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Abstract
Symmetry between the construction of programs and generating 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 construction 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 [Mathematics of Computing]: Discrete Mathematics—Graph
Theory; I.6.5 [Computing Methodologies]: Simulation 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 Neumann’s computer. In this time has started the modern
history of computer science. The direction of the development 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 programming 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 resources 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 algebras and coalgebras can be modern informatics considered
as a discipline concerning with the investigation of generated behaviour also in the application research. The first
aim of formal specifications is to create a formal description 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 properties are expressed by using appropriate resource-oriented
logical system.
• the first level is based on set theory: model dependencies 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 relations between categories of models can be formulated and investigated.
A logical system expressing relations between specifications 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 formulated. An example can be behavioural formal specification
of complex program system, where external behavioural
observations appear as the results of system’s logical formalisms 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 programs 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 algebraic specification of an abstract data type [1]. In category theory programs can be expressed as fibred categories over classified categories capturing type theories
[11].
Fundamental building blocks of present modern program
systems are data, behaviour and interaction. The symmetry between constructing of programs and generating
their behaviour can be properly formulated by using category 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 appropriate 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 category 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 signature in the form of denotation model whose structure
can be inductively extended to compositional interpretation of programs using initiality.
On the other side, description of the behaviour of a program system can be understood as a final coalgebra over
this many-typed signature in the form of operational model 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 bisimilarity 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 connectives of a given logical system.
The most suitable candidates of multivalue logical systems 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 linear 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 idealised) manner applicable for description of complex system semantics, where system components represent possible however pleonasmic worlds. Linear logic could introduce into these semantics the resource-oriented representation and more rigorous manipulation with these worlds.
Then also the semantic of complex systems would be represented 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 possible ways to use the duality principle for incorporating categorical 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 structures 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 operators and investigate their possible interconnection with
internal states of coalgebras.
No less important in this work is using of graphical notation 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: Mathematical 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 models 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 programs (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 observations.
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 formal specifications. a signature can be considered as a natural 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 specification within the program development process appears to
prescribe specification of program interface by using algebraic methods and to describe behavioural specification
of program systems by coalgebras. In general, a signature is considered as a pair that consists of a finite set of
type specifications and a familly of operational specifications 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

Initial algebra

Final coalgebra

Internal program
structure

External behaviour
of program system

duality

VEGA 1/2181/05

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

VEGA 1/0175/08

single typed

S

parametric

Operational
specifications
on types

Type
specifications

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

many typed

constructors
deconstructors
derived

Cl(S)
Typed
automata

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

Categorical declaratios types and operations are interpreted 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 finite 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 relations between them an be expressed either in terms of
the category Setfin of finite sets or in more complex generalised categorical relations and interconnections. For
instance, a signature for an algebraic specification of finite structure stack is syntactical entity and a concrete
data structure stack is semantical entity.
Theories are similar syntactical-semantical categorical analogies, they are syntactical description of formulae, called
axioms that are formulated over a signature and are interpreted by models of these structures, where morphism
(functors) assign to axioms their meanings.
For purpose to investigate behavioural properties of (program) systems that are modelled by coalgebras in terms
of category theory is needed to emphasize the importance
of selecting appropriate logical system. Using appropriate logical system can be possible to realize description of
state oriented dynamics and to construct proofs of bisimilarity of observable states via behaviour of infinite structures.
Because outside badges (symptoms) of behaviour are typically appreciates by observers in descriptive manner, it is

Between many candidates wih appropriate expresive power that contain elements of uncertainty seem be suitable 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 inference 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 including 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 dealing 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 rigorously with resource restrictions (as Petri nets [6]) and
with causalities in the area of application research. Different 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 CurryHoward correspondence in notions of category theory over
type theory [12]. Another perspective area is also investigation 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 polynomial endofunctor to semipolynomial endofunctor,
that enables us to consider also powersets and sequences in the frame of category Set of sets. This
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Figure 2: Behaviour of typed sequential acceptor

Figure 3: (co)algebras duality at program system

functor is induced by many-typed eventually generalised signature.

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

• We systematically analyzed the duality between algebraic models and coalgebraic structures based on
sets, that we later generalised in the frame of category of sets.

• We analyzed some possibilities related to application of modal and coalgebraic modalities and illustrated it in the example of IDS mentioned above.
Esspecialy for modalities of multimodal language of
linear logic, we attempted to formulate its semantics in terms of Kripke approach based on category
of possible worlds.

• We constructed algebra of polynomial endofunctor
as a pair consisting of carrier set and algebraic structural function. We illustrated it on well known data
structure - stack.
• In the frame of category Set we introduced coalgebras as dual notions to algebras induced by polynomial endofunctors. A coalgebra is a pair consisting
of a set called state spaces and coalgebraic structural function. This function represents set-oriented
dynamics of a coalgebra. Particular coalgebraic observations we demonstrated on the structure stack
mentioned above.
• We illustrated the duality between prescription internal structure represented by algebras and description of external behaviour represented by coalgebras
by means of typed sequential automata, that realised one of real application of our approach. Figure 2 illustrate behaviour of typed sequential acceptor.
• We consider as the most important result of the thesis 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 classifying 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 application 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 structure resp. behaviour of complex program systems
consisting of program components. We point out
coalgebras describing generated behaviour of program systems observed outwardly in the interaction
with adjacent environment as a significant observable result of execution of components in a dynamic
system.

6.

Conclusions

During our research we have achieved several interesting
results in the area of construction and behaviour of program 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 semantics in terms of possible worlds. It is an invitation to
introduce time and space into this semantics.
Acknowledgements. This work was supported by:
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Abstract

1.

This work presents innovative method of dynamic modification of program and language for purpose of achievement 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 experimental 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 runtime, and there is also another requirement for extension
of used programming language, in which the running system 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.

Modification of complex software systems after their delivery 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 environment into the new one). Such modifications require additional costs. Even implementation of required changes
takes in some cases longer than implementation of the
first operational software version. Thus there is significant demand for reaching optimal methods in order to
achieve effective modification of software systems.
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Introduction

Besides individual programs are important also programming languages, in which these programs are written. The
same importance have also tools, which are related to programming and programming languages. Some projects
will not fail due to the faults in programs, but due to
the problems with programming languages. In this approach an implementation of language (e.g. compilers,
interpreters, and other tools related to programming languages) is metalevel of a program.
If there is a requirement for modification of a system during 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 domainspecific 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 readable by machine and human [23] or as a means, in which
programmer defines problems for computer [14]. Programming languages are not static entities, they are changing and are undergoing evolution change. For example,
new elements can be added for more appropriate expression of a problem through a given language in designed
program. Elements which are no more used can be removed. 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 operational 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 require new functionality, the second reason represents need
for removal of problems, which occurred during application use. In some publications, e.g. in [21] or in [24] is the
term software evolution used in contrary to the term software maintenance, because maintenance suggests, that
software is getting worse, but this is not problem of evolution. 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 environment, while the execution of application is stopped,
whereas dynamic software evolution consists of modification of code or execution environment of application during its execution and thus without application interrupting (or without interrupting, which could have influence
on application functionality). Evolution is possible to divide 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 represent and manipulate other programs or themselves, i.e.
metaprograms are programs about programs [4]. The impact of metaprogramming is obvious in traditional development processes, by sorting existing programs as transformational processes with inputs and outputs. An example 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 characteristic, because in the case of metaintepreters individual
programs can be loaded and processed at any time. Typical 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 program’s sequence of statements. The result R of a computation depends on both a program P and an interpreter 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 hP,Ii [1].
This work focuses on program modification in the sense of
dynamic software evolution. Under interpreter transformation it is possible to understand augmented transformation of components of execution mechanism [16]. Ac-

environment
transformation
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environment
program transformation program
modification
modification

initial
state

P0, E0

P0, E1

P1, E1

P1, E2

P2, E2 time

Figure 1: Modification of both elements from the
couple hP,Ei
cording to this approach is execution synonym of transformation in general, such as a translation of code, type
checking, code generation, loading, interpretation, modeling and algebraic specification. Also in this work is under
interpreter transformation considered augmented transformation 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 interpretation (modification of semantic actions). For highlighting of augmented transformation of execution environment components there will be in the next part of this
work instead of interpreter I mentioned the execution environment E, thus instead of the couple hP,Ii there will
be couple hP,Ei (Fig. 1).
Our modification approach is based on the transformation
of both elements from listed couple. This case allows modification of the second element E from the couple hP,Ei
and consecutively change the first element P from presented couple, it means from hP0 ,E0 i to hP0 ,E1 i and then
to hP1 ,E1 i. This modification sequence depends on specific requirements, thus it may be different. Our objective 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 modification of program and language.
• Proposal of new method for combined dynamic modification 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 program.
Implemented prototype is created according to the suggested method, it means, that through verification of prototype 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 systems 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.

other data inputs and outputs
program
in time t0

The last phase of our research was step from single dynamic modification of language and program toward combined dynamic modification of language and program.
Partial results were presented in publications [6, 8, 9, 10].
Before design of model and method for combined dynamic modification of program and language was performed analysis of possibilities of dynamic modification
of programs and languages with verification of mechanisms of dynamic aspect-oriented programming, metaprogramming, and reflection. Based on recognized knowledge 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 modification 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

program
in time tz

• initial program and its modified versions,
• input data inserted interactively or loaded from external 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 required computation).
If the program Pti is modified to the new version Pti+1
through addition (operator ∪) of new code P nti+1 and
removal (operator –) of useless code P oti , then the new
version of program Pti+1 will be:
Pti+1 = ( Pti − P oti ) ∪ P nti+1 .

language specification
in time t1

language specification
in time tn

result of execution between
time tstart and tstop

Figure 2: Model of combined dynamic modification 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 language 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 metasystem 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).

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

base
level

running
program

change

executes

• initial specification of language and another modified versions of this specification,

experimental
execution
environment

...

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

program
in time ta

...

