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ABSTRACT
Title: Standardizing the Requirements Specification of Multi-Agent Systems
Author: Khaled Ali M Slhoub
Major Advisor: Marco Carvalho, Ph.D.

Development of multi-agent systems is negatively impacted by the lack
of process standardization across the major development phases, such as the
requirements analysis phase. This issue creates a key barrier for agent technology
stakeholders regarding comprehending and analyzing complexity associated with
agent-oriented specification. Instead, such fundamental low-level infrastructure is
loosely attended to in an ad-hoc fashion, and important aspects of requirements
analysis are often neglected altogether. The IEEE Std 830 model is a recommended
practice aimed at describing how to write better quality requirements specification
of conventional software.

Knowing that agent-based computing is a natural

evolution of the conventional approaches to software development, we believe
that the requirements phase in multi-agent systems can benefit from applying
the IEEE Std 830 model which results in high-quality and more accepted artifacts.
This PhD research provides a criteria-based evaluation derived from the software
engineering body of knowledge guide to assessing the adoption degree of agentoriented methodologies to software requirement standards. It also proposes a
model-driven approach to restructuring and extending the IEEE Std 830 model
to become more suitable to specify requirements of multi-agent systems. The
updated model is subjected to several different types of evaluations to ensure its
applicability and usefulness.
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Chapter 1
Introduction
1.1

Motivation for Research

In recent years, the paradigm of multi-agent systems (MAS) as a field of
distributed artificial intelligence systems (DAI) has become increasingly utilized
[1], [2]. Part of the reason is that the agent community has become aware of
the necessity to establish and employ effective development approaches that can
assist MAS development to be more formal and efficient. Attempts are centered
around imposing sound software engineering (SE) practices to formalize MAS
development life-cycles, known as Agent-Oriented Software Engineering (AOSE).
SE practices have become a key prerequisite of running successful software and
have been extensively used for decades to support conventional ways of building
software, such as object-oriented development which currently is the most popular
programming paradigm [3]. AOSE is mostly concerned with identifying agentoriented methodologies that are capable of engineering and formalizing MAS
construction to increase the chances of delivering reliable agent-based systems.
1

Like conventional software, software requirements specification (SRS) is a
fundamental process in MAS development and is represented as an initial core
phase in development life-cycles of agent-oriented methodologies. SRS extends
the MAS analysis phase with great detail, detailed blueprints, used extensively in
many different ways by MAS stakeholders. However, the complexity associated
with MAS development and their target application domains often drives the
complexity of MAS analysis phase and results in poor quality SRS artifacts. Such
a problem can significantly impact the entire MAS development, create further
technical problems for the stakeholders, and limit MAS usage in industry. With
the emergence of industry preference for MAS, there is a real necessity to develop
high-quality MAS requirements specification in order to make it easier to use, more
formal, more disciplined, and more accepted industry-wide.
Software standards, as an example of SE practices, have been used for decades
to support the traditional ways of building software. For instance, the current
software industry heavily depends upon applying the UML modeling language
and IEEE/ISO standards to formalize the entire software development life-cycle.
The International Recommended Practice for Software Requirements Specification
model (known as IEEE Std 830 model) has been commonly used in the software
industry to model the SRS development process to help developers construct highquality and well-organized SRS artifacts. Thus, MAS as another approach for
software development can certainly benefit from the model to standardize the SRS
process which can result in more formal and accepted specification artifacts. To
do so, the IEEE Std 830-2009 model needs to be restructured and updated with
new additional information to satisfy the MAS requirements specification.

2

The purpose of this work is to propose restructuring the IEEE Std 830-2009
model, increasing its capability to cope with the MAS requirements specification.
Hence, this research identifies 5 main MAS data models that need to be specified
and incorporated into the IEEE Std 830-2009 model. Then, the suitability of these
MAS data models according to these IEEE Std 830-2009 sections is ascertained.
As a result, we propose rewriting some subsections, extending others, and adding
more new subsections to the IEEE Std 830-2009 model to complement the process
standardization in the MAS requirements phase.

1.2

Research Problem Statement & Hypotheses

Agent-oriented methodologies pay serious attention to the analysis process and
identify it as an initial phase that MAS developers need to fulfill. We deeply
explored this phase in several agent-oriented methodologies, searching for evidence
of applying sound software standards. We wanted to determine how well the
methodologies extend and support software standards practice in the
analysis phases. To do so, we conducted a simple criteria-based evaluation
that was basically extracted from the software engineering body of knowledge
(SWEBOK-V3.0) guide [11]. Then, we used the evaluation as a checklist to assess
the coverage degree of a large number of agent-oriented methodologies with respect
to requirement standards.
Despite the fact that all the inspected methodologies describe the requirements
analysis stage in sufficient detail, we found that the standards practice is
often negated or rarely mentioned in this process. In fact, to the best of
our knowledge, no well-structured standardization process has been

3

proposed and incorporated into any requirements analysis phase in the
existing agent-oriented methodologies.
Based on the defined research problem statement, our concern was centered
around how to find and develop a strategy for standardizing the
requirements specification of multi-agent systems. More specifically, this
research focused on how to utilize the existing IEEE Std 830-2009 model used in the
development of conventional software requirements with the development of multiagent systems, and how to make sure that these standards are suitable for
handling MAS requirements specification. These kinds of research questions
actually motivated us to formulate several hypotheses that guide the entire research
as follows:
Hypothesis 1.

None of the current agent-oriented methodologies utilize

standards to specify requirements of multi-agent systems.
Hypothesis 2. The MAS requirements phase can benefit from applying an
updated IEEE Std 830-2009 model to produce a high-quality and more accepted
SRS artifacts.
Hypothesis 3.

The updated model is more suitable to address the

requirements specification of multi-agent systems than the original model.

1.3

Research Scope and Objectives

The objective of this research is to develop a strategy for standardizing the
requirements specification of multi-agent systems. This includes developing a
criteria-based evaluation to assess the requirements analysis stage in agent-oriented
methodologies, a model-driven approach to restructure the IEEE Std 830-2009

4

model, and a validation process to assess the utility and effectiveness of the updated
model. Thus, the proposed strategy is made up of the three following components:
• Criteria-Based Evaluation – an evaluation tool of agent-oriented
methodologies is constructed based on a software engineering viewpoint. It
helps to determine the coverage degree of agent-oriented methodologies with
respect to the software requirements knowledge area and also to determine
how well these methodologies extend and support software standards practice
in the requirement phases.
• Requirements Specification Standardization – model-driven approach
to restructuring the IEEE Std 830-2009 model in such a way that makes
it more suitable to handle the MAS requirements specification. To do so,
we identify 5 MAS data models: Domain model, Role model, Agent model,
Interaction model, and Knowledge model. Then, we check the suitability
of these models according to the original IEEE Std 830-2009 model. As a
result, we propose adding some new extensions and updating others in the
original model to complement the SRS process standardization in MAS.
• Model Validation – different ways to evaluate the updated IEEE 830-2009
model are conducted: 1) specifying requirements of a simple small multiagent system by using both the new proposed model and the original model
and then comparing the outcomes of both models. 2) a comparative analysis
of the proposed model with prior attempts of using the original model in the
development of multi-agent systems. 3) an external evaluation study that
allows practicing the updated model with simple real-world problem scenarios
and conducting a summative survey to solicit feedback on the model usages.
5

1.4

Dissertation Structure

The rest of this dissertation is organized as follows:
Chapter 2 provides the necessary background to understand this research
study. It describes the area of agent technology by giving special attention to multiagent systems. and it defines the paradigm of agent-oriented software engineering
(AOSE), focusing on agent-oriented methodologies. Then, the challenges that
AOSE still faces are outlined in detail.
Chapter 3 presents a comprehensive criteria-based evaluation for the
requirements phases in AOSE methodologies. The evaluation criteria is gathered
from a well-defined, structured set of software engineering attributes that need to
be practiced during the development process life-cycle of agent-based systems.
The results of the evaluation are also utilized to show the existing lack of
standardization in agent-oriented specification.
Chapter 4 presents the progress made to utilize the IEEE Std 830-2009 model.
It identifies the five new data sets required to specify multi-agent systems, and it
shows how these sets are inserted into the standard model and make it more
suitable to handle the MAS requirements specification.
Chapter 5 describes in great detail the sections of the proposed IEEE Std
830-2009 model used to standardize the requirements specification of multi-agent
systems.
Chapter 6 demonstrates the utility and effectiveness of using the proposed
model in standardizing the requirements specification of multi-agent systems. It
represents several evaluations conducted to examine the proposed model.
Chapter 7 summarizes our contribution, discusses the limitations of the
research study, and recommends future work.
6

Chapter 2
Background
2.1

Agent Orientation

Over the past two decades, computing systems have become more complex for
several reasons. First, many computing systems are now concurrent and widely
distributed.

They are often configured and distributed over many different

locations, using multiple networks and servers, and hundreds of different machines.
Such systems also contain a considerable number of software applications that
extensively communicate with one another. Second, many computing systems
operate in dynamic environments that are flexible enough to permit unpredictable
changes to their contents and settings. Third, several computing systems now
need to be always active and able to provide services on a continuous basis [15].
Indeed, the explosive growth of both the web and mobile technologies present a
twofold problem in terms of the vast availability, wide variety, and heterogeneity
of datasets [16].
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Moreover, there has been a natural tendency to rely more on machines to resolve
certain classes of complex real-world problems. People want computer systems to
do more for them, and if it is possible, substitute them for performing costly and
complex tasks. More than this, they demand these systems to operate without
their intervention and to take the initiative when necessary. To accomplish this,
people build software components, known as agents, to act on behalf of someone
else in order to achieve specific delegated goals. Wooldridge, Jennings, and Sloman
state that the goal is to develop sophisticated agents that are “capable of humanlike reasoning and acting” [17], [18].

2.1.1

Agent: What and Why

As a result of the above demands, new software characteristics and expectations
have arisen and made current software development paradigms struggle to handle
such complex development. These demands have also triggered a need to focus
more on developing complex, real-time, and distributed intelligent systems. Thus,
this has prompted researchers to look for innovative and effective approaches
to meet these new demands of software development. Currently, agent-based
computing is one of the most promising development approach for handling such
issues [12], [19], [20], [21], [22]. According to Syed et al., “ Software agents are one
of the fastest growing areas of information technology.” [23].
An agent could be defined in many different ways regarding its usage and
dimensions [24]. We came across at least 12 formal definitions for an agent.
It is generally defined as “anything that is capable of acting upon information
it perceives (receives)” [25].

In [16], Mahmoud uses an example of a travel

agent to simplify understanding the agent dimensions. A travel agent’s role is
8

representing and acting on behalf of travelers. This is actually the first main
dimension of any agent. Additionally, the travel agent often represents the traveler
and works autonomously with no interference from travelers or airlines. This is
the second agent dimension, known as autonomy. Also, the travel agent must
behave proactively and reactively to best fulfill assigned delegated goals and to
detect when data is changed to react in an appropriate, timely fashion.

So,

proactivity and reactivity are the third and fourth dimensions of an agent. In
addition, a good travel agent should learn and gain valuable experience, then
use it to improve his/her performance which is the fifth dimension, known as
learnability. Cooperation is another dimension that helps the travel agent to carry
on some delegated tasks by communicating, negotiating, and coordinating with
other agents. Finally, mobility is the dimension the travel agent uses to adapt to
a variety of customers, airline terms, and standards.
Based on these dimensions, Mahmoud provides another detailed definition of
an agent which is “an entity that acts on behalf of others in an autonomous fashion,
performs its actions in some level of proactivity and reactivity, exhibits some levels
of the key attributes of learning, co-operation, and mobility” [16]. Russell and
Norvig give a different definition for the agent as “anything that can be viewed
as perceiving its environment through sensors and acting upon that environment
through effectors” [26], [27]. The word “anything” refers to any matter of agency,
such as hardware, software, a computing process, a government, or even a human.
Figure 2.1 demonstrates the simplest form of an agent: a thermostat agent that
only carries one mission – controlling the temperature by turning the heater on/off,
depending on the received input from a sensor that is embedded in an environment.

