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Aim and Scope of the Information Sciences and
Technologies Bulletin of the ACM Slovakia

ACM Slovakia offers a forum for rapid dissemination
of research results in the area of computing/informatics
and more broadly of information and communication sci-
ences and technologies. It is primarily a web based bul-
letin publishing results of dissertations submitted at any
university in Slovakia or elsewhere, perhaps also results
of outstanding master theses. Besides that, conferences
that meet bulletin’s expectations with regard to scien-
tific rigor are invited to consider publishing their papers
in the bulletin in form of special issues. Besides the web
version of the bulletin, a paper version is will be avail-
able, too.
The Bulletin aims:

• To advance and to increase knowledge and inter-
est in the science, design, development, construc-
tion, languages, management and applications of
modern computing a.k.a. informatics, and more
broadly of information and communication sciences
and technologies.

• To facilitate a communication between persons hav-
ing an interest in information and communication
sciences and technologies by providing a forum for
rapid dissemination of scholarly articles.

Scope of the Bulletin is:

• original research in an area within the broader fam-
ily of information sciences and technologies, with
a particular focus on computer science, computer
engineering, software engineering and information
systems, and also other similarly well established
fields such as artificial intelligence or information
science.

Types of contributions:

• Extended abstracts of doctoral dissertations.
This is the primary type of article in the Bulletin.
It presents main contributions of the dissertation
in form of a journal paper together with separate
section with list of published works of the author.
Its length is typically 6-12 pages (of Bulletin style
based on the ACM SIG style). In Slovakia and the
Czech Republic, it corresponds to typical length of
so called autoreferat. In fact, it is envisaged that
publishing the extended abstract in the Bulletin
makes autoreferat obsolete and eventually can re-
place it completely. It should be noted that by
publishing it in the Bulletin, the extended abstract
will receive a much wider dissemination.

Exceptionally, at the discretion of the Editorial
Board, the Bulletin may accept extended abstracts
of other than doctoral theses, e.g. Master theses,
when research results reported are sufficiently wor-
thy of publishing in this forum. Rules and proce-
dures of publishing are similar.

• Conference papers. The Bulletin offers orga-
nizers of interesting scientific events in some area

within the scope of the Bulletin to consider pub-
lishing papers of the Conference in the Bulletin as
its special issue. Any such proposal will be subject
of discussion with the Editorial Board which will
ultimately decide. From the scientific merit point
of view, method of peer reviewing, acceptance ratio
etc. are issues that will be raised in the discussion.

Besides that the Bulletin may include other types of con-
tributions that will contribute to fulfilling its aims, so
that it best serves the professional community in the area
of information and communication sciences and tech-
nologies.

To promote the importance of research orientation
at all three levels of university studies, the Bulletin is
open to publish lists of best Master theses as evaluated
by the proposing university, provided the evaluation has
a strong emphasis on research contribution of the thesis,
and provided that the list includes no more than 5–10%
of theses in the graduating cohort. Typically, strong
emphasis on research leads to selecting only those the-
ses that have been already published as a research paper
in scientific journal or conference (or submitted to pub-
lishing) by the students. If these criteria are met also
by Bachelor graduates, than list of best Bachelor theses
may be published as well. It is envisaged that this ser-
vice will be offered to universities regularly, e.g. on an
annual basis.
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Tomáš Hruška
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Abstract
Symmetry between the construction of programs and gen-
erating their behaviour can be properly formulated in
terms of category theory by using significant property of
duality. On one hand, this consists of the algebraic con-
struction of static data structures and relations between
them (programs) and on the other hand it consists of the
coalgebraic generating of dynamic behavioural structures
of program systems.

Categories and Subject Descriptors
D.2 [Software]: Software Engineering; G.2.2 [Mathe-
matics of Computing]: Discrete Mathematics—Graph
Theory ; I.6.5 [Computing Methodologies]: Simula-
tion and Modeling—Model Development

Keywords
Category theory, Algebra, Coalgebra, Type theory, Linear
Logic, Possible World Semantics.

1. Introduction
The beginning of the basic ideas of computer science and
informatics in the 20th century can be considered from
the date of the definition of Turing machine (1937). We
were waiting following ten years for the first von Neu-
mann’s computer. In this time has started the modern
history of computer science. The direction of the develop-
ment of informatics is based on two equivalent models of
computational functions: Turing machine and λ-calculus.
These two discoveries are Laurasia and Gondwana of two
most known programming paradigms: imperative pro-
gramming and functional programming. The significant
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turning point in the other paradigm, logic programming,
is the formulation of linear logic that gradually replaces
predicate logic because of its possibility to deal with re-
sources and time. Hence logic programming has achieved
logical space-time basis in the environment of real world
and its spiritual part is formulated in the teory Ludics
concerning with the spirituality of logical formulae.

Owing to discovery of categorical duality between alge-
bras and coalgebras can be modern informatics considered
as a discipline concerning with the investigation of gener-
ated behaviour also in the application research. The first
aim of formal specifications is to create a formal descrip-
tion of a system and its components from the accessible
informal requirements obtained from a potentional user
of this system.

Fundamental levels of such description are characterized
above all on the base of analysis of relations that appear in
such systems. As models of formal descriptions are often
used sets or mathematical structures and their proper-
ties are expressed by using appropriate resource-oriented
logical system.

• the first level is based on set theory: model depen-
dencies are realized without respect to any logical
interconnection or category morphisms;

• the second level form mathematical structures, e.g.
algebras;

• the third level form categories; on this level the re-
lations between categories of models can be formu-
lated and investigated.

A logical system expressing relations between specifica-
tions or theories is a part of all levels mentioned above.
It is important to keep the independence of specifications
and results of logical formalisms in which they are formu-
lated. An example can be behavioural formal specification
of complex program system, where external behavioural
observations appear as the results of system’s logical for-
malisms and they are encapsulated in a model that is put
in the environment of real world.

2. Contemporary trends
In traditional informatics often has been used Wirth’s [17]
idea formulated in 70-ties of the 20th century that pro-
grams consist of data structures and algorithms. These
principles are applied in software engineering up to the
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present. Many-typed algebra is used as a model of alge-
braic specification of an abstract data type [1]. In cat-
egory theory programs can be expressed as fibred cat-
egories over classified categories capturing type theories
[11].

Fundamental building blocks of present modern program
systems are data, behaviour and interaction. The sym-
metry between constructing of programs and generating
their behaviour can be properly formulated by using cat-
egory theory and its important property – duality. Using
duality principle we can algebraically construct statical
data structures and relations between them and on the
other side – dually – coalgebraically describe generating of
dynamic behaviour structures of program systems. That
means, algebras are appropriate for modelling program
construction, its internal structure and coalgebras are ap-
propriate for modelling behaviour of dynamic systems.
The advantages of the investigations of such duality are
based on idea [15] that proved properties and facts about
algebras can be properly dualized in the framework of cat-
egory theory and then applied to the behavioral theory of
program systems based on coalgebras. Dualities between
some notions of algebras and coalgebras are in Table 1.

By the work of D.Turi and J.Rutten [16], a program can
be prescribed as the initial algebra over a many-typed sig-
nature in the form of denotation model whose structure
can be inductively extended to compositional interpreta-
tion of programs using initiality.

On the other side, description of the behaviour of a pro-
gram system can be understood as a final coalgebra over
this many-typed signature in the form of operational mo-
del whose structure can express coinductive principles of
definition and proof via finality.

It appears also no less important a selection of such logical
system that is available to realize a description of state
oriented dynamics and to construct proofs of bisimilar-
ity of observed states in behaviour of infinite structures.
Because external displays of this behaviour are mostly
appreciated by observer in the descriptive manner, it is
therefore need to respect expressivity power of logical con-
nectives of a given logical system.

The most suitable candidates of multivalue logical sys-
tems with appropriate expressive power and including also
some elements of uncertainity appears such ones whose
language contains modal operators. These criteria satisfy
classical propositional and predicate modal logics and lin-
ear logic.

In comparision with linear logic, the main disadvantage
of classical propositional and predicate modal logics is
idealised nature of their connectives that express infinite
and pleonasmic handling with formulae and causalities.

The main benefit of modal logics rests upon semantics
of possible worlds, which is in suitable (although ide-
alised) manner applicable for description of complex sys-
tem semantics, where system components represent pos-
sible however pleonasmic worlds. Linear logic could intro-
duce into these semantics the resource-oriented represen-
tation and more rigorous manipulation with these worlds.
Then also the semantic of complex systems would be rep-
resented in its applicable form at the circumstances of

real possible worlds situated in time and space of Ludics
theory [4, 5, 2].

3. Main goals
The main aim of my work was to demonstrate some possi-
ble ways to use the duality principle for incorporating cat-
egorical structures of algebras and coalgebras into modern
computer science for solving their actual problems. The
duality principle in our approach rests on the construction
of finite statical data structures in terms of algebras and
on generating behaviour of infinite dynamic data struc-
tures via coalgebras. This duality is of of the fundamental
and invariant properties valid in category theory and can
be usefuly used also in other areas of computer science.

The next goal of this work was to map conterporary trends
applying resource-oriented logical systems with modal op-
erators and investigate their possible interconnection with
internal states of coalgebras.

No less important in this work is using of graphical no-
tation that usually in discrete mathematics but in the
present literature concerning with algebras is still used
rarely.

Achieved results that are presented in this thesis and in
our publications, e.g. [13, 9, 10]. They express the ideas
of our long-termed research within two VEGA research
projects.

In the first project VEGA No. 1/2181/05: Mathemat-
ical Theory of Programming and its Application in the
Methods of Stochastic Programming we were interested
in formal description of internal structure of programs
in terms of categories and linear logic. In the second
project VEGA 1/0175/08: Behavioural categorical mod-
els for complex program systems we concern with formal
description of behaviour of program systems. The relation
between these two approaches we can characterize also as
a duality. At the one side of the mirror is the internal
view based on investigated structures of algebraic pro-
grams (terms). On the another side of the mirror we look
at a program from outside, i.e. we investigate behaviour
of (program) system behaviour based on coalgebraic ob-
servations.

We illustrate our research areas and results together with
the duality in Figure 1.

4. Methods and design
Presently, signatures are the basic syntactic languuage
blocks in the formulation of algebraic and coalgebraic for-
mal specifications. a signature can be considered as a nat-
ural abstraction of an abstract data type, where signature
symbols are used to axiomatization of its basic structural
properties by an algebra and of their observable behaviour
by a corresponding coalgebra.

The main goal of so formulated (co)algebraic specifica-
tion within the program development process appears to
prescribe specification of program interface by using alge-
braic methods and to describe behavioural specification
of program systems by coalgebras. In general, a signa-
ture is considered as a pair that consists of a finite set of
type specifications and a familly of operational specifica-
tions on types used by description of particular problems
in the area of computer science.
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Table 1: Mirroring of algebras and coalgebras
Algebra Coalgebra

static data structures dynamic infinite structures
structure construction of prog. components behaviour generating of prg. system

inductive prescription of steps coinductive description of behaviour
equalities of equational logic modalities of linear logic

Type
specifications

Initial algebra Final coalgebra

Internal program
structure

External behaviour
of program system

Operational
specifications

on types

S

single typed

constructors

many typed

deconstructors

parametric

derived

VEGA 1/2181/05 VEGA 1/0175/08

duality

Cl( )S

Typed
aautomat

Figure 1: duality of (co)algebras over Type theory

Categorical declaratios types and operations are inter-
preted in form of tangible structures, those relations are
depicted in terms of finite sets category or through more
complicated generalized categorical interconnections. For
example, signature for algebraic specification for stack fi-
nite structure is syntax and concrete data entity stack is
semantics. Similar syntactic-semantic analogy: theories
are syntactic formulation families of formulas (axioms)
that are constructed from a given signature and which
are interpreted by models of structures. These via fibred
functors assigns to axioms their denotations.

Categorical declarations of signature types and operations
are interpreted in the form of concrete structures. The re-
lations between them an be expressed either in terms of
the category Setfin of finite sets or in more complex gen-
eralised categorical relations and interconnections. For
instance, a signature for an algebraic specification of fi-
nite structure stack is syntactical entity and a concrete
data structure stack is semantical entity.

Theories are similar syntactical-semantical categorical an-
alogies, they are syntactical description of formulae, called
axioms that are formulated over a signature and are in-
terpreted by models of these structures, where morphism
(functors) assign to axioms their meanings.

For purpose to investigate behavioural properties of (pro-
gram) systems that are modelled by coalgebras in terms
of category theory is needed to emphasize the importance
of selecting appropriate logical system. Using appropri-
ate logical system can be possible to realize description of
state oriented dynamics and to construct proofs of bisim-
ilarity of observable states via behaviour of infinite struc-
tures.

Because outside badges (symptoms) of behaviour are typ-
ically appreciates by observers in descriptive manner, it is

Table 2: Linear logic styles
positive negative modal
⊗, ⊕, 1, 0 N, O, >, ⊥ !, ?

algebraic style logic style coalgebraic style

needed to respect expressive power of logical connectives
of a given logical system. Many-valued logical system
semm be suitable candidates for these purposes.

Between many candidates wih appropriate expresive po-
wer that contain elements of uncertainty seem be suit-
able such that theeir language includes modal operators
[3], i.e. multimodal language. On the present by this
language operate many deductive and reasoning systems
based on pleonasmic modal classical and predicate logical
systems and their derivations. Many deduction and infer-
ence systems work over such language, mostly on the base
of pleonasmic modal propositional and predicate logics
and their derivates, e.g. temporal logics with linear and
branching time, or modalities of deontic and epistemic
logics.

For our purposes are especially suitable logical systems in-
cluding resource-oriented features and modal operators,
e.g. classical linear and intuitionistic linear logic. The
main reason for choosing these logics is the fact, that they
can explicitly manipulate with resources and this deal-
ing is causal. In contrast to other candidates, e.g.modal
propositional logic used in the imperative programming
paradigm and predicate logic used in functional and logic
programming paradigms, linear logic is able deal rigor-
ously with resource restrictions (as Petri nets [6]) and
with causalities in the area of application research. Dif-
ferent styles of linear logic are in Table 2.

These facts make from linear logic a perspective logic for
resource oriented programming paradigm [8]. The large
expressing algebraic, coalgebraic and logical potential can
reach within the modern investigations to such areas as
algebraic construction of program execution using Curry-
Howard correspondence in notions of category theory over
type theory [12]. Another perspective area is also investi-
gation related to behavioural specifications and semantics
of complex systems via coalgebras in terms of category
theory [14], or resource oriented logical approach devoted
to translation between linear logic and Petri nets [7]

5. Achieved results
In this section we gradually present main results achieved
during our research. All these point are explained in detail
in dissertation work.

• For our purposes we extended the definition of poly-
nomial endofunctor to semipolynomial endofunctor,
that enables us to consider also powersets and se-
quences in the frame of category Set of sets. This
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Figure 2: Behaviour of typed sequential acceptor

functor is induced by many-typed eventually gener-
alised signature.

• We systematically analyzed the duality between al-
gebraic models and coalgebraic structures based on
sets, that we later generalised in the frame of cate-
gory of sets.

• We constructed algebra of polynomial endofunctor
as a pair consisting of carrier set and algebraic struc-
tural function. We illustrated it on well known data
structure - stack.

• In the frame of category Set we introduced coalge-
bras as dual notions to algebras induced by polyno-
mial endofunctors. A coalgebra is a pair consisting
of a set called state spaces and coalgebraic struc-
tural function. This function represents set-oriented
dynamics of a coalgebra. Particular coalgebraic ob-
servations we demonstrated on the structure stack
mentioned above.

• We illustrated the duality between prescription in-
ternal structure represented by algebras and descrip-
tion of external behaviour represented by coalgebras
by means of typed sequential automata, that re-
alised one of real application of our approach. Fig-
ure 2 illustrate behaviour of typed sequential accep-
tor.

• We consider as the most important result of the the-
sis the generalization of duality between algebras
and coalgebras to arbitrary bicartesian category C.
First, we extended the definition of the signature,
then we formulated type theory in the frame of clas-
sifying category and finally we constructed model as
a functor from classifying category to the category
of types representations.

• As was mentioned above, we demonstrated the ap-
plication of generalised notions in the example of
Intrusion Detection System (IDS) as a real success
by the solving real ptoblems of modern informatics.
We can state that coalgebra for IDS treats with non
trivial structures, records and packet lists.

• We demostrated that algebras resp. coalgebras in
terms of categories can serve for description of struc-
ture resp. behaviour of complex program systems
consisting of program components. We point out
coalgebras describing generated behaviour of pro-
gram systems observed outwardly in the interaction
with adjacent environment as a significant observ-
able result of execution of components in a dynamic
system.

Figure 3: (co)algebras duality at program system

• We formulated fundamental principles of predicate
lifting that enables us to interpret modal operators
of chosen multimodal language and to realize its for-
mulae over states captured by appropriate coalgebra
of the semipolynomial endofunctor.

• We analyzed some possibilities related to applica-
tion of modal and coalgebraic modalities and illus-
trated it in the example of IDS mentioned above.
Esspecialy for modalities of multimodal language of
linear logic, we attempted to formulate its seman-
tics in terms of Kripke approach based on category
of possible worlds.

6. Conclusions
During our research we have achieved several interesting
results in the area of construction and behaviour of pro-
gram system that open some directions of our research.
We would like to investigate structures of structures using
extended fusion. We would like to extend the construction
of polynomial endofunctors by generalization of powersets
to subobjects of toposes. Very interesting area of future
research seems be the investigation of behaviour of large
program systems on the base of linear logic and its se-
mantics in terms of possible worlds. It is an invitation to
introduce time and space into this semantics.
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∗

Department of Computers and Informatics
Faculty of Electrical Engineering and Informatics

Technical University of Košice
Letná 9, 040 01 Košice, Slovakia
Michal.Forgac@tuke.sk

Abstract
This work presents innovative method of dynamic modi-
fication of program and language for purpose of achieve-
ment of new functionality during program run-time. The
work further presents adaptive execution environment,
which allows reaching of modification of language and
program during program execution and presents experi-
mental verification of presented environment. Extensible
programming language allows user to define new language
constructs. This constructs can include new notations
and operations, new or modified control structures or even
new elements from different programming paradigms. If
there is a need for modification of a system during its run-
time, and there is also another requirement for extension
of used programming language, in which the running sys-
tem is programmed (for example requirement for addition
of new domain-specific constructions), designed execution
environment is one from possible solutions, through which
there is possibility to realise this task.
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1. Introduction
Modification of complex software systems after their de-
livery means difficult process. The most often reasons for
such modification are on the one hand detected faults,
which have to be fixed or on the other hand requirements
for new functionality, which systems have to include (e.g.
replacement of a system from one computational environ-
ment into the new one). Such modifications require ad-
ditional costs. Even implementation of required changes
takes in some cases longer than implementation of the
first operational software version. Thus there is signifi-
cant demand for reaching optimal methods in order to
achieve effective modification of software systems.

Besides individual programs are important also program-
ming languages, in which these programs are written. The
same importance have also tools, which are related to pro-
gramming and programming languages. Some projects
will not fail due to the faults in programs, but due to
the problems with programming languages. In this ap-
proach an implementation of language (e.g. compilers,
interpreters, and other tools related to programming lan-
guages) is metalevel of a program.

If there is a requirement for modification of a system dur-
ing its execution and there is also another requirement
for extension of used programming language, in which
this system is implemented (e.g. addition of new domain-
specific constructs), it is possible to realise this change
through experimental execution environment designed in
this work.

2. Overview of the State of the Art
Programming language is possible to define as a system of
notations for computation description in the form read-
able by machine and human [23] or as a means, in which
programmer defines problems for computer [14]. Pro-
gramming languages are not static entities, they are chang-
ing and are undergoing evolution change. For example,
new elements can be added for more appropriate expres-
sion of a problem through a given language in designed
program. Elements which are no more used can be re-
moved. Language extension ability allows its adaptation
on new application domains.

Under software evolution it is possible to understand all
programming activities, which are used for creation of
newer version of software system from its older opera-
tional version [20]. There are two main reasons for re-
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alisation of evolution of software systems [19]: the first
reason is requirement or groups of requirements which re-
quire new functionality, the second reason represents need
for removal of problems, which occurred during applica-
tion use. In some publications, e.g. in [21] or in [24] is the
term software evolution used in contrary to the term soft-
ware maintenance, because maintenance suggests, that
software is getting worse, but this is not problem of evo-
lution. Thus also in this work the term evolution has
meaning in the sense of requirements realization for new
functionality and not removal of problems, which occured
during using of software.

Software evolution can be divided into some categories
according to the appropriate criteria. According to the
time of performing of changes it is possible to discern
two types of software evolution [25], namely static and
dynamic software evolution. Static evolution consists of
modification of code or modification of execution envi-
ronment, while the execution of application is stopped,
whereas dynamic software evolution consists of modifica-
tion of code or execution environment of application dur-
ing its execution and thus without application interrupt-
ing (or without interrupting, which could have influence
on application functionality). Evolution is possible to di-
vide also according to the assumption of possible changes
to anticipated and unanticipated evolution [12, 13, 25].
Anticipated evolution is possible to predict in advance,
whereas on unanticipated evolution it is not possible to
prepare during design of a software system.

Metaprogramming is about writing programs that repre-
sent and manipulate other programs or themselves, i.e.
metaprograms are programs about programs [4]. The im-
pact of metaprogramming is obvious in traditional devel-
opment processes, by sorting existing programs as trans-
formational processes with inputs and outputs. An ex-
ample of metaprogram is e.g. compiler, interpreter or
metainterpreter – it is an interpreter, which inputs are at
least two programs. An important aspect is time charac-
teristic, because in the case of metaintepreters individual
programs can be loaded and processed at any time. Typ-
ical example is an interpreter, which supports dynamic
modification of programs. New input programs in the
form of source code can change behaviour of interpreted
functionality.

Reflection [11, 27, 28] is an entity’s integral ability to
represent, operate on and otherwise deal with itself in
the same way that it represents, operates on, and deals
with its primary subject matter [16]. A metalevel provides
information about selected system and makes the software
self-aware. A base level includes the application logic.

Program P can be viewed as a sequence of statements
that are aimed to produce some result R. This result R
is obtained through the execution of the program P. The
execution is done by a platform that interprets the pro-
gram’s sequence of statements. The result R of a com-
putation depends on both a program P and an inter-
preter I. Interpreter may be any virtual machine or in
general even CPU. Different result may be obtained by
changing at least one element from the couple 〈P,I〉 [1].
This work focuses on program modification in the sense of
dynamic software evolution. Under interpreter transfor-
mation it is possible to understand augmented transfor-
mation of components of execution mechanism [16]. Ac-

Figure 1: Modification of both elements from the
couple 〈P,E〉

cording to this approach is execution synonym of trans-
formation in general, such as a translation of code, type
checking, code generation, loading, interpretation, model-
ing and algebraic specification. Also in this work is under
interpreter transformation considered augmented trans-
formation of components of execution mechanism, where
is under this transformation understood modification of
component for program translation (lexical and syntactic
analysis) and modification of component for program in-
terpretation (modification of semantic actions). For high-
lighting of augmented transformation of execution envi-
ronment components there will be in the next part of this
work instead of interpreter I mentioned the execution en-
vironment E, thus instead of the couple 〈P,I〉 there will
be couple 〈P,E〉 (Fig. 1).

Our modification approach is based on the transformation
of both elements from listed couple. This case allows mo-
dification of the second element E from the couple 〈P,E〉
and consecutively change the first element P from pre-
sented couple, it means from 〈P0,E0〉 to 〈P0,E1〉 and then
to 〈P1,E1〉. This modification sequence depends on spe-
cific requirements, thus it may be different. Our objec-
tive is achieved through designed experimental run-time
environment (presented e.g. in [8]). Designed solution
supports partially unanticipated evolution.

3. Thesis Objectives
This thesis deals with dynamic mechanisms, which allow
modification of programs and programming languages.
The main thesis objectives are as follows:

• Proposal of model of combined dynamic modifica-
tion of program and language.

• Proposal of new method for combined dynamic mo-
dification of program and language according to the
proposed model.

• Experimental verification of implemented prototype
in the form of experimental execution environment
through extensible programming language and pro-
gram.

Implemented prototype is created according to the sug-
gested method, it means, that through verification of pro-
totype will be verified also proposed method.

4. Used Methods and Approaches
This work is connected to the published results in the
frame of research of adaptive languages and software sys-
tems at the Department of computers and informatics,
Technical University in Košice. It is focused on the area
of design of new construction and adaptation of languages
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and software systems, in which it is possible to modify
their meaning and behaviour during execution.

This work is based on the results of research, which was
performed gradually in the three phases. The first phase
was research in the area of aspect-oriented programming
with focus on verification of dynamic mechanisms of pro-
gram composition, important publications of this phase
were [5, 7, 29].

From dynamic modification of program moves the re-
search to dynamic modification of languages with verifi-
cation of mechanisms of metaprogramming and reflection.
Important publications in this phase were [15, 17, 18, 19,
16].

The last phase of our research was step from single dy-
namic modification of language and program toward com-
bined dynamic modification of language and program.
Partial results were presented in publications [6, 8, 9, 10].

Before design of model and method for combined dy-
namic modification of program and language was per-
formed analysis of possibilities of dynamic modification
of programs and languages with verification of mecha-
nisms of dynamic aspect-oriented programming, metapro-
gramming, and reflection. Based on recognized knowl-
edge was designed combined model and on this model was
based method for dynamic modification of program and
language. Consecutively was designed and implemented
adaptive execution environment, which allows modifica-
tion of a program and a language. This environment was
experimentally verified and through its verification was
verified also method for combined dynamic modification
of programs and languages itself.

5. Model and Method of Combined Dynamic
Modification of Programs and Languages

In this work was designed model of combined dynamic
modification of program and language (Fig. 2). Proposed
model consists of the following inputs:

• initial specification of language and another modi-
fied versions of this specification,

• initial program and its modified versions,

• input data inserted interactively or loaded from ex-
ternal source (e.g. from a file).

Outputs of execution environment are:

• result of computation in a given time (displayed e.g.
in the execution environment console window)

• another auxiliary output data (for reaching of re-
quired computation).

If the program Pti is modified to the new version Pti+1

through addition (operator ∪) of new code Pnti+1 and
removal (operator –) of useless code Poti, then the new
version of program Pti+1 will be:

Pti+1 = ( Pti − Poti ) ∪ Pnti+1 .

Figure 2: Model of combined dynamic modifica-
tion of program and language

If the specification of the language Ltj is modified to the
new version Ltj+1 through addition (operator ∪) of new
elements Lntj+1 and removal (operator –) of not required
elements Lotj , then the new language version will be:

Ltj+1 = ( Ltj − Lotj ) ∪ Lntj+1 .

The execution environment Etj will be transformed into
the new version Etj+1 according to the transformation
rules, which will be result from modification of used lan-
guage specification.

Proposed method is based on the statement, that any
execution environment on the metalevel 2, which allows
modification of program during its execution is a metasys-
tem of execution environment on the metalevel 1, which
allows modification of a language for the program, which
is in the environment on the metalevel 1 interpreted (Fig.
3).

Figure 3: Principle of proposed method

The method for combined modification of programs and
languages allows:

• dynamic modification of a program,

• dynamic modification of semantics actions indepen-
dently from program modification,

• dynamic modification of lexical and syntactic spec-
ification of language and semantic actions and con-
secutive dynamic modification of program,

• dynamic modification of lexical and syntactic speci-
fication of language and consecutive modification of
program without modification of semantic actions.
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Listed possibilities can be combined properly. Objective
of this method is reaching of modification of interpreted
functionality through properly implemented programmed
solution.

6. Experimental Execution Environment
Designed experimental execution environment, based on
the proposed method, allows all types of modification pre-
sented in this work. This adaptive execution environment
is implemented in object-oriented programming language
Java with utilization of Javassist [2], which is class library
for editing bytecodes in Java. Another utilised mecha-
nism is HotSwap mechanism [3], which allows dynamic
reloading of required class file to update the class defini-
tion. Lexical and syntactic analysis is performed by pro-
gram, generated through ANTLR parser generator [26],
into which we input individual versions of our language
grammar and we will have generated program transla-
tor from input program (in the concrete syntax form) to
abstract syntax form. This abstract form is represented
through textual abstract syntax tree (AST) in the form
related to S-expressions [22].

Under language modification it is possible to understand
modification of its syntax in the form of modification (or
addition) of language grammar and modification of its
semantics in the form of modification (or addition) of se-
mantic actions. Under program we mean at first textual
representation of program itself in the form of concrete
syntax and then textual representation of its abstract syn-
tax tree in the form related to the symbolic expressions
known from e.g. LISP programming language.

7. Adaptive Experiment
This adaptive experiment demonstrates possibility and
usability of our adaptive approach.

7.1 Initial Language and Program
For simplicity, the grammar presented in this section is
not in the ANTLR grammar specification form but it is
depicted in more readable Extended Backus-Naur Form
(EBNF) with the same meaning for expression of concrete
syntax. The abstract syntax form is expressed through
expression ∧(parent{descendant}), where sign ∧ means,
that in the parentheses there is tree specification - on the
first place there is a lexical element and on the another
places there is optionally several subtrees.

The initial demonstrative language has concrete and ab-
stract syntax form as follows:

Program -> {Modify}
=> ^(PROGRAM {Modify})

Modify -> ’%’ Statement ’%’ | ’@’ Statement ’@’ Statement|
Statement

=> ^(INSERT Statement)|
^(CHANGE Statement Statement)|Statement

Statement -> Declaration|Block|Assignment|WhileStatement|
IfStatement|PrintStatement|SleepStatement|Nl

=> Declaration|Block|Assignment|WhileStatement|
IfStatement|PrintStatement|SleepStatement|
Nothing

Declaration -> "int" Id

=> ^(INTTYPE ^(VARNAME Id))

Assignment -> Id "=" expr

=> ^(ASSIGNMENT ^(VARNAME Id) Expr)

WhileStatement -> "while" "("Condition")"Block
=> ^(WHILE ^(CONDITION Condition) Block)

Condition -> Atom "<" Atom | Atom "==" Atom|
Atom ">" Atom

=> ^(SMALLER Atom Atom) | ^(EQUAL Atom Atom)|
^(BIGGER Atom Atom)

PrintStatement -> "print" Expr
=> ^(PRINT Expr)

SleepStatement -> "sleep" Int
=> ^(SLEEP ^(INTITEM Int))

Expr -> Atom {("+" | "-") Atom}
=> Atom | ^(ADD {Expr} Atom) |

^(SUBTRACT {Expr} Atom)

Atom -> Int|Id
=> ^(INTITEM Int) | ^(VARVAL Id)

Nl -> ("\n")

Semantics of proposed language is described through Java
programming language, every lexical element has belong-
ing semantic Java class file. Lexical elements are depicted
in previous language representation through upper letters.