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 program composition, important publications of this phase
were [5, 7, 29].

language specification
in time t0

metalevel 1
change
metalevel 2

program
representation

experimental
execution
environment
extension for
modification support

language
representation
change
request

interpreter
JVM

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 independently from program modification,
• dynamic modification of lexical and syntactic specification of language and semantic actions and consecutive dynamic modification of program,
• dynamic modification of lexical and syntactic specification 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 presented 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 mechanism is HotSwap mechanism [3], which allows dynamic
reloading of required class file to update the class definition. Lexical and syntactic analysis is performed by program, generated through ANTLR parser generator [26],
into which we input individual versions of our language
grammar and we will have generated program translator 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].
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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)

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 semantic 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 syntax tree in the form related to the symbolic expressions
known from e.g. LISP programming language.

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

7. Adaptive Experiment

This language offers several types of language constructs
known from e.g. programming language C, such as integer variables, while loops, work with arithmetic expressions 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.

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 abstract syntax form as follows:
Program -> {Modify}
=> ^(PROGRAM {Modify})

Nl -> ("\n")

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

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.

Modify -> ’%’ Statement ’%’ | ’@’ Statement ’@’ Statement|
Internal AST representation of this program in bracket
Statement

form is as follows:

=> ^(INSERT Statement)|
^(CHANGE Statement Statement)|Statement
Statement -> Declaration|Block|Assignment|WhileStatement|
IfStatement|PrintStatement|SleepStatement|Nl
=> Declaration|Block|Assignment|WhileStatement|
IfStatement|PrintStatement|SleepStatement|
Nothing

(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:

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):

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

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

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

Execution environment processes this object form according to the token in every object representation. Every
token defines operation, which must be performed by execution environment on given objects.
Execution environment offers possibility for observation
of program representation in AST form and also belonging 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.

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 modification 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. Internal 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 program, we can use pair operator % new statement %. For
example if we want to insert another sleep statement into
the while loop, we insert statement
Figure 4: Abstract syntax tree window

%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 statement will be inserted into object, which represents while
block).
Run-time modification will be ensured, because only required 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 extended. 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 example 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 device 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 required program during its execution.
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[5] M. Forgáč. Utilization of dynamic weaving in software evolution.
In Proceedings from 7th PhD Student Conference and Scientific
and Technical Competition of Students of Faculty of Electrical
Engineering and Informatics Technical University of Košice,
pages 105–106, 2007.

11
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[7] M. Forgáč and J. Kollár. Static and dynamic approaches to
weaving. In 2007 Proceedings, 5th Slovakian-Hungarian Joint
Symposium on Applied Machine Intelligence and Informatics,
pages 201–210, 2007.
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Functional approach to the adaptation of languages instead of
software systems. COMSiS - Computer Science and Information
Systems, 4(2):115–129, 2007.
[19] J. Kollár, J. Porubän, P. Václavík, J. Bandáková, and M. Forgáč.
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Functional Approach to the Adaptation of Languages instead of
Software Systems. COMSiS - Computer Science and Information
Systems, 4, 2, pages 117–131, 1820-0214, 2007.
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M. Forgáč, J. Kollár. Static and Dynamic Approaches to Weaving
SAMI 2007 Proceedings, 5th Slovakian-Hungarian Joint
Symposium on Applied Machine Intelligence and Informatics,
Poprad - AquaCity, Slovakia, January 25-26, pages 201–210,
ISBN 978-963-7154-56-0, 2007.
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Abstract
In this article, an approach to modelling of componentbased 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 component mobility. Furthermore, a method of behavioural
modelling of service-oriented architectures is proposed to
pass smoothly from service to component level and to describe 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.
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1. Introduction
Globalisation of information society and its progression
create needs for extensive and reliable information technology solutions. Several new requirements on information systems have emerged and significantly affected software architectures of these systems. The current information 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 between those components allows to establish and destroy
their interconnections dynamically at runtime, on demand, 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 architectures 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 motivation 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 description 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 organisation 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 (behavioural) 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 destroyed 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 entities accessible through well-defined interfaces. A connection of compatible interfaces of cooperating components is
realised via their bindings (connectors). Actual organisation 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 architectures enable software systems to change their architectures during their runtimes. It means runtime modifications of the configuration, i.e. reconfiguration. Description of the reconfiguration [27] includes description of specific actions, which are consumed and produced by a system (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 components are decomposable into systems of subcomponents
at the lower level of architecture description. This composition 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 models should define syntax, semantics, and composition of
components [17]. They are systems of rules for components, connectors, configurations, rules for changes according to the dynamic architecture (rules for reconfigurations), etc. Several component models has been proposed [18] including the models. Those models differ particularly 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 component 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 provided ports and corresponding CSP processes for specific
input and output events, respectively. The componentspec defines interactions between the ports as a composition of their CSP processes. Interactions of components
are defined by connectors and described by specific CSP
processes. Finally, a configuration describes actual bindings 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 systems 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 defined by declaring instances of internal components and
“required-provided” bindings between those components.
Services of the internal components that cannot be satisfied 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 component 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 subcomponent, subsuming of required interfaces of a component’s subcomponent to the component’s required interfaces, and exempting of subcomponent’s interfaces from
any connection. SOFA uses a Component Definition Language (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 describe dynamic update of an architecture of a component
during a system’s runtime.
Component model SOFA 2.0 [8], as a new version of component model SOFA, aims at removing several limitations of the original version, mainly the lack of support
of dynamic reconfigurations, well-structured and extensible control parts of components, and multiple styles of

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

communication between components. It permits dynamic
reconfigurations predefined at design-time by reconfiguration 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 interfaces of the component’s controller, while internal interfaces are accessible only from the component’s subcomponents. A functional interface requires or provides
functionalities of a component, while a control interface
is a server interface, which provides operations for introspection 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 components can be formally described by means of parametrised
networks of communicating automata language [5]. Behaviour of each primitive component is modelled as a finite 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 reconfigurations of the composite component’s architecture.
Architecture description languages (ADLs, see [35])
are languages for describing software systems’ architectures, which focus on high-level structures of overall applications 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 establish a common basis for the ADLs and to enable integration 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 communication), 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 property lists. The ACME does not provide any certain semantic 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 description of a system’s software architecture and should be
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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 architectures [20]: to use UML “as is”, to constrain its metamodel using UML’s built-in extension mechanisms, and
to extend the metamodel by new architectural concepts.
Each approach has potential advantages and disadvantages (e.g. limited semantics of standard UML or incompatiblity 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 environment”. The components are drawn as specific classes
stereotyped «component» interconnected by means of “assembly 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) structure and behaviour constructs to describe dynamic software 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 contains the core structure and behaviour constructs with
the higher-order typed π-calculus as a formal basis; σπADL [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 πcalculus constructs.

3.

Motivation

This section aims at clarifying the motivation of the research. 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, incorporation of component-based design into SOA and into
software development processes in general. Their formal
bases or models usually do not consider component mobility (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 components 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 related methods of CBD and their incorporation into wellestablished software development processes of standard
software systems [13]. Modelling of the CBSs during
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• xhyi.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 ;

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

• 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;

Objectives of the Research

The statement of the problems of current component
models and corresponding ADLs provides us with adequate 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.

• P + P 0 is a sum of capabilities of P together with
capabilities of P 0 processes, it proceeds as either
process P or process P 0 , i.e. when a sum exercises
one of its capabilities, the others are rendered void;
• P | P 0 is a composition of processes P and P 0 ,
which can proceed independently and can interact
via shared names;
Q
• m
i=1 Pi = P1 | P2 | . . . | Pm is a multi-composition
of processes P1 , . . . , Pm , for m ≥ 3, which can proceed independently interacting via shared names;

Specific objectives of the research that fulfil the general objective include: the development of the component model
and its formal basis supporting features of mobile architectures and addressing the current issues of CBD; integration of functional operations and relevant behaviour
of components with control operations enabling dynamic
reconfiguration; a method of application of the component model in SOAs with mapping rules between services
and CBSs described by means of the component model;
description of a supporting environment that allows integration of the component model and utilisation of its formal 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 component 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 services in SOAs in formal way, we use the π-calculus, known
also as a calculus of mobile processes [23]. It allows modelling of systems with dynamic communication structures
(i.e. mobile processes) by means of two concepts: processes and names. The processes are active communicating 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 another 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]:

• (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 composition of processes P or, equivalently, a process satisfying the equation !P = P | !P .

The π-calculus processes can be parametrised as an abstraction, 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 application: pseudo-application and constant application.
def

Pseudo-application F hyi of abstraction F = (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 described 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 actual data objects. It contains particular instances
of CBSs, their runtime configurations, specific deployments 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 information 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 modelling architecture (see Sec. 4.2). It is defined in two
parts: Essential MOF and Complete MOF (EMOF and
CMOF). The EMOF contains packages Basic, Reflection, Identifiers, and Extension, which form a minimal set of modelling elements to define simple metamodels. 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 fourlayer 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 complete 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 realisations 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 communicating 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 component 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 provided (class ExternalProvInterface) or required (class
ExternalReqInterface) by the component.
The component realisation can be primitive or composite.
The primitive component realisation (class PrimitiveComponent) is implemented directly, beyond the scope
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of architecture description. It is a “black-box” with described observable behaviour (attribute behaviouralDescription). The composite component realisation (class
CompositeComponent), as a “grey-box”, is decomposable
on a system of subcomponents at the lower level of architecture description. Those subcomponents are represented by abstract components (class Component and relation “consists of”). Moreover, every composite component
realisation can communicate with its subcomponents via
its provided (class InternalProvInterface) and required
(class InternalReqInterface) internal interfaces (relations “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 interfaces (see owner roles in the relations in Fig. 2).

Composite Components and Binding. Binding is a connection 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 ExternalProvInterface and ExternalReqInterface) can be
provided to and required from its neighbouring components, while interfaces of a composite component realisation (classes InternalProvInterface and InternalReqInterface) can be provided to and required from its subcomponents 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 represented by class BindSiblings. The interfaces have
to be internal interfaces of the composite component realisation or external interfaces of subcomponents 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 composite component realisation to its internal required interfaces is represented by class BindInward. The external interfaces are provided to neighbouring components of the composite component acting as an
abstract component (relation “imports from” an instance 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 composite component realisation to its external required
interfaces is represented by class BindOutward. The
internal interfaces are provided to the composite component’s subcomponents (relation “exports
from” an instance of class InternalProvInterface),
while the external interfaces are required from
neighbouring components of the composite component acting as an abstract component (relation “exports to” an instance of ExternalReqInterfaces).
The bindings (i.e. instances of the realisations of class
Binding) are owned by the composite component realisa-
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NamedElement
(CM::metamodel::EMOF)
+ name : string

MultiplicityElement
(CM::metamodel::EMOF)
+ isOrdered : boolean = false
+ isUnique : boolean = false
+ lower : int
+ upper : int

Operation
(CM::metamodel::EMOF)
+ operation
owns
+ ownedParameter

TypedElement
(CM::metamodel::EMOF)

0..*

Parameter
(CM::metamodel::EMOF)

Figure 1: A simplified part of the EMOF [24] with classes that will be extended in the metamodel.
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ProvidedInterface

+ provided
+ owner
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+ owner
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InternalProvInterface

+ providedIn
provides inside

0..*

InternalReqInterface

+ requiredIn
requires inside

0..*

Figure 2: Abstract component, realisations, and interfaces in the metamodel.