9

IF temperature < 68

INPUT

Room Temp

SENSOR

HEAT = ON
IF temperature > 72

OUTPUT

EFFECTOR
Heat, Not Heat, or Wait

HEAT = OFF

Figure 2.1: The simplest form of an agent system: a thermostat agent system

A software agent is another popular term used frequently and interchangeably
with an agent in the agent community [22], [28], [29]. In fact, it conforms well with
all the above multi-dimensions of agents, but several researchers insist on linking
the agent with the term autonomy. They argue that autonomy is a key concept in
agent technology and is inextricably linked to the software agent action and sensing.
Maes, for instance, defines the software agent as follows: “Autonomous agents are
computational systems that inhabit some complex dynamic environment, sense
and act autonomously in this environment, and by doing so realize a set of goals
or tasks for which they are designed” [30]. To more clearly understand the notion
of the software agent, we can think of it as a role-playing smart or active software
object that can interact with other agent objects, despite the fact that “agents are
not simply objects by another name” [29]. We can also look at it as a software
object that can exhibit the above multi-dimensions [16], [29]. Wooldridge and
Jenings define the software agent as follows: “an encapsulated computer system
10

that is situated in some environment, and that is capable of flexible, autonomous
action in that environment in order to meet its designed objectives” [2], [31].
In fact, researchers consider agent-oriented development as a natural and a
logical evolution of the current software development paradigms, such as structured
and object-orientated approaches, as it presents a higher-level of abstraction and
encapsulation [20], [31]. Padgham and Thangarajah indicate that “software agents
are perceived as a natural evolution from objects, providing an additional level
of abstraction and encapsulation” [20]. Agent-based computing provides a new
abstraction level in which agents play a key role, and it proposes an alternative
perspective for resolving complex real-world problems. Yu highlights that “Agent
orientation is emerging as a powerful new paradigm for computing” [32]. Jennings
supports this by stating that “agent-oriented approaches can significantly enhance
our ability to model, design and build complex, distributed software systems” [2].
Agent orientation represents a higher-level abstraction that is more flexible than
the prior programming paradigms, such as object abstraction. It offers some unique
characteristics such as: autonomy, the capability of deciding for itself how best to
achieve goals without the direct intervention of humans or others; intelligence, the
capability of learning, reasoning and making educated decisions; and sociability,
the capability of engaging in social activities, such as interacting and negotiating
with other agents like software and humans [22], [31], [32], [33]. Sargent states
that agent technology is going to be “the next significant breakthrough in software
development” [34]. Guilfoyle and Warner concur, saying that it is going to be
“the new revolution in software” [35]. Muller and Fischer conduct and present a
detailed survey that covers 152 agent-based applications all over the world created
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by parties from 21 countries. As demonstrated in Figure 2.2, the survey shows the
distribution of agent technology across several complex domains [1].

Telecomms, 11%

IT Management, 9%

Security and
Surveillance, 12%

E-commerce, 9%
Health Care, 9%

Defence, 12%
Traffic and Mobility, 8%

Robotics, 5%
Energy, 16%

Information Services, 4%
Geosciences, 3%
Naval Industry, 3%
Office Assistants, 3%
Simulation, 3%

Aerospace, 17%

System Development
Platform, 3%
Others, 7%

Logistics and
Manufacturing, 18%

Figure 2.2: Different domains that employ agent technology [1]

2.1.2

Multi-Agent Systems (MAS)

Despite the success of several single-agent systems, a software agent as a
computational entity rarely functions in isolation. An individual agent is basically
restricted by the limitation of its knowledge, resources, and potential which make it
often useless on its own [2], [36]. With the current complex real-world problems, it
is necessary to develop capable, intelligent distributed systems that employ groups
of individual agents to resolve a combination of issues. Multi-agent systems are
constructed around this concept of embedding groups of agents that collaborate
12

with one another, and, to do so, these individual agents require the ability to
cooperate, coordinate, and negotiate with each other, much as people do. “The
general goal of MAS is to create systems that interconnect separately developed
agents, thus enabling the ensemble to function beyond the capabilities of any
singular agent in the set-up” [37]. MAS are broadly defined as “individual software
agents that have to interact with an environment consisting of shared resources or
services” [38]. Bogg et al. give a more detailed definition that identifies MAS
attributes as “a collection of interacting agents which are highly autonomous,
situated and interactive software components. They autonomously sense their
environment and respond accordingly. Coordination and cooperation between
agents that possess diverse knowledge and capabilities facilitate the achievement
of global goals that cannot be otherwise achieved by a single agent working in
isolation” [36].
As shown in Figure 2.3, agents are organized in teams or groups, each side with
specific tasks to perform. The agent in its squad strategically partners with other
agents and efficiently cooperates, coordinates, negotiates, and competes to fulfill
the best outcome for itself and its team. Such collective interactions among the
teams, called organizational relationships, result in pursuing the entire delegated
system goals, which are beyond the limits of a single agent to accomplish [2].
Muller and Fischer in their survey, as shown in Figure 2.4, studied 152 agentbased applications all over the world and demonstrated that MAS have attracted
much more attention than other agent type applications (125 MAS applications
corresponding to 82 % of all agent applications in the study) [1].
In fact, multi-agent systems have evolved and been employed in a variety
of complex domains, such as web surfing, e-commerce, networking, the medical
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Figure 2.4: Agent-based applications by agent system types [1]
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field, transportation systems, economics, control systems, distributed information,
the military, and robotics [1], [21], [39], [40].

The increase of complexity in

such domains makes it difficult to resolve by using only conventional software
development. For instance, existing tracking systems for railways perform poorly in
tracking train traffic. Such systems fail to denote the exact locations of the trains,
which could lead to train collisions. Employing both the GPS technology to capture
the exact locations of trains as well as the multi-mobile agents to collect and process
the information about the trains helps train control systems to make decisions that
control the train movements more efficiently. By applying both technologies, the
train control system becomes a self-organized learning environment that detects
and avoids possible train collisions. It also allows the train control system to
make intelligent decisions to accomplish its tasks which leads to improving its
performance and efficiency, known as designing attention [41].

2.2

Agent-Oriented Software Engineering
(AOSE)

Since the beginning of the 21st century, the increase in using Distributed
Artificial Intelligence systems (DAI) has been significant. Among these are multiagent systems, which have been considered one of the most promising paradigms
for modern software development. Still, MAS development processes are often
large, complex, and challenging due to the natural complexity associated with the
individual agents and the target domains that MAS try to address and simulate.
MAS often try to address complex real-world applications that include some
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unique complex characteristics, such as dynamic/open environments, different
agent dimensions, extensive agent interaction, and multiple layers of an agency.
There has been greatly increased recognition of the potential impact of software
engineering (SE) practices on the development of agent technology [42].

SE

practices have been extensively used for decades, mainly to support the traditional
ways of building software. Bauer and Muller state that “Software engineering
techniques are a key prerequisite of running successful software projects” [43]. More
specifically, SE practices have demonstrated great success with object-oriented
development, currently the most popular programming paradigm. In fact, software
industry heavily depends upon applying SE process models like RUP and Agile
combined with modeling languages like UML, and CASE tools like CVs, as well as
international standards like IEEE and ISO. However, object-oriented approaches
struggle to address most of the DAI characteristics, such as self-reaction and proactiveness. Multi-agent computing, as another approach for DAI development,
can thoroughly benefit from imposing sound software engineering practices in
simulating the real world parties more effectively in such a way that makes it
easier, more disciplined, and more accepted industry-wide. The AOSE paradigm
has been introduced to enforce model-driven engineering approaches to develop
agent-based systems, to specifically handle MAS development. Dastani asserts
that “MAS can be seen as an advance in software engineering that has resulted in
new software development methodologies” [38].

2.2.1

AOSE: What and Why

Although agent technology has mainly existed as a sub-field of artificial intelligence
(AI), there has been a great effort to incorporate other fields, such as software
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engineering and distributed computing. This becomes necessary in order to tackle
all aspects of agent-oriented development. The AOSE discipline demonstrates
an excellent example of such involvement, as it is centered around the principles
of these popular fields [13], [44], [45]. AOSE is a new, independent SE subfield that has evolved to incorporate SE and DAI domains together to facilitate
and improve the complex development of multi-agent systems [12], [46]. Yoav
Shoham initially proposed this discipline in 1990 [12]. AOSE is defined as follows:
“A new software engineering paradigm that promises to enable the development
of more complex systems than with current Object-Oriented approaches using
agents and organizations of agents as the main abstractions” [47]. AOSE can
be also perceived as an extension of object-oriented software engineering used to
address the complexity of MAS development [48]. According to Tveit, the main
goals of the AOSE paradigm are “to create methodologies and tools that enable
inexpensive development and maintenance of agent-based software. In addition,
the software should be flexible, easy-to-use, scalable and of high quality” [49].
Also, Cernuzzi et al. declare that AOSE methodologies’ goals are “to suggest a
clean and disciplined approach to analyze, design and develop multi-agent systems,
using specific methods and techniques” [14].
Over the last decade, the AOSE paradigm has rapidly evolved into one of
the primary research tools in agent technology for two main reasons. First, the
agent community has become aware of the necessity to establish and employ
effective development methodologies that can assist the development of agent
technology to be more efficient. Attempts are centered around imposing sound
software engineering practices to formalize MAS development life-cycles, which
include stages such as requirements, design, coding, testing, deployment, quality,
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management, maintenance, and reuse. Sturm and Shehory indicate that “The
evolution of the agent-oriented paradigm has triggered a need for platforms,
middleware, frameworks, and tools to support agents and MAS development lifecycle, to validate the paradigm, and to utilize it” [50].
Second, several researchers have argued that the agent-oriented paradigm
should be regarded as software engineering and computer science more than as
artificial intelligence. This argument was implicit in many statements made by
several influential researchers who have made a significant impact on the agentoriented paradigm. Wooldridge, Jennings, and Etzioni assert that such intelligent
agent technology is built upon agents which are basically software components
that need to be developed and executed like any other conventional software
components [29], [51], [52]. Wooldridge highlights that “Agents are simply software
components that must be designed and implemented in much the same way that
other software components are” [31]. Etzioni claims that “Intelligent agents are
ninety-nine percent computer science and one percent AI” [51]. However, they
all agree that there is still really no substitute for adopting and applying AI
techniques. Wooldridge states that “AI techniques are often the most appropriate
way of building agents” [29].

Also, many researchers believe that discarding

SE is one of the critical issues that causes the lack of industrial acceptance for
agent technology. Other researchers assert that focusing on using AOSE practices
with agent orientation can eventually bridge the gap between academic labs and
industry [3], [19]. In 2012, a group of 73 leading researchers met and held a
seminar to discuss the state of the art of AOSE, and one observation they made
was that AOSE could have the ability to map the way for the industry to accept
and recognize the benefits of agent technology [53].
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Besides agent-oriented methodologies, several other different subjects have been
subsumed under the AOSE paradigm. As shown in Figure 2.5, Sturm and Shehory
summarize these subjects as follows:

Agent
Communication

Agent
Programming
Languages

Agent
Oriented
Frameworks

Agent Oriented
Methodologies
Agent
Oriented
Architectures

Figure 2.5: Agent-oriented software engineering thematic map [3]

• Agent-Oriented Architectures is concerned with both developing new
architectural patterns and extending the current ones to align them with
agent-based systems.
• Agent Communication studies different ways to have agents communicate.
This includes addressing various aspects of agent performance and privacy,
and different abstraction levels, like conversation and coordination between
agents. It also includes studies of agent communication languages.
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• Agent programming languages is concerned with developing new special
programming languages able to address complex multidimensional aspects of
the software agent. This also includes developing CASE tools, testing tools,
and modeling agents.
• Agent-Oriented Frameworks focuses on developing tools and frameworks
to design individual agents to work independently or in groups.
• Agent-Oriented Methodologies focuses on developing and implementing
new methodologies or extending current SE development processes models
to improve MAS development. Several researchers indicate that this is the
area that attracts most attention because of the urgent need for formal and
disciplined approaches to analyze, design and develop agent-based systems
[3], [14].