This language offers several types of language constructs
known from e.g. programming language C, such as inte-
ger variables, while loops, work with arithmetic expres-
sions and so on. The sleep statement offers possibility
for program interruption (time is expressed in seconds)
and consecutive continuation. Initial language contains
statements for program addition and modification.

The initial computer program may be as follows:

int a
a = 0
while(a<1000){
a = a+1
print a
sleep 1
}

This program increments value of the variable a, prints
its value, sleeps for one second and continues in the next
loops while the condition holds.

Internal AST representation of this program in bracket
form is as follows:

(PROGRAM
(INTTYPE (VARNAME a))
(ASSIGNMENT (VARNAME a) (INTITEM 0))
(WHILE
(CONDITION
(SMALLER (VARVAL a) (INTITEM 1000))

)
(BLOCK
(ASSIGNMENT (VARNAME a) (ADD (VARVAL a) (INTITEM 1)))
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(PRINT (VARVAL a))
(SLEEP (INTITEM 1))
)
)
)

This AST form is translated into the object form with
references between individual objects, for example:

(ASSIGNMENT (VARNAME a) (ADD (VARVAL a) (INTITEM 1)))

can be processed into the following object form with ref-
erences on individual objects (the source is depicted in
Java programming language and names of objects are in
fact different):

Leaf l1 = new Leaf("a");
Tree t1 = new Tree("VARVAL",l1);
Leaf l2 = new Leaf("1");
Tree t2 = new Tree("INTITEM",l2);
Tree t12 = new Tree("ADD",t1,t2);
Leaf l3 = new Leaf("a");
Tree t3 = new Tree("VARNAME",l3);
Tree t4 = new Tree("ASSIGNMENT",t3,t12);

Execution environment processes this object form accord-
ing to the token in every object representation. Every
token defines operation, which must be performed by ex-
ecution environment on given objects.

Execution environment offers possibility for observation
of program representation in AST form and also belong-
ing semantic actions. This functionality is depicted in
the Fig. 4 where it is possible to see semantic action for
ADD statement. Every operation implements common
interface which dictates presence of execute method.

Figure 4: Abstract syntax tree window

7.2 Modification of Language and Program
Proposed environment (or rather language specification)
does not support multiplication by now and we need this
functionality, because we want to add multiplication into
modified program.

The rule Expr will be changed into the new form and
the rule MulExpr will be added (modification of language
specification must be backward compatible):

Expr -> MulExpr {("+" | "-") MulExpr}
=> MulExpr | ^(ADD {Expr} MulExpr) |

^(SUBTRACT {Expr} MulExpr)

MulExpr -> Atom {("*") Atom}
=> Atom | ^(MULTIPLY {MulExpr} Atom)

Execution environment supports run-time modification.
The handle for multiplication must be inserted before
program modification through new Java class, which is
loaded during execution-environment run-time. From our
approach is evident, that individual language elements are
represented modularly.

We have added semantic action and now we can modify
program during run-time into the new form. Special pair
operator @ old statement @ new statement for modifica-
tion of the program will be used (under new statement
we could see also block of statements, because block is
statement too). The source code may be as follows:

int a
a=0
while(a<1000){
@a=a+1@a=a*2
print a
sleep 1
}

This program multiplies value of the variable a by the
number two in every transition of the while loop. In-
ternal AST representation for modified statement will be
changed into the new form:

(ASSIGNMENT (VARNAME a)(MULTIPLY (VARVAL a)(INTITEM 2)))

Object representation of this statement will be changed
into the new one:

Tree t5 = new Tree("VARVAL",a);
Tree t6 = new Tree("INTITEM",2);
Tree t56 = new Tree("MULTIPLY",t5,t6);
//t3 without change
//t4 exists yet, but must be modified
t4.changeTree("ASSIGNMENT",t3,t56);

If we want to insert new statement into the running pro-
gram, we can use pair operator % new statement %. For
example if we want to insert another sleep statement into
the while loop, we insert statement

%sleep 1%
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which will be changed into its internal AST form, then
into the new object form, and object form of block code
inside the while loop will be modified (object of new state-
ment will be inserted into object, which represents while
block).

Run-time modification will be ensured, because only re-
quired objects will be modified and references between
other objects will stay preserved. Program is modified
during its run-time and consists of new language element
with relevant semantics.

8. Conclusions
This thesis presented new approach for modification of
interpreted functionality through combined language and
program modification. This solution can be further ex-
tended. It is possible to extend the set of languages that
can be added during program execution. This adaptive
execution environment is open for various languages (not
only for general-purpose programming languages, but also
for domain-specific languages), because it is possible to
use various language specifications. This approach could
be utilised in some specific application domains. For ex-
ample we could have a control program for an industrial
machine and there would be a need for optimisation of
its manufacture process during its run-time without de-
vice stopping and such optimisation would require new
language elements with appropriate semantics.

An interesting idea is to generate an initial programming
language according to a specific application domain and
then extend such language according to new requirements.
Another interesting area of research could be increasing
the level of automation in such way that the execution
environment could decide according to some rules about
loading new language specifications and then modify re-
quired program during its execution.
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pages 95–97, 2008.

[11] R. Hirschfeld and R. Lämmel. Reflective designs. IEE Journal on
Software, Special Issue on Reusable Software Libraries,
152(1):38–51, 2005.

[12] J. Keeney. Completely Unanticipated Dynamic Adaptation of
Software. PhD thesis, University of Dublin, 2005.

[13] G. E. Kniesel and R. E. Filman. Unanticipated software evolution:
Issue overviews. Journal of Software Maintenance and Evolution:
Research and Practice, 17(5):307–308, 2005.

[14] J. Kollár. Design and Implementation of Programming Languages
(in Slovak). Elfa, 2002.
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Software evolution from a meta-level compiler perspective.
SCIENCE & MILITARY, 2(2):29–32, 2007.

[20] M. Lehman and J. Ramil. Towards a theory of software evolution
- and its practical impact (working paper). In Invited Talk,
Proceedings Intl. Symposium on Principles of Softw. Evolution,
ISPSE 2000, 1-2 Nov, pages 2–11. Press, 2000.

[21] M. M. Lehman. Laws of software evolution revisited. In EWSPT
’96: Proceedings of the 5th European Workshop on Software
Process Technology, pages 108–124, London, UK, 1996.
Springer-Verlag.

[22] A. M. Leitao. From lisp s-expressions to java source code.
COMSiS - Computer Science and Information Systems,
5(2):19–38, 2008.

[23] K. C. Louden. Programming Languages, Principles and Practice.
Course Technology, 2nd edition, 2002.

[24] T. Mens. Introduction and roadmap: History and challenges of
software evolution. In T. Mens and S. Demeyer, editors, Software
Evolution, pages 1–11. Springer, 2008.

[25] M. Oriol. An Approach to the Dynamic Evolution of Software
Systems. PhD thesis, University of Geneva, Geneva, Switzerland,
2004.

[26] T. Parr. The Definitive ANTLR Reference: Building
Domain-Specific Languages. Pragmatic Bookshelf, 2007.

[27] F. Rideau. Metaprogramming and free availability of sources, two
challenges for computing today, 1999. CNET DTL/ASR.

[28] F. Rivard. Smalltalk: a reflective language. In Proceedings of
REFLECTION ’96, pages 21–38, 1996.
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Abstract
In this article, an approach to modelling of component-
based systems and formal description of their behaviour is
proposed. It is based on a novel component model defined
by a metamodel in a logical view and by description in
the π-calculus in a process view. The model addresses
dynamic aspects of software architectures including com-
ponent mobility. Furthermore, a method of behavioural
modelling of service-oriented architectures is proposed to
pass smoothly from service to component level and to de-
scribe behaviour of a whole system as a single π-calculus
process. The support of dynamic architecture and the
integration with service-oriented architecture compromise
the main advantages of the approach.

Categories and Subject Descriptors
D.2.11 [Software Architectures]: Languages; H.3.4
[Systems and Software]: Distributed systems; D.2.4
[Software/Program Verification]: Formal methods

Keywords
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1. Introduction
Globalisation of information society and its progression
create needs for extensive and reliable information tech-
nology solutions. Several new requirements on informa-
tion systems have emerged and significantly affected soft-
ware architectures of these systems. The current informa-
tion systems can not be realised as monoliths, but tend
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to be distributed into networks of quite autonomous, but
cooperative, components communicating asynchronously
via messages of appropriate formats. Loose binding be-
tween those components allows to establish and destroy
their interconnections dynamically at runtime, on de-
mand, and according to various aspects (e.g. quality of
services provided or required by the components); to clone
the components and to move them into different contexts
(known as “component mobility”); to create, destroy and
update the components dynamically at runtime; etc.

The dynamic aspects of software architectures and the
component mobility bring new problems in the domain of
software engineering, as it is described in Sec. 3.1. The
component-based systems (CBSs) are getting involved,
and a formal specification of evolution of their architec-
tures is necessary, particularly in critical applications.
The current problems and the state of the art, which is
summarised in Sec. 2, provide us with adequate motiva-
tion and form objectives of the research in Sec. 3.2.

To provide a method for modelling of CBSs and formal
description of their behaviour, we propose an approach
that is based on a novel component model defined by a
metamodel in a logical view in Sec. 4.2 and by descrip-
tion in the π-calculus in a process view in Sec. 4.3. We
show that the component model addresses the dynamic
aspects of software architectures including the component
mobility. Furthermore, in Sec. 4.4, we propose a method
of behavioural modelling of service-oriented architectures
(SOAs) to pass smoothly from service level to component
level and to describe behaviour of a whole system, services
and components, as a single π-calculus process.

2. State of the Art
This section deals with software architecture and
component-based development. It describes the state of
the art of component models and architecture description
languages for dynamic and mobile architectures.

2.1 Software Architecture and Component-Based
Development

The software architecture as “the fundamental organ-
isation of a system, embodied in its components, their
relationships to each other and the environment, and the
principles governing its design and evolution” [15] can
be described using logical (structural) and process (be-
havioural) view [16]. The first describes logical structure
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of the system, while the second describes concurrency and
synchronisation aspects of the system, e.g. behaviour of
components, evolution of the architecture in time, etc.

We can distinguish three types of software architectures
according to their evolution in dependence on changes
of their environment [27]: static architecture, dynamic
architecture, and mobile (fully dynamic) architecture. In
the static architecture, after initialisation of a system, new
connections between the system’s components can not be
created and existing connections can not be destroyed.
In the dynamic architecture, there exist rules of evolution
of a software system in time (also called a “dynamics”),
i.e. its components and connections are created and de-
stroyed during the system’s runtime according to the rules
from its design-time. Finally, the mobile architecture is
a dynamic architecture of a system where components
can change their context in the system’s logical structure
during its execution (i.e.“component mobility”) according
to rules from its design-time and functional requirements.

The component-based development (CBD, see [34])
is a software development methodology strongly oriented
to composability and re-usability in a software system’s
architecture. In the CBD, from a structural point of view,
a system is composed of components, self-contained enti-
ties accessible through well-defined interfaces. A connec-
tion of compatible interfaces of cooperating components is
realised via their bindings (connectors). Actual organisa-
tion of interconnected components is called configuration.

A static architecture has only one way how to connect
components and connectors into a resulting system, i.e.
there is only one configuration. Dynamic and mobile ar-
chitectures enable software systems to change their archi-
tectures during their runtimes. It means runtime modifi-
cations of the configuration, i.e. reconfiguration. Descrip-
tion of the reconfiguration [27] includes description of spe-
cific actions, which are consumed and produced by a sys-
tem (inputs, outputs, and internal actions); relationships
between the actions, how the input actions are processed
by the system; and changes of an architecture according
to the actions, i.e. processes of creation and destruction
of its components, connectors and reconfiguration.

In CBD, components can be primitive or composite. The
primitive components are realised directly, beyond the
scope of architecture description. The composite compo-
nents are decomposable into systems of subcomponents
at the lower level of architecture description. This com-
position forms a component hierarchy.

2.2 Component Models and Architecture
Description Languages

Component models are specific metamodels of software
architectures supporting the CBD. The component mod-
els should define syntax, semantics, and composition of
components [17]. They are systems of rules for compo-
nents, connectors, configurations, rules for changes ac-
cording to the dynamic architecture (rules for reconfigu-
rations), etc. Several component models has been pro-
posed [18] including the models. Those models differ par-
ticularly in definitions of connectors (explicit or implicit
definitions) and implementation of advanced features of
dynamic or mobile architectures. In this section, we focus
on component models with formal bases.

Component model Wright [1] uses the process calculus of
Communicating Sequential Processes (CSP). The compo-
nent model defines a component as a structure composed
of two parts, an interface and a “component-spec”. The
interface consists of a finite number of required and pro-
vided ports and corresponding CSP processes for specific
input and output events, respectively. The component-
spec defines interactions between the ports as a composi-
tion of their CSP processes. Interactions of components
are defined by connectors and described by specific CSP
processes. Finally, a configuration describes actual bind-
ings of the components and the connectors. Limitations of
Wright are given by the used formalism (the descriptions
in CSP support only systems with static architectures).

Component model Darwin [19, 12] allows distributed sys-
tems to be hierarchically composed of sets of component
instances and their interconnections at each level of the
hierarchy. Each component is defined by its required and
provided services (interfaces), which allow it to interact
with other components. Composite components are de-
fined by declaring instances of internal components and
“required-provided” bindings between those components.
Services of the internal components that cannot be sat-
isfied can be declared as visible at a higher level of the
hierarchy, as the services of the composite components.
Darwin [19] allows to describe behaviour of components
in the calculus of mobile processes (the π-calculus). It
supports a subset of dynamic architectures, which permits
dynamic instantiation of new components at runtime, but
does not allow specification of dynamic bindings or com-
ponent removal. Later, Tracta approach [12] allows to
describe behaviour of components as Labelled Transition
Systems (LTSs) with an algebra of Finite State Processes
(FSP) as a specification language.

In component model SOFA [29], a part of SOFA project
(SOFtware Appliances), a software system is described
as a hierarchical composition of primitive and composite
components. A component is an instance of a template,
which is described by its frame and architecture. The
frame is a“black-box”specification view of the component
defining its provided and required interfaces. A primitive
component has a primitive architecture and it is directly
implemented by a software system. The architecture of
a composite component is a “grey-box” implementation
view, which describes its direct subcomponents and their
interconnections via interfaces: binding of required to
provided interfaces, delegating of a component’s provided
interfaces to provided interfaces of the component’s sub-
component, subsuming of required interfaces of a compo-
nent’s subcomponent to the component’s required inter-
faces, and exempting of subcomponent’s interfaces from
any connection. SOFA uses a Component Definition Lan-
guage (CDL, [22]), which extends features of OMG IDL
to allow specification of software components. Behaviour
of a component (its interface, frame, and architecture) is
formally described by means of behaviour protocols [37].
The protocols support static architecture, but allow to de-
scribe dynamic update of an architecture of a component
during a system’s runtime.

Component model SOFA 2.0 [8], as a new version of com-
ponent model SOFA, aims at removing several limita-
tions of the original version, mainly the lack of support
of dynamic reconfigurations, well-structured and exten-
sible control parts of components, and multiple styles of
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communication between components. It permits dynamic
reconfigurations predefined at design-time by reconfigura-
tion patterns: nested factory, component removal, and
utility interface. The utility interfaces can be freely
passed among components and bound independently of
their components’ levels in architecture hierarchy (then,
SOA becomes a specific case of a component model where
all components (services) are interconnected solely via
their utility interfaces).

Component model Fractal [6, 7] forms a component out
of two parts: a controller and a content. The content of
a composite component is composed of a finite number of
nested components. Those subcomponents are controlled
by the controller of the enclosing component, which acts
as a composition operator. A component can interact
with its environment through operations at external in-
terfaces of the component’s controller, while internal in-
terfaces are accessible only from the component’s sub-
components. A functional interface requires or provides
functionalities of a component, while a control interface
is a server interface, which provides operations for intro-
spection of the component and to control the component’s
configuration, namely attribute, binding, content, and
life-cycle control. Operations on functional interface can
not fire control operations. Behaviour of Fractal compo-
nents can be formally described by means of parametrised
networks of communicating automata language [5]. Be-
haviour of each primitive component is modelled as a fi-
nite state parametrised labelled transition system (pLTS),
while behaviour of a composite component is defined using
a parametrised synchronisation network (pNet): a set of
global parametrised actions and a transducer, which is a
synchronisation product of the subcomponents’ pLTSs.
Changes of the transducer’s state represent possible re-
configurations of the composite component’s architecture.

Architecture description languages (ADLs, see [35])
are languages for describing software systems’ architec-
tures, which focus on high-level structures of overall appli-
cations rather than implementation details of any specific
source modules. The ADLs can be parts of component
models, where they are used for description of a software
system’s logical structure (the logical view, see Sec. 2.1).
Several ADLs have been proposed [21]: for modelling
of software architectures within a particular domain, as
general-purpose architecture modelling languages, with
and without component models and formal bases, etc. In
the rest of this section, we aim at the ADLs that do not
depend directly on component models.

Language ACME [11] has been developed in order estab-
lish a common basis for the ADLs and to enable inte-
gration of their support tools. It defines components and
connectors, systems (as configurations of components and
connectors), ports (as interfaces of a component), roles
(of interfaces of a connector, which they act in commu-
nication), representations (hierarchical decompositions of
components and connectors), and rep-maps (mappings
between a composite component’s or connector’s internal
architecture and its external interface). Other aspects of
architectural description can be represented with prop-
erty lists. The ACME does not provide any certain se-
mantic model. The property lists, structural constraints,
etc. must be described in terms of other ADLs’ semantic
model. Therefore, the ACME itself is not suitable for de-
scription of a system’s software architecture and should be

used only in association with other ADL (where ACME
acts as the ADL’s exchange language).

Unified Modelling Language (UML, see [26]) provides
three possible strategies for modelling of software archi-
tectures [20]: to use UML “as is”, to constrain its meta-
model using UML’s built-in extension mechanisms, and
to extend the metamodel by new architectural concepts.
Each approach has potential advantages and disadvan-
tages (e.g. limited semantics of standard UML or incom-
patiblity of the extensions with UML-compliant tools).
The UML 2 has introduced description of hierarchical
architecture of CBSs [3] by means of structured classes,
i.e. the classes that allow nesting of other classes. Its
specification [26] states that “a component represents a
modular part of a system that encapsulates its contents
and whose manifestation is replaceable within its envi-
ronment”. The components are drawn as specific classes
stereotyped «component» interconnected by means of “as-
sembly connectors” binding their interfaces in a “lollipop”
style notation. Moreover, the components can be used to
represent many different entities, which are distinguished
by several stereotypes.

ArchWare ADL (see [4]) provides a core (runtime) struc-
ture and behaviour constructs to describe dynamic soft-
ware architectures. It is a formal specification language
designed to be executable (by a virtual machine) and to
support automated verification. The ArchWare ADL is
founded on three formal models: π-ADL [27] that con-
tains the core structure and behaviour constructs with
the higher-order typed π-calculus as a formal basis; σπ-
ADL [4] that contains style constructs for defining a base
component-connector style and other derived styles; and
µπ-AAL that is extension of the modal µ-calculus for
description of behavioural and structural properties of
communicating and mobile architectural elements. The
behaviour constructs from the base language copy the π-
calculus constructs.

3. Motivation
This section aims at clarifying the motivation of the re-
search. A problem is stated in terms of the state of the art
from Sec. 2 and objectives of the research are established.
The detailed description of the research objectives can be
found in the author’s dissertation [31].

3.1 Statement of the Problem
The current component models and ADLs have many
shortcomings in support of mobile architectures, incor-
poration of component-based design into SOA and into
software development processes in general. Their formal
bases or models usually do not consider component mo-
bility (e.g. pNets in Fractal [5], behaviour protocols in
SOFA [37], and reconfiguration patterns in SOFA 2.0
[14]), prefer strict isolation of functional parts of com-
ponents from their controllers (functional operations can
not fire control operations; e.g. restrictions of pNets in
a formal description of Fractal components [5]), do not
support description of SOAs where individual services
can be implemented as underlying CBSs (e.g. in Fractal
component model [7] or in the ArchWare project [4]), etc.

Moreover, the component models do not describe re-
lated methods of CBD and their incorporation into well-
established software development processes of standard
software systems [13]. Modelling of the CBSs during
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the development processes brings many issues (e.g. as a
consequence of different conceptions of components in the
component models [17], in component diagrams of UML
[26] or software component architectures [28]).

3.2 Objectives of the Research
The statement of the problems of current component
models and corresponding ADLs provides us with ade-
quate motivation. A general objective of the research is to
design a component model for mobile architectures. The
model has to provide suitable formal basis and should be
applicable to modelling of CBSs as well as SOAs.

Specific objectives of the research that fulfil the general ob-
jective include: the development of the component model
and its formal basis supporting features of mobile archi-
tectures and addressing the current issues of CBD; inte-
gration of functional operations and relevant behaviour
of components with control operations enabling dynamic
reconfiguration; a method of application of the compo-
nent model in SOAs with mapping rules between services
and CBSs described by means of the component model;
description of a supporting environment that allows inte-
gration of the component model and utilisation of its for-
mal basis into software development processes; and finally,
demonstration of an application of the proposed approach
on a case study and evaluation of its effectiveness and
robustness over the existing conventional approaches.

4. Methods of Realisation
In order to reach the stated objectives, we propose a
high-level component model addressing the current issues
of CBD. It allows dynamic reconfiguration, component
mobility, and combination of control and business logic
of components. Behavioural description of individual
components and their mutual communication in CBSs is
based on the π-calculus.

The component model can be presented in two views:
logical (structural) view and process (behavioural) view.
At first, we introduce the component model’s metamodel,
which describes basic entities of the component model and
their relations. The second view, is focused on behaviour
of the component model’s entities, especially on compo-
nent mobility. Finally, we describe behaviour of services
in SOAs and their underlying implementations as CBSs.

4.1 Formal Base
To describe behaviour of components in CBSs and ser-
vices in SOAs in formal way, we use the π-calculus, known
also as a calculus of mobile processes [23]. It allows mod-
elling of systems with dynamic communication structures
(i.e. mobile processes) by means of two concepts: pro-
cesses and names. The processes are active communicat-
ing entities, primitive or expressed in π-calculus, while the
names are anything else, e.g. communication links (known
as “ports”), variables, constants, etc. Processes use names
(as communication links) to interact, and they pass names
(as variables, constants, and communication links) to an-
other processes by mentioning them in the interactions.
Names received by a process can be used and mentioned
by it in further interactions (e.g. as communication links).
We suppose basic knowledge of the fundamentals of the
π-calculus, a theory of mobile processes, according to [33]:

• x〈y〉.P is an output prefix that can send name y
via name x (i.e. via the communication link x) and
continue as process P ;

• x(z).P is an input prefix that can receive any name
via name x and continue as process P with the
received name substituted for every free occurrence
of name z in the process;

• P + P ′ is a sum of capabilities of P together with
capabilities of P ′ processes, it proceeds as either
process P or process P ′, i.e. when a sum exercises
one of its capabilities, the others are rendered void;

• P | P ′ is a composition of processes P and P ′,
which can proceed independently and can interact
via shared names;

• ∏m
i=1 Pi = P1 | P2 | . . . | Pm is a multi-composition

of processes P1, . . . , Pm, for m ≥ 3, which can pro-
ceed independently interacting via shared names;

• (z)P is a restriction of the scope of name z in process
P (the scope may change as a result of interaction
between processes);

• (x̃)P = (x1, x2, . . . , xn)P = (x1)(x2) . . . (xn)P is a
multi-restriction of the scope of names x1, . . . , xn to
process P , for n ≥ 2;

• !P is a replication that means an infinite composi-
tion of processes P or, equivalently, a process satis-
fying the equation !P = P | !P .

The π-calculus processes can be parametrised as an ab-
straction, an expression of form (x).P . When abstraction
(x).P is applied to argument y it yields process P {y/x},
i.e. process P with y substituted for every free occurrence
of x. The abstractions can be used in two types of appli-
cation: pseudo-application and constant application.

Pseudo-application F 〈y〉 of abstraction F
def
= (x).P is an

abbreviation of substitution P {y/x}. On the contrary,
the constant application is a real syntactic construct,
which allows to reduce a form of process Kbyc, sometimes
referred as an instance of process constant K, according

to a recursive definition of process constant K
∆
= (x).P .

The result of the reduction yields process P {y/x}.

4.2 Component Model: Logical View
The component model for mobile architectures is de-
scribed as a metamodel in the context of a four-layer
modelling architecture. The metamodel is implemented
in OMG’s Meta Object Facility (MOF, [24]), which is
used as a meta-metamodel. The modelling architecture
comprises the following four layers:

M0 An information layer, which is comprised of the ac-
tual data objects. It contains particular instances
of CBSs, their runtime configurations, specific de-
ployments of their components and connectors, etc.

M1 A model layer, which contains models of the M0
data. The models include structure and behaviour
models that describe different perspectives of CBSs
such as, for example, UML component models.

M2 A metamodel layer provides a language that can be
used to build M1 models. Component models fall in
this layer, as well as models of the UML language.
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M3 A meta-metamodel layer, which is used to define
modelling languages. It holds a model of the in-
formation from M2, e.g. MOF.

In the four-layer modelling architecture, the models in
lower layers use classes from metamodels in upper layers
to create their objects. In the context of CBD, a specific
CBS (layer M0) contains instances of elements from its
model (layer M1). The model contains instances from
a specific component model (a metamodel in layer M2),
which is described by a given meta-metamodel (layer M3).

4.2.1 Metamodel
This section deals with description of the component
model for mobile architectures as a metamodel. The
metamodel is defined in Meta Object Facility version 2.0
(MOF, [24]). MOF is in layer M3 in the four-layer mod-
elling architecture (see Sec. 4.2). It is defined in two
parts: Essential MOF and Complete MOF (EMOF and
CMOF). The EMOF contains packages Basic, Reflec-
tion, Identifiers, and Extension, which form a mini-
mal set of modelling elements to define simple metamod-
els. The CMOF extends EMOF by Constructs package
from UML 2 Core (see [25]). For purposes of this article,
the EMOF is sufficient to describe the component model.

The component model, as a model of layer M2 in the four-
layer modelling architecture, can be described by means
of UML 2 diagrams in two contexts: as an object diagram
of instances of EMOF classes from layer M3 (entities in
layer M2 are instances of classes in layer M3, i.e. it is
described as “a model”) and as a class diagram from layer
M1 (entities in layer M1 are instances of classes in layer
M2, i.e. it is described as “a metamodel”).

For better clearness, the component model will be
described as an UML 2 class diagram from layer
M1. To reuse well-established concepts of MOF,
the component model’s metamodel extends EMOF
classes EMOF::NamedElement, EMOF::TypedElement, and
EMOF::Operation, which are outlined in Fig. 1. A com-
plete definition of the EMOF classes can be found in [24].

Components and Interfaces. Fig. 2 describes the first
part of the component model as an extension of EMOF.
The metamodel defines an abstract component, its re-
alisations as a primitive component and a composite
component, and their interfaces. All classes of the
metamodel inherits (directly or indirectly) from class
EMOF::NamedElement in package Basic of EMOF.

In our approach, a component as an active communicat-
ing entity of a CBS can be described according to two
views: as an abstract component without considering its
internal structure (in a “black-box” view) and as a com-
ponent realisation in the form of a primitive component
or a composite component (in a “grey-box” view). The
abstract component (class Component in the metamodel)
can communicate with neighbouring components via its
interfaces (class Interface). The interfaces can be pro-
vided (class ExternalProvInterface) or required (class
ExternalReqInterface) by the component.

The component realisation can be primitive or composite.
The primitive component realisation (class Primitive-

Component) is implemented directly, beyond the scope

of architecture description. It is a “black-box” with de-
scribed observable behaviour (attribute behaviouralDe-

scription). The composite component realisation (class
CompositeComponent), as a “grey-box”, is decomposable
on a system of subcomponents at the lower level of ar-
chitecture description. Those subcomponents are repre-
sented by abstract components (class Component and rela-
tion “consists of”). Moreover, every composite component
realisation can communicate with its subcomponents via
its provided (class InternalProvInterface) and required
(class InternalReqInterface) internal interfaces (rela-
tions“provides inside”and“requires inside”, respectively).

The specific interfaces have to implement methods
getOwner(), which return their owners, i.e. objects that
act as the abstract components in a case of the abstract
component interfaces or as instances of the composite
component realisations in a case of their internal inter-
faces (see owner roles in the relations in Fig. 2).

Composite Components and Binding. Binding is a con-
nection of required and provided interfaces of the identical
types into a reliable communication link. It is described
in Fig. 3. Interfaces of a component (classes Exter-

nalProvInterface and ExternalReqInterface) can be
provided to and required from its neighbouring compo-
nents, while interfaces of a composite component reali-
sation (classes InternalProvInterface and InternalRe-

qInterface) can be provided to and required from its sub-
components only. Therefore, we distinguish three types
of the binding (the realisations of class Binding):

1. Binding of provided interfaces to required interfaces
in the same composite component realisation is rep-
resented by class BindSiblings. The interfaces have
to be internal interfaces of the composite compo-
nent realisation or external interfaces of subcompo-
nents in the same composite component realisation.
The binding interconnects required interfaces (class
RequiredInterface) via relations “bound from” to
provided interfaces (class ProvidedInterfaces) via
relations “bound to”.

2. Binding of external provided interfaces of a compos-
ite component realisation to its internal required in-
terfaces is represented by class BindInward. The ex-
ternal interfaces are provided to neighbouring com-
ponents of the composite component acting as an
abstract component (relation “imports from” an in-
stance of class ExternalProvInterface), while the
internal interfaces are required from the composite
component’s subcomponents (relation “exports to”
an instance of class ExternalReqInterfaces).

3. Binding of internal provided interfaces of a com-
posite component realisation to its external required
interfaces is represented by class BindOutward. The
internal interfaces are provided to the compos-
ite component’s subcomponents (relation “exports
from”an instance of class InternalProvInterface),
while the external interfaces are required from
neighbouring components of the composite compo-
nent acting as an abstract component (relation “ex-
ports to” an instance of ExternalReqInterfaces).

The bindings (i.e. instances of the realisations of class
Binding) are owned by the composite component realisa-



18 Rychlý, M.: Formal-Based Component Model with Support of Mobile Architecture

+ name : string
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Figure 1: A simplified part of the EMOF [24] with classes that will be extended in the metamodel.
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Figure 2: Abstract component, realisations, and interfaces in the metamodel.