NamedElement
(CM::m etam odel::EMOF)
+ nam e : string

+ required
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RequiredInterface

InternalReqInterface

1

1

0..1

+ required
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BindSiblings
0..*

TypeOfBinding

bound to

1

InternalProvInterface

0..1
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+ provided

1

Binding
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*
+ owner

contains

+ provided

ex ports to

1

0..*

+ binding

ExternalReqInterface

1
+ required
ExternalProvInterface

+ type
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ProvidedInterface

CompositeComponent

0..1

0..1

0..1

BindOutward

0..1
im ports to

1

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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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.

tions. Each binding can have a type (class TypeOfBinding), which can describe a communication style (buffered
and unbuffered connection), a type of synchronisation
(blocking and output non-blocking), etc.

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

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). Hierarchy 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 public, private, and protected interfaces. The public interfaces (classes realising PublicIntType) of a component
can be accessed by its neighbouring components (via binding BindSiblings). If the component is a composite component 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 interconnected only by means of binding BindSiblings.
Finally, the protected interfaces (classes realising ProtectedIntType) 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 following 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 provides references to given provided interface ProvidedInterface of type Operation, while protected
interface CtrlBindReqInterface allows to establish
a new binding of specific required interface RequiredInterface 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 provided by a composite component realisation allow to
1
The private interfaces can be required by the subcomponents as their external interfaces, but they can not pass
borders of the subcomponents (nor any other component).
Here, the subcomponents must be primitive components.
2
Type Operation denotes functional interfaces, while the
others denote control interfaces.
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• Protected interface RefToInterface is able to pass
references of provided interfaces ProvidedInterface 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 component of a CBS can be realised either as a primitive component 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 PrimitiveComponent, 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 composite component is decomposable at a lower level of component hierarchy into a system of subcomponents communicating 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 subcomponents (class BindSiblings in the metamodel), bindings
of internal interfaces of the component to its external interfaces (classes BindInward and BindOutward), and processes describing specific control actions of the component’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 component will be presented, we need to define the component’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 , . . . , psn , pg1 , . . . , pgm . In an internal view of a component, i.e. for description of a composite
component (an instance of class CompositeComponent),
0g
0s
0g
we will use names a, p0s
1 , . . . , pm , p1 , . . . , pn . 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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+ operation

ProvidedInterface

Interface
+ getOwner() : Com ponent

NamedElement
(CM::m etam odel::EMOF)
+ nam e : string

1
+ operation

1

+ operation RequiredInterface

*

has

gets reference to

+ type
ProtectedIntType

1
TypeOfInterface

PublicIntType

1
sets binding from
0..1

CtrlBindReqInterface

CtrlStart

PrivateIntType

CtrlRefProvInterface

CtrlStop

CtrlAttach

RefToProvInterface

CtrlClone

Component

Operation
(CM::m etam odel::EMOF)

+ binder

0..1

CtrlDetach

Operation

+ referrer
refers to

+ com ponent
1

RefToComponent

refers to

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 CtrlRefProvInterface in the metamodel),
via a – a composite component accepts a request for attaching 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).

analogously for interfaces p0i 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 BindOutward in Fig. 3 in Sec. 4.2.1).

4.3.2

W ire

As a result, requests received via external functional provided interface pj are forwarded to an interface that is
bound to internal functional required interface rj0 (and
3

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

∆

=

(x, y, d).(x(m).yhmi.W irebx, 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 interface (via an interface of type CtrlRefProvInterface in
the metamodel) and use the reference to bind a functional
required interface of another component (via an interface of type CtrlBindReqInterface in the metamodel).
Process CtrlIf s describes processing of requests via the
control interfaces as follows:
SetIf
GetIf

We should remark that there exists a relationship between
names representing functional interfaces in the external
view and names representing corresponding functional interfaces in the internal view of a composite component.
The composite component interconnects its external functional interfaces r1 , . . . , rn (required) and p1 , . . . , pm (provided) accessible via names ps1 , . . . , psn and pg1 , . . . , pgm ,
respectively, to internal functional interfaces p01 , . . . , p0n
0
(provided) and r10 , . . . , rm
(required) accessible via names
0g
0g
0s
p1 , . . . , pn and p1 , . . . , p0s
m , respectively.

Interface’s References and Binding

At first, we define an auxiliary process W ire4 , 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).

P lug
CtrlIf s

∆

=
def

=

def

=

def

=

(r, s, d).s(p).(d.W irebr, p, dc | SetIf br, s, dc)
(p, g).g(r).rhpi
(d).d
g
g
s
s
(rQ
1 , . . . , rn , p1 , . . . , pn , p1 , . . . , pm , p1 , . . . , pm ).
n
d )(P lughr d i | SetIf br , ps , r d c)
( Q
(r
i i i
i=1 i
i g
m
|
j=1 !GetIf hpj , pj i)

where names r1 , . . . , rn , ps1 , . . . , psn , p1 , . . . , pm , pg1 , . . . , pgm
have been defined in Sec. 4.3.1. Let us assume CtrlIf s
shares its names r1 , . . . , rn and p1 , . . . , pm with a process describing a component’s core functionality via its
required and provided interfaces, respectively. Pseudoapplication GetIf hpj , pgj i enables process CtrlIf s to receive 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 SetIf bri , psi , rid c enables
4

The process will be used also in the following parts of
Sec. 4.3.
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process CtrlIf s to receive a name x via psi , which will
be connected to ri by means of a new instance of process
W ire (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 rid (in case it is the first
binding of ri , i.e. there is no former binding, the request
is accepted by pseudo-application P lughrid i).
In a composite component, the names representing external functional interfaces r1 , . . . , rn , p1 , . . . , pm are connected to the names representing internal functional in0
terfaces p01 , . . . , p0n , r10 , . . . , rm
. Requests received via external functional provided interface pj are forwarded to
an interface that is bound to internal functional required
interface rj0 (and analogously for interfaces p0i and ri ).
This behaviour is described in process CtrlEI :
def

CtrlEI

=

0
(r1 , . . . , rn , p1 , . . . , pm , r10 , . . . , rm
, p01 , . . . , p0n ).
n
m
Y
Y
( (d)W irebri , p0i , dc |
(d)W irebrj0 , pj , dc)
i=1

4.3.3

j=1

Control of a Component’s Life-cycle

Control of a composite component’s life-cycle5 can be
described as process CtrlSS .
Dist
Lif e

Attach

CtrlSS

∆

=
∆

=
def

=

def

=

(p, m, r).(phmi.Distbp, m, rc + r)
(sx , sy , px , py ).sx (m).(r)(Distbpx , m, rc
| r.Lif ebsy , sx , py , px c)
(a, p0 , p1 ).a(c0 , c1 , cd )(d)(cd (m).dhmi.dhmi
| W irebp0 , c0 , dc | W irebp1 , c1 , dc)

4.3.4

5

A primitive component handles stop and start interfaces
directly.

∆

Ctrlclone

=

(x).x(k).(s0 , s1 , c, ps1 , . . . , psn , pg1 , . . . , pgm , r, p)
(khs0 , s1 , c, r, pi | rhps1 , . . . , psn i | phpg1 , . . . , pgm i
| Componenths0 , s1 , c, ps1 , . . . , psn , pg1 , . . . , pgm i
| Ctrlclone bxc)

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 represent “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 requested interfaces and referencing functional provided interfaces of the new component, i.e. names ps1 , . . . , psn via
r and names pg1 , . . . , pgm 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 subcomponent 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 subcomponents, 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 U pdate:
U pdate

where names s0 and s1 represent the component’s interfaces that accept stop and start requests, respectively (i.e.
interfaces of types CtrlStop and StrlStart in the metamodel), 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).

Pseudo-application Attachha, p0 , p1 i enables CtrlSS to receive 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 W ire.
Third name received via a, cd , can be used later to detach
the previously attached stop and start interfaces.

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 clonning of a component as follows:

(s0 , s1 , a).(p0 , p1 )(Lif ebs1 , s0 , p1 , p0 c
| !Attachha, p0 , p1 i)

The requests for stopping and starting the component are
distributed to its subcomponents via names p0 and p1 .
Constant application Lif ebs1 , s0 , p1 , p0 c 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.
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∆

=

(u, a, s0 , sd , ps1 , . . . , psm , pg1 , . . . , pgn ).(k, s0d )
(uhki.k(s00 , s01 , c, r0 , p0 ).s0 .ahs00 , s01 , s0d i.sd
0s
.r0 (p0s
1 , . . . , pn )
g
0s
.(x)(pg1 hxi.x(p).p0s
1 hpi . . . pn hxi.x(p).pn hpi)
0g
0g
0
.p (p1 , . . . , pm )
0g
s
s
.(x)(p0g
1 hxi.x(p).p1 hpi . . . pn hxi.x(p).pm hpi)
.s01 .U pdatebu, a, s00 , s0d , ps1 , . . . , psm , pg1 , . . . , pgn c)

Process U pdate 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 replacement of the old subcomponent in a parent component
implementing the update process (i.e. as its subcomponent). As a return value, process U pdate 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 (s00 and s01
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 , . . . , psm , pg1 , . . . , pgn
represent a context of the old subcomponent, i.e. interfaces 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 ,
6

