semantic integration of strongly heterogeneous data sources is performed
by constructing a semantically rich representation of the data sources to be in-
tegrated, by means of a common data model based on the ODLI3 language. In
artemis/momis, this task is performed by wrapper tools developed for both
structured and semistructured data sources [2]. The subsequent phase of the
integration process is the extraction and representation of the interschema prop-
erties featuring the sources to be integrated. In artemis/momis, interschema
knowledge is expressed through intensional properties and extensional properties.
Intensional properties are terminological relationships expressing inter-schema
knowledge at the intensional level for the source schemas. Intensional relation-
ships are defined between classes and attributes, and are specified by consid-
ering class/attribute names, called terms. The following relationships can be
specified in ODLI3 : syn (Synonym-of), bt/nt (Broader/Narrower Terms), or
hypernymy/hyponymy, and rt (Related Terms), or positive association [2, 3].

An intensional relationships is only a terminological relationship, with no im-
plications on the extension/compatibility of the structure (domain) of the two
involved classes (attributes). For capturing this kind of knowledge, extensional
properties are used. Extensional properties express interschema knowledge at the
extensional level. The intensional relationships syn, bt, nt and rt between two
classes C1 and C2 may be “strengthened” by establishing that they are also ex-
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UNIVERSITY source (UNI)

Research Staff(name,e mail,dept code,s code)

School Member(name,school,year,e mail)

Department(dept name,dept code,budget)

Section(section name,s code,length,room code)

Room(room code,seats number,notes)

COMPUTER SCIENCE source (CS)

CS Person(first name,last name)

Professor:CS Person(belongs to:Division,rank)

Student:CS Person(year,takes:set〈Course〉,rank,e mail)

Division(description,address:Location)

Location(city,street,number,country)

Course(course name,taught by:Professor)

TAX POSITION XML source (TP )

<!ELEMENT ListOfStudent (Student*)>

<!ELEMENT Student (name, s code, school name, e mail, tax fee)>

<!ELEMENT name (#PCDATA)>

...

Fig. 1. Three heterogeneous University sources

tensional relationships [4]. Consequently, the following extensional relationships
can be defined in ODLI3 :

– C1 synext C2: the instances of C1 and C2 are the same.
– C1 btext C2: the instances of C1 are a superset of the instances of C2.
– C1 ntext C2: the instances of C1 are a subset of the instances of C2.
– C1 rtext C2: the instances of C1 overlap the instances of C2.
– C1 disjext C2: the instances of C1 are disjoint from the instances of C2.

Intensional and extensional properties can be partially automatically ex-
tracted and partially explicitly declared by the integration designer. A Com-
mon Thesaurus of terminological and extensional relationships is constructed,
describing interschema knowledge about ODLI3 classes and attributes of source
schemas.

The Common Thesaurus is built through an incremental process during
which relationships are added in the following order: i) schema-derived rela-
tionships : intensional and extensional relationships holding at intraschema level
are extracted by analyzing each ODLI3 schema separately; ii) lexical-derived re-
lationships : intensional relationships holding at interschema level are extracted
by analyzing different sources ODLI3 schemas together according to the Word-
net supplied ontology; iii) designer-supplied relationships: additional intensional
and extensional relationships are supplied directly by the designer, to capture
domain knowledge about the source schemas. Supplied relationships are vali-
dated with ODB-Tools [1]; iv) inferred relationships : a new set of relationships
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(i.e. new generalization and aggregation properties) is inferred by ODB-Tools by
reasoning over the union of the local schemas enriched with currently available
interscheme properties. As a running example, we consider three heterogeneous
sources (see Figure 1): the first source University (UNI) is a relational database;
the second source Computer Science (CS) is an object–oriented database; the
third source, Tax Position (TP), is an XML file. Possible extensional relation-
ships for the sources of the running example are the following:

1. UNI.School Member SYNExt TP.Student
2. CS.Student NTExtUNI.School Member
3. CS.Professor NTExt UNI.Research Staff
4. CS.Professor DISJExt UNI.School Member
5. UNI.Research Staff DISJExt TP.Student
6. UNI.Research Staff DISJExt CS.Student
7. CS.Student NTExt CS.CS Person
8. CS.Professor NTExt CS.CS Person
9. UNI.Section RTextCS.Division
10. CS.Student NTextTP.Student

Relationships from 1 to 4 and 9 are supplied by the designer; relationships 5
and 6 are intra–schema extensional relationships automatically extracted by the
system from the is–a hierarchies of the COMPUTER SCIENCE source; relationship
10 is inferred from 1 and 2.

3 Source Schema Matching

Goal of this phase of the integration process in artemis/momis is to identify
ODLI3 classes candidate to integration, that is, classes that describe the same or
semantically related information in different source schemas. To this end, affinity
coefficients are evaluated for all possible pairs of ODLI3 classes, based on the
relationships in the Common Thesaurus properly strengthened. Affinity coeffi-
cients determine the degree of matching of two ODLI3 classes c and c′ based on
their names (Name Affinity coefficient) and their attributes (Structural Affinity
coefficient). A Global Intensional Affinity (GIA) coefficient is then determined
as the linear combination of the Name and Structural Affinity coefficients. To
evaluate such coefficients, an affinity function A() is defined on top of the Com-
mon Thesaurus to evaluate the affinity of two terms. The affinity A(t, t′) of
two terms t and t′ is equal to the highest-strength path of terminological re-
lationships (i.e., intensional) between them, if at least one path exist, and is
zero otherwise. Given two terms t and t′ and a path of terminological relation-
ships between them, the strength of this path is computed by multiplying the
strengths of all terminological relationships involved in it. A(t, t′) coincides with
the strength of the highest-strength path between t and t′, denoted by →m, that
is, A(t, t′) = σ12� ·σ23� ·. . .·σ(m−1)m. To assess the level of affinity of two ODLI3

classes in a comprehensive way, a Global Affinity coefficient taking into account
also the knowledge provided by extensional properties is introduced. We denote
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Table 1. Affinity coefficients for schema matching

Coefficient Definition Description

NA(c, c′) is the value of
NA(c, c′) A(nc, nc′) the affinity between the names

of two classes, if this value ex-
ceeds a specified threshold.

SA(c, c′) is the measure of

SA(c, c′) 2·|{(at,aq)|at∈A(c),aq∈A(c′),nt∼nq}|
|A(c)|+|A(c′)| the level of structural matching

of the classes, proportional to
the number of their attributes
whose names have affinity and
whose domains are compatible.

GIA(c, c′) is a global measure of
GIA(c, c′) wNA · NA(c, c′) + wSA · SA(c, c′) the affinity of two classes based

on intensional properties only,
computed as the linear combi-
nation of their name and struc-
tural affinity, respectively.

GA(c, c′) is a comprehensive
GA(c, c′) GIA(c, c′)+(1-GIA(c, c′)) · σ�ext(c, c

′) measure of the affinity of two
classes, which takes into account
also the extensional properties
holding between the two classes.

Legend: A(c) and A(c′) are the sets of attributes of c and c′, respectively;
| X | denotes the cardinality of set X; ∼ denotes name affinity

by �ext, with �ext ∈ {SY Next, BText, NText, RText, DJSext} an inter-schema
extensional relationship. For affinity evaluation, each extensional relationship
�ext is associated with a strength σ�ext ∈ [0, 1], expressing its implication for
affinity evaluation. Following what has been done in assessing the strengths of the
terminological relationships, we consider equivalence (SY Next) as the strongest
indicator for affinity; moreover we consider inclusion (BText/NText) stronger
than overlapping (RText). Table 1 summarizes the affinity coefficients.

Global affinity coefficients are then used by a hierarchical clustering algo-
rithm, to classify ODLI3 classes. The output of the clustering procedure is an
affinity tree, where ODLI3 classes are the leaves and intermediate nodes have
an associated affinity value, holding for the classes in the corresponding cluster.
Clusters for integration (candidate clusters) are interactively selected from the
affinity tree using a threshold based mechanism.

Candidate clusters are characterized with respect to size and level of homo-
geneity. The size of a candidate cluster is the number of ODLI3 classes contained.
The level of homogeneity of a candidate cluster is given by the threshold value,
and consequently by the affinity value associated with the cluster in the affinity
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Fig. 2. Candidate clusters with extensional properties

tree (i.e., a high value of affinity corresponds to a high level of homogeneity).
The number, size, and level of homogeneity of candidate clusters is determined
by the designer who can set the most suitable value for the threshold γ.

In Figure 2, we show the affinity tree computed by considering both inten-
sional and extensional relationships, using a threshold value γ = 0.5.

4 Global Schema and Mapping Generation

For each selected cluster in the tree, a global ODLI3 class providing the unified
view of all the classes of the cluster is defined in artemis/momis. The generation
of global classes is interactive with the designer. Let Cli be a selected cluster in
the affinity tree and global classi the global ODLI3 class to be defined for Cli.
First, we associate with global classi a set of global attributes, corresponding to
the union of the attributes of the classes belonging to Cli. The attribute unifi-
cation process is performed automatically for what concerns names according to
the following rules: i)for attributes that have a syn relationship, only one term
is selected as the name for the corresponding global attribute in global classi;
ii)for attributes that have a bt/nt relationship, a name which is a broader term
for all of them is selected and assigned to the corresponding global attribute in
global classi.
To complete global class definition, information on attribute mappings and

default values is provided by the designer in the form of mapping rules. For
each global ODLI3 class a persistent mapping-table storing all the mappings is
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Fig. 3. Mapping Table for the global class University Person

generated; it is a table whose columns represent the set of the local classes be-
longing to the cluster and whose rows represent the global attributes. An element
MT [L][ag] represents the set of attributes of the local class L which are mapped
into the global attribute ag: the value of the ag attribute is a function of the
values assumed by the set of attributes MT [L][ag]. Some simple and frequent
cases of such function are the following (see Figure 3 as an example):

– identity : the (ag) value is equal to the la value; we denote this case as
MT [L][ag] = la.

– concatenation : the ag value is obtained as a concatenation of the values
assumed by a set of local attributes lai of the local class L; we denote this
case as MT [L][ag] = la1 and . . . and lan (see MT [CS.Student][name]).

When the ag has no correspondence with any attribute of the local class L, the
possible choices are:

– constant : ag assumes into the local class L a costant value set by the de-
signer; we denote this case by MT [L][ag] = const (see the rank attribute).

– undefined : ag is set undefined into the local class L; we denote this case by
MT [L][ag] = null.

5 Semantic Query Optimization and Reformulation

The optimized query reformulation is obtained on the basis of the computed
Base Extension set and by using the semantic query optimization techniques
previously developed by the authors [1].
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Fig. 4. Base extension Set for the global class University Person
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Fig. 5. Tabular representation of the Base Extension Set of University Person

5.1 Base Extensions

Intuitively, given a global class, a Base Extension gathers up all objects of some
local classes such that the set of Base Extensions satisfies all the extensional
relationships defined over the set of local classes and allows a partitioning of the
set of the sources objects.

Definition 1 (Base Extension Set). Let G = (LG,GA, MT ) be a global
class and I be an instance of the inter-sources schema σ : L → S(LA,L). A
set of base extensions of G on I is a pair (B, F ), where B is a set of base
extension names (denoted by B1, B2, . . .), I(Bi) =

⋂
L∈F (B) I(L), and F is a

total function F : B → 2LG such that:
⋃

B∈B F (B) = LG, and the set
{
I(B) −

⋃
L∈(LG−F (B)) I(L) | B ∈ B

}
is a partition of

⋃
L∈LG

I(L).

At present, we adopt the algorithm of [12] to determine a base extension set1.
Figure 4 shows the Base Extension Set for the Global Class

University Person. A Base extension set of a Global Class G is represented
by a table. Table rows represent the local classes of the global class and table
columns represent the base extensions. The presence of a 1 in the table cell
(L, B) means L ∈ F (B) (e.g. see Figure 5).
1 More than one base extension set can be obtained on the basis of the above definition;
the discussion about the quality of the selected set is out of the scope of this paper.
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A(BE1) = {name, year, school, rank, e mail, s code, tax fee}
A(BE2) = {name, year, school, rank, e mail, s code, tax fee}
A(BE3) = {name, year, school, rank, e mail, s code, tax fee,takes}
A(BE4) = {name, school}
A(BE5) = {name, rank, dept, e mail, section, school}
A(BE6) = {name, rank, dept, e mail, section, belong to, school}
A(BE7)={name, rank, dept, e mail, section}

Fig. 6. Base Extension Attributes

The attributes of a Base Extension B are the global attributes which are
mapped, by a not null mapping, into a local class of B. Formally:

Definition 2 (Base Extension Attributes). Let G = (LG,GA, MT ) be a
global class and (B, F ) be the set of base extensions of G, then the attributes of
a base extension B ∈ B are defined as:

A(B) = {ag ∈ GA | ∃L ∈ F (B), MT [L][ag] �=null}.

The Base Extension Attributes of our example are shown in Figure 6, where
underlined attributes correspond to constant mapping.

Definition 3 (Domination). Given a global class G = (LG,GA, MT ), the set
of base extensions (B, F ) of G, and B1, B2 ∈ B we say that B1 dominates (dom)
B2 w.r.t. the set of global attributes X ⊆ GA iff X ⊆ A(B1)∩A(B2) ∧ F (B1) ⊂
F (B2).

5.2 Query Plan and Execution

We will show the effectiveness of our optimization method by means of the
following (mediated) query:

Q: select e_mail
from University_Person
where school = ’eng’
and (s_code = ’a1x’ or year = ’2001’ or belong_to = ’eng’)

Processing the above query, without considering extensional knowledge, would
individuate all the local classes for which at least one of the mediated query at-
tributes has a not null mapping with it. The candidate local classes are thus all
the local classes of University Person but UNI.Research Staff and
CS.CS Person. The query has thus to be reformulated on the basis of the above
classes.

The approach is performed in the following steps.
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1. Determination of the Local Class Set We consider the Disjunctive Nor-
mal Form - DNF of the query condition: DNF = F1 or F2 or F3 where:

F1 = (school=’eng’) and (s code=’a1x’)
F2 = (school=’eng’) and (belong to=’eng’)
F3 = (school=’eng’) and (year=’2001’)

For each factor F of DNF we define the set: BE(F ) = {B | ∀ ag of F, ag ∈
A(B)}, i.e., B ∈ BE(F ) iff A(B) contains all the global attributes of the factor
F . Then we define the set BEmin(F ) = {B | B ∈ BE(F ) ∧ � B

′ ∈ BE(F ) |
B

′
dom B}.
In our example BE(F1) = BE(F3) = {BE1, BE2, BE3} and BE(F2) =

∅, since the involved attributes, i.e. school and belong to, are contained in
A(BE6), but the school is mapped to the constant value ’cs’ and thus
(school=’eng’) is false.

Intuitively, a factor F of DNF such that BE(F ) = ∅ can be eliminated as
the value of F is always false. In our example, we obtain a simplified DNF =
F1 or F3. On the basis of this simplification, we obtain the following result:
we do not have to access the local class CS.Professor as the only conjunctive
predicate related to their attributes (school=’eng’) and (belong to=’eng’)
has been eliminated. Local classes are determined by considering the union
of all the local classes included in BEmin(Fi). With reference to our exam-
ple, we have BEmin(F1) = BEmin(F3) = {BE1}, as BE1 dominates both
BE2 and BE3; as a consequence the identified local classes are: {TP.Student,
UNI.School Member}. Notice that the classes CS.Student and CS.CS Person
are excluded from query execution too: they are useless as their objects are also
instances of other local classes (as, for instance, stated by CS.Student NTExt

UNI.School Member) and their contributions to the query, that is attributes
school and e mail, are already provided by the identified local classes.

2. Query Reformulation For each pair of local classes belonging to the same
base extension the related join attributes are considered. In our example, we
have only a base extension, BE1, then the local classes are TP.Student and
UNI.School Member and the join attribute is name for both the classes.

Then, we consider the simplified DNF obtained in the previous phase and,
for each factor F , we build a local query for each local class of BE(F ). The query
<condition> is the is the conjunction of all predicates of the factor F which can
be solved in the local class L (at least one predicate since L∈ BE(F )) and the
<select-list> is obtained by adding to the query select all the join attributes.

In our example, we have four local queries (a local query for each factor):

QF1L1: select e_mail, name QF1L2: select e_mail, name
from TP.Student from UNI.School_Member
where (school_name=’eng’) where (school = ’eng’)
and (s_code=’a1x’)

QF3L1: select e_mail, name QF3L2: select e_mail, name
from TP.Student from UNI.School_Member
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where (school_name=’eng’) where (school = ’eng’)
and (year = 2001)

3. Local Query Execution For each source, by using ODB-Tools, we calculate
the query inheritance hierarchy w.r.t. subsumption relationship and we send to
the wrapper only the most generalized queries, enriched in the <select-list>
with the local attributes contained into the other local queries, to be translated
and executed by the local sources. This approach reduces the data access cost by
the avoidance of redudant multiple accesses to the local sources. In the example
we execute only QF1L2 and QF3L1, rewrited with other local attributes:

QF3L1: select e_mail,name,s_code QF1L2: select e_mail,name,year
from TP.Student from UNI.School_Member
where (school_name=’eng’) where (school = ’eng’)

QF1L1 and QF3L2 will be obtained at the mediator level on the basis of local
queries results:

QF1L1: select e_mail, name QF3L2: select e_mail, name
from QF1L2 from QF3L1
where (s_code=’a1x’) where (year = 2001)

4. Mediated Query Execution The first step of the Mediated Query Exe-
cution is the object fusion of the local query results belonging to the same base
extension; this is implemented by a query, called object fusion query, which is
performed for each factor and each base extension previously individuated.

In our example, for factor F1 we have only the base extension BE1 and the
object fusion of QF1L1 and QF1L2 is based on the direct–join on the join attribute
name, thus we obtain the following object fusion query (the analogously for F1):

QF1BE1: select e_mail QF3BE1: select e_mail
from QF1L1,QF1L2 from QF3L1,QF3L2
where QF1L1.name=QF1L2.name where QF3L1.name=QF3L2.name

of course, all the object fusion queries have the same <select-list>.
The second and last step of the Mediated Query Execution is the full outer

join of the object fusion queries: in our example, the full outer join between
QF1BE1 and QF3BE1.

6 Concluding Remarks

In this paper, we have described the semantic integration and query optimization
process for heterogeneous data sources with reference to the artemis/momis
system. Main features of artemis/momis can be summarized as follows: i) use
of formalization and reasoning capabilities of Description Logics for a semanti-
cally rich representation of heterogeneous data sources for both semantic inte-
gration and query reformulation and optimization: ii) semiautomatic extraction
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of interschema properties relating schema concepts of data sources at the con-
ceptual level; iii) derivation of an integrated and unified representation of the
involved data sources with explicit representation of the schema mappings and
interschema knowledge exploited for query processing and semantic optimiza-
tion.
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Abstract. The World Wide Web has now entered its mature age. It not
only hosts and serves large amounts of pages but also offers large amounts
of information potentially useful for individuals and businesses. Modern
decision support can no more be effective without timely and accurate ac-
cess to this unprecedented source of data. However, unlike in a database,
the structure of data available on the Web is not known a priori and its
understanding seems to require human intervention. Yet the conjunction
of rules for interpreting layout and simple domain knowledge enables
in many cases the automatic extraction of such data. In such cases we
say that data is semi-structured. In this paper, we present a framework
in which we try to address the problem of extracting semi-structured
data. This framework combines a syntactical extraction strategy with
a set of mapping rules, heuristics and simple domain knowledge, which
maps a syntactical structure identified in Web documents to a concep-
tual/semantic structure. We present and analyse one instance of this
framework in which a syntactical extraction strategy exploits the HTML
structure of Web documents using a Tree Alignment algorithm with a
novel combination of heuristics to detect repeated patterns and infer
rules to extract relevant records. Then, by the use of domain knowledge,
we refine the extraction rules such that not only are they able to extract
data, but they also construe meaning to the extracted results.

1 Introduction

The World Wide Web has now entered its mature age. It not only hosts and
serves large amounts of documents but also offers large amounts of information
potentially useful for individuals and businesses. Web documents can be mod-
eled using the three ingredients: format, content, and structure [5, 11]. Format is
the visualized view of a document. Content is the actual data that a document
has. Structure is the logical organization of a document. The structure defines
the relationships of the elements as well as the order in which the elements are
assembled. However, there is significant diversity among these documents with
respect to structure as well as content. Hsu [10] suggests the following catego-
rization of Web documents: A Web document that provides itemised informa-
tion is structured if each attribute in a tuple can be correctly extracted based
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on some uniform syntactic clues, such as delimiters or the orders of attributes.
Semi-structured Web documents, however, may contain tuples with missing at-
tributes, attributes with multiple values, variant attribute permutations, and
exceptions. A Web document is unstructured if linguistic knowledge is required
to extract attributes correctly.

Structured information can easily be correctly extracted using the strict for-
mat description. Moreover, a significant portion of the data on the Web is semi-
structured. Examples of such documents include online classifieds, product cat-
alogs, staff directories, search engine listings, and so on. Hence, we focus on ex-
tracting information from these semi-structured Web documents. Manual parsing
of these documents is tedious, time-consuming and unnecessary. Furthermore,
most of these sources often do not exhibit rich grammatical structure, and nei-
ther do they contain complete sentences. Therefore, traditional NLP techniques
are not suitable for data extraction. For these semi-structured Web documents,
the data is usually organized as sets of record-size chunks and so the regularity
of their appearance can be exploited for extracting data instead of using linguis-
tic knowledge. This logical organization of data is reflected by the structure of
the document. And this structure is represented using some syntax, comprising
of HTML tags. Hence, these structural components can be used as extraction
targets. This has motivated a lot of research efforts concerning the invention of
information agents that automatically extract information from multiple web-
sites. These agents rely on a set of extraction rules, and are more commonly
known as wrappers. Since most wrappers are purely syntax-based, extraction
procedures based on such wrappers only succeed in extracting data from Web
documents, but fail to sieve out their semantics. This renders the extraction
procedure as incomplete. On the other hand, our aim is to design wrappers that
know what to extract, how to extract, and show how the extracted data items
relate to each other.

We believe that within the structural arrangement identified in Web docu-
ments, there lies some implicit semantic information about the content. In order
to construe this hidden semantics to the content, we rely on domain knowl-
edge. Based on this idea, we form a framework (see Figure 1) for extracting
information from Web documents. This framework provides the groundwork for
designing wrappers. We first develop a wrapper using syntactical clues found
within the Web document. Then, using simple domain knowledge, we fine-tune
the wrapper to incorporate semantical understanding of its target data. We ex-
plain the internal mechanisms of our framework with the following example.
Consider a simple Web document of a bookstore, listing the catalog in a tab-
ular format. Let’s assume that this table has 3 columns, displaying the book
title, author and price information, in this particular order. Let’s further assume
that each record is enclosed within HTML tags according to the following syntax:
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<TR><TD>title</TD><TD>author</TD><TD>price</TD></TR>.

This could be seen as one complete book record, and the 3 columns represent
the 3 attributes of the book. Now, the complete extraction task for this document
would comprise the following 3 steps: (1) identify the syntactical structure of the
table within this Web document that contains the book records (2) convert this
syntactical structure to a conceptual/semantic structure such that we know what
each of the columns inside the table entails, and how they relate to each other (3)
extract all book records from the table and store them as tuples in the database.

In most Web documents, data is usually presented together with menus, con-
tact information and other details that normally appear in headers and footers
of documents. Hence, for step 1, we need to identify the relevant section of the
document and then extract all the record-size data chunks. For this purpose,
we propose a novel approach that uses a Tree Alignment algorithm and a set of

Fig. 1. The proposed framweork
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heuristics to detect repeated patterns and infer rules to extract relevant records.
This approach is purely syntax-based. Continuing with the above example, after
performing step 1 successfully, we would have identified the relevant portion of
the Web document in question, formed a generalized extraction rule and ex-
tracted all data records with it. The generalized extraction pattern (or rule) for
this example would be:

<TR><TD>Text</TD><TD>Text</TD><TD>Text</TD></TR>.

For step 2, we rely on domain knowledge. For this example, the domain
knowledge would comprise information about books and their attributes. For
instance, a book usually has a title, author, price, version, and so on. In turn,
the price information itself has its own attributes like the amount and currency.
All these details are modeled as separate entities or concepts along with their
relationships using the conceptual graph theory [17]. Also, each concept will have
a syntax in which it is represented. Having defined the semantics as well as the
syntax of all the concepts involved, we form a complete conceptual/semantic
network for that particular domain. The schema for the dataset is deduced from
this conceptual/semantic network and all records will be stored based on this
schema. Finding a mapping relationship between the conceptual network and
the given syntactical structure of the records (as depicted by the extraction
rule) completes step 2. This mapping relationship explains the contents of the
records at the data field level. In the final step (step 3), the mapping relationship
is used to convert the records to conform to the schema and these records are
stored as tuples in the database.

2 Related Work

Recent research efforts on structuring Web information have mainly focused on
wrapper generation, natural language processing and Web data modelling. Au-
tomatic wrapper generation uses machine-learning techniques, and the wrapper
research community has developed learning algorithms for a spectrum of wrap-
pers from the simplest to the most sophisticated. Systems like RAPIER [2],
SRV [8] and WHISK [16] are examples of wrapper generators based on tech-
niques intended for Web documents with a less rigorous structure. Their focus
is to develop machine-learning methods for the Information Extraction problem.
The systems must usually go through a training phase, where they are fed with
training examples that have to be manually labeled. This poses a question of
economy of scale.

Since the mid-nineties, the DB research community has also been working
on the same problem. In the Araneus project [1], different languages are used
for extracting data and defining database views of the Web. TSIMMIS [4] uses
OEM (Object Exchange Model) as a common data model. Other systems like
ShopBot [6], WIEN [13], SoftMealy [10], and STALKER [15] use techniques
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that are tailored for relatively well-structured Web documents. Embley et al. [7]
adopt a heuristic approach to discover record boundary in multiple-record Web
documents. However, this one-tag separator approach fails when the separator
tag is used elsewhere among a record other than the boundary.

Continuing with the approach of analyzing structural content of Web doc-
uments, Lakshmi [14] proposes extracting information from the Web through
exploiting the latent information given by HTML tags. For each specific ex-
traction task, an object model is created consisting of the salient fields to be
extracted and the corresponding extraction rules based on a library of HTML
parsing functions. Chang et. al. [3] built a system that can automatically identify
the record boundary by repeated pattern mining and multiple sequence align-
ment using a data structure called PAT trees to help in the discovery of repeated
patterns. The main application of PAT trees is in the domain of exact matching.
To allow approximate matching, the technique for multiple string alignment is
adopted to extend the discovered exact repeats.

3 Extracting Information from Web Documents

This section presents our syntax-based extraction approach that is based on the
Tree Alignment algorithm with a combination of heuristics to detect repeated
patterns and infer rules to extract relevant records. Our approach has been
published in [9]. Just to recapitulate, here we briefly summarize the proposed
approach.

3.1 Syntax-Based Extraction Approach

We first read in a Web document D and build a tag tree T, based on the algorithm
used by Embley et al. [7]. Next, we locate the subtree S within T that contains
the records of interest using the enhanced highest fan-out rule. Once the subtree
S has been identified, the next task would be to discover the record boundary
and detect repeating patterns of tags that embed these records, and align them,
using the Tree Alignment algorithm, to form generalized extraction rules that
will cater to all the records in the Web document. The idea of alignment of trees
was proposed by Jiang et. al. [12], and used for approximate tree matching to
compute a measure of similarity between 2 ordered, labeled trees. The idea of
alignment of trees can be easily generalized to more than 2 trees. Although it is
very compelling to believe that each subtree under S is possibly a record by itself,
it is not always the case with many of the Web documents. Hence, it is necessary
to detect the boundary of these records, i.e. how many of the consecutive subtrees
under S actually make up one record. We reduce the problem of record boundary
discovery to that of finding how many consecutive subtrees does a single record
span. We define two heuristics, which we use in conjunction with the multiple
tree alignment algorithm to cluster ”similar” patterns together and align all the
patterns in each of the clusters independently.
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3.2 Performance Study of the Approach

We tested the performance of our approach on two categories of Web documents:
Search engines and Classifieds. We use performance metrics such as recall and
precision rates to analyze the performance of our approach. Recall rate is defined
as the ratio of number of records of interest extracted by the extraction rule to
the number of records of interest contained in the input Web document. Precision
rate is defined as number of records of interest extracted by the extraction rule
to the total number of records extracted. We conducted the experiments on 2
encoding levels: (1) all tags are taken into consideration (2) text-enhancement
tags (<B>, <I>, <U>) are ignored.

The experimental results (in tables 1 and 2) confirm that the proposed
heuristics-based approach improves the precision rate to a considerable extent.
The recall rate, on the other hand, improves when text-enhancement tags are
ignored. The results also indicate that the encoding level does not have any effect
on the precision rate. Encoding level 2 is the better of the two schemes. Under
encoding level 2, our proposed heuristics-based approach has an average recall
rate of 97.2% and an average precision rate of 97.6% for documents from search
engines. As for online classifieds, recall rate averages to 99.6% and precision rate
averages to 98%.

Table 1. Experimental results for Search Engines

Websites Encoding (1) Encoding (2)
Recall Precision Recall Precision

www.yahoo.com 55% 97% 91% 97%

www.webcrawler.com 100% 100% 100% 100%

www.lycos.com 60% 98% 95% 98%

www.infoseek.com 100% 97% 100% 97%

www.savvysearch.com 100% 96% 100% 96%

Table 2. Experimental results for Online Classifieds

Websites Encoding (1 & 2)
Recall Precision

www.asiaone.com.sg 100% 97%

www.classifieds2000.com 100% 95%

www.catcha.com 100% 100%

www.asiaxpat.com.sg 98% 98%

www.herald.ns.ca/classifieds 100% 100%
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4 Using Domain Knowledge

This section describes the way we represent and use domain knowledge to make
sense of the extracted data. We illustrate its application through an example.

4.1 Representing Domain Knowledge

We borrow the idea of conceptual graphs [17] to represent the acquired knowledge
of a particular domain. To cater to the needs of our approach, we incorporated
minor modifications into their representation, but the basic idea remains the
same. Using the book catalog example we gave in section 1, we would have the
following conceptual graph (CG) in the Display Form (DF) (see Figure 2).

This graph depicts the following: a certain author wrote a certain book that
is selling at a certain price. In the display form, concepts are represented by
rectangles. For e.g. the concept [Author] represents an instance of an author.
Circles represent conceptual relations. For e.g. the conceptual relation (Write)
relates an author to a book. Arrows represent the arcs that link the relations
to the concepts: the first arc has an arrow pointing toward the relation, and
the second arc has an arrow pointing away from the relation. If a relation has
more than two arcs, the arcs are numbered. The linear form (LF) for this graph
is given as follows: [Author] → (Write) → [Book] → (Sell) → [Price]. In the
linear form, concepts are represented by square brackets instead of boxes, and
the conceptual relations are represented by parentheses instead of circles. The
display form represents the abstract CG most directly.

The above CG is still not complete, because each concept has not reached
its lowest level yet. For instance, the concept [Price] may have attributes like
the amount and currency. Now, amount is at the lowest level of detail. It is
basically a number, and can be represented by #PCDATA. This piece of infor-
mation has syntax as well. For instance, amount could be a number from 0 to
999999 (6 digits). This could be represented using regular expressions. In the
case of currency, we use a predefined list of accepted currencies and a generic
syntax is used to express them.

Furthermore, the task of creating a database schema from the conceptual
graph is very straightforward. The relations in the CG pass off as database rela-
tions. For instance, the relation Writes stores records of authors and the books
they have written. The relation Sell stores records of books and their prices. Of
course, further re-modeling needs to be done if the Normal Form of the database

Fig. 2. Display Form of the Conceptual Graph for the book catalog domain
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relations is of primary concern. Now, we introduce the notion of an instance iden-
tifier for a concept. To illustrate with an example, consider the concept Author.
Say, famous writer ”Sidney Sheldon” is instance of this concept. We call the data,
”Sidney Sheldon”, the instance identifier. The standard conceptual graph theory
does employ this notion, but it does not explicitly specify them when describing
the concept. Since we use the domain knowledge to create our database schema,
it is imperative that we make this detail explicit. These identifiers could be used
as candidate keys in schema generation for database relations. For e.g., amount
is actually the instance identifier for the concept [Price], leaving it with only one
attribute, the currency. With this notion, the Display Form of the modified CG
for the book catalog domain is shown in Figure 3.