Binding BindOutwardBindInward

+ name : string

NamedElement
(CM::metamodel::EMOF)

TypeOfBinding

ProvidedInterface

RequiredInterface

ExternalProvInterface

ExternalReqInterface

InternalProvInterface

InternalReqInterface

BindSiblings

CompositeComponent

1

0..1

+ provided

10..*

+ provided

1

0..1

+ required

1

0..1

+ required

1

0..1

+ required

*

1

+ binding
+ owner

1

0..1

+ provided

0..1

0..*

+ type
has

imports from

exports to

imports to

exports from

bound from

bound to

contains

Figure 3: Binding and its different realisations between interfaces of a composite component realisation
in the metamodel. Classes CompositeComponent and ...Interface are identical to the classes in Fig. 2.
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tions. Each binding can have a type (class TypeOfBind-

ing), which can describe a communication style (buffered
and unbuffered connection), a type of synchronisation
(blocking and output non-blocking), etc.

Types of the Interfaces. To ensure type compatibility
of interfaces in a binding, each interfaces has a type
(class TypeOfInterface, which is a specialisation of class
EMOF::NamedElement in package Basic of EMOF). Hier-
archy of the types of interfaces is described in Fig. 4.

According to a scope of visibility of the interfaces in a
composite component realisation, we can distinguish pub-
lic, private, and protected interfaces. The public inter-
faces (classes realising PublicIntType) of a component
can be accessed by its neighbouring components (via bind-
ing BindSiblings). If the component is a composite com-
ponent realisation, its external public interfaces can be
also accessed by its subcomponents and its internal public
interfaces can be accessed by its neighbouring components
(i.e. the interfaces can pass the component’s border via
its bindings BindInward and BindOutward). They can be
interconnected by means of all kinds of bindings.

Contrary to the public interfaces, the private interfaces
(classes realising PrivateIntType) are specific types of
interfaces, which can be provided only by a composite
component realisation and only to its subcomponents as
the component’s internal interfaces1. They can be inter-
connected only by means of binding BindSiblings.

Finally, the protected interfaces (classes realising Pro-

tectedIntType) of a component can be accessed by its
neighbouring components as the component’s external
interfaces (if the component is a composite component
realisation, they are not reachable by its subcomponents).
They can be interconnected only via BindSiblings.

According to functionality, we can distinguish the follow-
ing types of interfaces2 (see Fig. 4):

• Public interface Operation, which extends class
EMOF::Operation from package Basic of EMOF
and represents a business oriented service with
typed input and output parameters.

• Protected interface CtrlRefProvInterface pro-
vides references to given provided interface Pro-

videdInterface of type Operation, while protected
interface CtrlBindReqInterface allows to establish
a new binding of specific required interface Re-

quiredInterface of type Operation to a provided
interface of another component formerly referred by
means of CtrlRefProvInterface.

• Protected interfaces CtrlStart and CtrlStop allow
to control behaviour of a component (i.e. to start
and to stop the component, respectively).

• Private interfaces CtrlAttach and CtrlDetach pro-
vided by a composite component realisation allow to

1The private interfaces can be required by the subcompo-
nents as their external interfaces, but they can not pass
borders of the subcomponents (nor any other component).
Here, the subcomponents must be primitive components.
2Type Operation denotes functional interfaces, while the
others denote control interfaces.

attach a new component as a subcomponent of the
composite component realisation (“nesting” of the
component) and detach an old subcomponent from
the composite component realisation, respectively.

• Protected interface CtrlClone provides references of
a fresh copy of a component.

• Protected interface RefToInterface is able to pass
references of provided interfaces ProvidedInter-

face of type Operation, while public interface
RefToComponent allows to pass references of a whole
Component (required for component mobility).

4.3 Component Model: Process View
In this section, the component model is presented in the
process view. Behaviour of individual components and
their mutual communication is described by means of the
π-calculus (see Sec. 4.1).

According to the metamodel from Sec. 4.2.1, each compo-
nent of a CBS can be realised either as a primitive com-
ponent or as a composite component. Since the primitive
component is described as a “black-box”, its behaviour
has to be defined directly by its developer and can be
described as a π-calculus process (a value of attribute
behaviouralDescription in an instance of class Prim-

itiveComponent, see Fig. 2 in Sec. 4.2.1). The π-calculus
process describes processing of names that represent the
component’s provided and required functional interfaces
and names for specific control actions provided by the
component via its control interfaces (e.g. requests to start
or stop the component).

On the contrary to the primitive component, the compos-
ite component is decomposable at a lower level of com-
ponent hierarchy into a system of subcomponents com-
municating via their interfaces and their bindings (i.e. a
CBS; the component is a “grey-box”). Formal description
of the composite component’s behaviour is a π-calculus
process, which is composition of processes representing
behaviour of the component’s subcomponents, processes
implementing bindings between interfaces of the subcom-
ponents (class BindSiblings in the metamodel), bindings
of internal interfaces of the component to its external in-
terfaces (classes BindInward and BindOutward), and pro-
cesses describing specific control actions of the compo-
nent’s control interfaces (e.g. requests to start or stop the
composite component including their distribution to the
component’s subcomponents, etc.).

4.3.1 Notation
Before π-calculus processes describing behaviour of a com-
ponent will be presented, we need to define the compo-
nent’s interfaces within the terms of the π-calculus, i.e.
as names used by the π-calculus processes. In an external
view of a component, i.e. for description of an abstract
component (as a specific instance of class Component), we
will use names s0, s1, c, ps1, . . . , p

s
n, pg1, . . . , p

g
m. In an inter-

nal view of a component, i.e. for description of a composite
component (an instance of class CompositeComponent),
we will use names a, p′s1 , . . . , p

′s
m, p′g1 , . . . , p

′g
n . In both

cases, n and m are numbers of the component’s required
and provided functional interfaces, respectively (i.e. the
component’s external interfaces of type Operation), and
the individual names have the following semantics:
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Figure 4: Types of interfaces with class Operation extending EMOF::Operation in the metamodel. Classes
Interface, ProvidedInterface, RequiredInterface, and Component are identical to the classes in Fig. 2.

via s0 – a running component accepts a request for its
stopping3 (an interface of type CtrlStop),

via s1 – a stopped component accepts a request for its
starting3 (an interface of type CtrlStart),

via c – a component accepts a request for its cloning and
returns a new stopped instance of the component as
a reply (an interface of type CtrlClone),

via psi – a component accepts a request for binding a
specific provided functional interface (included in
the request) to required functional interface ri (an
interface of type CtrlBindReqInterface),

via pgj – a component accepts a request for referencing
provided functional interface pj , which reference is
returned as a reply (an interface of type CtrlRef-

ProvInterface in the metamodel),

via a – a composite component accepts a request for at-
taching its new subcomponent, i.e. for attaching the
subcomponent’s s0 and s1 names (stop and start
interfaces), which can be called when the composite
component will be stopped or started, respectively,
and as a reply, it returns a name accepting requests
to detach the subcomponent (the names represent
interfaces of types CtrlAttach and CtrlDetach).

We should remark that there exists a relationship between
names representing functional interfaces in the external
view and names representing corresponding functional in-
terfaces in the internal view of a composite component.
The composite component interconnects its external func-
tional interfaces r1, . . . , rn (required) and p1, . . . , pm (pro-
vided) accessible via names ps1, . . . , p

s
n and pg1, . . . , p

g
m,

respectively, to internal functional interfaces p′1, . . . , p
′
n

(provided) and r′1, . . . , r
′
m (required) accessible via names

p′g1 , . . . , p
′g
n and p′s1 , . . . , p

′s
m, respectively.

As a result, requests received via external functional pro-
vided interface pj are forwarded to an interface that is
bound to internal functional required interface r′j (and

3In a composite component, the requests are distributed
to all subcomponents of the component.

analogously for interfaces p′i and ri). This ensures binding
of external interfaces of the composite component to its
internal interfaces and vice versa, as it has been described
in the medamodel (see classes BindInward and BindOut-

ward in Fig. 3 in Sec. 4.2.1).

4.3.2 Interface’s References and Binding
At first, we define an auxiliary process Wire4, which can
receive a message via name x (i.e. input) and send it to
name y (i.e. output) repeatedly till the process receives a
message via name d (i.e. disable processing).

Wire
∆
= (x, y, d).(x(m).y〈m〉.Wirebx, y, dc + d)

Binding of components’ functional interfaces is done via
their control interfaces. These control interfaces allow to
get a reference to a component’s functional provided in-
terface (via an interface of type CtrlRefProvInterface in
the metamodel) and use the reference to bind a functional
required interface of another component (via an inter-
face of type CtrlBindReqInterface in the metamodel).
Process CtrlIfs describes processing of requests via the
control interfaces as follows:

SetIf
∆
= (r, s, d).s(p).(d.Wirebr, p, dc | SetIfbr, s, dc)

GetIf
def
= (p, g).g(r).r〈p〉

Plug
def
= (d).d

CtrlIfs
def
= (r1, . . . , rn, ps1, . . . , p

s
n, p1, . . . , pm, p

g
1, . . . , p

g
m).

(
∏n

i=1(r
d
i )(Plug〈rdi 〉 | SetIfbri, psi , rdi c)

| ∏m
j=1!GetIf〈pj , p

g
j 〉)

where names r1, . . . , rn, ps1, . . . , p
s
n, p1, . . . , pm, pg1, . . . , p

g
m

have been defined in Sec. 4.3.1. Let us assume CtrlIfs
shares its names r1, . . . , rn and p1, . . . , pm with a pro-
cess describing a component’s core functionality via its
required and provided interfaces, respectively. Pseudo-
application GetIf〈pj , pgj 〉 enables process CtrlIfs to re-
ceive a name x via pgj and to send pj via name x as a
reply (it provides a reference to an interface represented
by pj). Constant application SetIfbri, psi , rdi c enables

4The process will be used also in the following parts of
Sec. 4.3.
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process CtrlIfs to receive a name x via psi , which will
be connected to ri by means of a new instance of process
Wire (it binds a required interface represented by ri to a
provided interface represented by x). To remove a former
binding of ri, a request is sent via rdi (in case it is the first
binding of ri, i.e. there is no former binding, the request
is accepted by pseudo-application Plug〈rdi 〉).

In a composite component, the names representing ex-
ternal functional interfaces r1, . . . , rn, p1, . . . , pm are con-
nected to the names representing internal functional in-
terfaces p′1, . . . , p

′
n, r′1, . . . , r

′
m. Requests received via ex-

ternal functional provided interface pj are forwarded to
an interface that is bound to internal functional required
interface r′j (and analogously for interfaces p′i and ri).
This behaviour is described in process CtrlEI :

CtrlEI
def
= (r1, . . . , rn, p1, . . . , pm, r

′
1, . . . , r

′
m, p

′
1, . . . , p

′
n).

(

n∏

i=1

(d)Wirebri, p′i, dc |
m∏

j=1

(d)Wirebr′j , pj , dc)

4.3.3 Control of a Component’s Life-cycle
Control of a composite component’s life-cycle5 can be
described as process CtrlSS .

Dist
∆
= (p,m, r).(p〈m〉.Distbp,m, rc + r)

Life
∆
= (sx, sy , px, py).sx(m).(r)(Distbpx,m, rc

| r.Lifebsy , sx, py , pxc)

Attach
def
= (a, p0, p1).a(c0, c1, cd)(d)(cd(m).d〈m〉.d〈m〉

| Wirebp0, c0, dc | Wirebp1, c1, dc)

CtrlSS
def
= (s0, s1, a).(p0, p1)(Lifebs1, s0, p1, p0c

| !Attach〈a, p0, p1〉)

where names s0 and s1 represent the component’s inter-
faces that accept stop and start requests, respectively (i.e.
interfaces of types CtrlStop and StrlStart in the meta-
model), and name a that can be used to attach stop and
start interfaces of the component’s new subcomponent (at
one step, i.e. via an interface of type CtrlAttach).

The requests for stopping and starting the component are
distributed to its subcomponents via names p0 and p1.
Constant application Lifebs1, s0, p1, p0c enables process
CtrlSS to receive message m via s0 or s1. This message
is distributed to the subcomponents by means of constant
application Distbpx,m, rc via shared name px, which can
be p0 in a case the component is running or p1 in a case
the component is stopped. When all subcomponents have
accepted message m, the process of starting or stopping
the component is finished, which is announced via name
r, and the component is ready to receive new requests to
stop or start, respectively.

Pseudo-application Attach〈a, p0, p1〉 enables CtrlSS to re-
ceive a message via a, i.e. a request to attach a new
subcomponent’s stop and start interfaces represented by
names c0 and c1, respectively. The names are connected
to p0 and p1 via constant applications of process Wire.
Third name received via a, cd, can be used later to detach
the previously attached stop and start interfaces.

5A primitive component handles stop and start interfaces
directly.

4.3.4 Cloning of Components and Updating
of Subcomponents

Cloning of a component allows to create the component’s
fresh copy and to transport it into different location, i.e.
for attaching as a subcomponent of anther component.
Process Ctrlclone describes processing of requests for clon-
ning of a component as follows:

Ctrlclone
∆
= (x).x(k).(s0, s1, c, ps1, . . . , p

s
n, p

g
1, . . . , p

g
m, r, p)

(k〈s0, s1, c, r, p〉 | r〈ps1, . . . , psn〉 | p〈pg1, . . . , p
g
m〉

| Component〈s0, s1, c, ps1, . . . , psn, p
g
1, . . . , p

g
m〉

| Ctrlclonebxc)

where the pseudo-application of Component describes
behaviour of the cloned component. When process
Ctrlclone receives a request k via name x, it sends names
s0, s1, c, r, p via k as a reply. The first three names repre-
sent “stop”, “start”, and “clone” interfaces of a fresh copy
of the component. The process is also ready to send names
representing control interfaces for binding functional re-
quested interfaces and referencing functional provided in-
terfaces of the new component, i.e. names ps1, . . . , p

s
n via

r and names pg1, . . . , p
g
m via p, respectively.

The fresh copy of a component can be used to replace a
subcomponent of a composite component. The process
of update6, which describes replacing of the old subcom-
ponent with a new one, is not a mandatory part of the
composite component’s behaviour and its implementation
depends on particular configuration of the component
(e.g. ability of the component to update its subcompo-
nents, a context of the replaced subcomponent, presence
of parts of the component that have to be stopped during
the update, etc.). For example, we can describe replacing
a subcomponent as process Update:

Update
∆
= (u, a, s0, sd, p

s
1, . . . , p

s
m, p

g
1, . . . , p

g
n).(k, s

′
d)

(u〈k〉.k(s′0, s′1, c, r′, p′).s0.a〈s′0, s′1, s′d〉.sd
.r′(p′s1 , . . . , p

′s
n )

.(x)(pg1〈x〉.x(p).p′s1 〈p〉 . . . pgn〈x〉.x(p).p′sn 〈p〉)
.p′(p′g1 , . . . , p

′g
m)

.(x)(p′g1 〈x〉.x(p).ps1〈p〉 . . . p
′g
n 〈x〉.x(p).psm〈p〉)

.s′1.Updatebu, a, s′0, s′d, ps1, . . . , psm, p
g
1, . . . , p

g
nc)

Process Update sends via name u a request for a clone of
a component. A new component that is the clone of the
requested component will be used in update as a replace-
ment of the old subcomponent in a parent component
implementing the update process (i.e. as its subcompo-
nent). As a return value, process Update receives a vector
of names representing control interfaces for binding and
referencing the new component’s functional interfaces (see
the process of cloning above). Name a represents the
parent component’s internal control interface to attach
the new component’s stop and start interfaces (s′0 and s′1
names). Before the attaching, name s0 is used to stop
the old subcomponent and name sd to detach its stop
and start interfaces. Finally, names ps1, . . . , p

s
m, pg1, . . . , p

g
n

represent a context of the old subcomponent, i.e. inter-
faces of neighbouring subcomponents, which have to be
rebound to interfaces of the new component.

4.3.5 Primitive and Composite Components
Finally, we can describe complete behaviour of primitive
and composite components. Let us assume that process
abstraction Compimpl with parameters s0, s1, r1, . . . , rn,

6The process is also known as “updating” or “nesting” of
a component.
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p1, . . . , pm describes behaviour of the core of a primi-
tive component (i.e. excluding behaviour of processing of
its control actions), as it is defined by the component’s
developer. Further, process abstraction Compsubcomps

with parameters a, p′s1 , . . . , p
′s
m, p′g1 , . . . , p

′g
n describes be-

haviour of a system of subcomponents interconnected by
means of their interfaces into a composite component
(see Sec. 4.3.2). Names s0, s1, r1, . . . , rn, p1, . . . , pm and
names a, ps1, . . . , p

s
m, pg1, . . . , p

g
n are defined in Sec. 4.3.1.

Processes Compprim and Compcomp that describe be-
haviour of the mentioned primitive and composite com-
ponents can be defined as follows:

Compprim
def
=

(s0, s1, c, ps1, . . . , p
s
n, p

g
1, . . . , p

g
m).(r1, . . . , rn, p1, . . . , pm)

(CtrlIfs〈r1, . . . , rn, ps1, . . . , psn, p1, . . . , pm, p
g
1, . . . , p

g
m〉

| Ctrlclonebcc | Compimpl〈s0, s1, r1, . . . , rn, p1, . . . , pm〉)

Compcomp
def
=

(s0, s1, c, ps1, . . . , p
s
n, p

g
1, . . . , p

g
m).

(a, r1, . . . , rn, p1, . . . , pm, r′1, . . . , r
′
m, p

′
1, . . . , p

′
n)

(CtrlIfs〈r1, . . . , rn, ps1, . . . , psn, p1, . . . , pm, p
g
1, . . . , p

g
m〉

| CtrlIfs〈r′1, . . . , r′m, p′s1 , . . . , p′sm, p′1, . . . , p′n, p
′g
1 , . . . , p

′g
n 〉

| CtrlEI〈r1, . . . , rn, p1, . . . , pm, r′1, . . . , r
′
m, p

′
1, . . . , p

′
n〉

| Ctrlclonebcc | CtrlSS〈s0, s1, a〉
| Compsubcomps〈a, p′s1 , . . . , p′sm, p

′g
1 , . . . , p

′g
n 〉)

where the pseudo-applications of CtrlIfs represent be-
haviour of control parts of the components related to their
functional interfaces (see Sec. 4.3.2), the constant appli-
cations of Ctrlclone describe behaviour of control parts of
the components related to their cloning (see Sec. 4.3.4),
the pseudo-application of CtrlSS represents behaviour of
the composite component’s control part processing its
stop and start requests (see Sec. 4.3.3), and the pseudo-
application of CtrlEI describes communication between
internal and external functional interfaces of the compos-
ite component (see Sec. 4.3.2).

4.4 Behavioural Modelling of Services
This section deals with linking individual services of SOA
to their underlying implementations as CBSs. It provides
an approach to formal description of these services as the
CBSs by means of the component model from Sec. 4.

A system that applies SOA can be described at the fol-
lowing three levels of abstraction: as business processes
that represent sequences of steps in accordance with some
business rules leading to business aims; as services that
implement the business processes with well-defined inter-
faces and interoperability for the benefit of business; and
as components that implement the services as CBSs with
well-defined structure and description of their behaviour.
According to these three levels behaviour of a service can
be described in two views:

1. The service is an entity of SOA architecture and
is described by provided functionality and relations
to its neighbouring services (the “services” level of
abstraction). The neighbouring services can act as
requesters of the service or providers of functionality
required by the service. The service itself can also
act as a parent service to the neighbouring services
to ensure their assembly and coordination (i.e. as
a “task-centric” service controlling service composi-
tion members, see [10]).

2. The service can be implemented as a CBS (the
“components” level of abstraction). It is a compo-

nent with external interfaces accessible by neigh-
bouring components (neighbouring services at the
“services” level of abstraction, i.e. independent re-
questers, providers, as well as potential service com-
position members). The component can be realised
either as a primitive or as a composite component
where the component’s structure and its behaviour
describe the service’s internal implementation.

The first view requires description of the service’s be-
haviour in the context of communication with its neigh-
bouring services. The second shows the service as a com-
ponent of CBS, which internal structure and behaviour
can be specified in the common way, as in Sec. 4.

4.4.1 Service as a Part of SOA
The result of business-to-service transformation [32],
which forms SOA services from business processes, is an
UML class diagram. Individual services are modelled as
UML classes with stereotype «service» and connected
by means of UML relationships of “realisation” and “use”
to UML classes with stereotype «interface». While the
classes with stereotype «service» represent specific ser-
vices, the classes with stereotype «interface» describe,
by means of their methods, individual interfaces provided
or required by the services (i.e. “services” provided or re-
quired by their “providers” or “consumers”, respectively).

Let us assume a service Service that is described as an
entity of SOA by its interfaces I1 to In and relations
to its neighbouring services (i.e. at the “services” level
of abstraction and in the first view according to the in-
troduction of Sec. 4.4). Behaviour of the service can be
described as π-calculus process abstraction Service:

Service
def
= (i1, . . . , in).(b1, . . . , bm)

(Svcinit〈i1, . . . , in, b1, . . . , bm〉
.
∏n

j=1 Svcj〈ij , b1, . . . , bm〉)
where names i1, . . . , in represent the service’s inter-
faces I1, . . . , In, respectively, the pseudo-application of
Svcinit initiates the service’s behaviour, and the pseudo-
application of Svcj , for each j ∈ {1, . . . , n}, describes be-
haviour of processing of requests via the service’s interface
represented by name ij including possible communication
via shared names b1, . . . , bm.

Communication of Services and Service Broker. Com-
munication of services in SOA is realised by means of
various styles of data passing. In a case of existing service
choreography or orchestration in SOA, roles of participat-
ing services are predefined and the architecture is static.
Then, the choreography or orchestration is described by
means of a composition of π-calculus processes represent-
ing individual services, which communicate directly via
names that represent the services’ interfaces and that are
shared among the processes.

However, a serious SOA will likely discover its services
throughout an enterprise and beyond [10]. To support the
dynamic service discovery and invocation, SOA provides
service brokers (e.g. UDDI registries), which allow to
publish, find, and bind services at runtime.

A service broker stores information about available ser-
vice providers for potential service requesters, e.g. ref-
erences to the providers’ published interfaces. Its be-
haviour can be described as π-calculus process abstraction
Broker:
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Broker
def
= (pub, find).(q)

(Publishbq, pubc | Findbq, find, pubc)

Publish
∆
= (t, pub).pub(i, d).(t′)

(t〈t′, i, d〉 | Publishbt′, pubc)

Find
∆
= (h, find, pub).h(h′, i, d)

.(Findbh′, find, pubc | (find〈i〉.pub〈i, d〉 + d))

where names representing the providers’ interfaces (de-
noted by i internally) can be stored via name pub and
retrieved back via name find, which are subsequently
handled by constant applications of Publish and Find,
respectively. By the composition of the constant applica-
tions of Publish and Find with shared name q, process
constant Broker implements basic operations on a simple
queue (i.e. a First-In-First-Out (FIFO) data structure).

The constant application of Publish receives a pair of
names (i, d) via name pub and creates name t′. Then,
it proceeds as a composition of a constant application
of Publishbt′, pubc, which handles future requests, and
process t〈t′, i, d〉, which enqueues the received pair (i, d)
by sending them via name t, that represents the current
tail of the queue, together with name t′, that represents a
new tail of the queue used in the future requests.

The constant application of Find dequeues a front item
of the queue as a triple of names (h′, i, d) via name h,
that represents the current head of the queue. Then, it
proceeds as a composition of a constant application of
Findbh′, find, pubc, which handles future requests, and
a sum of capabilities of process find〈i〉.pub〈i, d〉, which
provides name i as an interface for potential service re-
questers and enqueues it back to the queue via name pub,
and process d, which, after receiving a name via name d,
allows to remove the interface and does not provide it to
potential service requesters anymore.

4.4.2 Service as a Component-Based System
A service’s underlying implementation, its behaviour, and
internal structure, can be described as a CBS. The ser-
vice can be implemented as a component with external
provided and required interfaces, which correspond to the
services’ interfaces provided to its possible consumers and
required from other services to consume their functional-
ity, respectively. This approach is related to the “compo-
nents” level of abstraction and the second view from the
introduction of Sec. 4.4.

To describe a service Service with interfaces I1 to In as a
CBS and by means of the component model from this ar-
ticle (see Sec. 4), we need to transform π-calculus process
abstraction Service from Sec. 4.4.1 describing behaviour
of the service into a formal description of behaviour of a
component representing the CBS (see Sec. 4.3). We fo-
cus on pseudo-application Svcj〈ij , b1, . . . , bm〉, which de-
scribes specific processing of the service’s interface ij (for
j ∈ {1, . . . , n}) and communication with other parts of the
service via shared names b1, . . . , bm. Process abstraction
Svcj can be defined as follows:

Svcj
def
= (ij , b1, . . . , bm).

Svc′j〈ij , bx1 , . . . , bxk , by1 , . . . , by(m−k)
〉

where k ∈ {1, . . . ,m} and x1, . . . , xk, y1, . . . , y(m−k) ∈
{1, . . . ,m}, and sets {bx1 , . . . , bxk} ∩ {by1 , . . . , by(m−k)

} =

∅ and {bx1 , . . . , bxk} ∪ {by1 , . . . , by(m−k)
} = {b1, . . . , bm}

(see the pseudo-application of Svcj in Sec. 4.4.1).

Name ij represents the interface Ij provided by the ser-
vice, names bx1 , . . . , bxk are all of the shared names that
are used as channels of input prefixes in Svc′j and names
by1 , . . . , by(m−k)

are all of the shared names that are used

as channels of output prefixes in Svc′j (for input and out-
put prefixes, see Sec. 4.1). Thereafter, process abstraction
Svc′j can be understand as a description of core behaviour
of a component with functional provided interfaces repre-
sented by names ij , bx1 , . . . , bxk and functional required
interfaces represented by names by1 , . . . , by(m−k)

in the

external view (see Sec. 4.3).

The mentioned component implements a part of the ser-
vice that is related to its interface Ij as a CBS. To extract
the desired core behaviour from the component’s complete
behaviour, process abstraction Svc′j can be defined as:

Svc′j
def
= (ij , bx1 , . . . , bxk , by1 , . . . , by(m−k)

).

(s0, s1, c, ps1, . . . , p
s
(m−k)

, pg1, . . . , p
g
(k+1)

)

(
∏k

u=1(d, t)(p
g
(u+1)

〈t〉.t(p).Wirebbxu , p, dc)
| ∏m−k

v=1 psv〈byv 〉 | (d, t)(pg1〈t〉.t(p).Wirebij , p, dc)
| Compj〈s0, s1, c, ps1, . . . , ps(m−k)

, pg1, . . . , p
g
(k+1)

〉)

where process constant Wire has been defined in
Sec. 4.3.2 and process abstraction Compj describes the
component’s complete behaviour and is fully compatible
with behavioural description of primitive and composite
components from Sec. 4.3.5.

5. Main Contributions
The proposed component model and the behavioural
modelling have been successfully validated in a case study
of a SOA of an environment for functional testing of com-
plex safety-critical systems, which has been published in
[30] and in the author’s dissertation [31].

Current approaches related to our work can be divided
into two groups as follows:

1. formal approaches to modelling of SOAs, mostly
based on the formalisation of business process mod-
els (e.g. transformations of BPEL to Petri nets or
to π-calculus processes);

2. formal approaches to modelling of CBSs, such as
component models and ADLs mentioned in Sec.2.2,
which are usually focused only on CBSs without
consideration of SOA at the higher level of abstrac-
tion (e.g. Wright [1], Tracta [12], behaviour proto-
cols of SOFA [37], formal descriptions of Fractive
[5], and, partially, SOFA 2.0 [8]).

Our approach intends to bridge the gap and to provide
a formal description of SOAs from the choreography of
their services to the behaviour of individual components
of underlying CBSs, as it has been demonstrated in the
case study. Similar efforts can be found in SOFA 2.0 and
the Reo coordination language [9].

In the SOFA 2.0, SOA becomes a specific case of a CBS
where all components (services) are interconnected solely
via their utility interfaces. The interfaces can be referred
and freely passed among the components and used to
establish new connections, independently of levels of com-
ponent hierarchy. The Reo coordination language [2, 9] is
based on the π-calculus and able to describe coordination
of both services in SOA and components in CBSs.
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In comparison with SOFA 2.0 or the Reo coordination
language, our approach describes services and compo-
nents separately and with respect to their differences (i.e.
services are not components and vice versa), but it allows
to go smoothly from a service level to a component level
and to describe behaviour of a whole system, services
and components, as a single π-calculus process. More-
over, we use the polyadic π-calculus without any special
extensions, which allows us to utilise existing tools for
model checking of π-calculus processes and verification
of their properties (e.g. The Mobility Workbench [36], a
model checker and an open bisimulation checker of mobile
concurrent systems described in the π-calculus).

Generally, in comparison to the current approaches, our
approach has the following important merits:

• The proposed component model has been designed
for mobile architectures. It supports fully dynamic
architectures with component mobility.

• The model permits combination of control and func-
tional interfaces in behaviour of primitive compo-
nents. Dynamic reconfiguration and component mo-
bility can be initiated by functional requirements
and performed via the control interfaces.

• Behaviour of services and components is described
in the π-calculus, which has a native support for
reconfiguration and mobility. It is a suitable formal
basis for behavioural description of systems with
mobile architectures.

• We use the polyadic π-calculus without any special
extensions, which allows us to utilise existing tools
for model checking of π-calculus processes and for-
mal verification of their properties.

• The proposed behavioural modelling of SOAs allows
a developer to go from a high level service design to
a detailed design of underlying CBSs, with respect
to differences between services and components. Be-
haviour of a whole system (individual services, their
choreography and implementation as the CBSs) can
be described as a single π-calculus process.

However, the proposed approach can suffer from the fol-
lowing possible drawbacks:

• The behavioural description of services and compo-
nents in π-calculus uses infinite recursions. These
are implemented by unguarded or weakly guarded
applications and which can cause decidability issues.

• The representation of system models uses the spe-
cific and informal UML-like notation.

• The formal description of behaviour requires an ad-
vanced knowledge of the π-calculus and may be a
difficult task for unskilled developers.

• The proposed approach describes how to model a
specific configuration and behaviour of a CBS or a
SOA as a π-calculus process. However, after sev-
eral dynamic reconfigurations and a corresponding
sequence of reductions of the π-calculus process,
it may be difficult to determine a final configura-
tion from the resulting π-calculus process, especially
without knowledge of the exact sequence of reduc-
tions (e.g. it may be difficult to determine a deadlock

configuration, which has been detected by means of
a verification tool in a specific π-calculus process).