2.2.2

Introduction to Agent-Oriented Methodologies

In recent years, the AOSE paradigm has mostly been concerned with providing
quality agent-oriented methodologies that are capable of engineering the
construction processes of the agent-based systems, and more specifically, to
engineer the inherent complexity of developing multi-agent systems. It aims to
increase the chances of successfully developing multi-agent systems. Dastani states
that “Multi-agent systems can be seen as an advance in software engineering that
has resulted in new software development methodologies” [54]. Defining an agentoriented methodology has generated much debate, and it is still not confirmed yet.
That is why AOSE now has a quite large number of methodologies, each claiming
the capability of addressing a certain angle(s) of the agent-based systems [12], [44].
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To give a clear definition for an AOSE methodology, a software engineering
methodology needs to be defined first. According to Akbari, it is defined as “a
business process equipped with distinct concepts and modeling tools for developing
software” [12]. Since the agent is the core abstraction in the AOSE paradigm, then
AOSE methodology can be defined as “A business process of developing software,
equipped with distinct concepts and modeling tools, in which the key abstraction
used in its concepts is that of an agent” [12]. Another definition for an AOSE
methodology is “Something whose role is to assist in all the phases of the life cycle
of an agent-based application, including its management” [55]. Many researchers
support this direction and assert that it is important to have methodologies that
are designed only to facilitate agent development. [20], [55], [56].
However, Strum and Shehoy claim that the following definition of the SE
methodology can align well with any AOSE methodology: “A methodology should
provide the following: a full life-cycle process; a comprehensive set of concepts and
models; a full set of techniques (rules, guidelines, heuristics); a fully delineated set
of deliverables; a modeling language; a set of metrics; quality assurance; coding
(and other) standards; reuse advice; and guidelines for project management” [13].
UML notations are used to show the relationships between the components in the
above definition, as depicted in Figure 2.6.
The development of AOSE methodologies has dramatically evolved, resulting
in a large number of AOSE methodologies that are mostly produced in academic
environments. Padgham et al. state that “it has become accepted that in order
to effectively develop agent systems, it is necessary to have methodologies and
notations that deal specifically with agent concepts and agent design issue” [56].
However, up until now the existing AOSE methodologies have not been widely
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Figure 2.6: The relationships between the methodology components [4]

accepted in industrial settings and are still far from reaching the agent community
goals of being able to increase the chance of successfully developing agent-based
systems [57]. This can be attributed to various factors, including the large volume
of the existing methodologies, diversity of scopes, ambiguity in concepts, and lack
of maturity [3], [56], [58]. These issues also make it difficult for agent technology
practitioners to choose the appropriate methodology that best fits their given
development context [13]. Dam and Winikoff declare that “One of the most
fundamental obstacles to large-scale take-up of agent technology is the lack of
mature software development methodologies for agent-based systems” [42].Pudane
and Lavendelis support this view by indicating the lack of methodological support
in the MAS paradigm [12], [59].
In addition, the AOSE methodologies need to take contributions from other
fields, such as AI to increase their values. Sturm and Shehory indicate that “instead
of introducing AI to SE, SE was introduced to AI, and enabled its refreshment by
establishing ways for implementing various theoretical AI approaches” [3]. The
AOSE methodologies also need to be presented in a more professional way to the
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industry. Sturm and Shehory suggest one possible solution: “it could be useful to
develop or adopt a set of metrics to measure the contribution of a specific approach
to the industry.

These metrics may include technical aspects, organizational

aspects, financial aspects, and so on.” [3]. Also, several methodologies need
to incorporate more important development life-cycle phases like testing and
maintenance as well as supporting tools like debugging and configuration tools,
and supporting documentation and standards.
As shown in Table 2.1, Akbari brings together a comprehensive list of 75
AOSE methodologies in a period from 1990 through 2010.

She states that

the number of the introduced methodologies had increased every year, and she
suggests, instead, focusing more on developing evaluation frameworks to assess
the methodologies [12]. She also summarizes the strengths and weaknesses of
the AOSE methodologies. The strengths are the following: 1) the ability for
AOSE methodologies to include the capabilities of other paradigms, such as
object-oriented and knowledge engineering – agents are sometimes called active
or smart objects. 2) the ability to address the recent complexity of software
development resulting from the new software characteristics and expectations.The
weaknesses are the following: 1) the lack of software industrial acceptance for
agent orientation. Several limitations cause this: one limitation is the lack of agentoriented programming languages needed to implement the conceptual levels. The
second limitation is insufficient effort to introduce agent orientation benefits to the
software industry. The third limitation is that the complicated concepts of agent
features make learning processes difficult and unpleasant. The fourth limitation
is the high cost of applying AOSE techniques, which makes them less practical
to use. 2) The lack of industrial software acceptance for existing agent-oriented
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Table 2.1: List of AOSE methodologies introduced between 1990 and 2010 [12]
#

Methodology

Year

Reference(s)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

ARCHON
MADE
DRM
TOGA
CIAD
Agent Factory
AOMfEM
Cassiopeia
AAII (KGR)
AOAD
AWIC
CoMoMas
MASB
MAS-CommonKADS
AALAADIN
AMBSA
AOIM
CaseLP
DESIRE
Adept
AMBIA
AOAaD
HIM
MaSE
MASSIVE
ZEUS
ASEfIA
Gaia
MESSAGE/UML
SODA
Agent-SE
AOSM
Styx
Tropos
ADELFE
ALCCIG
CAOMF
IEBPM
INGENIAS
MESMA
Nemo
ODAC
Agent OPEN

1991
1992
1993
1993
1994
1995
1995
1995
1996
1996
1996
1996
1996
1996
1997
1997
1997
1997
1997
1998
1998
1999
1999
1999
1999
1999
2000
2000
2000
2000
2001
2001
2001
2001
2002
2002
2002
2002
2002
2002
2002
2002
2002

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

PASSI
Prometheus
ROADMAP
SABPO
SADDE
MAGE
OPM/MAS
RAP/AOR
RoMAS
SONIA
AMBTA
AODM
CAMLE
FIPA
MAOSEM
RAOM
MAHIS
MAMfHMS
OMASM
OWL-P
ADMuJADE
MOBMAS
WAiWS
ADEM
ASPECS
ForMAAD
ANEMONA
MASD
MASIM
PerMet
AOMEIS
ODAM

2002
2002
2002
2002
2002
2003
2003
2003
2003
2003
2004
2004
2004
2004
2004
2004
2005
2005
2005
2005
2006
2006
2006
2007
2007
2007
2008
2008
2008
2008
2009
2009

(Cockburn and Jennings, 1996)
(O’Hare and Wooldridge, 1992)
(Singh et al., 1993)
(Gadomski, 1993)
(Verharen and Weigard, 1994; Verharen, 1997)
(Collier, 1996, 2002; Collier and O’Hare, 1999; O’Hare and Collier, 1998)
(Kendall et al., 1996)
(Collinot and Drogoul; 1998, Collinot et al., 1996)
(Kinny and Georgeff, 1996; Kinny et al., 1996)
(Burmeister, 1996)
(Muller, 1996)
(Glaser, 1996)
(Moulin and Brassard, 1996)
(Iglesias et al., 1998)
(Ferber, 1997; Ferber and Gutknecht, 1998)
(Neal Reilly, 1997)
(Kindler et al., 1997)
(Martelli et al., 1997)
(Brazier et al., 1997)
(Jennings et al., 1998)
(Gao and Sterling, 1998)
(Wooldridge, 1999)
(Elammari, 1999)
(Deloach, 1999, 2005)
(Lind, 1999, 2001)
(Nwana et al., 1999)
(Zamboneli et al., 2000)
(Wooldridge et al., 2000; Zamboneli et al., 2005)
(Caire et al., 2000; Evans et al., 2001)
(Omicini, 2000)
(Far, 2001)
(Shi, 2001)
(Bush, 2001)
(Bresciani et al., 2001, 2004; Castro et al., 2001, 2002; Mylopoulos et al., 2001)
(Bernon et al., 2002)
(Zhang et al., 2002)
(Juan et al., 2002a; Juan et al., 2003; Taveter and Sterling, 2008)
(Taveter and Wagner, 2002)
(Pavon and Gomez-Sanz, 2003, 2005)
(Cuesta et al., 2002)
(Huget, 2002)
(Gervais, 2002)
(Debenham and Henderson-Sellers, 2002; Henderson-Sellers and Gorton, 2003;
Henderson-Sellers et al., 2005)
(Cossentino and Potts, 2002; Cossentino, 2005)
(Cervenka, 2003; Padgham and Winikoff, 2002a,b)
(Juan et al., 2002b)
(Dikenelli and Erdur, 2002)
(Sierra et al., 2002)
(Shi et al., 2003, Shi et al., 2004)
(Sturm et al., 2003)
(Taveter and Wagner, 2005; Wagner, 2003)
(Yan et al., 2003)
(Alonso et al., 2005)
(Sardinha et al., 2004)
(Tian et al., 2004)
(Shan and Zhu, 2004)
(Cossentino and Seidita, 2004; Garro et al., 2004)
(Wang and Guo, 2004)
(Giret and Botti, 2004)
(Li and Liu, 2005)
(Giret, 2005)
(Villaplana, 2005)
(Desai et al., 2005)
(Nikraz et al., 2006)
(Tran et al., 2007; Tran and Low, 2008)
(Lu and Chhabra, 2006)
(Cervenka and Trencansky, 2007; Whitestein technologies, 2008)
(Cossentino et al., 2007)
(Hadj-Kacem et al., 2007)
(Giret, 2008)
(Abdelaziz et al., 2008)
(Clancey et al., 2008)
(Grislin-Le Strugeon et al., 2008)
(Athanasiadis and Mitkas; 2009)
(Mao et al., 2009)
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methodologies. This could be caused by the immaturity of AOSE, a large number
of methodologies that makes the selection process a challenging task, the complex
and different layers of an agency which make applying one general methodology
impossible, and the lack of awareness of how to update the existing instances with
AOSE methodologies [12].
In 2014, Strum and Shehory listed most of the active agent-oriented
methodologies identified during the last two decades.