The process is also known as “updating” or “nesting” of
a component.
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p1 , . . . , pm describes behaviour of the core of a primitive component (i.e. excluding behaviour of processing of
its control actions), as it is defined by the component’s
developer. Further, process abstraction Compsubcomps
0g
0s
0g
with parameters a, p0s
1 , . . . , pm , p1 , . . . , pn describes behaviour 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 , . . . , psm , pg1 , . . . , pgn are defined in Sec. 4.3.1.
Processes Compprim and Compcomp that describe behaviour of the mentioned primitive and composite components can be defined as follows:
def

Compprim =
(s0 , s1 , c, ps1 , . . . , psn , pg1 , . . . , pgm ).(r1 , . . . , rn , p1 , . . . , pm )
(CtrlIf s hr1 , . . . , rn , ps1 , . . . , psn , p1 , . . . , pm , pg1 , . . . , pgm i
| Ctrlclone bcc | Compimpl hs0 , s1 , r1 , . . . , rn , p1 , . . . , pm i)
def

Compcomp =
(s0 , s1 , c, ps1 , . . . , psn , pg1 , . . . , pgm ).
0 , p0 , . . . , p0 )
(a, r1 , . . . , rn , p1 , . . . , pm , r10 , . . . , rm
n
1
(CtrlIf s hr1 , . . . , rn , ps1 , . . . , psn , p1 , . . . , pm , pg1 , . . . , pgm i
0 , p0s , . . . , p0s , p0 , . . . , p0 , p0g , . . . , p0g i
| CtrlIf s hr10 , . . . , rm
n
m 1
n 1
1
0 , p0 , . . . , p0 i
| CtrlEI hr1 , . . . , rn , p1 , . . . , pm , r10 , . . . , rm
n
1
| Ctrlclone bcc | CtrlSS hs0 , s1 , ai
0g
0g
0s
| Compsubcomps ha, p0s
1 , . . . , pm , p1 , . . . , pn i)

where the pseudo-applications of CtrlIf s represent behaviour of control parts of the components related to their
functional interfaces (see Sec. 4.3.2), the constant applications 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 pseudoapplication of CtrlEI describes communication between
internal and external functional interfaces of the composite 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 following 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 interfaces 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 composition 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 neighbouring components (neighbouring services at the
“services” level of abstraction, i.e. independent requesters, providers, as well as potential service composition 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 behaviour in the context of communication with its neighbouring services. The second shows the service as a component 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 services, the classes with stereotype «interface» describe,
by means of their methods, individual interfaces provided
or required by the services (i.e. “services” provided or required 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 introduction of Sec. 4.4). Behaviour of the service can be
described as π-calculus process abstraction Service:
Service

def

=

(i1 , . . . , in ).(b1 , . . . , bm )
(Svc
Q init hi1 , . . . , in , b1 , . . . , bm i
. n
j=1 Svcj hij , b1 , . . . , bm i)

where names i1 , . . . , in represent the service’s interfaces I1, . . . , In, respectively, the pseudo-application of
Svcinit initiates the service’s behaviour, and the pseudoapplication of Svcj , for each j ∈ {1, . . . , n}, describes behaviour 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. Communication 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 participating services are predefined and the architecture is static.
Then, the choreography or orchestration is described by
means of a composition of π-calculus processes representing 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 service providers for potential service requesters, e.g. references to the providers’ published interfaces. Its behaviour can be described as π-calculus process abstraction
Broker:
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def

Broker

=
∆

P ublish

(t, pub).pub(i, d).(t0 )

=

(tht0 , i, di | P ublishbt0 , pubc)

∆

F ind

(pub, f ind).(q)
(P ublishbq, pubc | F indbq, f ind, pubc)

(h, f ind, pub).h(h0 , i, d)

=

.(F indbh0 , f ind, pubc | (f indhii.pubhi, di + d))

where names representing the providers’ interfaces (denoted by i internally) can be stored via name pub and
retrieved back via name f ind, which are subsequently
handled by constant applications of P ublish and F ind,
respectively. By the composition of the constant applications of P ublish and F ind 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 P ublish receives a pair of
names (i, d) via name pub and creates name t0 . Then,
it proceeds as a composition of a constant application
of P ublishbt0 , pubc, which handles future requests, and
process tht0 , i, di, which enqueues the received pair (i, d)
by sending them via name t, that represents the current
tail of the queue, together with name t0 , that represents a
new tail of the queue used in the future requests.
The constant application of F ind dequeues a front item
of the queue as a triple of names (h0 , i, d) via name h,
that represents the current head of the queue. Then, it
proceeds as a composition of a constant application of
F indbh0 , f ind, pubc, which handles future requests, and
a sum of capabilities of process f indhii.pubhi, di, which
provides name i as an interface for potential service requesters 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 service 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 functionality, respectively. This approach is related to the “components” 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 article (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 focus on pseudo-application Svcj hij , b1 , . . . , bm i, which describes 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 ).
Svc0j hij , bx1 , . . . , bxk , by1 , . . . , by(m−k) i

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).
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Name ij represents the interface Ij provided by the service, names bx1 , . . . , bxk are all of the shared names that
are used as channels of input prefixes in Svc0j and names
by1 , . . . , by(m−k) are all of the shared names that are used
as channels of output prefixes in Svc0j (for input and output prefixes, see Sec. 4.1). Thereafter, process abstraction
Svc0j can be understand as a description of core behaviour
of a component with functional provided interfaces represented 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 service that is related to its interface Ij as a CBS. To extract
the desired core behaviour from the component’s complete
behaviour, process abstraction Svc0j can be defined as:
Svc0j

def

=

(ij , bx1 , . . . , bxk , by1 , . . . , by(m−k) ).
(s0 , s1 , c, ps1 , . . . , ps(m−k) , pg1 , . . . , pg(k+1) )
Q
( ku=1 (d, t)(pg(u+1) hti.t(p).W irebbxu , p, dc)
Qm−k s
g
|
v=1 pv hbyv i | (d, t)(p1 hti.t(p).W irebij , p, dc)
| Compj hs0 , s1 , c, ps1 , . . . , ps(m−k) , pg1 , . . . , pg(k+1) i)

where process constant W ire 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 complex 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 models (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 abstraction (e.g. Wright [1], Tracta [12], behaviour protocols 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 component 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 components 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. Moreover, 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 functional interfaces in behaviour of primitive components. Dynamic reconfiguration and component mobility 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 formal 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. Behaviour 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 following possible drawbacks:
• The behavioural description of services and components 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 specific and informal UML-like notation.
• The formal description of behaviour requires an advanced 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 several dynamic reconfigurations and a corresponding
sequence of reductions of the π-calculus process,
it may be difficult to determine a final configuration from the resulting π-calculus process, especially
without knowledge of the exact sequence of reductions (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 component 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 description 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 components 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 architectures, in full integration of dynamic reconfiguration into
behaviour of components where functional requirements
can initiate control actions, in support of behavioural description of SOAs and transition to CBSs, and in utilisation 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 description, to simplify integration of the component model
and utilisation of its formal basis into initial phases of software 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 supported by the BUT FIT grant FIT-10-S-2 and the Research Plan No. MSM 0021630528 – Security-Oriented
Research in Information Technology.
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1.

Introduction

Relational classifiers extend the attribute-based classifiers
by adopting relations between classified instances, treating the dataset as a mathematical graph. For example,
we could classify web pages according to their content
exclusively, however incorporating the content or classmembership of neighbouring web pages1 provides better
results [6],[19].
Methods which utilise the relations between classified instances 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 inadequately correlate with classes or instances have very few
attributes but many relations (e.g., person in a social network identified only by its nickname but connected to
many other people via friendship relation).
This work is dedicated to relational classification methods and their interconnection with so called homophily
assumption, which is the core principle of correct classification in relational data. Homophily originated as a sociological phenomenon and is present mostly in graphs which
structure2 is induced by human activity. Homophily is
defined as following – contact between similar3 people occurs at a higher rate than among dissimilar people. This
phenomenon is typically observed in relations between humans, but is indirectly transferred into graphs, where humans do not explicitly act as vertices. For example, web
pages can be classified into two classes – those which concern 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.
1

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

(a) Attribute
based

(b) Simple
Relational

c

27

(c) Collective
Inference

c

c

1

1

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 dependency 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 classified graph, this would prevent us against the interchange
of worthless and confusing information between the vertices during classification. Moreover, we will be able to
gain such a neighbourhood of a vertex, which would bring
enough homophilic vertices, despite varying local structure of a graph. In both cases, we will be able to decrease
the misclassification rate, because robustness of a relational 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 classification method designed to moderate class–membership
interchange in a graph and Section 6 is dedicated to our
second major contribution – enhancing the relational classifier by local graph ranking. Finally, Section 7 concludes
our work.

3. Classification of Classifiers
One of the first methods which drawn attention to relational 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 relations in a dataset.

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 connecting 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.

A

A
m

A
m
N

N

m
N

Figure 1: Three basic relational models depicted
in Jensen’s notation
For example, this model would indicate that the classmembership of a web page (C) depend only on the content of that page (the attributes Ai ) and is independent
of the topic and words on any other page. The expressiveness power of this model is equal to attribute-based
classification.
This branch of classifiers contains all attribute-based methods, e.g., k-neareast neighbors [10], decision trees [9], Support 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. Figure 1(b) shows this model using a modified plate notation
in which the integer within the diamond shaped annotation (“1”) indicates the graph distance of neighbouring
instances. The path of the edge outside the outer box emphasises 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 classmembership 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 Neighbour Classifier and Network-only Bayes Classifier [13].
these methods can be used in conjunction with attributebased methods, so that ĉr ← ĉa .
If we analyse for example Simple Relational Classifier,
[12], this method estimates class-membership of a classified 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).

3.1

p(cm |vk ) =

1
W

X

w(vk , vj )

(1)

vj ∈Vk |class(vj )=cm

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 =

X

w(vk , vj ) normalises the results.

vj ∈Vk

The set of neighbours Vk contains all vertices directly connected to the classified vertex vk via edges. If the classmembership 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, because the method assumes that neighbouring vertices are
more likely to share the same class as non-related instances. All other enlisted simple relational methods include 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 neighbouring instances. Collective inferencing is present in
following methods: Iterative Classification [11], Relaxation Labelling [2], Gibbs Sampling [5], Iterative Reinforcement Categorization [19], Relational Ensemble Classification [16].
In contrast to ĉr , ĉci model itself cannot take benefits from
the attributes of related instances. However, usual approach how ĉci is applied is that it incorporates ĉr model:
ĉci ← ĉr . This means that ĉci wraps the iterative character of the classification process and ĉr deals with the
class-membership exchange in single iteration, which implies that homophily assumption is weaved into ĉci as well.

then the probability of edge occurring between vertices
v1 and v2 is higher than between vertices v1 and v3 , because v1 and v2 belong to the same class, in contrast to
v3 . In real-world classification we often face fuzzy classmembership so that p(c ∈ C|v ∈ V ) ∈ R, typically normalized to h0, 1i.