6. Conclusions
In this article, the approach for modelling of CBSs has
been proposed. It meets the objectives set out in Sec. 3.2.
We have presented the component model, which allows
to describe CBSs with mobile architectures (i.e. dynamic
architectures allowing component mobility). The compo-
nent model’s metamodel has been introduced to describe
basic entities of the component model and their relations
and features. We have also proposed the formal descrip-
tion of behaviour of the component model’s entities and
services of SOAs as π-calculus processes. It allows us
to pass smoothly from service level to component level
and to describe behaviour of a whole system, services and
components, as a single π-calculus process.

An application of our approach has been illustrated in
the case study of the environment for functional testing of
complex safety-critical systems, which has been published
in [30]. In the case study, the environment has been
described as a SOA and an underlying CBS modelled
by means of the component model’s metamodel. We have
formally described behaviour of the whole environment by
means of the π-calculus on the levels of the SOA and the
CBS. Finally, the formally described services and compo-
nents have been simulated, checked for deadlocks, strong
and weak open bisimulation equivalence, and verification
of their properties has been outlined.

In comparison with the related approaches, the proposed
approach has advantages in support of mobile architec-
tures, in full integration of dynamic reconfiguration into
behaviour of components where functional requirements
can initiate control actions, in support of behavioural de-
scription of SOAs and transition to CBSs, and in utili-
sation of the standard polyadic π-calculus supported by
existing tools for model checking and formal verification.

The future work will be focused on improving system
models’ notation, modelling tools, and behavioural de-
scription, to simplify integration of the component model
and utilisation of its formal basis into initial phases of soft-
ware development processes. We also intend to support
final phases of the development processes by integration
of the component model into existing component-based
technologies and by an implementation framework.

Acknowledgements. This research was partially sup-
ported by the BUT FIT grant FIT-10-S-2 and the Re-
search Plan No. MSM 0021630528 – Security-Oriented
Research in Information Technology.

References
[1] R. Allen and D. Garlan. The Wright architectural specification

language. Technical Report CMU-CS-96-TB, Carnegie Mellon
University, School of Computer Science, Pittsburgh, 1996.

[2] F. Arbab. Reo: a channel-based coordination model for
component composition. Mathematical Structures in Computer
Science, 14(3):329–366, 2004.

[3] P. Avgeriou, N. Guelfi, and N. Medvidovic. Software architecture
description and UML. In UML Satellite Activities, volume 3297 of
Lecture Notes in Computer Science, pages 23–32. Springer, 2004.

[4] D. Balasubramaniam, R. Morrison, F. Oquendo, I. Robertson, and
B. Warboys. Second release of ArchWare ADL. Technical Report
D1.7b (and D1.1b), ArchWare Project IST-2001-32360, 2005.



Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 2, No. 1 (2010) 13-25 25

[5] T. Barros. Formal specification and verification of distributed
component systems. PhD thesis, Université de Nice – INRIA
Sophia Antipolis, 2005.

[6] E. Bruneton, T. Coupaye, and J.-B. Stefani. Recursive and
dynamic software composition with sharing. In Proceedings of the
7th International Workshop on Component-Oriented
Programming (WCOP’02), Malaga, Spain, June 2002.

[7] E. Bruneton, T. Coupaye, and J.-B. Stefani. The Fractal
component model. Draft of specification, version 2.0-3, The
ObjectWeb Consortium, 2004.
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component trading and dynamic updating. In 4th International
Conference on Configurable Distributed Systems, pages 43–51,
Los Alamitos, CA, USA, 1998. IEEE Computer Society.

[30] M. Rychlý. A case study on behavioural modelling of
service-oriented architectures. In Software Engineering
Techniques In Progress, pp. 79–92. AGH University Press, 2009.

[31] M. Rychlý. Formal-based Component Model with Support of
Mobile Architecture. PhD thesis, Department of Information
Systems, Faculty of Information Technology, Brno University of
Technology, 2010.

[32] M. Rychlý and P. Weiss. Modeling of service oriented
architecture: From business process to service realisation. In
ENASE 2008 Third International Conference on Evaluation of
Novel Approaches to Software Engineering Proceedings, pages
140–146. Institute for Systems and Technologies of Information,
Control and Communication, 2008.

[33] D. Sangiorgi and D. Walker. The π-Calculus: A Theory of Mobile
Processes. Cambridge University Press, New Ed edition, 2003.

[34] C. Szyperski. Component Software: Beyond Object-Oriented
Programming. Addison Wesley Professional, 2nd edition, 2002.

[35] S. Vestal. A cursory overview and comparison of four architecture
description languages. Technical report, Honeywell Technology
Center, 1993.

[36] B. Victor. The Mobility Workbench User’s Guide, polyadic
version 3.122 edition, 1995.
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Abstract
Relational classification is a set of methods employing re-
lations between instances in a dataset as well as their at-
tributes. Homophily is a phenomenon present in graphs
which capture real-world data, e.g., social connections be-
tween humans. Homophily is defined as following: related
(neighbouring) vertices are more likely to share similari-
ties (e.g., the same class, attribute value) as non-related
instances. Contemporary relational classifiers implicitly
require homophily to be present in a graph (so called ho-
mophily assumption), however these methods are unable
to determine the homophily of each node and take bene-
fit of this information. Our work is at first dedicated to
classification of relational classifiers. Next, impact of ho-
mophily assumption on particular branches of relational
classifiers is analyses and then homophily measures are
defined. According to this analysis, two new relational
classifiers are designed. First method belongs to simple
relational methods and employs local graph ranking in
order to redefine neighbourhood function, second method
is collective inference based and involves information ex-
change moderation. Both methods are capable to increase
the quality of class assignment in networked data due to
their capability to employ and measure homophily in a
graph.

Categories and Subject Descriptors
H.2.8 [Database Applications]: Data mining; G.2.2
[Graph Theory]: Graph algorithms
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1. Introduction
Relational classifiers extend the attribute-based classifiers
by adopting relations between classified instances, treat-
ing the dataset as a mathematical graph. For example,
we could classify web pages according to their content
exclusively, however incorporating the content or class-
membership of neighbouring web pages1 provides better
results [6],[19].

Methods which utilise the relations between classified in-
stances are well suited in domains where instances have
variable number of attributes (e.g., actors of a movie),
attribute values are very sparsely distributed and inade-
quately correlate with classes or instances have very few
attributes but many relations (e.g., person in a social net-
work identified only by its nickname but connected to
many other people via friendship relation).

This work is dedicated to relational classification meth-
ods and their interconnection with so called homophily
assumption, which is the core principle of correct classifi-
cation in relational data. Homophily originated as a socio-
logical phenomenon and is present mostly in graphs which
structure2 is induced by human activity. Homophily is
defined as following – contact between similar3 people oc-
curs at a higher rate than among dissimilar people. This
phenomenon is typically observed in relations between hu-
mans, but is indirectly transferred into graphs, where hu-
mans do not explicitly act as vertices. For example, web
pages can be classified into two classes – those which con-
cern sport and those which do not (binary classification).
Here, relational classifiers assume that hyperlinks from
web pages which are dedicated to sport lead to web pages
with this same class with higher probability than to other
web pages.

2. Goals
The ability of relational classifiers to correctly assign a
class is based exactly on the assumption of homophily.

1Neighbouring web pages – connected via hyperlinks.
2Graph structure – the way how vertices are intercon-
nected via edges.
3Similarity in context of classification is the class-
membership of an instance.
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If the instances were interconnected with distribution in-
dependent of their class-membership, relational classifier
is unable to classify and achieves same results as ran-
dom generator. Our work is dedicated to the implica-
tions which are brought by such a naive assumption of
homophily in a classifier design.

Current relational classifiers cannot effectively adapt on
varying homophily in a graph. Homophily is varying and
can be different for each vertex in a graph due to its de-
pendency on own class-membership of a vertex as well
as its dependency on vertex neighbourhood. Two effects
are induced by this unstable nature of homophily, both of
them can increase misclassification rate:

• vertices share between themselves class-membership
information disregarding the quality of this shared
information,

• the approach of acquiring neighbouring nodes is not
flexible enough and cannot capture local structure
of a graph.

If we could consciously measure homophily in a classi-
fied graph, this would prevent us against the interchange
of worthless and confusing information between the ver-
tices during classification. Moreover, we will be able to
gain such a neighbourhood of a vertex, which would bring
enough homophilic vertices, despite varying local struc-
ture of a graph. In both cases, we will be able to decrease
the misclassification rate, because robustness of a rela-
tional classifier will increase.

The main contribution of our work is the design of new
classification methods which treat both enlisted problems:
to prevent sharing confusing information between vertices
and to take advantage of local structure of a graph.

Structure of this work is following: Section 3 introduces
the classification of classifiers according to their capability
to incorporate relational knowledge, Section 4 discusses
homophily in nature and introduces how to measure this
graph feature. Next, Section 5 describes a new classi-
fication method designed to moderate class–membership
interchange in a graph and Section 6 is dedicated to our
second major contribution – enhancing the relational clas-
sifier by local graph ranking. Finally, Section 7 concludes
our work.

3. Classification of Classifiers
One of the first methods which drawn attention to rela-
tional classification was proposed in [2]. After that, many
other relational methods appeared. Summarization of
these methods was introduced in [8, 13]. Following three
classes of classifiers refers to three different paradigms,
each with a different ability of a classifier to capture rela-
tions in a dataset.

3.1 Attribute-based Model (ĉa)
Attribute-based, refereed as ĉa, depicted in Figure 1(a),
estimates joint distribution of the class label and attributes
of an instance. The inner box, along with the edge con-
necting A and C, indicates m different versions of node
A (i.e. m attributes of Ai) each depend on C. The outer
box indicates that the model creates N different versions
of the network, each containing a single node C.
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1

(a) Attribute
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(b) Simple   
     Relational
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(c) Collective
     Inference

Figure 1: Three basic relational models depicted
in Jensen’s notation

For example, this model would indicate that the class-
membership of a web page (C) depend only on the con-
tent of that page (the attributes Ai) and is independent
of the topic and words on any other page. The expres-
siveness power of this model is equal to attribute-based
classification.

This branch of classifiers contains all attribute-based meth-
ods, e.g., k-neareast neighbors [10], decision trees [9], Sup-
port Vector Machines [3], Bayesian networks [15].

3.2 Simple Relational Model (ĉr)
Simple relational model indicates that the attributes of
an instance depends on the class label of that instance as
well as the class labels of instances one link away. Fig-
ure 1(b) shows this model using a modified plate notation
in which the integer within the diamond shaped anno-
tation (“1”) indicates the graph distance of neighbouring
instances. The path of the edge outside the outer box em-
phasises the dependence on the class labels of adjoining
instances. Here, the value of each Ai directly influences
class-membership of neighbouring instances.

For example, this model would indicate that the class-
membership a web page depends on attributes of that
page and attributes of related web pages.

Simple relational model is included in more relational
classifiers, e.g., Simple Relational Classifier [12], Iterative
Reinforcement Categorization [19], Relational Ensemble
Classification [16], Class-distribution Relational Neigh-
bour Classifier and Network-only Bayes Classifier [13].
these methods can be used in conjunction with attribute-
based methods, so that ĉr ← ĉa.

If we analyse for example Simple Relational Classifier,
[12], this method estimates class-membership of a classi-
fied instance according to its neighbourhood, exploiting a
graph based data set G = (V,E). If p(cm|vk) is defined
as a class-membership probability that vertex vk belongs
to class cm then the Simple Relational Classifier assumes
class-membership of vk using (1).

p(cm|vk) =
1

W

∑

vj∈Vk|class(vj)=cm

w(vk, vj) (1)

where Vk is the set of neighboring vertices of vertex vk,
w(vk, vj) is weight of the edge between vertices vj and vk,
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and W =
∑

vj∈Vk

w(vk, vj) normalises the results.

The set of neighbours Vk contains all vertices directly con-
nected to the classified vertex vk via edges. If the class-
membership consists of classes cm ∈ C (C si the set of
all classes), the final class assigned to vk is class(vk) =
argmaxcm [p(cm|vk)]. It is obvious that the winning class
is determined thanks to the homophily assumption, be-
cause the method assumes that neighbouring vertices are
more likely to share the same class as non-related in-
stances. All other enlisted simple relational methods in-
clude the same homophily assumption.

3.3 Collective Inference Model (ĉci)
The model in Figure 1(c) adds dependence between the
class label of an instance and the class label of neigh-
bouring instances. Collective inferencing is present in
following methods: Iterative Classification [11], Relax-
ation Labelling [2], Gibbs Sampling [5], Iterative Rein-
forcement Categorization [19], Relational Ensemble Clas-
sification [16].

In contrast to ĉr, ĉci model itself cannot take benefits from
the attributes of related instances. However, usual ap-
proach how ĉci is applied is that it incorporates ĉr model:
ĉci ← ĉr. This means that ĉci wraps the iterative char-
acter of the classification process and ĉr deals with the
class-membership exchange in single iteration, which im-
plies that homophily assumption is weaved into ĉci as well.

4. Measuring the Homophily
Mathematical graphs are a useful metaphor to capture the
networked substance of our world. If we consider graphs
which capture social links among a set of individuals, we
discover a phenomenon called homophily. In sociology,
homophily is determined as following [14]:

Contact between similar people occurs at a
higher rate than among dissimilar people.

Our society exhibits homophily in many types of relations
between individuals, e.g., religion, education, gender, eth-
nicity, race, age.

The sociological definition can be translated in context of
relational classification in a following way:

Definition of Homophily. Each vertex in a graph
G(V,E) has assigned a distribution of class-membership
p(c ∈ C|v ∈ V ), where C is the set of all classes. We
state that similarity between distributions p(c ∈ C|vi)
and p(c ∈ C|vj) is equal to the probability that there
exists an edge vivj ∈ E between vertices vi, vj ∈ V .

If we consider for example binary classification (classes
C = {c+, c−}) and following three vertices and their class-
membership:

• p(c+|v1) = 1.0, p(c−|v1) = 0.0,

• p(c+|v2) = 1.0, p(c−|v2) = 0.0,

• p(c+|v3) = 0.0, p(c−|v3) = 1.0,

then the probability of edge occurring between vertices
v1 and v2 is higher than between vertices v1 and v3, be-
cause v1 and v2 belong to the same class, in contrast to
v3. In real-world classification we often face fuzzy class-
membership so that p(c ∈ C|v ∈ V ) ∈ R, typically nor-
malized to 〈0, 1〉.

4.1 Degree of Homophily
In order to determine the degree of homophily between
two vertices it is sufficient to compare their class-member-
ship distributions. If we would bound ourselves to binary
classification only, it is sufficient to compute the square
difference between these class-membership distributions
of vi and vj :

homophily(vi, vj) =

=

√
[p(c+|vi)− p(c+|vj)]2 + [p(c−|vi)− p(c−|vj)]2 (2)

In reality we face more that two classes of classification,
which requires (2) to be generalized:

homophily(vi, vj) =

√∑

c∈C
[p(c|vi)− p(c|vj)]2 (3)

Homophily of vk is then average of values from (3):

homophilyn(vk) =
1

|Vk|
∑

vj∈Vk

homophily(vk, vj) (4)

We call this approach – homophilyn – as node oriented,
as there exist joint relation of a central vertex to all other
nodes in neighbourhood.

Another view on homophily is set based. Vertex vk as
well as its surrounding vertices in Vk are treated equally,
the extra-ordinariness of vk is ignored. From this point of
a view we treat homophily as homophilys(Vk∪{vk}) (s as
set). We can aggregate distribution of class-membership
for each vertex from Vk ∪ {vk} for example using entropy
(5) [17].

homophilys(Vk ∪ {vk}) =

= 1.0 +
∑

vi∈Vk∪{vk},c∈C
p(c|vi) logbase p(c|vi)

(5)

Special case of homophilys is its value for a single vertex:

homophilys(vk) = 1.0 +
∑

c∈C
p(c|vk) logbase p(c|vk) (6)

where the value homophilys(vk) exhibits the degree of
coherence of its class-membership distribution. The more
a vertex is assigned to one class (e.g., p(c+|vk) = 0.99,
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p(c−|vk) = 0.01), the more is its value of homophilys
closer to 1.0 (if we adopt logarithm with base 2). On the
other side, with decreasing class-membership of a vertex
decreases the value of homophilys(vk) (the worst case is
p(c+|vk) = p(c−|vk) = 0.5).

Figure 2 displays the difference between node and set
based homophily on an example.

(a) node oriented
     homophily

V1

V2 V3

V4 V1

V2 V3

V4

(b) set oriented 
     homophily

Figure 2: Two views on homophily of a vertex v1.

5. Moderated Collective Inference-based Clas-
sifier

In current section we introduce our contribution to the
first problem listed in the beginning of this work: vertices
share between themselves class-membership information
disregarding the quality of this shared information. Our
contribution is based on moderating the information in-
terchange of a collective-based classifier. We adopted
the Iterative Reinforcement Categorization (IRC) method
[19] due to its capability to assign different weight to
training and testing set vertices in the iterative class-
membership interchange process.

W describes the IRC classifier in a detailed way in fol-
lowing steps, which in general follow schema of a typical
collective inference classifier (ĉci).

Step 1: Class–membership initialization
In the pre–classification step only local features of each
instance are taken into account (e.g., each publication is
pre–classified according to text of the publication), this
step is defacto attribute-based classification (ĉa), how-
ever each instance is assigned a fuzzy class–membership
rather than a class. The method to be used can vary (e.g.,
Näıve Bayes, decision trees [10]). If only one instance
type is assigned a training class–membership and other
instance types are subsidiary, only the leading instance
type instances x1, x2, . . . , xn ∈ X are pre–classified4.

Step 2: Class–membership absorption
Following preconditions are arranged already: real class–
membership of Xtrain instances, preclassified membership
of each instance in Xtest

5, auxiliary instances of remain-
der types (denoted as belonging to set Y disregarding
their type) and relations between all instances.

4We follow this prerequisite in consecutive sections as the
dataset used in experiments meets this condition, how-
ever, in general the method can classify more leading in-
stance types at once.
5Note that the real class-membership of the testing in-
stances is also known and is stored in order to compute
performance of the classifier.

In current step each instance from Xtest and Y absorbs
class-memberships of neighbouring instances and recom-
putes its own membership. Two types of neighbourhood
are used, trainNeigh(ni) returns set of neighbouring in-
stances from Xtrain of an instance ni (ni can be either
fromX or Y ) and testNeigh(ni) refers to neighbours from
Xtest and Y . Usually only closest instance neighbour-
hood is taken into account (i.e. only instances directly
connected via edges).

For each instance ni ∈ Xtest ∪ Y and each class cj ∈ C a
class–membership p(cj |ni) determines odds that ni will be
labelled with class cj . Class-membership of each instance
is recomputed using Eq. 7 where w(ni, nj) is weight of
the edge between the instances ni and nj . Parameters
λ1, λ2 and λ3 determine the relative importance of each
component of class–membership, λ1 + λ2 + λ3 = 1. For
example, if λ1 = 0.5, λ2 = 0.5 and λ3 = 0, classes of
neighboring testing instances are not taken into account.

p(cj |ni) = λ1p(cj |ni)︸ ︷︷ ︸
self

+

λ2

∑

xz∈trainNeigh(ni)

w(ni, xz)p(cj |xz)

∑

xz∈trainNeigh(ni)

w(ni, xz)

︸ ︷︷ ︸
Xtrain

+

+λ3

∑

nz∈testNeigh(ni)

w(ni, nz)p(cj |nz)

∑

nz∈testNeigh(ni)

w(ni, nz)

︸ ︷︷ ︸
Xtest∪Y

(7)

Moderation of class–membership spreading
Membership computed in Eq. 7 can be harmful; an in-
stance ni affiliated to each class with the same proba-
bility (e.g., binary classification with p(c1|ni) = 0.5 and
p(c2|ni) = 0.5) can provide meaningless information to
neighbouring instances, or even worse, can affect their
class–membership negatively. An eligible solution is to
accept information only from instances with well–formed
membership.

We employ homophilys(vk) (6) here in order measure the
degree of homophily of a classified vertex and according
to this value, we allow the instance to participate on infor-
mation exchange, or prevent (moderate) this vertex from
class-membership spreading.

If we consider binary classification in some iteration t (any
ĉci model) where p(c+|vi) = (c−|vi) = 0.5, it is obvious
that class-membership of a vertex vi is same for both poles
of binary classification and its value homophilys(vi) = 0.0
is the lowest possible. According to our hypothesis we
should temporarily prevent this instance from spreading
its content to its neighbours and wait until its value of
homophilys(vi) increases.

Inverse situation occurs when an instance is assigned class
label p(c+|vj) = 1.0, (c−|vj) = 0.0, which stands for the
highest possible value of homophilys(vj) = 1.0. We want
to preserve the ability of this instance to forward its class-
membership information.
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These two examples are on the lower and upper bound
of homophily. Most of the classified vertices are inside
this interval and our goal is to experimentally detect the
best value of homophilys(vj), which should divide the in-
stances to those, which should be allowed to spread their
class-membership and to those, which would be temporar-
ily disallowed. We refer to this level as to the degree of
moderation.

Step 3: Cycles of iteration and final assignment
Remaining steps follow the original IRC method. Class–
membership adjustment is an iterative process, proba-
bilities pt(cj |ni) gathered in iteration t are utilized to
compute class–membership in iteration t + 1. If Qt is
membership probability matrix between all instances n ∈
Xtest ∪ Y and all classes ci ∈ C in iteration t, the ab-
sorption and spreading of information ends when the dif-
ference ||Qt+1 − Qt|| is smaller than some predefined δ.
After the iterative spreading is terminated, final class of
each instance ni is simply taken to be argmaxcjp(cj |ni).

5.1 Experimental Evaluation and Discussion
According to the previous section, our goal is to deter-
mine the proper degree of moderation. In following ex-
periments we use MAPEKUS dataset with instances ob-
tained from ACM (Association for Computing Machin-
ery) portal6. Three instance types are treated: lead-
ing type Publication, which is primary classified and two
subsidiary instance types, Author and Keyword. Two
inter–relation types occurs in the data: isAuthorOf and
hasKeyword. Despite the relation orientation expressed
by their name (isAuthorOf:Author → Publication and
hasKeyword:Publication → Keyword), these relations are
considered as unoriented in our experiments, thus instances
both from domain and range of the relation can exploit its
benefits. Weight of each relation edge is set to w(ni, nj) =
1.0. Intra–relations are not included in the data sample
due to easier post–experimental analysis of each relation
type influence, focusing only on relations composing the
true nature of multi–relational graphs.

Leading vertex type Publication is assigned one or more
classes according to the ACM classification7. However,
the classifier is not designed to direct multi–label classi-
fication [7], thus the task is divided into n binary clas-
sifications, where each publication instance in the graph
is assigned either positive (c+) or negative (c−) label ac-
cording to the class.

Size of the graph used in our experiments is following:
4000 publication instances, 7600 keywords and 9700 au-
thors, totally 21300 unique instances, with 35000 edges
(relations).

Accuracy gain
In most of following experiments accuracy gain is observed
and evaluated as an important indicator of classifier qual-
ity. The term accuracy gain expresses the contrast be-
tween accuracy of attribute-based classifier and relational
classifier on the same data sample, e.g., when attribute-
based classifier achieves accuracy = 80% and relational
classifier attains accuracy = 90%, the accuracy gain is

6ACM: http://www.acm.org/dl
7ACM classification system:
http://www.acm.org/class/

+10%. Despite the fact we refer to this indicator as gain,
its value can be also negative, i.e. in some unfavourable
conditions the relational classifier can be outperformed
by attribute-based classifier. We identified accuracy as
the most proper indicator due to its capability to capture
correctness of classification both for true positive and true
negative instances.

Initial conditions
In following experiments Näıve Bayes method is adopted
as basal content–based classifier, preclassification is based
on text of publications’ abstracts present in the dataset.
Vectorization of abstract text is preceded by stemming
and stop–word removal. Usually 10 iterations are used
and provided statistics are averaged from 200 runs.

5.2 Influence of Moderation Threshold on Accuracy
Gain

Parameter of moderation established in Step 2 is intro-
duced with the aim to boost classifier accuracy. We per-
form series of experiments where the degree of moderation
(mod) is set to values between 0.5 and 1.0. mod = 0.5
corresponds to original non–moderated IRC classifier and
class–membership spreading is without constrains. In-
creasing the value of moderation refers to stronger con-
trol of class–membership interchange between neighbor-
ing instances. Setting the threshold to mod = 1.0 implies
that only instances with well–formed class–membership
can spread their values, such a condition is satisfied only
by instances from the training set Xtrain as only these
are exclusively truly positive (i.e. p(c+|ni) = 1.0 and
p(c−|ni) = 0.0) or truly negative (p(c+|ni) = 0.0 and
p(c−|ni) = 1.0).

0,5 0,55 0,6 0,65 0,7 0,75 0,8 0,85 0,9 0,95 1
-2

0

2

4

6

8

10

General 
Literature
Software
Data

Moderation Threshold

A
cc

ur
ac

y 
G

ai
n 

[%
]

Degree of moderation (homophilys)

A
cc

ur
a

cy
 G

a i
n 

[%
]

0,0 1,00,40,2 0,6 0,8

Figure 3: How degree of moderation influences
the accuracy gain, different classes of ACM.

The experiment is accomplished with three different top–
level classes from ACM (General literature, Software and
Data), for each value of mod and each class all relations
present in the dataset are involved. Parameters λ1, λ2

and λ3 were set equally to 1
3
, denoting same weight of all

components in Formula 7. Figure 3 refers to results of the
experiment. X-axis displays various values of moderation
threshold, y-axis indicates corresponding accuracy gain.

Both three classes exhibit similar behaviour of the clas-
sifier. The stronger the moderation is, the higher is the
accuracy gain. This trend reaches maximum when mod
is between 0.7 and 0.85. Decrease of accuracy gain in
mod = 1.0 demonstrates importance of instances of the



Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 2, No. 1 (2010) 26-33 31

testing set to overall accuracy gain (these instances are
eliminated from class-membership spreading in the strong
moderated case when mod = 1.0).

Our experiment successfully demonstrated importance
of homophily in the ĉci model during moderated class–
membership interchange. Non-moderated classifier (cor-
responds to mod = 0.0 in Fig. 3) achieves inadequate, or
even negative accuracy gain (−1.4 % for class Data). On
the other side, moderated classifier exhibited accuracy in-
crease +9.4 % (class Software, mod = 0.8), when accuracy
of attribute-based classifier achieved accuracy 80.1 % and
relational classifier attained 89.5 % accuracy.

6. Redefining the Neighbourhood
of Relational Classifier

In current section we describe our contribution to the fol-
lowing problem enlisted in the beginning: the approach of
acquiring neighbouring nodes is not flexible enough and
cannot capture local structure of a graph.

In original Simple Relational Classifier as well as in other
ĉr models [19, 16] the neighborhood of a vertex vk is de-
signed as a set of vertices directly connected via edges,
so that Vk = {vj : vj ∈ V, exists(ekj)}, where exists(ekj)
denotes an event that the graph contains an edge between
vertices vk and vj .

Our hypothesis is that the neighborhood method should
be more robust in order to absorb broader neighborhood
along with weights indicating degree of proximity of ver-
tices in neighborhood of vk. Due to this reason, we pro-
pose adoption of activation spreading algorithm [1, 18],
which is a local graph ranking method with following
pseudocode8:

activate (energy E, vertex vk) {

energy(vk) = energy(vk) + E
E’ = E / |Vk|
if (E’ > T) {

for each vertex vj ∈ Vk {

activate(E’, vj)
}

}

}

Activate is a recursive algorithm which returns a set of
vertices along with their weights (energy), indicating de-
gree of affinity between vk and ranked vertices. T is a
minimum energy threshold which provides quick conver-
gence of algorithm and |Vk| is number of neighbouring
vertices. Spreading activation assigns energy values to
the vertices, not to the edges – in order to be consistent

with (1) we establish w(vk, vj) = energy(vk)
energy(vj)

.

Our goal is to compare basic direct neighbourhood with
neighbours acquired with spreading activation and deter-
mine how these two approaches influence homophily in
a graph (which in turn influences classifier performance).
With this knowledge we will be able to distinguish which

8In order to maintain simplicity and be coherent with
graph used in experimental evaluation, following algo-
rithm is designed for unweighted graph, the original one
can deal with weighted graphs.

neighbourhood method should be included into Simple
Relational Classifier with the aim to decrease its misclas-
sification rate.

6.1 Simple Relational Classifier and Homophily
If we include substitution W =

∑

vj∈Vk

w(vk, vj) into (1)

we can rewrite the general Simple Relational Classifier
formula as following:

p(cm|vk) =

∑

vj∈Vk|class(vj)=cm

w(vk, vj)

∑

vj∈Vk

w(vk, vj)
=
Wkcm

Wk
(8)

It is obvious that Wk =
∑

cm∈C
Wkcm

.

Because our experiments are based on binary classifica-
tion with set of classes is C = {c+, c−} we get Wk =
Wkc+

+Wkc− . If we consider this adjustment within the fi-

nal class assignment process, in order to determine impact
of various neighbourhood acquisition methods we only

need to observe the ratio Wkc+
: Wk. If

Wkc+

Wk
> 0.5, clas-

sified vertex vk is assigned to positive class, if
Wkc+

Wk
< 0.5

then class(vk) = c−, otherwise class(vk) is left unas-
signed.

6.2 Experimental Evaluation
We employ dataset based on social network of Slovak
Companies register (http://foaf.sk/). A bipartite graph
consist of two vertex types, Company and Person and a
relation between them (is in), which indicates that person
P plays a role in company C as a shareholder, director,
etc. The dataset consists of 350 000 people, 168 000 com-
panies and 460 000 edges between them and it is a typical
social network with exponential distribution of vertex de-
gree and graph component size.

Vertices in the graph hold several attributes – name, ad-
dress, basic capital, scope of business activity, etc. A ver-
tex class-membership is then derived from one of these at-
tributes. We use class membership named is in Bratislava
which defines that class(vk) = c+ if person or company is
located in city Bratislava, otherwise class(vk) = c−. The
distribution of c+ : c− is 27 : 73.

The results are in Fig. 4, x -axis represents the ratio of
Wkc+

Wk
and y-axis is average vertex homophily, where ver-

tices are grouped according to x -axis9.

In Fig. 4 we compare three curves: the optimal homophily
function is put into contrast with the two observed ho-
mophily rates: basic neighbourhood and spreading acti-
vation. We see that spreading activation fits optimal ho-
mophily much better than basic neighbourhood. In terms
of root mean square error (RMSE) we gain:

9The x -axis is sampled with step = 0.1, e.g., when a
vertex vk has three neighbours with positive class and

one neighbor with negative class,
Wkc+

Wk
= 3

4
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Figure 4: Homophily comparison for basic neigh-
bourhood and spreading activation.

• Company : RMSEbasic neigh = 0.360
RMSEact spread = 0.219

• Person: RMSEbasic neigh = 0.374
RMSEact spread = 0.222

This result is supported by the contingency table (Tab. 1)
for all measures except Recall of Person (this is due to
imbalance between c+ : c− = 27 : 73).