They classified the

methodologies based on their domains of origin [13]. As shown in Table 2.2,
AO and FAF were the only new methodologies added when compared with
Table 2.1. In fact, there has been a remarkable decline in defining new agentoriented methodologies, instead, the agent community has become more interested
in evaluating and comparing the existing methodologies in terms of their strengths,
weaknesses, and domains of applicability, along with highlighting the relationships
between these methodologies in terms of their commonalities and differences.
Table 2.2: A list of agent-oriented methodologies [13]
Methodology Name Domain of Origin Methodology Name Domain of Origin
AAII
AI-KE
MAS-CommonKADS
SE + AI-KE
ADELFE
SE
MASSIVE
SE
ADEM
SE
MESSAGE
SE
ADEPT
AI-KE
Nemo
SE + AI-KE
AO
SE
ODAC
SE
AOR
SE
OPEN for MAS
SE
Cassiopeia
SE
PASSI
SE + AI-KE
CoMoMas
SE + AI-KE
Prometheus
SE + AI-KE
DESIRE
AI-KE
Roadmap
SE + AI-KE
FAF
SE
SADDE
SE
GAIA
SE
SODA
SE
INGENIAS
SE
Styx
SE
MASD
SE + AI-KE
Tropos
SE + AI-KE
MaSE
SE
SE Software Engineering, AI-KE Artificial Intelligence and Knowledge Engineering
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2.2.2.1

Classification of Agent-Oriented Methodologies

Several researchers classified the AOSE methodologies based on many different
criteria. Cernuzzi et al. claim that most existing AOSE methodologies were
originally derived from some SE process models. First, the authors describe 4
different SE development process techniques as follows: 1) the waterfall process
model is constructed in a restricted way that allows its life-cycle phases to be
performed only sequentially to deliver one complete product; 2) the incremental
development processes is more flexible as it is constructed around splitting a project
into increments, each of which produces a rapid sub-delivery that accumulates with
other sub-deliveries to formalize the final produect; 3) the transformation process
approaches are basically constructed around transforming formal specifications into
code; 4) finally the spiral process models which are constructed in an incremental
cyclic way, as each cycle includes the same development phase along with a
proceeder to perform a risk analysis. Thus, as shown in Table 2.3, the authors
classify several AOSE methodologies in terms of the relationship with the 4 SE
development process models. [14]:
• Waterfall-like: 5 methodologies derived from this model are Gaia, Roadmap,
Prometheus, MaSE, and AOR. There are explicit common characteristics
between the first three and the waterfall model, but the last 2 practice
iteration techniques inside some stages which more closely relate them to the
evolutionary and incremental approaches. There are common characteristics
between these 5 methodologies and the incremental or iterative approach.
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Table 2.3: Classification of AOSE methodologies based on the SE models [14]

• Evolutionary and Incremental: 5 explicit methodologies derived from this
model are OPM/MAS, MASSIVE, Ingenias, Tropos, and PASSI/Agile
PASSI.
• Transformation: 1 methodology is derived from this process model which
is DESIRE. This small number is due to the complex use of the formal
methods inside of the development stages. DESIRE practices the iteration
techniques inside some of its stages, which may relate it to the evolutionary
and incremental approaches.
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• Spiral: 1 specific methodology is derived from this process model which is
MAS-CommonKADS. The reason for this small number is that the Spiral
model is rarely used in the software industry.
Unlike Cernuzzi et al., Wooldridge and Ciancarini as well as Burguillo divide
the AOSE methodologies into two large groups: The first group includes AOSE
methodologies that are influenced by object-oriented concepts (OO), either by
extending or adapting existing OO methodologies. The second group includes
all other AOSE methodologies that are not influenced by OO, such as those are
influenced by knowledge engineering [33], [60]. Giorgini and Henderson-Sellers
assert that the AOSE methodologies that are rooted from OO are the ones that
have received the most recognition and proponents in the agent community [5].
They justify their claim in light of the ongoing flow of publications, the remarkable
impact on the AOSE community, the ease of understanding, and the profusion of
supported guidance and tools. As shown in Figure 2.7, the authors illustrate
several AOSE methodologies that are directly and indirectly influenced by OO;
they refer to their way as a genealogy of the ten AO methodologies [5]. Several
methodologies are indirectly influenced by OO, like MaSE and Gaia, but they are
more directly influenced by some other methodologies, such as OMT and Fusion
which are strongly influenced by OO. RUP, an original OO process model, has a
significant influence on MESSAGE and Adelfe constructions. Moreover, PASSI and
Prometheus are directly influenced by OO methods, such as the UML notations.
Gomez-Sanz et al. also divide the AOSE methodologies into two broad groups,
but unlike the above classifications, they classify the first group as phase-specific
methods designed to serve particular life-cycle development phases, like GAIA
and MESSAGE, which cover only analysis and design phases. The second group
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Figure 2.7: AOSE methodologies that are rooted from the OO approaches [5]

includes AOSE methodologies that provide some supporting tools or frameworks
to help agent-based development processes, like ZEUS and MaSE. However,
developers who use such tools frequently suffer from the lack of documentation and
existing bugs. Currently, there are some attempts to merge those groups to obtain
AOSE methodologies that address more phases in the agent-based development
life-cycle along with effective supporting tools. INGENIAS, PASSI, ADELFE,
and Prometheus are good examples of such evolution. Moreover, the same authors
mention another possible classification for AOSE methodologies which splits the
methodologies into two groups. First is a group of innovative AOSE methodologies
that attempt to introduce new development process life-cycles like PASSI, Tropos
or Prometheus. Second is a group of AOSE methodologies that are built on top of
some existing SE process models like INGENIAS which is derived from RUP, an
SE process model used to develop large and complex systems [55].
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2.2.2.2

Examples of AOSE Methodologies

A large number of methodologies was introduced and claimed to be suitable for
multi-agent systems. Although this number reflects increased research activity in
the area of AOSE methodologies, it also makes it more difficult for practitioners
to choose the appropriate methodologies for their work. In the following, several
AOSE methodologies are selected, depending on the continuous flow and the clarity
of publications, and briefly described.
• MaSE Methodology: It stands for Multi-agent System Engineering.
MaSE was proposed by Deloach and Wood in 1999 to support heterogeneous
MAS. It was claimed to be independent of any particular MAS system and
agent architectures, programming language, or communication system. It
takes advantage of other AOSE methodologies, like OMT and AAII, to
provide more robust work. MaSE depends mostly on UML notations, mainly
use-case diagrams, after extending them to align with MAS development,
and on a supporting CASE tool called AgentTool.

MaSE is a phase-

specific methodology that handles only the requirements and design phases.
As shown in Figure 2.8, it splits these two phases into Capturing Goals,
Applying Use Cases, Refining Roles, Creating Agent Classes, Constructing
Conversations, Assembling Agent Classes, and System Design [8], [13], [63].
• Prometheus Methodology: It was proposed by Padgham and Winikoff
in 2002. It has been commonly used to develop agent-based applications in
academic and industry settings. As shown in Figure 2.9, Prometheus has
3 primary phases: System Specification, Architectural Design, and Detailed
Design. These phases use different textual and graphic models to specify
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Figure 2.8: Phases of the MaSE methodology [8]
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functionalities and designs of agent-based applications. It is also supported
by a modeling tool called AUML, and a design tool called PDT [6], [61].

Figure 2.9: the Prometheus methodology structure [6]

• PASSI Methodology:

It stands for Process for Agent Societies

Specification and Implementation. PASSI was proposed by Cossentino and
Potts in 2002 to aid the MAS development. It is a requirement-to-setting
deployment methodology extending some OO concepts, such as the UML
notations and the iterative/incremental technique combined with other AI
approaches.

It has 5 main stages: System Requirements Model, Agent

Society Model, Agent Implementation Model, Code Model, and Deployment
Model. These stages are supported by a CASE tool that has evolved over
the years. Figure 2.10 depicts the PASSI life-cycle [64].
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Figure 2.10: Phases of the PASSI methodology [10]

• ADELFE Methodology: It was developed by Bernon et al. in 2002 as
a new AOSE methodology that is highly influenced by a SE process model
called Rational Unified Process model (RUP), which is basically driven by
OO concepts, mainly by UML notations.

ADELFE is used to improve

the development of adaptive MAS and claimed to be suitable for dynamic
environments and open systems. It is a phase-specific methodology that only
addresses the requirements and design stages. It has 3 models: Requirements
Workflow, Analysis Workflow, and Design Workflow. Figure 2.11 depicts the
3 core workflows of ADELFE [9].

• Gaia Methodology: It was introduced by Wooldridge, Jennings, and
Kenny in 2000 to formalize and support the development of closed MAS.
Gaia is a methodology independent of any particular agent architecture and
programming language. It is highly influenced by the OO concepts through
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Figure 2.11: Phases of the ADELFE methodology [9]

Fusion methodology, and it claims the ability to capture autonomous, agent
flexibility, and complex interaction between agents. Gaia provides support
to the micro-level, agent internal structure, and to the macro-level, agent
society.

As shown in Figure 2.12, it consists of only two main stages:

Abstract Concepts which guide the analysis phase, and Concrete Concepts
which represent the design phase [7], [49], [62].

Requirements
Statement
Abstract Concepts

Concrete Concepts

Roles
Permissions
Responsibilities
Protocols
Activities
Liveness
Safety properties

Agent Types
Services
Acquaintances

Role
Model

Agent
Model

Interactions
Model

Services
Model

Acquaintance
Model

Analysis

Design

Figure 2.12: the Gaia methodology and relationships among its phases [7]
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2.2.3

AOSE Challenges

Despite the significant advances in the AOSE paradigm, its impact is still limited
in agent technology. Sturm and Shehory state that “the advances made within
the domain of AOSE had a limited effect on communities other than the AOSE
community” [3]. The AOSE paradigm still poses many challenges, including the
following:
1. Complexity of agent orientation: The inherent complexity of agent
concepts, structures, and interactions causes a great deal of difficulty for
developers to master the construction of the agent-based system, and it also
makes adopting one methodology impossible [59]. In fact, because of such
complexity, many ASOE methodologies have been introduced as a phasespecific methodology [44], [55], [65], [66].
2. Uncertainty about agent-orientation advantages: The value of using
agent technology has not yet been demonstrated or approved. There is an
increasing need to explicitly state the purposes and the conditions under
which the agent abstraction is a better software development approach than
the current approaches, such as OO [12]. Thus, AOSE will not be able to
prove its benefits unless cases in which agent technology is more suitable
are identified. Moreover, there is now no apparent AOSE method available
to shift the existing software development paradigms, such as OO, to the
agent-oriented paradigm [13], [45]. Winikoff notices a remarkable decline in
the use of agent-based systems from 2007 to 2012 [58].
3. Ambiguous definition of the AOSE methodology: The necessity to
employ AOSE methodologies gives rise to discussion about the essence
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of an AOSE methodology and what it should include. In fact, there is
still no agreement upon even one single definition of AOSE methodology
[55]. As a result, the number of the proposed agent-oriented methodologies
has dramatically increased and has caused increasing difficulties for the
developers of agent-based systems to choose from [12], [44].
4. Difficulty of selecting among AOSE methodologies: Practitioners
struggle to select suitable AOSE methodologies for their work for two
main reasons:

1) the large number of existing methodologies and 2)

misunderstandings regarding the concepts and scopes of an agent or AOSE
methodologies [12], [55]. Sturm and Shehory state that “the selection of a
methodology for developing agent-based systems and applications is nontrivial.

This problem intensifies when industrial development is sought,

where specific requirements and constraints apply” [13]. Recently, researchers
have suggested evaluating and comparing the existing methodologies for the
purpose of developing unified AOSE methodologies capable of engineering
the entire MAS development process life-cycle [42], [59].
5. The lack of support for certain development phases: Unlike certain
life-cycle phases, such as requirements and design, not all system life-cycle
phases are supported by AOSE methodologies [67]. For instance, testing
and maintenance activities are negated or rarely addressed within AOSE
methodologies [6], [13].
6. The lack of mature AOSE methodologies: Despite the large number
of introduced AOSE methodologies, only a few are considered mature
and ready for practical use [42]. Puvian et al. notice that only a few
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methodologies are up-to-date and ready to be utilized in building multiagent systems [68]. Gomez-Sanz et al. claim that “None of the existing
methodologies can be considered perfect.” [55]. This is attributed to many
factors, including the methodologies ambiguous scope, the limited support
to the entire agent technology development processes like quality assurance
practices and cost estimation metrics, and the lack of available supporting
tools and documentation [42], [45], [69], [70].
7. The lack of agent-oriented programming languages (AOP):
Programming languages to facilitate the implementation of agent-based
systems become necessary in order to tackle the complexity associated with
such systems. However, despite multiple AOP languages and frameworks
proposed in the literature, the acceptance and adoption of these languages
are still limited. In fact, the object orientation concepts remain the basic unit
in the implementation of multi-agent systems. This issue has many causes,
such as the inherent complexity of agent concepts and structures, the focus
on design aspects rather than on the practicability, the fragile presentation of
technical advantages and potentials of the agent languages, and the absence
of practical UML tools [65], [70], [71]. A comprehensive analysis of the
implementation phase in several AOSE methodologies confirms that agents
are always transformed into objects. Baziuke and Juscenko claim that “no
true AOP language currently exists” [71].
8. The lack of standardization: This includes all types of software standards,
such as modeling approaches, metrics, design patterns, documentation
standards, and international standards [13], [44], [66]. Sturm and Shehory
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state that “to facilitate industrial adoption of AOSE, standardization is
required” [3].