In this DF, each concept is accompanied by its instance identifier (repre-
sented by the word in italics following the concept name). Having said this, we
need to mention that the concept [Currency] does not have an instance identi-
fier because it is an attribute of another concept, namely the concept [Price].
Furthermore, the rule of the thumb is that Attr relations are not included as
separate database relations in the schema. Instead, they co-exist within other re-
lations. In this example, the Sell relation houses the book and price information
(including the currency). We name attribute-based concepts (for e.g. currency)
secondary concepts. All other concepts are primary concepts. For a particular
domain, a complete set of concepts and relations form what we term as a con-
ceptual/semantic network. Furthermore, each primary concept in this network
represents a semantic group, comprising of itself and its related secondary con-
cepts, if any.

4.2 Applying Domain Knowledge

Having described how we can model the domain knowledge as a conceptual /
semantic network, we now show how to apply this knowledge to map the identi-
fied syntactical structure identified in a Web document to a conceptual/semantic
structure. In essence, our approach is a 2-phase process: (1) the syntactical ex-
traction mechanism extracts record-size data chunks embedded within a syntac-
tical structure (2) convert the syntactical structure to the conceptual/semantic
structure obtained from domain knowledge to make sense of the extracted data

Fig. 3. Display Form of the modified Conceptual Graph for the book catalog
domain
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items. We illustrate this with the book catalog example from section 1. The
generalized extraction rule formed in phase 1 has the syntax:
<TR><TD>data1</TD><TD>data2</TD><TD>data3</TD></TR>.

Now, data1, data2 and data3 are placeholders for the data items. Although
we have extracted the data items, we have no idea what they mean. This is
where domain knowledge plays its role. What we need to do here is analyze
the data items, based on some semantic information, such that it would help
construe meaning to these items. In this particular instance, the obvious task is to
identify a mapping relationship between the 3 semantic groups, book, author,
price, and the 3 placeholders. This reduces to a relatively easy task of matching
the data items in those placeholders with the syntax (represented by regular
expressions) of the identified concepts. Based on the highest number of matches,
we can conclude which placeholder represents which semantic group. We follow
a simple rule: a placeholder p represents a semantic group g if the number of
matches between p and g exceeds the number of matches between g and each
of the remaining placeholders. In ideal cases, we need only one Web document
to obtain the mapping relationship and every placeholder will represent exactly
one semantic group. In case of conflicts, a second Web document could be used
to introduce fresh evidential support. For our example, the placeholder data1

represents the [Book] concept; data2 represents the [Author] concept and data3

represents the [Price] concept. Hence, the generalized extraction rule is converted
to:
<TR><TD>book</TD><TD>author</TD><TD>price</TD></TR>.

This improved rule tells more than just how to extract the relevant data. This
rule knows what the data items in the respective placeholders mean. Since the
schema is based on the concepts from the conceptual/semantic network, storing
the extracted records becomes a very straightforward task once the mapping
relationship between the placeholders and the semantic groups (which comprises
of the concepts) has been identified.

5 Conclusion and Future Work

This paper discusses a framework for designing wrappers. In one instance of
this general framework, we present and analyze a syntactical extraction tech-
nique that utilizes the HTML structure of the documents to discover repeated
patterns, using a Tree Alignment algorithm with a set of heuristics, and forms
extraction rules. The adoption of the Tree Alignment algorithm to repeated
pattern discovery is very suitable since multiple sequence alignment is handled
implicitly. As shown by our empirical performance evaluation on several Web
sources, the efficiency (time) is practical and the effectiveness (recall and pre-
cision) reasonable. With the use of domain knowledge, the extraction rules are
refined and become intelligent such that they are able to understand the seman-
tics of their target data. This work is the first step towards the design of a more
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complete solution in which syntactic and semantic knowledge can be combined
and cross-leveraged for the automatic extraction of Web data.
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Abstract. A system is described where multiple Internet search engines
(ISEs), e.g. Alta Vista or Google, are accessed from an Object-
Relational mediator database system. The system makes it possible to
express object-oriented (OO) queries to different ISEs in terms of a
high level OO schema, the ISE schema. The OO ISE schema combined
with the mediator database system provides a natural and extensible
mechanism in which to express queries and OO views that combine
data from several ISEs with data from other data sources (e.g. relational
databases). High-level OO web queries are translated through query
rewrite rules to specific search expressions sent to one or several
wrapped ISEs. A generic ISE query function sends the translated
queries to a wrapped ISE. The result of an ISE query is delivered as a
stream of semantically enriched objects in terms of the ISE schema.
The system leverages publicly available wrapper toolkits that facilitate
extraction of structured data from web sources, and it is independent of
the actual wrapper toolkit used. One such wrapper toolkit was used for
generating HTML wrappers for a few well-known ISEs.

1 Introduction

To facilitate the combined access to data on the web with data from other databases, a
system called ORWISE (Object-Relational Wrapper of Internet Search Engines) has
been developed that can process queries combining data from different Internet search
engines (ISEs) with data from regular databases and other data sources. The design of
ORWISE leverages available wrapper toolkits to extract information from web pages.
ORWISE has been implemented for three well-known search engines using a publicly
available wrapper toolkit [31].

ORWISE is an extension to the database system Amos II [29,30], that is based on
the wrapper-mediator approach [34] for heterogeneous data integration. The core of
Amos II is an extensible object-relational database engine having mediation
primitives in a query language AmosQL similar to the OO parts of SQL-99 and
ORWISE thus permits SQL-99 like queries that combine ISE results with data from
other types of sources such as relational databases [10] and XML [23]. Amos II is
suitable for collecting and processing results from ISEs because its purpose is to act
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as a fast mediator database which can manage meta-data of heterogeneous and
distributed data sources and efficiently process queries to the sources.

The generalized ISE wrapper manager ORWISE, described in this paper, makes it
possible to easily access one or several ISEs from Amos II using different ISE
wrappers for each engine. Combined with OO mediation facilities [4,17], it allows to
process OO database queries that combine data from several ISEs with data from
conventional databases and other data sources. In difference to relational systems for
web queries [14], the data produced by ORWISE is not just text strings but much
more semantically rich object structures in terms of an OO schema for ORWISE,
called the ISE schema (Internet search engine schema). The ISE schema describes
capabilities and other properties of the search engines along with the structure of their
results.

ISEs have some special problems compared to �conventional� databases:

• Semi-structured interfaces: There are no standard interfaces to ISEs such as
ODBC and JDBC. Web forms are used for specifying queries and other inputs to
them. The result of an ISE query is a semi-structured web document containing
not just the query result but also auxiliary text, banners, etc., which need to be
filtered out from the query result.

• Query languages: ISEs do not have a standardized query language such as SQL
but every ISE has its own query language with varying syntax and semantics.

• Autonomy: The content, structure and availability are totally controlled by the
information supplier.

• Evolution: Internet sites tend to change very often. A system that accesses a site
has to be very flexible.

• Heterogeneity: The data delivered by ISEs have varying structures and the system
has to reconcile semantic differences.

In order to handle the above problems we need reliable and flexible interfaces to the
ISEs, here termed ISE wrappers, which can programmatically fill and submit web
forms and parse the structure of an ISE result document searching for predefined
patterns. An ISE wrapper must be flexible enough to cope with small changes in the
web sites.

To specify web source wrappers ORWISE utilizes wrapper toolkits to extract
useful information from web pages. ORWISE is designed to be independent of the
actual wrapper toolkits used. We investigated several of them to make sure that the
system works with all of them. For our first implementation we chose W4F [31] to
generate ISE wrappers for three search engines - Google (http://www.google.com),
AltaVista (http://www.altavista.com), and Cora Research Paper Search (Cora)
(http://cora.whizbang.com).

The ISE wrappers are connected to the system through a generic query language
function called orwise, which is a foreign function (implemented in Java) overloaded
for each search engine. It returns objects of an ISE specific type1 that describes the
retrieved query results. New ISE wrappers can dynamically be added to the system by
creating a new subtype of the system type SearchEngine for each new ISE and then

                                                          
1 We use the terms �type� and �class� as synonyms.
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implementing some code (in Java) to interface its ISE wrapper. The overloading of
the function orwise is used for facilitating the plug-in of new ISE wrappers.

Once a new search engine is connected to the orwise function it can be used in OO
queries. Since the parameters for each implementation of orwise are search engine
specific, such queries will be rather detailed with search engine specific parameters
for, e.g., query strings, site names, etc. The system therefore provides high-level
query functions that can be used for any ISE and where queries are specified
uniformly. For example, the function webSearch is defined for every search engine to
specify OO queries to it in a search engine independent form. The high-level OO
query expressions need to be transformed before the actual call(s) to orwise is issued.
The approach in Amos II is to implement a translator module for each kind of data
source (search engine, relational database, etc.). In the case of ISEs, the translators
rewrite the high-level query into search engine query specifications containing calls to
orwise. Since different search engines have different ways of specifying searches,
they have different rewrite rules.

In summary, ORWISE provides i) the ISE schema for describing and querying data
from any ISE, ii) a mechanism to specify search engine specific translators, and iii)
facilities to allow different wrapper toolkits to be easily plugged into the system.

2 Related Work

Many projects (e.g. [11,16,21,27,33]) use the mediator approach to data integration in
general. The work presented here describes how an object-relational mediation
framework [29] leverages upon an available wrapper toolkit to provide access to ISEs.

The use of object-relational approach in querying the structure of XML Web
documents has been done, e.g., in [3,8,12,23]. A query language standard for XML,
XQuery [35], is being developed with which the contents of XML documents can be
queried and new XML documents constructed. All major ISEs use HTML, not XML.
General Web query languages for HTML are proposed in [19,25]. These are general
languages for querying well-formed Web documents and not directly suitable for
defining embedded interfaces to ISEs.

By contrast wrapper toolkits [9,13,15,18,20,22,24,31] specify programmatic
interfaces to web sources handling both sending commands and extracting structured
data from responses. They often include some advanced pattern matching language to
extract data from Web documents as regular expressions operating on varying levels
of granularity. With a wrapper toolkit a web source wrapper is defined by processing
wrapper specifications, consisting of statements to connect to web sources and to
detect the parts of the text to be extracted. They allow new wrappers to be specified
much easier than with manual programming and the developers need not master a
complex query language. A good overview of projects related to wrapper construction
for Web sources can be found in [31].

A wrapper toolkit can be a wrapper-generator that generates code (e.g. Java)
implementing a web source wrapper [1,2,24,31]. It can also be a wrapper-interpreter
where the web source wrapper is specified as commands, which are interpreted at run
time [18,15]. ORWISE is designed to work with both wrapper-generators and
wrapper-interpreters. Web source wrappers represent data differently and are not
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sufficient themselves to combine data from Web sources and conventional databases.
Therefore there is need for data mediation facilities along the lines of this paper.

In [26] it is shown that an OO query language indeed is very useful for specifying
queries to text engines. Our work differs in that we propose leveraging upon using
external wrapper toolkits, OO query rewrites, and the ISE schema. Furthermore, we
explicitly model the capabilities of the search engines in the ISE schema, rather than
in the internals of the system. The WSQ/DSQ [14] project proposes an architecture
where web searches are specified as SQL queries to two virtual relational tables. Their
relational tables are inflexible for the purpose, compared to our ISE schema. The
focus of the work in [5] is re-write rules and cost models for integrating text search
with other queries. Those rewrite rules are applicable in our translator too.

To the best of our knowledge, no other project proposes a system that uses
inheritance and overloading to model ISEs and their results on the conceptual level,
while at the same time the implementation is independent of, and leverages existing
wrapper toolkits. Another major difference to other projects is that our object-oriented
ISE schema distinguishes between the search engine specific descriptions of
documents and the actual documents. Furthermore, the ISE capabilities are modeled
in the ISE schema too.

3 Scenario

We have implemented the scenario of Figure 1 to illustrate the functionality of the
system. In the scenario, an Amos II mediator is used to process queries that combine
data from a relational DB2 database through ODBC with three ISEs, AltaVista,
Google and Cora. The access to the three Internet search engines uses the ORWISE
wrapper, while the relational database is accessed through an ODBC-wrapper.

AmosQL query

Amos II kernel

ORWISE ODBC wrapper

AltaVista Google Cora DB2

Fig. 1. Mediator scenario

The relational database stores a table of employees that is mapped to the mediator
type Employee, using the techniques for defining OO views of relational databases
[10]. The following AmosQL query uses Google to find the names of those
employees who are mentioned in some web page in the web site
‘www.csd.uu.se’:
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SELECT DISTINCT given_name(e), family_name(e)
FROM Employee e, DocumentView d, Google ise
WHERE d = webSearch(ise, given_name(e)) AND

d = webSearch(ise, family_name(e)) AND
host(url(d))=‘ www.csd.uu.se’);

The first two lines of the �where� clause in the query retrieve the documents that
contain given names and family names of employees in the relational database, while
the last line restricts the search to only those persons whose names are found by
Google in web pages on the host‘www.csd.uu.se’. Other text-related predicates
such as ‘near’ can also be added to refine the search. The type DocumentView
represents descriptions of documents returned by an ISE and the type Google
represents the wrapper for Google. The same query can be specified for Alta Vista by
replacing the type Google with AltaVista. It is also possible to specify queries over
several search engines by using the generic supertype SearchEngine instead of
AltaVista or Google.

4 The ISE Schema

Queries to ISEs are posed in terms of the OO database schema on Figure 2.
Inheritance and overloading are used to model heterogeneity of both ISEs and their
results. Furthermore, we separate the description of results returned by ISEs from the
documents themselves. Since Amos II has a functional data model [32], both type
attributes and relationships between types are modeled by functions shown as think
lines on Figure 2. For clarity, the overloaded function orwise is represented as an
attribute of the subtypes of type SearchEngine. The core of the ISE Schema consists
of three base types:

• SearchEngine � this type is used to categorize ISEs. It reflects the fact that search
engines have different query capabilities and parameters. It has a subtype for each
specific ISE normally with only one instance. The generic function orwise is
overridden for each ISE to reflect their different semantics. Analogously each of
them has a specific query rewrite function.

• DocumentView � objects of this type describe the results of a query to different
ISEs. By introducing this type of objects we can distinguish between the
documents themselves and the description of a document by an ISE. Document
views often contain information about a document that is not part of the
document itself and is imprecise or outdated. They may use different formats
from the document itself; e.g. the Cora ISE returns HTML descriptors of
PostScript documents. Differentiating between documents and views over
documents allows for more precise queries.

• Document � describes document objects themselves. Subtypes of Document may
describe document objects with different structure. The problem of querying
structured documents is outside the scope of this work and has been addressed by
other researchers [6], [28]. All this work can be easily reused in our system due to
the flexibility of our OO data model.
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Fig. 2. The ISE schema

The two classes DataSource and Relational are part of the general Amos II meta-
type hierarchy. The type DataSource serves as the base type of all meta-types for
different kinds of data sources accessible through the mediator system. One such
meta-type is Relational, which describes relational data sources. It has the function
sql, analogous to the orwise function of SearchEngine. In our current implementation,
the type SearchEngine has three subtypes for each of the wrapped search engines
AltaVista, Google and Cora. Each of them defines its own version of the orwise
function and specific rewrite rules. Correspondingly the type DocumentView has three
subtypes: AltaVistaView, GoogleView and CoraView, where each of them has
additional properties. For example, of the three ISEs only AltaVista returns the
language of a document, while only Google may provide a locally cached copy of it�s
indexed documents, accessible through the function cached_copy. Finally, Document
objects may be accessed and queried further through the document function of the
type DocumentView. The type Url is an example of semantic enrichment of the ISE
query results, as they return URLs as strings.

5 The ORWISE Architecture
Figure 3 shows the layered architecture of the system.  The left part shows how
ORWISE is interfaced with the Amos II kernel, while the right part shows the layers
of ORWISE itself.

The architecture is designed to fulfill several requirements:

• It provides a uniform interface from the Amos II query processor to any ISE.
• It can use any existing general wrapper toolkits.
• It is independent of the wrapper toolkits used.
• It is possible to easily add a new ISE wrapper without any changes to the rest of

the system.
• There is no need to modify the definitions of wrappers generated by wrapper-

generators.
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Fig. 3. System architecture

The two layers ISE interface and ISE wrapper fulfill these requirements. This
architecture permits any wrapper toolkit to be used and different kinds of wrapper
toolkits can even be combined.

The ISE interface layer defines an interface between the Amos II kernel and the
underlying ISE wrapper layer used for interfacing each search engine. The
functionality common for every ISE wrapper, such as instantiating ISE specific
DocumentView objects and emitting the result stream, is encapsulated in this layer. It
is called by the query processor and it calls the ISE wrapper for the chosen search
engine. The basic foreign function interface of Amos II allows new ISE interfaces to
be dynamically added to a running system. The ISE wrappers are specified by some
external wrapper toolkit(s) chosen for each particular search engine. Therefore, the
functionality they expose can be very different and cannot be directly used by
ORWISE. The ISE interface therefore must instantiate objects, convert strings to URL
objects or numbers, etc.

The ISE wrapper layer consists of the modules specified through the wrapper
toolkit. It forms and sends HTTP requests to an ISE server and then extracts the
results from the so received HTML page. The input to a wrapper toolkit is a
specification of request submission and data extraction rules for a web source. The
chosen W4F [31] toolkit is a wrapper-generator, which generates Java classes per
wrapped data source. In this case the layer consists of the generated code. For
wrapper-interpreters the interpreter together with the specifications is the layer.

With this layered architecture, the following steps are needed to add a new search
engine to ORWISE:

1. Design an ISE wrapper for the specific search engine by using a chosen wrapper
toolkit. For example in the case of W4F this involves specifying the extraction
rules in terms of the HEL extraction language from which a Java class is
generated per each wrapped web source. By contrast, wrapper-interpreters are
directly called from the ISE interface layer using the wrapper specifications as
parameters.

2. Create types in the mediator database as subtypes of SearchEngine and
DocumentView.

3. Design an ISE interface module as the overloaded Amos II foreign function,
orwise, calling the ISE wrapper module from step 1.
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Once step 1-3 are completed the ISE is already queryable directly through orwise.
However, the queries can be complex and very ISE dependent. Efficient and
transparent queries to an ISE therefore requires an additional step:

4. Design the rewrite rules needed for the ISE to translate between, e.g., webSearch
calls and the particular orwise calls.

6 Translating ORWISE Queries

Queries calling the webSearch function combined with other Web document related
predicates are translated to an equivalent but more efficient query containing
optimized calls to the function orwise overloaded for specific ISEs. The function
webSearch could be defined as a query calling orwise without any translation.
However such untranslated execution may be significantly less efficient. In our
example, the Google query is translated to the following orwise query:

SELECT given_name(e), family_name(e)
FROM Employee e, DocumentView d, Google gse
WHERE d = orwise(gse, given_name(e) + ’ ‘ +
family_name(e), 20, ’www.csd.uu.se’, ‘english’);

where the signature of orwise is Google specific. Here orwise for Google takes the
parameters query, result size, language restriction, and host. The function is defined
as a foreign AmosQL function that calls the underlying ISE wrapper for Google. The
example illustrates the semantic rewrite of the original query by the translator, where
several calls to webSearch and host are combined into one call to Google�s orwise.
The translator also added the default specifications of �english� as language and that
only the first 20 results should be returned. The result of orwise is a stream of
GoogleView objects. The translator for each ISE knows how to generate optimized
orwise calls with specific parameters expressing ISE supported capabilities.

As shown in the example, queries to a search engine will contain subqueries
expressed using the specific query language of the ISE, which is usually different for
different ISEs. In the example above the string �given_name(e) + ’ ‘ +
family_name(e)” is an example of the construction of a conjunctive query to
Google (it uses AND by default). During query translation, there are possible query
transformations that can dramatically improve performance and result quality. We
have implemented some translator rules to show the usefulness of the system and can
utilize other results in related areas [5,6].

7 Summary

A flexible system for querying Internet search engines through an OO mediator
database system was presented. The system has the following unique combination of
features:



184      Timour Katchaounov et al.

1. Data about both the search engine capabilities and the results they return were
modeled in an OO ISE schema in a mediator database.

2. The ISE schema permits transparent queries to ISEs with different capabilities
and result structures. The mediation facilities provide for processing
heterogeneous queries that combine data from ISEs with data from other data
sources.

3. New kinds of ISEs can be easily plugged in. The system assumes the ISEs are
autonomous and outside the control of the query processor.

4. The system is designed to be independent of the wrapper toolkits used for
specifying the ISE wrappers. Several such publicly available toolkits were
evaluated to choose one for the implementation.

5. The query processor provides a mechanism to plug in OO search engine specific
rewrite rules for translating OO queries into the parameterized orwise calls. The
system is independent of the actual rewrite rules to utilize previous work in this
area.
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Abstract. We describe the design and preliminary analysis of an opti-
mization technique for XPath called warp-edge optimization.  The
XPath data model is a tree-like data model that has an edge from an
element to each component in the content of that element.  The edges
are traversed in the evaluation of an XPath expression.  A warp edge is
an edge that is something other than a parent to child edge, i.e., an edge
from an element to a sibling or to a grandchild.  Warp edges can be dy-
namically generated and stored during query evaluation to improve the
efficiency of future queries.  We describe the implementation of warp-
edge optimization as a layer on top of Xalan, the XPath evaluation en-
gine from Apache.  Experiments demonstrate that in the evaluation of
some XPath expressions, the use of warp edges results in substantial
savings of time.

1 Introduction

The explosive growth of the World-wide Web (web) has lead to an increase in the
number of organizations that use the Extensible Markup Language (XML) to ex-
change data [1]. XML is a markup language for specifying the structure and semantics
of text data and documents. XML avoids common pitfalls in language design, is ex-
tensible, platform-independent, and supports internationalization [2].

There are several query languages for XML data collections.  Examples include
Lorel [3], XQuery [4], XML-QL [5], and XSL Transformations (XSLT) [6].  An im-
portant component in many of these languages, especially those promulgated by the
W3C, is XPath [7].  XPath is a language for addressing parts of an XML document.
For instance the XPath expression �(//paragraph)[5]� locates the fifth paragraph
element in a document.  XPath expressions are a core component of all XSLT and
XQuery programs.

In this paper, we propose an optimization technique for XPath called warp-edge
optimization.  The XPath data model is a tree-like data model that has an edge from an
element to each component in the content of that element.  The edges are traversed in
the evaluation of an XPath expression. A warp edge is an edge that is something other
than a parent to child edge, i.e., an edge from an element to a sibling or to a grand-
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child.  Warp edges can be generated and stored during query evaluation to improve
the efficiency of future queries.  In the evaluation of some XPath expressions, the use
of warp edges results in substantial savings of time since the warp edges connect
nodes separated by two or more non-warp edges.

This paper makes several contributions.  First, we discuss how to support warp-
edge optimization by dynamically caching query results.  Second, we implement the
technique as a layer on top of, but separate from, an XPath evaluation engine. The
important advantage offered by a layered architecture is that the warp-edge optimiza-
tion layer can be combined with any XPath evaluation engine.  Hence, we do not have
to modify an XPath evaluation engine to optimize XPath queries.  Third, we report on
some experiments that demonstrate the efficacy of the technique.

The remainder of this paper is organized as follows. In the next section we motivate
the technique.  We then briefly sketch the implementation of the technique and ex-
perimental results.

2 Motivation

In this section, an example is provided to demonstrate warp-edge optimization. Con-
sider a sample XML document shown in
Fig. 1. The fragment shows part of a novel, and is short for expository purposes. The
document root is the <doc> element.  Within the root are a title and a chapter. The
chapter also has a title and has several sections. Each section has a title, a paragraph
and a note.

<doc>
<title>A Tale of Two Cities</title>
<chapter>
<title>The Journey</title>
<section>
<title>The Beginning</title>
<para>It was the best of times…</para>
<note>A famous opening line.</note>

</section>
<section>
<title>The Middle</title>
<para>The second city was
<emph>squalid</emph> in a tepid way.

</para>
<note>This not quite so famous.</note>

</section>
</chapter>

</doc> 

Fig. 1. A sample XML document
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The XPath data model for the sample document is depicted in Fig. 2.  The data
model is constructed when the document is parsed.  Details of the model extraneous to
the example have been omitted (e.g., text nodes); only element nodes are shown.  The
�id� of the node is shown within the node.

Assume that a user of the digital library retrieves all of the sections by submitting
the query �//section�.  The warp edges created by the query are shown as dashed
lines in Fig. 2.  The warp edges connect the root with each section since the query
starts at the document root and terminates at each section.  The size of the sample
document is small and the sections can be found quickly, but in general the document
could contain thousands of sections.
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Fig. 2. The data model for the sample (warp edges are dashed lines)

XSLT and XQuery programs usually contain many XPath expressions.  Assume
that queries are subsequently given to retrieve the section titles,
�//section/title�, and to retrieve the chapters that contain sections,
�//chapter[section]�.    Both queries can make use of the warp edges.  The
first query can traverse the warp edges to locate sections quickly, and then drop down
to the title nodes.  By using the warp edges the four edges on the path to each section
node can be skipped.  Not a big savings, but this document is quite small.  Section 4
demonstrates the effectiveness of the technique on large trees.  The second query can
warp to sections, and then move up to find chapter nodes.  This will be unlikely to
result in a faster evaluation since four edges need to be traversed using both evaluation
strategies (with and without warp edges).  Sometimes following warp edges does not
save time.

Related Work

There are two common technologies for query optimization in semistructured data-
bases and XML query languages.  The first is to build performance-enhancing data
structures, e.g., indexes, and generate a query evaluation plan utilizing the structures.
Lore has several indexes, such as value and path indexes [8]. Lorel queries can be
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compiled into plans that make efficient use of the indexes [9].  Other path indexes
include the t-index [10] and the Index Fabric [11].   For XPath, the Dynamic XML
Engine (DXE) takes advantage of available indexes to accelerate queries [12]. Warp-
edge optimization is similar because it builds a �path index� consisting of the warp
edges.   However, the index is constructed on-demand and in an ad hoc manner, unlike
a DataGuide [13].  The above systems (except DXE) are database systems where the
cost of statically building indexes is small in comparison to the benefits, whereas
warp-edge optimization is applicable to in-memory XML parsing.

The second common technology is to rewrite the query (or batch of queries) to
prune the search space.   Gardarin, Gruser and Tang propose a technique to optimize
linear path expressions and produce a cheap query execution plan [14]. Compile-time
path expansion [15] utilizes a DataGuide (a schema) to prune the search space, while
branching path optimization [16] recognizes that queries that follow the same branch
in a tree can share the cost of exploring that branch, as does warp-edge optimization.
Optimization in StruQL [17] combines both indexing and query rewriting.  Warp-edge
optimization dynamically implements branching path optimization.

3 Warp-Edge Optimization

A warp edge is an edge in the data model that traverses more than one level in the
document tree.  The canonical example is an edge to a grandchild node.  Typically,
warp edges are added as the result of previous queries.  The warp edges can be trav-
ersed during the evaluation of a query

3.1 An Optimization Layer

There are two basic strategies for implementing warp-edge optimization. One ap-
proach is to modify the query evaluation engine to add warp edges to the data model.
The second approach is to add a layer to perform warp-edge optimization above the
legacy system.  We adopt the layer approach because it is more flexible when the
underlying system changes and can be implemented on proprietary evaluation engines.
Any legacy system could be used such as Saxon [18], Sablotron [19], XT [20], Micro-
soft�s XML Core Services (MSXML) 4.0, or Xalan [21]. Fig. 3 depicts the layered
approach with the Xalan, the XPath evaluation engine from Apache.  The warp-edge
layer sits on top of the Xalan package.  The layer takes a query and splits it into sev-
eral sub-queries.  Some of the sub-queries can be answered from the results of previ-
ous queries that are stored in the layer in an area called the query cache.  The sub-
queries that cannot be answered are sent to Xalan for evaluation.  Xalan itself is not
modified in any way, rather the layer uses Xalan�s API.  The layer processes the re-
sults of the sub-queries to build the result set.  The results of sub-queries that generate
new warp edges are stored in the query cache.

Caching the query results induces a set of warp-edges in the underlying data model.
Whenever a new query result is added to the cache, in effect, it represents a corre-
sponding warp edge in the parsed document. The opportunity to reuse query results
increases as more results are added to the query cache.
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3.2 Prefix Matching

A query is evaluated by trying to find the longest matching prefix in the query cache.
To facilitate the matching, the query cache is organized as a collection of trees called
query cache trees (QCTs).  When a query is issued, the layer first looks for the query
in the cache. If the result is already there, the result is returned immediately because a
new XPath query might be the same as an old one. On the other hand, a new XPath
query can be different from all old queries, but we can still take advantage of the
cached query results. The trick here is that we can use the cached result to �construct�
the result for a new XPath query. For example, the new query may be an extension of
an old query or may contain a part that has been evaluated before. The cached result is
not returned immediately. Instead, it can be used as a temporary result to facilitate the
evaluation of new query.

There are three outcomes to the prefix match.

1) Full Cache Hit: If the entire query is matched then the query is totally the
same as a previous query and the result is already available.

2) Partial Cache Hit: A prefix of the query (i.e., the first few steps) match, then
the cached prefix becomes the context for further evaluation of the remaining
steps in the query.  Prefix matching is performed for the rest of the steps in
the query for each node in the context.

3) Cache Miss: This happens when a new query starts with a different step than
all previous queries. A single step in the query is evaluated to establish a
context for subsequent steps.  Then the prefix match is tried against the re-
maining steps in the query.
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At worst, the query is evaluated one step at a time by evaluating each step on the
underlying query engine (every step results in a cache miss).  Ideally, sequences of
one or more steps can be found in the query cache (a cache hit).  Then the cached
result can be used without consulting the underlying query evaluation engine.

4 Empirical Analysis

In this section, we describe a preliminary set of experiments. Our goal is to test warp-
edge optimization to determine whether it works under �ideal� conditions. The ex-
periments involve tests on randomly generated data. We describe the parameters of
each experiment in detail. Finally, we analyze the results.

4.1 Experimental Environment

We conducted the experiments on a Pentium PC (Dell Precision 340). It has an Intelfi
Pentiumfi 4 CPU 1700MHz, 512MB RAM and 37.2GB disk space. The PC runs
Windows XP Professional Version 2002. We installed JavaTM 2 v1.3.1_02 and Xalan-
Java v2.3.1 for testing. The XML Parser used is Xerces-Java v2, which is available
with the Xalan-Java package. We isolated the machine for testing. Only the test pro-
gram and normal background processes are running during the testing period.

4.2 Random Experiment

We generated random XML documents for testing with the following configurable
parameters.

• The children of root factor � This factor represents the number of children of
the document root.  It controls the top-level bushiness of the XPath data
model tree.

• The depth factor � This factor represents the level of nesting of elements in
the XML document.  It controls the depth of the data model tree.

• The bushy factor - This factor describes the number of children in a non-leaf
node in the data model tree. The bushiness can be fixed or chosen randomly
from a range.

The tree is made random in two ways.  First, the depth and bushiness of the tree can
be made random to test with short, busy trees or deep, skinny trees, or some combina-
tion thereof.  Because of limited memory, the trees are capped in size at approximately
12,000,000 nodes.  Second, each level in the tree consists (almost) entirely of the
same kind of elements, e.g., level one consists of <A> elements, level two of <B>
elements, etc.  However, we randomly convert up to 10% of the elements at each level
into �magic� elements; a magic element is appended with a number e.g., <B1>.  In a
query, the magic elements can be used for node tests to limit the result-set size, e.g.,
the query �//B/C� will return far more nodes than �//B1/C1�.
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4.2.1 High Match Probability Experiment

In this experiment, we tested the performance using XPath queries that have high
match probabilities, i.e., there is a greater chance to retrieve a large result set. We
tested the following query batches on the randomly generated XML documents.  The
query cache is updated after each batch.

Batch 1: /descendant-or-self::C
/descendant-or-self::E

Batch 2: /descendant-or-self::B/child::C
/descendant-or-self::D/child::E

Batch 3: /descendant-or-self::C/child::D
/descendant-or-self::C/descendant-or-self::E
/descendant-or-self::C/descendant-or-self::F 

The above query batches only include �pure elements� and therefore have large re-
sult-sets.  This simulates the situation where a user requests popular information from
an XML document.  Furthermore, the batches are designed to favor warp-edge opti-
mization since the last two query batches utilize the warp edges.  We tested a range of
root children, depth factors and bushy factors independently, and averaged the results
of the tests on runs of five random trees.