Table 1: Contingency table measures (direct is di-
rect neighbourhood, spread. is spreading activa-
tion).

Company Person
direct spread. direct spread.

Recall [%] 85.8 90.8 71.0 56.8
Precision [%] 18.2 59.5 24.3 89.1
F1 [%] 74.7 86.1 77.5 79.4
Accuracy [%] 30.0 71.9 36.2 69.4
RMSE 0.360 0.219 0.374 0.222

7. Conclusions and Thesis Contributions
Relational classification is currently still considered as an
evolving branch of classifiers, currently without adoption
in large-scale enterprise. For example, well known data
mining software PASW Statistics 1810 (former SPSS) con-
tains several attribute-based classifiers (neural networks,

10http://www.spss.com/software/statistics/

decision trees, logistic regression), but no relational meth-
ods. One of the reasons is initial scepticism as well as low
awareness. Next, many people are not used to view on
the data as representable by mathematical graphs.

In our work we extended graph relational approach to
data organization and analysis. We identified those fea-
tures of graphs which are the most influential on classifier
performance and we pointed out, that we should not rely
on this features as given in each graph.

More concretely, the goal of this work was to consider
and take into account homophily of the dataset in classi-
fier design. Our work was based on existing overview of
relational methods [8, 13]. According to our past analy-
sis and experiments with relational methods we revealed
strong connection between these methods and homophily,
this remark was inspired by [4, 14].

The main contributions of our thesis are following:

• we designed a method based on information exchange
moderation, which enhances the simple relational
branch of classifiers (ĉr),

• we designed a method based on local graph rank-
ing which extends the collective inferencing based
classifiers (ĉci).

Both methods employ the homophily measures we estab-
lished and according to them, the classification model pro-
vides more robust results with lower misclassification rate.
In order to evaluate our methods, we co-authored follow-
ing two large-scale datasets:

• MAPEKUS, digital libraries based dataset
(http:/mapekus.fiit.stuba.sk/),

• foaf.sk, social network of Slovak Companies
(http:/foaf.sk/).

In broader context, our contribution is dedicated to super-
sede the naive homophily assumption in relational clas-
sifier design and substitute this inept assumption by an
approach which locally considers the degree of homophily
and adapts the classifier according to it.
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1. Introduction
At the time, when it is required to interconnect as many as
possible technical devices, the communication protocols
used to ensure this link are essential. On choosing the
appropriate communication protocol depends the over-
all effectivity of established connections. When choosing
the appropriate communication protocol we are limited
by the speed requirements and safety, while respecting
the defined standards of communication protocols. Apart
from Internet/intranet type of networks, networks can be
divided into industrial [6], where belongs e.g. Fieldbus,
PROFIBUS, PROFINET, CAN, AS-interface, Measure-
ment bus, DeviceNet, M-Bus, industrial ethernet and oth-
ers [23] and laboratory, e.g. PXI [22] VXI [3] and GPIB
[25]. The difference between these categories is that the
laboratory measurement system does not expect a great
length of the bus as the complex measuring instruments
(Oscilloscope, signal generator, multifunction meter, etc.)
are connected to the bus terminal nodes and the buses
themselves are designed as an extension of I/O computer
ports to which they are attached. At the industrial buses
is expected greater physical size of the entire system, end
nodes are not as complicated as those in laboratory buses
and used transfer bus is independent of the internal archi-
tecture of the monitoring equipment (control computer).
Nowadays, in the area of industrial buses occurs trend to
unify these standards and to eliminate their mutual in-
compatibility. Suitable candidates for the unification of
protocols are often simple solutions that use existing stan-
dards and add an advanced functionality to them, which
allows us to communicate between different communica-
tion systems. After a thorough review of the current state
of the area of industrial buses, we can seea variety and
differences of communication protocols. The unifying el-
ement of these standards appears to be open protocol of
a higher level that is widely accepted. Such a standard
is the Ethernet environment with family of TCP/IP [5]
(UDP/IP) protocols. At the selection of protocol, which
we will continue to work with, there were raised the fol-
lowing requirements

1. Broadness. The system we will work with falls under
the area of local control (from one up to tens of
meters).

2. Easy implementing of the communication protocol
interface into programmable microcontrollers.

3. Protocol cooperation with higher level protocols
(TCP/IP)

4. Ability to extend the functionality of the protocol.
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As candidates for the universal use are the protocols MOD-
BUS, CAN, AS-Interface, PROFIBUS and DeviceNet.
From these protocols, MODBUS is the most suitable for
a number of reasons:

• is suitable for use in the area of local control buses
because as a physical layer can be used RS-485 or
RS-232,

• the principle of communication (master/slave) and
the protocol specification itself (statechart diagrams
of master and slave nodes) are easily implementable
into current programmable microcontrollers (for ex-
ample PSoC 1 by Cypress1 )

• natively cooperates with higher level protocols (TCP
/ IP),

• MODBUS protocol specification is open and easy to
modify.

MODBUS Protocol [19], [17] is a protocol that is easy
to implement in industrial communication systems and
also adaptable to specific applications. MODBUS proto-
col is suitable to use in systems where the devices are con-
nected to microcontrollers with a certain function, such
as. in [14] where the author uses the MODBUS proto-
col for transmission of measured data, in [9] is MODBUS
used in system for electric drives, or [24] where it is used as
a communication protocol between the DSP system and
a computer (via serial interface port). In [7] the author
deals with master node authentication in the MODBUS
protocol.

2. Thesis objectives
The main motivation of the thesis is to increase the us-
ability of MODBUS protocol for applications of the local
control, which envisages the use of slave devices with some
degree of intelligence, respectively logic, adapt the MOD-
BUS protocol to the current industrial systems designed
for simplicity and efficiency. The way to achieve this is to
identify weak points of MODBUS protocol and propose
solutions to address them. The objectives of this work
are as follows:

1. Create a MODBUS serial line protocol model using
Coloured Petri nets.

2. Propose MODBUS protocol extensions with a goal
of wider usability in real industrial applications.

3. Create models of the proposed extensions, verify and
implement them in a microprocessor application.

3. Methods and design
For modeling protocols and parallel processes there are
several formal techniques. PVS Verification System [1] – a
tool for formal specification and verification of hardware,
sequential and distributed algorithms. Symbolic Analysis
Laboratory [13] (SAL) – a tool for formal specification and
verification of communication protocols in particular [4].
Tool PROMELA (Protocol Meta Language) [1], [13] for
formal verification of distributed software systems. The
system AsmL (Abstract State Machine Language) [21] –

1http://www.cypress.com/?id=1573

a language for formal description of abstract state ma-
chines. Markov chains [2] are suitable for modeling of
stochastic processes [20]. For the description of commu-
nication protocols we have chosen methods that suit best
for this purpose: Coloured Petri Nets (CPN) and state
machines (Finite State Machine–FSM). State machines
are used in description of the functionality of the proto-
col, Coloured Petri nets are used at creating a functional
model of the protocol. In developing the model is based
on the state machine, respectively the state diagram for
the given protocol.

3.1 Coloured Petri Nets
Colored Petri Nets [11] extend Petri nets [15] on data
types, time, and hierarchical structure. They are used
mainly for modeling communication protocols and ser-
vices [10], [16], [12]. Non-hierarchical Coloured Petri Net
is n-tuple CPN = {Σ, P, T, A, N, C, G, E, IN}, where sin-
gle parts have the following meanings:

Σ is a finite set of data types, called colour set. Each
colour set must be final and not null.
P is a finite set of places.
T is a finite set of transitions.
A is a finite set of edges such that P ∩ T = P ∩ A =
T ∩ A = ∅
N is a function of a node. It is defined from A to P ×T ∪
T × P
C is a colouring function. It is defined from P to Σ
G is a guard function. It is defined from T to the expres-
sion, which satisfies the condition:

∀t ∈ T : [Type (G (t)) = Bool ∧ Type (V ar (G (t))) ⊆ Σ]

E is a function of edge expression. It is defined from A
to the expression, which satisfies the condition:

∀a ∈ A :

[
Type (E (a)) = C(p (a))MS ∧ Type (V ar (E (a))) ⊆ Σ

]

where p(a) is a place from the expression N(a).
IN is an initialization function. It is defined from P to
the expression, which satisfies the condition:

∀p ∈ P :
[
Type (IN (p)) = C(p)MS ∧ V ar (IN (p)) = ∅

]

4. Proposition of MODBUS protocol modifica-
tions

On closer examination of MODBUS protocol were also
found its weaknesses:

• Limited functionality of slave node. The original
specification of the MODBUS under slave device un-
derstands a simple device with a locked-down func-
tionality.

• Communication is only master/slave exclusively.
This type of communication ensures no collisions on
the bus. In specific cases we need slave/master com-
munication, while maintaining the characteristics of
no collision communication.

In the thesis is proposed expansion and modification of
the MODBUS protocol, called mMODBUS. This new spec-
ification is based on the original MODBUS serial line pro-
tocol specification. The target of the proposed specifi-
cation mMODBUS is to increase usability of MODBUS
protocol in real industrial applications.
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Figure 1: Proposed state diagram for MultiSlave
extension

4.1 mMODBUS modification MultiSlave
The motivation for this extension proposal was to use the
performance capacity of the devices with implemented
slave node. Since the slave node is in many cases soft-
ware implemented on the programmable microcontrollers,
which have disproportionately large computing power
in view of the implemented function (display, measuring
probe, ...), so the first proposal of mMODBUS protocol
is to use the remaining power and to implement several
slave nodes on one microcontroller. For the MultiSlave
node are proposed following modifications:

1. MultiSlave node consists of a set of slave nodes as
defined in the MODBUS specification.

2. MultiSlave node is assigned a set of addresses.

(a) A message with address that belongs to the set
of MultiSlave node addresses, must be accepted
by MultiSlave node.

(b) Number of MultiSlave node addresses is more
than 1. The address must be assigned to the
MultiSlave node hardware blocks and also vir-
tual hardware blocks (virtual block function is
provided by software).

3. MultiSlave node modules are interconnected to the
subsystem which can communicate with each other.

4. MultiSlave node responds to data frames, which for-
mat was defined in the MODBUS protocol specifi-
cation. Field adress in this response has a value of
that address, which was a in the requirement.

5. State diagram of MultiSlave node is in Figure 1.

MultiSlave node state diagram is based on the slave node
diagram, as defined in [18]. Proposed state diagram has
an enhanced control of the address in the received frame
in case of a MultiSlave node type. Received frame is ac-
cepted in case where the address belongs to set of the
MultiSlave node addresses.

4.2 mMODBUS modification SuperSlave
The motivation for proposing this extension was to allow
slave/master communication in specific cases. The need

for such communication can occur where there is a need to
transfer certain information (such as a real-time informa-
tion) to all slave nodes, but this information is only avail-
able in a one slave device. The proposed modification al-
lows for the adjustment of slave node functionality, where
the master device can for precisely defined time delegate
the right to send broadcast messages to the specific slave
device. Solving the previous situation with this modifi-
cation is as follows: the master device sends a request to
the slave node with a request to send time information
to all other slave nodes. Slave device sends a broadcast
message with a required data. After a defined time the
given the slave device loses its right to transmit data and
the master device can handle another requirements. For
SuperSlave node are proposed following modification:

1. SuperSlave node must be backward compatible, mean-
ing that it must include the full functionality of the
slave node.

2. Upon receipt of the special requirement, SuperSlave
node processes the request and sends the processing
results to the bus as a broadcast message.

(a) Right to send the broadcast message to the bus
has the SuperSlave node only in a precisely de-
fined time (tw). This time is defined directly
in the received message.

(b) After this time SuperSlave node must not start
sending the message.

(c) SuperSlave node can send at this time only one
broadcast message

3. SuperSlave node replies to request for the broadcast
transmission only by broadcast message.

4. SuperSlave node can not send unicast messages as
a reply to a request for broadcast transmission.

In the original specification of the MODBUS serial line
protocol, slave node must respond to each unicast request
by a message that contains the address of the sending
slave node. Function code in response is the same as in
the request (only in case of success). The modification
SuperSlave emitting obligation to answer such message,
since the slave node would have to reply to master node
and then send a broadcast message. However, this solu-
tion does not produce the expected improvements in the
protocol performance. If the slave node is required to do
broadcast transfer, then as a response to the request is
to be taken precisely this type of broadcast transmission.
The proposal for the SuperSlave node state diagram is in
Figure 2. From the original diagram it differs in added
state ”Waiting for the requested event”, to which it gets
only if the requirements check went through without prob-
lems and it is a super-request. In this state SuperSlave
device remains for a maximum period defined in section
2a of the SuperSlave node definition. If the SuperSlave
node manages to get the request from the received mes-
sage done in time, it sends the broadcast message as a
reply. In case that by the time tw node SuperSlave does
not fulfill the requirement, it must not send any reply. In
both cases, the status changes from ”Waiting for the de-
sired event” to ”Idle”. In the proposed modifications are
some changes related to the master device. Therefore we
suggest to add the following rules for the master device :
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1. Master node must be backward compatible with the
specification of the MODBUS serial line protocol.

2. Special requests for SuperSlave node can only be
sent as an unicast message.

3. After sending the special request SuperSlave node
will wait for the completion of processing for a well-
defined time (t3 – relation 1).

(a) In response to such request the master node
must accept only broadcast message.

(b) In case the t3 time has expired and the an-
swer was not received from SuperSlave node,
SuperMaster device will start processing this
error condition. According to the nature of the
application the request can be re-sent or dis-
carded.

Representation of time t3:

t3 = tw + tBC + t2 (1)

In Figure 3 are outlined proposed changes to the master
node state diagram. Changes are shown in green (if it
is a communication without any error) and red (action
of faulty state) color. Where tw is the maximum time
allowed for the SuperSlave node to process the request. In
the status diagram in Figure 2, this time is represented by
the state ”Waiting for the desired event”. Waiting in this
state includes requesting that part of SuperSlave node
which is to process the request and generate response.
It can be a part of the SuperSlave node e.g. real time
clock. SuperSlave node receives a super-request, that part
of the SuperSlave node, which communicates with real
time clock takes over processing. Reading this value and
generating the broadcast reply can not take longer than
the time tw. Value of time tw may not be constant, so

this value is a part of the data in super-request. The
value of t3 time is dependent on the running application,
because the value of time tw is determined by the master
node, respectively by user application according to the
nature of super-request. The value of t2 is defined as the
waiting time of master device after sending the broadcast
request. The value of tBC can be for the given bandwidth
fp derived as:

tBC =
frame length

fp
· 8 (2)

Which is at the 256 bytes of maximum length of data
frame and a transfer rate of 9600 bauds, value of approx-
imately 210 ms. Times tBC and t2 are approximately
equal, thus the value of time t3 will mainly depend on
the value of tw, which is the maximum processing time of
super-request, which is specified in the received message.
From the nature of applications for which is MODBUS se-
rial line (local control) intended, we opted the maximum
value of time tw the same as the maximum value of time
tBC . Based on these assumptions we get the maximum
value of time t3 equal to circa 620 ms.

5. Model of MODBUS and mMODBUS
protocol

In this work is proposed a model of MODBUS and mMOD-
BUS protocol. Creating the model of MODBUS serial
line protocol is based on the specification of ”MODBUS
over Serial Line Specification and Implementation Guide
v1.02 [18]. MODBUS serial line is a second layer of ref-
erence model ISO/OSI protocol, thus the model does not
include the specification of the first layer, namely the im-
plementation of access methods RTU or ASCII. Model of
MODBUS serial line protocol consists of a master node,
slave node and a model of transfer media. Models of mas-
ter and slave nodes are created on the basis of their state
diagrams defined in [18].
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5.1 Model of MODBUS protocol
Model of MODBUS serial line protocol consists of five
pages. In addition to these pages, in the model are defined
data types, constants, variables and functions which are
then used throughout the model. The highest level of the
model is MB hlavna and defines the relation among the
master node and the slave nodes. Second level pages are
MB master, MB slave and MODBUS. Page MB master
models the behavior of the master node, MB slave models
the behavior of the slave node and MODBUS is a model
of the communication medium. MB hlavna (Figure 4) is
the page of the highest hierarchical level of the model and
shows the link between the master node, MODBUS bus
and slave nodes. The site contains 6 places and 4 substi-
tuted transitions. Master subsite is a model of the master
node. Places m2b and b2m represent the transfer of the
frame from the master node to the bus (m2b – Master To
Bus), respectively or transfer of the frame from the bus
to the master device (b2m – Bus To Master).
Subpage MODBUS models communication channel be-
tween master and slave nodes. Places s2b (Slave To Bus)
and b2s (Bus To Slave) model transfer of the frame from
slave device to bus and vice versa. In the model in Fig-
ure 4 are 2 slave devices connected to the bus – subsite
Slave 1 and Slave 2. Each slave node has its configuration
stored at the place belonging to the given subpage of the
node. Thus, a Slave 1 node has its configuration stored
at the place conf1 and Slave 2 node at place conf2. In
the Figure 4 can be seen that a Slave 1 node has address
3, the functions codes that is capable of processing are 1,
2, 3, 4 and addresses of its registers, which can be read or
written are 1, 2, 3, 4, 5, 6.

6. Verification of proposed models
As a method of verification of the model, we selected the
analysis of the state space of CPN network created in
modeling software CPNTools [8]. First will be verified
MODBUS protocol model. Based on the results of verifi-
cation of this model, will be verified models of proposed
modification mMODBUS.

Choice of verification method
All models of protocols (MODBUS, mMODBUS) are cre-

ated using Coloured Petri nets in modeling software CP-
NTools. Techniques to analyze the CPN model are a sim-
ulation and calculation of the state space. Simulation of
the CPN network provides information on the behavior
of the model with random choice of transitions, which
can be activated. Analysis of state space provides infor-
mation about all possible conditions in which the model
can be found and all the transitions between these states.
For the need of verification of the developed models is an
appropriate tools just the state space analysis. Model of
MODBUS serial line protocol will be verified as a complex
model (the whole model, rather than individual pages)
due to mutual functional linkage of the pages of the model.

Definition of the term verification
The term verification means the match of the model be-
havior with regard to the protocol specification. From
the MODBUS protocol specification (chapters 3.2.1 and
3.2.2) result the following arguments:

1. Master node (also the slave) can at one time process
only one message.

2. Master node can not send another message until

(a) did not receive a reply from the slave node
(standard or error), has not reached time-out
to deliver the message yet – unicast mode,

(b) has not reached time-out to process the mes-
sage – broadcast mode.

3. According to the nature of the message sent by the
master node the message is delivered

(a) to one recipient – unicast mode,

(b) to all slave nodes – broadcast mode.

4. At the communication can not happen the situa-
tion (deadlock) which is unable to respond. At the
handling of message can not happen infinite loop.

Procedure for verification of the model
State space of model is a graph of occurrence. In the
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Figure 4: Superpage MB hlavna

proposed model label MBRamec represents sent message.
Under the previous assumptions, such a label should ap-
pear in the model of master and slave nodes only once
(claim 1 and 2). Information on the number of labels
anywhere in the model provides the characteristic integer
limits, a list of all labels, which existed in the given place
is provided by characteristic boundary of multiset. Veri-
fication of claim 3 in the analysis of the model means to
compare the value of the integer upper limit place b2s
at CPN page MB Hlavna with the number of connected
slave nodes. For a broadcast message, this value must be
precisely equal to the value of the number of connected
nodes and value equal to 1 for the unicast message. Dead
transitions, represent those parts of the model (transi-
tions), not even once activated. Claim 4 can be verified
by the number of dead labels, which is the number of fi-
nal nodes in the graph of occurrence. For the model is
expected one dead label. As we are dealing with model
analysis, that works with time, more dead labels are ex-
pected, which differ only in a time stamp. After removal
of time stamp, only one dead label is expected. Condition
of no infinite loop existence is satisfied in case, the whole
graph of occurrence has been calculated.

6.1 The MODBUS protocol verification
To verify the functionality there are prepared several dif-
ferent scenarios that could occur in communication. In-
dividual scenarios differ in the number and contents of
generated messages. At the verification of the function-
ality of the MODBUS protocol model will be two sets
of scenarios – A and B. Given sets of scenarios differ in
number of slave nodes that are connected to the bus. In
scenario A, there are two slave nodes, and in scenario B
are 3-8 connected slave nodes. Individual slave nodes dif-
fer in their address (adr), a set of code functions (fc),
which are capable of processing and a set of addresses of
their registers (adrR). Writing of the slave nodes config-
uration in the following text is written the same way it is
in the subpage MB hlavna (Figure 1).

Scenario A:
Number of connected slaves: 2
Slave nodes configuration:
Slave1: fc=[1,2,3,4], adr=3, adrR=[1,2,3,4,5]
Slave2: fc=[2,3,4,7], adr=5, adrR=[6,7,8,9]

Table 1: Result of state space analysis for sce-
nario A

adr codes PO SS n time [m:s] PM
A.1 3,5 4,5,7 2 13 905 0:16 7
A.2 0,3,5,6 1,7,20 2 68 101 6:45 24
A.3 0,3,5,6 1,7,20 0 29 245 4:47 6
A.4 0,3,5,6 1,7,20 5 150 957 13:14 50

Scenario B:
Number of connected slaves: 3,5,6,8
Slave nodes configuration:
Slave1: fc=[1,2,3,4], adr=1, adrR=[1,2,3,4,5]
Slave2: fc=[2,3,4,7], adr=2, adrR=[6,7,8,9]
Slave3: fc=[2,3,20,21], adr=3, adrR=[6,7,8,9]
Slave4: fc=[1,2,3,4], adr=4, adrR=[1,2,3,4,5]
Slave5: fc=[1,2,3,4], adr=5, adrR=[1,2,3,4,5]
Slave6: fc=[1,2,3,4], adr=6, adrR=[1,2,3,4,5]
Slave7: fc=[1,2,3,4], adr=7, adrR=[1,2,3,4,5]
Slave8: fc=[1,2,3,4], adr=8, adrR=[1,2,3,4,5]

In Table 1 is described the individual configurations along
with the results of the state space analysis. Abbreviations
used in Table 1: adr and codes – addresses and codes of
functions used to generate outgoing frames. PO – the
number of repeated forwarding of ADU frame. SS n –
the number of state space nodes. Time – the time of cal-
culation of the state space. DM – the number of dead la-
bels. For a thorough verification of the functionality of the
model, it is needed to connect multiple slave nodes to the
bus. MODBUS specification provides for a maximum of
247 slave nodes connected, but in real applications there
is a maximum of 16 slave nodes. In this configuration,
a maximum of eight slave nodes is connected to the bus.
At the attempt to enlarge the model by additional slave
nodes, the CPNTools modeling software was not able to
calculate the state space model. Scenario B represents a
set of MODBUS serial line protocol configurations with
one master node and 3-8 slave nodes (in Table 2 it is the
column NS). In all configurations of scenarios A and B
have been ensured match with the assumptions defined
in the ”Definition of verification.
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Table 2: Result of state space analysis for sce-
nario B

NS adr codes PO SS n time
[m:s]

PM

B.1 3 3,5,6 1,7,20 5 183607 0:19 11
B.2 3 0,3,5,

6
1,7,20 2 170399 0:44 22

B.3 3 0,3,5,
6

1,7,20 2 190167 0:52 24

B.4 5 0,3,5,
6,7

1 1 33893 1:53 3

B.5 6 0,2,3,
4

1 0 295195 24:31 2

B.6 8 1,2,3,4,
5,6,7,8

1 1 68960 0:15 2

Table 3: Configurations of Scenario C
Scenario C Configuration of slave

Configuration Slave 1 Slave 2
C.1 adr=[3] adr=[5]
C.2 adr=[3] adr=[5,6]
C.3 adr=[3] adr=[5,6,7]

6.2 The mMODBUS protocol verification
The model of proposed protocol mMODBUS is based on
a model of MODBUS protocol. At the verification of
mMODBUS protocol model will be used the same meth-
ods and procedures as for the MODBUS protocol.

6.2.1 Verification of extension MultiSlave
To verify the functionality of the MultiSlave node model
there are prepared several different configurations, to de-
termine whether all required conditions have been met.
Like at the verification of the standard MODBUS serial
line protocol model, also here are defined the same as-
sumptions as in the case of MODBUS protocol verifica-
tion. Verification of the MultiSlave extension model is
identified as scenario C. Scenario C will have 3 different
configurations of slave nodes:

Scenario C:
Number of connected slaves: 2
Slave nodes configuration:
Slave1: fc=[1,2,3,4], adrR=[1,2,3,4,5]
Slave2: fc=[2,3,4,7], adrR=[6,7,8,9]

In Table 4 is a list of configurations of scenario C with
the results of the analysis of the state space.

6.2.2 Verification of extension SuperSlave
For the verification of the SuperSlave extension model we
used 2 slave nodes, the first of them was a SuperSlave

Table 4: Result of state space analysis for sce-
nario C

adr codes PO SS n time
[m:s]

PM

C.1 0,3,5,6 1,7,20 2 68014 7:13 24
C.2 0,3,5,6 1,7,20 2 77819 7:56 24
C.3 0,3,5,6,

7,8
1,7,20 1 143440 1:02:53 15

Table 5: Result of state space analysis for sce-
nario D

adr codes PO SS n time
[h:m]

PM

D.1 0,3,5,6 1,7,20 2 86546 0:8 24
D.2 3,5 1,7,20,65 2 148520 0:28 28
D.3 0,3,5 1,7,20,65 2 389690 3:52 68
D.4 0,3,5,6 1,7,20,65 1 726624 47:20 31

and the second was a standard slave node. Verification of
the model SuperSlave extension model is marked as sce-
nario D. Scenario D will have 4 different configurations
(Table 5).

Scenario D:
Number of connected slaves: 2
Slave nodes configuration:
Slave1: fc=[1,2,3,4,12, 65,66], adr=3, adrR=[1,2,3,4,5]
Slave2: fc=[2,3,4,7,12], adr=5, adrR=[6,7,8,9]

7. Conclusion
In all configurations of scenarios C and D has been en-
sured match with the assumptions defined in the part
”Definition of verification”.

8. Conclusion
In work we proposed mMODBUS protocol specification,
based on MODBUS protocol. In this protocol specifica-
tion is solved more efficient use of current hardware poten-
tial of communicating nodes on MODBUS bus, shortening
of the response time at the slave-master communication.
Based on the draft specification of mMODBUS protocol
we created a model of this protocol using the modeling
tool Coloured Petri nets. The model was then verified
by analyzing the state space model, which examined the
behavior of the model in all possible modes of communi-
cation. The proposed model was used as the basis for the
implementation of the mMODBUS protocol in real indus-
trial application. In the work were reached the following
theoretical benefits:

1. Based on MODBUS serial line specification and with
regard to the principles of communication in the
given protocol, there was designed protocol speci-
fication mMODBUS – MultiSlave and SuperSlave.
The proposed extensions are fully compatible with
standard MODBUS serial line.

2. MODBUS serial line protocol model was created op-
erating at second layer of reference model ISO/OSI
using CPN nets. This model can be used as a refer-
ence for further modifications.

3. Models of proposed extensions MultiSlave and Su-
perSlave have been developed using CPN nets.

The functionality of all the developed models was verified
by the state space model analysis.
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As software is becoming larger and ever more complex, new
Software Engineering approaches addressing these complexi-
ties arise—for example, Model Driven Development, Software
Product Lines Engineering, and Aspect-Oriented Software De-
velopment (AOSD) [1, 4]. AOSD has in its core the principle
of separation of concerns [3] which aims to simplify system de-
velopment by allowing the developers to focus on one matter of
interest (or concern) at a time. In particular, AOSD advocates
the idea that single hierarchical structures (e.g., classes in code
or models, or use cases / viewpoints in requirements) are too lim-
iting to effectively separate all concerns in complex systems [1].
Thus, additional structures (termed aspects) are useful for better
separation of concerns which would otherwise be scattered and
tangled across the single hierarchical structures.
Work on Early Aspects, as exemplified by papers presented in
this special section, studies the issues related to identification,
separation, modelling, analysis, and composition of aspects in
requirements and architectural artefacts. Questions considered
include developing formalisms appropriate for identification and
capturing early aspects; integration of different types of early-
aspect models into a consistent one; conflict management in and
with early aspects; relating different Early-Aspect approaches;
consideration of effort required for early aspect approaches; etc.
This special section showcases some solutions for the early-as-
pects related issues with five full papers accepted at the Early
Aspects’2010 Workshop [2]. These papers can be grouped into
tree themes: Aspect Identification, Conflict Management, and
Relationships between Technologies.

Aspect Identification
Research in this area studies how aspects can be first identified
in software requirements.

“A Method Based on Petri Nets for Identification of Aspects”
by V. Abdelzad et al. uses Petri Nets to formalise requirement
descriptions and relations between requirements. These can then
be analysed to identify candidate crosscutting concerns, which
may be further developed into aspects in an implementation.

“Towards a Domain-Oriented Approach for Identifying Aspects
in Software Requirements” by E. A. Nasser et al. uses stabil-
ity analysis and formal concept analysis to identify enduring
and crosscutting themes in requirements. The authors argue that
these themes can be used as candidate crosscutting concerns and
developed into aspects.

Conflict Management
Research in this area is concerned with identifying conflicts be-
tween different early aspects of a system.

“Conflict Management in Aspect-Oriented Requirements Engi-
neering” by A. Sardinha et al. proposes a formalisation of re-
quirements prioritisation by a set of stakeholders and shows how
optimisation techniques can be used to trade-off conflicting re-
quirements maximising overall stakeholder satisfaction.

Relationships between Technologies
The two papers in this area discuss the relationships between
different techniques for dealing with crosscutting concerns at an
early stage.

“On the Role of Features and Goal Models in the Aspect-Ori-
ented Development of Software Product Line” by L. Silva et
al. discusses the relationships between feature models and goal
models and how these can be exploited in the context of software
product lines.

“Are Themes and Use Cases the Same?” by V. Vranic et al. com-
pares use cases as used for modelling aspects at the requirements
level and themes as used in Theme/Doc and shows how these no-
tions are interrelated by defining transformations transforming
use-case models into Theme/Doc models and vice versa.

The articles presented here represent a subset of the work cur-
rently undertaken on Early Aspects. We hope that the present
publication, as well as the continuing series of Early Aspects
workshops will foster further work and discussion on this topic.