Authors in [72] notice that “there is also currently a

renewed interest in standards for agents”. Similar to conventional software,
standardization can be a key factor in the development of agent technology.
In fact, it can positively influence most of the challenges in this section, e.g.,
improving the maturity of AOSE methodologies and the industrial adoption
of agent technology.
9. The lack of industry acceptance: Even though the AOSE paradigm
has recently attracted increasing attention from both academic and industry
communities, it is still reported as an immature field and has not gained
widespread industrial acceptance [12], [58], [70], [73], [74].

Sturm and

Shehory emphasize that “despite the depth and breadth of research in the
field, it seems that agent-based systems, and in particular AOSE, did not find
their way to the industry” [3]. They also indicate that “the adoption of AOSE
principles in the academia, and even more so in the industry, is limited” [3].
Mao and Yang state that “it is far from to say that AOSE has convinced
the industry of software engineering to adopt its ideas” [70]. Pudane and
Lavendelis support this by stating “ many agent-oriented developments do
not report that they have used any software development methodology.” [59].
It is actually important to highlight that most of the above AOSE challenges
have contributed to slow the adoption of the AOSE paradigm in industry.
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Chapter 3
Evaluation and Comparison of
Agent-Oriented Methodologies
Over the last few years, there has been a remarkable decline in defining new agentoriented methodologies [13], [42]. Instead, the agent community has become more
interested in evaluating and comparing the existing agent-oriented methodologies
in terms of their strengths, weaknesses, and domains of applicability, along
with highlighting the relationships between these methodologies regarding their
commonalities and differences. Lin et al. state that “AOSE techniques must be
evaluated and compared to gain a better understanding of how agent systems
should be engineered and evolved” [75].
Such effort is not only required to refresh and improve the AOSE paradigm
but also to send a better signal to the industry to realize the effectiveness of
agent-oriented methodologies and their benefits. For example, the Tropos and
INGENIAS methodologies offer a list of research papers as evidence of their
effectiveness. Also, building the same multi-agent system with 4 methodologies
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(Prometheus, O-MaSE, Tropos, and the Multi-Agent Systems Unified Process)
demonstrates the pros and cons of each methodology and demonstrates the
benefits as well [55]. Moreover, such evaluation techniques can help researchers
reduce the large set of methodologies into a much smaller set of more practical
methodologies for developing agent-based systems. For instance, some researchers
suggest studying the relationships between the existing methodologies in order
to develop unified or standard AOSE methodologies that encompass the common
processes, features, and domains of applicability [42], [59].
In this chapter, we propose a comprehensive criteria-based evaluation for the
requirements phases in AOSE methodologies. This evaluation is based on a welldefined, structured set of software engineering attributes that need to be practiced
in AOSE methodologies. The evaluation aims to determine the coverage degree
of any AOSE methodology with respect to the software requirements knowledge
area. In addition, it provides a metric tool for grading the evaluation criteria and
shows comparative qualitative results.

3.1

Related Work

Despite the growing numbers of the introduced agent-oriented methodologies, their
use is still limited due to the lack of maturity, standardization, and supporting tools
[3], [56], [58]. This causes a great deal of difficulty for practitioners in determining
the strengths and weaknesses of each methodology, and then in selecting the
proper one to be adopted in their projects [13]. AOSE methodologies need to
be measured and compared with one another to provide quantitative proofs for
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their usefulness [69]. Thus, various frameworks for evaluating and comparing the
AOSE methodologies have become warranted [55], [69], [75].
Sturm and Shehory propose an evaluation framework in terms of 4 data sets:
1) agent features, which check the methodology adherence to characteristics,
such as autonomy, reactiveness, proactiveness, and sociability; 2) notations and
modeling techniques, which express the attributes of agent characteristics, such
as preciseness and complexity; 3) the development process, which covers aspects,
such as life-cycle coverage and development phases; and 4) pragmatics, which deal
with organization aspects, such as resources, scalability, and domain applicability.
As an example, the authors assess Gaia [7], an agent-oriented methodology,
against their proposed framework [4]. Cossentino et al. provide a comparison
of some AOSE methodologies from the perspective of a list of development process
features, like life-cycle coverage, originality, underlying agent architecture, and
support tools/notations [76]. Dam and Winikoff devise a structural comparison
that demonstrates which aspects agent methodologies share and which ones
differentiate.

They test it against 7 AOSE methodologies and specify some

commonalities including: using case scenarios; grouping agents based on their
roles and capabilities; describing the agents’ goals model as a central activity
in developing systems; specifying the unique features in some methodologies,
including eliciting early requirements; using ontology concepts; and capturing the
mental attitudes [42].
Similarly, Lin et al.

implement a comprehensive comparison between 3

popular AOSE methodologies, Tropos, Gaia, and MaSE, in terms of their
strengths and weaknesses. Their comparison takes into account criteria such as
agent concepts and properties, notations and modeling techniques, development
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processes, and pragmatics [75]. Sudeikis et al. conduct a comparison between
MaSE, Tropos, and Prometheus methodologies that pays more attention to
construction aspects, such as agent internal architecture, social architecture, and
communication [77]. The authors in [78] perform a quantitative empirical analysis
to compare AO methodologies life-cycle phases like agent systems requirements,
design, implementation, and testing. For each phase, they propose several metrics
and then build an agent system by using different AO methodologies. Thus,
their comparison is accomplished by applying their metrics to each phase and
comparing results with one another in order to provide quantitative evidence
for their usefulness. Akbari conducts a multi-layered framework to evaluate AO
methodologies based on 6 major criteria: concepts, notation, process, pragmatics,
support for software engineering, and marketability. Each criterion refers to other
sub-criteria to support preciseness and clarity of the evaluation. For instance,
criteria for concepts refers to 2 sub-criteria: agents general concepts and agents
lateral concepts. The criterion of agents general concepts is split into 4 criteria:
autonomy, reactiveness, proactiveness, and sociability [12].
The authors in [79] screen various modeling languages, guidelines, and tools
that assist translation of MAS specifications to code structures. They focus on
automatic generation code approaches used in the MAS development. Cernuzzi
and Rossi devise a framework to evaluate agent-oriented analysis and design
modeling methods.

They use the Goal-Question-Metric (GQM) method to

determine criteria required to be measured [80].

Argente et al.

conduct a

dimensional evaluation that compares AOSE methodologies in the light of three
perspectives:

semantics, syntax, and Operational perspective [81].

Finally,

Baziuke and Juscenko compare nine AOSE methodologies with respect to the
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main development phases: analysis, design, and implementation. The authors
summarize the steps and tasks in these phases and then highlight similarities
between the selected methodologies [71].

3.2

Multi-Agent Systems – the Requirements
Analysis Process

Software requirements is a significant phase in any software development context
that spans the entire software development life-cycle.

It is concerned with

capturing and specifying functionality and constraints of the software system to
be developed. Such a crucial phase constitutes the baseline needed to understand
software services and its structure prior to implementation, provides the foundation
for the rest of the development phases like design and testing, and acts as a
reference point for the system stakeholders.

Multi-agent systems, which are

structured based on communicating components (individual agents), have not
been an exception, as the contemporary AOSE methodologies pay a great deal of
attention to the requirements analysis and identify it as an initial phase that MAS
developers need to fulfill. However, unlike conventional software, the analysis phase
in multi-agent systems is often large and complex. It requires covering additional
complex details of software agents, their roles, their dynamics interactions, their
cooperation patterns, and the internal behaviors combined with other information
about their surrounding physical/virtual operating environments and the target
application domains.
To manage such requirements complexity, Ferber et al. describe the MAS
requirements from the organizational point of view by using the notions of agent,
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group, and role models. Based on this structure, requirements are classified into
4 types: single role behavior requirements, intragroup interaction requirements,
intragroup communication successfulness requirements, and intergroup interaction
requirements [82].

Similarly, Hilaire et al.

aim to analyze complex agent

communications by proposing an organizational model centered around agent
interaction patterns that are composed of roles [83]. On the other hand, Herlea
et al. introduce 3 levels of abstraction for the MAS requirement: requirements
for the multi-agent system as a whole, requirements for an agent within the
system, and requirements for a component within an agent [84]. Miller et al.
indicate the need for adequate elicitation methods of agent-oriented requirements
to mitigate complexity. They propose an elicitation approach that provides a list
of questions to be answered by stakeholders, then they map the answers to the
MAS requirements [85].
The consistency problem of agent-oriented specification is studied in [86]. The
authors provide a way to evaluate the issue by performing a planning-based
approach in terms of searching inconsistencies in agent scenarios and goal diagrams
and providing developers with insights into possible sources of errors. Mazouz
et al. emphasize the use of formal methods in MAS requirements analysis in
order to produce more reliable and robust MAS. They develop an extension, called
F-PASSI, for the PASSI methodology which integrates a new formal model to
formalize diagrams in MAS requirements [87]. Lorca et al. do not advocate using
formal methods with MAS requirements due to client communication problems.
Instead, they propose an ontology driven validation process to support MAS
requirements analysis. To do so, they suggest a combination of reusable domain
ontologies and an agent oriented meta-model, and also provide a tool to validate
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agent-oriented specification. The authors’ case study shows that the quality of
MAS specification is improved and the stakeholders are satisfied [88]. Bhardwaj
and Goyal provide a comparative analysis of different agent-oriented requirements
frameworks. They study 6 various frameworks in terms of parameters including
agent’s goals, complete process, available support, and resources produced [89].
Most of the well-known agent-oriented methodologies are derived initially from
some software engineering processes models used in supporting the development
of conventional software, such as waterfall, evolutionary, and RUP [5], [14]. Such
process models give significant attention to the requirements engineering phase
to delineate the complexity issue and to avoid situations like poor time and
budget estimations, unpredictable outcomes, and customer dissatisfaction [78].
To do so, the software requirements are often supported by SE practices, such
as sets of standards, diagrammatic notations, and various CASE tools. Similarly,
agent-based systems are basically software components that need to be developed
in much the same way as developing conventional software [2], [31].

Thus,

these systems can also benefit from the existing SE practices in improving the
requirements analysis. One essential practice, for instance, is to apply different
types of software documentation standards to increase the development quality of
agent-based systems. IEEE/ISO/IEC standards have been widely used to support
conventional software development. For example, the IEEE Std 830 documentation
model is widely used to support software requirements specification and can also
play a key role not only in improving and formalizing the requirement analysis
process in multi-agent systems, but also in giving a better signal to the industry
to better understand the concepts of these systems and realize their benefits.

45

3.3

The Selection of Evaluation Criteria

There has been recently a higher demand for evidence proving the capabilities
and values of the AOSE methodologies. One reason for this is that the agent
community has become aware of the necessity to map the way for the software
industry to recognize the benefits of adopting the AOSE methodologies [53],
[69].

As described in Section 3.1, the attempts have recently been centered

around classifying, comparing, and evaluating the existing AOSE methodologies
in the light of several relevant features and attributes. Section 3.2 describes how
requirements analysis in multi-agent systems can benefit from applying the SE
practices. In this section, we deeply explore the requirement phases in a large
number of agent-oriented methodologies, searching for evidence of implementing
sound software practices. The intent is to determine how well these requirement
phases support using software practices and adhered to.
Thus, we conducted a criteria-based evaluation that is basically distilled
from naturalistic data gathered from the software engineering body of knowledge
guide (SWEBOK-V3.0) [11]. The SWEBOK-V3.0 guide highlights the software
engineering scope and provides a classification scheme for SE knowledge areas
(KAs) that are required for developing successful and disciplined software products;
the next section provides further information about the SWEBOK guide. The
proposed evaluation synthesizes these criteria in such a way that it can be used to
determine the adherence of the requirements phase in any AOSE methodology
to the SE practices described in SWEBOK-V3.0 – the software requirements
knowledge area (RKA). In other words, the evaluation is intended to assess the
coverage degree of any AOSE methodology requirements phase with respect to
RKA aspects described in SWEBOK-V3.0.
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3.3.1

The Software Engineering Body of Knowledge Guide

Today, SWEBOK delivers one of the essential benchmarks underlying the
software engineering baseline.