4.1

Degree of Homophily

In order to determine the degree of homophily between
two vertices it is sufficient to compare their class-membership 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 ) =
q
= [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 ) =

sX
c∈C

[p(c|vi ) − p(c|vj )]2

(3)

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

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, ethnicity, 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 vi vj ∈ E between vertices vi , vj ∈ V .
If we consider for example binary classification (classes
C = {c+ , c− }) and following three vertices and their classmembership:

homophilyn (vk ) =

1 X
homophily(vk , vj )
|Vk | v ∈V
j

(4)

k

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 +

X

p(c|vi ) logbase p(c|vi )

vi ∈Vk ∪{vk },c∈C

(5)

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

homophilys (vk ) = 1.0 +

X

p(c|vk ) logbase p(c|vk )

(6)

c∈C

• 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,

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
V2

V1

V3

V4

(b) set oriented
homophily

V2

V1

V3

V4

In current step each instance from Xtest and Y absorbs
class-memberships of neighbouring instances and recomputes its own membership. Two types of neighbourhood
are used, trainN eigh(ni ) returns set of neighbouring instances from Xtrain of an instance ni (ni can be either
from X or Y ) and testN eigh(ni ) refers to neighbours from
Xtest and Y . Usually only closest instance neighbourhood 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.

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

5. Moderated Collective Inference-based Classifier
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 interchange 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 classmembership interchange process.
W describes the IRC classifier in a detailed way in following 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 def acto attribute-based classification (ĉa ), however each instance is assigned a fuzzy class–membership
rather than a class. The method to be used can vary (e.g.,
Naı̈ve 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 remainder types (denoted as belonging to set Y disregarding
their type) and relations between all instances.
4
We follow this prerequisite in consecutive sections as the
dataset used in experiments meets this condition, however, in general the method can classify more leading instance types at once.
5
Note that the real class-membership of the testing instances is also known and is stored in order to compute
performance of the classifier.
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λ2

X

p(cj |ni ) = λ1 p(cj |ni ) +
| {z }
self

xz ∈trainN eigh(ni )

X

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

xz ∈trainN eigh(ni )

|
+ λ3
|

X

+

w(ni , xz )
{z

}

Xtrain

nz ∈testN eigh(ni )

X

w(ni , nz )p(cj |nz )
(7)

w(ni , nz )

nz ∈testN eigh(ni )

{z

Xtest ∪Y

}

Moderation of class–membership spreading
Membership computed in Eq. 7 can be harmful; an instance ni affiliated to each class with the same probability (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 information 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 classmembership 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 instances to those, which should be allowed to spread their
class-membership and to those, which would be temporarily 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, probabilities 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 absorption and spreading of information ends when the difference ||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 argmaxcj p(cj |ni ).

5.1

Experimental Evaluation and Discussion

According to the previous section, our goal is to determine the proper degree of moderation. In following experiments we use MAPEKUS dataset with instances obtained from ACM (Association for Computing Machinery) portal6 . Three instance types are treated: leading 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 P ublication is assigned one or more
classes according to the ACM classification7 . However,
the classifier is not designed to direct multi–label classification [7], thus the task is divided into n binary classifications, where each publication instance in the graph
is assigned either positive (c+ ) or negative (c− ) label according to the class.
Size of the graph used in our experiments is following:
4000 publication instances, 7600 keywords and 9700 authors, 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 quality. The term accuracy gain expresses the contrast between accuracy of attribute-based classifier and relational
classifier on the same data sample, e.g., when attributebased classifier achieves accuracy = 80% and relational
classifier attains accuracy = 90%, the accuracy gain is
6

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

+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 Naı̈ve 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 introduced with the aim to boost classifier accuracy. We perform 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. Increasing the value of moderation refers to stronger control of class–membership interchange between neighboring 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).
10
8
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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 13 , 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 classifier. 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
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testing set to overall accuracy gain (these instances are
eliminated from class-membership spreading in the strong
moderated case when mod = 1.0).

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

Our experiment successfully demonstrated importance
of homophily in the ĉci model during moderated class–
membership interchange. Non-moderated classifier (corresponds 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 increase +9.4 % (class Software, mod = 0.8), when accuracy
of attribute-based classifier achieved accuracy 80.1 % and
relational classifier attained 89.5 % accuracy.

6.1

6. Redefining the Neighbourhood
of Relational Classifier
In current section we describe our contribution to the following 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 designed 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 vertices in neighborhood of vk . Due to this reason, we propose 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 degree of affinity between vk and ranked vertices. T is a
minimum energy threshold which provides quick convergence 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
k)
.
with (1) we establish w(vk , vj ) = energy(v
energy(vj )
Our goal is to compare basic direct neighbourhood with
neighbours acquired with spreading activation and determine 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
8
In order to maintain simplicity and be coherent with
graph used in experimental evaluation, following algorithm is designed for unweighted graph, the original one
can deal with weighted graphs.

Simple Relational Classifier and Homophily

If we include substitution W =

X

w(vk , vj ) into (1)

vj ∈Vk

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

p(cm |vk ) =

X

w(vk , vj )

vj ∈Vk |class(vj )=cm

X

=

w(vk , vj )

Wk c m
Wk

(8)

vj ∈Vk

It is obvious that Wk =

X

Wkcm .

cm ∈C

Because our experiments are based on binary classification with set of classes is C = {c+ , c− } we get Wk =
Wkc+ +Wkc− . If we consider this adjustment within the final 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, clasWkc

sified vertex vk is assigned to positive class, if Wk+ < 0.5
then class(vk ) = c− , otherwise class(vk ) is left unassigned.

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 companies and 460 000 edges between them and it is a typical
social network with exponential distribution of vertex degree and graph component size.
Vertices in the graph hold several attributes – name, address, basic capital, scope of business activity, etc. A vertex class-membership is then derived from one of these attributes. 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

+

and y-axis is average vertex homophily, where vertices are grouped according to x -axis9 .
Wk

In Fig. 4 we compare three curves: the optimal homophily
function is put into contrast with the two observed homophily rates: basic neighbourhood and spreading activation. We see that spreading activation fits optimal homophily much better than basic neighbourhood. In terms
of root mean square error (RMSE) we gain:
9
The 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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decision trees, logistic regression), but no relational methods. 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.

(a) vertices of type Company
1

average homophily

0.8
0.6

In our work we extended graph relational approach to
data organization and analysis. We identified those features 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.
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W kc+
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More concretely, the goal of this work was to consider
and take into account homophily of the dataset in classifier design. Our work was based on existing overview of
relational methods [8, 13]. According to our past analysis and experiments with relational methods we revealed
strong connection between these methods and homophily,
this remark was inspired by [4, 14].

ratio
optimal homophily
basic neighborhood
spreading activation

(b) vertices of type Person
1
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The main contributions of our thesis are following:
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• we designed a method based on information exchange
moderation, which enhances the simple relational
branch of classifiers (ĉr ),

0.2
0
0

0,1

0,2

0,3

0,4

W kc+

ratio

0,5

0,6

0,7

0,8

0,9

1

-0.2

W

Figure 4: Homophily comparison for basic neighbourhood and spreading activation.
• Company: RM SEbasic neigh = 0.360
RM SEact spread = 0.219
• Person: RM SEbasic neigh = 0.374
RM SEact spread = 0.222

• we designed a method based on local graph ranking which extends the collective inferencing based
classifiers (ĉci ).
Both methods employ the homophily measures we established and according to them, the classification model provides more robust results with lower misclassification rate.
In order to evaluate our methods, we co-authored following two large-scale datasets:
• MAPEKUS, digital libraries based dataset
(http:/mapekus.fiit.stuba.sk/),
• foaf.sk, social network of Slovak Companies
(http:/foaf.sk/).

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 direct neighbourhood, spread. is spreading activation).
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) contains several attribute-based classifiers (neural networks,
10

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

In broader context, our contribution is dedicated to supersede the naive homophily assumption in relational classifier 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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Abstract

1. Introduction

Description [6, 23, 22, 3] of industrial application protocol MODBUS. The MODBUS protocol principle at lower
layers of ISO/OSI reference model. MODBUS over serial
line–protocol at second layer of reference model ISO/OSI.
State diagrams of communication nodes in MODBUS protocol–master and slave. The weak point analysis of MODBUS over serial line protocol and possibilities of its extension. The propositions of MODBUS protocol extension. Functional speciﬁcation of proposed modiﬁcations.
Description of the formal method ”Coloured Petri Net”,
which is used for description of parallel processes and communication protocols. The creation of model communication in MODBUS over serial line protocol used formal
method Coloured Petri Nets. The creation of models proposed extensions of MODBUS protocol. The veriﬁcation
of created models by the state space analysis. The implementation of proposed MOBUS protocol modiﬁcations
titled as mMODBUS on the Cypress microcontroller family.