Finally, we would like to thank all of the authors and Early As-
pects 2010 workshop PC who have helped in selection of papers
and preparation of the workshop and of this special section. In
addition, we would like to thank Valentino Vranic for his help in
making this special section possible.
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Abstract
One of the important factors in creating complexity in
software systems is the existence of crosscutting concerns.
The concept of aspect orientation with presentation of
a method could modulate crosscutting concerns into the
single unit that is called aspect, and solve many prob-
lems which are created such as tangling and scattering.
However, identification and specification of crosscutting
concerns and regarding them as aspects is not easy. For
this reason, various methods are presented but such meth-
ods are informal. In this paper, we propose a formal
method based on Petri Nets for identification of aspects.
In the method, a software system is expressed in terms
of a number of concerns. A concern is composed of one
or several requirements which realization of them cause
realization of that concern. The proposed method defines
requirements and concerns in the formal form by Petri
Nets and named them as requirement nets and concern
nets. Concern nets with dependencies which there are
between requirement nets, model the final system. The
execution of final modeled software system based on Petri
Nets and monitoring its transitions, shows crosscutting
concerns which are candidate aspects.

Categories and Subject Descriptors
D.2.10 [Software Engineering]: Design; D.2.1 [Soft-
ware Engineering]: Requirements/Specifications—Elic-
itation methods

Keywords
Crosscutting concerns, requirement nets, concern nets,
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1. Introduction
Separation of concerns [5] is one of the important prin-
ciples in software systems development. The goal of sep-
aration of concerns is to break a software system into
several modules which have minimum overlapping with
each other. However, there is specific kind of concerns
that cannot be placed into a single module, these con-
cerns are called crosscutting concerns. In computer sci-
ence, crosscutting concerns are facets of a program which
affect (crosscut) other concerns. Crosscutting concerns
have two important characteristics [11]:

• Lack of decomposition from other sections (design
and implementation)

• Placing their implementation code among several
components

This kind of concerns when applied in the software sys-
tem may cause tangling and scattering problems. Aspect-
Oriented Programming (AOP) [12] through encapsulation
of crosscutting concerns into module called aspect could
prevent implementation level problems. Aspect-Oriented
Software development (AOSD) [1] express that aspect ori-
entation in implementation phase is not adequate, there-
fore, this concept has to be applied in other development
phases too. One of these phases is Aspect-Oriented Re-
quirements Engineering (AORE) [8]. The goal of AORE
is separation of crosscutting concerns and identification
of aspects. Many suitable methods for identification of
aspects are offered in [2, 14, 17, 4, 11]. These methods
are informal or concerns are regarded as non-functional
requirements.

Regarding the importance of formal methods in accep-
tance and application of a new method, it is necessary
to offer formal methods for identification and definition
of aspect-oriented primitive concepts. At this domain, in
[21] a formal definition of aspect using Petri Nets is pre-
sented. In [9] author(s) proposed an approach for solv-
ing conflict result from applying various aspects in the
same join-point. However, none of them present a formal
method for identification of aspects.

In this paper a formal method based on Petri Nets to
identify crosscutting concerns is proposed. In the method
main axis of activity is the notion of concern. A concern is
one or several functional or non-functional requirements
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that can be seen as candidate for aspect. The system that
we want to identify its aspects is constructed as series of
concern nets and extant dependencies between require-
ment nets. The execution of resulting Petri Net for the
system will give an output that it is main factor for iden-
tification of aspects. The reason of using Petri Nets as a
formal method for identification of aspect is that:

• Petri Nets is an executable modeling language, so
can identify aspects with executing the model that
is constructed for a system.

• Understandability of Petri Nets is more than other
formal methods such as matrix.

• Petri Nets has useful tools for modeling and exe-
cution itself, so we can use these tools in order to
implement the method without design new tools.

In this paper, in Section 2 we have an introduction of
Petri Nets. In Section 3 we study concerns and crosscut-
ting concerns then we present formal definitions based on
Petri Nets for them. In Section 4, proposed method for
obtaining aspects will be described. In Section 5 a case
study according to proposed method is stated. Section 6
present related works and finally we have conclusions.

2. Petri Nets
Petri Net is a mathematical based method for modeling
and verifying software artifacts that for first time in 1962
by Carl Adam Petri was introduced. Petri Net provides
clear and precise semantics, an intuitive graphical nota-
tion, and many techniques and tools for their analysis,
simulation and execution. A formal definition for Petri
Net is following [20]:

Definition of Petri Net: A Petri Net is a 3-tuple PN=
(P, T, F) where:

• P is a finite set of places

• T is a finite set of transitions, P
∩

T= ø

• F⊆(P×T)∪(T×P) is a set of arcs

In [13] T. Murata gave some typical interpretations of
transitions and places. A transition (an event) has a cer-
tain number of input and output places representing the
pre-condition and post-condition of the event respectively.
The presence of a token in a place is interpreted as hold-
ing the truth of the condition associated with the place,
therefore, every software system can modeled with Petri
Nets. For example, take personnel management system in
consideration [9]. One of the system concerns is increasing
employee salary. For realization of the concern, a system
manager should enter user name and password for enter-
ing to the system, then should read employee salary and
increase amount of his/her salary. Finally, the manager
exit from system. Sequence operations of increasing em-
ployee salary concern are specified by the Petri Net CN
in Figure 1.

3. Concerns and Crosscutting Concerns
If aspect-oriented software development is to be fully re-
alized, concerns must be treated as first–class entities

Figure 1: A Petri net for personnel management
system.

throughout the life cycle [17]. Therefore, the systems
that want to develop with aspect-oriented software de-
velopment have to express their specifications and docu-
mentations in terms of concerns. Although the concept
of concern is well-understood intuitively but expressing a
good definition of concern is too hard. Many definitions
of concern are offered in [2, 7, 18, 10] which each of them
have different dimensions. We offer a comprehensive def-
inition of concern that includes these definitions.

One or several requirements depending on stakeholders
and system development that is able to implement by a
code structure, is called concern. In this definition, the
”one or several” indicates that one or several requirements
may constitute a concern. The ”requirements” mentions
to expectation behaviors in a system or program [16]. The
”stakeholders” indicates which requirements include both
system requirements and stakeholder requirements (e.g.
developers). The ”development” indicates that the defi-
nition is not limited to a certain phase of development
process, such as implementation phase. The ”able to im-
plement by a code structure” enhances the application
of concern concept in many developing methods, such as
object-oriented, structured and any developing methods
which have structures related to implementation. So, we
can utilize concern concept for quality and quantity char-
acteristics of systems.

Crosscutting concerns are main reason for causing tan-
gling problem. The tangling problem is an obstacle for un-
derstandability and maintainability of systems [15]. Ac-
cording to the above definition of concern, we can define
a crosscutting concern in the following: a crosscutting
concern is a type of concern and has requirements that
used to realization of other concerns, or entities of these
requirements realize other concerns. Also, we can relate
the following definition to tangling problem: If the re-
quirement of a concern is applied to realization of other
concerns then the requirement has tangling problem. The
definition for tangling is high level since a requirement can
constitute from several fine-granularity requirements (en-
tity) and tangling problem is occurred in one of them.

Now, we offer formal definitions based on Petri Nets for
concern and requirement. These definitions are necessary
for proposed method. In the definitions, requirements and
concerns are defined as requirement nets and concern nets
respectively.

Definition of Concern Net (CN): A concern net is a
2-tuple CN= (SoR, SoE) where

• SoR= (RN1, RN2, . . . , RNn) (n>0), it is a finite
set of requirement nets.

• SoE= (EO1, EO2, . . . , EOn) (n>0), it is a finite
set of execution orders
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Figure 2: Requirement nets RN1, RN2.

Figure 3: Concern net CN1 with two requirement
nets and one execution order.

Definition of Requirement Net (RN): A requirement
net is a 2-tuple RN= (PN, LE) where:

• PN is a Petri Net which is following: |P|=2, |T|=1,
|F|=2.

• LE= (O1, O2, . . . , On), is a set of logical entities
such as class.

Definition of execution order (EO): An execution
order is a sequence of requirement nets which present fol-
lowing:

EO= (RN1, RN2, . . . , RNn)

For example, two requirement nets in the names of RN1,
RN2 are shown in Figure 2. The requirement net RN1

(cf. Figure 2.a) is constituted one Petri Net PN1 and two
logical entities O11, O12. Also requirement net RN2 (cf.
Figure 2.b) under one Petri Net PN1 and three logical en-
tities O21, O22, O23 is constituted. In Figure 3, a concern
net in the name of CN1 is shown. The concern net CN1

is constituted two requirement nets RN1, RN2 and one
execution order EO1. The execution order EO1 is (RN1,
RN2). In the concern net CN1 transitions R11, R12 and
requirement nets RN1, RN2 are face to face. Due to ex-
istence an execution order in Figure 3, one token in the
first place of concern net CN1 is placed.

4. Identification of Aspects Using Petri Nets
We consider eight stages for realization of the method. In
order to identification of aspects, these stages should be
satisfied respectively.

Stage 1: in this stage, system expresses in terms of con-
cerns. The system concerns get from lexical analysis of
the system text. Specifying the system via concerns is
necessary for proposed method due to the fact that in
our method concerns are first-class.

Stage 2: in this stage, we specify requirements which
are associated to each concern. The requirements may
obtain through any traditional requirements engineering
approaches. The quality and quantity of specified require-
ments for every concern depend on interactions between

requirements engineering and stakeholders [14]. However,
specification of all requirements for each concern in first
glance is not easy and some of them are usually speci-
fied with reviewing. In consideration of this method, a
requirement is taken into account as a independent Petri
Net. Therefore, it is possible that requirements gradually
go into the concern.

Stage 3: in this stage, we should constitute a requirement
net for each specified requirement in stage 2. According
to the definition of requirement net, we have to identify
logical entities for each requirement net. However, in this
stage, identification of logical entities related to require-
ment nets is not necessary. This operation is postponed
to stage 8, because it is not needed to decompose all re-
quirements to logical entities for identifying aspects. The
requirements that have dependencies with other concerns
or requirements should be broken into logical entities.

Stage 4: in this stage, in order to constitute concern nets,
we should specify execution orders for each concern which
is identified in stage 1. Requirements engineers with ana-
lyzing purpose of a concern and associated requirements
may elicit execution orders. Each execution order satisfies
one of its purposes. Also, the number of execution orders
has direct relation with requirements granularity (fine or
coarse).

Stage 5: in this stage, according to definition in Sec-
tion 3, we constitute a concern net for each concern that
is specified in the stage 1. For constituting concern nets,
we need to requirement nets and execution orders which
are specified in stage 3, 4 respectively. The execution
of each concern net implicates that the proper token is
placed in the first place of concern net. Therefore, for
any execution order that exist in a concern net, a token
must be placed in the first place of concern net. If there
is not enough token in first place, the concern net cannot
be executed in the final Petri Nets model correctly. So we
cannot identify aspects in the system.

Stage 6: in this stage, the dependencies, restrictions and
relationships among requirement nets and concern nets
must be identified. For example, restriction of execution
order is a kind of dependency. The dependencies are the
direct result of the business logic that system purpose to
support [3]. The relationships is kind of logic that can be
as co-process and co-data, also can take into account as
interpretive relationship [17]. Interpretive relationships
reflect interpreted semantics associations among concerns
(logical).They depend primarily on the context-dependent
interpretation of concern semantics and significance. In
the applying of dependency between two requirement nets,
one new place as temporary place is created. In the tem-
porary place, a token of dependency is placed. This token
is composed of concern net and requirement net names
which causes complete execution of system. When these
dependencies are imposed into the model, the Petri Nets
model mentions to the final system. The model must be
executed in proper form. Lacks of execution model indi-
cates that dependencies and tokens of Petri Nets are not
defined correctly.

Stage 7: in this stage, for identifying crosscutting con-
cerns (aspects) following operations should be performed:
first, we have to specify transitions of each concern net
that have two or more than two entrances. Second, if
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Table 1: Relating aspects with Logical Entities
(LE).

LE1 LE1 . . . LEn

Aspect1
Aspect2

. . .
Aspectn

value of their entrances tokens are different, so entrance
token and transition token are taken into the 2-tuple, such
as (token1, token2). Therefore, if a transition has two or
more than two entrances with different tokens, for any
different token, there has to be defined separate 2-tuple.

Stage 8: After identification of these 2-tuples, the logical
entities associated with requirement nets in the 2-tuples
should be determined. If there is a logical entity that is
in the set of logical entities of two requirement nets be-
longing to a 2-tuple, that logical entity is considered as an
entity that has tangling problem. The concern net which
has this requirement net in their set of requirement nets,
considered as crosscutting concern (aspect). However, a
concern net may be has transition with several entrance,
but while the tokens are similar, the transition will not
explain any meaning.

Implementation of the method by Petri Nets provides a
number of collections that includes logical entities and
imposing aspects. It is possible that a share collection
exist within them. With extraction of this logical entities
and aspects, we will reach to structure like Table 1. In
the Table 1, name of logical entities and imposing aspects
are specified.

5. Case Study
In this section, a case study for description of proposed
method is offered. The case study is a hotel manage-
ment system [11] which is explained in following concerns
(stage 1):

• C1: Reserve Room: To reserve a room, you check
the room availability, and if a room is available, you
create a reservation.

• C2: Reserve Room: To check in a customer, you
assign him to a room and consume his reservation.
At the same time, you create an initial bill for the
customer.

• C3: Reserve Room: To check out a customer, you
collect the payment for the bill. Once the bill has
been paid, the customer is removed from the room.

• C4: Reserve Room: To log, the system checks oper-
ations and if there are changes, it loges them.

Now that identifying concerns of the system is done, we
should determine requirements of each concern (stage 2).

The requirements of any concern are depicted in Figure 4.
In Figure 4, every concern and its requirements are illus-
trated in the same simple structure with viewpoints [13,
16]. After the associated requirements for each concern
are specified, we must constitute requirement nets (stage
3). In our case study, there are ten requirements therefore

Figure 4: Concerns and associated requirements
for hotel management system.

Figure 5: Requirement nets for R11, R12.

we have to constitute ten requirement nets. For instance,
the requirement nets RN11, RN12 for the requirements
R11, R12 are depicted in Figure 5 respectively. These re-
quirement nets just are constituted based on the definition
in Section 3. In other words, we must follow the defini-
tion in order to constitute these requirement nets. But
important point is that, in this stage, we do not iden-
tify logical entities (set of logical entities is considered
null) for each requirement net because this action will be
performed afterwards. The remaining requirement nets
of hotel management system will constitute in the same
way.

In stage 4, we specify execution orders for the concerns.
The execution orders for each concern are depicted in Ta-
ble 2.

For instance, execution order of concern C1 is EO11 that
RN11, RN12 have to execute respectively. This means
that check room availability concern has to satisfy before
making reservation concern. In stage 5, we make concern
nets. There is an execution order for each concern there-

Table 2: The execution orders for concerns of ho-
tel management system.

Concern
Name

Name of execu-
tion order

Execution order

C1 EO11 RN11,RN12

C2 EO21 RN21,RN22,RN23

C3 EO31 RN31,RN32,RN33

C4 EO41 RN41,RN42
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Figure 6: Concern net for Reserve Room (C1).

Figure 7: Dependencies between concern nets CN2

and CN3.

fore in the first place of every concern net one token has
to be placed. For example, concern net CN1 for concern
C1 (Reserve Room) is depicted in Figure 6. The concern
net CN1 composes of two requirement nets and an execu-
tion order. In the concern net CN1 because of existing an
execution order, one token is placed in place p10. Other
concern nets are constituted in the same way.

After constitution of all concern nets, we can identify de-
pendencies between concern nets and requirement nets
(stage 6). In many cases, dependencies and relationships
exist between requirement nets of concern nets. Also, it is
possible that some concern nets have dependencies with
other concern nets. The dependencies of the hotel man-
agement system are a kind of restriction of execution order
and interpretive relationships. For example, in the sys-
tem, we should create bill and then calculate it, and also
first assigning room concern should performed and then
room should be emptied. These dependencies for two con-
cern nets, CN2 (check in customer) and CN3 (check out
customer) is depicted in Figure 7.

In Figure 8, tp1 and tp2 are two places with gray color.
These places are regarded to establish dependencies be-
tween requirement nets (RN21, RN33) and (RN23, RN31).
In the temporary places for any exit arc, a token must be
placed in it by related enter arc, because a requirement
net may have dependencies (more than one) with other
requirement nets. Therefore, adequate tokens must exist
in the temporary places for applying dependencies and
execution of the model. Now we have a final Petri Nets
model for hotel management system which is depicted in
Figure 9. The final Petri Nets model must be executed
then its transitions should be examined (stage 7). This
action can be implemented with CPN/Tools and its mon-
itoring capability.

The monitoring output of final Petri Nets model of hotel
management system for four transitions R21, R22, R33,
R41 is depicted in Figure 9.

Figure 8: Final Petri nets Model for hotel man-
agement system.

Table 3: Logical entities of requirement nets for
hotel management system.

Requirement nets Logic entity
RN11 Room
RN12 Reservation
RN21 Room
RN22 Reservation
RN23 Bill
RN31 Bill
RN33 Room
RN41 Room, Reservation, Bill

In Figure 9, there is an output like <C2, R21><C1, R11>.
This 2-tuple indicates that if minimum a share logical en-
tity exist in the requirement nets RN21 and RN11 then
two concern nets CN1, CN2 can be considered as aspect,
because the requirement nets has tangling problem. In
here, this share logical entity that cause tangling problem
is ”Room”. Action for identifying logical entities must
be performed for requirement nets which appear in mon-
itoring output. Logical entities for monitoring outputs
requirement nets are listed in Table 3 (stage 8). We con-
tinue this survey (monitoring output) until it is deter-
mined that there is share logical entities or not. When
there are sharing entities, face to face concerns can be
considered as aspect. In the hotel management system
because of existing share entities in all requirements, four
concerns are viewed as aspect and we call them A1, A2,
A3 and A4. Any concern in the system as aspect has a
series of logical entities that aspect is imposed to them.
These logical entities are sharing entities and are depicted
in Table 4.
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(R11=RN11; R12=RN12; R21=RN21; R22=RN22; R23=RN23;

R31=RN31; R32=RN32; R33=RN33; R41=RN41; R42=RN42) and

(C1=CN1; C2=CN2; C3=CN3; C4=CN4)

Figure 9: The monitoring output in CPN/Tools
for hotel management system.

Table 4: Relating aspect with logical entities in
hotel management system.

Room Reservation Bill
A1

√ √ √
A2

√ √ √
A3

√
A4

√ √ √

6. Related Works
Rashid [14] provide the AORE model and ARCaDe tools
for describing components and requirements-level aspects.
Examples of these aspects are compatibility, availability.
This work build on ViewPoints model [6], which is in-
tended to support the integration of heterogeneous re-
quirements specified from multiple perspective. In AORE
model, concern identification relies on domain knowledge
of developers, and also concerns are non-functional prop-
erties. We use a similar means for identification of con-
cerns in stage one of proposed method and are considered
concerns as functional and non-functional properties. Our
method uses a formal method for identification of aspects
but AORE model use an informal approach.

Elisa [2] proposed a Theme approach for viewing the re-
lationships between behaviors in a requirements docu-
ment, identifying and isolating aspects in the require-
ments, and modeling those aspects using a design lan-
guage. In Theme approach, Theme provides support for
aspect-oriented development at two levels. At the require-
ments level, Theme/Doc and at the design level Theme/
UML. Theme/Doc can be used as a method for identify-
ing concerns in the stage one of our method. Also, Theme
approach presents an informal method for identification
of aspects.

D. Xu [21] firstly incorporated the features of AOP into
Petri Net and extended Petri Nets to support AOM. His
work is based on Predicate/Transition Nets (PrT nets).
Lianwei Guan [9] presents a Petri Net-based approach to
support aspect-oriented modeling. In this approach, soft-
ware systems are modeled as aspect nets and base net,
then a woven mechanism is given to compose the aspect
nets and base net. They also give four mechanisms to
model the order constraints and dependencies among as-
pects that supposed on the Same Joint Point (SJP), and
give a solution to detect conflict relations among the as-
pects. Two method based on Petri Nets are not present

a method for identification of aspects. However, these
methods can be used in our method as a complementary
approach. In [19] authors proposed an approach based on
matrix for identification of aspects. This approach and
our method using common concepts for identifying as-
pects but there is no useable model for this approach in
order to can be used in the design level but the design
model of our method can be used in the design level.

7. Conclusions
This paper has offered a formal method based on Petri
Nets for specification of crosscutting concerns and iden-
tification of aspects. In the proposed method, a software
system was considered as sets of concern nets. Each con-
cern net is constituted as a set of requirement nets and
execution orders. The requirement nets have logical en-
tities which will be used for identification of aspects and
may have dependencies with other requirement nets. For
identification of aspects, we execute the final Petri Nets
model and then monitoring each transition. In the mon-
itoring process, if a transition has following conditions:
(1) each transition has two or more than two entrances;
(2) token of entrances are different; (3) There is a share
entity between two various entrances, we consider its dom-
inant concern net of transition as aspect. Offering a for-
mal method based on Petri Nets for identification of as-
pects provides some advantages. One advantage is that
we make sure of what was considered as an aspect is cross-
cutting concern. Therefore, an aspect with high finality
can be considered in the next development phases.

There is still shortcoming in the proposed method. This
method identify aspects using Petri Nets but cannot de-
termine join-points with more detail and the circumstances
of imposing aspects (after, before, around) to logical en-
tities, therefore, still there are works have to be done to
extend the method in the future.

References
[1] Aspect-Oriented Software Association. Aspect-oriented software

development. AOSD Web page. http://aosd.net/, 2002.
[2] E. Baniassad and S. Clarke. Theme: An approach for

aspect-oriented analysis and design. In 26th International
Conference on Software Engineering (ICSE 2004), pages
158–167. IEEE CS, 2004.

[3] R. V. Binder. Testing Object-Oriented Systems: Models, Patterns
and Tools. Addison-Wesley, 2000.

[4] R. Chitchyan, A. Rashid, P. Rayson, and R. Waters.
Semantics-based composition for aspect-oriented requirements
engineering. In 6th International Conference Aspect-Oriented
Software Development (AOSD 2007), pages 36–48. ACM, 2007.

[5] E. W. Dijkstra. A Discipline of Programming. Englewood Cliffs,
NJ:Prentice Hall, 1976.

[6] A. Finkelstein and I. Sommerville. The viewpoints faq. BCS/IEE
Software Engineering Journal, 11(1), 1996.

[7] J. D. Gradecki and N. Lesiecki. Mastering AspectJ:
Aspect-Oriented Programming in Java. Wiley, ISBN:
0-471-43104-4, 2003.

[8] J. Grundy. Aspect-oriented requirements engineering for
component-based software systems. In 4th IEEE Int’l Symp. on
RE, pages 84–91. IEEE CS, 1999.

[9] L. Guan, X. Li, and H. Hu. A petri net-based approach for
supporting aspect-oriented modeling. In 2nd IFIP/IEEE
International Symposium on Theoretical Aspects of Software
Engineering, pages 83–90. IEEE CS, 2008.

[10] IEEE. IEEE recommended practice for architectural description
of software-intensive systems. Technical Report IEEE Std
1471-2000, Software Engineering Standards Committee of the
IEEE Computer Society, 2000.



Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 2, No. 1, (2010) 43-49 49

[11] I. Jacobson and P.-W. Ng. Aspect-Oriented Software Development
with Use Cases. Addison-Wesley, 2004.

[12] G. Kiczales, J. Lamping, A. Mendhekar, C. Maeda, C. V. Lopes,
J.-M. Loingtier, and J. Irwin. Aspect-oriented programming. In
M. Aksit and S. Matsuoka, editors, Proc. of 11th European
Conference on Object-Oriented Programming (ECOOP’97),
LNCS 1241, Jyväskylä, Finland, June 1997. Springer.

[13] T. Murata. Petri nets: Properties, analysis and applications.
Proceedings of the IEEE, 77(4):541–580, 1989.

[14] A. Rashid, A. Moreira, and J. Araújo. Modularisation and
composition of aspectual requirements. In 2nd International
Conference on Aspect-Oriented Software Development (AOSD
2003), pages 11–20. ACM, 2003.

[15] A. Rashid, P. Sawyer, A. Moreira, and J. Araújo. Early aspects: A
model for aspect-oriented requirements engineering. In
Proceedings of the IEEE Joint International Conference on
Requirements Engineering (REŠ02). IEEE, 2002.

[16] I. Sommerville. Software Engineering, Seventh edition.
Addison-Wesley, 2005.

[17] S. M. Sutton and I. Rouvellou. Modeling of software concerns in
cosmos. In 1st International Conference on Aspect-Oriented
Software Development (AOSD 2002), pages 127–133. ACM,
2002.

[18] P. Tarr, H. Ossher, W. Harrison, and S. Sutton. N degrees of
separation: Multi-dimensional separation of concerns. In 21st
International Conference on Software Engineering (ICSE), pages
107–119, Los Angeles, 1999. IEEE.

[19] K. van den Berg, J. M. Conejero, and J. Hernández. Identification
of crosscutting in software design. In 8th International Workshop
on Aspect-Oriented Modeling, 2006.

[20] W. van der Aalst. The application of petri nets to workflow
management. Journal of Circuits, Systems, and Computers,
8(1):21–66, 1998.

[21] D. Xu and K. E. Nygard. Threat-driven modeling and verification
of secure software using aspect-oriented Petri nets. IEEE
Transactions on Software Engineering, 32(4):265–278, April
2006.



Towards a Domain-Oriented Approach for Identifying
Aspects in Software Requirements∗

Ehab Abdel Nasser
Department of Information Systems

Arab Academy of Science and Technology
Giza, Egypt

ehabx2007@gmail.com

Haitham S. Hamza
Department of Information Technology

Cairo University
Giza, Egypt, 12613
hshamza@acm.org

Abstract
A major challenge in Aspect-Oriented Software Develop-
ment (AOSD) is the discovery and modeling of aspects
in the early phases of requirements and analysis. The
quality of the discovered early aspects using most exist-
ing techniques is as good as the input provided to these
techniques. As such, it is difficult to conclude that one
approach or another can effectively identify aspects in
a given set of requirements. In this paper, a new ap-
proach for discovering early aspects in requirements is
proposed. The proposed approach complements existing
ones by providing a mechanism to iteratively understand
and analyze the problem domain in order to discover rel-
evant and meaningful candidate aspects. The proposed
approach is presented and demonstrated through a case
study. Results obtained from the proposed approach are
compared to those obtained from the well-known The-
me/Doc approach. A tool that supports the proposed
approach is implemented and outlined as well.
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1. Introduction
One of the potential features of a modern software system
is to have the ability to cope with the rapidly changing
needs of the software domain due to the volatile opera-
tional environment where business rules may change, and
new extensions may be needed to be added [5, 4]. Ac-
cordingly, the software engineering community strives to
develop innovative techniques to construct software sys-
tems that are maintainable and evolvable, yet simple and
resilient. Unfortunately, these properties are not natu-
rally inherited in software systems, and thus, their realiza-
tion requires careful attention throughout all the phases
of software development life-cycle.

Separation of concerns (SoC) is a generic concept that
can be used to reduce software complexity by dividing the
software into modules such that each module is respon-
sible for different general concerns or features, such as
UI presentation, business logic, and data access. Aspect-
Oriented Software Development (AOSD) applies the no-
tion of SoC to effectively deal with crosscutting concerns
that may induce high complexity when implementing soft-
ware systems. Concerns of cross-cutting nature may in-
hibit system evolution if they are not discovered in early
development stages [6, 1, 2]. AOSD defines the notion
of aspects to deal with crosscutting concerns that inter-
fere with many parts of the software causing high inter-
dependency and tangled representation between logically
non-cohesive system components if not properly handled.
An aspect is a system construct that can be used to effec-
tively represent functional or non-functional cross-cutting
concerns in the system.

Current approaches for discovering early aspects in soft-
ware requirements depend mainly in the input provided
by the analyst without providing specific guidelines on
how the inputs to these techniques can be identified from
the software requirements and domain. We believe that
system concerns must be systematically identified by
deeply analyzing the software domain and its require-
ments. Accordingly, in this paper, we propose a new
domain-oriented approach for discovering early aspects in
software requirements. The proposed approach provides a
systematic mechanism to iteratively understand and ana-
lyze the software domain in order to discover relevant and
meaningful candidate aspects. The proposed approach is
demonstrated by the means of a case study. The resultant
list of identified aspects is compared to that obtained by
applying the Theme/Doc approach. A tool that supports
the use of the proposed approach is described as well.
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The rest of the paper is organized as follows. Section 2
provides relevant background and reviews related work.
The proposed approach is presented in Section 3. Section
4 demonstrates the use of the proposed approach on a
case study. Conclusions are presented in Section 5.

2. Background and Related Work
This section summarizes related work and reviews key
concepts used in the proposed approach.

2.1 Aspect-Oriented Requirements Engineering
(AORE)

Aspect-Oriented RE was firstly introduced by Grundy
motivated by the need for a new perspective that can
handle the interactions and relations between components
during Component-based system development [6]. Rashid
et al. [10] showed that aspects can be vital in early stages
during any system development, not just component-based
systems. They suggested the first model of “Early As-
pects” to separate concerns that crosscut several func-
tional and non-functional requirements in the system at
the requirement level.

In [7], the Reusable Aspect Models (RAM) approach is
proposed as a multi-view based modeling approach, where
aspect oriented techniques are found to be a potential
solution for scalability and consistency challenges as they
already successfully help to identify cross cutting concerns
and provide means of their composition and interaction.

In [9], an approach for identifying and categorizing con-
cerns using tagging is proposed. Tagging is a flexible tech-
nique that is widely used for categorizing any content in-
cluding text, videos, and images. In this work, tagging
was used to guide the business analysis process to find
the similarities between discovered concerns by associat-
ing them with tags. A tag can be associated to more than
one concern and vice versa. In [11], a new architecture de-
scription language (ADL) is proposed to support building
aspect oriented systems for multi-agent systems (MAS).

The Theme/Doc [1] is a requirement analysis approach
that uses Theme modeling as a way of representing sys-
tem features. The Theme model has two types of themes
to describe two types of features: base themes and cross-
cutting themes. Base themes are those who express cer-
tain functionality that do not repeat at different places
in the system but they share some behavior with other
themes. Cross-cutting themes are those which overlap
with many base themes.

The Theme/Doc approach uses a semi-automated process
in which developers supply a list of keywords which are
the possible system concerns, then a lexical operation is
used to identify which requirement statement can be con-
sidered as aspectual, pointing to cross-cutting concerns
and shows which of the input keywords can be considered
as candidate aspects. A graph is generated showing the
system concerns, and their interactions and communica-
tions linked by requirements statements.

The pure lexical operation may lead to a number of false
negative concerns as the user may not be a domain expert
in the system domain and he/she may miss important
possible concerns. Moreover, this approach may result in
false positive concerns as the system cannot understand

that some terms in the input list are synonyms to each
other.