In the first experiment, we varied the number of root children and fixed the depth
factor to be 6 and bushy factor to be 3. The turnaround time result is shown in the left-
hand graph in Fig. 4 (including the time to update the QCT).  The right-hand graph
shows the space overhead of the QCT.
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Fig. 4. Varying the number of root children

Next, we varied the depth factor but fixed the number of root children to be 50 and
the bushy factor to be 3. Then the XML document is moderately bushy with a moder-
ate number of sub-trees, but varies from shallow to deep. We obtain the graphs in
Fig. 5.
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Third, we varied the bushy factor and fixed the other parameters, i.e. the number of
root children is 50 and the depth factor is 5. Then the XML document will have a
moderate number of sub-trees and be of moderate depth, but will vary in bushiness
from skinny to fat trees. By this means, we can see how our approach performs with a
change in bushiness. The results are shown in Fig. 6.
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The turnaround time for query evaluation shows that the optimization is working
best for deeper and bushier trees. In the first experiment, the optimization approxi-
mately halves the time needed for query evaluation at a modest increase in the amount
of space.  In the second experiment, although query performance degrades exponential
(as the size of the tree increases exponentially), the non-optimized query time in-
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creases much faster than that of the optimized query.  For very deep trees, when the
depth reaches 8, the optimization provides a five-fold increase in query performance.
Again, only a small amount of additional space is needed for the optimization.  The
third experiment, testing trees of varying bushiness, confirms that the optimization can
improve query performance when more warp edges are utilized in the larger and
bushier trees.

The graphs also depict the time needed to update the query cache trees (QCT).  The
update time is not counted in the turnaround time.  The cost however, is usually quite
trivial.  The reason is that the QCT update just generates a mapping between the query
and the corresponding result set, which is not a time-consuming process.

Overall, the experiments show that while warp-edge optimization needs a small
amount of additional space, it can improve query performance for large, deep, and
bushy trees.

5 Conclusions and Future Work

In this paper we described the design and analysis of an optimization technique for
XPath called warp-edge optimization.  Warp edges can be dynamically generated and
stored during query evaluation to improve the efficiency of future queries.  We im-
plemented warp-edge optimization as a layer on top of Xalan, the XPath evaluation
engine from Apache.  Experiments demonstrate that in the evaluation of some XPath
expressions, the use of warp edges results in substantial savings of time at a modest
increase in space.  The benefit of the layered implementation is that warp-edge opti-
mization can be wrapped around any back-end XPath evaluation engine.   Our ex-
periments show that the cost of the layer is small.

In future, we plan to develop query rewrite rules to support more effective use of
the cache in a manner similar to rewriting database queries using materialized views.
Also, since the cache independently maintains some information, we believe that
query caching can be used to provide partial answers when the original document is no
longer available or expensive to query directly.

References

1.  World Wide Web Consortium. Extensible Markup Language (XML).
http://www.w3c.org/XML. Current as of October 2000.

2.  World Wide Web Consortium. XML in 10 points.
http://www.w3c.org/XML/1999/XML-in-10-points. Current as of November
2001.

3.  J. McHugh, S. Abiteboul, R. Goldman, D. Quass, and J. Widom. Lore: A Data-
base Management System for Semistructured Data. SIGMOD Record, 26(3):54-
66, September 1997.

4. World Wide Web Consortium. XQuery 1.0: An XML Query Language.
http://www.w3c.org/TR/xquery/. Current as of April 2002.



196      Haiyun He and Curtis Dyreson

5. A. Deutsch, M. Fernandez, D. Florescu, A. Levy, and D. Suciu. XML-QL: A
query language for XML.  WWW10, Toronto, CA.

6. World Wide Web Consortium. XSL Transformations (XSLT) Version 1.0.
http://www.w3c.org/TR/1999/REC-xslt-19991116. Current as of November
1999.

7. World Wide Web Consortium. XML Path Language (XPath) Version 1.0.
http://www.w3c.org/TR/xpath. Current as of April 2002.

8. J. McHugh and J. Widom. Query Optimization for XML. In Proceedings of
VLDB, Edinburgh, Scotland, September 1999.

9. J. McHugh, J. Widom, S. Abiteboul, Q. Luo, and A. Rajaraman. Indexing
Semistructured Data. Technical Report, Stanford University, Database Group,
January 1998.

10. T. Milo and D. Suciu. Index structures for path expressions. In ICDT�99, Jerusa-
lem, Israel, January 10-12, 1999, pages 277-295, 1999.

11. B. Cooper, N. Sample, M. Franklin, G. Hjaltason, and M. Shadmon. A Fast Index
for Semistructured Data. In Proceedings of VLDB, September 2001, pp. 341-
350.

12. Exceloncopr. Optimizing XPath Expressions. http://support.exceloncorp.com.
Current as of May 2001.

13. R. Goldman and J. Widom. DataGuides: Enabling query formulation and optimi-
zation in semistructured databases. In Proceedings of VLDB, August 1997, pp.
436-445.

14. G. Gardarin, J.Gruser, and Z. Tang. Cost-based Selection of Path Expression
Processing Algorithms in Object-oriented Databases. In Proceedings of VLDB,
Bombay, India, pp. 390-401.

15. J.McHugh and J. Widom. Compile-Time Path Expansion in Lore. In Proceedings
of the Workshop on Query Processing for Semistructured Data and Non-Standard
Data Formats, Jerusalem, Israel, January 1999.

16. J. McHugh and J.Widom. Optimizing Branching Path Expressions. Technical
report, Stanford University, Database Group, June 1999.

17. M. Fernandez, D. Florescu, J.Kang, A. Levy, and D. Suciu. Catching the Boat
with Strudel: Experiences with a Web-site Management System. In Proceedings
of SIGMOD, Seattle, Washington, June 1998, pp. 414-425.

18. Michael Kay. SAXON The XSLT Processor. http://saxon.sourceforge.net. Cur-
rent as of February 2002.

19. Ginger Alliance. Sablotron XSLT, DOM and XPath processor.
http://www.gingerall.com/charlie/ga/xml/p_sab.xml. Current as of March 2002.

20. James Clark. XT. http://www.jclark.com/xml/xt.html. Current as of November
1999.

21. Apache XML Project. Xalan-Java version 2.3.1. http://xml.apache.org/xalan-
j/index.html. Current as of March 2002.



A Caching System for Web Content Generated

from XML Sources Using XSLT

Volker Turau

FH Wiesbaden, University of Applied Sciences, Department of Computer Science
Kurt-Schumacher-Ring 18, 65197 Wiesbaden, Germany

{turau}@informatik.fh-wiesbaden.de
http://www.informatik.fh-wiesbaden.de/~turau/

Abstract. A large number of web sites is database-driven: content
stored in databases is formatted at request time into HTML pages. In-
creasingly, the data is first sampled into XML-documents and then trans-
formed into their final representation format using XSLT. This process
has a lot of advantages, but it is very resource-intensive and is currently
not suitable for servers with high traffic. This paper presents a novel
caching system for this scenario to reduce the server load and to increase
scalability.

1 Introduction

An important aspect of the development of the World Wide Web during the last
years is the increasing use of dynamically generated documents. The documents
are created at request time using techniques such as CGI, ASP, PHP, and JSP.
This allows the personalization of documents and the inclusion of external con-
tent resources. Requirements such as multi-publishing (HTML, WML, and PDF)
and internationalization, as well as the need for frequent layout changes have led
to a strong decoupling of content and presentation. A new paradigm and new
standards have emerged. Content is described using XML and presentational
views are constructed using XSLT-transformations. More and more content is
stored directly in an XML-format in content management systems. But a large
amount of data is still not in XML-format. This will probably change in fu-
ture, but there will always exist different formats for dedicated applications. A
large variety of tools is available for converting data into XML-formats, e.g. for
relational databases, directory and naming services or semistructured text.

A common scenario is to perform the conversion into XML and the transfor-
mation into HTML based on user input and cookie values at request time. The
main problem with this approach is that it does not scale when the number of
concurrent users grows. The reasons are the high database load and the high con-
sumption of resources during the transformation phase: XSLT-transformations
are CPU-intensive and main-memory representations of XML-documents using
the document object model are memory-intensive. This can seriously reduce
Web server performance. According to [5] it is not uncommon for a program to
consume over a second of CPU time in order to generate a single dynamic page.
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Caching is currently the primary mechanism in the WWW for reducing the
latency as well as bandwidth requirements. Numerous tools and techniques have
been proposed and successfully used for caching static content. If successful,
caching can provide significant additional benefit by reducing server load and
end-to-end latency. For obvious reasons, caching has been primarily applied to
static content. Just recently research on caching dynamicWeb content has begun.

In this paper we present a novel server-based caching system to improve
the performance and scalability of the above described scenario using XML and
XSLT. The caching system is based on the following observations:

– Most applications are read-heavy, a significant percentage are re-reads,
– Many forms of personalizations can be achieved with parameterized XSLT-
style-sheets operating on several documents, hence XML-documents can be
reused in more transformations,

– XSLT-style-sheets change rarely, and
– XML-documents change more often, but still are valid for a limited time.

The main ideas of our approach are: configurable caching at several levels,
caching of the documents in a form suitable for fast processing (i.e. objects in-
stead of a textual format) and spooling of purged objects on persistent storage.
The caching system is completely transparent for content authors and designers.

2 Caching Techniques

Caching is performed in various locations throughout the web: Web Servers,
proxies and Web clients (for an introduction see [12]). Not every document on
the web is cacheable. Dynamically generated documents are typically considered
uncacheable. Examples of such documents are fast-changing content like stock
quotes, personalized pages, and search engine query results. One way to allow
for the caching of dynamic content is to cache programs that generate or mod-
ify the content [4]. Another approach is to enable servers to cache portions of
documents to optimize server-side operations. Several server extensions exist for
this purpose [6]. Another proposal is to isolate the static parts of documents
in order to keep them in caches. The final documents are then reassembled at
the client [2, 10]. Sending the differences between pages or between versions of
a page has been proposed in [9]. Caching frameworks for database-backed web
sites have received a lot of attention recently ([3, 5, 13]). These studies consider
passive caching of query results, XML fragments and HTML pages generated
from DBMS-resident data. In contrast [8] considers active caching exploiting the
query semantics of HTML forms. Most proposals for caching dynamic content
are not transparent for authors, e.g. special notation marks cacheable fragments.
This is contrary to our approach, where caching and authoring are orthogonal
concepts.
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3 Scenario

Fig. 1 depicts a scenario for generating web pages, which can be found on many
database-driven web sites today. Special tools generate XML-documents from
data stored in databases or legacy applications. The extraction-process is de-
scribed by dedicated extraction-languages, which are often extensions of SQL.
Examples of such systems are XML-SQL Utility from Oracle, XML Extender
for DB2 from IBM, Silkroute or DB2XML [7, 11]. Using XSLT-style-sheets
these XML-documents are then transformed into their final presentation format
(e.g. HTML, WML or PDF). In this simple form, the complete process from the
database to the document in its final presentation form is very resource intensive.
The main bottlenecks are: querying the data source (e.g. a database), generating
the XML-documents, building the internal representation of XSLT-style-sheets,
and performing the transformation.

A crucial observation is that many of the external parameters used for the
extraction process can be shifted into the transformation style sheets. This may
lead to longer XML-documents, at the other hand these documents can be reused
in different requests. This makes the documents ideal candidates for caching.

In this paper we propose a caching system to improve scalability, and to re-
duce user perceived latency in the above described scenario. The performance
gain is achieved by reducing the number of trips to the database or other ex-
ternal sources of information, avoiding the cost of repeatedly recreating objects,
and sharing objects between threads. In a database-driven web site the caching
system dramatically reduces the database load, since the number of database
accesses drops considerably.

4 The Caching System

At the core of the caching system is a servlet which handles all incoming re-
quests. It maps all requests with a given prefix to a corresponding transforma-
tion document (based on the name of the requested document). This specifies
the XML-document and the available XSLT-style-sheets. We have developed a
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External Parameters
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XSLT-
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Fig. 1. Scenario for database-driven web sites
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document type definition describing the transformation process. Fig. 2 shows
the components used by the caching servlet. The three caches store different
kinds of entities. The Document-Cache keeps individualized documents in their
final presentation format. The other two caches store Java objects representing
documents and style sheets. The XML-Cache keeps XML-documents in a format
suitable for fast XSLT-transformation and the XSLT-Cache stores objects which
perform the XSLT-transformation.

All objects within the three caches are shared. However, access to cached
objects is not serialized by access locks, allowing for a high level of concurrent
access. The transformation documents are stored in the file system. Upon re-
ceiving a request for a document, the servlet performs the following steps:

1. From the incoming request, the servlet determines the corresponding trans-
formation document.

2. The servlet extracts parameters from cookies and the HTTP-request and de-
termines the MIME type for the document (e.g. from the user-agent header).

3. From this data a document descriptor object ddo is constructed (including
a key for the final document based on a hash value of the ddo including
parameter values).

4. If the document is cacheable and is contained in the Document-Cache and is
not stale it is sent to the requesting client. HTTP headers such as If-Match
and If-Modified-Since are recognized and treated accordingly. Otherwise
the following steps are performed:
(a) If the XML-document is cacheable it is fetched from the XML-cache (if it

is not present or stale the object representing the document is read from
disk or generated and the cache is updated) otherwise it is generated,

(b) If the style sheet is cacheable the XSLT-transformer is fetched from the
XSLT-cache (if it is not present or stale the object representing the style
sheet is read from disk or generated and the cache is updated) otherwise
the style sheet is read from the file system, parsed and a transformer
object is generated,

(c) Parameters are mapped to style sheet variables, the transformation is
applied, the Document-Cache is updated, the Cache-Control header

Document-Cache-
Manager

XSLT-Cache-
Manager

XML-Cache-
Manager

Caching-
Servlet

Request

ResponseTransf.
Docs.

Fig. 2. Overall architecture
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for the HTTP response is set (enabling network or client caches to store
the documents) and the final document is sent to the requesting client.

The individual steps of this process are controlled by the content of a transforma-
tion document. These documents are written by the a person who can estimate
expiration dates, access frequencies, documents sizes etc. Content authors and
designers need not be aware of the existence of these documents. The Caching-
Servlet stores the transformation documents in an in-memory data-structure for
faster access. The XML-Cache-Manager maintains an index with information on
how to construct the requested documents from underlying data sources (e.g.
databases).

4.1 The Transformation DTD

Fig. 3 shows the main elements and attributes of the transformation DTD. The
parameters for the usage of the three caches are described at the correspond-
ing elements using the attributes useCache and checkIfCacheStale. The first
attribute indicates whether the cache should be used at all. The cache cannot
be used if the transformation process has side effects (e.g. updating persistently
stored data). The second attribute determines, when a cache entry should be
checked for staleness. Possible values for this attribute are always, never and
ifOlderThan=nnnn, where nnnn denotes a time span in seconds. Note the default
values for these attributes are true and always.

The subelement xml refers to the XML-document to be transformed. The
attribute name references an entry in an index of the XML-Cache. The index
contains information on how to construct the document from underlying data
sources. The subelement xslt provides information relevant for the transforma-
tion process. With each stylesheet element a XSLT-style-sheet producing a
different MIME type is associated. The decision which style sheet to use is made
at run time by the servlet based on the request details. The parameter element
allows the specification of a mapping from names for request parameters and
cookies to style sheet parameters. Furthermore, a default value for each parame-
ter must be given. The handling of the parameters is independent of the MIME

<!ENTITY % common.att ’name CDATA #REQUIRED useCache (true | false) "true"
checkIfCacheStale CDATA "always"’>

<!ELEMENT transformation (xml, xslt*)>
<!ATTLIST transformation %common.att;>
<!ELEMENT xml EMPTY>
<!ATTLIST xml %common.att; storePersistent (true | false) "true">
<!ELEMENT xslt (parameters?, stylesheet+)>
<!ELEMENT parameters (parameter)+>
<!ELEMENT parameter EMPTY>
<!ATTLIST parameter name CDATA #REQUIRED externalName CDATA #IMPLIED

defaultValue CDATA #REQUIRED>
<!ELEMENT stylesheet EMPTY>
<!ATTLIST stylesheet %common.att; storePersistent (true | false) "true"

maxTransformers CDATA "3" mimetype CDATA #IMPLIED>

Fig. 3. The transformation DTD
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type of the final document. Therefore, parameter is not a subelement of the
stylesheet element, but is provided at a higher level.

Fig. 4 depicts an example document according to the transformationDTD.
The logical name of the document is bookOrder. The document may be placed
into the document cache, but staleness must be checked before every access. The
XML-document is considered to be stale if it is older than 2 hours. There are two
style sheets for this document: one for pure web clients and one for WAP-clients.
The Caching-Servlet does never check whether the two cached style sheets are
stale. They only will be replaced if the XSLT-Cache-Manager gets notified by
an external application. Of course, at any time the style sheet can be discarded
from the cache as a consequence of the cache replacement strategy. The style
sheet has two parameters Name and Value. If the request contains a parameter
or a cookie with name Name, this value will be forwarded to the style sheet. If
the request specifies a parameter with name v, this will be mapped to the style
sheet parameter Value, otherwise the parameter Value will be 10.

4.2 The XML-Cache

The XML-Cache-Manager administrates a cache of XML-documents represented
in a format optimized for the XSLT-processor. This relieves the processor to re-
build this data structure for every request. These documents are never updated,
hence a read-only data structure is sufficient (in contrast to updatable formats
such as DOM). Note that the XML-Cache is kept in main memory. Fig. 5 depicts
the main components of the XML-Cache. The XML-index is a data structure
storing information about the XML-documents: name, references to objects in
the cache and on disk, generation and expiration date etc. Furthermore, infor-
mation to generate the documents is also available (a reference to an external
application and configuration parameters). XML-documents can be generated
by different applications (see section 3) from data contained in databases or
other resources. All access to the cache is performed exclusively by the XML-
Cache-Manager. This component keeps the XML-index in a consistent state.

The generation tools can be triggered by changes in the databases through
a trigger component. Alternatively they can be started by the XML-Cache-

<!DOCTYPE transformation SYSTEM "transformation.dtd">
<transformation name="bookOrder">

<xml name="order" checkIfCacheStale="ifOlderThan=7200" storePersistent="false"/>
<xslt>

<parameters>
<parameter name="Name" defaultValue="unknown"/>
<parameter name="Value" externalName="v" defaultValue="10"/>

</parameters>
<stylesheet name="orderStandardWeb" maxTransformers="5"

checkIfCacheStale="never" mimetype="text/html"/>
<stylesheet name="orderStandardWap" maxTransformers="2"

checkIfCacheStale="never" mimetype="text/vnd.wap.wml"/>
</xslt>

</transformation>

Fig. 4. An example of a transformation document
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Manager or by external applications. A key problem is to determine which doc-
uments are affected by changes of the underlying data. For example, a set of
cached documents may be constructed from different tables or even tables from
different databases. A method is needed to determine the necessary updates. To
avoid unnecessary rebuilding of cached documents, the method should describe
the dependencies between the external content and the documents in as precise
a fashion as possible.

For documents generated from databases the XML-Cache-Manager keeps a
list of names of database tables. If the manager is informed by a DB-Trigger
or an external application that the data in a table has changed, the affected
documents are marked as invalid in the cache. This technique is similar (albeit
simpler) to the Data Update Propagation algorithm presented in [5]. The main
difference is the granularity of the cached objects. While we cache only complete
XML-documents, in [5] fragments of HTML documents are stored in the cache.

A low priority thread periodically checks all entries for staleness and marks
them as invalid. When an object is invalidated, the invalid version of the object
will remain in the cache as long as it is used in a transformation. It is thus
possible to have multiple versions of an object in the cache at the same time,
however, there is never more than one valid version of the object. The old or
invalid versions are only visible to transformations that where started before it
was invalidated. If the external data of a document is updated a new copy of
the object is created in the cache and the old version is marked as invalid. This
allows access to objects without requiring any read locks. The strategy is similar
to that proposed in [1].

Valid objects remain in the cache as long as there is space available. When the
cache capacity is reached, valid objects will be discarded from the cache based on
their usage pattern (currently only least recently used is implemented). Since the
objects in the cache are basically instances of Java classes, they can be serialized
and spooled to a disk cache rather than being destroyed. This option is controlled
by the attribute storePersistent of the element xml. If the document is later
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requested again, the object is loaded from disk and deserialized. Objects in the
disk cache may be removed as well to meet space restrictions, however, the disk
cache is presumably much larger than the memory cache so objects will be less
likely to be purged. Invalid objects are removed from both the memory and disk
cache. The disk cache is also used, when the server is temporarily shutdown and
started again.

The Cache-Manager has an interface to plug-in modules for logging and mon-
itoring. This interface also supports dynamic changes of configuration parame-
ters.

4.3 The XSLT-Cache

Before XSLT-style-sheets can be processed, they are converted into some inter-
nal machine-readable format. This step is performed using a XML-Parser. Since
style sheets rarely change, it is advantages to keep the machine-readable repre-
sentation in memory for repeated use. This process is called style sheet compi-
lation. Different XSLT-processors implement style sheet compilation differently.
The caching servlet requests a compiled style sheet through the XSLT-Cache-
Manager.

Compiled style sheets become stale if the underlying style sheets change.
Therefore, the XSLT-Cache-Manager checks the date the file containing the style
sheet was last modified. The details of the cache administration are similar to
those of the XML-cache (including the use of a disk cache and the avoidance of
read locks). Before a compiled style sheet is actually used in a transformation
process, the parameters provided by the request (including values of cookies)
are mapped to the style sheet parameters as indicated in the transformation
document. The structure of the XSLT-index is similar to that of the XML-index.
Fig. 6 depicts the main components of the XSLT-Cache.

4.4 Document-Cache

The Document-Cache operates like most other server-side web caches. It keeps
copies of the generated documents together with some meta data (date of last
modification, expiration date etc.). This information is inserted into the corre-
sponding HTTP-header, hence intermediate proxies can place this document in
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their caches. Only documents which are tagged as cacheable in the correspond-
ing transformation document are inserted into the Document-Cache. Note that
documents in the cache are indexed using the value of the attribute name of
the element transform, the style sheet name, and the values of the parameters
forwarded to the style sheet.

5 The Implementation

The caching system is implemented as a servlet using the Java Servlet API
version 2.3. The servlet is hosted by the Servlet-Container Tomcat version 4.0,
which is accessed via the Apache Web Server. The handling of XML-documents
and the XSLT-transformations are based on the tools provided by the Apache
XML project: Xerces for XML parsing and Xalan for XSLT-processing. The
servlet uses JAXP version 1.1 to access Xerces and Xalan. XSLT-style-sheets
are compiled into so called Translets using the XSLTC API. These are Java
classes which are executed at runtime to perform the translation. Note that the
style sheet compiler XSLTC has access to the XML-Cache. In case a XSLT-
style-sheet references another XML-document using the document() function of
XSLT, the compiler can load such documents from the cache.

Thread safety is an important issue in web applications, where many re-
quests share the same style sheet. To perform repeated transformations, XSLTC
provides so called Transformer objects. These are lightweight objects that track
state information during the transformation and parameter values specific to the
current request. For this reason, a separate transformer instance must be used for
each concurrent transformation. Therefore, transformer objects cannot be kept
in a cache similar to XML-documents. To reuse a transformer, the cache main-
tains for each style sheet a pool, which keeps several instances of transformers.
The size of the pool is controlled by the value of the attribute maxTransformers.
The caching servlet requests such an object through the XSLT-Cache-Manager,
if none is available, the request is blocked until a suitable object is returned to
the cache. After the transformation process the transformer object is returned to
the pool and can be used again. The number of instances of transformer objects
per style sheet limits the number of concurrent users of this style sheet.

Throughout the implementation a high level goal was to minimize synchro-
nization bottlenecks. For this reason Java core classes such as Hashtable were
barely used. In our test-implementation the XML-documents were generated
with the DB2XML tool and with the Xalan SQL library from data stored in
relational databases.

6 Conclusion and Future Work

In this paper we have presented a caching system for database-driven web sites
using XML and XSLT. The primary goal was to increase scalability and to reduce
the load of the backend systems storing the data. This is achieved by caching
and spooling XML-documents and style sheets as Java objects as opposed to
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a plain textual format. Since each object carries its own expiration time, the
system is very flexible and integrates well with HTTP. The caching mechanism
is completely transparent for authors and designers.

A preliminary performance analysis revealed, that in many configurations
the caching system reduces the server load and lessens user-perceived delays
(compared to no caching). Higher performance gains were achieved for larger
XML-documents and larger XSLT-style-sheets (because the high initialization
time of these objects is saved). The same observation was made for the spooling
of Java objects to disk. In this case the number of concurrent users could almost
be doubled compared to the non-caching approach, while achieving the same
response time. The benefits are higher when XML documents can be used in
more request due to parameterized style sheets (because less cache memory is
used).

Currently we are building an extensive testbed to evaluate the benefit of
the caching system. This proves to be a difficult task. This is due to the large
number of factors that influence the result: size of XML documents and style
sheets, volume of database queries, cache replacement strategies, pool configu-
ration parameters, access patterns, available main memory etc. Furthermore, we
investigate possibilities to reflect changes of the data in the database by updating
the objects in the XML-Cache rather than building them from scratch.
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Abstract. Many agree that the relevancy of current search engine results
needs significant improvement. On the other hand, it is also true that
finding the appropriate query for the best search engine result is not a
trivial task. Often, users try different queries until they are satisfied with
the results. This paper presents a method for building a system for
automatically suggesting similar queries when results for a query are not
satisfactory. Assuming that every search query can be expressed differ-
ently and that other users with similar information needs could have al-
ready expressed it better, the system makes use of collaborative knowl-
edge from different search engine users to recommend new ways of ex-
pressing the same information need. The approach is based on the no-
tion of quasi-similarity between queries since full similarity with an un-
satisfactory query would lead to disappointment. We present a model
for search engine queries and a variety of quasi-similarity measures to
retrieve relevant queries.

1 Introduction

Many commercial search engines boast the fact that they have already indexed hun-
dreds of millions of web pages. While this achievement is surely remarkable, the large
indexes without doubt compromise the precision of the search engines adding to the
frustration of the common users. Many agree that the relevancy of current search en-
gine results needs significant improvement. Search engines present users with an or-
dered and very long list of websites that are presumably relevant to the query specified
based on criteria specific to each different search engine. Users typically consult the
first ten, twenty or maybe thirty results returned and give up if relevant documents are
not found among them. Results are normally ranked by relevance, which is calculated
based mainly on the terms present in the query and not necessarily on the semantics or
meaning of the query. Some Search engines like Google [2] use the notion of incom-
ing and outgoing hyperlinks from documents containing the query terms to rank the
relevant URLs [1]. It remains, however, that these lists are too long to browse. While
users are at the mercy of the result ranking procedure of the search engine, they are
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also constrained by the expressiveness of the query interface, and often have difficulty
articulating the precise query that could lead to satisfactory results. It happens also
that users may not exactly know what they are searching for and thus don�t know how
to effectively express it and end up selecting terms for the search engine query with a
trial and error process. Indeed, often users try different queries until they are satisfied
with the results. If the results are not satisfactory, they modify the query string and
repeat the search process again. Many commercial search engines provide possibilities
to narrow searches by either searching within search results or augmenting a query to
help users narrow their search [8]. However, these query augmentations just append
terms to the existing terms in the query. For example a search on AltaVista with the
term �avocado� leads to the following suggestions: avocado trees, growing avocados,
avocado recipes, avocado oil, avocado plant, etc. This is comparable to our first quasi-
similarity measure presented below. We call this method the �Naïve approach� be-
cause it simply looks in the query trace for queries having terms similar to the terms in
the current query. In other words, it considers only the terms in the queries and simply
performs intersections (see below). This example, however, shows that it is conceiv-
able that more than one user would send a search query for a similar need and it is
possible that these queries are differently expressed. A study by Markatos shows that
many queries sent to a search engine can be answered directly from cache because
queries are often repeated (by presumably different users). The study reports that 20 to
30% of queries in an Excite query trace with 930 thousand queries, were repeated
queries [6]. A similar study using AltaVista query logs demonstrated that each query
was submitted on average four times. This average is for identical queries not taking
into account upper/lower case, word permutations, etc. This justifies the assumption
that when one user submits a query to a search engine, it is highly likely that another
user already submitted a very similar query. The queries can be identical as found and
reported by the studies mentioned above, or articulated differently with different terms
but for the same information needs. This is the major argument to put forward the idea
of using query collective memory to assist individual users in articulating their infor-
mation needs differently by suggesting quasi-similar queries. We define quasi-
similarity in the next section.

The idea of tapping into the collective knowledge of users, embodied as a set of
search queries, is not new. Fitzpatrick et al. studied the effect of using past queries to
improve automatic query expansions in the TREC (Text REtrieval Conference) envi-
ronment [4]. The idea is that top documents returned by the query from a pool of
documents are also top documents returned by similar queries and are good source for
automatic query expansions. They compared the performance of this method against
the unexpanded baseline queries and against the baseline queries expanded with top-
document feedback. The authors present a query similarity metric that empirically
derives a probability of relevance. They also introduce the notion of threshold to con-
trol on per query basis whether or not a query should be expanded. In a similar study,
Glance describes the community search assistant, a software agent that recommends
queries similar to the user query [5].  The similarity between queries is measured
using the number of common URLs returned from submitting both queries to the
search engine. The main contribution is the notion of collaborative search using query
traces in the web search engine context. However, if two queries have the same search
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results and the user is not satisfied with the result of one of them, the results of the
second ought to be unsatisfactory. Thus, the suggested similar query is inadequate;
hence, the notion of quasi-similarity of queries presented in the next section.
A query trace is basically a log containing previously submitted queries. This log is
not enough to compute similarities between queries. In Section 2 we introduce Query
Memory, a data structure that holds not only the collective query trace but also extra
information pertaining to the queries that would help in measuring similarities be-
tween queries. We introduce our query quasi-similarity measures using the Query
Memory in Section 3. In Section 4 we depict our prototypical implementation. Some
examples are discussed in Section 5. Finally, Section 6 presents our conclusions.

2 Query Memory Data Structure

We have collected a large Query Memory from a popular meta-crawler and saved
these queries locally in our database. A query in our view is not just a string, but a bag
of words and associated to it is the list of documents that are returned by different
query engines (via a meta-search-engine). Each document consists of a URL, a docu-
ment title and a snippet (short text returned by the search engine).  Each title and snip-
pet is considered as a bag of words as well.
A Query Memory is a set of queries where each query is modeled as follows:

1- BagTerms: unordered set of terms (bag of words) from the query string;
2- Count: number of times the query was encountered in the query trace;
3- Ldate: last time encountered in the query trace;
4- Fdate: first time encountered in the query trace;
5- QResults: ordered list of URLs and titles returned when the query is submitted,

in addition to the snippets (i.e. text that accompany URLs in the result
page). The text is modeled as bags of words containing terms from the
snippets and title as well as the words in the document path in the
URL;

6- Rdate: date the QResults was obtained. Notice that this is the date for the
results and it is not necessarily related to Fdate and Ldate.

The words in BagTerms as well as the bag of words associated with the URLs in
QResults are stemmed using Porter�s algorithm [7] and filtered from stop-words. QRe-
sults elements are composed of: (1) Rurl: the URL of the result entry; (2) Rtitle: the
title of the result entry; and (3) Rsnippet: bag of words from either the snippet accom-
panying the result entry or from the document itself pointed to by the URL.

Using the Query Memory model described above we propose different similarity
measures that, given a user query, allow finding all other similar queries from our
Query Memory. Notice that an exact similarity is not desired. If a user is unsatisfied
with search results and wants hints for queries, if these hinted queries are identical or
give an identical result to the original query, the user would not be satisfied. Instead,
we want to suggest queries that are close enough in terms of query, or queries that
yield results that are comparable in content or description. We have tested different
measures for quasi-similarity using either the terms in the query, the terms in the title
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or snippet of the search results, or the URL of the search results. Notice that we used
the snippets returned by the search engines with the results to represent the document
content instead of actually fetch the documents and retrieve the terms from their con-
tent. Fetching the documents would necessitate accessing the documents at their re-
spective Web locations and parsing them, which would have added significant over-
head. In theory, the real content of a document is the best representative of the docu-
ment, but we noticed that using the snippets alone was sufficient and lead to accept-
able results in a reasonable and practical time. Our model also keeps track of the time-
stamp when a query is first and last time encountered in the query trace. These time-
stamps are used in the ranking of similar queries, but they are also used to purge the
Query Memory from old queries. It appears that some queries are cyclic (i.e. appear-
ing and disappearing at different periods), or simply periodic (i.e. they appear very
frequently but in a short time period, then never again). An illustrative example would
be the queries: �terrorism�, �El Quaeda� or �Afganistan�. They appear after an major
event, persist in popularity for some time then fade out when the general interest shifts
somewhere else. This is also true with Olympics and other events. Currently, we did
not implement the purging of old queries from the Query Memory. However, we use
the timestamps for ranking results and introduce the notion of query aging.

