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ABSTRACT

Today’s enterprise information systems have to match with their operational and
organizational environment. Unfortunately, software project development method-
ologies are traditionally inspired by programming concepts rather than by organiza-
tional and enterprise ones. In order to reduce as much this distance, agent-orientation
is emerging and has been subject to various researches over the last 10 years. Its suc-
cess comes from the fact that it better meets the increasing complexity and flexibility
required to develop software applications built in open-networked environments and
deeply embedded into human activities.

Thanks to benefits like efficient software project management, continuous organ-
izational modeling and requirements acquisition, early implementation, continuous
testing and modularity, iterative development is more and more used by software
engineering professionals especially within object-oriented technologies through the
Unified Process. Most multi-agent systems development methodologies only use a
waterfall development life cycle or advice their users to proceed iteratively without
offering a strong project management framework to support that way of proceeding.
Consequently they are not suited for the development of huge and complex user-
intensive applications. This dissertation presents a research aimed to build an original
agent-oriented software development methodology using an iterative life cycle called
I-Tropos.

The method fills up the traditional Tropos life cycle gaps and offers a goal-
oriented project management framework to support project stakeholders when apply-
ing the method. The later covers several dimensions including risk, quality, time and
process management. The methodology is validated on a real life case study in the
steel industry and is supported by DesCARTES Architect, a CASE-Tool introduced in
the dissertation.
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1 Introduction

This chapter introduces the motivation for the thesis. In Section 1.1, we describe
the advantages of multi-agent systems. Section 1.2 presents the importance of itera-
tive development. We formulate our research proposal in Section 1.3. Section 1.4
presents research validation means while section 1.5 exposes the limitations. Finally,
Section 1.6 proposes a reading map for the rest of the dissertation.

1.1 Advantages of Multi-Agent Systems

The meteoric rise of Internet and World-Wide Web technologies has created over-
night new application areas for enterprise software, including eBusiness, web ser-
vices, ubiquitous computing, knowledge management and peer-to-peer networks.
These areas demand software that is robust, can operate within a wide range of
environments, and can evolve over time to cope with changing requirements.
Moreover, such software has to be highly customizable to meet the needs of a wide
range of users, and sufficiently secure to protect personal data and other assets on
behalf of its stakeholders.

Not surprisingly, researchers are looking for new software designs that can cope
with such requirements. One promising source of ideas for designing such business
software is the area of multi-agent systems. Multi-agent system architectures appear
to be more flexible, modular and robust than traditional including object-oriented
ones. They tend to be open and dynamic in the sense they exist in a changing organ-
izational and operational environment where new components can be added, modi-
fied or removed at any time.

Multi-agent systems are based on the concept of an agent which is defined as “a
software component situated in some environment that is capable of flexible autono-
mous action in order to meet its design objective” [AL98]. An agent exhibits the
following characteristics:

e Autonomy: an agent has its own internal thread of execution, typically ori-
ented to the achievement of a specific task, and it decides for itself what ac-
tions it should perform at what time.

e Situateness: agents perform their actions in the context of being situated in a
particular environment. This environment may be a computational one (e.g.,
a Web site) or a physical one (e.g., a manufacturing pipeline). The agent can
sense and affect some portion of that environment.

e Flexibility: in order to accomplish its design objectives in a dynamic and
unpredictable environment, the agent may need to act to ensure that its goals
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are achieved (by realizing an alternative plan). This property is enabled by
the fact that the agent is autonomous in its problem solving.

An agent can be useful as a stand-alone entity that delegates particular tasks on be-
half of a user (e.g., a personal digital assistant and e-mail filter [BMOOL1], or a goal-
driven office delivery mobile device [CKMO02]). However, in the overwhelming ma-
jority of cases, agents exist in an environment that contains other agents. Such an
environment is a multi-agent system (MAS).

In a MAS, the global behavior derives from the interaction between the constituent
agents: they cooperate, coordinate or negotiate with one another. A multi-agent sys-
tem is then conceived as a society of autonomous, collaborative, and goal-driven
software components (agents), much like a social organization. Each role that an
agent has the ability to play has a well defined set of responsibilities (goals) achieved
by means of an agent’s own abilities, as well as its interaction capabilities.

This sociality of MAS is well suited for tackling the complexity of today’s organi-
zation software systems for a number of reasons:

e [t permits a better match between system architectures and its organizational
operational environment, for example a public organization, a corporation, a
non-profit association, a local community.

e The autonomy of an agent (i.e., the ability an agent has to decide what ac-
tions it should take and at what time [AL98]) reflects the social and decen-
tralized nature of modern enterprise systems [BMOO1] that are operated by
different stakeholders [Parunuak97].

e The flexible way in which agents operate to accomplish their goals is suited
to the dynamic and unpredictable situations in which business software is
now expected to run (see [ZJOWO00, ZJWO00]).