To improve the performance of the Theme/Doc approach,
the Latent Semantic Analysis (LSA) is proposed [8]. The
approach enhances the Theme/Doc by finding the rela-
tions between text blocks and generates the possible sys-
tem concerns without the user input list. Despite the im-
provement brought by the LSA technique; however false
negative and false positive concerns were not reduced.

2.2 Formal Concept Analysis (FCA)
Formal Concept Analysis [12] is a mathematical frame-
work that is applied to different domains and it is used
to understand the relations between different data sets.
FCA contains two main elements: the Formal Context
and the Formal Concept.

The formal context is a triple (G, M, I), where G is a set
of objects, M is a set of features, I is the binary rela-
tion between them. The formal context is represented in
a matrix in which each row represents an object, while
each column represents a feature. When a certain object
contains a certain feature, a mark “X” is inserted in the
intersecting cell.

Let O is a subset from the objects set G; β(O) is the set
of features that are common in all the objects in O. Let
F is a subset from the features set M ; α(F ) is the set of
objects where each object contains F . So, formal concept
in (G, M, I) is (O, F ) such that β(O) = F and α(F ) = O.

Table 1 shows a sample formal context with three objects
and four features. As shown in Table 1, list O objects
(Obj1, Obj2, Obj3) and each one is attributed with certain
features, for example Obj2 is attributed to features F2 and
F3.

Table 1: Sample formal context used in FCA
F1 F2 F3 F4

Obj1 X
Obj2 X X
Obj3 X X

2.3 Software Stability Model (SSM)
Software Stability model [3, 5, 4] is a generic modeling
approach to derive stable domain conceptual models that
require less effort to evolve in response to new and chang-
ing requirements. By stable we mean, a model that does
not require unnecessarily effort or cost to adapt to new
changes. In our approach, the SSM approach is used to
systematically analyze the domain and identify its cross-
cutting concerns.

SSM partitions the system into three layers [5, 4]:

• EBT (Enduring Business Themes): This is the most
abstract description. EBTs are the elements that
present the enduring aspects of the underlying busi-
ness.

• BO (Business Objects): the abstract classes modi-
fied to be used in the system. BOs map the EBTs
of the system into more concrete objects.
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• IO (Industrial Objects): more specialized and cus-
tomized classes.

Accordingly, the software core will be encapsulated within
the EBTs, then BOs. The system external modules which
will be subject to changes and modification will be within
the IOs. It is worth noting that, the proposed approach
exploits the potential of the SSM concepts (See Figure 1)
to further analyze input requirements in order to reduce
the impact of incomplete and inaccurate requirements.

3. Proposed Approach
Unlike the Theme/Doc approach in which developers sup-
ply a set of keywords as candidate concerns, our approach
is based on a more concentrate analysis for the software
requirements and domain. We believe that such an ap-
proach will lead to a more accurate view of the system
concerns. Moreover, systematic domain analysis used in
the proposed approach can reduce the variation in the
quality of the resultant concerns. This is because the
quality of the candidate concerns does not rely on the
quality of the input provided by the developer as in the
case of the Theme/Doc approach.

Figure 1 shows the steps of the proposed approach for
identifying system concerns. Given the requirements of
the system to be designed, the proposed approach starts
with a systematic domain analysis using the concepts of
SSM discussed in Section 2.3. The objective of this step
is to pinpoint candidate system aspects by identifying
EBTs, BOs, and IOs. In particular, an EBT along with
its related BOs represent a candidate system concern.

However, the SSM does not guarantee the identification
of all possible candidate concerns. This is because not all
EBTs can be identified by simply applying the guidelines
of the SSM [11, 12]. Several iterations may be needed in
order to refine and enhance the quality of the identified
concerns. This iterative behavior is reflected in Figure 1
as a dashed line. Further, we capitalize on the fact that
BOs and IOs are usually easily identified, as they can be
directly extracted from the requirements of the system. In
our approach, we use BOs and IOs as means to explore
more subtle system concerns by identifying what we call
the missing EBTs.

To identify missing EBTs, two steps are performed (See
Figure 1): the FCA step and the concept interoperation
step. In the FCA step, the relationships among the BOs
and IOs with respect to the system requirements are ex-
plored. More formally, a formal context is formed in which
the BOs and IOs are the objects and system requirements
are the attributes. From the generated lattice of this con-
text, all BOs and IOs that share a set of requirements
and form a formal concept are considered as a candidate
system aspect.

In the Concepts Interpretation step, BOs and IOs are
grouped to identify missing EBTs. Each group represents
a set of BOs and IOs that frequently co-exist among the
identified concepts in the FCA step. The co-existence
of a set of BOs and IOs indicates that they contribute
together to accomplish a certain system feature. With
the help of the software requirements, we can deduce this
system feature, which is the missing EBT.

At this point, we have identified all possible EBTs in the

Figure 1: Proposed approach for identifying sys-
tem concerns

system either directly from the SSM model or from in-
specting the BOs and IOs using FCA and concept inter-
pretation as discussed above. To this end, each identified
EBT represents a system concern, expressed by its re-
lated requirements statements. The shared requirements
between system concerns will show how these concerns af-
fect each other, and which concern is cross-cutting other
concerns in the system.

At this stage, we can generate a Theme/Doc view for the
resultant concerns similar to the one generated by the
Theme/Doc approach. This step will be illustrated in the
case study presented in Section 4.

It worth pointing that, in practice, after applying the
above process to identify the EBTs of the system, we will
have a clear picture for the overall system. Such a clear
picture may trigger another cycle of analysis to further
refine the input requirements. This point is illustrated as
a dashed line in Figure 1 between the System Concerns
and Software Requirements.

In order to simplify the implementation of the proposed
approach, we developed a tool to semi-automate some of
the steps in the approach. In particular, a tool is im-
plemented to perform the steps related to the FCA and
concept interpretation. The tool consists of two compo-
nents: the Concept Explorer and the Object Explorer.
The Concept Explorer is a ready-made JAVA-based tool
that computes the formal concepts in a given concept and
outputs its lattice in XML format. This XML file is input
to the Object Explorer in Figure 2 that we implemented
from scratch to classify BOs and IOs into groups accord-
ing to the degree of semantic similarities between these
objects. In particular, this process attempts to find how
frequent an IO is found in the same concept with a par-
ticular BO. For example, IO1 is found with BO1 in 4
concepts, thus these objects have some degree of similar-
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Figure 2: Snapshot of the Object Explorer tool

ity and gathered in a group ”1”. System IO ”IO2” is found
3 times with BO1 and 2 times with system BO2, then IO2
is added to group ”1” as well, and so on. If an IO is found
to have similarity with more than one BO, all such BOs
will be added to the same group. The groups generated
in this step can help the developer to focus on objects
which have semantic similarity and deduce whether they
belong to an already existing system concern, or they are
pointing to a missing system concern (EBT).

4. Case Study: The Pet Shop
To demonstrate the concepts of the proposed approach,
we use it to identify the concerns and aspects in the Pet
Shop case study [8]. The Pet Shop system represents
the typical requirements of a simple online pet shop. All
requirements can be found in [8]. The online pet shop
consists of a frontend component (a website for customers
to shop and place orders) and a backend component (to
process placed orders). The backend component consists
of an order fulfillment component to handle orders and
ships ordered items, and a supplier component to manage
the shop suppliers.

In the following, we present the key steps in applying the
proposed approach to the Pet Shop problem statement.

Step 1: Domain Analysis: By applying SSM, we can
deduce domain objects and categorize them as follows:

• EBTs: When determining the core EBTs of a sys-
tem, we have to focus on the services being deliv-
ered by the system; we have to be biased towards
the customer’s point of view. The identified EBTs
are: Order Fulfillment, Shipment, Purchasing, and
System Administration.

• BOs: They are the instantiations of EBTs, exter-
nally stable but not internally in case of system evo-
lution. The identified system BOs are: Order, View,
Product, Customer, Transaction, Stock, Front-end
Back-end Synchronization.

• IOs: They are explicitly mentioned in the require-
ments, can be replaced with other alternatives with-
out affecting the system processes, and are not adapt-
able to system evolution. The identified IOs are:
Carte, User Account, Navigation Bar, Search Mech-
anism, Sign-In Module, Customer Module, Master
View, Details View, Shop Carte View, Checkout
View, Receipt View, Financial Record, Shopping
History Record.

A concern in this step will be defined by an EBT name
associated with related requirements. Table 2 shows the
identified system concerns (EBTs) from Step 1.

Step2: Concept Identification (Using FCA) and
Concepts Interpretation. As previously mentioned in
Section 3, the system BOs and IOs will be used as input
for FCA to explore their similarities which can help to
identify missing system concerns. First, FCA is used to
identify concepts and then the concept interpretation step
is used to identify missing EBTs.

Table 2: Identified system concerns (EBTs) from
Step 1

System Concern Requirements
Order Fulfillment R2, R3, R4, R5, R6,

R7, R9, R10, R11,
R26, R27

Shipment R5, R6, R7, R8, R14
Purchasing R3, R6, R13, R22,

R26
System Administration R7, R12, R23, R26

Using the Concept Explorer tool a formal context is cre-
ated using BOs and IOs as objects and system require-
ments as requirements. Formal concepts are identified
and exported into an XML file as discussed before. Us-
ing the Object Explorer tool, the XML file is processed
and all objects are grouped according to their semantic
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similarities. Table 2 gives the output obtained from the
Object Explorer process.

• Group 1: the IOs are found with BO ”View” more
frequently than with any other BO among the gen-
erated concepts, that’s why they gathered in one
group. The system BO ”View” has shared many
system IOs in the same functionality which is nav-
igating the application products in different view,
like Master View, Details View, Shop Carte View,
Checkout View, Receipt View, and also giving the
user the capability of searching among the shop prod-
ucts—Search Mechanism.

• Group 2: The system BO ”Front-end Back-end Sync”
has shared other system BOs and IOs—View, Cus-
tomer, Order—to accomplish a system feature of
creating an order and managing the purchasing pro-
cess and synchronizing it between the front and back
ends to shows a feedback to the application interface
about the operation status.

It is worth noting that both system features found in
group 1 and 2 focus on the client side—front end—of
the system, which was not explicitly explained in details
in the requirements. According to the mentioned func-
tional/semantic similarities found between the BO ’View’
and the set o IOs—Master View, Details View, Shop
Carte View, Checkout View, Receipt View—supplied by
the search capabilities by the BO ’Search Mechanism’,
we can identify a missing EBT which is ’System Naviga-
bility’. Similarly, functional/semantic similarities found
between the system BO ’Async Messaging’ and the other
BOs and IOs found in the same group, led us to identify
another missing system EBT ’Interface Purchasing Man-
ager’ that is responsible for the purchasing operation and
the necessary synchronization between the user interface
and the system backend.

Step 3: Theme/Doc View. After identifying the sys-
tem concerns associated with the system requirements,
now we can generate the Theme/Doc view, which helps us
to find how concerns affect each other, and which require-
ments are considered as an aspectual requirement. Figure
3 shows the Theme/Doc view of the proposed approach
for the Pet Store case study. To compare the results of
our approach we have applied the original Theme/Doc
approach. The results are seen in Figure 4. The main
concern with the Theme/Doc approach is that it relies
on the developer suggested system concerns as an input.
This may lead to two main problems: the false negative
and the false positive concerns. These two problems are
evident from the output of the Theme/Doc approach (See
Figure 4). Regarding false negative concerns, we observe
that the Theme/Doc output is missing vital system con-
cerns that are not explicitly mentioned in the require-
ments, which are responsible for showing how the com-
munication between the front end user interface interac-
tions should be with the system backend. Also there is
no indication regarding the different views that should be
available to the user to browse the products. In addi-
tion, the Theme/Doc output is missing another system
concern which is related to the administration functional-
ity. The final output also shows that ”Filling Order” and
”Place Order” are two distinct concerns (See Figure 4),
although these two are very close and functionally over-

Table 3: Object Explorer Output
BO IO

Group 1

View Navigation Bar
View Search Mechanism
View Sign-In
View Master-V
View Details-V
View Carte-V
View Checkout-V
View Receipt-V
View Financial Record

Group 2

View Shopping History Record
Product Shopping History Record
Order Shopping History Record
Sync Shopping History Record
Customer Shopping History Record
Transaction Shopping History Record
Stock Shopping History Record

lapping and should be added to one module. These prob-
lems are avoided in our results due to the systematic iter-
ative nature of the proposed approach. It is worth noting
that, enhancing the performance of the Theme/Doc ap-
proach using the LSA approach [8] adds more complexity
to the approach. In LSA, every word in the requirements
is treated as a candidate system concern, and then these
concerns are filtered to identify the actual concerns. For
typical systems with large requirements, such an approach
can be very complex.

Figure 3: The Theme/Doc view of the proposed
approach

5. Conclusions
Representing aspects at early stages of development cycle
preserve the homogeneity between developments stages
and provide aspects traceability and promoting localiza-
tion and encapsulation. In this paper, we presented a new
domain-oriented approach for identifying candidate as-
pects in software requirements. The proposed approach is
based on systematically identifying system concerns using
software stability mode (SSM) and formal concept anal-
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Table 4: Missing EBTs identified using FCA
System Concern Requirements

System Navigability R15, R17, R18, R19,
R20, R21, R22, R24,
R25

Shipment R5, R6, R7, R8, R14
Purchasing R3, R6, R13, R22,

R26
System Administration R1, R2, R3, R7, R9,

R10, R11, R26, R27

Figure 4: The output of the Theme/Doc approach

ysis (FCA). Identified system concerns are then explored
using the Theme/Doc view in order to identify cross-
cutting concerns. The proposed approach is applied to the
Pet Store case study and the results are compared to those
obtained by the Theme/Doc approach. By deeply ana-
lyzing the domain of the problem, the proposed approach
provided a more comprehensive list of concerns that are
difficult to identify using conventional approaches. A tool
that supports concern identification and classification is
also discussed.
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Abstract
One of the main goals of Aspect-Oriented Requirements
Engineering (AORE) is to address the composability and
subsequent analysis of crosscutting requirements. How-
ever, composing requirements in AORE may lead to con-
flicting situations that have to be analyzed and resolved.
There are a few AORE methods for resolving conflicts be-
tween requirements, but most of them are error-prone or
have scalability issues. This paper presents a mathemat-
ical formulation for resolving conflicts that can be imple-
mented with Search-based techniques (i.e., metaheuris-
tics) to address the scalability and error-proneness of the
existing AORE methods.

1. Introduction
Aspect-Oriented Requirements Engineering (AORE) [1,
3, 11] aims at addressing the composability and subse-
quent analysis of crosscutting requirements. Composi-
tions in AORE are utilized to explicitly represent and
analyze the interdependencies between requirements.

However, composing requirements may lead to situations
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where conflicting dependencies between requirements have
to be detected and resolved. In this context, a conflict
occurs when a crosscutting requirement has a negative
contribution with another crosscutting requirement in the
same base requirement. For example, a data encryption
requirement and a response time requirement that cross-
cut the same base requirement may lead to a conflicting
dependency, because encryption normally reduces the re-
sponsiveness of a system [13].

Several AORE approaches for resolving conflicts are ei-
ther based on simple reasoning methods [10, 12] that are
error-prone or Multiple Criteria Decision Making [4] mod-
els that cannot handle more than twenty requirements [2].
Therefore, the resolution of conflicts in large AORE spec-
ifications is an error-prone and time-consuming task that
creates a burden on the requirements engineer.

In order to deal with the scalability and error-proneness
issues of the existing AORE approaches, this paper pre-
sents a mathematical formulation for resolving conflicts
in AORE specifications that can be implemented with
search-based techniques. Within the Search-Based Soft-
ware Engineering field [8], search-based techniques are
metaheuristics that are utilized for solving software engi-
neering problems that can be formulated as optimization
problems.

This paper is organized as follows. Section 2 presents
the mathematical formulation for resolving conflicts in
AORE. Section 3 discusses how to implement the math-
ematical formulation with a search-based technique. Fi-
nally, the conclusions and future work are presented in
Section 4.

2. Resolving Conflicts in AORE
In our multi-dimensional approach, a concern implies any
coherent collection of requirements. All concerns are treat-
ed in a uniform fashion, so we do not classify concerns
into viewpoints, use cases or aspects; However, our con-
cerns still encapsulate coherent sets of functional and non-
functional requirements. For example, a security con-
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cern may contain a data encryption requirement and a
security check requirement. The composition rules [12,
5] in aspect-oriented specifications define the relationship
between various groups of requirements. However, the
process of defining these composition rules may lead to
conflicting dependencies that have to be detected and re-
solved.

The aim of this section is to present the main character-
istics of the conflict management problem in AORE and
to propose a model that formulates the conflict resolu-
tion problem as an optimization problem. The following
characteristics were considered in this mathematical for-
mulation:

1. Aspect-oriented Specification: This specification is
composed of requirements that are grouped into con-
cerns, and composition rules that define the rela-
tionship between requirements.

2. Stakeholders’ priorities and importance: The require-
ments of the system are collected from stakeholders,
and each stakeholder might have different priorities
for each requirement. Moreover, each stakeholder
might have a different level of importance to the
organization.

3. Available resources: Every software project has a
limited amount of resources (e.g., software develop-
ers, tools, licenses, financial resources) to implement
the requirements.

In a general sense, our approach has as its basis a math-
ematical formulation of an aspect-oriented specification,
stakeholder’s priorities and importance, and resources
available for implementing the requirements. The aim
of the conflict management problem is to select require-
ments that can maximize the stakeholders’ satisfaction
and respect the availability of resources.

2.1 Aspect-oriented Specification
In general, an aspect-oriented specification is composed
of the following elements:

• Requirements R = {r1, r2, ..., r|R|} : Requirements
are collected from different stakeholders (e.g, end-
users, developers, managers) and express different
perspectives on the system;

• Concerns C = {C1, C2, ..., C|C|}: Concerns encap-
sulate one or more requirements related to a certain
matter of interest; Hence, a concern is a subset of
R: Ci ⊆ R.

• Compositions rules Cr = {Cr1, Cr2, ..., Cr|Cr|}:
A composition rule, Crj , describes how a set of con-
straint requirements, Csj ⊆ R, crosscut a set of base
requirements, Bsj ⊆ R.

2.2 Stakeholders’ Priorities and Importance
Stakeholder [15] is a person or a group that will, in some
way, be affected by the system. They normally have dif-
ferent objectives and needs that can lead to conflicting
situations. Additionally, stakeholders have different im-
portance levels to the organization.This is formulated as
follows:

• Stakeholders: S = {s1, s2, ..., s|S|}
• Stakeholders’ Priorities: priority : S × R → R.

Hence, we use weights to express stakeholders’s pri-
orities.

• Stakeholders’ Importance Levels: importance :
S → R. Hence, we also use weights to express the
different importance levels of the stakeholders.

2.3 Available Resources
Resources are all the services, goods, and human resources
available for implementing the requirements (e.g, develop-
ers, tools, testers, hardware, software). This is formulated
as follows:

• Resources Rs = {Rs1, Rs2, ..., Rs|Rs|}

2.4 Identifying Match Points
Match Points are used as a basis to detect and resolve con-
flicts among composed requirements, because they explic-
itly represent the interactions of a requirement with other
requirements with reference to a base requirement. This
Section describes the algorithm used to identify Match
Points, which is also utilized in [14] to detect potential
conflicts between requirements.

Recall that a composition rule, Crk, describes how a set of
constraint requirements, Csk ⊆ R, crosscut a set of base
requirements, Bsk ⊆ R. Additionally, let Sci be the set
of compositions where ri is a base requirement. Thus, the
Match Point of requirement ri is defined by equation 1.

Mi =
∪

k∈Sci

Csk (1)

A Match Point is the union of all the constraint require-
ments that crosscut the same base requirement. For ex-
ample, a composition may select a constraint requirement
r1 = “The system should use a security protocol when
sending data over the internet” to crosscut the base re-
quirements r3 = “The login and password are sent to
the server”. Additionally, another composition may se-
lect a constraint requirement r2 = “The response time
must not exceed 5 seconds” to crosscut the base require-
ment r3. Thus, the Match Point of r3 is {r1, r2}. So for
each base requirement in the specification, we can find a
Match Point.

2.5 Maximizing the Stakeholders’ Satisfaction
In a software project, the requirements engineer should al-
ways try to maximize the stakeholders’ satisfaction, with-
out violating the availability of resources. Hence, this can
be formulated as follows:

For each Match Point Mi:

Maximize :
∑

s∈S

∑

r∈Mi

importance(s) × priority(s, r) × xi

(2)

Subject to:
∑

r∈R

effort(r) × xi ≤ resources (3)



58 Sardinha, A., et al.: Conflict Management in Aspect-Oriented Requirements Engineering

Table 1: The Importance of Requirements and
Stakeholders

Very Important ]0.8, 1.0]
Important ]0.5, 0.8]
Average ]0.3, 0.5]
Not So Important ]0.1, 0.3]
Do Not Care ]0.0, 0.1]

where xi are decision variables that assume a value 1 when
requirement r should be implemented and a value 0 when
it should not.

Equation 2 expresses the stakeholder’s satisfaction by con-
sidering the stakeholder’s importance level and priorities,
and Equation 3 expresses that the effort needed to im-
plement the requirements must respect the availability of
resources.

For example, the Match Point in Section 2.4 has two con-
flicting requirements {r1, r2} and only one developer (i.e.,
a resource) that can implement only one of the require-
ments. These two requirements are conflicting, because
a security protocol (such as encryption) normally reduces
the responsiveness of a system (so the data might not be
sent within 5 seconds).

Assuming these requirements have been collected from
two stakeholders ({s1, s2}), and each stakeholder selects
weights to each requirement using the scales in [12] (Ta-
ble 1):

Stakeholder Requirement r1 Requirement r2

s1 Very Imp. (1.0) Average (0.5)
s2 Important (0.8) Very Imp. (1.0)

In addition, the organization regards the stakeholder s1 to
be Very Important (1.0 - Table 1), while the stakeholder
s2 is Not So Important (0.3 - Table 1). Hence, we can
find the optimal solution with Equation 2:

1.0 × 1.0 × x1 + 1.0 × 0.5 × x2+

0.3 × 0.8 × x1 + 0.3 × 1.0 × x2

Recall that we can only implement one of the require-
ments, so the only feasible solutions are {x1 = 1, x2 = 0}
and {x1 = 0, x2 = 1}. Hence, the optimal solution is the
one that selects r1 to be implemented ({x1 = 1, x2 = 0}).

2.6 Resolving Conflicts in AORE
In order to resolve conflicts, we propose the following ac-
tivities:

1. Detect Conflicts: We must first detect the match
points that have conflicting requirements (i.e., re-
quirements that have a negative contribution with
another crosscutting requirement in the same base
requirement). There are many tools, such as [14],
that can help a requirements engineer perform this
activity.

2. Solve the Optimization Problem: Equation 2 and
Equation 3 can be used to select the requirements
that maximize the stakeholders’ satisfaction. More-
over, the requirements in each match point can also
be sorted by the stakeholders’ satisfaction to create
a ranking of the requirements. This activity can be
performed by a search-based technique.

3. Negotiate with Stakeholders: If a match point still
has conflicting requirements, then negotiation among
stakeholders is needed. The output of the previous
activity can be used to help the stakeholders rea-
son about the conflicts and agree on a resolution.
For example, a stakeholder might agree to lower a
weight that expresses his priorities.

Once all the conflicts are resolved, the specification is re-
vised and recomposition carried out to identify any fur-
ther conflicts.

3. Utilizing Search-Based Techniques to Resolve
Conflicts in AORE

Genetic Algorithm (GA) [9] is a machine learning tech-
nique that has been successfully applied [6, 7] to Search-
Based Software Engineering problems. This learning meth-
od is motivated by an analogy to biological evolution, by
searching a space of candidate solutions in order to iden-
tify the best solution.

The implementation of a GA is based on a pool (called
population) of candidate solutions (called chromosomes),
and iteratively updates this population by mutating and
recombining parts of the best currently known chromo-
somes. The best chromosome is defined as the candi-
date solution that maximizes a predefined numerical value
(also known as fittness).

In GAs, the candidate solutions (chromosomes) are en-
coded as binary strings. To represent the n match points
and m requirements in each match point of our mathe-
matical formulation in Section 2, we can use a string with
n × m bits. Addtionally, the fitness of the population is
derived from Equation 2 and 3.

4. Conclusions
This paper presents a mathematical formulation for re-
solving conflicts in AORE that can be implemented with a
popular search-based technique called Genetic Algorithm.
The mathematical formulation is composed of an aspect-
oriented specification, stakeholders’ importance and pri-
orities, and available resources for implementing the re-
quirements. We also show how to maximize the stake-
holders’ satisfaction and how to use it to resolve conflicts.

Our future research work will focus on the implementa-
tion of a tool and an empirical evaluation of the tool.
We also would like to test different objective functions
(Equation 2) in order to capture different variations of
the stakeholders’ satisfaction.
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Abstract
Requirements of a Software Product Line (SPL) are usu-
ally captured in the form of a feature model, which rep-
resents the product line variation model, but this model
lets several requirements details aside, such as the specifi-
cation of functional and non-funcional requirements. Due
to the crosscutting nature of SPL variations, researchers
are using aspect-oriented techniques, to deal with such
crosscutting concerns. In this context, the sooner these
aspects can be identified the better, influencing the SPL
and products architecture upfront. In this work we pro-
pose a Product Line extension to an aspect-oriented in-
tentional model. The extended model provides both vari-
ability information and requirements details, promoting
a natural blending of SPL and aspect-oriented architec-
tural abstractions. We present the mapping between the
SPL and the modeling approach abstractions and discuss
two development scenarios: starting with a plain feature
model and generating the extended aspect-oriented inten-
tional model and the opposite approach.
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1. Introduction
In Software Product Line (SPL) development [3], the prod-
uct line requirements are usually captured in the form of a
feature model [5], which represents the product line vari-
ation model, but it lets several requirements details aside,
mainly if these details are commonalities, for instance, a
mobile phone should make and receive calls, and usually
this feature would not be represented in the feature model
of a mobile phone. The feature model does not distinguish
functional and non-functional requirements.

In software development in general, several requirements,
when implemented, will derive concerns that are tangled
with and spread over other concerns, the so-called cross-
cutting concerns [6]. In the SPL context, it is expected
that these concerns are part of variation points implemen-
tations, therefore affecting several products. This situa-
tion will demand these concerns to be plugged either in
or out of the SPL’ products.

Such demand led to the use of aspect-oriented (AO) tech-
niques [6], modeling included, with SPL development [1].
The use of aspects to implement product variations allows
variations to be easily added or removed from a prod-
uct configuration, without polluting the code with condi-
tional compilation code, an alternative strategy that hin-
ders program legibility leading to maintainability’ issues
[1].

In this context, the sooner these aspects can be identified
the better, because they can be incorporated as part of
early models, therefore influencing the SPL and products
architecture upfront, instead of demanding changes only
during design or implementation tasks.
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Figure 1: (a) Mobile Media Feature Model (b) Feature model notation.

One proposal to model a system’ requirements includ-
ing early aspects specification is using AOVgraph [8] an
aspect- oriented intentional model. AOVgraph provides
mechanisms to analyze positive and negative relationships
among functional and non-functional requirements as well
as to crosscutting concerns separation and composition.

In this work we intend to propose PL-AOVgraph, a Prod-
uct Line extension to AOVgraph that includes variability
information. PL-AOVgraph models will fill the gap that
the feature models have regarding to the SPL require-
ments. The model will provide both variability infor-
mation and requirements details. PL-AOVgraph is pro-
posed as a seamless extension of AOVgraph. It promotes
a natural blending of software product line and aspect-
oriented architectural abstractions. Instead of burdening
the requirements model with new abstractions to express
product line specification, PL-AOVgraph adapts existing
AOVgraph abstractions.

We also discuss possible SPL development scenarios, such
as starting with a feature model and then generating a
PL-AOVgraph, and vice-versa. In fact, the feature model
can be automatically generated from the PL-AOVgraph,
providing a simpler view and guaranteeing models con-
sistency. The paper is structured as follows. Section 2
contains the background and the running example. Sec-
tion 3 presents the PL-AOVgraph extension. A discussion
is presented in Section 4 and related work at Section 5.
Finally, Section 6 summarizes the paper with concluding
remarks and future work.

2. Background
In this section we present the background of this work.
Section 2.1 contains a brief description about feature mo-
del. Section 2.2 presents our running example, the Mobile
Media system. Section 2.3 contains a brief description of
AOVgraph.

2.1 Feature Model
A feature is a system property that is relevant to some
stakeholders. Features are organized in feature diagrams.
A feature diagram is a tree with the root representing a
concept and its descendent nodes are features. Feature
models are feature diagrams plus additional information
such as feature descriptions, binding times, priorities, or
stakeholders, among others.

Feature modeling is a key approach to capturing and man-
aging common and variable features in a SPL [5]. They
are used during early stages of SPL development for scop-
ing the system family, later as a basis for building the
product line architecture, and finally during the applica-
tion engineering for guiding the requirement elicitation
and analysis. Feature models were proposed as part of
the Feature-Oriented Analysis method (FODA) [5].

There is a series of distinctive types of features identified:

• Concrete features such as data storage or functions
that may be realized as individual components;

• Aspectual features that may affect several compo-
nents and can be modularized using aspect technol-
ogy;

• Abstract features such as performance requirements
that are usually mapped to a configuration of com-
ponents and/or aspects;

• Grouping features may represent variation points
and they are mapped to a common interface of plug-
compatible components.

2.2 Running Example - Mobile Media
MobileMedia (MM) [9] is a software mobile product line
that provides support to manage (create, delete, visualize,
play, send) different kinds of media (photo, music) on mo-
bile devices. It extends an existing SPL, MobilePhoto, by
including mandatory, optional, and alternative features.
There are different MobileMedia implementations in Java,
AspectJ and CaesarJ. Each implementation has 10 re-
leases, where each release contains additional functionali-
ties with respect to its predecessor release. Releases 1 to 5
deal only with photos and release 6 includes new features:
store, play, and organize music. While release 7 includes
features about videos.

Figure 1(a) illustrates the MM Feature Model of release
7. This model contains mandatory features represent-
ing commonalities such as AlbumManagment, MediaMan-
agement and MediaSelection. The optional features are:
Favourites, Sorting, Copy Media, SMS Transfer, Cap-
turePhoto and CaptureVideo. Finally, the alternative (in-
clusive or) features are the media types: Photo, Music
and Video. Figure 1(b) shows the feature model notation
[4] used in this work.
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Figure 2: Example of AOVgraph model: (a) graphical notation and (b) textual notation.