3 Overview of Different Similarity Measures

In this section we use the following notation: Q denotes the current query; ∆ denotes
the Query Memory database; Q.terms indicates the set of terms in the query; Q.Results
is the set returned by a search with Q.Results[i] symbolizing the ith entry in the list of
results; Q.Results[i].Title and Q.Results[i].Text represent respectively the set of words
extracted from the title and URL, and the set of words extracted from the snippet of
the search result entry. We should point out that the notion of query results
(Q.Results) is non-deterministic. In other words the same query submitted to the same
search engine at a different time can, and usually will produce different results. This is
because search engines constantly update their databases and indexes. Some search
engines even rotate the order of returned results. For example submitting query �car�
twice to the Metacrawler search engine will result in the following three top results
respectively for the first and second submission: (1-�Factory Invoice Prices and
Dealer Cost�, 2-�Free New Car Quotes!�, 3-�Car Buying Information�) and (1-
�Factory Invoice Prices and Dealer Cost�, 2-�Shopping for a New Car? Try Invoice-
Dealers!�, 3-�Classic Cars Photo Ads�). Top results retuned by the same search en-
gine are quite different, even though the same query was submitted to the search en-
gine within a few minutes of each other. In our Query Memory, we do not store all
results returned by search engines, but only the first 200 results.

Using the notations described above we define the different quasi-similarity meas-
ures as follows:

1- Naïve Query-Based Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / q.terms ∩∩∩∩ Q.terms ≠≠≠≠ ∅∅∅∅
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This is a method used by some existing search engines to recommend expending que-
ries. It simply finds queries with common terms as the current query. There is no word
semantics directly or indirectly involved. The results are ordered based on the values
of Count and Ldate (see above). While it is very simplistic, it sometimes yields inter-
esting results. For example �car parts� is found similar to �automotive parts� and
�Honda parts�. However, it wouldn�t be able to find �salsa food� similar to �Mexican
recopies�. The next method, however, could.

2- Naïve Simplified URL-Based Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / q.Results.URL ∩∩∩∩ Q.Results.URL ≠≠≠≠ ∅∅∅∅

This is a method similar to the first one, except instead of looking for common words
in the text of a query, we are looking for common URLs returned by the search en-
gines. The reasoning is that if URLs returned by two queries at least have one URL in
common, then these queries might be related. All the queries that are found to be
similar are then sorted by the occurrence frequencies and are presented in that order.
In other words the most common queries that have at least one common URL with the
result of the user query are suggested to be similar. This particular method works well
on a small dataset of collected queries but has a tendency of making bad suggestions
more often than the next method.

3- Naïve URL-Based Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / θθθθm < 
URLsultsQ

URLsultsQURLsultsq
.Re.

.Re..Re. ∩
< θθθθM

This method considers the URL set in the search results of the queries. θm is a mini-
mum threshold, while θM is a maximum threshold. We found that this method could
yield interesting results depending upon the thresholds we set. If θM is too close to
100%, the queries become too similar. If θm is too small, completely different and
irrelevant queries could be suggested. In the current prototype implementation we set
θm to 0.2 and θM to 0.8. Method 3 is more specific and more flexible than method 2.

4- Query-Title-Based Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / ∃∃∃∃ i, q.Results[i].Title ∩∩∩∩ Q.terms ≠≠≠≠ ∅∅∅∅ and q.Results[i] ∉∉∉∉Q.Results

This method looks for queries that have in the titles (or URL path) of their results
terms appearing in the original query. The idea is that queries that return results with
titles related to the original query and the results were not retrieved by the original
query could be indeed related to the original query.

5- Query-Content-Based Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / ∃∃∃∃ i, q.Results[i].Text ∩∩∩∩ Q.terms ≠≠≠≠ ∅∅∅∅ and q.Results[i] ∉∉∉∉Q.Results
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The idea is similar to the previous method except that the snippets of the results from
the candidate queries are considered instead of the titles.

6- Common Query Title Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / ∃∃∃∃ i,j,  q.Results[i].Title ∩∩∩∩ Q.Result[j].Title ≠≠≠≠ ∅∅∅∅

The objective in this method is to compare the terms in the titles returned by the origi-
nal query with the terms in the titles returned by the candidate queries. No comparison
of the query terms per se is done.  The main idea of this method is that if two queries
return results such that title words in the results returned are similar (there are some
common words), then queries are also similar.

7- Common Query Text Method:

∀∀∀∀q ∈∈∈∈ ∆∆∆∆ / ∃∃∃∃ i,j,  q.Results[i].Text ∩∩∩∩ Q.Result[j].Text ≠≠≠≠ ∅∅∅∅

This method is similar to the previous one except that the snippets are compared in-
stead of the titles. The last two methods are particularly good at finding queries that
are syntactically different but semantically similar.  Our experiments showed that on a
small set of processed queries this method performs better than the previous one,
however it is in an order of magnitude more computationally intensive than the previ-
ous one. Selecting the content of pages instead of the snippets returned by the search
engines would make the computation is more time-consuming.

For all these methods, results are sorted. The ranking of the suggested queries is
based on either the Count and Fdate, or the number of common URLs. Only a limited
number of quasi-similar queries are presented to the user. Notice that we can easily
combine these measures, in particular 3 and 4, or 5 and 6. The last two similarity
measures are particularly computationally expensive and their time complexity is
proportional to the size of the collected database. We are considering new indexes to
reduce the time it takes to recommend queries with measure 6 or 7.

Metacrawler
Query Trace

Query
Collector

Local
Query
Database

Query
Processor

qi

{q + q.Fdate}

Query
Memory

Google
Search Engine

Altavista
Search Engine

qi

qi

qi.Results

qi.Results

Fig. 1. Constructing the Query Memory

4 Prototype Implementation Overview

Figure 1 illustrates the general architecture of our prototype constructing the Query
Memory. A query collector collects queries from a popular metacrawler and stores
them in a query database with a timestamp. Query processors submit these queries to
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other search engines to collect results and store these results in the Query Memory
with updated counts and timestamps. Different search engines are used to harvest
search results and the original metacrawler is not used to submit queries in order to
avoid affecting the query trace of the metacrawler, and thus avoid compromising the
counts of the queries in our Query Memory by processing collected queries.

We have implemented our prototype on NetBSD, an operating system allowing
large disk partitions, and MySQL database. The query database collected quickly
reached more that 2 Gigabytes, the largest disk partition allowed by Linux. The col-
lection and processing of the queries is implemented with Python scripting language,
while the similarity engine is in C++. Figure 2 shows an overview of the query recom-
mendation phase.

Query
Memory

Query
Recommender

Q

Search Engine

Q

Q.Results
Q.Results

Q

{similar queries}

Fig. 2. Query quasi-similarity engine

Our system consists of three major parts: a web query collector, a web query proc-
essor (Figure 1) and a quasi-similarity engine (Figure 2) that finds similar queries
among previously collected queries to the one specified by the user. The query col-
lector simply collects queries submitted to the Metacrawler search engine1 and puts
them in the query queue along with the timestamp when these queries were obtained.
The Metacrawler search engine provides its query trace by displaying at regular times
a list of currently submitted search queries2.  The query collector agent is simply a
Python script that at regular time intervals consults the Metacrawler query trace pro-
vided and parses it to extract the query strings. The query processor verifies for each
query if it already exists in the Query Memory, as described above. If the query al-
ready exists in the Query Memory, then it just updates the relevant counters and time-
stamps. Otherwise, the query is submitted to the Google search engine and AltaVista
search engine to harvest the corresponding search results. These results are then
parsed, processed, and added in the Query Memory.

The quasi-similarity engine is triggered whenever a suggestion for queries is re-
quested. The user specifies which similarity measure he or she wants to use to find
similar queries. The similarity engine uses previously collected queries stored in the
Query Memory to return suggested similar queries. We implemented a basic web-
based interface that allows the submission of a web search query. The submitted query
is sent to Metacrawler and the search results are displayed. If the user is unsatisfied
with the results a recommendation for similar queries is requested and similar queries
are displayed based on the similarity measure chosen. Because of lack of space, we
are not showing a snapshot of our implemented prototypical user interface. The entire
web page of the prototype is divided into 4 frames. The top frame allows the user to
specify a query, which is sent to the Metacrawler search engine. The results returned

                                                          
1 MetaCrawler: http://www.metacrawler.com
2 MetaSpy: http://www.metaspy.com/spymagic/Spy?filter=false
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are displayed integrally in the results frame (second from the bottom). Note that Meta-
crawler was arbitrarily selected for our prototype. Other search engines could be used
or the choice could be given to the user. If the user is not satisfied with the results, he
or she can request similar queries after selecting a quasi-similarity measure in the
second frame. Suggested new queries are displayed in the bottom frame along with
hyperlinks that would automatically submit the query if clicked, thus allowing an
interactive process of query refinement.

5 Discussion on Some Experimental Results

This section presents some examples of similar queries using our measures of quasi-
similarity for illustration purposes. We have implemented in our prototype the quasi-
similarity measures 1, 2, 3, 6 and 7 as presented in Section 3. Using the interface de-
scribed in Section 4, we submitted many queries and checked the suggested similar
queries based on all implemented measures. While the similarity measures are differ-
ent, it was common that the recommended queries with the different measures were
alike. Moreover, it was difficult to find a winner (i.e. the similarity measure with the
best recommendation) because: (1) for each different query we experimented with, a
different winner could be proclaimed; (2) the search results and the recommendation
are nondetermininstic (i.e. we can expect different results for the same query submit-
ted twice); and (3) the validation is very subjective. The results of the query recom-
mender, however, are very encouraging. Below we present two of our results ran-
domly selected from the different experiments we performed: �salsa food� and �com-
puter prices�. Tables 1 and 2 do not contain all recommended queries but a top ranked
selection. We found indeed queries such as �hot girls�, latina porn�, or �BBC News�
as matches to the �salsa food� query for example. The match, however, is understand-
able. First these queries were submitted by someone, and thus were in the query trace.
Second, there is a connection between �salsa�, �hot� and �latina� indirectly discovered
using our quasi-similarity measures by intersecting the search engine results. The
�BBC News� match, on the other hand, is more difficult to explain. It is possible that
at the time the �BBC News� query was processed, the results could have contained
links to recipes, hence the intersection with salsa food. This also demonstrates the
difficulty to use precision and recall as validating measures, given the subjectivity of
the similarity.

Table 1. Recommended quasi-similar queries for the query �salsa food�

Query: �salsa food�
Measure 1: Food Recipes, Japanese Food, genetically engineered food, food pic-

tures
Measure 2: recipes, Mexican Recipes, All Recipe.com, french cooking
Measure 3: recipes, Mexican Recipes, All Recipe.com, french cooking
Measure 6: junkfood, foods history, black pepper health benefit,  Food Coopera-

tive
Measure 7: peruvian dry rubs,  green curry recipes, black pepper health benefit,

australian foods
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Table 2. Recommended quasi-similar queries for the query �computer prices�

Query: �computer prices�
Measure 1: car prices, computer hardware, computer dictionary,  airline ticket

prices, computer parts
Measure 2: computer memory, consumer price index, toms hardware, cheap com-

puter upgrades, Hardware Stores
Measure 3: price search,  price compare, pricewatch.com, toms hardware, low cost

computers, Wholesale Computer Pricewatch
Measure 6: buying laptops, IBM Aptiva, online trading,  ps one memory card,

Shopping
Measure 7: buying laptops, bid software,  DVD Player & Review, christmas online

shopping

While measure 1 is very simplistic and matches only queries with terms in the
original query, some of the results are nevertheless relevant to some extent. Measures
2 and 3, in the case of �salsa food�, returned almost the same results; which is to be
expected, since we do not have many queries processed in our Query Memory data-
base yet. Therefore we set the threshold parameter θm to fairly a low level of 0.2.
Measures 6 and 7 are looking for the common words in query titles or snippets and are
capable of suggesting more �diverse� queries. The later measure, however, seems to
make more relevant suggestions than the former one. This should not be a big sur-
prise, since it looks for common words in snippets that are more descriptive than the
title pages. On the down side, it is computationally very expensive.

There are two major observations from our experiments with our proposed quasi-
similarity measures. First, the more queries we process, the richer the Query Memory
is, and the better the recommendations are. While we have collected more than half a
million different queries from the Metacrawler search engine, we have processed and
harvested the results of only about 70,000 queries (which constitutes the Query Mem-
ory). Submitting queries to the search engine and harvesting result is very computa-
tionally and network intensive process. Ideally, if the query recommender is on the
search engine side, not only the query trace would be immediately available, but also
the inverted indexes of the search engine would also be available avoiding the submis-
sion of queries for results harvesting. Also because of the limitations of the MySQL
database and the file systems file size problems, it would be better to directly process
queries collected and populate the Query Memory rather than storing collected queries
in a large queue. Only queries in the Query Memory can be used in the similarity
measures. The second observation is that it seems difficult to select the best method.
Apparently some combination of different methods with weights assigned might pro-
duce better results than every single similarity taken alone. This is another open prob-
lem that we will be addressing in our future research.

6 Conclusion and Remarks

We have implemented a recommender system to suggest similar queries for search
engine users when they are not satisfied with the result of an original query and would
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like help in expanding or improving the search query terms. We proposed some quasi-
similarity measures to ensure that the suggested queries are not too similar to the un-
satisfactory original query but analogous enough to be suitable. We have experi-
mented with all these measures isolated or combined, and have noticed that it is very
difficult to find an absolute winner. Each quasi-similarity measure could indeed gen-
erate very good results depending upon the query. In some cases what we expected to
be the winner actually produced irrelevant queries. We have thus kept all the measures
and left it to the user to select and experiment with the desired methods. It is important
to notice that since the Query Memory is updated in real time by adding new queries,
and since some queries could be removed if considered too old based on Ldate, the
recommendation is never deterministic. In other words, the system, for the same origi-
nal query, could suggest different similar queries at different times. In the current
work we are also investigating the use of time constraints to limit the queries to those
submitted in a time range. This is useful because queries could be time sensitive, ap-
pearing frequently at one point than disappearing completely later. We are also inves-
tigating the use of Latent Semantic Indexing [3] for finding relevant associations be-
tween titles or text returned in the search engine results. Finally, we are analysing the
possibility to validate these quasi-similarity measures using precision and recall, and
studying the effect of purging old queries from the Query Memory on the precision
and recall.
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Abstract. The design and development of hypermedia applications that
are deployed on the Web and other delivery platforms is largely
conducted on an intuitive, ad hoc basis, thus resulting in inefficient
systems that are hard to modify, maintain and port to alternative
platforms. There are now justifiable research and development efforts
that attempt to formalize the engineering process of such systems in
order to achieve certain quality attributes like modifiability,
maintainability and portability. This paper presents such an attempt for
designing a conceptual model of a hypermedia application that allows
for easy update and alteration of its content as well as its presentation
and also allows for deployment in various platforms. In specific this
model explicitly separates the hypermedia content from its presentation
to the user, by employing XML content storage and XSL
transformations. Our work is based upon the empirical results of
designing, developing and deploying hypermedia applications in
various platforms, and on the practices of well-established hypermedia
engineering techniques.

1 Introduction

During the last decade web pages have evolved to a point of becoming too complex
with all the inline client scripts (e.g. JavaScript) and styles rules in order to facilitate
the ever-growing and often conflicting demands for enhanced usability and
impressive �look and feel�. Therefore the daily task of updating content can no longer
be performed by a novice in HTML, but instead designated professionals with a solid
background on web authoring and a clear understanding of the architecture of the
certain site must be utilized.

To make matters worse, even though the functional and non-functional
requirements of web sites can be satisfied through the use of standard technologies
like the latest versions of HTML and JavaScript, web authors find themselves using
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more and more proprietary solutions to facilitate customer needs and overcome the
weak compatibility in this area, that major browsers offer. This situation can lead to
the need of internal branching in sites that heavily deploy cutting-edge DHTML or
browser specific code. Thus the number of maintained templates grows and the
administrative tasks mentioned above can become overwhelming.

On top of everything else, alternative versions of web sites have become common
practice nowadays to satisfy technological, political, economic and social goals.
These alternative versions include mobile devices sites, accessibility sites, printable
versions of sites, voice-enabled sites.

The World Wide Web Consortium reacted quite early to the above, accumulated
problems with the launch of XML and the related family of technologies, in order to
separate the content from the rest of the information such as presentation rules,
metadata, active components etc. The question now is, given the XML technology,
how can a site be engineered in order for it to achieve modifiability, maintainability
and portability.

In this paper we attempt to solve the above problems by proposing an XML-based
multi-tier model, named WOnDA (Write Once, Deliver Anywhere), which is
established upon the separation of the actual content, active widgets, presentation
rules and the page generation process. The presentation rules are themselves separated
into a set of rules for transforming the actual content, the various widgets and the
layout of the pages for every one of the presentational domains. Furthermore for
domains that draw upon HTML (web browser versions) there is an option of defining
one more presentational layer that lays above all the rest and utilizes the W3C�s
Cascading Style Sheet (CSS) specifications.

The proposed model is based on an XML repository that holds the actual (textual)
content and utilizes the power of eXtensible Style Sheet (XSL) transformations in a
hierarchical manner for providing a rich set of formats to deploy content It also
facilitates effortless administration, the ability to easily add new formats and fast/clear
refactoring of old ones. Also, since there is a complete separation between data and
presentation, the development of content can become a streamlined process that
doesn�t deal with the complexity of the underlying structure of the chosen
presentational domains.

The structure of the rest of this paper is as follows: Section 2 introduces a short
literature review, comprised of the most significant approaches in designing
hypermedia applications. Section 3 analyses the proposed model and its philosophy.
Section 4 presents a complete case study of a single page that is created with the aid
of the model and deployed in three platforms. Finally section 5 wraps up with ideas
for future work.

2 Literature Review

During the past years there have been several attempts to formalize processes,
models, methods, techniques and best practices for developing hypermedia
applications [1].

The Dexter Hypertext Reference Model [2] was perhaps the first successful
attempt at modeling hypermedia applications and has been the predecessor and source
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of inspiration for many of the approaches that followed. Another widely used
approach of hypermedia design modeling is HDM [3] and its successor HDM2 [4],
where emphasis is given in specifying a semantic schema of the application before it
is developed. Its main feature is the definition of a number of dimensions, along
which a hypermedia application can be modeled: structure, navigation, behavior, user
control and presentation. The Object-Oriented Hypermedia Design Model
(OOHDM) [5] is based on the separation of the hypermedia application�s process
into four phases: Conceptual Design, Navigation Design, Abstract Interface Design
and Implementation. A CASE Tool named OOHDM-Web [6], allows implementation
of hypermedia applications as CGI scripts that produce dynamically generated pages,
whose contents are fed from a database and integrated with predefined templates.
Another methodology that provides step-by-step hypermedia development is
Relationship Management methodology (RMM) [7]. RMM offers complete
representation of the semantic schema and the navigational schema, follows the
traditional E-R model to standardize the conceptual and navigational design but gives
limited support to the interface design.

The CC/PP framework [8] of the World Wide Web Consortium aims to provide a
common way for clients to express their capabilities and preferences to the server that
originates content. WOnDA can be intergraded with the CC/PP model in the manner
that different presentation formats can be created in an asynchronous way to satisfy
the device profiles collected from a central or various distributed profile registries.
But since WOnDA proposes that, creation of hypermedia context is done prior to user
request (static content), a scenario where the content is adapted dynamically to the
capabilities of the device by reading the device�s profile in real time, is not possible.
The later though can be helpful in a database-driven website. Also an important
approach is Sisl [9], which is an architecture and domain-specific language for
designing and implementing services with multiple user interfaces. It aims to the
decoupling of interface from service logic, by employing an event-based model of
services that allows service providers to support interchangeable user interfaces to a
single source of service logic or data.

3 The WOnDA Model

A macroscopic view of the model �s functionality is illustrated in Figure 1. The
content is authored in an editor that could be a simple text editor or any contemporary
word processor like MS Word or Word Perfect. It may include text and references to
other media such as images, video, sound, animation etc. The content then is
translated into an XML file that properly describes its various parts like text,
hyperlinks, video clips etc. In sequence, XSL transformations are utilized to impose
style rules and presentation layout, add active objects, and generate the page in its
final form, e.g. HTML page, WML page etc. The final page is then served to the
appropriate client through the Internet by being published to a Web Server.

The detail that is missing from the above figure, is the mechanism that deals with
the XML files and XSL transformations that translate raw content into a specific
delivery platform. This mechanism is described in the rest of this section and aims to
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serve as a guide for the construction
of maintainable, modifiable, and
portable hypermedia applications.

In order to describe the model we
utilize the Unified Modeling
Language [10]
(http://www.rational.com/uml), a
widely adopted modeling language in
the software industry and an Object
Management Group standard
[http://www.omg.org/].  Furthermore
in order to define the model we have
designed a UML meta-model that
helps define what is a well-formed
model � i.e. one that is syntactically
correct.

The model described h
considers only static hyperm
pages and every page is comprised

1. The actual content of the page
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3. In the fashion of CPs and CTs for the textual content we define Widget Pages
(WPs) and Widget Transformers (WTs), which hold the necessary data and
presentation rules respectively for the widgets used.

4. Metadata that are specific to the content page, as in the HTML <META>
element, used throughout a version or even throughout the entire site are kept in
an XML file, which will be referred to as Content Page Metadata (CPM).

5. Metadata that are specific to a version, e.g. character encoding information, are
kept in another XML file, called Version-Specific Metadata Page (VSMP).

6. Both content page-specific and version-specific metadata are rendered by another
transformer called Metadata Transformer (MT).

7. For every one of the different versions we define an XSL file, which describes
the rules necessary to generate the page layout that is restricted in the context of
the version. These XSL files, which will be referred to as Version Builders

(VBs), do not contain
any information about
the rules we need to
render the textual
content drawn from
the CPs nor the
widgets used. They
rather define the
general layout of the
page meaning the
positioning of all the
above in the browser
window and the rest
of the markup
envelope that is
needed in order for the
page to be
syntactically valid for
the corresponding
presentational domain.
The information about
client scripts and CSS,
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the VB, where
needed and are
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Fig. 2. The hypermedia page elements and 
transformers
imported in the
document e.g. via the HTML <LINK> element. Figure 2 depicts the relationship
between the above model elements. Content Pages, Widget Pages and Content
Page Metadata are XML files and are all specializations of the class �Generic
Hypermedia Page Element�. They are also connected with an aggregation
relationship with the �Hypermedia Page� class, which means that they are all part
of a hypermedia page. Content Transformer and Widget Transformer are XSL
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files that render the corresponding Content Pages and Widget Pages. Furthermore
it is obvious that Content Metadata Pages are related to Content Pages, in the
sense that metadata describe the content. Moreover, Content Metadata Pages and

Version-Specific
Metadata Page are
rendered by the
Metadata Transformer.
Finally Version
Builders use all the
other transformers to
render the layout of the
hypermedia page and
insert the appropriately
transformed content,
widgets and metadata
into them. Content
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Version Builder are specializations of the �Version-Specific Transformer� class.
. For every site there is a main registry that holds information used by the main

processing mechanism. This master registry is the Site Index Page (SIP), which
holds all the file system (or network) paths to the CPs and links every one of
them to a registry specific for it,
called Page Registry (PR). PRs
link together CPs and PTs for the
various versions.

. All the above are parsed by a
processing shell, which will be
referred to as Site Builder and
provides the web site administrator
with a web interface to generate or
update certain pages, entire
versions of the site etc.

igure 3 depicts the page creation
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om the Content Page, the Content
ransformer, the Content Page
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egistries, performs the
ansformations and generates the hypermedia page of the appropriate format, as
lustrated in Figure 4 through a UML activity diagram.

Fig. 3. The Page Generation Process

Fig. 4. The functionality of the SB through a
UML activity diagram
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4 A Case Study

In order to explicate WOnDA, we�ll
examine in detail the design of a web
page of a laboratory that offers
references to external web sites holding
tutorials on XML. This page should be
accessible from the Mozilla browser,
from a normal WAP phone
and we must also provide it in an easily
readable format for students with
disabilities. Figure 5 depicts the final
product in the desired formats. Figure 6
depicts the implementation of the me
model described earlier in the case
the �XML Resources� page. This is
instance of the meta-model, i.e.
model per se that is consisted 
instance of all the necessary meta-m
is rather simple, not all the meta-mod

 of a

ta-
 of
 an

Fig. 5. The three different version
laboratory web page
 a
of

odel elements. It is noted that since this example
el elements are needed to describe it.
Fig. 6.
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1    Content Pages (CPs)

As mentioned earlier
the actual content of a
page is described inside a
CP. The following code
listing holds both the
textual information of our
�XML Resources� page
and the needed references
to external resources like
the external links. The
XML vocabulary used
here is pretty self-
explanatory since it uses
widely recognized terms
like �paragraph�, �list�
etc. for the names of the
elements used.

Example CP for the �XML Resources� page

<data>
<title value="XML Resources"/>
<content>
<paragraph>
  <emphasize>XML Resources</emphasize>
</paragraph>
<list type="unordered">
  <ListElement>
    <link location="http://www.w3.org/xml">
      Extensible Markup Language (by W3C)
    </link>
  </ListElement>
  <ListElement>
    <link location="http://www.xml.org">
      XML.org
    </link>
  </ListElement>
  <ListElement>
    <link location="http://xml.apache.org">
      Apache XML resources
    </link>
  </ListElement>
</content>
</data>

2     Content Transformers (CT)

The CTs for our page will provide
the processing shell (SB) the
necessary rules in order to transform
the XML code of the CP. The final
form of such a CT depends on the
elements used inside the CP. In the
following code listing we suggest a
set of four XSL rules to handle the
transformation of the elements
<paragraph>, <list> and <link>.
These transformations will produce
an HTML fragment that is suitable
for the Mozilla browser version of
the page.

Example CT for the �XML Resources� page

<xsl:template match="paragraph">
  <p><xsl:apply-templates/></p>
</xsl:template>

<xsl:template
match="list[@type=’unordered’]">
  <ul><xsl:apply-templates/></ul>
</xsl:template>
<xsl:template
match="list[@type=’unordered’]/ListElement"
>
  <li class="UnorderedListElement">
<xsl:apply-templates/></li>
</xsl:template>
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<xsl:template match="link">
  <a href="{@location}"><xsl:apply-
templates/></a>
</xsl:template>

3    Widget Pages (WP) and Widget Transformers (WT)

The paradigm of CPs and
CTs is also used for the
WPs and the WTs as the
code listing on the right
shows. This is an example
of XSL transformations
for the WP for the �XML
Resources� footer as
described above, for the
Mozilla version.

<widget name="Footer">
  <element type="TextLink"
    label="Homepage" link="CP.Home.xml"/>
  <element type="TextLink"
    label="Contact" link="CP.Contact.xml"/>
  <element type="TextLink"
    label="Search" link="CP.Search.xml"/>
  <element type="TextLink"
    label="Webmaster" link="mailto:webmaster@lab"/>
</widget>

<xsl:output encoding=’ISO-8859-1’/>
<xsl:template match="widget[@name=’Footer’]">
  <p><xsl:apply-templates/></p>
</xsl:template>

<xsl:template match="element">
  &nbsp;<a href="{@link}">
    <xsl:value-of select=".[@label]"/>
  </a> &nbsp;
</xsl:template>

</xsl:stylesheet>

4    Metadata Pages (MP)

For the purpose of supplying
our page with the required
meta-data we use both the CPM
and the VSMP mechanism
described earlier for the model.
In the following code sample
we describe a way to handle
three trivial cases of meta data
information that appears in web
pages.

Example nodes for Metadata pages either CPM or
VSMP

<MetaDataElement type="author"
  content="Paris Avgeriou"/>

<MetaDataElement type="http-equiv"
  value="Expires"
  content="Tue, 20 Aug 2002 14:25:27 GMT"/>

5    Version Builders (VBs)

The VB of every version will
import the XSLT rules
described in the CT, WT and
MT of the later version and

The skeleton of the VB for the Mozilla browser

<xsl:import href="CT.Web_Mozilla.xsl"/>
<xsl:import href="WT.Footer.Web_Mozilla.xsl"/>
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provide the overall envelope
to bind rules and content. The
following code sample is a
simple VB for the Mozzilla
browser.
Key elements of the XSL
sample on the right are the
imports of the other XSL
rules, in the <xsl:import> tag,
and the use of the document()
function to include any other
XML document besides the
CP.

<xsl:import href="WT.Footer.Web_Mozilla.xsl"/>
<xsl:variable name="Footer"
  select="document(’WP.Footer.xml’)"/>
<xsl:variable name="CPM"
  select="document(’CPM.XMLResources.xml’)"/>
<xsl:variable name="VSMP"
  select="document(’VSMP.Web_Mozilla.xml’)"/>
<xsl:output encoding=’ISO-8859-1’/>
  <xsl:template match="/">
  �
  </xsl:template>

</xsl:stylesheet>

6    Site Index Page (SIP) and the Page Registry (PR)

In the following part
we give an example of
a SIP and a PR. The
syntax is again self-
explanatory.

<pages>
  <page description="foo"
    PR_Path="PR.foo.xml"/>
  <page description="bar"
    PR_Path="PBR.bar.xml"/>
  <page description="XML Resources"
    PR_Path="PBR.XmlResources.xml"/>
</pages>

  <ContentPage path="CP.XmlResources.xml"/>
  <version name="Web_Mozilla"
    CT_Path="CT.Web_Mozilla.xsl"
    Pub_Path="/www_root/html/XMLResources.html"/>
  <version name="WAP"
    CT_Path="CT.WAP.xsl"
    Pub_Path="/www_root/wml/XMLResources.wml />
  <version name="Accesibility"
    CT_Path="CT.Accesibility.xsl"

    Pub_Path="/www_root/accs/XMLResources.html />

7    Processing Shell (Site Builder - SB)

As mentioned above the entity responsible for applying the final XSL Transformation
and publishing the pages is the Site Builder. This module was implemented as a
Java 2 Application that consists of a web-based front-end for the administrator and an
internal mechanism to apply XSLT using any Java-XML package.

5 Future Work

Although the principles described above provide a solid foundation, they do not deal
with the entirety of the diverse scenarios that are popular in contemporary hypermedia
applications. To better handle this without affecting the simplicity of WOnDA, which
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is one of its strongest attributes, we plan to extend this model in a modular way
having different flavors of the original approach, such as:

• Distributed flavor: In cases of web sites of large organizations or multinational
corporations, the operations of content authoring, style development, page
generation and publishing can be executed in a distributed way, over a plethora of
locations worldwide, in a pattern designated by the business plan or the
established workflow of the respective organization or corporation.

• Multilingual flavor: multilingual context should be better handled.
• Database & server side scripting flavor: the model should deal specifically

with situations where the developer needs to systematically draw information
from a database or merely execute HTML-embedded server side scripts.

• User personalization flavor: the model should take into account the practice of
dynamically adapting pages according to the site visitors.

Finally, an interesting issue that is under research is the way that WOnDA can benefit
from all the work recently done in the database area in order to deal with XML
documents. This is caused by the variety of proposed models for storing and
accessing XML information both natively and on object-relational databases. To
examine this issue more closely the authors are actively involved with �INEX:
Initiative for the Evaluation of XML retrieval� [http://qmir.dcs.qmul.ac.uk/INEX/].
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Preface

“Extreme Programming”, “Agile Modeling”, “Model-driven software develop-
ment”, “Model-driven architectures”, “Agile Development”, “OMG’s MDA”.
These catch-phrases are currently the topic of much discussion in the software
development world.

Some software methodologists say that modeling should drive the whole de-
velopment process. Some say modeling should be only done informally, and that
models should not be kept for future use (i.e., that they are temporary artifacts
produced during development). How useful is modeling? When should it be done?
Can modeling be demonstrated to provide business value? Can architectures be
developed using “agile” or XP approaches? What makes an approach agile, and
what makes agile approaches advantageous? Can model-driven approaches be
agile? Can we quantify the benefits of agile approaches?