MAS architectures have become rapidly complicated due to the ever-increasing
complexity of these new business domains and their human or organizational actors.
As the expectations of the stakeholders change day after day, as the complexity of the
systems, communication technologies and organizations continually increases in
today's dynamic environments, developers are expected to produce architectures that
must handle more difficult and intricate requirements that were not taken into account
ten years ago, making thus architectural design a central engineering issue in modern
enterprise information system life-cycle [AL9S].
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1.2 Iterative Development

The waterfall software development life cycle! (SDLC) [Royce70] describes a de-
velopment process based on a series of phases (often called disciplines) that are ful-
filled one after another in a linear/sequential way. This type of SDLC can only be
successful when a series of assumptions are met at the same time. Otherwise, lots of
risks are introduced into the software process. According to [Boehm0Oa], these as-
sumptions are:

e  The requirements can be known in advance of implementation;

e The requirements have no unresolved high-risk implications, such as risks
due to cost, schedule, performance, safety, security, user interfaces, and or-
ganizational impacts;

e The nature of the requirements will not change very much either during de-
velopment or evolution;

e The requirements are compatible with all the key system stakeholders’ ex-
pectations, including users, customers, developers, maintainers, investors;

e  The right architecture for implementing the requirements is well understood;
e There is enough calendar time to proceed sequentially.

If these assumptions are not met, the initial design will likely be flawed with re-
spect to its key requirements and late discovery of design defects results in costly
over-runs and/or project cancellation. Consequently, time and resources will be
wasted specifying and implementing requirements that are going to change and im-
plementing a faulty design. The assumptions for an optimal waterfall SDLC are sel-
dom met, root causes are:

e Requirements can rarely be known and defined in advance of implementa-
tion, especially for modern user-intensive dynamic systems. Most of them
suffer from what is known as the IKIWISI syndrome [BoehmOOb]: Users
and stakeholders are often, during the early stages of the project, unable to
express and describe what their requirements really are. When one asks
about them they often reply I can’t tell you, but I'll know it when I see it
(IKIWISI);

e Defining requirements and freezing them early on in the project is a very
risky task. Early defined requirements can meet users’ expectations but often
analysts discover later in the project that their practical achievement is (too)

! A System Development Life Cycle (SDLC) is “a conceptual model used in project manage-
ment to describe the stages involved in a system development project from an initial feasibil-
ity study through maintenance of the completed application” [Royce70].
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constraining (in terms of cost, development time, processing time, human re-
sources, etc.). These requirements expressed in a less constraining manner
(i.e. longer response time from the system, less precision in the data analy-
sis, etc.) keep meeting user’s requirements but reduce the identified con-
straints in a drastic manner. Consequently, it is important not to fix and
freeze requirements too early in the project but to keep the ability to refine
them later if their definition appears to be too constraining;

e Requirements often evolve during the development process. Stakeholders
express new ideas, needs or perspectives so that the requirements acquisition
process cannot be made only once in the early stages but must be a continu-
ous process. This development-method also avoids spending a huge time on
requirements analysis at the beginning of the project specifying requirements
that will appear to be out of date or be refined later in the project.

These remarks highlight the need for a SDLC that includes continuous require-
ments acquisition and modeling. Using an Iterative SDLC implies that risk is consid-
ered during the early stages of the project not at the late ones as in a process fully
driven by sequential activities.

1.3 Towards a Framework for MAS Iterative Development

To integrate the benefits of MAS into daily industrial software developments,
MAS should integrate the latest software engineering evolutions such as iterative
development. To this end, we propose to develop a MAS software engineering
methodology called I-Tropos as an evolution of the traditional waterfall Tropos
method.

As a preliminary work, we will envisage the following question: what criteria of a
software development methodology must be evaluated to determine its life cycle
coverage? Indeed, purely waterfall development methodologies sometimes advise to
repeat their stages iteratively during a particular project even when no theoretical
framework to support this is furnished (see for example [BS02, BGP02]). We believe
this is abusive since a SE methodology using an evolved life cycle has to offer a theo-
retical framework to support its own development process often called project man-
agement (PM). In this perspective we have developed a framework to evaluate a
methodology’s SDLC in Chapter 3. This framework includes ten evaluation criteria
owned by one of the two following families:

e Engineering concepts. How does the process organize its life cycle?

e Project management concepts. Does the methodology offer a project man-
agement perspective to drive software development?