Table 1: Summary of the mapping rules.
Feature model ⇔ PL-AOVgraph

Root of feature model ⇔ Name of goal model
Hierarchy of features ⇔ Hierarchy of goals, softgoals, and tasks
Feature ⇔ Task, goal or softgoal
Mandatory Feature ⇔ Contribution = and Property [typeFeature=mandatory; cardinality=(1,n)]
Optional Feature ⇔ Contribution = or Property [typeFeature=optional; cardinality=(0,n)]
Alternative xor/inc-or Feature ⇔ Contribution = xor/inc-or Property [typeFeature=alternative;
Alternative xor/inc-or Feature ⇔ groupFeature={}; cardinality=(1,1)/(1,n)]
Constraint = “implies the non-selection” ⇔ Correlation (hurt)
Constraint = “implies” ⇔ Correlation (make)
Feature reference ⇔ Task ref, goal ref, or softgoal ref

2.3 AOVgraph
AOVgraph [8] is an aspect-oriented intentional model,
represented by AND/OR decomposition graphs. Its rela-
tionships map not just positive and negative conflicts be-
tween requirements (goals, softgoals, and tasks), they also
map how these requirements crosscut each other. Further-
more, they represent choices of different options of how a
given requirement may be achieved.

Requirements are represented by softgoals, goals, and tasks.
Usually, softgoals are related to non-functional require-
ments, tasks are functional requirements and goals repre-
sent organizational objectives or the reason to select some
group of tasks.

Decompositions, dependences and conflicts are represented
by contributions, correlations or crosscutting relationships.
Contributions can be AND, OR, or XOR labeled. Corre-
lations can be MAKE, HELP, UNKNOWN, BREAK, and
HURT labeled. While crosscutting relationships register
how the requirements are scattered and tangling, through
pointcuts, advice, and intertype declarations [8].

Figure 2 illustrates an example of an AOVgraph model, in
(a) its graphical representation and in (b) its textual rep-
resentation. In this example, we can see that the Security
softgoal can be decomposed into Integrity, Availability
and Confidentiality softgoals; Confidentiality is reached
by Authorize [access] task; which is decomposed into Iden-
tify [user], Authenticate [user] and Validate [access] tasks;
Authorize [user] contributes also to Restricted access to
employees goal, which is correlated with Confidentiality.

3. Proposal
In order to promote software product-line engineering in
the early stages of the software development process, we

propose a bi-directional mapping between two modeling
languages: Feature Model and PL-AOVgraph. Section
3.1 presents details of PL-AOVgraph, an extension of
AOVgraph to deal with variability on SPLs, and Section
3.2 presents details of our approach to map PL-AOVgraph
and feature model.

3.1 PL-AOVgraph
In this work we extend AOVgraph to consider issues of the
SPLs domain, such as variability, in the SPL requirement
model. The idea is to use the existing abstractions and to
extend AOVgraph model without burdening the original
model, in the following way: creating four new properties
named isFeature, typeFeature, groupFeature and cardi-
nality. The first one, determinates if a goal, softgoal, or
task is to be represented as a feature in the feature model;
the second one represents which type of feature a goal,
softgoal, or task will represent in the feature model, this
property was added to allow users choice if a element in
PL-AOV-graph is to be a feature, it will be better ex-
plained in future work; the third property defines which
features are grouped; and the forth property represents
cardinality of features and groups of features.

This extension does not violate AOVgraph foundations,
nor makes the model harder, because it only adds prop-
erties, a secondary element in AOVgraph. Furthermore,
an inc-or label was added into PL-AOV-graph, in order
to represent inclusive or contributions.

Table 1 summarizes how each element in a feature model
is represented in PL-AOVgraph: Features are abstracted
by tasks, goals, and softgoals; relations between features
are abstracted by contributions; and variability is ab-
stracted by properties.
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3.2 Process
Figure 3 shows how to use Feature Model and PL-AOV-
graph to promote aspect-oriented product-line develop-
ment. In the beginning of the process, there are two inde-
pendent alternative flows: (i) the first (illustrated above
with dotted line) begins with PL-AOVgraph modeling af-
ter which we transform this model into a feature model;
and (ii) the second flow (illustrated below with dotted
line) begins with Feature modeling after which we trans-
form this model into a PL-AOVgraph model. In both
cases, the third step is to analyze the created models in
order to identify mistakes and omissions. If there are
changes to be done, then the analyst goes back to model
PL-AOVgraph or feature model, otherwise configuration
and aspectual architecture models can be generated in the
design activity, using appropriated approaches [8].

With this process, we can observe three possible situa-
tions: (i) the process only begins with feature modeling;
(ii) the process only begins with PL-AOVgraph model-
ing; and (iii) the process begins with both feature and
PL-AOVgraph modeling. In the first and second situa-
tions, we generate the other model as another view of the
system, which will be used to help understand the sys-
tem domain and to bridge the gap between requirements
and architecture or configurations. However, in the third
situation where both models are available, it is also neces-
sary guarantee the consistency between them and to keep
track of traceability relationships between them. Besides
the consistency, it is also important to notice that starting
from a Feature Model, generating the PL-AOVgraph and
then generating the Feature Model back, will probably
generate a Feature Model different from the first one.

In this paper, we explore the first two situations, while the
third one will be explored in future work. Therefore, in
this paper we deal with bi-directional mapping in order
to promote the product-line development: i) map PL-
AOVgraph into Feature model and ii) map Feature model
into PL-AOVgraph.

Bi-directional mapping advantages are: (i) there is a feed-
back among these models, making the generated models
richer; (ii) we can guarantee consistency between them;
(iii) we can promote completeness in both models; (iv)
we can generate aspectual architecture models from fea-
tures models; and (v) we can generate configuration mod-
els from PL-AOVgraph models. On the other hand, the
main drawback is the overhead to keep both models con-
sistent

These transformations are based on the semantic and syn-
tactic elements from both models. Therefore, although
these models have divergent goals, they have some simi-
larities, such as: both of them are structured as trees; they
represent functional and non-functional requirements and
they have some similar relationships. However, they also
have some semantic differences, such as: PL-AOVgraph
focuses on representing all requirements of a system, while
Feature models focus on representing the variability; PL-
AOVgraph represents the system in terms of goals, soft-
goals, and tasks, while Feature models represent the sys-
tem in terms of features.

Table 1 summarizes the mapping rules to transform these
models each other, and in the following sections we detail
these mapping rules.

3.2.1 Feature model to PL-AOVgraph
The process to map feature model into PL-AOVgraph
consists of the following five steps:

1. The root of feature model is transformed into a goal
model in PL-AOVgraph;

2. Each feature is transformed into a task. If the fea-
ture is optional, then it is transformed into a task
with contribution relationship or; if it is mandatory,
it is transformed into a contribution relationship la-
beled and; if it is alternative, it is transformed into
a contribution relationship labeled xor or inc-or de-
pending on the cardinality of the feature group;

3. Furthermore, each task is annotated with the fol-
lowing properties: isFeature =“yes”; typeFeature =
“mandatory | alternative | optional”;

4. Constraints (“implies | implies the non-selection”)
are transformed into correlation relationships labeled
make or hurt;

5. If there are many constraints to a same feature (for
instance, A implies B, C, and D; and B, C and D’s
father is X), this feature generates a crosscutting re-
lationship, on which: it will be the pointcut (A will
be pointcut); the features implicated will be trans-
formed into advice (B, C, and D will be advice); and
them father will be the source of relationship (X will
be source).

Figure 4 shows an example of a PL-AOVgraph generated
from a feature model. We can see that all features are
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Figure 4: Example of transformation between Feature Model and PL-AOVgraph.

goal_model Mobile media (GM1) {

...

task Video (T3; and) {

property {isFeature=yes;

typeFeature=alternative inc-or;

groupFeature={Photo; Music}

}

task Play video (T4; and) {

property {isFeature=yes;

typeFeature=obligation}

}

task capture video (T5; and) {

property {isFeature=yes;

typeFeature=optional}

}

...

} }

Figure 5: Example of “properties” on AOVgraph
specifications.

transformed into tasks, and the hierarchy between them
follows the same hierarchy of features. Figure 5 shows
how properties are modeled in the textual representation
of PL-AOVgraph.

3.2.2 PL-AOVgraph to Feature Model
The process to map PL-AOVgraph into feature model
consists of the four following steps:

1. Each goal model is transformed into the root of a
feature model;

2. Each task, goal and softgoal is transformed into
a feature unless there is a property called “isFea-
ture=no”. If there are not these properties, then
the kind of contribution defines the type of feature:
or to optional, and to mandatory, xor to alternative
xor, and inc-or to alternative inc-or features;

3. References to goals, softgoals, and tasks, represented
in PL-AOVgraph by task-ref, goal-ref, and softgoal-
ref, are transformed into: (i) Ref features — if this
element is defined in the same goal model and (ii)
into features with a graphic symbol — if this element
is defined in another goal model (in accordance with
the notation defined in Figure 1(b);

4. Advice of crosscutting relationships are transformed
into features in accordance with the following rules:

each pointcut will be a feature that group the sub-
features generated by tasks, goals, and softgoals from
advice.

Figure 6 shows an example of a Feature Model generated
from a PL-AOVgraph by following the mapping steps.

4. Discussion
As presented in Section 3, this work proposes a bi-directio-
nal mapping between the Feature Model and PL-AOVgra-
ph in order to promote software product-line engineering.
This section relates our experience with this mapping,
showing our difficulties and drawbacks.

• In the feature model notation used in this work it
is not possible to identify if a feature is a functional
or non- functional. Therefore, we decided to map
each feature (functional or not) into a task. This is
not always the better option, this problem can be
solved if we use a notation which makes abstract and
concrete features different, as PL-AOVgraph does.
This situation shows that a feature model does not
distinguish the type of requirements.

• Names generated from feature models cannot be
appropriated to tasks in PL-AOVgraph, since task
names should contain a verb. This information could
also be used to identify if a feature is functional or
non-functional and thus map it into a softgoal or
task. For now, we did not address this issue.

• PL-AOVgraph is more detailed than the feature mo-
del, since its goal is to represent all requirements of a
system, while the feature model aims to model com-
monalities and variabilities. Therefore, with this
mapping we can generate a feature model exces-
sively detailed making the variability visualization
less evident. On the other hand, we can generate
PL-AOV-graph excessively summarized, making the
representation of requirements insufficient.

• While the Mobile Media case study has allowed us
to define elements to define the proposed mapping
rules, we consider these rules as initial rules which
can be further refined. On the other hand, we could
see with this work that although these models have
different purposes and semantic differences, there
are enough similarities to work with them at the
same time and that one can give feedback to the
other.
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Figure 6: Example of transformation between PL-AOVgraph and Feature Model.

5. Related Work
We can cite some approaches related to our work, as fol-
lowing: Yu et al [10] define the mapping between goal
model and feature model, but in their approach the goal
model does not represent grouped features and cardinal-
ity. Silva et al [7] map Aspectual i* to feature model. In
this mapping, Aspectual i* is not also sufficient to repre-
sent all variability of a feature model. Therefore, Borba
and Silva [2] extend i*, creating new relationships in order
to represent this variability.

Our work is similar to these approaches, since it estab-
lishes a mapping between PL-AOVgraph and feature mo-
del and we also have created some elements in PL-AOV-
graph in order to represent completely variability. How-
ever, there are two main differences: (i) the elements cre-
ated in PL-AOVgraph are defined as properties, which
are less intrusive elements than the elements created by
Borba and Silva in i* [2]; (ii) our approach does not aim to
substitute PL-AOVgraph for the feature model, or vice-
versa. Our approach states that both models are essential
to SPL engineering, and thus they should be developed at
the same time. In this way, the engineer has two views,
in early stages of the software development, that make it
possible to analyze, model and make decisions about the
SPL development.

6. Conclusions
In this work we propose a bidirectional mapping between
PL-AOVgraph and feature models. The PL-AOVgraph
model provides both variability information and require-
ments details while feature models do not include require-
ments details. We presented a mapping between SPL and
AOVgraph abstractions and discussed two possible devel-
opment scenarios: starting with a feature model or a PL-
AOVgraph model and generation the other. Steps were
proposed to achieve one model from the other one.

As future work we are going to refine some mapping rules,
such as those related to constraints and crosscutting rela-
tionships; define a traceability mechanism which manages
and propagates changes made in PL-AOVgraph or feature
models; develop a tool to automate these rules. We also
want to evaluate how the use of both models in real en-
vironments makes the SPL development easier. Another
future work is considering alternative variability models
and also map them from/to PL-AOVgraph.
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Abstract
Theme/Doc and use cases are two prominent approaches
to aspect-oriented analysis. They have been developed in-
dependently and up to now, there have been no attempts
to analyze how they are connected to each other. This
paper explores the extent to what themes and use cases
can be considered the same by developing a process of the
transformation of themes into use cases and the reverse
one. Extensive similarities have been revealed between
themes and use cases with respect to expressing aspect-
oriented decomposition, relationship to functional decom-
position, and generalization. Main differences lie in the
way themes and use cases are described, naming conven-
tion, lack of actors in themes, and lower level character of
some themes. Despite the differences, most of the themes
can be transformed directly into use cases and vice versa
with a quite straightforward derivation of the relation-
ships among them.

Categories and Subject Descriptors
D.2.1 [Software Engineering]: Requirements/Specifi-
cations; D.2.2 [Software Engineering]: Design Tools
and Techniques

General Terms
Theme, use case, aspect-oriented analysis, feature

1. Introduction
Theme [1] is a comprehensive approach to aspect-oriented
analysis and design with its analytical part–Theme/Doc–
being a kind of conceptual modeling. Themes, the ba-
sic notion of the Theme approach, seem to be close to

∗An earlier version of this paper was presented at the
Early Aspects 2010 workshop at the 9th International
Conference on Aspect-Oriented Software Development.
The paper is recommended by Ruzanna Chitchyan and
Steffen Zschaler.
c⃝ Copyright 2010. All rights reserved. Permission to make digital

or hard copies of part or all of this work for personal or classroom use
is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies show this notice on
the first page or initial screen of a display along with the full citation.
Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy other-
wise, to republish, to post on servers, to redistribute to lists, or to use
any component of this work in other works requires prior specific per-
mission and/or a fee. Permissions may be requested from STU Press,
Vazovova 5, 811 07 Bratislava, Slovakia.
Vraniæ, V., and Michalco, P. Are Themes and Use Cases the Same? In-
formation Sciences and Technologies Bulletin of the ACM Slovakia,
Special Section on Early Aspects, R.Chitchyan, S. Zsachaler (Eds.),
Vol. 2, No. 1 (2010) 66-71

use cases, a technique of choice in contemporary soft-
ware analysis. Ivar Jacobson and Pan-Wei Ng showed
that use cases not only can be used in aspect-oriented de-
velopment, but that they are intrinsically aspect-oriented
though their application in aspect-oriented development
may benefit from some aspect-oriented extensions of the
use case modeling notation [4].

A way of transforming a Theme/Doc model into a use case
model and vice versa is proposed in this paper showing
such a process is feasible and pointing out detailed differ-
ences and commonalities between use cases and themes.
It demonstrates that despite Theme/Doc lacks the ele-
ments that would correspond to actors, flows, or extension
points, most themes can be transformed directly into use
cases and vice versa with a quite straightforward deriva-
tion of the relationships among them. This shows that
these two independently developed techniques have com-
mon grounds giving more credibility to both of them for
their use in aspect-oriented analysis. In practice, however,
this means that use cases as a widely accepted analysis
technique can be used instead of Theme/Doc even when
it is to be followed by Theme/UML, the design part of
the Theme approach, with or without an explicit trans-
formation into themes.

The rest of the paper is structured as follows. Section 2
introduces the Theme/Doc approach by a brief example.
Section 3 introduces the process of transforming themes
into use cases, while Sect. 4 introduces the reverse trans-
formation. Section 5 summarizes equivalence of Theme/-
Doc and use case modeling mechanisms and discusses po-
tential benefits of each approach. Section 6 discusses re-
lated work, and Sect. 7 concludes the paper.

2. Theme/Doc: An Example
Theme/Doc is concerned with the identification and mod-
eling of themes where a theme is a modularization con-
struct that encapsulates a concern [8]. Let us present the
example Theme/Doc model used in our study.

2.1 Theme Identification
Assume we are developing a retail support system. The
application will embrace store management, price man-
agement, and cash desk functionality provided simultane-
ously on several computers in the store. The specification
of requirements is presented in Fig. 1.

The corresponding themes are displayed in Fig. 2. The
semantics of a theme is expressed by the requirements
it is connected to. Each requirement may involve many
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1. The application will record and maintain the prod-
uct quantity in the stock in the central database.

2. The storekeeper can remove products from the
database.

3. The storekeeper can add products into the database.

4. The storekeeper can change the product quantity in
the database.

5. The cashier can bill the item by manually entering
the bar code or with a bar code reader.

6. Only the products recorded in the database can be
billed.

7. The billed items can be removed from the bill until
it has been closed.

8. The billed item removal must be approved by a store
manager by entering his authentication data.

9. The billed items will be printed on the cash desk
bill as they are entered. The bill will consist of the
store name, billed items, information on removed
billed items, the total amount of money to be paid,
and date and time.

10. The product price can be entered or modified only
by a properly authenticated store manager.

Figure 1: The retail support application require-
ments.

themes, and several requirements may concern the same
theme.

Figure 2: Themes in the retail support applica-
tion.

2.2 Aspect Separation
The goal of Theme/Doc is to separate the exact semantics
of each theme by rewriting the requirements in such a way
that each requirement remains associated with only one
theme. By this, a set of requirements exclusively associ-
ated with a theme virtually become its (only) description.
The themes that represent crosscutting concerns cannot
be separated this way unless the crosscutting is made ex-
plicit by transferring it directly to the affected themes.

There are five shared requirements in our example: R6,
R7, R8, R9, and R10. They are marked gray in Fig. 2.
R8 is about removing the billed item, while the theme
bill is about billing in the sense of adding items to the
bill, which is covered by R7, so the connection between

R8 and the bill theme can be omitted. The removed item
printing can be separated from R9 into a new requirement
R11, so the connection between R9 and the remove-item
theme can be omitted (see Fig. 3).

9. The billed items will be printed on the cash desk
bill as they are entered. The bill will consist of the
store name, billed items, the total amount of money
to be paid, and date and time.

11. The removed items will be printed on the cash desk
bill as they are entered.

Figure 3: The rewritten requirements.

While we managed to remove two connections, we have
not fully resolved any shared requirements. If no further
requirement rewriting can help to isolate requirements,
the remaining requirement sharing is due to the crosscut-
ting nature of some themes. Such themes are identified as
being dominant with respect to some requirements they
share with other themes. A crosscutting theme remains
the only theme associated with the requirements it dom-
inates.

In our example, print-bill dominates requirements R9 and
R11, while the approve dominates requirements R8 and
R10. This is displayed in the so-called crosscutting view.
Figure 4 presents the crosscutting view in our example
(the themes with no shared requirements have been omit-
ted). The crosscutting is denoted by arrows (in the orig-
inal notation rendered as thick shaded arrows).

Figure 4: The crosscutting theme view.

There are cases of requirements sharing in which it is not
possible to determine the dominant theme. Such cases
are indicated by dotted edges between themes marked by
respective requirement number and postponed to design.
In our example, there are two such requirements: R6 and
R7.

3. Transforming Themes into Use Cases
As we saw, both themes and use cases represent func-
tionality. Although use case names are usually quite self-
explanatory, while theme names are hard to understand
without referring to associated requirements,1 they are
expressed in the same active form.

1Newer literature on Theme employs the use case naming
scheme [8].
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Use cases are not just any functionality, and it may seem
themes are, but this holds only in initial phases of auto-
mated theme identification. Real themes represent only
a fraction of the initial set of themes. The process of
use case identification is similar to theme identification.
Use cases are even acknowledged as one of the sources of
themes [1].

Possible relationships between themes are similar to those
between use cases. This is most obvious with the crosscut-
ting relationship between themes and extend relationship
between use cases, but also so with grouped and unified
themes.

Grouped themes resemble include relationship between
use cases. Grouped themes—denoted as subthemes—are
supposed to be “called” by their grouping theme.

Unified themes look as a rudimentary form of generaliza-
tion. Actually, they may be viewed as specializations of
a unifying theme created to represent each one of them.
For that, unified themes have to be close enough to each
other. If they are the same, then the unification is just a
synonym substitution.

One significant difference between themes and use cases
is that themes lack a direct description whereas use cases
are primarily textual. Also, there are no actors in theme
models.

With respect to our initial observations, themes can be
transformed into use cases according to the following guide-
lines:2

1. Create a use case for each theme. Identify actors in
requirements.

2. Create an extend relationship for each crosscut re-
lationship found in the crosscutting view preserving
its direction.

3. Consider splitting themes. Identify grouped themes
in individual theme views (both the existing ones
and those obtained in step 1). Consider transform-
ing each theme–subtheme relationship into an in-
clude relationship or into a generalization relation-
ship if the theme and subtheme conceptually rep-
resent the same theme. Deciding not to transform
the subtheme means deciding its functionality will
be an integral part of the existing use case possibly
as a separate flow.

4. Consider unifying themes. Identify unified themes
in the history of the operations performed upon the
theme model if it is available. Consider transform-
ing unified themes into generalizations.

5. Consider the granularity of the obtained use cases
and restructure them as necessary by including too
low level use cases as flows of regular ones.

6. If not resolved by previous steps, resolve the post-
poned relationships as include, extend, generaliza-
tion, general relationship, or dismiss them.

2An initial version of this process has been proposed in
our earlier work [7].

3.1 The Initial Use Case Model
Figure 5 shows the use case model of our example ap-
plication obtained by applying the first two steps of the
transformation. Although it is not necessary to do so,
names of the use cases obtained by transformation can be
adjusted. In our example, the correspondence between
the theme and use case names is quite straightforward.

Figure 5: Identified use cases and extend relation-
ships.

We omit determining extension points since we do not
have the actual flows in use cases. However, there is a
sufficient understanding of each extend relationship to
provide a Cockburn style [2, 9] descriptive reference to
extension points in extending use cases. For example, we
could say that Print Billed Item is activated each time an
item is added to a bill or removed from it.

Base themes (that do not appear as subthemes) in the
initial process correspond to peer use cases (use cases with
no direct relationships between them [4]), so no special
effort is needed in this direction.

3.2 Subthemes
There are no grouped themes (step 3 of the transforma-
tion) in our example, but examining themes for splitting
resulted in three subthemes displayed in Fig. 6. We ac-
tually separated (implicit) product identification in the
context of each of these three themes. For simplicity, we
ignore the data entities themes operate on. If present in
the model, they should be referred to in the use case flows.

We could create a separate use case for each subtheme,
but a closer look at them reveals they represent the same
functionality named differently merely due to Theme/-
Doc not allowing multiple themes with equal names. This
means that the subthemes we have just separated out
have to be unified and given a common name. A logical
choice is identify-product, which points us lexically to the
equally named theme already present in our model. We
acknowledge these three themes are one and only theme
and recognize it corresponds to the Identify Product use
case, which has been already present in the model. We
also dropped the association of this use case to the ac-
tor because we revealed it cannot be activated separately
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Figure 6: Splitting the themes.

(Fig. 7).

Figure 7: Inclusion.

3.3 Unified Themes
There are no unified themes in our model (step 4 of the
transformation), but there is one opportunity for unify-
ing themes. Both bill and remove-item themes are about
billing an item: both of them add a record to the bill,
and both of them add a value to the total sum of the bill,
though a negative one in the remove-item theme. We
separated the common behavior into an abstract use case
named Bill Item and derived two concrete use cases from
it that correspond to the two kinds of billing operations
as shown in Fig. 8.

Figure 8: Generalization of use cases.

3.4 Granularity
Themes tend to be lower level than use cases, so it is
advisable to check whether all the use cases obtained so
far are at an appropriate level (step 5 of the transforma-
tion). Taking the Bill Item use case as an example, we
may note that it would be more natural to have billing
a whole purchase as a use case. Here we have two pos-
sibilities: to replace all three billing use cases with one,

integral use case called Bill Purchase or to introduce the
Bill Purchase use case and keep the existing use cases as
inclusion-only use cases.

Formerly separate use cases may persist as basic flows in
the integral use case. This is not an uncommon practice
in use case modeling often applied to develop so-called
CRUD use cases that describe typical create-read-update-
delete operations by a separate base flow [10]. Both solu-
tions are correct and may be viewed as a matter of style.

4. The Reverse Transformation
Since a use case model corresponds to the combination of
the crosscutting and individual theme views, its transfor-
mation into a theme model will result in these two views.
Subsequently, the theme–relationship view will be derived
from them. The transformation steps are as follows:

1. Identify themes by transforming each use case not
involved in a generalization into a theme and trans-
forming each generalization among use cases into
unified themes. Optionally rename themes by short-
ening the corresponding use case names. Drop ac-
tors.

2. Create the crosscutting view by transforming each
extend relationship between use cases into a cross-
cutting relationship between the corresponding
themes preserving its direction.

3. Create the individual view by transforming each in-
clude relationship between use cases into a theme–
subtheme relationship preserving its direction. De-
rive the data entities the theme operates on from the
use case flows and attach them to the corresponding
themes.

4. Transform all requirements use cases refer to into re-
quirements in the theme model. Transform each use
case to requirement relationship into a relationship
between the corresponding theme and requirement.

5. Derive the theme–relationship view by including all
the themes in the crosscutting view and identify-
ing shared requirements. Transform each unspeci-
fied dependency between use cases into a postponed
relationship between the corresponding themes pre-
serving its direction.

4.1 Generalizations
The transformation of generalizations among use cases
relies on the inversion of the two schemes applied in the
themes to use cases transformation (see Sect. 3.3). In
one, the common behavior among two or more themes
is separated into an abstract use case with derived use
cases corresponding to themes, while in the other one use
cases are derived one from another corresponding to the
generality of themes.

4.2 Extend and Include Relationships
Theme/Doc is capable of representing chained extend re-
lationships with the chained theme crosscutting. How-
ever, chained extend relationships are rare in use case
models.

On the other hand, chained include relationships repre-
sent a problem since Theme/Doc supports only one level
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Table 1: Equivalence of Theme/Doc and use case
modeling mechanisms.

Theme/Doc Use Case Modeling
base theme peer use case
requirement brief description/flow
crosscutting theme extending use case
grouping theme including use case
grouped theme included use case
unifying theme general use case
unified theme special use case
subtheme inclusion use case
crosscutting relationship extend relationship
theme–subtheme rel. include relationship
theme–requirement rel. use case to requirement

link
postponed relationships any/no relationship
n/a actor

of subthemes. Although chained include relationships
indicate functional decomposition, which should be cor-
rected directly in the use case model, there are two ways
to deal with them during a transformation: to keep the
subtheme connected to the theme and have it include all
other subthemes or to keep the leaf subthems and have
them include all other subthemes.

4.3 Requirements
The themes derived from use cases have no description
and as such are hardly understandable to the parties not
involved in the transformation. There are several possi-
bilities to derive theme descriptions during the transfor-
mation of use cases into themes.

Deriving Theme/Doc style requirements from use cases
and requirements attached to them would obviously re-
quire a lot of effort. If use cases are linked to respective
requirements, the initial set of requirements can be ob-
tained by attaching these requirements to themes.

However, it is questionable whether the requirements in
the Theme/Doc style are needed at the stage at which
there is a Theme/Doc model with completely separated
crosscutting. A regularly developed theme model at this
stage encompasses highly restructured requirements that
reflect this separated crosscutting and it may be very hard
to arrive at desirable formulations of requirements.

Describing each theme according to the understanding of
its meaning still requires some effort, but not as big as in
mimicking the exact Theme/Doc requirement style. At-
taching use cases or just their brief description instead of
requirements to the corresponding themes may be consid-
ered as the quickest yet viable solution.

5. Discussion and Comparison
Table 1 summarizes equivalence of Theme/Doc and use
case modeling mechanisms. A use case model as such
corresponds to the combination of the crosscutting and
individual theme view.

Main similarities between themes and use cases include
the way they express aspect-oriented decomposition, their
relationship to functional decomposition, and generaliza-
tion. With respect to aspect-oriented decomposition, it is
remarkable how both themes and use cases accommodate

both asymmetric and symmetric aspect-oriented decom-
position with equivalent mechanisms (base themes/peer
use cases and crosscutting relationship/extend relation-
ship).

One of the main differences between themes and use cases
is in the way they are described. While themes are de-
scribed indirectly by restructured requirements, use cases
are described by flows of events. Further differences in-
clude naming convention, lack of actors in themes, and
lower level character of some themes. While non-func-
tional requirements can be captured by so-called infras-
tructure use cases [4], the Theme/Doc approach does not
seem to deal explicitly with them, which means they have
to be postponed to design.

Theme/Doc might be closer to natural language specifi-
cation, while use cases tend to enforce some design/im-
plementation mechanisms such as generalization (object-
oriented) or extension (aspect-oriented). Although these
mechanisms receive quite a lot of attention, use cases are
primarily textual and can be succesfully expressed with-
out employing them [2].

Theme/Doc may seem attractive as it promises automated
theme model generation from requirements [1]. However,
tool support for Theme does not seem to be available at
all,3 and even if was, generated models that were reported
were huge and required a lot of manual work [1] heavily
compromising the potential benefit from the automatic
generation.

6. Related Work
Baniassad and Clarke introduced use cases as one of the
sources of themes and gave a hint that each use case or
action (perhaps a use case step or flow) can become a
theme [1]. Apart from this, we encountered no attempt
to bring use cases to a direct connection with themes, nor
to formulate the transformation between them.

Themes are declared to be close to features in the sense of
feature modeling (having its roots in FODA [5]) or even
referred to as features [1]. Griss et al. [3] view features
as more general than use cases as they represent not only
the user visible behavior as use cases tend to, but also
system internal structure and realization (observed also
by Baniassad and Clarke). Lopez-Herrejon and Batory
see a theme as a collection of structures that represent a
feature [6]. The connection of use cases to features and
features to themes indirectly confirms relatedness of use
cases to themes.

7. Conclusions and Further Work
The transformation process of the Theme/Doc model into
the use case model and vice versa presented in this paper
confirmed that themes are very close to use cases, which
has been anticipated by an initial comparison of these two
notions as well as by other literature, but haven’t been
studied deeper so far.

While Theme/Doc may still be interesting for being po-
tentially less design dependent, lack of tool support and
general acceptance of use case modeling in analysis pushes
the choice between the two significantly towards use cases.

3http://www.thethemeapproach.com/downloads.html
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As a further work, we consider extending the transforma-
tion towards Theme/UML to explore the relationship of
themes in Theme/UML to use case slices [4]. The excess
information in use cases could provide a part of the infor-
mation needed for modeling Theme/UML themes, while
they can provide flows to use cases. It would also be in-
teresting to explore to what extent features (in feature
modeling) cover the properties of themes in which they
differ from use cases.
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