These are all questions currently receiving attention in the software devel-
opment world. Participants in this workshop discussed these, and related topics
such as techniques integrating agile approaches and model-driven development.
Papers focusing on the integration (or lack of ability to integrate) of agile and
model-driven approaches fit well within the OOIS conference theme, “Informa-
tion System Integration.”

Relevant topics of the workshop included:

1. Issues in model-driven development
2. OMG’s Model-Driven Architecture (MDA)
3. The value of models (e.g., business models, enterprise architectures, require-

ments and design models)
4. Modeling techniques and notations relevant to IS development
5. Assumptions underlying model-driven development
6. The compatibility (or tension) between agile and model-driven development
7. Business value of modeling
8. Empirical validation of the value of modeling, especially using the OMG’s

UML and MDA
9. Empirical support for the effectiveness of model-driven and agile develop-

ment approaches
10. Empirical validation of the benefits of Agile development (XP, Scrum, etc.)
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Abstract. Following the Model-Driven Architecture (MDA), a system
description consists of several models, i.e. views of the system. This paper
is concerned with formal conformance tests between different models. It
stresses the need for formal semantical foundations of all languages that
are used to express models. In particular, we classify conformance tests
for implementation models.

The Model-Driven Architecture (MDA) [14,2] is the new strategy of the OMG
to maintain the whole lifecycle of a system. A system is specified by a collection
of several views, which concentrate on certain aspects and hides all non-relevant
details. In the terminology of MDA a view is called model. Different kinds of
models are usually expressed in different suitable languages. The implementa-
tion of a system is seen as just one model among others. MDA does not stipulate
the usage of particular languages to express particular models. However, imple-
mentation models are usually expressed in terms of a programming language.

Especially in the development phase of a system, periodical checks on the
consistency of all models are crucial. MDA calls this activity conformance test
between two or more models. In this paper, we focus on conformance tests which
can be performed by a machine. Obviously, such conformance tests presuppose
a formal underpinning of all languages used to express the involved models.

We concentrate on the conformance test between the implementation model
and a single additional model. For practical reasons, we assume Java to be the
language for expressing the implementation model. The semantics of Java was
originally defined in [3]. Due to its informal nature, [3] cannot be used directly
for machine-based conformance tests. Instead, another representation of Java’s
semantics has to be chosen. We discuss two representations, and investigate the
influence of that choice on the nature of the corresponding conformance tests.

Java Semantics Given by a Compiler A pragmatic and popular approach
defines the semantics of Java by the actual behaviour of programs on a
machine. Adopting this approach for the semantical foundation of imple-
mentation models means to define implementation models in terms of the

J.-M. Bruel and Z. Bellahsène (Eds.): OOIS 2002 Workshops, LNCS 2426, pp. 231–234, 2002.
c© Springer-Verlag Berlin Heidelberg 2002
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behaviour of a Black Box that consists of the Java byte-code compiler and
the Java Virtual Machine (JVM). This is fully acceptable but imposes a se-
rious restriction for conformance tests. Obviously, conformance tests can be
only performed against those models which rely semantically on the same
Black Box and therefore are written in Java as well.
For large-scale projects, the development of unit tests [6] has proven to be
a good practice. A suite of unit tests can be considered as a model which is
different from the implementation model but written in the same implemen-
tation language. For instance, let us consider the following implementation:

public class Foo{
public int addTwo(int i){

return i+2;
}

}
Assume, we want to test the conformance between the implementation model
of class Foo and another model, that requires the result of operation addTwo
to be always greater than the argument. The intended model can be (par-
tially) expressed by some unit tests, e.g.

aFoo.addTwo(3) > 3
aFoo.addTwo(5) > 5

The conformance test between both models is done simply by the automatic
execution of the two test cases. Therefore, we name such conformance tests
executable conformance tests.

The example reveals the big disadvantage of models given in a unit-test
style. Here, the language Java is abused as a specification language with very
limited expressive power, i.e. Java is unable to express abstract properties of
a system. In the above example, the intended requirement – the return value
of addTwo is always greater than the argument – can only be formulated
approximately, by asserting it for a few arguments.

Abstract models, i.e. models which describe more abstract properties of the
system, are therefore better formulated using a more suitable specification lan-
guage than Java, e.g. OCL [13] or JML [8]. However, at a first glance, we have
to sacrify the conformance tests between abstract models and implementation
models because the semantical descriptions of the specification languages OCL
and JML do not rely on the Black Box used so far for the semantical foundation
of Java.

We can get rid of that problem by changing the semantics of implementation
models.

Java semantics in terms of logic There is quite a number of logical sys-
tems [11,4,12,1] which (partially) capture the semantics of Java1 formally.

1 Unfortunately, some advanced concepts of Java, e.g. threads, reflection, are still
excluded.
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Furthermore, each of the logical systems is supported by the tools Isabelle [5],
Loop-Tool [9], LOPEX [10], KeY-System [7], respectively. The support by
sophisticated tools makes it feasible to check mechanically certain properties
of Java programs.

Suppose, the implementation model is semantically based on the logical sys-
tem described in [1] (Dynamic Logic). Then, conformance tests are enabled
against all those models which are formulated within a language similar to
the language of Dynamic Logic. Two languages are called similar iff they are
defined on comparable semantics. For instance, OCL is similar to Dynamic
Logic, and JML is similar to the logical system given in [4], since there are
implemented translations integrated in the KeY-System and the Loop-Tool,
respectively.

The languages OCL and JML are much more suitable than Java to describe
abstract properties. For the addTwo-example, the following OCL-constraint
formalises the intended requirement:

context Foo::addTwo(int i)
post: result > i

A conformance test between this model and the implementation model can
be processed by the KeY-System fully automatically. Internally, the KeY-
System manipulates symbols such as i, result, etc. Therefore, we name
such conformance tests symbolic conformance tests.

Conclusion

The MDA advocates the description of a system as a collection of several models.
However, the languages to formulate the models are left open. This paper argues
that machine-based conformance tests are only feasible between those models,
which rely semantically on comparable definitions. We propose a classification
of conformance tests for implementation models.

Conformance tests against the implementation model can be classified based
on the style of semantical description for the programming language.

In a first case, we considered the programming language be semantically given
by a reference to its compiler. Then, the other model used in the conformance
test must semantically be given by a reference to the same compiler. Thus, both
models and the conformance test are executable.

In the second case, the programming language is semantically given in terms
of logical systems. This enables conformance test between the implementation
model and a second model written in an expressive specification language, e.g.
OCL, JML. The conformance test itself can be carried out using tools such as the
Loop-Tool or the KeY-System. Since all such tools work at a symbolic level, user
interactions are sometimes required. However, user interaction can be reduced
to a minimum by the usage of a mature tool.
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Abstract This paper proposes a number of generic modelling technolo-
gies that can be used to support the OMG initiative for Model Driven
Architecture (MDA). Object theories are used to combine these tech-
nologies into a meta-modelling framework for MDA.

1 Introduction

This paper reviews the requirements for the current OMG initiative for Model Driven
Architecture (MDA) and proposes a number of generic modelling technologies that
can be used to support MDA. MDA is concerned with modelling all aspects of the
software development process. In particular, MDA distinguishes platform independent
models (PIMs) from platform specific models (PSMs). PIMs capture the structure and
behaviour of a system independent of any particular implementation platform. PSMs
are system models expressed in terms of particular implementation platforms (e.g.,
.NET, EJBs, C++). A PIM may be mapped using MDA to many different PSMs. The
aim of MDA is to decrease the amount of implementation detail required in system
development by taking advantage of patterns of implementation. MDA also aims to
raise the level of abstraction and integration at which system developers work. The
OMG web site (http://www.omg.org) contains a number of documents that discuss the
emerging features of this new field. Readers looking for an overview of MDA should
start with [11] and [7].

In this paper we propose technologies that can be used to support MDA, including:
package specialization that support a modular approach to MDA; templates that sup-
port a pattern driven approach to MDA; non-intrusive relations that support an ab-
stract approach to modelling mappings; and, object theories that combine these tech-
nologies into a meta-modelling framework for MDA. Space does not allow us to de-
scribe these technologies in depth. For a more detailed account see [14].
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2 Language Definitions

In order to support MDA, languages must be precisely defined, that is, they must have
precisely defined syntax and semantic domains and a well-defined relationship be-
tween these two domains. These three essential components can be modelled using
fairly simple UML concepts. A precise semantics is essential for defining complete
and sound relationships between PIMs and PSMs and between all other MDA compo-
nents.

A precisely defined language consists of (1) a concrete syntax (the human-centric
view of the language as it is typed into an editor, drawn on a screen or printed on a
page); (2) an abstract syntax (the computer-centric representation of concrete syntax
suitable for manipulation as data structures in a program); (3) semantic domain ele-
ments that define the denotation of syntactic elements; and (4) well-defined mappings
that link concrete to abstract representations, and abstract representations to their
meaning.

We will use a simple language to express key features of language engineering
technology for MDA. The language is intended to support the system analyst when

capturing business rules. A system definition
consists of the following features: a name; a
set of sub-systems; a set of named input events
consisting of simple fields; a state consisting
of a set of fields; and a collection of rules.
Each rule has an antecedent that is a condition
expressed in terms of the fields on an input
event and a consequent that is a pair consist-
ing of a collection of output events and a con-
dition on the system state. The abstract syntax
definition is given above (details on how rules
are represented are omitted). A rule r has an
operation �fires�, where r.fires(e,S,S�) is true
when e is an event that triggers r, S is a set of
fields defining the pre-state of the system and
S� is a set of fields defining the corresponding

post-state. A system executes by selecting a rule whose antecedent is enabled by some
input event. The input event is consumed and the corresponding output events are
produced along with the required change in system state. The abstract syntax model
given above is a meta-model; its instances are models in the sense that a model for
Java has instances that are programs; the programs then have instances that are com-
putations. A computation for a business system is a history of system states where
state transitions occur due to system events. A state in a computation is a set of named
values. A computation is a well-formed meaning for a business system when the
events in the computation match up to the events in the system model and the names
used in system states match the fields given in the system model. In addition, each
transition in the computation must fire at least one of the rules in the system model.

-name : String
System

-name : String
Event

+fires() : Boolean
Rule

-name : String
-type : String

Field

-subsystems

*

-state*

-events

*

-rules*

-fields

*

AbstractSyntax

*
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3 Compositionality

Compositionality of the MDA process is essential since the efficacy of the approach
will depend on controlling the complexity of large numbers of models and their inter-
relationships. Compositionality within MDA can be achieved through the use of pack-
age specialization. A package is a container of model elements. If one package spe-
cializes another package then it includes all of the elements from the super-package
and adds new elements of its own. Where the names of corresponding model elements
overlap (due to local definitions or multiple inheritance) the elements are merged.

For example, suppose that we wish to decompose the definition of the business lan-
guage abstract syntax into three aspects:
the events that can be received from the
environment; the rules that control the
reaction of the business system; and, the
state of the business. This can be
achieved by defining each aspect in a
different package. packages are then
combined using package specialisation as
shown on the left. Merging rules ensure
that the different aspects are combined

correctly to produce the required definition of abstract syntax. The package composi-
tion is shown on the left.

4 Patterns

Patterns will arise in language definitions and MDA. For example, many languages
exhibit standard properties such as containership and dynamic behaviour. The rela-
tionships between languages can also exhibit standard patterns in terms of structure or

behaviour preservation. Patterns can be expressed
using template packages. A template package is
parametric with respect to model elements. A tem-
plate is stamped out to produce a corresponding
package in which all the formal parameters have
been replaced with the actual parameter values. For
example, containership is a pattern that occurs re-

peatedly in the abstract syntax of the business language. A template is expressed as a
package whose parameters are listed in a dashed box on the top right. In the body of
the package the parameters are referenced within chevrons. The actual parameter
values are supplied in a box attached to an arrow linking the resulting package with
the template. The same template may be stamped out multiple times in which case
each occurrence is identified by a different parameter box. The structural features of
the semantic domain for the business language stamped out using the containership
template is shown below. The term occurrence signifies that the corresponding ele-
ments are execution time entities domain.

S t a t e
A s p e c t

E v e n t
A s p e c t

R u l e s
A s p e c t

A b s t r a c t
S y n t a x

Contains

<Container> <Contained>
*

Container
Contained
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5 Relations

MDA relies heavily on relations and mappings. Relations should be non-intrusive
(domain and range do not necessarily have to know about the relationships). Relations

need to be compositional and there are many
standard relationship patterns.

The  template  on the left can be used as
the root of many relation patterns. The rela-
tion is named and has a domain class and a
range class. The relation consists of a col-
lection of pairs each containing an instance
of the domain and an instance of the range.
There is no restriction on the relation re-
garding which domain and range elements
are paired. Standard relationship properties

such as functional and one-to-one can be expressed as specializations of the basic
relationship template. This leads to a powerful language for specifying relationships,
see [7] for more details.

6 Semantic Mapping (System Meaning)

In general a semantic mapping will involve both structural and non-structural con-
straints that determine legal pair-
ings of syntax and semantics ele-
ments. We would like the seman-
tic mapping to exhibit the fol-
lowing features: it should be sim-
ple, easily understood and use
diagrammatic notation where
possible; it should be able to
reuse patterns where possible; it
should be compositional and

R e la t io n N a m e
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< D o m a in >

< D o m a in R a n g e > P a ir

< R a n g e >

- le f t - r ig h t
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modular; where possible it should be amenable to machine processing since it can be
used to generate test cases and even to animate a language definition

We propose a novel technique called object theories that allows mappings (includ-
ing semantic mappings) to be expressed such that the criteria given above are
achieved. The  diagram on the left constructs a free semantic mapping in which no
constraints limit the pairing of syntax and semantic elements; the constraints will be
given as object theories as described in the following sections.

7 Object Theories

OCL is used to express well-formedness constraints and to define the set of pairs as-
sociated with a relation. Experience in defining the UML 2.0 RFP submission [13]
would suggest that the combination of templates and OCL to express such constraints
is powerful, but can become complex in the sense that some of the structure of the
constraints is lost in the OCL language. Object theories are a mechanism that allows
the constraints to be structured and composed in layers. This section introduces object
theories and subsequent sections discuss a new mechanism for expressing the theories
and combining them. Examples are given with respect to the simple business lan-
guage.

An object theory is a collection of UML static semantics snapshots. A collaboration
diagram or a sequence diagram can be viewed as the presentation of an object theory.
Typically we define the structure of a domain by stamping out templates and combin-
ing the resulting packages using package specialization. This in itself defines an object
theory; but typically one that expresses a free structure, i.e. there are no restrictions on
the linkage between objects that are instances of the resulting classes. Such a freely
constructed domain model is then specialized by combining new object theories that
rule out certain object configurations. This process is incremental, modular and re-
versible.

A method for MDA using object theories proceeds as follows: all the domains are
defined independently using template technology; object theories can be used to de-
fine well-formedness rules on the freely constructed domains; the structure of seman-
tic mappings are defined using templates; object theories are then used to complete the
constraints over the freely constructed semantic mappings; the resulting language defi-
nition is can then be related to other language definitions (perhaps PIM to PSM lan-
guages) by template defining freely constructed relations and then mixing in con-
straints using object theories. Object theories are constructed by combining partial
theories. This raises an issue regarding consistency: are there any models of the re-
sulting theory? This is an important issue and must be checked, ideally using tool
support.

8 Object Theory Presentations

Object theories, as described above, are not particularly new since any UML diagram
can be viewed as an object theory. However, UML notations provide only partial sup-
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port for object theories and do not precisely define how such theories can be com-
bined.

We propose a new type of diagram and equivalently a textual language for UML
object theory presentation. An object theory diagram (OTD) is based on object dia-
grams together with OCL constraints over the variables used to name objects. The
differences are as follows: OTDs are expressed in packages and are amenable to pack-
age specialization and template definition; OTDs can be partitioned into sub-OTDs
understood to be combined using disjunction; OTDs can be defined as axioms or rules
where an OTD axiom is just an object diagram + OCL and a rule has a number of
antecedent object diagrams, a consequent object diagram and an OCL side condition;
OTDs allow links to be expressed as combination links or singleton links. A combina-
tion link leads to an object representing the set of values linked to the object where the
link labels all have the same name. A singleton link is one of the possibly many links
with a given label leading from an object. Groups of links are labelled to determine
whether they are partial (there may be other links with the same label that are not
shown on the diagram) or total (all the links with the given label are accounted for).

A theory can also be expressed as a definition in a textual language. The language
is more amenable to mechanical processing being easy to construct without sophisti-
cated graphics based tools. A theory named T is expressed as a definition:

theory T [ extends theories ] body end

The body of the theory is a constraint on the valid theorems. A theory can be de-
fined as an extension of an existing theory in which case all of the extended theorems
are imported into the theory. The body of a theory is a disjunctive collection of rules.
Each rule has an antecedent and a consequent (the degenerative case occurs where the
antecedent is empty). The antecedent and consequent of rules are snapshots which are
collections of object patterns. The textual language for object theories is more flexible
than OTDs which can easily get cluttered. In addition, the textual language can easily
be extended with new theory operators that might be difficult or clumsy to express on
a diagram. In the rest of this paper we will use both notations.

The example on the left shows an
OTD axiom defining the semantics
of fields. A field occurrence is a
valid meaning for a given field if the
names agree and the value of the
occurrence satisfies the type declared
for the field. When this theory is
combined with the free definition of
the relation FieldMeaning the legal
instances of FieldFieldOccurrence-

Pair are constrained so that the names agree and the type of the value is legal.
The theory FieldMeaning gives a simple example of how theories can be used to

construct relationships between models. In general a relationship can be defined as a
class with associations to n (in the case or FieldMeaning n = 2) model elements. The
theory defines when the relationship is well formed by placing constraints on the asso-

FieldMeaning

name = n
value = v

:FieldOccurrence

:FieldField
OccurrencePair

name = n
type = t

:Field

satisfies(v,t)
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ciated elements. Complex relationships can be decomposed into combinations of sim-
pler relationships.
The textual representation of the theory is as follows (from now on to save space long
class names will be abbreviated):

theory FieldMeaning
obj :FFOP

left = obj :Field name = n; type = t end;
right = obj :FO name = n; value = v end

end
such that satisfies(v,t)

end

Just as patterns occur in static structure (for example containment), patterns occur
in object theories. Package templates are used to express patterns in static structure;
object theory templates are used to express patterns arising in theories. Object theory
templates are illustrated in [14].

9 Refactoring and Refinement

One of the key features of MDA is the ability to define relations between languages.
These relations must hold between both the abstract syntax domains and the semantic
domains of the languages. In order to be useful, the relations between languages must
explicitly define the properties that they preserve between the languages.

Relations may hold between instances of the same language. The refactoring rela-
tionship is one such relationship. Refactoring occurs when a software artifact (models
or code) is changed to improve specific qualities while preserving the essential prop-
erties of a system. A refactored artifact represents an improvement in how a desired
result (characterized by the essential properties) is accomplished. This section gives a
very simple example of a refactoring with respect to the example business language.

The business language supports sub-systems. The definition of execution for the
language requires that sub-system steps are performed during a single super-system
step. One possible refinement of a system is to decompose a single system into two
sub-systems. If system A is refactored into A� consisting of two sub-systems B and C
then the events handled by A are also handled by A�, but instead of causing a state
change in A, A� delegates the event to either B or C. Therefore the events handled by
both B and C are disjoint sub-sets of the events handled by both A and A�. The state
of A� is empty and the state of B and C are disjoint sub-sets of the state of A.

Given a set of events E, a set of fields F and a set of rules R suppose that com-
plete(E,F,R) holds when all rules in R handle only events in E and require only fields
F to determine whether they are enabled and to determine the result of firing the rule.
Suppose that given a set of rules R, a set of events E and the name of a sub-system n
that delegate(R,E,n) holds when the rules in R all handle events in E and delegate the
event to the sub-system n. A simple binary refactoring is expressed by the following
theory named BinSplit. The theory defines a relationship called Split between a sys-
tem (left) and its decomposition into two sub-systems (right):
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theory BinSplit
obj :Split
left =
obj :System
fields=F1->union(F2); events=E1->union(E2);
rules=R1->union(R2)

end;
right =
obj :System
events=E1->union(E2); rules=R1’->union(R2’);fields=Set{};
subSystems=Set{
obj :System name=n1; events=E1; rules=R1; fields=F1 end,
obj :System name=n2; events=E2; rules=R2; fields=F2 end}

end
end
such that complete(E1,F1,R1) and complete(E2,F2,R2) and

delegate(R1’,E1,n1) and delegate(R2’,E2,n2)
end

A theory of refactoring must also define how semantics are restructured and then
show that the transformations preserve certain properties. Since out approach uses
modelling techniques to express both the syntax and the semantics of a language, we
can use the same techniques to express a theory about semantic refactoring and use the
theory to check the appropriate properties.

A systematic, automatable approach to model refactoring is possible when the
transformations need to accomplish refactorings involving well-defined sets of source
and target models, can be precisely characterized. An approach to UML model refac-
toring, based on the notion of UML (meta) Role Models has been developed [8]. A
Role Model is a restriction of the UML meta-model, that is, a Role Model determines
a sublanguage of the UML. One can view a Role Model as a characterization of mod-
els (precisely those models that can be expressed in the UML sublanguage). A par-
ticular type of Role Model that has been A particular type of Role Model that has been
used to define refactorings is the Static Role Model (SRM). An SRM is a characteri-
zation of static UML models (e.g., Class Diagrams). In this approach, a characteriza-
tion of a family of model refactorings consists of the following elements: A source
model set: This set consists of source models for the refactorings. The set is charac-
terized by Role Models; A target model set: This set consists of target models for the
refactorings. The set is characterized by Role Models; A transformation set: This set
consists of transformations that each accomplish the refactoring goal. A transforma-
tion specifies how a source model is transformed to a target model. In our work, trans-
formations are expressed in terms of subtransformations a source model undergoes as
it is transformed to a target model. An example of a pattern-based design refactoring is
illustrated in [8].

10 Implementation

A key feature of MDA are mappings from PIMs to PSMs. In general implementation
involves several inter-language relationships. Object theories can be used to construct
such relationships. This section gives a simple example of an implementation.
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Suppose that we have a model of a simple dynamic modelling language involving
packages, classes, attributes and methods. A method has a collection of parameters, a
body that is a simple action and a post-condition in terms of the attributes of the con-
taining class. The semantic domain of this language has definitions for objects and
object steps. Each object step is labelled with the method call that caused it to occur.

This language can be used to implement the business language by using object
theories to construct the following relations: state fields become attributes; events
become method signatures; rule conditions become the pre and post-conditions of the
method that corresponds to the event that triggers the rule; rule actions become
method bodies; systems and sub-systems become classes; sub-systems of systems are
flattened. Space limitations prohibit a detailed description of the transformations. See
[14] for more details.

11 Conclusion

In this paper we identify requirements for an MDA approach to system development
and outline a framework that consists of principles, techniques and mechanisms that
support an MDA approach. The framework is intended to guide our work on devel-
oping an integrated set of processes, techniques, and mechanisms that cover all as-
pects of system development and that raises the abstraction level at which system
engineers develop implementations above the code level.

The approach to language engineering has been developed as part of a submission
to the UML 2.0 revision initiative. Further details about package specialization can be
found in [4], examples of the use of templates to construct a modelling language can
be found in [3] and a complete definition of the UML core infrastructure can be found
in the current submission to the OMG [13]. The initial ideas related to package spe-
cialization and templates are drawn from Catalysis [6]. Information about defining and
combining aspects of systems can be found in [5].

This work is related to other research that addresses expressing constraints and re-
lationships between models such as [9], [12] and [1]; and in particular with proposals
for graphical constraints. The constraint diagrams of [10] and the graphical OCL dia-
grams of [2] are clearly related to this work. However, any technology that supports
MDA must allow relationships between models to be performed in the sense that
given a complete (or partial) description of one side of a binary relationship there
should be an effective procedure that calculates the other side of the relationship. Our
work is novel in that it aims to achieve this by restricting the form of theories that
define the relationships in the same way that Horn Clauses restrict the form of logical
formulas.

We intend to develop the language of object theories and to define a complete se-
mantics for the language (using the techniques defined in this paper). In addition, we
intend to build a tool that can perform object theories and to use this to develop a
theory of MDA based on definitions of model transformations such as refactoring and
refinement.
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Abstract. This paper considers systems engineering processes for soft-
ware systems integration. Systems engineering processes, as intended
here, concern how engineering capability should be factored into prob-
lem-solving agencies for performance of software systems integration
tasks. Systems engineering processes also concern how the results pro-
duced by these agencies should be communicated and integrated into
a system solution. The environment in which systems integration takes
place is assumed to be model-driven. In the proposed solution, problem-
solving agencies, working from various viewpoints, employ differing no-
tations and analytical skills. In the course of identifying the systems
engineering process, the paper presents a conceptual model of systems
engineering, and reviews a classification of impediments to software sys-
tems integration.

1 Introduction

Software systems integration entails systems engineering, whether one con-
sciously practices it or not. Systems integration starts with the recognition of
new requirements and is not complete until one validates the resulting system
against those requirements. A premise of this paper is that the choice of a sys-
tems engineering process is a matter of significant concern, particularly if one
hopes to automate portions of the process in a model-based environment. 1

A model-based environment (MBE) is an environment for systems integration
that emphasizes the role of models in automating an integration process. The
environment envisaged in this paper would provide an incrementally refinable
account of a business process and the system that implements it. The account
is derived from the union of all available views of the system. Views are pro-
vided in various notations (or “viewpoint technologies”). The MBE serves three
purposes: (1) it fosters coherence among views by recognizing refinements and

1 Commercial equipment and materials are identified in order to describe certain pro-
cedures. In no case does such identification imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available for the purpose.
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c© Springer-Verlag Berlin Heidelberg 2002



246 Peter Denno and Allison Barnard Feeney

interrelations among disparate models; (2) it enables communication between
problem solvers (human or automated) working in differing viewpoints toward
the resolution of an integration task; and (3) it provides links from views that
state or elaborate requirements to those that posit design commitments.

The concerns just mentioned — heterogeneous views, viewpoint communica-
tion, requirements and their allocation2 to problem solvers — beg the question
of what sort of systems engineering process the MBE should implement.3 The
answer to this question is the central point of this paper. The issue (1) above,
of providing inter-model coherence is discussed in [8].

Section 2 of the paper describes a conceptual model of systems engineering.
Section 3 summarizes previous work which presents a classification of impedi-
ments to the integration of software-intensive systems [3]. Section 4 concerns the
central point of the paper. It considers choices of systems engineering processes
for an MBE for software systems integration. Section 5 outlines our MBE archi-
tecture. Section 6 discusses related work and future plans for the MBE described
in the paper. Section 7 provides conclusions. The final section, Appendix A, is a
glossary of terms from the systems engineering conceptual model.

2 A Conceptual Model of Systems Engineering

Systems engineering is any methodical approach to the synthesis of an entire
system that (1) defines views of that system that help elaborate requirements,
and (2) manages the relationship of requirements to performance measures, con-
straints, components, and discipline-specific system views. Figure 1 provides a
Unified Modeling Language (UML) class diagram of a conceptual model of sys-
tems engineering. Appendix A provides definitions of concepts presented in the
UML.

The key terms in this definition of systems engineering are “requirements”
and “views.” Systems engineering is foremost about stating the problem, whereas
other engineering disciplines are about solving it. A view is a representation of
the whole system from the perspective of a related set of concerns [14]. An
example of a view that “help[s] elaborate requirements” is a functional model
of the system. It is a view that identifies the resources, roles, and processes
involved in fulfilling the purpose of the system. A viewpoint is a method founded
on a body of knowledge of some engineering or analytical discipline and used in
constructing a view (derived from [14]). A view is an application of a viewpoint.

2 The term requirements allocation refers to the task of charging problem solvers with
the task of meeting requirements. Technical problem solvers meet requirements by
making design commitments. Conceptual problem solvers refine original requirements
and assert derived requirements.

3 We distinguish a systems engineering process from a design methodology in that a
design methodology only prescribes a path through the space of possible refinements
(or design commitments). A systems engineering process prescribes the decomposi-
tion into agencies (viewpoints, problem solvers) that make the commitments, and a
means to orchestrate these agencies.
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An architecture description language (ADL), such as the Wright language [1],
provides a viewpoint that serves this role in systems engineering. Because an
ADL describes a functional model of the system,4 it posits, to some level of
specificity, a componentization of the system and an implied correspondence to
requirements. That is, every component has its purpose and that purpose can
be traced to the requirements.

A view represents a collection of requirements. The utility of a view depends
largely on whether or not there exists a corresponding body of knowledge and
technology to draw from, that is, whether its viewpoint exists. The body of
knowledge underlying the viewpoint (the technology and expertise in its use)
may serve to refine requirements, assess how well a design meets the require-
ments, or it may posit a design or design commitments that would satisfy those
requirements [17].

2.1 Requirements, System Solution, and System Concept

Requirements should make reference to the environment in which the system will
operate. Requirements are about the environment [30]. The environment includes
those components of the original system that remain unchanged (in structure
and usage) in the new system. The environment also includes components whose
usage is mandated. A system solution is an assembly of interacting components
forming a whole and serving requirements. A system solution is an instance
corresponding to its system concept. The system concept is a conceptual entity;
it is a characterization, based on the requirements, that holds for anything that
satisfies the requirements.

In engineering design and its formalization and automation, it is impor-
tant that statements of requirement do not presuppose mechanisms intended to
achieve those requirements. An MBE should distinguish viewpoints and prob-
lem solvers that make design commitments from those that refine statements
of requirements and produce derived requirements without making design com-
mitments. The reasons for this stipulation concern the invariance of original
requirements and the relative tractability of a design process that relies on this
fact. The following example illustrates this point.

Suppose that one has defined the original requirements of a new business
process. A problem solver with an enterprise view may identify the components
that are involved in fulfilling these requirements by identifying the relevant infor-
mation, who possesses it, and who requires it. This problem solver may posit two
derived requirements: (1) a derived requirement stating that an information flow
must occur between the identified components, and (2) a derived requirement
stating the triggering and temporal ordering of events that lead to the exchange
4 In models that embody commitments to mechanism, function is defined as the ac-
tivity by which something fulfills it purpose. However, in models that do not make
commitments to mechanisms (i.e. conceptual models), this notion of function cannot
be represented. Utility – what purpose something serves – is the the corresponding
term in conceptual models.
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of the information. These new assertions draw on knowledge of the environment
(of both the existing and to-be system). Other than to identify roles, that knowl-
edge does not concern the means by which the business process is achieved. As
long as the original requirements remains valid, the derived requirements need
never be retracted. The assertions made by these problem solvers are part of the
system concept.

On the other hand, any of a number of problems might impede the imple-
mentation of this information flow (see section 3). If the problem is that both
components behave as servers, one must take initiative to update the state of the
component requiring the information. Potential solutions include: (1) component
A, who has the information, triggers a process to communicate with component
B, who needs the information; (2) a delegate of component B polls component
A for changes in the information; or (3) both components A and B subscribe to
an event service that is tracking the original production of the information. The
choices made here are design commitments, since they concern mechanism, and
their quality is contingent on design commitments made elsewhere to address
other requirements. If, for example, the totality of requirements suggests that a
new event-based channel of communication is warranted, choice (3) may become
increasingly attractive. That is, it may become necessary to retract assertions
that are design commitments. The assertions made by these problem solvers are
part of a system solution, not the system concept.

2.2 Behavior, Function, and Role

Systems5 are made of components, which themselves may be viewed as systems
(subsystems to the system). Systems may be described efficiently in terms of
their function, but in ad hoc integration,6 when a subsystem is integrated into
a system, what is most relevant is not what its function was as it operated
in isolation, but rather whether its behavior serves a function in the planned
system. This is so because it is ultimately the behavior of the subsystem that
must be controlled and exploited to service the needs of the system. The function
of the component as it was in isolation may not be relevant. For example, a
text editor may be used to write reports. The editor may serve this function
at various points in the processes of an organization. It may be the case that
the editor has a regular expression search capability that can be used to to
recognize exceptional conditions in data collected from the factory floor. The
regular expression search behavior can be harnessed for this purpose. Its report
writing function is not relevant here.

The behavior of a component may serve multiple functions, and each instance
of its application in a system may serve a different function. The function of the
5 Unless it is necessary to distinguish the concept of the system from its solution, we
will henceforth use the term system to refer to a system solution. This is consistent
with common usage.