The IEEE Computer Society published the

SWEBOK guide in 2004, and it promptly gained recognition as an international
standard (ISO 19759) in 2005. SWEBOK as a classification scheme for software
engineering practices has been included in an ongoing revision process to cope
with sophisticated changes taking place in the SE field. In 2014, SWEBOK-V3.0
was approved for publication by approximately 150 reviewers from 33 countries
[11], [90].

It is intended to capture and formulate the core of the software

engineering discipline by specifying 15 SE concrete knowledge areas (KAs), as
shown in Figure 3.1. Each KA represents a set of related subjects that provide a
better understanding of this specific knowledge area. For example, the software
requirements knowledge area, which is the first SE knowledge area in the software
development process life cycle, is expressed in terms of 8 subjects, as shown in
Figure 3.1 [11].
The SWEBOK guide has been used in many different capacities. The IEEE
computer society and a substantial portion of the software industry indicate that
a software engineer needs to be familiar with the subjects described in SWEBOK
[11], [55]. SWEBOK becomes an essential part of large SE curricula that provide
the fundamental technical knowledge needed for use in software industry [91], [92].
For instance, the FOCUS curriculum is designed based on SWEBOK and used by
several organizations to improve their software engineers technical skills [93]. Also,
the SE knowledge areas described in the SWEBOK guide are utilized to compare
some software development processes in terms of adherence to SE practices and
guidelines, such as using SWEBOK to compare some Agile methods (e.g. Extreme
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the SE field. In 2014, SWEBOK V3 was approved for publication by approximately 150
reviewers from 33 countries \cite{Dingle2014}, \cite{ swebokV3}. It is intended to capture and
formulate the core of software engineering discipline by specifying 15 SE concrete knowledge
areas (KAs) as shown in Table 1. Each KA is built around a set of related subjects that provide
a better understanding
of [94].
this specific
knowledge
area.
example,
software
Programming
and Scrum)
Finally,
SWEBOK
is For
used
to analyze
andrequirements
classify
knowledge area, which is the first SE knowledge area in a software development process life

some related SE techniques, such as software quality tools [91], [95].

cycle, is expressed in terms of 8 subjects as shown in Table 1 \cite{swebokV3}.
Sub-subjects of Requirements
Software Engineering Knowledge
Area (KA)
Knowledge Area
1. Software Requirements
2. Software Design
3. Software Construction
4. Software Testing
1. Software Requirements
5. Software Maintenance
Fundamentals
6. Software Configuration Management
2. Requirements Process
7. Software Engineering Management
3. Requirements Elicitation
8. Software Engineering Process
9. Software Engineering Models and Methods 4. Requirements Analysis
5. Requirements Specification
10. Software Quality
11. Software Engineering Professional Practice 6. Requirements Validation
12. Software Engineering Economics
7. Practical Considerations
13. Computing Foundations
8. Software Requirements Tools
14. Mathematical Foundations
15. Engineering Foundations
Table X1: The 15 SE knowledge areas (KAs) defined in the SWEBOK-V3 guide

Figure 3.1: The 15 SE knowledge areas defined in the SWEBOK-V3.0 guide [11]
The SWEBOK guide has been used in different capacities. It becomes an essential part of
enormous SE curricula that provide the fundamental technical knowledge needed to use in
software industry \cite{Talib2010} \cite{Kajko-Mattsson2017}. For instance, the FOCUS
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Evaluating
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Requirements
into improve their
is designed based
on SWEBOK
and used by severalPhase
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software engineers’ technical skills \cite{Samarthyam2012}. Also, the SE knowledge areas

Agent-Oriented Methodology
5

To be valid, the proposed evaluation only takes into consideration agentoriented methodologies that acknowledge direct influences from the classical
software engineering development process models and techniques which most
likely are influenced by the object-oriented concepts and practice.

Several

researchers stress that the agent-oriented methodologies rooted from OO are the
ones that have received the most recognition and proponents [5], [13], [96], [97].
Figure 2.7, in Chapter 2–Section 2.2.2.1, illustrates several well-known AOSE
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methodologies that are directly and indirectly influenced by the OO concepts
[5].

Our proposed criteria-based evaluation is exemplified by evaluating and

comparing the requirements phases in three AOSE methodologies: PASSI, MaSE,
and Prometheus (Refer to Chapter 2–Section 2.2.2.2 for more information about
these AOSE methodologies).
We carefully explore the software requirements knowledge area (RKA) in the
SWEBOK-V3.0 guide, then we break down the RKA related subjects into sets of
evaluation factors or features that summarize all correlated concepts, practices,
and techniques with RKA. Then, we construct an evaluation matrix from these
set evaluation factors to assess given AOSE methodology requirement phases
against such factors.

As a result, we can determine the coverage degree of

the AOSE methodology with respect to RKA to the major software engineering
aspects. Moreover, following requirements delineated for our proposed criteriabased evaluation, we construct a qualitative rating scale to help to rate the
coverage degree for each requirements subject (evaluation factors set) for the AOSE
methodologies. As shown in Table 3.1, the qualitative rating scale constituted on
five levels is used to determine the degree of the subject coverage. By using this
evaluation, developers can examine the extent to which methodologies support
agent development from the software engineering perspective.
Table 3.1: The qualitative rating scale used to assess the evaluation factors
Methodology
Excellent (EC)

Description
subject context is fully covered by the methodology
subject context is partially covered by the methodology
Good (GC)
(minor aspects are not covered)
subject context is partially covered by the methodology
Satisfactory (SC)
(several important aspects are not covered)
Fair (FC)
subject context is barely covered by the methodology
Poor (PC)
subject context is not covered by the methodology
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Table 3.2 presents our proposed evaluation matrix used to determine the
coverage degree of any AOSE methodology requirements phase with respect
to software requirements knowledge area in SWEBOK-V3.0.

The proposed

evaluation demonstrated the applicability of our evaluation by assessing and
comparing the requirements phases in three AOSE methodologies (PASSI, MaSE,
and Prometheus). Table 3.2 also shows the evaluation results of the requirements
phase in the three AOSE methodologies. In addition, Figure. 3.2 depicts a clustered
column chart that displays a comparison between all the obtained evaluation results
with respect to RAK.

100

50
PASSI
MaSE
Prometheus
0

Figure X2: Qualitative Comparison of the three AOSE Methodologies with respect to RKA subjects

Figure 3.2: The qualitative evaluation of the three AOSE Methodologies with
respect to the RKA subjects
5.2. Classifying and Evaluating the Software Testing Phase
Software testing is also considered as one of the primary phases in any software
development context, and it should span the entire software life-cycle. It is mainly concerned
with verifying that software does what it is expected to do and detecting faults that cause
software failure. Unlike conventional software development methods that handle the testing
phase as a core process, we surprisingly found that the testing activity in AOSE methodologies
is often negated or rarely mentioned. In fact, to
50the best of our knowledge, no well-structured
testing process has been proposed and incorporated into any AOSE methodologies. This is
substantiated by several challenges like complex and flexible nature behavior of agents; the
difficulty of executing particular test cases with the same data and also determining a priori all
output; and complex dynamic and concurrent environments that agents operate in. It was

Table 3.2: The evaluation matrix used to assess the requirements phase in the
AOSE methodologies
Evaluation of the Requirements Phase in the Agent-Oriented Methodology
Subject

1. Software
Requirements
Fundamentals

Evaluation Factor










2. Requirements
Process




3. Requirements
Elicitation










4. Requirements
Analysis














5. Requirements
Specification











6. Requirements

Validation




7. Practical

Considerations


8. Software
Requirements
Tools

PASSI MaSE Prometheus

define explicitly software requirements
identify product and process requirements
identify functional and nonfunctional requirements
identify emergent and driven requirements
identify software and system requirements
state requirements unambiguously and quantitatively
define clearly a process to elicitation, analysis, specification, and
validation of requirements
identify stakeholders involved in the requirements process along
with their roles
introduce the requirements management resources like cost, human
resources, training, and tools
monitor the quality and improvement of the requirements process
like using quality standards and metrics
identify the various potential sources of requirements
identify the overall goal, business concern, of the software
acquire available knowledge about the application domain
identify different types of stakeholders’ viewpoints
identify operational environment in which software will be situated
identify the organizational environment
describe the elicitation techniques used to gather the requirements
like interviews, scenarios, observation, prototypes, user stories, etc.
categorize requirements into functional vs nonfunctional, product vs
process, emergent vs driven, etc.
state the priority of requirements
state the scope of requirements
determine the stability of requirements
use conceptual models like use case diagrams or data flow models
allocate requirements to software architecture components
detect and solve conflicts between requirements, between
requirements and resources, and between stakeholders
use formal analysis for requirements expression
identify user requirements from the domain perspective
define system requirements
specify system requirements
specify software requirements (SRS)
separate the description of system requirements from the
description of software requirements
establish software and system requirements documents
establish the basis for agreement between customers and
contractors
provide a realistic basis for estimating costs, risks, and schedules
provide an information basis for transferring work and software
enhancement
use notations to describe requirements more precisely
use formal descriptions to help in describing requirements
use quality indicators to improve SRS
review the requirements document(s)
review the deviation from standard practice
use prototyping techniques to validate requirements
validate the quality of the models developed during analysis
design and execute acceptance tests for requirements
implement requirements as an iteration process
manage requirements change
log and update requirements history
use requirements tracing mechanisms
perform requirements quantitative measurement

 use modeling tools like representational and graphical tools
 use managing tools for documentation, tracing, change
management, etc.
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Eval. Result
PASSI
GC
MaSE
FC
Prometheus
SC

PASSI
FC
MaSE
PC
Prometheus
FC

PASSI
FC
MaSE
SC
Prometheus
GC

PASSI
GC
MaSE
GC
Prometheus
EC

PASSI
FC

MaSE
FC

Prometheus
FC

PASSI
FC
MaSE
PC
Prometheus
SC
PASSI
SC
MaSE
FC
Prometheus
FC
PASSI
SC
MaSE
EC
Prometheus
SC

3.5

Evaluating the Adoption of MAS
Requirements to Software Standards

Adopting software standards during the MAS requirements development
process can increase the requirements quality which, as a result, spans the entire
software development life-cycle.

The main reasons to impose sound software

standards practice during the MAS requirements analysis are to mitigate the
complexity associated with MAS development and to attract industry attention. In
Table 3.2, several Evaluation Factors directly aim to assess applying and adhering
to software standards in the MAS requirements. This will determine how well the
MAS requirement phases adopt and practice software standards. These factors
are highlighted and listed again in Table 3.3 and used as a checklist to assess the
coverage degree of an agent-oriented methodology with respect to standards of
software requirements.
As shown in Table 3.3, the standards evaluation checklist are applied to
more than 20 agent-oriented methodologies described in [12] and [98]. These
methodologies are selected in the light of the ongoing flow of publications, the
remarkable impact on the AOSE community, the ease of understanding, and
the profusion of supported guidance and tools.