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 overall 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, Measurement bus, DeviceNet, M-Bus, industrial ethernet and others [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 architecture of the monitoring equipment (control computer).
Nowadays, in the area of industrial buses occurs trend to
unify these standards and to eliminate their mutual incompatibility. Suitable candidates for the uniﬁcation of
protocols are often simple solutions that use existing standards and add an advanced functionality to them, which
allows us to communicate between diﬀerent communication 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 element 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 following requirements
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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 MODBUS, 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 example 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 protocol is suitable to use in systems where the devices are connected to microcontrollers with a certain function, such
as. in [14] where the author uses the MODBUS protocol 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 usability 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 MODBUS 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] –
1

http://www.cypress.com/?id=1573
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a language for formal description of abstract state machines. Markov chains [2] are suitable for modeling of
stochastic processes [20]. For the description of communication 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 protocol, 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 services [10], [16], [12]. Non-hierarchical Coloured Petri Net
is n-tuple CP N = {Σ, P, T, A, N, C, G, E, IN }, where single 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 expression, which satisﬁes the condition:
∀t ∈ T : [T ype (G (t)) = Bool ∧ T ype (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 :

]
T ype (E (a)) = C(p (a))M S ∧ T ype (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 : T ype (IN (p)) = C(p)M S ∧ V ar (IN (p)) = ∅

4. Proposition of MODBUS protocol modifications
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 understands a simple device with a locked-down functionality.
• Communication is only master/slave exclusively.
This type of communication ensures no collisions on
the bus. In speciﬁc cases we need slave/master communication, while maintaining the characteristics of
no collision communication.
In the thesis is proposed expansion and modiﬁcation of
the MODBUS protocol, called mMODBUS. This new speciﬁcation is based on the original MODBUS serial line protocol speciﬁcation. The target of the proposed speciﬁcation mMODBUS is to increase usability of MODBUS
protocol in real industrial applications.
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for such communication can occur where there is a need to
transfer certain information (such as a real-time information) to all slave nodes, but this information is only available in a one slave device. The proposed modiﬁcation allows 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 modiﬁcation 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:

Formatting
error reply

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 software 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. SuperSlave node must be backward compatible, meaning 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 deﬁned 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

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

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

2. MultiSlave node is assigned a set of addresses.

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

(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 virtual 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 format was deﬁned in the MODBUS protocol speciﬁcation. 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 accepted 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

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 solution 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 problems 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 message 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 desired 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 :

Information Sciences and Technologies Bulletin of the ACM Slovakia, Vol. 2, No. 1 (2010) 34-41

37

error reply sent

Idle

normal reply sent

Formatting
normal reply

error while processing
[broadcast mode]
frame error,
address in frame
is not adsress
of slave
error in data
[broadcast mode]

end of processing
[unicast mode]
end of processing
[broadcast mode]

Processing
requested action

reception of
a request

Checking
request
timer tw expiration

Waiting
for requested
event

check OK
[standard
function code]

error while precessing
[unicast mode]

Formatting
error reply

check OK
[SuperSlave function]/
start timer t w

error in data
[unicast mode]

event occured/
send frame
in broadcast mode
stop t w

Figure 2: Proposed state diagram for SuperSlave extension
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 welldeﬁned 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 answer 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 discarded.
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 =

f rame length
·8
fp

(2)

Which is at the 256 bytes of maximum length of data
frame and a transfer rate of 9600 bauds, value of approximately 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 serial 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 mMODBUS 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 reference model ISO/OSI protocol, thus the model does not
include the speciﬁcation of the ﬁrst layer, namely the implementation 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 master and slave nodes are created on the basis of their state
diagrams deﬁned in [18].
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Figure 3: Proposed changes in state diagram for master (SuperSlave extension)

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 substituted 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 between 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 Figure 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 veriﬁcation 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 CPNTools. Techniques to analyze the CPN model are a simulation 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 information 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 behavior 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 message – 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 situation (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 appear 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. Veriﬁcation 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 (transitions), not even once activated. Claim 4 can be veriﬁed
by the number of dead labels, which is the number of ﬁnal 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 expected, 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 different scenarios that could occur in communication. Individual scenarios diﬀer in the number and contents of
generated messages. At the veriﬁcation of the functionality 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 differ 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 conﬁguration 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 scenario 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 calculation of the state space. DM – the number of dead labels. 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 scenario B
NS adr
codes PO SS n
time
PM
[m:s]
B.1 3
3,5,6
1,7,20 5
183607 0:19
11
B.2 3
0,3,5, 1,7,20 2
170399 0:44
22
6
B.3 3
0,3,5, 1,7,20 2
190167 0:52
24
6
B.4 5
0,3,5, 1
1
33893
1:53
3
6,7
B.5 6
0,2,3, 1
0
295195 24:31
2
4
B.6 8
1,2,3,4, 1
1
68960
0:15
2
5,6,7,8
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 methods 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 determine 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 assumptions as in the case of MODBUS protocol veriﬁcation. 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 scenario C
adr
codes PO SS n
time
PM
[m:s]
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, 1,7,20 1
143440 1:02:53 15
7,8

Table 5: Result of state space analysis for scenario D
adr
codes
PO SS n
time
PM
[h:m]
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 scenario 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 ensured 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 speciﬁcation is solved more eﬃcient use of current hardware potential 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 communication. The proposed model was used as the basis for the
implementation of the mMODBUS protocol in real industrial 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 speciﬁcation mMODBUS – MultiSlave and SuperSlave.
The proposed extensions are fully compatible with
standard MODBUS serial line.
2. MODBUS serial line protocol model was created operating at second layer of reference model ISO/OSI
using CPN nets. This model can be used as a reference for further modiﬁcations.
3. Models of proposed extensions MultiSlave and SuperSlave 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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J. Ďud’ák, P. Čičák. CPN MODEL OF THE MODBUS PROTOCOL.
In Mechatronika 2010, June 3-5,2010, Trenčianske Teplice, in
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As software is becoming larger and ever more complex, new
Software Engineering approaches addressing these complexities arise—for example, Model Driven Development, Software
Product Lines Engineering, and Aspect-Oriented Software Development (AOSD) [1, 4]. AOSD has in its core the principle
of separation of concerns [3] which aims to simplify system development 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 limiting 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 earlyaspect 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-aspects 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 stability 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 between different early aspects of a system.

Steffen Zschaler
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“Conflict Management in Aspect-Oriented Requirements Engineering” by A. Sardinha et al. proposes a formalisation of requirements prioritisation by a set of stakeholders and shows how
optimisation techniques can be used to trade-off conflicting requirements 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-Oriented 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. compares use cases as used for modelling aspects at the requirements
level and themes as used in Theme/Doc and shows how these notions 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 currently 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 Aspects 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 problems 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 methods 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.
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D.2.10 [Software Engineering]: Design; D.2.1 [Software Engineering]: Requirements/Speciﬁcations—Elicitation methods
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1. Introduction
Separation of concerns [5] is one of the important principles in software systems development. The goal of separation 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 concerns are called crosscutting concerns. In computer science, 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 system may cause tangling and scattering problems. AspectOriented 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 orientation in implementation phase is not adequate, therefore, this concept has to be applied in other development
phases too. One of these phases is Aspect-Oriented Requirements 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 acceptance 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 presented. In [9] author(s) proposed an approach for solving 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 requirement nets. The execution of resulting Petri Net for the
system will give an output that it is main factor for identiﬁcation 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 execution 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 crosscutting 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 notation, 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 certain 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 holding 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 entering 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 employee 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 realized, 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 development have to express their speciﬁcations and documentations 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 definition 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 deﬁnition is not limited to a certain phase of development
process, such as implementation phase. The ”able to implement 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 characteristics of systems.
Crosscutting concerns are main reason for causing tangling problem. The tangling problem is an obstacle for understandability and maintainability of systems [15]. According 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 requirement 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 (entity) 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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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 speciﬁed 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.
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 following:
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 P N1 and two
logical entities O11 , O12 . Also requirement net RN2 (cf.
Figure 2.b) under one Petri Net P N1 and three logical entities 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 existence 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 concerns. 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 requirements for every concern depend on interactions between

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 requirement nets is not necessary. This operation is postponed
to stage 8, because it is not needed to decompose all requirements 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 analyzing 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 Section 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 temporary 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 indicates that dependencies and tokens of Petri Nets are not
deﬁned correctly.
Stage 7: in this stage, for identifying crosscutting concerns (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 belonging 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 management 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 operations 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 illustrated 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 requirement nets just are constituted based on the deﬁnition
in Section 3. In other words, we must follow the deﬁnition in order to constitute these requirement nets. But
important point is that, in this stage, we do not identify 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 Table 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 hotel management system.
Concern Name of execu- Execution order
Name
tion 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 execution 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 dependencies 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 management system are a kind of restriction of execution order
and interpretive relationships. For example, in the system, 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 concern 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 between 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 monitoring 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 management 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 entity 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 monitoring output. Logical entities for monitoring outputs
requirement nets are listed in Table 3 (stage 8). We continue this survey (monitoring output) until it is determined 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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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 aspects 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
(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 intended to support the integration of heterogeneous requirements speciﬁed from multiple perspective. In AORE
model, concern identiﬁcation relies on domain knowledge
of developers, and also concerns are non-functional properties. We use a similar means for identiﬁcation of concerns 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 relationships between behaviors in a requirements document, identifying and isolating aspects in the requirements, and modeling those aspects using a design language. In Theme approach, Theme provides support for
aspect-oriented development at two levels. At the requirements level, Theme/Doc and at the design level Theme/
UML. Theme/Doc can be used as a method for identifying 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, software 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 aspects that supposed on the Same Joint Point (SJP), and
give a solution to detect conﬂict relations among the aspects. Two method based on Petri Nets are not present

This paper has oﬀered a formal method based on Petri
Nets for speciﬁcation of crosscutting concerns and identiﬁcation of aspects. In the proposed method, a software
system was considered as sets of concern nets. Each concern net is constituted as a set of requirement nets and
execution orders. The requirement nets have logical entities 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 monitoring 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 dominant concern net of transition as aspect. Oﬀering a formal method based on Petri Nets for identiﬁcation of aspects provides some advantages. One advantage is that
we make sure of what was considered as an aspect is crosscutting 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 determine join-points with more detail and the circumstances
of imposing aspects (after, before, around) to logical entities, therefore, still there are works have to be done to
extend the method in the future.
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Abstract

1. Introduction

A major challenge in Aspect-Oriented Software Development (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 existing 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 approach 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 relevant 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 Theme/Doc approach. A tool that supports the proposed
approach is implemented and outlined as well.

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 operational environment where business rules may change, and
new extensions may be needed to be added [5, 4]. Accordingly, the software engineering community strives to
develop innovative techniques to construct software systems that are maintainable and evolvable, yet simple and
resilient. Unfortunately, these properties are not naturally inherited in software systems, and thus, their realization requires careful attention throughout all the phases
of software development life-cycle.