6 ad hoc integration is integration where a communication flow is required between
components that were not conceived with the intention of providing or receiving
that flow.
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instance in the context of the system is called the role of the component. The
notion of role cannot be distinguished from the notion of function, except for
the fact that a role is defined in the context of the usage of an occurrence of the
component in a particular system context.

3 Impediments to Integration

Integration is about enabling components to act jointly toward a goal. In the
scope of the model-based environment, the problem solvers that are orchestrated
in the systems engineering process work toward enabling joint action. Joint ac-
tion is impeded by various obstacles. [3] identifies five broad categories of imped-
iments to the integration of software-intensive systems and classifies problems
within these. That work is summarized below.

Technical impediments concern problems in communication and process flow
arising from the technology and logistics employed at the interfaces of compo-
nents. These include control conflicts (e.g., every component is designed to be
a client, or every component is designed to be a server) and differences in the
syntax of messages.

Semantic impediments concern how well information communicated among
the components of the system serves the joint action that fulfills the purpose
of the system. Semantics refers either to a theory of behavior or a theory of
reference [25]. Terms have a sense and a reference. Regarding reference, commu-
nicating agents may differ with respect to the objects to which a term refers.
These differences may be (but are not always) detrimental to joint action. Re-
garding sense, the behavior that a message elicits from the recipient may be in
conflict with what is expected and intended by the speaker.

Information may be conveyed directly to known recipients or published. Infor-
mation conveyed to known recipients intends to elicit particular behaviors from
the recipients and utterances are designed for that specific purpose. Published
information is information that should be true in the context of the system. The
behavior that published information is intended to elicit is known only by the
systems engineer, not the components that provide the information.

Functional impediments concern conflicts arising from a mismatch between
actual behavior and the behavior that is expected for a particular role. An agent
may perform activities that are beyond those called for in its designated role.
The effect of these extraneous activities may be (but are not always) detrimental
to joint action.

Qualitative impediments concern how well a component performs the role
to which it is tasked. Qualitative impediments include accuracy, security, trust,
credibility, and timeliness of results.



Systems Engineering Foundations of Software Systems Integration 251

Logistical impediments concern the impact of the designed system on the sys-
tem in which it is embedded. Problems here concern system validation, that is,
how well the deployed system, in fact, satisfies requirements. Important require-
ments may have gone unstated and unfulfilled. Requirements may have changed
while the system was being designed.

4 Systems Engineering Processes

A systems engineering process prescribes a decomposition of engineering capa-
bility into problem-solving agencies, and a means to orchestrate these problem
solvers. A design methodology prescribes a path through the space of potential
refinements (of both requirements and specifications). Differing design method-
ologies can be employed within the individual problem solvers as the means by
which they function. The choice of systems engineering process determines how
requirements are classified and allocated to problem solvers. In part because dif-
ferent system engineering processes suit different problems, systems engineering
has not defined a best-practice systems engineering process. Such a thing might
not exist [11].

The engineering of complex systems typically follows a top-down and then
bottom-up development process, depicted as a V, where the left half of the V
represents the requirements definition and decomposition effort, and the right
half of the V represents integration and verification [12]. (See figure 2 (a)). This
basic flow holds generally, including ad hoc integration and business process re-
engineering situations. In more complex systems development, the conceptual
architecture itself may be subject to modification during development. This pro-
cess has been described as a modified-V pattern [28]. (See figure 2 (b)). This flow
somewhat resembles one in software systems engineering in which one evolution-
ary path of development (and the “stove-piping” it entailed) is terminated and
a reconceptualization is made to simplify broad areas of the design.

We are motivated in this discussion to identify the systems engineering pro-
cess and problem-solving architecture that best address the nature and require-
ments of software systems integration in an MBE. These requirements include
(1) the facilitation of heterogeneous viewpoints and notations that express the
many relevant views of the system, (2) the communication of results among these
viewpoints [30], (3) modularity that accommodates new viewpoints, (4) simplic-
ity, (5) end-to-end (requirement definition to validation) completeness, and (6)
leverage of our knowledge of the problems of systems integration, including clas-
sification of integration impediments.

Of these requirements, (1) and (2) appear to be most difficult to satisfy.
Among the many issues here, knowing what information need be communi-
cated among viewpoints and what form that communication should take are
problematic. Agencies do not act in total isolation, however, the complexity
of engineering the entire system requires that details that are inconsequential
to the decisions of other agencies remain isolated in the agency from which
these details originate [18]. Deciding what information needs to be exposed re-
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quires systemic domain knowledge. An analogy from the systems engineering
of hardware-intensive systems [22] illustrates the problem: Suppose a spacecraft
project has a weight budget and a choice of integrated circuit (IC) technology
must be made. It may appear that the choice has little to do with weight (all
chip weights are approximately equal). However, one IC technology may entail
greater power consumption and thus the need for additional solar power collec-
tors and batteries. An analysis of similar problems, termed nearly decomposable
problems, is provided by Simon [26].

We consider three general processes:
Discipline-centric process: A discipline-centric systems engineering process is
one in which engineering capability is organized by engineering discipline (e.g.,
network analysis, concurrency analysis). That is, engineering capability is or-
ganized into problem-solving agencies by classification of their area of exper-
tise. Examples of this approach include the time-tested means by which many
hardware-intensive systems such as automobiles, aircraft, and spacecraft are de-
veloped. The process is most effective when applied to the development of a class
of similar products, where knowledge of the flow of information among agencies
(that is, a design procedure) has been well established.

In this process, problem solving follows an established route.
Component class-centric process: A component class-centric systems engi-
neering process is one in which engineering capability is organized by expertise
in the development of a class of subsystems (e.g., database, or factory floor data
collection). This class is related to the discipline-centric process in that disci-
plines and subsystems tend to correspond. The process is most effective when
applied to projects that require the development of new subsystems. The proce-
dure is at a disadvantage in situations where the specification of the interfaces
between components are subject to modification.

In this process, problem solving follows a route determined by functional
decomposition.

Fig. 2. Two patterns of systems engineering process
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Problem-centric process: A problem-centric systems engineering process is a
variation of a discipline-centric process in which engineering capability is orga-
nized to address classes of well-known problems. However, here no design pro-
cedure has been established. Instead, derived conceptual requirements identify
instances of the well-known integration problems. The approach may become
excessively complex if these problems are revealed not by derived requirements,
but only through detailed design commitments.

In this process, problem solving follows a route that emerges only with re-
finement of requirements and assertion of design commitments.

Of the approaches considered, the problem-centric process appears to be
most appropriate to the design of an MBE for software systems integration. A
discipline-centric process is not responsive to the ad hoc emergence of integra-
tion tasks, as might be required to resolve a control conflict (see section 3), for
example. A component class-centric process may avoid this problem but may
be inappropriate where the concerns to be resolved are predominantly impedi-
ments to integration, not design syntheses. In the use envisaged, enterprise views
of the baseline system provide a conceptual model upon which derived concep-
tual requirements can be formulated. Derived requirements that concern needed
information flows, temporal ordering, and timeliness constraints between identi-
fied components provide a basis to review the subject components with respect
to the impediments to integration (Section 3). The demarcation between re-
quirements (invariantly asserted) and design commitments (subject to possible
retraction) is the point at which the information flow, its temporal constraints,
and a neutral representation of the information to be exchanged7 are identified
and provided to problem solvers corresponding to particular concerns. Design
commitments made by problem solvers may introduce new integration concerns.

5 A Model-Based Environment for Software Systems
Integration

This section describes an MBE for software systems integration based on the
problem-centric systems engineering process. The approach, as suggested in the
previous section, involves multi-disciplinary knowledge, heuristic techniques, and
a flexible problem-solving ability.

Success in the use of the approach requires, foremost, a comprehensive collec-
tion of information, including enterprise models, information models, and tech-
nical models. The scope of information required must be sufficient to reveal
obstacles to the implementation of the new business process. Some of the in-
formation necessary may exist as artifacts of earlier design efforts. Information
such as a mapping of information structures to an ontology of concepts in the
business process imposes an additional cost on systems integration. However, in
7 This representation may be, for example, an ontology of concepts relevant to the
business process being implemented. Problem solvers may need access to a view
that maps these concepts to information structures they expose in interfaces.
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the system envisaged, the ontology and references between models should pro-
vide enduring value; it can evolve with the enterprise system it represents. As
described in [8], the information collectively embodies an enterprise model of
the subject business processes. The model is an emergent enterprise model in
the sense that it comes into being through the accretion and interrelation of the
various models generated in the course of the development and evolution of the
enterprise’s infrastructure.

Two other obstacles, these concerning the ’human element’ must be ad-
dressed: (1) original statements of requirement are typically informally speci-
fied, potentially inconsistent or wrong; and (2) modeling notation (especially
graphical ones) may be interpreted in differing and potentially conflicting ways.

With regards to (1), implementation of the approach imposes the additional
work of translating the original requirements into a formal notation consistent
with concepts in the ontology of the business process. The consequences of (2) are
that inferences made from such models are apt to be invalid. The system should
recognize certain modes of use (e.g., a UML class diagram used to represent
conceptual entities versus a UML class diagram used to implement classes) and
make inferences accordingly.

Figure 3 illustrates the basic concept of the envisaged system. The design uses
a blackboard architecture [5] to orchestrate viewpoint-specific problem solvers.
The blackboard tracks the developing system concept and system solutions.
Technical problem solvers provide results that are contingent upon assumptions
about prevailing designs. The systems engineering executor is responsible for par-
titioning design commitments by the assumption set on which they are based.
An assumption-based truth maintenance system (ATMS) [6], [7] may serve this
purpose. Conceptual problem solvers provide the systems engineering executor
with derived requirements, which are not assumption-based.

The nature of the language on the blackboard is a matter of great importance
in the design of such a system. The language is the means by which problem
solvers communicate with each other. It must be capable of expressing require-
ments and specifications at varying levels of detail. Further, it must be capable
of providing content to the various viewpoints of problem solvers. In designing
a language with these capabilities there is a risk of disproportionate reliance on
the representation scheme of some given problem solver. To reduce this risk, the
systems engineering executor component must operate only on information that
is meta-level to the content that motivates the problem solvers. This requires
that the language distinguish (1) problem domain content from (2) constructs
that concern the structure and modality of the content, and provide directives to
and from the executor. The nature of the designed systems engineering process
is affected primarily by choice of representation scheme for message structure,
modality, and executor directives, whereas the nature of the designed domain
problem solving capability is affected primarily by the choice of representation
scheme for the content language.

The purpose of the content language on the blackboard is to present problems
for solution by the problem solvers. Problem solvers are responsible for transla-
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tion to and from the blackboard content language to whatever form they find
useful. The language concerns requirements, specifications, and the refinement
of both. Earlier work in this area has addressed issues of accommodating various
notations [16], [31], and the refinement of requirements [30], [27]. More recently,
interest in the family of languages concept of UML [4] has directed attention to
providing a semantics and formal foundation to relate a collection of modeling
notations.

The blackboard content language of the subject model-based environment
may be patterned after the predicate logic-based representation described by
Zave and Jackson [31]. It should accommodate a notion of refinement such as
that found in the Z specification language [27].

Problem solvers draw on prescriptive views (views corresponding to the
problem-solving tasks for which they are specialized) as well as concept links
that resolve terms referenced in requirements to information structures relevant
to the views on which they work. Prescriptive views and concept links (views
themselves) are retained in a model repository based on the OMG meta-object
facility [20]. Terms referenced in requirements correspond to concepts defined
in the enterprise ontology. The enterprise ontology could be implemented in a
description logic such as Powerloom [24].

Prescriptive views are typically founded on existing viewpoint technology.
Although a complete analysis of the relationship between prescriptive views and
the integration impediments on which they have bearing is beyond the scope of
this paper, the following observations can be made:

Fig. 3. System design
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– Prescriptive views serving technical impediments include ADLs [1] and be-
havioral modeling notations such as statecharts [13].

– Prescriptive views serving semantic impediments include database schema,
ontologies, and tools that identify conceptual differences in these.

– Prescriptive view serving functional impediments include the functional spec-
ification of components, activity diagrams such as IDEF0 [10], statecharts
[13], functional flow block diagrams [23], and enterprise models [9].

Finally, the following observations can be made about this design:

– The design does not preclude the possibility that some problem solvers could
be human.

– The design does not entail the definition of a formal notation for prescriptive
views that lack one (e.g., statecharts). How a problem is resolved through
use of the view is a choice left to the problem-solver implementation.

– The systems engineering executor (serving the role of initiator of the black-
board) does not require global knowledge concerning the expertise of prob-
lem-solvers.

– The systems engineering executor is not responsible for transformations to
problem solver notations.

– Subject system design choices can be traced to requirements.

6 Related Work

The Model Driven Architecture (MDA) of the Object Management Group
(OMG) describes an approach that may allow a model specifying system func-
tionality to be realized on multiple platforms through auxiliary mapping stan-
dards, or through point mapping to specific platforms. The model, called a plat-
form independent model (PIM), provides a specification of the structure and
function of a system that abstracts away technical detail [19].

The MDA is primarily concerned with providing freedom in the selection
of middleware technology, and hence addresses a significantly narrower class
of problems than the approach suggested by this paper. The MDA approach
assumes agreement among communicating components on four of the five inte-
gration impediments described in Section 3 (functional, semantic, qualitative,
and logistical), and resolves only a subset of technical impediments.

The MDA PIM provides the viewpoints provided by the UML. These con-
cern structural and control commitments that can be directly transformed into
interface specifications. The PIM does not address most semantic concerns, such
as mismatch of scope, granularity of abstraction, and temporal basis [29]. A PIM
may provide a UML activity diagram that, like Z, does not indicate the agents
performing the activities. This can be an advantage when the matter of who
should act as server is a design issue. However, as this paper suggests, the choice
can be contingent upon a wide spectrum of related concerns.

UML Version 2 (currently under development) intends to provide a common
underlying semantics for the viewpoints of UML [21]. This would further the
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goals of MDA, and provide to this project valuable input towards developing
the content language of problem solvers.

ARIES [16], and the work of Zave and Jackson [31], is related to this work
in providing environments for representing requirements and refinement amid
multiple viewpoints. Those works sought a common underlying semantics for
composition of specification across viewpoints. Like UML Version 2, those works
may serve to provide a content language for the problem solvers of our work.
They differ from what we propose in that we use the blackboard executor to
focus attention on the impediments to integration, and use a model repository
for accruing inter-model dependencies.

7 Conclusion

In this paper we reviewed ideas from systems engineering so as to identify the full
scope of challenges affecting the ability to automate tasks of software systems in-
tegration. We identified a systems engineering process based on the resolution of
integration impediments as the most efficient towards meeting these challenges.
The solution outlined implements the systems engineering process as a black-
board executor mediating problem solvers working from multiple viewpoints.

The resolution of certain integration problems involves design choices, and
hence is likely to be addressed only through heuristic, knowledge-based problem
solvers. Some semantic impediments resist solution through automated means.
In these situations, it might be possible to create and rely on semantic links
between information structures exposed at interfaces and a domain ontology.
But this approach is untried and could prove costly.

Our implementation of the ideas presented in this paper has been limited
to the development of a basic meta-object facility, components of a blackboard
and investigation of problem-solver technology such as the description logic sys-
tems [24]. Work towards the system envisaged is continuing.

A Glossary of the Terms from the Conceptual Model

Behavior - how something acts in response to various stimuli
Constraint - an expression derived from a requirement that partitions system

solutions into those that meet the requirement and those that do not
Environment - the context in which a system operates
Function - mode of action or activity by which a thing fulfills its purpose
Optimization Criterion - a mathematical expression derived from a require-

ment that provides an ordering and metric on system solutions indicating
how well each solution meets the requirement

Requirement - an optative statement intending to characterize and identify a
system solution

Risk - a probabilistic expression that appraises the consequences of not meeting
particular requirements
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Role - the characteristic function or expected function of a thing in the context
of a system solution

Solution Metric - expressions derived from requirements that are used to mea-
sure system solutions

System Concept - the concept of an assembly of interacting components form-
ing a whole and serving requirements

System Solution - an assembly of interacting components designed to meet
requirements

Trace - an account of the relationship between a requirement and a design
decision

Validation - the process of determining the degree to which a model is an
accurate representation of the real world from the perspective of the intended
uses of the model [2]

Verification - the process of determining that a model implementation accu-
rately represents the developer’s conceptual description of the model and the
solution to the model [2]

View - a representation of a whole system from the perspective of a related set
of requirements (derived from the definition of the term in [14])

Viewpoint - methods founded on the body of knowledge of some engineering
or analytical discipline and used in constructing a view. N.B., viewpoints
establish the purpose and audience of a view.
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Abstract. Industrial competition is intensifying and products are be-
coming ever more complex and software-intensive. Engineers must
therefore face the challenge of being both business experts and ad-
vanced software developers. This situation urgently requires new ways
of thinking about software development, with the primary objective of
minimizing development efforts wherever possible, so that engineers
can focus on the  added value of their products. The latest OMG initia-
tive, called MDA -- for "Model Driven Architecture" -- advances the
idea of using a combination of the model paradigm and various under-
lying technologies, to offer solutions to this challenge. For real-time
domain applications, engineers may already be using model-orientated
approaches ([1], [2], �). However, these are not yet entirely satisfac-
tory, since they still require advanced real-time development skills. This
paper describes the ACCORD/UML approach that was originally de-
signed to lighten the daily workload of automotive engineers by reliev-
ing them of need for real-time expertise.

1 Introduction

Faced with intensifying industrial competition, engineers are increasingly being asked
to focus on the market research and business development sides of their activities.
This means finding ways to differentiate their products, making them more and more
innovative  than those of their competitors. It also entails further reduction in the fa-
mous �time-to-market� and constantly greater  product complexity! In parallel,  prod-
ucts are becoming ever more software-intensive, and thus also require high-level skills
in software engineering.  Today’s engineers must therefore face the challenge of being
both business experts and advanced software developers.

 The automotive domain, for example, is very representative of such a situation.  It
is an area where competition is relentless and engineers must be constantly "creative".
Moreover, new vehicle functions are relying more and more on software capabilities
requiring advanced software engineering know-how. Since such know-how evolves
quickly, it is also becoming more difficult for engineers to find time to update their



Using the Model Paradigm for Real-Time Systems Development: ACCORD/UML      261

software development skills . Functions such as ABS, navigation systems and engine
control are illustrative of this state of affairs.

It is therefore urgent to define new techniques for software development that allow
engineers to  concentrate on their business approach. In response to such challenges,
as stated in [3], one emerging solution could be to switch  from code-oriented to
model-oriented  development of software intensive applications. In this respect, the
model paradigm, where  suitably supported by industrial toolkits, seems very promis-
ing as a means for  helping engineers  master the complexities of state-of-the-art  ap-
plications.

OMG has performed a considerable amount of work around CORBA for defining
standard middleware to manage the development problems associated with distributed
systems in heterogeneous environments. Over the last five years, the OMG Unified
Modeling Language has also become the �de facto�  language for several methodolo-
gies ([4], [1], [5], [2], [6], etc.). Now that  CORBA and UML have each developed
well on its own,  OMG is trying to assemble these two  paradigms  and has coined a
new technology concept -- MDA ([7], [8] and [9]). But what actually lies behind this
�revolutionary� concept?

First of all, MDA means �Model-Driven Architecture�, and it is always teamed
with two other important words in this context: �PIM� and its friend �PSM�. The �P�
in both these acronyms stands for platform and refers �to technological and engineer-
ing details that are irrelevant to the basic functionalities of a software component� [8].
A PIM, �Platform Independent Model�, is also a work tool in which engineers only
define and manipulate elements that are fully independent of any software implemen-
tation technology. The obvious advantage of this feature is that it should be easier to
port/transform a business model into different operational environments relying on
different implementation technologies. Indeed, once  such a high level model, in this
case the PIM, has been constructed, it becomes  a PSM, i.e. a �Platform Specific
Model�. At this stage, implementation technologies are chosen and the PIM is �im-
plemented� on or via a PSM. For example a PIM may be transformed either into a
PSM1 using technologies such as C++ and VxWorks, or into another configuration,
PSM2, based on Java and Windows NT.

The first significant  result of the MDA paradigm  for engineers is the possibility
for them to build application models that can be conveniently ported   to new, emerg-
ing technologies -  implementation languages, middleware, etc.- with minimal effort
and risk.

In the real-time application area, this model-oriented trend is also very active and
promising. Currently, there are four main model-oriented industrial approaches sup-
ported by tools: UML-RT used with Rose-RT, ROPES with Rhapsody, ARTiSAN and
UML/SDL with the Tau UML/SDL suite.

Within UML-RT, an application is seen as a set of entities called �capsules� which
support logical concurrency. These capsules have a state machine as behavior specifi-
cation and may exchange signals to communicate. Models built in this way are said to
be executable, meaning that at any moment in design, it is possible to produce an
executable application matching the UML model. In this case, the mapping is
achieved via code generation.
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For ROPES and ARTiSAN approaches,  real-time application modeling is a 3-stage
process: i) building a �functional� model  with class and state diagrams; ii) building a
specific tasking model with class diagrams containing only active objects (~execution
tasks); iii) describing the mappings between the two models. The main drawback of
this "family" of  methods  is that it requires advanced  real-time development skills to
build the tasking model and map it  with the �functional� model. While there are some
"shortcuts" available ([10]) to facilitate  this activity, no transformation rules are pro-
vided as  could be done within a fully MDA-based approach.

The approach proposed by Telelogic is based on the use of both UML and SDL
languages. It consists of building UML models at the analysis stages using active
objects as concurrency supports and SDL within design-time. Reference document
[11] defines modeling rules for mapping a UML-oriented model into an SDL-oriented
model. When SDL models are finished, the engineer may  generate code to produce an
executable application.

All these methodologies may be considered as MDA-based approaches for mainly
two reasons. Firstly, they  clearly promote the model paradigm to develop applica-
tions; and secondly, they provide code generation taking into account structural and
behavior specifications for model mapping to implementation languages such as C,
C++, JAVA,�

Nevertheless, they do not exploit all the potentialities of MDA. Their application
models are often only PSM-like for "executable" reasons. For modeling purposes, the
user is thus led very quickly to resort, for an executable model, to a programming
language such as C++, . Although action semantics have been standardized by OMG
[12], there are still only a few tools that have integrated this feature, which allows
building of executable models independently of any programming language.

 While these approaches are usually based on a several stage process, they do not
provide  the refinement mapping rules that could facilitate application development
and, above all, be highly useful in promoting seamless development processes.

Finally, the existing UML-based methods for real-time applications still require
considerable knowledge of  real-time software technology (and the different pro-
gramming models promoted by these tools) to develop real-time systems.

The subject of this paper is then to present an approach called ACCORD/UML1

dedicated to real-time application development. The audience for such a methodology
includes engineers who are not �software� experts. Its aim is to provide both a method
and the underlying tools in abstract enough form to enable specification and
prototyping of real-time systems by non real-time experts.

As depicted in Fig. 1, ACCORD/UML relies on a basic three stage software devel-
opment cycle that enables analysis, prototyping and testing. Progression from one to
another of these phases is achieved by a seamless and iterative process of refining
UML models2. For that purpose, the ACCORD/UML profile [13] defines specific
                                                          
1 Parts of this article were taken from   research conducted by SØbastien GØrard as part of his

PhD thesis, in collaboration with  the French car maker PSA; said research is now being par-
tially supported by an European project under the 5th FRDP (Framework Research and De-
velopment Program): AIT-WOODDES (http://wooddes.intranet.gr/).

2 In the rest of this paper, due to space limitation, we will focus on mappings defined within
the analysis phase.



Using the Model Paradigm for Real-Time Systems Development: ACCORD/UML      263

packages of model mappings. This profile also contains all UML extension definitions
introduced within the ACCORD/UML context to facilitate access by non-experts to
real-time systems development.

TesterAnalyst Prototyper

build Prototype Model

build Analysis Model

Initial Requirements
Document

Analysis Model

Prototype Model

Test Model

build Test Model

Analysis Modeling Rules

ACCORD / UML

Prototyping Rules

ACCORD / UML

Fig. 1. Overview of the ACCORD/UML methodology3

The global model of an ACCORD/UML-based application is in turn broken down
into three sub-models: an Analysis Model, a Prototype Model and a Test Model.

Within MDA, one important technological issue concerns mappings which may be
derived in different configurations such as PIM-to-PIM, PIM-to-PSM or PSM-to-PSM
[8]. The purpose of this paper is to focus on mapping and to demonstrate that it is
feasible and efficient to employ a full MDA-based methodology that uses model map-
pings intensively throughout the development process.

The rest of the paper is then structured as follows: First a description of the Analy-
sis Model building phase. Since this first model is made up of two submodels, empha-
sis is placed on how to switch from one model to the other in a PIM-to-PIM mapping
situation. This aspect is then described in the second section The final section is de-
voted to conclusions on the efficiency of a full MDA-based approach  and to potential
future uses of the ACCORD/UML approach.

2 Analysis4 Model Building Phase

This phase serves to describe what the system is expected to do. All model elements
involved here are derived from the problem domain and from the physical constraints
imposed on the system  (e.g. Automotive, Telecom, etc.). The product of this model-
ling is then used first as input for the prototyping phase (see section entitled "Proto-
type Model building phase" ) to specify how the �what5� is to be performed.  The
Analysis Model is also used to build the test models that validate the application (see
section entitled "Test Model building phase").

                                                          
3 This figure uses the modeling artifacts defined in the OMG SPEM profile.
4 Use of the term �analysis� requires some clarification here. An �Analysis model� is a model

that describes  requirements and may also be called a "specification model". It should not be
confused with �model analysis� that may refer, for example, to model validation.

5 i.e. results of analysis that specify what the system is expected to do.
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The Analysis Model is split into both the following submodels:

- Preliminary Analysis Model (PAM) � The PAM is intended to specify the over-
all functions of the application, in very general terms, as well as its interactions
with the environment. Throughout this activity, the application is only consid-
ered from an external viewpoint, in other words as a �blackbox� interconnected
with its environment;

- Detailed Analysis Modeling (DAM) � once the PAM is built, the user zooms in
on the blackbox, and also builds the DAM. To do so, s/he describes as thor-
oughly and accurately as possible the structural, interactional and behavioral as-
pects of the application.

2.1 The �PAM� Model

This first activity of the method thus consists of building a model called the Prelimi-
nary Analysis Model (in short PAM). This step plays a significant role in the project
development cycle. It is the process activity during which product requirements
(where they exist) can be reformatted as text and graphics that are easily accessible
even to inexperienced users and also become  formal6 specifications. Moreover, if not
already the case, model building also offers the system analyst opportunity to become
familiar with vocabulary and concepts specific to the application domain s/he is
working for. As depicted in Fig. 2, a PAM is made up of a dictionary, a use case
model and a high-level scenario model.

 <<systemModel>>
PAM

<<systemModel>>
Dictionnary

<<systemModel>>
Use-Cases Model

<<systemModel>>
High-level Scenarios Model

Fig. 2. A Preliminary Analysis Model

2.2 The �DAM� Model

The clear, unambiguous model of user needs that results from preliminary analysis
still reflects primarily a functional view of the system. The aim of the subsequent
phase is also to build an object-oriented model based on user requirements expressed
essentially as use cases and sequence diagrams. The second objective within DAM
building is also to move from �a black-box� to a �white-box� perspective, with the
latter detailing the content of the system. Throughout this stage, however, the engineer
must remember that s/he is modeling the �what� and not the �how� of the system. To
put it clearly, s/he is modeling requirements for implementation, not the implementa-

                                                          
6 Formal means here that the resulting model will be interpreted in the same way by any user.

For our purposes, formal specifications are not mandatory written in a mathematical-based
language.
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tion itself! For this reason, it is proposed to organize global model construction around
three dependant partial, but complementary and consistent "sub-models" (Fig. 3):

(i) Structural Model � it defines the general architecture (topology) of the appli-
cation in terms of classes and the relations between them. Its modeling func-
tion is limited to the "class" level of the application, i.e. to specifying both lo-
cal class properties and those affecting the application as a whole (which
means accounting for all necessary and possible interactions between classes).
The structural model is described in particular by UML class diagrams;

(ii) Behavioral Model � it defines the behavior of classes involved in the applica-
tion. It is likewise concerned with the "class" level only, i.e. with specifying
class behavior. The behavioral model introduces two object views: that of the
protocol, which specifies the global behavior (also known as the "life cycle")
of the object; and the "triggering" view, which accounts for reactive behavior
of objects such as reactions to received signals, periodic behavior, etc. The
model may also describe the behavior of class operations;

(iii) Detailed Scenarios Model � it is concerned with application "instances" and
defines message passing between these various instances for the purpose of
performing a given task. The interaction model is specifically described by
UML use case and sequence diagrams. It has an additional facet to enable
specification of application start-up and initialization features of an applica-
tion. The application installation is likewise specified via the interaction
model, using a specific sequence diagram dedicated to this aspect.

 <<systemModel>>
DAM 

<<systemModel>> 
Structural Model

<<systemModel>>
Behavioral Model 

<<systemModel>> 
Detailed Scenarios Model

Fig. 3. A Detailed Analysis Model

3 From PAM to DAM, the Structural Viewpoint

The structural aspect of a DAM is based on a layered model especially designed to
clearly identify the connections between a system and its environment. This model
thus enables  structuring the system in such a way as to facilitate component develop-
ment by placing emphasis on specification of both "provided" and "required" inter-
faces. The following issues relating to component development are thus emphasized:

how a component is to be used, through clear definition of provided interface
what requirements are set for use of the component  and how it is plugged into the

environment needed to run it,  through  clear definition of a required interface?
To facilitate construction of an application in terms of reusable components, a ge-

neric software architecture is needed that  emphasizes separation of the core of the
system from its interface with the environment. This architecture is divided into the
following five packages (Fig. 4).
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The ProvidedInterfaces package describes active interaction points (i.e. where and
how the environment "stimulates" the system). All the elements of this package play
sensor roles in the system, i.e. they relay information from the environment to the
system.

The lowermost package, called RequiredInterfaces, depicts the connection points at
which the system interacts with its environment and models the environmental inter-
face required for the system to operate. This package defines the specification that the
environment needs to run the developed component. The elements in this package
play an actuator role, i.e. they relay information from the system to its environment.

The middle layer describes the core of the system and is also called the Core pack-
age. It incorporates the actual inside of the application model. This package is a
�zoom-in� on the single class introduced into the PAM model to represent the whole
system.

For reasons of organization (to avoid confusing different concepts and preclude cy-
clic dependency among the packages), all of the signal definitions are grouped to-
gether in separate stereotyped «Signal» packages7 depending on their scope. As de-
scribed in Fig. 4, an application may receive/send two kinds of signal: internal signals
whose scope is the core package ( these are considered as signals internal to the appli-
cation); and external signals that may be shared with external systems/components
located in the same namespace.

A last specific package can be added to this template of structure. It is shown on the
left hand side of the figure. It is stereotyped «DomainTypes» and is introduced for the
purpose of "collecting" particular business types. This is because, very often, the ana-
lyst is obliged to make  design choices to model the requirement. For example, an
automotive engineer may use a speed type. In this case, the first reflex of the analyst
may be to say: �Let�s have an integer or a float��. In our approach, s/he will then
define a new type in this last package (e.g. �Speed� type) and  does not need to make
premature design choices.

 

<<DomainTypes>>
DomainTypes

Core

ProvidedInterfaces

RequiredInterfaces

<<Signals>>
ExternalSignals

InternalSignals

Fig. 4. Generic Structural Model of an ACCORD/UML-based Application

Use of two specific interface packages and the choice of orientations for links be-
tween them are intended to ensure clear structuring and identification of dependencies
between the developed system and its environment. Such design is necessary to fa-
cilitate system integration into an existing context and enhance the reusability of the
application analysis models.
                                                          
7 A stereotyped «Signal»  package is also depicted via the icon  .
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Regarding specific templates for structural models, the ACCORD/UML method de-
fines, within its profile [13], the following modeling rules:

- A package stereotyped «Signals» must contain only signal-type elements.
- The package stereotyped «DomainTypes» must only contain model elements

stereotyped «type».
- In the requirements analysis phase, stereotyped packages « ProvidedInterfaces »

and « RequiredInterfaces » contain only interface classes.