According to us, iterative life cycle software engineering on large projects involv-
ing huge resources requires a project management framework. Indeed, modern itera-
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tive development methodologies are made of software engineering disciplines allow-
ing to produce requirements models, designing the application, implementing the
functionalities, testing and deploying them but also project management disciplines to
plan development activities, staff the project, manage risks, quality factors, evaluate
costs, etc.

We need to make the distinction between SE and PM clear. That is why we will
consider that, in software development, engineering refers to the ontologies?, models,
guidelines, programming languages and other artifacts used when building software
allowing to formalize, represent and develop the desired system. On the other hand,
the art of balancing human resources onto specific tasks to meet user requirements
with respect to available calendar time and financial resources, identified risks, ex-
pected quality levels, etc. following a defined life cycle belongs to management.
However, risk and quality management do refer to the two disciplines since:

e risk and quality factors are taken into account from a managerial perspective
(at process level) to allocate more resources to deal with a risk or meet the
desired quality level, prioritize requirements elicitation of the most risky is-
sues etc.

e risk and quality factors are subject to technical choices, solutions, designs
and implementations so that they are part of the software engineering field.

As far as we are concerned, we will consider the software engineering field when
refeering to the I-Tropos core disciplines (Organizational Modeling, Requirements
Engineering, Architectural Design, Detailed Design, Implementation, Test and De-
ployment) because they refer to practical technical choices to build the software prod-
uct. The I-Tropos support disciplines (Risk Management, Quality Management, Time
Management and Process Management) will be referred to as project management
since they are mostly concerned with the management of resources to specific tasks.
As pointed out earlier, risk and quality management could also reefer to software
engineering but since, in this dissertation, we mostly focus on the “process” level, we
reefer to them as project management.

We can now consider the position of the development methodologies such as Tro-
pos. Tropos as defined in [CKMO02] is only a set of phases into which one or several
models are built with variable scope. With respect to the above definitions, all the
phases described reefer to software engineering, none to project management. One
can consider that the process is described in a generic or at least flexible way to be
included into a defined software development life cycle (possibly iterative). This
statement has, as far as we know, never been introduced by the methodology authors
and we argue that:

2 In both computer science and information science, an ontology is a formal representation of a
set of concepts within a domain and the relationships between those concepts. It is used to
reason about the properties of that domain, and may be used to define the domain.
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e the use of an elaborated development life cycle (as iterative one) requires a
specific framework including project management;

e a project management framework can hardly be defined in a completely ge-
neric manner particularly if it is model driven. Indeed, the later requires a
study of the analysis models and its components to find the adequate scope
elements to drive the software process. A couple of principles to define such
elements can however be determined.

The project management framework described in this dissertation is applied to
Tropos to build I-Tropos methodology. It constitutes a first attempt to include a ma-
ture development life cycle into MAS development. We could envisage, with some
adaptations, to apply to other development methodologies which could be agent but
also object oriented or even other research programmes?’. The key feature to adapt the
framework is the adequate identification and definition of scope elements into analy-
sis models for model driven software project management.

1.4 Validation

The I-Tropos methodology has been applied to case studies. The use of the meth-
odology on the development of a production management system of a coking plant is
described in Chapter 6.

Empirical evaluation of the benefits of AOSE iterative development is hard to
measure. This could be done by achieving a similar case study with I-Tropos on the
one side and with Tropos or other waterfall AOSE methodologies on the other using
development teams with similar experience. Such an experience is practically un-
achievable. However, if it was, we could measure both PM and SE metrics to evalu-
ate the impact of iterative development on each aspect.

First of all, the PM metrics that could be interesting to evaluate are the following:

e The general users’ satisfaction towards the developed application;

e Risk management: for each of the I-Tropos identified risks, we could meas-
ure quantifiably users’ satisfaction on the functions and properties concerned
with the particular threat; measure the threat impact in case of occurence;

e Quality management: for each of the I-Tropos identified quality factors, we
could measure quantifiably users’ satisfaction on the functions and proper-

ties concerned with the particular quality factor;

e Time management: on a global basis we could compare:

3 In the Lakatosian sense.
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o Development time;
o Development costs.

In a more general manner, we could test the I-Tropos process performance by
comparing every estimated factor and comparing it to the effectively measured so that
a general process performance level could be computed. This would allow to cali-
brate and to refine the process notably in the process management discipline.

Moreover, a series of SE metrics for the evaluation of the software produced by
the I-Tropos process is given into Chapter 3.