Although all the inspected

methodologies pay great attention to the requirements analysis process and
describe it in sufficient detail, we found that the standards practice is often negated
or rarely mentioned in the MAS requirements process. In fact, to the best of
our knowledge, no well-structured process of standardization has been
proposed and incorporated into any requirements analysis process in
the existing AOSE methodologies.
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We argue that the lack of process standardization in the requirements
development is mainly linked to the limited capability of the existing software
standards in handling the additional complex details required in the development
of multi-agent systems, such as their dynamics interactions, their cooperation
patterns, and internal behaviors combined with other information of their
surrounding operating environments and the target application domain. Moreover,
some AOSE challenges, described in Section 2.2.3, can also influence utilizing
software standards, such as immature MAS development methodologies, the
absence of unified AOSE methodologies and notation, and weak industrial
acceptance of the AOSE paradigm. Table 3.3 illustrates the standards evaluation
checklist combined with a set of agent-oriented development methodologies that
are inspected for requirements standardization.
Table 3.3: The standards evaluation checklist used to determine the adoption
degree of MAS requirements to software standards
Evaluation Factor
✓ define clearly a process to elicitation, analysis,
specification, and validation of requirements
✓ monitor the quality and improvement of the requirements
process like using quality standards and metrics
✓ establish software and system requirements documents
✓ provide an information basis for transferring work and
software enhancement
✓ use quality indicators to improve software requirements
specification
✓ review the requirements document(s)
✓ review the deviation from standard practice
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Agent-Oriented Methodology

PASSI, MaSE, Prometheus,
Tropos, MAS-CommonKADS,
Gaia, ADELFE, MESSAGE,
INGENIAS, AOR, SODA,
DESIRE, Agent Factory,
MADE, AOSM, Agent OPEN,
FIPA, ODAM, MASSIVE,
Roadmap

Chapter 4
Recommended Practices for the
Requirements Specification of
Multi-Agent Systems
The development of multi-agent systems is negatively impacted by the lack
of process standardization across the major development phases, such as the
requirements analysis phase. This issue creates a key barrier for agent technology
stakeholders regarding comprehending and analyzing complexity associated with
these systems specifications. Instead, such fundamental low-level infrastructure is
loosely attended to in an ad-hoc fashion, and important aspects of requirements
analysis are often neglected altogether. The IEEE Std 830 model is a recommended
practice aimed at describing how to write better quality requirement specifications
of conventional software. Knowing that agent-based computing is a natural and
logical evolution of the conventional approaches to software development, we
believe that the requirements phase in agent-based systems can thoroughly benefit
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from applying the IEEE Std 830 model which results in high-quality and more
accepted artifacts. This chapter proposes a model-driven approach to restructuring
and extending the IEEE Std 830-2009 standard model to specify requirements of
multi-agent systems. The content of this chapter was previously published by this
dissertation’s author in [99].

4.1

Standardizing Agent-Oriented Specification

The agent community has become aware of the necessity to cast MAS as a software
engineering paradigm. This is important in order to assist MAS development to
be more formal and efficient. Padgham and Thangarajah state that “These is
also currently a renewed interest in standards for agents.” [72]. Also, Sturm and
Shehory state that “to facilitate industrial adoption of AOSE, standardization is
required” [3]. SE practices have become a vital prerequisite of running successful
software applications and have been extensively used for decades to support the
conventional ways of building software, such as object-oriented development which
is currently the most popular programming paradigm [100]. AOSE is perceived as
a new independent SE mainstream that aims to either extend or adapt existing
SE practices to facilitate and improve the MAS complex development.
Like other conventional software, software requirements specification (SRS) is
an essential aspect in multi-agent systems, and many agent-oriented methodologies
demand SRS as an initial primary phase in their development process life-cycles.
SRS describes how an agent system is expected to behave and extends the
requirements analysis to in-depth detail, detailed blueprints, used extensively by
different stakeholders of agent systems. However, the complexity associated with
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MAS development and its target application domains often drives the complexity
of MAS requirements phase. This results in poor quality SRS artifacts that have a
genuine and significant negative impact on the entire MAS development life-cycle
and create further technical problems to the stakeholders. With the emergence
of industry willingness for multi-agent applications, there is a real demand to
develop a high-quality agent-oriented specification in such a way that makes MAS
development easier, more disciplined, and more accepted industry-wide.
Over the past three decades, software standards have played a key role in
improving the quality of conventional software development. For instance, SE
practices, such as the UML modeling language and IEEE/ISO standards, have been
widely used in the software industry to formalize the entire software development
life-cycle. More specifically, the IEEE Std 830-2009 standards model has been
commonly employed to help developers move toward constructing high-quality
and well-organized SRS artifacts [100]. Agent technology is another approach for
software development that can undoubtedly benefit from the IEEE Std 830-2009
model to standardize the SRS process which will mitigate the complexity of the
requirements analysis and, as a result, produce more accepted SRS artifacts. To do
so, the IEEE Std 830-2009 model needs to be reconstructed and updated with new,
additional extensions to make it more suitable to handle the natural complexity of
MAS and their target application domains.

4.2

The IEEE Std 830-2009 Model

In the AOSE literature, very little work has been reported concerning process
standardization in the MAS development. For example, Foundation for Intelligent
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Physical Agents (FIPA) [101], accepted as a standard committee of the IEEE
Computer Society in 2005, is proposed to facilitate agent aspects like agent
platform, protocols, and communication languages. However, FIPA templates
are large, complex, and hard to follow.

Such templates are considered more

appropriate to address the agent systems design phase but not the requirements
phase [71], [101], [102]. Agent modeling languages are other examples proposed by
extending the UML meta-model to meet the structural aspects of agent systems
like TAO [103], AML [104] and Agent UML [105]. Such modeling languages are,
however, restricted by object-oriented concepts and cannot tackle the required
additional complex details of multi-agent systems, as mentioned in Section 2.2.
Meanwhile,

the

International

Recommended

Practice

for

Software Requirements Specifications model (IEEE Std 830-2009) demonstrates
a simple generic model to guide developers in the requirements analysis process
[100]. The model was specifically developed to standardize the process of software
requirements specification (SRS) in conventional software, also known as the highlevel design of the system, and to drive developers towards producing high-quality
and well-organized SRS artifacts. Moreover, it aims to establish the basis for
agreement between customers and suppliers of what the final software product
should deliver; reduce the development time and effort; estimate efficiently project
cost and scheduling; facilitate the smooth transactions between projects stages;
ensure continuity of work; enhance software maintenance and reuse; and provide
the baseline for testing [100].
The IEEE Std 830 model frequently serves as a reference for developers during
software development processes and as a contract between project customers and
suppliers. It has been widely used in the software industry, especially in supporting
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the object-oriented development, and it is recognized by the IEEE as the most
popular and universal standard among all other IEEE standards with 52,660 fulltext views in 20 years [100], [106]. As shown in Figure 4.1, the IEEE Std 8302009 model is divided into 4 major sections composed of subsections that support
achieving specific objectives. Refer to Table 4.1, Table 4.2, Table 4.3, and Table 4.4
in the next section for more information about the IEEE Std 830 sections.

IEEE Std 830 - 2009

1. Introduction

1.1 Purpose

2. Overall
Description

3. Specific
Requirements

4. Supporting
Information

2.1 Product
Perspective

3.1 External
Interfaces
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Functions
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Abbreviations
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1.4 References
2.4 Constraints
1.5 Overview
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Dependencies

3.5 Design
Constraints
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of
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3.6 Software
System Quality
Attributes
3.7 Organizing the
Specific
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Figure 4.1: The IEEE Std 830-2009 model structure
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4.3

Using the IEEE Std 830-2009 Model to
Standardize Agent-Oriented Specification

Multi-agent systems can be seen as a natural evolution from the object
orientation paradigm in that they provide a higher-level of abstraction and
encapsulation [2], [20], [31]. MAS are basically software components combined
with additional dimensions or characteristics, such as autonomy, intelligence, and
socialability, that make MAS more flexible and suitable to address certain classes
of complex real-world problems. MAS need to be developed in much the same way
that conventional software components are developed. Thus, adopting the IEEE
Std 830-2009 model, used with conventional software, in the requirement analysis
of MAS development could become a core motif in promoting the entire MAS
development quality and could also map the way for the industry to recognize the
benefits of the AOSE paradigm. To do so, The IEEE Std 830-2009 model needs
to be restructured and extended to cover all agent-oriented specifications.

4.3.1

Five Data Models for Agent-Oriented Specification

As mentioned in section 4.2, the IEEE Std 830-2009 model is designed to ensure
high-quality software requirements specification.

MAS can benefit from this

standard model to shape and formalize the requirements analysis process in such
a way that it results in a more accepted specification document. Thus, we aim to
utilize the IEEE Std 830-2009 model in specifying MAS requirements. Accordingly,
we first identify and collect the common information in the MAS requirements
specification process by investigating the SRS processes in several different agentoriented methodologies. To collect the SRS information, we take advantage of the
evaluation already applied to several AOSE methodologies to assess the adoption of
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MAS requirements to software standards (Refer to section 3.5 for further details).
Then, we classify the obtained information into 5 data models, each capturing a
different level of SRS detail. All MAS models are naturally related to complement
the MAS requirements specification. For instance, when a role is identified, it is
assigned to an agent which may communicate with other agents to execute the
task. This process includes using 3 models: the Role model, the Agent model,
and the Interaction model. Figure 4.2 illustrates the identified 5 data models that
carry the required information for specifying the MAS requirements. Also, the 5
data models are described below.

Domain
Model

Knowledge
Model

Interaction
Model

Role
Model

Standards

Testing

Agent
Model

Figure 4.2: The five data sets required to meet agent-oriented specification

1. The Domain model is concerned with the analysis of a specific real world
that a multi-agent system is intended to work in and interact with. This
model consists of 3 types of information:
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• Operating Environment includes the general characteristics description
of the operating environment of MAS. Such an environment provides
the necessary infrastructure in which agents deployed and live. It also
manages these agents while performing their tasks and delivers the
most current information about them. Moreover, it is responsible for
providing the structure of the agent communication language and the
agent semantic language.
• Physical/Virtual Environment includes descriptions of the world that
software agents perceive and interact with. MAS are often executed
in challenging environments that are dynamic, unpredictable, and
unreliable. Such environments could be virtual like the web world or
physical like a self-driving car and a train control system.
• Application Domain includes information about the field in which
the system operates. Such information may involve certain domain
terminology or refer to domain concepts and policies.
2. The Role model is concerned with describing the MAS requirements
in terms of agent tasks or services.

Agents are the core actors

that are responsible for performing tasks and achieving delegated goals.
The descriptions may include information about the role responsibilities,
prerequisites, and constraints.
3. The Agent model is concerned with identifying and classifying agent
types that are instantiated later at MAS run-time, and it is directly linked
to the Role model.

The Agent model should also include descriptions

of characteristics for every agent type which may include descriptions
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of the essential characteristics of agents, such as autonomy, reactiveness,
proactiveness, and socialability [2], [31].
4. The Interaction model is concerned with describing the agents’ behavior in
terms of cooperating, collaborating, negotiating with users, system resources,
and other agents. It should also specify the agents’ messaging protocols and
interaction patterns along with the use of ontologies or conceptual means for
describing the message contents. For instance, an agent can request another
agent to perform some actions, and the other agent may refuse or accept the
request. It may also confirm to other agents that a given proposition is true.
5. The Knowledge model describes a repository of knowledge that agents
may use to provide explanations, recover information, or optimize their
performance. For instance, some agent types, like reflex agents and learning
agents, require some particular rules in order perform actions, so such rules
need to be specified and stored in the system.

The Knowledge model

also should briefly describe agent architectures which underlie the concepts
for building rational agents and their characteristics. Such information is
important to design any agent-based system later. For instance, BeliefDesires-Intentions (BDI) architecture is probably the best-known agent
architecture that agents rely on to reason about their actions [107].