During this step, some specific classes of the application may be identified auto-
matically from the PAM. These are the System/Environment interface classes, also
called interface classes. By applying the following modeling rules, the analyst popu-
lates both interface packages of the application in a systematic way:

- Each actor identified in the Use-Cases Model built during preliminary require-
ments analysis (i.e., the PAM) results in identification of a corresponding inter-
face class in the model generated during detailed analysis (i.e., the DAM). All of
the classes introduced in this way are interface classes8 (and are therefore either
given an "interface" stereotype or depicted as circles with class name labels) and
are assigned the same names as the actors they refine. Furthermore, if an actor is
stereotyped as « active »9, the corresponding class is positioned in the provided
interface package. If, on the other hand, it is stereotyped as « passive », it is in-
cluded in the required interface package. An actor element in the PAM is linked
via a dependency link stereotyped «refine» with its matching interface class in the
DAM. Moreover, the direction of the dependency is from the interface class to-
ward the actor.

The ACCORD/UML method is supported by a tool that allows implementation of
the UML profile concept and, in particular, of modeling rules defined within a meth-
odology.  Mapping rules have been developed using the J language of Objecteering�s
UML Profile Builder [18]. This tool ensures extension of Objecteering capabilities to
support a specific method, whether using standard UML extension mechanisms
(stereotypes, tagged values, etc.) or adding behaviors using  J language, e.g. by im-
plementing model transformation rules as defined above.

4 Conclusion and Outlook for the Future

As stated in the introduction to this paper, one of the main issues for engineers in the
coming years is a need for "double" expertise, in both business and software engi-

                                                          
8 UML definition : "An interface is a named set of operations that characterize the behavior of

an element."
9 Active and passive actors are determined thanks to the following modeling rule: �If an actor's

role in a sequence diagram is only to output messages and receive responses to these messages, said
actor is considered to be active and is therefore stereotyped as such. If, on the contrary, it serves only
to receive messages sent by the system, it is said to be passive (even if it responds to the messages
received) and is stereotyped accordingly.�
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neering, coupled with the increasing complexity and competitiveness in the business
environment. The model paradigm appears as a possible solution for meeting this
challenge. Throughout this paper, we have tried to demonstrate the main tenets of the
AIT-WOODDES method with regard to MDA model progression. Two kinds of map-
ping are introduced: model refinement (e.g. PAM-to-DAM); and external model map-
ping (e.g. code and test generation). The main contribution of ACCORD/UML meth-
odology is firstly its intensive use of model mappings at all stages in the development
process, and secondly, the sets of rules defined within the underlying profile to facili-
tate model building/refinement at each of these stages.

The paper gave three examples to illustrate this point and demonstrate the effi-
ciency of such a method. A PIM-to-PIM transformation was first depicted to demon-
strate an internal model progression. This part of the paper described how to synthe-
size a draft of the DAM from the PAM.

For executable building, code generation rules are specified and implemented in an
industrial UML-based tool. The generated code then allows  the user to build a multi-
tasking application without knowing anything about Real-Time Operating Systems.

Test model building relies on a formal tool, called AGATHA, that is able to com-
pute all the symbolic execution paths of an application and generate an exhaustive set
of behavioral test sequences. Model transformation is also intensively used.  A file is
first generated to the external tool, then the results are analyzed and retransformed into
UML models, i.e., sequence diagrams.

The main point to be made here about model mapping rules is that up until now,
these rules were defined informally (in natural language) and implemented with the
proprietary language of an industrial UML-based tool that also depends on the tool
support. The main requirement for incoming work will be to formalize these mapping
rules within the ACCORD/UML profile so that they can be imported into any tool
capable of accommodating them and that the methodology proposed here can be eas-
ily integrated into another UML-based tool that supports/imports UML profiles.
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Abstract. For developing large and complex applications, industrial
practice uses a combination of non-formal notations and methods. Dif-
ferent notations are used to specify the properties of different aspects of
an application and these specifications are transformed into their corre-
sponding implementations through the steps of a development process.
The development process relies heavily on manual verification to en-
sure the different pieces integrate into a consistent whole. This is an ex-
pensive and error prone process. We present a set of notations for speci-
fying the different layers of a software architecture and a method for
transforming a specification into an implementation. Models defined
using these different notations are instances of a single meta model.
This provides a means to unify the specifications of different layers and
leads to a simple and elegant implementation method. The method has
been used extensively to construct medium and large-scale enterprise
applications.

1 Introduction

Faced with the problem of developing large and complex applications, industrial
practice uses a combination of non-formal notations and methods. Different notations
are used to specify the properties of different aspects of an application and these
specifications are transformed into their corresponding implementations through the
steps of a development process. The development process relies heavily on manual
verification to ensure the different pieces integrate into a consistent whole. This is an
expensive and error prone process. In this paper we address the problem of managing
scale and integration of application development.

Scale and complexity are addressed by breaking down the problem along different
axes � functional, architecture and development process (Fig. 1). Functional break up
results in various components. For a layered architecture the application is split up so
that each piece implements the solution corresponding to a layer in the architecture.
Different phases of the development process determine the properties of the applica-
tion that are to be specified (implemented) during a particular phase. For example, a
banking system may be broken down into different functional components like For-
eign Exchange, Retail banking etc. A functional component like Retail banking will
have a User Interface layer describing the way a user interacts with the system, an
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Application layer implementing the business functionality and a Database layer
making information persistent. A development process consisting of phases such as
Analysis, Design and Implementation will implement different properties of a layer.
The Analysis phase for the user interface layer of Retail Banking will define the
screen layout. The Design phase will identify the controls to be used and define the
user interface standards. The Implementation phase will code the user interface in the
chosen platform.

Analysis UI prototype UML diagrams

Design GUI standards Design Strategies ER diagrams +
Table design

Coding JSP implementa-
tion C++/Java code RDBMS

Implementation

User
Interface(UI) Application Database

Fig. 1.  Break up of application based on development phases and architecture layers

It is a common practice to split up an application into different functional compo-
nents. With regards to architectural layers and development phases there have been
various unrelated attempts. Entity Relationship (ER) modeling [3] is popular for
specifying information content of an application. Unified Modeling Language (UML)
[2] provides different notations without clearly stating the relationship between speci-
fications defined using these notations. A given UML notation can be used to express
different properties. For example, an activity diagram can be used to specify control
flow within a function as well as a business process. Therefore, a UML specification
cannot be unambiguously transformed into an implementation. There is a need to de-
fine a set of notations having well defined semantics that will enable unambiguous
transformation of a specification to its corresponding implementation. The set of no-
tations should allow specification of all aspects of interest of an application � it
should be complete with respect to the aspects of interest. In this paper we present a
set of notations and a method for constructing an enterprise class application using
these notations for specifying the different architecture layers. Models defined using
these different notations are instances of a single meta model. The meta model speci-
fies the structure and constraints between the related model elements [4]. This pro-
vides a means of unifying the specifications of all the properties of the application
that is constructed using these models leading to a simple and elegant implementation
method. The method has been used extensively to construct medium and large-scale
enterprise applications.

We first describe a possible set of architecture layers in which the development of
an enterprise application can be decomposed. We propose models to specify these
layers and the relationships between them. We show how each layer can be independ-



272      Vinay Kulkarni et al.

ently transformed into its implementation without compromising the integrity of the
application. For clarity, we have used meta-modeling approach to illustrate the idea in
a diagram. We conclude with advantages of the approach and some problems that re-
main to be solved.

2 The Use of Modeling for Application Development
The development of an application starts with an abstract specification A which is to
be transformed into a concrete implementation C on a target architecture [5]. The tar-
get architecture is usually layered with each layer representing one view of the sys-
tem.

The modeling approach constructs A using different abstract views A1�An , each
defining a set of properties corresponding to the layer it models. A view, Ai, is an in-
stance of a more general structure that can be represented as a model Mi, e.g. user in-
teraction model for sequences of interactions between the user and the system or an
entity-relationship model for representing data. Note that A is usually not available
separately: A is used here to represent the composition of the views A1�An .

A view is the means by which one set of abstract properties are specified and im-
plemented through a corresponding set of transformation mechanisms, i.e. by trans-
forming each Ai into a corresponding implementation Ci. The application level com-
position of C1�Cn gives C, which is the intended implementation of A. Each Ai can be
transformed into Ci manually, but this is then required to be done for each such appli-
cation. Instead, we make use of the model Mi, of which Ai is an instance, and imple-
ment general transformations at the model level. These transformations can be applied
to all instances of Mi. Defining transformations at the level of Mi, rather than Ai,
makes it possible to scale-up the method to handle large programs. For example, a
transformation can be specified from Class diagram to Java classes. This transforma-
tion can be applied to generate Java classes for any application.

3 Architecture of a Client-Server Application

An enterprise application is implemented across three architecture layers � user inter-
face, application functionality and database. Each layer is implemented on a different
platform supporting different primitives. For example, User interface platforms like
Visual Basic provide windows and controls as implementation primitives. Application
logic is implemented in a programming language like Java with classes and methods
as the primitives while the database layer is implemented using tables and columns in
a relational database system.  These three layers are implemented independently and
combined later to get an implementation C.

A good specification should be capable of refinement and reflect the structure of
the implementation. It should use the same vocabulary across different development
phases. For example, if the implementation is using Classes the Analysis should be
expressed as class diagrams. This enables easy transition from analysis to code. Since
the implementation primitives are different for each layer we also need a different
specification notation corresponding to each layer. The specification should also
clearly bring out the relationships between the different layers. Having separated the
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notations we can now define corresponding models and transformation on each
model. These transformations can be carried out independently for each layer. The
relationships between models specify part of the invariance to be satisfied by individ-
ual transformations. The transformation of the relationships between the layers will
guarantee that the different Cis will integrate to give a consistent implementation C.

The following sections describe the different models � Application, User Interface
and Database, of a client server application in greater detail. For brevity, we have left
out many details from each of the models.

3.1 Application

The business proess and information content of the application are modeled in the
analysis phase. A business process models application as a set of tasks and defines the
order in which these tasks are executed. Each task is implemented by a method. The
application layer implements the business process, the business logic and business
rules. The business logic is best modeled using classes, attributes, methods and asso-
ciations between classes. This layer can be specified as an instance of the model in
Fig. 2. Business logic is typically coded in a programming language.

Example: A banking system allows a user to open and operate an account with a
bank. Two classes corresponding to this system are User and Account. An association
between User and Account specifies the account belonging to a user.  Account num-
ber is an attribute of Account and name is an attribute of User. The account opening
process involves filling up an account opening form, verification of the form and ap-
proval of the form. A user can operate the account only after it is approved.

3.2 User Interface

A user interacts with an application through its user interface. The user feeds in in-
formation using forms and browses over available information using queries and re-
ports. Forms, queries and reports are implemented in a target platform using standard

Fig. 2.  Model for application layer
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graphical user interface (GUI) primitives � windows, controls and buttons. A window
is a unit of interaction between the user and the system and is composed of controls
and buttons. A control accepts or presents data in a specific format. The user can per-
form a specific task by clicking on a button.

Example: The user of a banking system needs a query window to inquire about
past transactions and the current balance. She also needs a form window to withdraw
money from her account. These windows will use appropriate controls to represent
account number and date of transaction.

The user interface is best specified in terms of the windows in the application, data
to be shown in each window, controls to be used to represent this data, possible navi-
gation between windows and actions that can be performed. The core of a model for
such a specification is as shown in Fig 3. In the figure a UIClass represents a logical
grouping of the data to be shown in a window. Each UIClass represents a view of the
application data. The association mapsto between UIAttribute and Attribute defines
the view. This enables a transformation to represent value of the Attribute on the
Window correctly. This also ensures the user can enter only values that are valid for
the attribute of a class. The association calls between Button and Operation enables
transformation to ensure type-correct invocation of operation. This also ensures the
right set of objects get created and passed as parameters to the method invocation.
The mapsto association enables a transformation to copy the right values from win-
dow to the parameter objects.

Additionally for a user interface to be good a particular data type should be repre-
sented by the same control in all the windows. In the banking system the same format
should be used for all dates in all the windows. Similarly the same format should be
used for account number in all the windows. An association between data type and
control, as shown in Fig, 4, will allow specification of such GUI standards.

Additionally for a user interface to be good a particular data type should be repre-
sented by the same control in all the windows. In the banking system the same format
should be used for all dates in all the windows. Similarly the same format should be
used for account number in all the windows. An association between data type and
control, as shown in Fig, 4, will allow specification of such GUI standards.

Fig. 3. Model for user interface layer
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3.3 Database Layer

The database layer provides persistence for application objects using an RDBMS, ac-
cess to these tables based on primary key and arbitrary predicates, and an object ori-
ented view of these accesses to application layer.

In a relational database, the schema is made up of tables, consisting of rows and
columns, where each column has a name and a simple data type. In an object model,
the equivalent to a table is a class consisting of attributes and methods. A row in a ta-
ble contains data for an instance of a class. Therefore, the mappings essential to ob-
ject/relational integration are between a table and a class, between columns and at-
tributes, and between a row and an object. This is shown in Fig 5.

Example: The persistent information for the banking system will include details
about accounts and users. Two tables User and Account implement this persistent in-
formation. These tables have columns corresponding to user name and account num-
ber. The association between a user and an account is implemented by having account
number as a foreign key in the User table and a primary key in the Account table.

Similar to the mapsto association of User Interface model, the mapsto association
between Attribute and Column ensures type correctness. The implements association
allows correct coding of class associations using appropriate Primary and Foreign
keys. This association uniquely identifies the related classes and the tables. These
classes and tables must be related. Such constraints can be specified in the meta
model.

4 Model Validation

Modeling of the application helps identify errors early in the development cycle. As-
sociated with every model are a set of rules and constraints that define validity of its
instance. These rules and constraints could include rules for type checking and for

Fig. 4. A model for specifying GUI standards
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consistency between specifications of different layers as well as across different
phases. Some of the validation rules for models presented so far are:

• User interface should allow specification of all Tasks in the business process and
be consistent with the precedes relationship between the Tasks

• User interface should display data that is consistent with respect to the parameters
being passed to the operations invoked from the Window

• Database layer should ensure that implements association is implemented in a
consistent manner. For example, the 1:M association between classes User and
Account should be implemented by making the primary key of User table as for-
eign key of Account table.

5 Integration

We have illustrated the advantages of having different notations to specify the differ-
ent layers of an enterprise application. Corresponding to these specifications are the
three models - Application layer model (AM), User interaction model (UIM) and Da-
tabase layer model (DM). These models represent different views of the system.
Specifying these models and the relationships between them as an instance of a single
meta model (MM) ensures consistency of the application. The meta model specifies
structure as well as constraints to be satisfied by the instances of related model ele-
ments. Having a single meta model ensures that instances A1, A2 and A3 of models
UIM, AM and DM respectively can be transformed into corresponding implementa-
tions independently. These transformations can be performed either manually or using
code generators. If individual transformation implements the corresponding specifi-
cation and its relationships with other specifications correctly then the resulting im-

Fig. 5. Model for database layer
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plementations will glue together giving a consistent implementation C of the specifi-
cation A. Fig. 6 depicts this framework.

For the banking system, the specifications are as shown in Fig. 7. The association
has between class User and class Account is implemented in the database layer by the
column AccNo that is the Primary key in Account table and Foreign key in User ta-
ble. Click of Deposit button invokes Deposit method of the corresponding Account.

The above example illustrates the advantages of using different notations to specify
the different layers of an application. Making these specifications into instances of a
single meta model allows us to specify the relationships between the different specifi-
cations. The notations proposed have well defined semantics.  These properties allow
specifications to be independently transformed into implementations that are guaran-
teed to integrate into a consistent whole.  The ability to develop an application by
specifying each layer separately and transforming each specification into corre-
sponding code addresses the problem of scale. In the following section we describe a
tool that performs these transformations automatically.

6 Model Driven Software Development Environment

The approach described above is well suited for model driven software development.
This approach is realized in MasterCraft - a model driven software development envi-
ronment [1] developed at Tata Research Development and Design Centre. This envi-
ronment allows a user to model the three layers and the relationships between them
independently (Fig. 8). This is achieved by extending the UML meta model with no-
tations for User interface specification, Database specification and the relationships
between all the three specifications. MasterCraft has code generators for each of the
three layers � guimod, bxl and dmgen that translate the specifications and relation-
ships between them into an implementation. These code generators guarantee consis-
tency across the different layers.

Fig. 6. Model based development and integration
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The above approach has been extended to enable specification of other aspects of
interest such as security, business rules and business process. The development envi-
ronment also provides an automated development process. Several large applications
have been developed using MasterCraft on different platforms.

7 Conclusions
We have presented the advantages of using different notations for different layers of
application architecture. We have illustrated how having a single meta-model to de-
scribe the models corresponding to these notations and their relationships lends itself
to an elegant implementation method. The implementation method allows independ-
ent transformations of specifications of the different layers and guarantees their inte-
gration into a consistent whole. The ability to develop an application by specifying
and transforming each layer separately addresses the problem of scale.

Though we have illustrated the approach using a three-layer architecture, it lends
itself to any architectural decomposition that has well-defined layers with well-
defined relationships between them. The approach can be extended to support succes-
sive levels of refinement, with guarantees of integrity at each level of refinement until
a level is reached that can be automatically transformed into an implementation.

The proposed approach can be used to realize an automated development process
that integrates three orthogonal models � Application model, Role model and Process
model. This work will be presented in a separate paper currently under preparation.

The proposed approach can be extended to support notions like analysis and design
patterns as first class model entities.
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Abstract. In this paper, we describe the tool we plan to build in order
to show the feasibility of aspect-oriented design, and demonstrate the
advantages that it implies. This technique allows one to independently
specify cross-cutting concerns and functionnal features of a system. The
tool would then allow the weaving of the aspects on the model one after
the other, creating a design model that would comply to all specifications,
with additionally a high-quality architecture.

Introduction

Aspect-oriented design (AOD) localizes cross-cutting concerns to better man-
age design evolution and to enable reuse of these aspects (e.g. security or fault
tolerance aspects) in multiple systems. A comprehensive system model can be
obtained by weaving the model of essential functionality with aspect models. De-
sign aspects allow one to understand and communicate cross-cutting concerns in
their essential forms, rather than in terms of a specific system’s behavior. Design
aspect are also potentially reusable across different systems since they are not
tied to any particular system. Policies and procedures intended to be applied
across multiple systems can be expressed using aspect designs. Changes to any
particular concern are made in one place (the aspect design), and effected by
weaving the changed aspect into the models of essential functionality. This eases
the management of design changes.

A number of authors have tackled the problem of defining and weaving as-
pects at the design level (e.g. [1], [2], [6]), but many of these approaches essen-
tially result in wrapping additional functionality around an existing model by
taking advantage of regular expression matching between aspect model elements
and primary model elements. Therefore, the proper model factoring must al-
ready exist in order to apply the aspect in these cases. By contrast, our method
of defining aspects using role models and weaving them into essential function-
ality through template as well as extension mechanisms is more flexible and
therefore fewer constraints need to be placed on the models they are woven into.
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1 Background

1.1 Role Models

We use the concept of Role Models (see [5], [4]) to define aspects in an applica-
tion-independent manner. Aspect properties are defined in terms of roles that
can be played by model elements representing application-specific concepts. A
model element conforms to a role if it possesses the properties defined in the role.
Weaving an aspect defined by Role Models is essentially a model transformation
process in which a non-conforming model is transformed to a conforming model
(i.e., a model that incorporates the aspect). One can view a Role Model as a
characterization of model element structures that incorporate the aspect. The
UML is used as the design modeling notation in our work, thus the Role Models
we developed are property-oriented characterizations of conforming UML mod-
els [5], [4]. A UML model element (e.g., a class or an association) that has the
properties specified in a role can play the role, that is, it conforms to (or realizes)
the role. A UML model is said to conform to (or realize) a Role Model (i.e., is a
realization) if it consists of model elements that conform to the roles in the Role
Model.

A design aspect (e.g., a security concern) can be modeled from a variety
of perspectives. In our initial automated tool work, we focus on one aspect
view (static) although we generally define an aspect using two views (static
and interaction views). An aspect’s static view (a Static Role Model, or SRM),
focuses on the structure of the aspect. The interaction view (the Interaction
Role Model, or IRM), focuses on the interactions that take place within the
aspect. To facilitate weaving, Role Models are constructed in a manner that
allows one to generate conforming structures from them. Weaving a Role Model
into a UML model M, can involve (1) merging roles with model elements M,
that is, modifying model elements in M so that they conform to the roles and
(2) generating new model elements from roles and inserting them into M.

1.2 An Overview of SRMs

An SRM consists of classifier and relationship roles. Each role has a base that
restricts the type of UML construct that can play the role. In general, association
roles have multiplicity constraints expressed as templates of the form [[n]], where
n is constrained to be a range or a specific value. Multiplicities in a realization of
a SRM containing these template forms can be obtained by substituting values
for n that satisfy the constraints.

Each role defines properties that conforming constructs must possess. Two
types of properties can be specified in a SRM role: Metamodel-level constraints
are well-formedness rules that constrain the form of UML constructs that can
realize the role, and Feature roles characterize properties that must be ex-
pressed in the conforming model elements. Metamodel-level constraints are con-
straints over the UML metamodel expressed in the Object Constraint Language
(OCL) [7], [8]). For example, a metamodel-level constraint in a class role can
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constrain conforming classes to be concrete with a class multiplicity that cannot
exceed a value m. For examples of their use see [4].

Feature roles are associated only with classifier roles. There are two types
of feature roles: Structural roles specify state-related properties that are real-
ized by attributes or value-returning operations in a SRM role realization, and
behavioral roles specify behaviors that can be realized by a single operation or
method, or by a composition of operations. A feature role consists of a name, and
an optional property specification expressed as a constraint template (omitted
in the examples given in this paper).

Realizations of a feature role have properties that imply the property gen-
erated by appropriately instantiating the feature role’s constraint template. For
example, each behavioral role is associated with pre- and post- constraint tem-
plates that, when instantiated, produce pre- and post-conditions that must be
implied by the pre- and post-conditions of realizing operations. (See [3] for ex-
amples of aspect models with behavioral roles.) In summary, a model element
conforms to a role if: (1) it satisfies the metamodel-level constraint and (2) the
constraints associated with its features imply the constraints obtained by appro-
priately instantiating the role’s constraint templates.

1.3 Weaving Aspects into a Design Model

Weaving an aspect into a model involves identifying existing elements in the
models of essential functionality that can play aspect roles. Weaving rules can
add new elements, extend, or change existing elements so that all required roles
in the aspects are present in the woven model. Weaving an aspect into a model
involves:

1. Identify existing model elements that can play the aspect roles or can be
modified to play aspect roles. This activity is carried outby the developer.

2. If no existing model element can play an aspect role, then a new model
element is generated from the Role Model and added to the model of essential
functionality. This is accomplishedin the following manner:
– Create an instance of the role base that satisfies the metamodel-level

constraints.
– For each structural role, generate an attribute and associated constraints

by substituting a name for the role name, and substituting conforming
values for the template parameters of the constraint templates.

– For each behavioral role, generate an operation and associated con-
straints by substituting a name for the role name, and by substituting
conforming values for the template parameters for the pre- and post-
condition constraint templates.

3. Modification of existing model elements may be necessary if they are to
play the roles. Modification can involve adding new features (attributes or
operations) to classes, changing association multiplicities, or moving features
out of one construct and placing it in another. The required changes can be
identified by matching the model elements with an appropriately instantiated
form of the SRM.
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2 Tool Design

2.1 Objectives

Our final objective is to provide tool support for aspect-oriented design, in order
to allow developers to model their system with more ease. The advantages of
using aspect-oriented design are the following:

– Simplified and systematic specification phase, through support for the sepa-
ration of concerns principle: Architects can specify each cross-cutting concern
independently of essential functionality.

– Potential automation of the integration of multiple concerns (weaving): A
comprehensive architecture can be obtained by automatically weaving the
aspects, one after the other, into the core functionality.

– High-quality architecture, through use of aspect patterns based on high-
quality experience: Aspects can be used to create recognisable architecture,
which are easier to understand.

2.2 Description of the Tool

The architecture of the tool is illustrated in Fig. 1. In the diagram, ovals rep-
resent data, rectangular boxes represent subsystems, and grayed boxes/bubbles
represent elements that are out of the scope of our present effort.

The user must define the following inputs:

– An Original Model into which aspects will be woven (XMI format, created
by an Model Editor);

– An Aspect (created by an Aspect Editor1), stored in an Aspect Library;
– Weaving Strategies (created by a Weaving Strategy Editor), which describe

what aspects to weave into the model in particular conditions;
– Mapping Instructions, which define a correspondance between the roles of

the aspect and the elements of the Original Model that are intended to play
the roles.

These inputs are processed in two subsystems:

– An Aspect Generator creates a file defining the Mapping Rules that determine
how the weaver will incorporate an aspect into a primary model;

– A Weaver, which modifies the primary model, using the aspect.

The result is a Woven Model whose properties are tested in a Model Evalu-
ator.
1 The Aspect Editor can be the same tool as the Model Editor as long as XMI descrip-
tions of aspects can be defined
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Fig. 1. General Architecture

2.3 Aspect Generator

The Aspect Generator is certainly the part of the tool that is the most difficult
to conceive, since it has to collect data concerning the aspect and process them
to produce a file containing mapping rules.

The elements needed as inputs for the aspect generator are:

– Analyzable forms of Role Models;
– Mapping instructions that describes which classes of the model play the roles

defined in the aspect;
– Weaving Strategies used to select and compose aspects.

2.4 Weaver

The Weaver takes the Original Model and the Mapping Rules file generated
by the Aspect Generator as inputs. It then processes those two files in order to
provide the Woven Model and an Audit Trail. During this operation, the Weaver
must preserve all the features of the original model, and add the features required
by the aspect, which include new attributes and operations, but also new objects,
thus new architecture.

In order to fulfill its missions, the Weaver must support the following oper-
ations:
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– Create/delete an object or an attribute in a given context;
– Migrate attributes or operations from one class to another;
– Link a new object to the existing architecture.

For this, it will need to be able to compare the structures of both the Aspect
file and the Original Model, to evaluate if the features of the model elements
conform to the aspect, to add missing features and modify existing elements
that do not conform to the aspect roles.

In order to have traces of what has been implemented (and then have the
possibility to undo some operations), the Audit Trail records every operation
performed by the Weaver and the Aspect Generator.

2.5 Evaluator

Once the Woven Model has been created by the Weaver, the Evaluator tests it,
in order to :

– check its internal consistency;
– detect potential emergent properties;
– identify aspects conflicts.

The evaluation is performed by applying scenarios (described in Use Cases)
to the Woven Model. These scenarios are system-specific, and should be chosen
in such a way that all features of the system are tested in realistic situations.
The Evaluation Results may be analysed to determine whether or not the system
really meets the expectations of its architects.

3 Example

In this section, we demonstrate several inputs and results of the tool through a
simple example. We discuss an Original Static Model, an Aspect, Weaving Strate-
gies, Mapping Instructions, Mapping Rules, and the Woven Model produced by
the tool. All models are shown as graphic diagrams for increased understandabil-
ity. However, the tool takes model inputs in an XMI format, and creates XMI
model output.

3.1 Original Static Model

A simple static class diagram that can serve as an Original Model input to the
tool is shown on Fig. 2. The diagram is composed of four classes: Manager,
SystemMgmt, userList and userInfo. Manager invokes the addUser method of
SystemMgmt to add a user (u) to the system. User information is contained in
one userList, while multiple userInfo objects contain information about specific
users. Multiple Managers are associated with a single SystemMgmt object.
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Fig. 2. Original Static Model

3.2 Aspect

Fig. 3 shows the structural view of an auditing aspect, called the Static Role
Model (SRM). There are three classes in the auditing aspect SRM: Invoker
invokes a method of Invokee, and Log records the outcome of the method.

This diagram also shows how portions of aspect models are parameterized,
such as the multiplicities on the association between Invoker and Invokee. The
values selected for these parameters during the weaving process must satisfy
the OCL constraints shown in the diagram. The constraints state that the lower
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bound on the multiplicities must be at least one. The method that will be invoked
is also parameterized (Method) and must be selected as part of the weaving
process.

As indicated by the Class Role stereotype, Invoker, Invokee, and Log roles
can be played only by UML Class instances.

3.3 Weaving Strategies

The weaving strategies for this example consist of a single directive, namely to
weave the auditing aspect into the essential functionality model.

Weaving strategies become more important under two conditions: (1) if de-
pendencies exist between multiple aspects that are being woven into a model,
and (2) if different aspects need to be woven into a model under particular
conditions.

For example, consider the case where auditing is woven into the essential
functionality model shown in Fig. 2. This mechanism can be needed for a va-
riety of reasons, among them the ability to recover from user errors. However,
if the information flowing from Manager to SystemMgmt is sensitive, an au-
thentication mechanism may need to be added to the system. In this case an
authentication aspect also needs to be woven into the essential functionality
model.

Weaving strategies can be used to direct the addition of an authentication
aspect based on the presence of sensitive data, and they can also be used to

Manager
<< Class Role >>

SystemMgmt

/Log

1

1

<< Class Role >>

<< Class Role >>

* 1 << Behavioral Role >>
addUser (u)

Fig. 4. Mapping Instructions
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direct weaving order. In this case, authentication needs to be woven first, so
that the additional authentication methods are audited.

3.4 Mapping Instructions

Fig. 4 shows the mapping instructions that define the correspondence between
the aspect roles and the elements of the original model. This diagram shows that
the Manager class in the original model will play the role of Invoker. Similarly,
SystemMgmt will play the role of Invokee, and addUser (u) will play the role of
Method ( ). There is no element in the original model that will play the role of
Log. The multiplicities s and tof the association between Invoker and Invokee are
selected as * and 1, respectively. These multiplicities satisfy the OCL constraints
in the auditing aspect model.

3.5 Mapping Rules

Mapping rules are used to direct the weaving process. These rules state when
model elements need to be added, deleted, or modified. The actual rules applied
to each element in the code in order to create the final woven model are included
in the audit trail. An example rule is that if an aspect role is not mapped to
an original model element (e.g. Log), then it needs to be created in the woven
model (e.g. Logfile in Fig. 5).

3.6 Woven Model

Fig. 5 shows the woven model. The aspect roles played by model elements are
shown as stereotypes (e.g. <<lnvoker>>). Original model elements are changed
as needed to play these roles, and new model elements are added when no element
in the original model can play a role (e.g. Log). (Note that behavioral roles (i.e.
addUser) are omitted from this diagram for simplicity.)

Manager SystemMgmt

userList
userInfo

1
*

* 1

LogFile

<<Log>>

1

1

1

1

<<Invokee>>
<<Invoker>>

Fig. 5. Woven Model
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Conclusion

As some of the concepts that we intend to integrate in the tool are not yet
clearly defined, we have chosen to develop it incrementally and iteratively. We
have thus begun with the building of a Weaver, which compares a hand-made
Mapping Rules file and a Model, and modifies the structure of the Model so that
it complies to the Mapping Rules specifications. The Aspect Generator and the
Evaluator, which are the next steps of the development of the tool, are currently
in the study phase, and should enter soon in the building phase.
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Abstract. This paper offers an overview of the basic MDA terms and
concepts and the relationships among them, with the latter expressed in
terms of the UML, and also an outline of a proposed software develop-
ment process that would leverage MDA. The article also discusses the
idea of “accelerated” MDA, which involves using one metamodel to do
mappings of metamodels to multiple platforms.

1 Goals

Model-Driven Architecture (MDA) provides a framework for software development
that uses models to describe the system to be built. The system descriptions that these
models provide can be expressed at various levels of abstraction, with each level em-
phasizing certain aspects or viewpoints of the system.
The driving force behind the MDA is the fact that a software system will eventually be
deployed to one or more platforms, used separately or together. Platforms are subject
to change over time—and they change at different, typically higher, rates than the
higher-level models of the system, which in turn tend to grow increasingly independ-
ent of the target platforms. This paper provides an introduction to the MDA’s re-
sponse to this conundrum.

2 Abstraction

The level of abstraction at which a certain amount of system detail is expressed typi-
cally determines the ratio of effort to the amount of detail that gets added. Best prac-
tices and accepted defaults allow for the definition of efficient and effective mappings
to less abstract (more detailed) levels.
Relying on best practices continues to enable modelers to reach higher levels of ab-
straction. Tools are available that let one create a UML association between two busi-
ness components, and subsequently map that simple line to literally thousands of lines
of corresponding Java or C++ code and other artifacts such as configuration files and
deployment descriptors. As we come to accept available best practices and proven
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defaults for model transformations, it becomes much easier to express certain elements
of a system in a model, because we can do so at a higher level of abstraction and let a
tool do the transformation into a more detailed specification.