1.5 Limitations

The I-Tropos methodology constitutes more than a simple evolution of Tropos
since the ambition is to get a fully operational development process. Inherited from
Tropos, we use i* [Yu95] models for analysis disciplines and extended UML dia-
grams (mostly issued from the Skwyrl process [DFKO03]) and do not consider the
equivalent models defined into other agent-oriented methodologies such as GAIA
[WJKO00], MASE [WDSO01] and MESSAGE [Cairo02].

The process description proposed in this dissertation constitutes a contribution to
the definition of agent-oriented iterative development. This dissertation focuses on
the process description by conceptualizing a framework to explore and facilitate the
building of MAS. It models and introspects the process along different complemen-
tary stages. We, nevertheless, point out some important limitations of our research:

e We only consider the design of cooperative MASs. Indeed, MAS may be ei-
ther cooperative or competitive. In a cooperative MAS, the agents cooperate
together in order to achieve common goals. Inversely, a competitive MAS is
composed of agents that pursue personal goals and defend their own inter-
ests. The design of competitive MAS is left for future developments;

e The process needs to gain experience with its use. In this dissertation, we
have applied it on a case study. By doing so, we have tailored the process to
a particular project and shown how our framework can help the design of
MAS. However, it should be tested on more case studies and knowledge
base should evolve from project to project. This is particularly true for effort
evaluation, risk and quality assessments, etc. where only an accumulation of
empirical data can lead to more accurate predictions. Indeed, each organiza-
tion shall calibrate models with its own collected data betraying its own
specificities;

e Process description includes the use of software patterns, the reuse of the
Commercial Off The Shelf (COTS) and open source components, an explicit
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and systematic approach for selecting and applying those features could be
included into the process rather than using an ad hoc manner;

e The methodology is mostly designed for large, user intensive, organizational
projects. It is especially suited for companies IS development rather than for
stand alone developments.

1.6 Reading Map

In addition to the introduction and the conclusion, this dissertation is organized in
six chapters.

Chapter 2 overviews software engineering (SE) and project management (PM) states
of the art. The chapter defines SE, overviews the main SE phases before turning on to
some of the main well known SDLCs. The Rational Unified Process and agile model-
ing techniques are also evoked. The chapter then turns on to PM, it overviews risk,
time and quality management techniques.

Chapter 3 introduces the epistemological foundations of agent-oriented iterative de-
velopment. In this chapter we propose a modern epistemological reading of SE as an
evolving science as well as software project knowledge evolution; project actors’
reasoning context is also studied. Popperian theories have been used in literature to
describe the evolution of knowledge within a software project (at micro level). Due to
the nature of SE belonging as well to social sciences we will show that this vision is
abusive at both micro level (knowledge within the project) and macro level (knowl-
edge on development frameworks). We also propose a modern epistemological vali-
dation of the emergence of Object-Orientation (OO) and Agent-Orientation (AO).

Chapter 4 is entirely dedicated to the context of the development of the I-Tropos
process that is why it is called “Towards an Iterative MAS Development Methodol-
ogy”. The chapter firstly introduces Agent-Oriented Software Engineering (AOSE)
then positions SE against PM. Software development methodologies can use plenty
of different life cycles, a multiple-criteria framework for evaluating a method life
cycle is developed and applied on four main AOSE processes. The building process
of I-Tropos is finally overviewed, it encompasses the theoretical foundations of the
process, the study of a mean to formalize (document) the process, the way the process
has been designed, a comparison with the traditional Tropos development method and
finally points to further works and developments.

Chapter 5 presents the I-Tropos software process itself. It studies i* elements and
refines some of their definitions in order to find the most appropriate scope element
to drive the software process. After that, the process characteristics are exposed. Fi-
nally, the process’ core and support disciplines are described in a generic way using
the SPEM.
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In Chapter 6, the I-Tropos software process is applied on a case study, a production
management system development for a coking plant. Production of coke is one of the
steps of steel making; the reasons for the choice of such a case study are exposed.
After that, the chapter explains the steps in steel production as well as the main pro-
ject characteristics. Developments made during the four project phases are depicted in
details.

Chapter 7 presents DesCARTES-Architect, the CASE-Tool developed to support I-
Tropos developments. This tool addresses to analysts, designers, software architects,
developers and even project managers since it allows to represent the models in a
graphical way, to reuse the catalogue of architectural styles and other design patterns
to construct the MAS, to generate code on the basis of design models and to manage
the software project.

Finally, Chapter 8 concludes this dissertation. It summarizes the work done, exposes
the main contribution of the thesis and points to future work.
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