Categories and Subject Descriptors
D.2.1 [Requirements/Specifications]: Methodologies—
Tools
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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 responsible for diﬀerent general concerns or features, such as
UI presentation, business logic, and data access. AspectOriented Software Development (AOSD) applies the notion of SoC to eﬀectively deal with crosscutting concerns
that may induce high complexity when implementing software systems. Concerns of cross-cutting nature may inhibit 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 interfere with many parts of the software causing high interdependency and tangled representation between logically
non-cohesive system components if not properly handled.
An aspect is a system construct that can be used to eﬀectively represent functional or non-functional cross-cutting
concerns in the system.
Current approaches for discovering early aspects in software 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 requirements. 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 analyze 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 Aspects” to separate concerns that crosscut several functional 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 concerns using tagging is proposed. Tagging is a ﬂexible technique that is widely used for categorizing any content including text, videos, and images. In this work, tagging
was used to guide the business analysis process to ﬁnd
the similarities between discovered concerns by associating them with tags. A tag can be associated to more than
one concern and vice versa. In [11], a new architecture description language (ADL) is proposed to support building
aspect oriented systems for multi-agent systems (MAS).

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 relations between text blocks and generates the possible system concerns without the user input list. Despite the improvement 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 framework 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 relation 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

The Theme/Doc [1] is a requirement analysis approach
that uses Theme modeling as a way of representing system features. The Theme model has two types of themes
to describe two types of features: base themes and crosscutting themes. Base themes are those who express certain 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.

2.3 Software Stability Model (SSM)

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 considered 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 communications linked by requirements statements.

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

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
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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 changing 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 crosscutting concerns.

• EBT (Enduring Business Themes): This is the most
abstract description. EBTs are the elements that
present the enduring aspects of the underlying business.
• BO (Business Objects): the abstract classes modiﬁed to be used in the system. BOs map the EBTs
of the system into more concrete objects.

52

Nasser, E. A., and Hamza, H. S.: Towards a DO Approach for Identifying Aspects in Software Reqs.

• IO (Industrial Objects): more specialized and customized 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 supply 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 approach 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 explored. 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 context, 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 system concerns

system either directly from the SSM model or from inspecting the BOs and IOs using FCA and concept interpretation as discussed above. To this end, each identiﬁed
EBT represents a system concern, expressed by its related requirements statements. The shared requirements
between system concerns will show how these concerns affect 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 implemented to perform the steps related to the FCA and
concept interpretation. The tool consists of two components: 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 according 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 particular 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 system, we have to focus on the services being delivered 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, externally stable but not internally in case of system evolution. The identiﬁed system BOs are: Order, View,
Product, Customer, Transaction, Stock, Front-end
Back-end Synchronization.

• IOs: They are explicitly mentioned in the requirements, can be replaced with other alternatives without aﬀecting the system processes, and are not adaptable to system evolution. The identiﬁed IOs are:
Carte, User Account, Navigation Bar, Search Mechanism, 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 created using BOs and IOs as objects and system requirements as requirements. Formal concepts are identiﬁed
and exported into an XML ﬁle as discussed before. Using 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 generated concepts, that’s why they gathered in one
group. The system BO ”View” has shared many
system IOs in the same functionality which is navigating 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 products—Search Mechanism.
• Group 2: The system BO ”Front-end Back-end Sync”
has shared other system BOs and IOs—View, Customer, Order—to accomplish a system feature of
creating an order and managing the purchasing process 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 functional/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 Navigability’. 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 Manager’ 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 system 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 requirements 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 concerns that are not explicitly mentioned in the requirements, which are responsible for showing how the communication between the front end user interface interactions 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 addition, the Theme/Doc output is missing another system
concern which is related to the administration functionality. 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
BO
View
View
View
View
Group 1 View
View
View
View
View
View
Product
Order
Group 2 Sync
Customer
Transaction
Stock

Explorer Output
IO
Navigation Bar
Search Mechanism
Sign-In
Master-V
Details-V
Carte-V
Checkout-V
Receipt-V
Financial Record
Shopping History Record
Shopping History Record
Shopping History Record
Shopping History Record
Shopping History Record
Shopping History Record
Shopping History Record

lapping and should be added to one module. These problems are avoided in our results due to the systematic iterative nature of the proposed approach. It is worth noting
that, enhancing the performance of the Theme/Doc approach 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 localization and encapsulation. In this paper, we presented a new
domain-oriented approach for identifying candidate aspects 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 crosscutting 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 analyzing 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. However, composing requirements in AORE may lead to conﬂicting situations that have to be analyzed and resolved.
There are a few AORE methods for resolving conﬂicts between requirements, but most of them are error-prone or
have scalability issues. This paper presents a mathematical formulation for resolving conﬂicts that can be implemented with Search-based techniques (i.e., metaheuristics) 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 subsequent analysis of crosscutting requirements. Compositions in AORE are utilized to explicitly represent and
analyze the interdependencies between requirements.
However, composing requirements may lead to situations
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Early Aspects 2010 workshop at the 9th International
Conference on Aspect-Oriented Software Development.
The paper is recommended by Ruzanna Chitchyan and
Steﬀen Zschaler.
c 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 otherwise, to republish, to post on servers, to redistribute to lists, or to use
any component of this work in other works requires prior specific permission and/or a fee. Permissions may be requested from STU Press,
Vazovova 5, 811 07 Bratislava, Slovakia.
Sardinha, A., Araújo, J., Moreira, A., and Rashid, A. 2010. Conflict
Management in Aspect-Oriented Requirements Engineering. Information Sciences and Technologies Bulletin of the ACM Slovakia, Special Section on Early Aspects, R.Chitchyan, S. Zsachaler (Eds.), Vol. 2,
No. 1 (2010) 56-59

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 crosscut the same base requirement may lead to a conﬂicting
dependency, because encryption normally reduces the responsiveness of a system [13].
Several AORE approaches for resolving conﬂicts are either based on simple reasoning methods [10, 12] that are
error-prone or Multiple Criteria Decision Making [4] models that cannot handle more than twenty requirements [2].
Therefore, the resolution of conﬂicts in large AORE speciﬁcations 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 presents a mathematical formulation for resolving conﬂicts
in AORE speciﬁcations that can be implemented with
search-based techniques. Within the Search-Based Software Engineering ﬁeld [8], search-based techniques are
metaheuristics that are utilized for solving software engineering 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 mathematical formulation with a search-based technique. Finally, 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 treated in a uniform fashion, so we do not classify concerns
into viewpoints, use cases or aspects; However, our concerns still encapsulate coherent sets of functional and nonfunctional 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 resolved.
The aim of this section is to present the main characteristics of the conﬂict management problem in AORE and
to propose a model that formulates the conﬂict resolution problem as an optimization problem. The following
characteristics were considered in this mathematical formulation:
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• Stakeholders: S = {s1 , s2 , ..., s|S| }
• Stakeholders’ Priorities: priority : S × R → R.
Hence, we use weights to express stakeholders’s priorities.
• 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, developers, tools, testers, hardware, software). This is formulated
as follows:

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

2.4 Identifying Match Points

2. Stakeholders’ priorities and importance: The requirements 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.

Match Points are used as a basis to detect and resolve conﬂicts among composed requirements, because they explicitly 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.

3. Available resources: Every software project has a
limited amount of resources (e.g., software developers, tools, licenses, ﬁnancial resources) to implement
the requirements.
In a general sense, our approach has as its basis a mathematical 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 requirements 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, endusers, developers, managers) and express diﬀerent
perspectives on the system;
• Concerns C = {C1 , C2 , ..., C|C| }: Concerns encapsulate 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 constraint 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 different objectives and needs that can lead to conﬂicting
situations. Additionally, stakeholders have diﬀerent importance levels to the organization.This is formulated as
follows:

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

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 =

∪

Csk

(1)

k∈Sci

A Match Point is the union of all the constraint requirements that crosscut the same base requirement. For example, 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 requirements r3 = “The login and password are sent to
the server”. Additionally, another composition may select a constraint requirement r2 = “The response time
must not exceed 5 seconds” to crosscut the base requirement 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 always try to maximize the stakeholders’ satisfaction, without violating the availability of resources. Hence, this can
be formulated as follows:
For each Match Point Mi :
M aximize :

∑ ∑

s∈S r∈Mi

importance(s) × priority(s, r) × xi
(2)

Subject to:
∑

r∈R

ef f ort(r) × xi ≤ resources

(3)
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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 considering the stakeholder’s importance level and priorities,
and Equation 3 expresses that the eﬀort needed to implement the requirements must respect the availability of
resources.
For example, the Match Point in Section 2.4 has two conﬂicting requirements {r1 , r2 } and only one developer (i.e.,
a resource) that can implement only one of the requirements. 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] (Table 1):
Stakeholder
s1
s2

Requirement r1
Very Imp. (1.0)
Important (0.8)

Requirement r2
Average (0.5)
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 requirements, 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 activities:
1. Detect Conflicts: We must ﬁrst detect the match
points that have conﬂicting requirements (i.e., requirements 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. Moreover, 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 reason 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 revised and recomposition carried out to identify any further conﬂicts.

3. Utilizing Search-Based Techniques to Resolve
Conflicts in AORE
Genetic Algorithm (GA) [9] is a machine learning technique that has been successfully applied [6, 7] to SearchBased Software Engineering problems. This learning method is motivated by an analogy to biological evolution, by
searching a space of candidate solutions in order to identify 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 chromosomes. The best chromosome is deﬁned as the candidate solution that maximizes a predeﬁned numerical value
(also known as ﬁttness).
In GAs, the candidate solutions (chromosomes) are encoded as binary strings. To represent the n match points
and m requirements in each match point of our mathematical 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 resolving conﬂicts in AORE that can be implemented with a
popular search-based technique called Genetic Algorithm.
The mathematical formulation is composed of an aspectoriented speciﬁcation, stakeholders’ importance and priorities, and available resources for implementing the requirements. We also show how to maximize the stakeholders’ satisfaction and how to use it to resolve conﬂicts.
Our future research work will focus on the implementation 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

Categories and Subject Descriptors

Requirements of a Software Product Line (SPL) are usually captured in the form of a feature model, which represents the product line variation model, but this model
lets several requirements details aside, such as the speciﬁcation 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 propose a Product Line extension to an aspect-oriented intentional model. The extended model provides both variability information and requirements details, promoting
a natural blending of SPL and aspect-oriented architectural 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 intentional model and the opposite approach.