3 Models and Metamodels

The OMG’s Meta Object Facility (MOF) defines a model as an instance of a meta-
model. A metamodel may make it possible to describe properties of a particular plat-
form. In this case, the models that are instances of such a metamodel are said to be
platform-specific, while models that describe a system at a level of abstraction, one
that’s sufficient to allow use of their entire contents for implementing the system on
different platforms, are referred to as platform-independent. Figure 1 illustrates these
relationships.

Fig. 1. Model, Metamodel, and Platform

4 Mapping between Models

Models may have semantic relationships with other models; for example, a set of
models may describe a particular system at different levels of abstraction. It’s desir-
able to have mappings between different but related models performed automatically.
This makes it possible to express each aspect of a system at an appropriate level of
abstraction while keeping the various models in synch.

 

Fig. 2. Overview of MDA Modeling
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A mapping between models is assumed to take one or more models as its input and
produce one output model. The rules for the transformation performed by the mapping
are described in a mapping technique. These rules are described at the metamodel
level in such a way that they’re applicable to all sets of source models. A modeler can
automate a mapping technique by providing an executable implementation of its speci-
fication. Such an implementation allows for the automation of important steps of an
MDA-driven process. However, this implementation isn’t necessarily required as long
as one can verify any manually conducted mapping against the specification that the
mapping technique provides. For example, a mapping technique that describes how to
map a UML model of a Java application to a corresponding Java source code model
would have rules such as “A UML classifier maps to a Java class declaration, where
the name of the class matches the name of the classifier.” Figure 2 illustrates these
concepts.

5 Platform Stack

A platform is the specification of an execution environment for models. A platform is
relevant in the context of MDA only if there is at least one realization of it—in other
words, an implementation of the specification that the platform represents. Note that a
realization can in turn build upon one or more other platforms. In theory, this plat-
form stack can extend down to the level of quantum mechanics, but for our purposes,
platforms are only of interest as long as we want to create, edit, or view models that
can be executed on them. Figure 3 illustrates these concepts in the context of models
and metamodels.

 

Fig. 3. Models, Metamodels, and Platforms
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6 Annotating Models

MDA must support incremental and iterative development. This means that mappings
between models must be repeatable. So, if a mapping requires input in addition to the
source models, this information must be persistent. However, it mustn’t be integrated
into the source model, because it’s specific to the mapping, and several different map-
ping techniques may exist, each of which require different additional inputs. Integrat-
ing the additional mapping input with the model would make the model specific to the
corresponding mapping technique, which is not desirable.

These additional mapping inputs take the form of annotations. A mapping may use
several annotations on the source models; conversely, an annotation may cater to
several different mappings.

Just like a model is an instance of a metamodel, an annotation is an instance of an
annotation model. This model describes the structure and semantics of the annota-
tion. A mapping technique, therefore, specifies the annotation models of which it
requires instances (annotations) on the instances of its source metamodels. If a map-
ping technique can use more than one annotation model for a single source meta-
model, then one can reuse annotation models for several different mapping techniques.
This, in turn, renders the corresponding annotations reusable for the different corre-
sponding mappings. Figure 4 illustrates these concepts.

 

Fig. 4. Model Refinement Process

Figure 5 illustrates the idea that annotating a model for different mappings leads to
different platform-specific models (PSMs). The source model for these mappings is
a platform-independent model (PIM) with regard to the target platforms A and B.
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The annotations don’t pollute the PIM, which allows the PIM to be mapped repeatedly
to two different PSMs.

7 Representing Models

A model has to be represented in some way. For example, the model of a Java source
is typically represented in an ASCII file, while a UML model could be represented in
the graphical UML notation or in ASCII using UML textual notation. While these
representations are suited for editing by humans, there may be other representations of
the same model that are better suited for transformation through programs—think of a
Java compiler transforming the ASCII Java source into an abstract syntax tree before
continuing with the semantic analysis, or a generator designed to transform a UML
model into something else would use a representation of the model that provides a
MOF-compliant interface such as JMI.A representation of a model is a model in itself,
and therefore is an instance of a metamodel. For example, the ASCII representation of
a Java source complies with the ASCII metamodel (which simply provides an alpha-
bet). Figure 6 shows how the representation relationships among models can be de-
scribed in terms of models, metamodels, and mapping techniques.

Fig. 4. From PIMs to PSMs
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8 Outline of MDA-Compatible Software Development Process

The following seven process steps, taken together, offer a simple yet robust way to
incorporate MDA into a software development project.

1.  Identify the set of target platforms

2.  Identify the metamodels that you want to use for describing models for these
platforms, and also the modeling language/profile in which you’ll express your
models.

3.  Find proper abstracting metamodels from the ones that are aligned along the lines
of expected platform changes (with the goal being platform independence).

4.  Define the mapping techniques you’ll use with your metamodels so that there are
full paths from the most abstract metamodels to the metamodels of all of your tar-
get platforms.

5.  Define the annotation models that these mapping techniques require.

6.  Implement your mapping techniques either by using tool support or by describing
the steps necessary to manually carry out the techniques.

7.  Conduct iterations of the project. Each iteration will add detail to one or more
models describing the system at one or more levels of abstraction. You’ll map
these additional details all the way down to the target platforms.

Fig. 6. Model Representation
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9 Accelerated MDA

Figure 6 shows instances of PIM and PSM models and metamodels and how these
instances relate to one another. These models can themselves be populated with in-
stances. The PSM model instance contains all of the semantic information of the
original PIM model instance, as well as all of the information added as a result of the
mapping technique. Because the PSM metamodel describes a platform, the PSM also
includes—at least by reference—all of the elements that comprise the platform.

However, the PSM may not be the bottom of the platform stack. The PSM can it-
self be modeled as a PIM, which in turn is mapped to another PSM via a different
mapping technique. The resulting PSM, which we’ll call PSM', now contains all of the
semantic information of the original PIM model instance, the information added as a
result of the application of the first mapping technique, and the information added by
the application of the second mapping technique. Because each PSM metamodel de-
scribes a platform, the second-level PSM also includes the elements that comprise
both platforms.The recursion ends when the last PSM (a PSM with some number of
primes) is directly implementable, either by generating code or by being directly ex-
ecutable on the virtual machine modeled by the last PSM. The platform stack, and the
distinction between the last platform (a PrimitiveRealization) and those platforms
above it, are illustrated in Figure 3.

This approach is ultimately flexible. Any model, regardless of exactly how plat-
form-independent it is, can have a metamodel defined for it, and developers can easily
model applications using their favorite notations, conceptually optimized for the plat-
form types to which the models are to be mapped. However, this approach requires the
definition of multiple mapping techniques to preserve semantics at each level. The
result is that platforms can become “silos” in which certain mappings can only be
applied under a certain set of assumptions. For example, once a particular kind of
inheritance has been applied in one metamodel, it will be difficult to use a different
kind of inheritance in a subsequent model.

An alternative is to use the same metamodel to capture each platform. In this for-
mulation, a model is always expressed using the same concepts, enough to execute the
model. In addition, the modeler chooses the concepts such that the model can be
translated into any arbitrary platform. This “Executable and Translatable UML”
doesn’t contain any information about software structure, only about behavior of the
subject matter under study. The metamodel describing Executable and Translatable
UML is therefore much smaller than UML.

When an Executable and Translatable UML model is rendered as an implementa-
tion, it is annotated as described above and woven together with the platform specifics
by a mapping technique that is completely general—it needs only be written once.
Platform-specific mappings, of course, will vary, but that’s inherent in the fact that
platforms differ.

This accelerated approach bypasses the PSM. There’s no need to capture the con-
joining of the developer model and the platform as a distinct model. The developer
model and the platform model are woven together directly into an implementation.
This approach also increases the applicability of tools, because there’s only one
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metamodel on which to operate, rather than multiple metamodels (one for each plat-
form).

10 Conclusion

MDA is the OMG’s next step in solving integration problems through open, vendor-
neutral interoperability specifications. It is constantly evolving based on the experi-
ences of OMG members in creating standards for implementation language-
independent models in CORBA and developing standards such as UML and MOF.
The key concepts described in this paper form the foundation for ongoing exploration
of what MDA will be, while the process outline provides a healthy start toward the
definition of how software development teams can maximize the benefits of MDA.
check (mail orders only).
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Abstract. Model-based development relies on the use of explicit models
to describe development activities and products. Among other things, the
explicit existence of process and product models allows the definition
and use of complex development steps that are correct by design, the
generation of proof obligations for a given transformation, requirements
tracing, and documentation of the process. Our understanding of model-
based development in the context of embedded systems is exposed. We
argue that the concept of model-based development is orthogonal to a
specific process, be it agile or rigorous.

1 Introduction

Intuitively, model-based development means to use diagrams instead of code:
Class or ER diagrams are used for data modeling, Statecharts or SDL process
diagrams abstractly specify behavior. CASE tool vendors often praise their tools
to be model-based, by which they mean that their tools are equipped with graph-
ical editors and with generators for code skeletons, for simulation code, or even
for production code.

However, we do not believe that model-based development should be re-
garded as the application of “graphical domain-specific languages”. Instead, we
see model-based development as a paradigm for system development that besides
the use of domain-specific languages includes explicit and operational descriptions
of the relevant entities that occur during development in terms of both product
and process. These descriptions are captured in dedicated models:

Process models allow the description of development activities. Because of the
explicit description, activities are repeatable, undoable and traceable. Activi-
ties include low-level tasks like renamings and refactorings, but also higher-
level domain-specific tasks like the deployment of abstract controller func-
tionalities on a concrete target platform.
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Product models contain the entities that are used for the description of the
artifact under development and the necessary parts of its environment, as
well as the relations between these entities. All activities in the process mod-
els are defined in terms of the entities in the product models.

We believe that many important problems in industry like the coupling of differ-
ent tools for different development aspects (e.g., data aspects, behavior aspects,
scheduling and resource management aspects) are still unsolved because of a
lack of an underlying coherent metaphor. We see explicit product and process
models as a remedy to this problem.

Overview. In this paper, we provide a rather abstract treatment of our under-
standing of model-based development. An extended version of this paper has
been published as a technical report [11]. As application domain, we choose that
of embedded systems, but the general ideas apply to other domains as well. The
article’s remainder is organized as follows. We kick off with the basic idea of
explicit process and product models in Section 2. The essence of product and
process models is described in Sections 3 and 4, respectively. In Section 4, we
argue that model-based development may be used in different processes, agile or
rigorous. Related work is presented in Section 5, and Section 6 concludes.

2 Models

The shift from assembler towards higher languages like C or Ada essentially
reduces to the incorporation of abstractions for control flow (like alternative,
repetition, exceptions), data descriptions (record or variant types), and pro-
gram structure (modules) into these higher languages. Middleware (like CORBA,
.NET) are further examples of increasingly abstract development. We consider
model-based development to be a further step in this direction. It aims at higher
levels of domain-specific abstractions as seen, at a low level, in the abstraction
step performed in lex. In the field of embedded controllers, the concepts of cap-
sules and connectors of, e.g., the UML-RT are used as well as state machines to
describe component behavior. That these abstractions have intuitive graphical
descriptions is helpful for acceptance, but not essential for the model concept.
Furthermore, in model-based development there is no need to exclusively rely
on one particular description technique, or rather the underlying concept.

What are the advantages of model-based development? One advantage is
independence of a target language: Models can be translated into different lan-
guages like C or Ada for implementation. For graphical simulation, other lan-
guages are likely better suited. Again, this is in analogy with the abstraction step,
or, inversely, compilation of programming languages: C code can be translated
into a number of different assembler languages.

The key advantage, however, is that the product model, which subsumes the
abstract syntax of a modeling language, restricts the “degrees of freedom” of
design in comparison with programming languages. This is akin to modern pro-
gramming languages that restrict the degrees of freedom of assembler languages
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by enforcing standard schemes for procedure calls, procedure parameters and
control flow. In a similar sense, Java restricts C++ by disallowing, among other
things, multiple inheritance. Ada subsets like Ravenscar or SPARK explicitly
restrict the power of the language, e.g., in terms of tasks. The reason is that
these concepts have proved to yield artifacts that are difficult to master.

Model-based development incorporates the aspects of abstraction and restric-
tion in high level languages. This happens not only at the level of the product
but also at the level of the process. Working with possibly executable models
not only aims at a better understanding and documentation of requirements,
functionality, and design decisions. Models may also be used for generating sim-
ulation and production code as well as test cases. We consider the integration of
different models at possibly different levels of abstraction as the key to higher
quality and efficiency of the process we propose. Integration is concerned with
both products and processes, on a horizontal as well as a vertical level.

Horizontally, different aspects have to be integrated. These aspects reflect a
separation of concerns by means of abstractions. They deal with concepts
like structure, functionality, communication, data types, time, and schedul-
ing. Structural abstractions concern logical as well as technical architectures,
and their relationship. Functional abstractions discard details of the actu-
ally desired behavior of the system. Communication abstractions allow the
developer to postpone decisions for, e.g., hand-shaking and fire-and-forget
communications. Data abstractions introduce data types at a level of granu-
larity that increases over time. and helps in building functional, communica-
tion, and structural abstractions. Timing and scheduling abstractions enable
the developer to neglect the actual scheduling of components—or even ab-
stract away from timing by relying solely on causality—in early development
phases. Other aspects like security, fault tolerance, or quality-of-service may
be considered as well. While these aspects are not entirely orthogonal one
from another, thinking in these terms allows a better structuring of systems.

Vertically, different levels of abstraction1 for each of the above aspects have to
be brought together in a consistent manner. This applies to both integrating
different structural abstractions and integrating structure with functionality
and communication. Furthermore, different levels of abstractions in all areas
have to be interrelated: Refinements of the black box structure have to be
documented and validated, and the same is obviously true for functional
and data refinements. Since in a sense, possibly informal requirements also
constitute abstractions, tool supported requirements tracing is a must for
such a model-based process.

In an incremental development process, increments (or parts of a product) have
to be integrated over time (Figure 1). While this figure suggests that the concepts
of level of abstraction and increments are orthogonal, one might well argue that
1 Note that the term abstraction is used in an ambiguous manner: abstractions in
the mathematical sense and abstractions on a conceptual level where constructs for
describing one view of a system are considered (i.e., ontological entities).
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Fig. 1. Model-based development

a refinement step does constitute an increment. The reason for the distinction
is that abstractions and refinements form special increments the correctness of
which might, in a few cases, be proved or automatically tested.

Process and Product Models. In the UML, the notion of a model is used to
describe the elements and concepts used during the development process, e.g.
class, state, or event. Since, however, this distinction is too coarse for the de-
scription of the model-based approach, here more fine-grained notions of models
will be used: process, product, conceptual, and system models. In the following,
these models are explained in more detail and related to each other. We use the
domain of embedded systems development and the CASE tool AutoFocus [7]
with its UML-RT-like description techniques for illustration.

The first two models are used to describe the development process from
the engineer’s and thus the domain model point of view. Together process and
product models form the domain model:

Process Model: The process model consists of the description of activities of
a development process and their relations. In the domain of embedded reac-
tive systems, e.g., the process model typically contains modeling activities
(“define system interface”, “refine behavior”) as well as activities (“generate
scenarios or test cases”, “check refinement relation”, “compute upper bound
for worst case execution time”). The activities are related by their depen-
dency between them defining a possible course of activities throughout the
development process. By relating them to a product model, process patterns
can be formalized as activities and thus integrated in the process model.

Product Model: The product model consists of the description of those as-
pects of a system under development explicitly dealt with during the devel-
opment process and handled by the development tool. For embedded sys-
tems, a product model typically contains domain concepts like “component”,
“state” or “message”, as well as relations between these concepts like “is a
port of a component”, etc. In addition to these more conceptual elements,
used for the description of the product, more semantically oriented concepts
like “execution trace” are defined to support, for example, the simulation
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of specification during the development process. Finally, it contains process
oriented product concepts like “scenario” or “test case”, supporting the def-
inition of process activities.

3 Product

The product model describes the aspects, concepts and their relations needed
to construct a product during the development process. Thus, it supplies the
‘language’ to describe a product. Usually, this language is represented using view
based description techniques like structural, state oriented, interaction oriented,
or data-oriented notations. The concrete product itself is an instance of the
product model, for example represented by system structure diagrams, state
transition diagrams, or MSC-like event traces.

Since process activities are defined as changes of instances of the product
model, a process model can only be defined on top of a product model. The
granularity of a product model also defines the expressiveness and thus the
quality of the process model. Using both models, detailed development processes
can be described, accessible to CASE support.

3.1 Structure of the Product Model

While the ‘abstract syntax’ is sufficient to describe conceptual relations of ab-
stract views or the functionality of modeling activities during the process, a
semantical relation is needed to define or verify more complex semantical de-
pendencies of views as well as properties of activities (like refining activities
or activities not changing the behavior as, e.g., refactoring). Since the seman-
tical and the conceptual part of the product model are used differently in the
model-based approach, the product model is broken up into two sub models:

Conceptual Model: The conceptual model consists of the modeling concepts
and their relations used by the engineer during the development process.
The conceptual model is independent of its concrete syntactic representa-
tion used during the development process. Typical domain elements for em-
bedded systems are concepts like “component”, “port”, “channel”, “state”,
“transition”, etc. Typical relations are “is port of”, “is behavior of”, etc.
Figure 2 shows a simplified part of the AutoFocus conceptual model. Be-
sides those low-level concepts, concepts like “requirement” or “test case”
including relations like “discharged by” or “is test case of” are included.

System Model: The system, or semantical, model consists of semantical con-
cepts needed to describe the system under development. A typical element
is “execution sequence”. Typical relations are “behavioral refinement” or
“temporal refinement”.

As shown in Figure 3, the notion of the conceptual model is closely related to
the notion of views and description techniques. Views of a product correspond
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Fig. 2. Simplified conceptual product model (left) and process model (right)
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to abstractions of an instance of the conceptual model (e.g., horizontally: struc-
ture, communication; vertically: component, subcomponent) and are represented
using description techniques.

A semantic interpretation is assigned to the instances of the conceptual model
by instantiating the system model according to its relation to the conceptual
model. In this way, for instance, refinement relations can be proved, or the va-
lidity of timing constraints can be checked.

3.2 Application of Models

The purpose of the product model is to support a more efficient and sound
development process by providing a domain-specific level of development. For the
engineering process, the model is used transparently through views of the model
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in form of description techniques as described above and interaction mechanisms
supporting the development process. Two mechanisms can be used: consistency
conditions and the definition of process activities. Consistency conditions exist
at three different levels:

Invariant Conceptual Consistency Conditions: They are expressible with-
in the conceptual model, and hold invariantly throughout the development
process. Therefore, they are enforced during construction of instances of the
conceptual model. Since generally these are only simple consistency condi-
tions, they can be defined as multiplicities of relations of the conceptual
model. Examples are syntactic consistency conditions as used in AutoFo-
cus like “a port used during the interaction of a component is part of its
interface” or “a channel and its adjacent ports have the same types”.

Variant Conceptual Consistency Conditions: Like the invariant concep-
tual conditions, these conditions can be expressed completely within the con-
ceptual model. However, unlike those, they may be relaxed during certain
steps of the development process and are enforced during others. Examples
are methodical consistency conditions like “The dependency graphs of vari-
able assignments are non-circular”, or “All transitions leaving a state have
disjoint patterns thus ensuring deterministic behavior”.

Semantic Consistency Conditions: These conditions are not expressible in
the conceptual model. Since, generally, they cannot simply be enforced, the
validity of these conditions is not guaranteed throughout the development
process but must be checked at defined steps of the process. Examples are
semantic conditions: “The glass box behavior of a component refines the
black box behavior”, “The behavior of an event trace of a component is a
refinement of the behavior of the component”, or “The timing behavior of a
component respects its worst case time bounds”.

In general, the distinction between invariant and variant conceptual consistency
conditions is a matter of flexibility and rigorousness of the development process
supported by the underlying model. In the AutoFocus approach we use CCL
(Consistency Constraint Language, [7], [12]) to define conceptual consistency
conditions. Similar to the OCL, it corresponds to a first order typed predicate
calculus with the types (classes) and relations (associations) of the conceptual
model; expressions are evaluated using an instance of the conceptual model as
universe. AutoFocus offers an evaluation mechanism for CCL expressions re-
turning all counterexamples of the current instance of the conceptual model.

Variant conceptual consistency conditions as well as generic primitive opera-
tions of the conceptual model (introducing/removing instances of elements and
relations) provide the base operations needed to access the conceptual model
from the process point of view. Together with the semantic operations like
checking semantical consistency conditions they form the basic activities of a
development process as explained in Section 4.
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4 Process

As mentioned above, the justification of the product model is its application in
the definition of a process model. By the use of a detailed product model we
can (1) give a detailed definition of the notions of phase and activity in terms
of how they interact with the conceptual model, (2) increase the soundness of
the development process by introducing semantical consistency conditions or
sound activities with respect to the system model, and (3) most importantly,
add CASE support to the process to increase efficiency of development.

4.1 Structure of the Process Model

As shown in Figure 2, a simplified process model consists of

Phases: Phases define a coarse structure of a process. They can be associated
to conditions that must be satisfied before or after the phase. Each phase
has an associated set of activities that can be performed during this phase.
Typical examples are phases like “Requirements analysis” or “Module im-
plementation”. Simplified examples for corresponding conditions are “Each
requirement must be mapped to an element of the domain model” to hold at
the end of requirements analysis or “Each component has an implementable
time-triggered behavior” to hold at the end of the implementation phase.
Using the consistency mechanism, development is guided by checking which
conditions must be satisfied to move on in the process.

Activities: In contrast to the unstructured character of a phase, an activity is
an operationally defined interaction with an instance of the conceptual model
and thus executable. An activity can be extended with a condition stating
its applicability at the current stage for user guidance. An activity is either a
generic operation generated from the conceptual model, an atomic operation
supplied by the system model, for example checking semantic consistency,
or a complex operation constructed from the basic operations.

In more complex processes, phases and activities usually consist of sub-phases
and sub-activities, respectively. Since phases and activities are defined in terms of
the product model, their dependencies can be expressed in terms of the product
rather as in generally unspecific ways as found in general process description
languages [3].

Examples for basic operations include simple construction steps like “gener-
ation of a new state of a component” or “introduction of a new transition into
the state-description of a component”. Complex operations include refactoring
steps like “pull up a subcomponent out of its super-component to become a
component of the same level (involving a change in the subcomponent relation
and a relocation of ports and channels)”.

Process activities generally consist of a collection of simple and complex oper-
ations to be applied during an activity. Complex operations can be defined in the
form of extended pre/post-conditions, describing a transformation of instances
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of the conceptual model. In the AutoFocus approach these operations can be
defined in ODL (Operation Definition Language, [12]), an extension to the OCL-
like CCL introduced above. ODL allows to precisely define the pre- and postcon-
ditions (including user interaction) of an operation in terms of the instance of
a conceptual model. ODL definitions are executable but come in a logical form
that supports the verification of conceptual properties of the operation. These
properties include stability w.r.t. consistency conditions or semantical properties
like behavioral refinement.

To illustrate how process, conceptual and system models interact, we use
the example of the “elimination of dead states” refactoring step that reduces
code size. In this example, a control state including all its adjacent transitions
is removed from an automaton provided this state is marked as unreachable.

Process: On the level of the process model, an activity “Show unreachability
of a state” must be introduced. This step may either be a single atomic
operation (and can be carried out, e.g., by some form of model checking
algorithm) or a more complex operation requiring user interaction. These
operations correspond to operational relations of the system model. Fur-
thermore, the activity “Remove dead state” removes all transitions leading
to a state marked unreachable as well as the state.

Conceptual: On the level of the conceptual model, the concept of “unreach-
ability” of a state, e.g. as a state annotation, is introduced. If no user inter-
action is required for the proof of unreachability, this extension is sufficient.
Otherwise conceptual elements of proof steps must be added, as well as
additional concepts like state/assignment of variable, or precondition of a
transition

System: On the level of the system model the semantics have a direct effect: in
case of an atomic operation, there is an operational notion of the semantical
predicate “unreachability”, e.g., in form of a model-checking algorithm. This
operation adds the conceptual annotation “unreachable” to a state unreach-
able according to the semantics of the system model. In case of an operation
requiring user interaction, the system model is used via atomic operations
corresponding to operational relations of the system model (e.g. combining
parts of a proof, applying modus ponens). Besides this application of the
system model “at run-time of the CASE tool”, the system model is also
applied “at build-time” to prove the correctness of the refactoring step.

Since an activity as the atom of a process describes how a product is changed, an
activity can be understood as a process pattern in the small. Additionally, each
activity is described in an operational manner. Furthermore, by the use of the
system model, properties like “soundness considering behavioral equivalence” or
“executability of the specification” can be established for activities and phases.
This combination of user guidance by consistency conditions, of executable ac-
tivities, and of the possibility for both arbitrary and provably sound process
activities and states of a product, is directed at improving the efficiency of the
CASE based development process.
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4.2 Agility

Model-based development is orthogonal to the degree of rigorosity of a process.
Without giving a clear definition of agile processes, we illustrate this claim by
embedding aspects of Extreme Programming [1] into model-based development.

Language: While generally associated with Java, XP itself does not prescribe
any particular language, and we might thus use any model-based formal-
ism appropriate for a given application domain. Furthermore, we do not
exclude classical languages from model-based development (in the context
of aspect oriented programming we will, however, argue that general purpose
languages are difficult to handle in terms of correctness). XP clearly is code
centered. However, since we advocate the use of operational models not only
for documentation purposes, in this context there is no qualitative difference
between using a low level and a high level language. One of our main points,
the restriction of general purpose languages, is orthogonal to this aspect.

Testing: One of the core ideas of XP is to continually test the system under
development. In fact, test cases are the only formal means of specification.
Incorporating explicit process activities for testing and implementation steps
does by no means contradict the principles of XP nor those of model-based
development.

Refactoring: The activity of refactoring [4] is a common technique in incremen-
tal processes like XP. Refactoring is the activity of restructuring an artifact
(code) without altering its behavior. Within the model-based approach, these
refactoring steps may well be incorporated in the process model as explicit
process activities as well.

Augmenting agile approaches like XP by model-based constructs is likely to pay
off. Firstly, if one accepts domain specific languages to be a good choice, then
it is a good choice for agile methods as well. Remember that the explicit ex-
istence of product and process models does not mean they are visible to the
user. Rather, the contrary is desirable. Secondly, every automatic approach to
test case generation clearly requires a clear and explicit understanding of the
semantics of the language that is used. Thirdly, refactoring relies on behavioral
equivalence, and behavior is always dependent on an observer: is execution time
part of the behavior or not? An explicit semantics must thus complement the
intuitive notion when building, for instance, safety critical systems. The defini-
tion or automatic generation of test cases for checking behavioral equivalence of
the system with its refactored counterpart obviously requires this semantics as
well. Assigning explicit meaning to the language the XP engineers deploy would
thus result in an explicit system model which could be linked to the refactoring
patterns in the process model.

Intuitively, model-based development seems to imply rather rigorous pro-
cesses. However, depending on the rigor of the defined process activities, it can
support very flexible processes as well. Thus, applying the model-based approach
to XP, this could result in a less code-centered but still flexible ‘Extreme Mod-
eling’ approach.
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5 Related Work

Though widely used, we are not aware of explicit definitions of “model-based
development”. Especially, this term is often used in a more restricted sense, e.g.
domain oriented software architectures [15]. Harel [5] is concerned with using
statecharts for behavior specification. The approach presented by Sgroi et el. [13]
and Keutzer et al. [8] is similar to ours, in terms of the incorporation of different
levels of abstraction, separation of concerns—in particular, computation and
communication—, and the emphasis on explicit system models. The especially
CASE relevant distinction of models within a layered approach as we propose it
complements their line.

While clearly code centered, aspect oriented programming [9]—or, more gen-
erally, separation of concerns—is similar in its vision w.r.t. finding ontological
entities, i.e., abstractions, for aspects like concurrency, exception handling, etc.
Differing from our approach, the idea is to incorporate these abstractions into
general purpose languages like Java or C rather than to use dedicated domain
specific languages. While there are static analysis tools for these languages, their
expressive power renders these analyses most difficult—this is one reason why
we emphasize the restriction of existing languages. In its pure form, AOP does
not require an explicit product nor process model.

The notion of explicit product and process models is also found in the area
of Process Definition Languages [3], however, focusing on user participation and
neglecting the importance of a domain-specific, detailed product model to define
a process upon.

In the UML, a detailed model of the product is defined, integrating differ-
ent views of a product. However, semantical relations exceeding the structural
relations of the conceptual model are missing. Since UML is focused on the con-
ceptual product model, it must be related to development activities. While the
RUP defines a process on top of the UML, it does not make use of the fine
grained meta model underlying those description techniques. Activities of the
process, their preconditions and results are not defined in terms of the UML
meta model; rather, the RUP outlines the phases to be carried out and suggests
the description techniques that are useful for each phase.

Modeling approaches like MOF (Meta Object Facility) rather focus on tech-
nical aspects of how to implement and access models and meta models, but do
not address their application in defining domain-specific development processes.
The OMG’s model driven architecture [14] aims at the definiton of platform-
independent models in a platform-independent language (UML) that are later
mapped to platform-specific models (CORBA, SOAP, etc.). It is thus concerned
with the aspect of communication as well as structure as described in Section 2,
however focusing on the architecture of a product.

Graphical editors in tools like Together or ArgoUML [10], for instance, con-
centrate on an explicit (UML) meta model but do not take into account a process
model. Development platforms like Eclipse2, the latest in IDE development, de-
2 http://www.eclipse.org



Model-Based Development of Embedded Systems 309

fine process patterns (e.g., refactorings) but do not do this in an explicit manner.
As far as we know, there is no explicit product model, either.

6 Conclusion

Our vision of model-based development rests on two pillars: Explicit product
models, which for the developer appear as domain-specific languages, and ex-
plicit process models, which define the developer’s activities that transform early,
abstract, partial products to the final, concrete and complete products that are
ready to be delivered and deployed.

The benefits of model-based development come from the interaction of pro-
cess and product models and their realization in a CASE tool: Firstly, complex
design steps such as refactorings or the introduction of complex communication
patterns [11] between components can be naturally defined and performed in a
tool. Secondly, the application of such design steps naturally leads to a develop-
ment history that can be recorded in the tool and used for a kind of high-level
configuration and version management. Finally, the requirements and design ra-
tionales that influence design steps can be traced and documented throughout
the complete development process.

The main goal of model-based development is to produce high-quality soft-
ware at acceptable cost. While high software quality can be achieved even now—
as demonstrated by avionics software—, cost and development time are usually
forbidding. Model-based development aims at improving not only the product,
but also the process that leads to the product, making high-quality software
development more affordable. In particular, it aims increasing the efficiency of
the development not only of single products but of related product families.

However, model-based development is not without risk. It is not obviously
clear whether a seamless development process from early design to final target
code is feasible: Some design steps might demand knowledge of environment
properties which are difficult to formalize. Design steps in the later phases will
require precise knowledge of the target platform, for instance to access device
drivers or in order to estimate the worst case execution times which are needed
as input for scheduling algorithms. Even if this knowledge is formalized and
incorporated into the product model—as, for example, partly done in the Giotto
language [6]—, more pragmatic problems, like the integration of legacy code,
tailoring to customer-specific coding and certification standards or possibly just
idiosyncrasies in compiler or operating system technologies can hamper our ideal
of a seamless process.

These problems can—with varying degrees of difficulty—be solved. The main
problem is that in contrast with, for instance, compiler construction, they can
be solved not by tool builders alone, but only in close cooperation with domain
experts: A model-based development will necessarily be domain-specific. Find-
ing common vocabularies and notations to define the conceptual, system and
product models is a rather ambitious goal.
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Still, in view of our experiences with the AutoFocus project we are opti-
mistic that such tools can be built. Although we do not yet have enough experi-
ence with industrial-size projects, we obtained satisfying results with some core
aspects of such systems (deployment of systems on 4-bit and 8-bit microproces-
sors, schematic introduction of security aspects, custom scheduling algorithms
to distribute computation effort over time). That the close integration of domain
properties into CASE tools is feasible has been demonstrated, for example, for
simultaneous engineering in process automation [2].
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Léonard, Michel . . . . . . . . . . . . . . . 132
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