D.2.1 [Software Engineering]: Requirements Speciﬁcations
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1. Introduction
In Software Product Line (SPL) development [3], the product line requirements are usually captured in the form of a
feature model [5], which represents the product line variation 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 crosscutting concerns [6]. In the SPL context, it is expected
that these concerns are part of variation points implementations, therefore aﬀecting several products. This situation 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) techniques [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 product conﬁguration, without polluting the code with conditional compilation code, an alternative strategy that hinders 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 including 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 Product Line extension to AOVgraph that includes variability
information. PL-AOVgraph models will ﬁll the gap that
the feature models have regarding to the SPL requirements. The model will provide both variability information and requirements details. PL-AOVgraph is proposed as a seamless extension of AOVgraph. It promotes
a natural blending of software product line and aspectoriented 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 consistency. The paper is structured as follows. Section 2
contains the background and the running example. Section 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 model. 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 managing common and variable features in a SPL [5]. They
are used during early stages of SPL development for scoping the system family, later as a basis for building the
product line architecture, and ﬁnally during the application 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 components and can be modularized using aspect technology;
• Abstract features such as performance requirements
that are usually mapped to a conﬁguration of components and/or aspects;
• Grouping features may represent variation points
and they are mapped to a common interface of plugcompatible 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 mobile 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 releases, where each release contains additional functionalities 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 representing commonalities such as AlbumManagment, MediaManagement and MediaSelection. The optional features are:
Favourites, Sorting, Copy Media, SMS Transfer, CapturePhoto and CaptureVideo. Finally, the alternative (inclusive 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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goal_model Security (GM1) {
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task Authorize [access] (T1; and){
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task_ref (T1; and){}}
correlation (help) {from G1 to SG2}
}
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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
Root of feature model
Hierarchy of features
Feature
Mandatory Feature
Optional Feature
Alternative xor/inc-or Feature
Alternative xor/inc-or Feature
Constraint = “implies the non-selection”
Constraint = “implies”
Feature reference

⇔
⇔
⇔
⇔
⇔
⇔
⇔
⇔
⇔
⇔
⇔

PL-AOVgraph
Name of goal model
Hierarchy of goals, softgoals, and tasks
Task, goal or softgoal
Contribution = and Property [typeFeature=mandatory; cardinality=(1,n)]
Contribution = or Property [typeFeature=optional; cardinality=(0,n)]
Contribution = xor/inc-or Property [typeFeature=alternative;
groupFeature={}; cardinality=(1,1)/(1,n)]
Correlation (hurt)
Correlation (make)
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 relationships map not just positive and negative conﬂicts between requirements (goals, softgoals, and tasks), they also
map how these requirements crosscut each other. Furthermore, 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 requirements, tasks are functional requirements and goals represent 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. Correlations 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 representation. 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 Identify [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 cardinality. 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 explained 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 properties, 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 abstracted by properties.
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Figure 3: Product-line development process using PL-AOVgraph and feature model.

3.2 Process
Figure 3 shows how to use Feature Model and PL-AOVgraph to promote aspect-oriented product-line development. In the beginning of the process, there are two independent alternative ﬂows: (i) the ﬁrst (illustrated above
with dotted line) begins with PL-AOVgraph modeling after 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 transform 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 situations: (i) the process only begins with feature modeling;
(ii) the process only begins with PL-AOVgraph modeling; and (iii) the process begins with both feature and
PL-AOVgraph modeling. In the ﬁrst and second situations, we generate the other model as another view of the
system, which will be used to help understand the system 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 necessary 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 PLAOVgraph into Feature model and ii) map Feature model
into PL-AOVgraph.
Bi-directional mapping advantages are: (i) there is a feedback 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 features models; and (v) we can generate conﬁguration models from PL-AOVgraph models. On the other hand, the
main drawback is the overhead to keep both models consistent

These transformations are based on the semantic and syntactic elements from both models. Therefore, although
these models have divergent goals, they have some similarities, 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; PLAOVgraph represents the system in terms of goals, softgoals, and tasks, while Feature models represent the system 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 feature is optional, then it is transformed into a task
with contribution relationship or; if it is mandatory,
it is transformed into a contribution relationship labeled and; if it is alternative, it is transformed into
a contribution relationship labeled xor or inc-or depending on the cardinality of the feature group;
3. Furthermore, each task is annotated with the following 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 relationship, on which: it will be the pointcut (A will
be pointcut); the features implicated will be transformed 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 “isFeature=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 softgoalref, 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 subfeatures 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-directional mapping between the Feature Model and PL-AOVgraph 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 model, since its goal is to represent all requirements of a
system, while the feature model aims to model commonalities and variabilities. Therefore, with this
mapping we can generate a feature model excessively 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 following: 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 cardinality. Silva et al [7] map Aspectual i* to feature model. In
this mapping, Aspectual i* is not also suﬃcient to represent 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 establishes a mapping between PL-AOVgraph and feature model and we also have created some elements in PL-AOVgraph in order to represent completely variability. However, there are two main diﬀerences: (i) the elements created 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 viceversa. 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 requirements details while feature models do not include requirements details. We presented a mapping between SPL and
AOVgraph abstractions and discussed two possible development scenarios: starting with a feature model or a PLAOVgraph 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 relationships; 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 environments 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 independently 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 aspectoriented decomposition, relationship to functional decomposition, and generalization. Main diﬀerences lie in the
way themes and use cases are described, naming convention, 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 relationships among them.

Categories and Subject Descriptors
D.2.1 [Software Engineering]: Requirements/Speciﬁcations; 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 basic notion of the Theme approach, seem to be close to
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use cases, a technique of choice in contemporary software analysis. Ivar Jacobson and Pan-Wei Ng showed
that use cases not only can be used in aspect-oriented development, 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 diﬀerences and commonalities between use cases and themes.
It demonstrates that despite Theme/Doc lacks the elements 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 derivation of the relationships among them. This shows that
these two independently developed techniques have common 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 transformation 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 transformation. Section 5 summarizes equivalence of Theme/Doc and use case modeling mechanisms and discusses potential beneﬁts of each approach. Section 6 discusses related work, and Sect. 7 concludes the paper.

2. Theme/Doc: An Example
Theme/Doc is concerned with the identiﬁcation and modeling of themes where a theme is a modularization construct 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 management, and cash desk functionality provided simultaneously 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 product 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 requirements.
themes, and several requirements may concern the same
theme.

Figure 2: Themes in the retail support application.

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 associated with a theme virtually become its (only) description.
The themes that represent crosscutting concerns cannot
be separated this way unless the crosscutting is made explicit 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
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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 crosscutting 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 dominates.
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 omitted). The crosscutting is denoted by arrows (in the original 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 functionality. Although use case names are usually quite selfexplanatory, while theme names are hard to understand
without referring to associated requirements,1 they are
expressed in the same active form.
1

Newer 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 automated 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].

3.1 The Initial Use Case Model
Figure 5 shows the use case model of our example application 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.

Possible relationships between themes are similar to those
between use cases. This is most obvious with the crosscutting 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 generalization. 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 guidelines:2
1. Create a use case for each theme. Identify actors in
requirements.
2. Create an extend relationship for each crosscut relationship 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 transforming each theme–subtheme relationship into an include relationship or into a generalization relationship if the theme and subtheme conceptually represent 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 transforming 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 postponed relationships as include, extend, generalization, general relationship, or dismiss them.
2

An initial version of this process has been proposed in
our earlier work [7].

Figure 5: Identified use cases and extend relationships.
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 transformation) in our example, but examining themes for splitting
resulted in three subthemes displayed in Fig. 6. We actually 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 actor because we revealed it cannot be activated separately
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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-updatedelete operations by a separate base ﬂow [10]. Both solutions are correct and may be viewed as a matter of style.

4. The Reverse Transformation

Figure 6: Splitting the themes.

Since a use case model corresponds to the combination of
the crosscutting and individual theme views, its transformation 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 transforming each generalization among use cases into
uniﬁed themes. Optionally rename themes by shortening the corresponding use case names. Drop actors.

(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 unifying 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.

2. Create the crosscutting view by transforming each
extend relationship between use cases into a crosscutting relationship between the corresponding
themes preserving its direction.
3. Create the individual view by transforming each include relationship between use cases into a theme–
subtheme relationship preserving its direction. Derive 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 requirements 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 identifying shared requirements. Transform each unspeciﬁed dependency between use cases into a postponed
relationship between the corresponding themes preserving its direction.

4.1 Generalizations

Figure 8: Generalization of use cases.

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.

3.4 Granularity

4.2 Extend and Include Relationships

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 transformation). 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 possibilities: to replace all three billing use cases with one,

Theme/Doc is capable of representing chained extend relationships with the chained theme crosscutting. However, chained extend relationships are rare in use case
models.
On the other hand, chained include relationships represent 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 corrected 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 possibilities to derive theme descriptions during the transformation of use cases into themes.
Deriving Theme/Doc style requirements from use cases
and requirements attached to them would obviously require a lot of eﬀort. If use cases are linked to respective
requirements, the initial set of requirements can be obtained 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. Attaching use cases or just their brief description instead of
requirements to the corresponding themes may be considered 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 generalization. With respect to aspect-oriented decomposition, it is
remarkable how both themes and use cases accommodate

both asymmetric and symmetric aspect-oriented decomposition with equivalent mechanisms (base themes/peer
use cases and crosscutting relationship/extend relationship).
One of the main diﬀerences between themes and use cases
is in the way they are described. While themes are described indirectly by restructured requirements, use cases
are described by ﬂows of events. Further diﬀerences include naming convention, lack of actors in themes, and
lower level character of some themes. While non-functional requirements can be captured by so-called infrastructure 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 speciﬁcation, while use cases tend to enforce some design/implementation mechanisms such as generalization (objectoriented) or extension (aspect-oriented). Although these
mechanisms receive quite a lot of attention, use cases are
primarily textual and can be succesfully expressed without 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 potentially 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.
3

http://www.thethemeapproach.com/downloads.html
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As a further work, we consider extending the transformation 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 information needed for modeling Theme/UML themes, while
they can provide ﬂows to use cases. It would also be interesting 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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