4.3.2

Studying the Sections of the Original IEEE Std 8302009 Model

After identifying the 5 data models for agent-oriented specification, we carefully
studied and reviewed all the sections of the original IEEE Std 830-2009 model to
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verify the suitability of the data models according to these sections. To do so, we
constructed 4 tables to describe the 4 main sections and relative subsections of
the original model along with the 5 MAS data models required to specify MAS.
In these tables, most of the descriptions provided in the conventional software
columns were basically taken from the IEEE recommended practice described in
[100]. These tables helped us to verify the fitness of the 5 data models according
to the original IEEE Std 830-2009 model sections. Consequently, we could identify
the information of agent-oriented specification that was not covered by the original
model and, as a result, we proposed rewriting some subsections, extending others,
and adding more new extensions to the model that can facilitate agent-oriented
specification. Finally, by inserting the 5 data models into the original model, we
proposed it as an updated new model that is better suited than it was before
to handle agent-oriented specification (Refer to the description provided in the
multi-agent systems column in every table).
Table 4.1 represents the Introduction Section, the first main section in the
original IEEE Std 830-2009 model. As shown in Table 4.1, this section provides
an overview of the entire SRS (not about the software product) used to specify a
specific software product. All subsections in this section were adequate to facilitate
multi-agent systems, and the only update that needed to be made was to include
a description of how to represent and organize the process of the 5 data models in
the SRS, such as how to organize agents and their roles information to be specified.
Table 4.2 is concerned with explaining the Overall Description Section,
the second main section in the original IEEE Std 830-2009 model. As shown
in Table 4.2, this section explains the general factors that affect the software to
be developed and its requirements. This section aim is not to point out specific
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requirements, but instead to provide a background for these requirements, which
are defined in detail in section 3 of the SRS document, and makes them easier
to understand. In this section, we suggest adding information related to the
Domain model, the Role model, and Agent model (Refer to section 4.3.1 for more
information).

IEEE Std 830 – 2009:
“Recommended
Practice
for Software
Requirements
Specifications”
Table
4.1: Analyzing
the IEEE
Std 830 model
– the Introduction
section
1. Introduction
Standard Feature

1.1 Purpose

1.2 Scope

1.3 Definition,
Acronyms and
Abbreviations

1.4 References

1.5 Overview

Conventional Software

Providing the definitions of all terms,
acronyms, and abbreviations required to
properly interpret the SRS. Do not define
common technical terms.
a) Provide a complete list of all
documents referenced elsewhere in
the SRS;
b) Identify each document by title,
report number (if applicable); date,
and publishing organization;
c) Specify the sources from which the
references can be obtained.
a) Describe what the rest of the SRS
contains;
b) Explain how the SRS is organized.
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1

Multi-Agent Software

a) Delineate the purpose of the SRS
document.
b) Specify the intended audience
(different types of readers) for the
SRS document.
It should be a short overview of the
product. It should:
a) Identify the software product to be
produced by name;
b) List what the software product will,
and, if necessary, won’t do;
c) Describe the application of the
software being specified, including
relevant benefits, objectives, and
goals;
d) Be consistent with similar statements
in higher-level specifications (e.g.,
the system requirements
specification), if they exist.

It should also include descriptions of
how analyses of the five MAS data
models will be presented in the SRS
model.

Table 4.2: Analyzing the IEEE Std 830 model – the Overall Description section
2. Overall Description
Standard Feature

2.1 Product
Perspective

Conventional Software

“Describing the general factors that
affect the product and its requirements”

2.2 Domain
Perspective

2.3 Product
Functions

Providing a summary of the major
functions that the software will perform.
Including Use Case Diagrams and
supporting narrative (identify actors and
use cases). Details will be provided in
Section 3, so only a high-level summary
(such as a bullet list) is needed here.

2.4 Agent
Perspective

2.5 User
Characteristics

2.6 Constraints

2.7 Assumptions and
Dependencies
2.8 Apportioning of
requirements

2

Multi-Agent Software

Putting the product into perspective with
other related products. A block diagram
showing the major components of the
larger system, interconnections, and
external interfaces can be helpful. It
should also describe how the software
operates inside various interface
constraints like system, user, hardware,
software, communication. Also, other
constraints like memory, operational,
site adaptation are described here.

The Domain Model should be briefly
described after 2.1. MAS are considered
as environment-driven business
development. All the potential features
of the domain model are described here.
“Providing a summary of the major
functions”
It should only include a high-level
summary of the Role Model that
defines the major functional roles for
each listed agent. An agent-role list is an
effective technique to use here.
“Describing the general factors that
affect the product and its requirements”
It should include a summary of the
Agent Model that lists and defines the
potential agents along with their
categories and properties.

Describing characteristics of intended
users (capabilities of each user class) of
the product including educational level,
experience, security or privilege levels,
and technical expertise. This could be
done by identifying groups of people
who will use the product and describe
how each would use it.
Providing a general description of any
other items that will limit the options
available to the developers like
regulatory policies, hardware
limitations, and development standards
requirements.
Stating assumptions about availability of
certain resources that, if not satisfied,
will alter system requirements and/or
effect design.
Identifying requirements that may be
delayed until future versions.
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Identifying agent functional roles that
may be delayed until future versions.

Table 4.3 represents the Specific Requirements Section, the third main
section in the original IEEE Std 830-2009 model. As shown in Table 4.3, this
section contains “all the software requirements to a level of detail sufficient to
enable designers to design a system to satisfy those requirements, and testers
to test that the system satisfies those requirements. These requirements should
include at a minimum a description of every input (stimulus) into the system, every
output (response) from the system, and all functions performed by the system in
response to an input or in support of an output.” [100]. The Specific Requirements
section is extremely important in the SRS document because of the technical
information stated in it. Regarding MAS specification, we suggest extending the
agent information outlined in the Overall Description section in greater detail. This
section should also include details about the Interaction model and the Knowledge
model.
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Table 4.3: Analyzing the IEEE Std 830 model – the Specific Requirements section
3. Specific Requirements
Standard Feature

Conventional Software

3.1 Agent
Properties

3.2 External
Interfaces

3.3 Functions

A detailed description of all inputs into
and outputs from the software system. It
should explain the interfaces mentioned
in 2.1 (system, user, hardware, software,
communication interfaces) and should
not repeat information there. It should
include both content and format as
follows:
a) Name of item;
b) Description of purpose;
c) Source of input or destination of
output;
d) Valid range, accuracy, and/or
tolerance;
e) Units of measure;
f) Timing;
g) Relationships to other inputs/outputs;
h) Screen formats/organization;
i) Window formats/organization;
j) Data formats;
k) Command formats;
l) End messages.
Defining the fundamental actions that
must take place in the software in
accepting and processing the inputs and
in processing and generating the outputs.
These are generally listed as “shall”
statements starting with “The system
shall …”
It should Include detailed specifications
of each use case, including collaboration
and other diagrams useful for this
purpose.

3
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Multi-Agent Software
It should extend the subsection (2.4
Agent Perspective). It is concerned
with agent properties/ dimensions to a
level of sufficient detail that will help
MAS designers to construct the internal
states for every agent type.
“A detailed description of all inputs into
and outputs from the software system”
A detailed description of interaction of
the MAS with user, hardware, software,
and communications Interfaces
(focusing on the system boundary).
Besides Describing any communications
interfaces to other systems or devices
(such as local area networks), the
Interaction Model between agents
should be described in this subsection.
Agents communication in MAS is a
critical part and needs to be highlighted.

“Containing all of the software
requirements to a level of detail”
Sufficient detailed specifications of
agents along with their properties. This
is to extend the subsection (2.4 Agent
Perspective).
Sufficient detailed specifications of
functional roles for each listed agent.
This is to extend (2.3 Product
Functions). Collaboration and other
diagrams are useful for this purpose.

3.4 Performance
Requirements

3.5 Logical Database
Requirements

3.6 Design
Constraints

3.7 Software
System
Quality
Attributes

3.8 Organizing the
Specific
Requirements

Specifying both the static and the
dynamic numerical requirements placed
on the software or on human interaction
with the software. Static numerical
requirements (called also Capacity)
includes the following:
a) The number of terminals to be
supported; b) The number of
simultaneous users to be supported;
c) Amount and type of information to be
handled.
Dynamic numerical requirements may
include, for example, the numbers of
transactions and tasks and the amount of
data to be processed within certain time
periods for both normal and peak
workload conditions.
Specifying the logical requirements for
any information that is to be placed into
a database. It is a logical classification
of data entities as well as their attributes
(defining only data concepts and
elements).
Specifying design constraints that can be
imposed by other standards, hardware
limitations, etc. For example, specify the
requirements derived from existing
standards or regulations. The constraints
may include the following:
a) Report format;
b) Data naming;
c) Accounting procedures;
d) Audit tracing.
Nonfunctional requirements are listed
and described in this subsection. There
are many attributes of software that can
serve as requirements. It is important
that required attributes be specified so
that their achievement can be objectively
verified. A partial list of such attributes
is Reliability, Availability, Security,
Portability, Maintainability, and
usability.
Detailed requirements tend to be
extensive. For this reason, it is
recommended that careful consideration
be given to organizing these in a manner
optimal for understanding. Different
classes of systems lend themselves to
different organizations of requirements.
Some of these organizations are System
mode, User class, Objects, Feature,
Stimulus, Response, Functional
hierarchy, etc.

4
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“any information that is to be placed
into a database”
Moreover, this subsection should
include the Knowledge Model needed
by some MAS like reflex agents.

SRS of MAS tends to be extensive. So,
it is important to give special attention
to organizing this information to ensure
clarity and understandability.
This section should include an
additional organization which
organizing by agent class. Associated
with each agent class is a set of agent
roles and characteristics.

Table 4.4 shows the Supporting Information Section, the fourth main
section in the original IEEE Std 830-2009 model. As illustrated in Table 4.4,
this section provides information that makes the SRS document easier to use and
understand (e.g. using the Table of Contents and Appendixes) [100]. We believe
that such information is suitable for the five MAS data models, so no change was
suggested in this section.
Table 4.4: Analyzing the IEEE Std 830 model – the Supporting Information section
4. Supporting Information
Standard Feature
4.1 Table of
Contents
4.2 Index

4.3 Appendixes

Conventional Software
The table of contents is quite important
and should follow general compositional
practices.
The index is quite important and should
follow general compositional practices.
The appendixes are not always
considered part of the actual SRS and
are not always necessary. They may
include:
a) Sample input/output formats,
descriptions of cost analysis studies,
or results of user surveys;
b) Supporting or background
information that can help the readers
of the SRS;
c) A description of the problems to be
solved by the software;
d) Special packaging instructions for
the code and the media to meet
security, export, initial loading, or
other requirements.
When appendixes are included, the SRS
should explicitly state if the appendixes
are to be considered part of the
requirements.
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Multi-Agent Software

Chapter 5
The Updated IEEE Std 830-2009
Model
MAS development is often large, complex and difficult. It requires the inclusion of
SE practices in order to be more formal, efficient, and adopted in industry. This
work aims to address the SRS process standardization for the multi-agent systems.
Our goal is to propose a model-driven approach to restructure the original IEEE
Std 830-2009 model in such a way that makes it more suitable to handle agentoriented specification. In Chapter 4, we described the 5 MAS data models: Domain
model, Role model, Agent model, Interaction model, and Knowledge model. Then,
we researched the suitability of these models according to the original IEEE Std
830-2009 model. As a result, we proposed adding additional new extensions as
well as updating some existing sections in it to complement the SRS process
standardization in multi-agent systems. The content of this chapter was previously
published by this dissertation’s author in [99] and [108].

70

5.1

The Updated Structure of the IEEE Std 8302009 Model

Full descriptions are provided for all new information added or updated in the
original IEEE Std 830-2009 model as follows:

5.1.1

Introduction

The first section, “Introduction”, contains subsections that provide an overview
of the entire SRS document, and thus we considered this information suitable for
the five data models of MAS [100]. We suggested only the following change in the
subsection below:
• An existing subsection (1.5 Overview): this subsection provides a brief
description of the contents of the rest of SRS document; so it should also
include a description of the way analyses of the five MAS data models are
organized and presented in the SRS model.

5.1.2

Overall Description

The second section, “Overall Description”, contains subsections that describe
the general factors that could affect the product and its requirements specifications
[100]. We suggested the following changes to this section:
• A new defined subsection (2.2 Domain Perspective): based on the provided
description of this section, the Domain model should be described after (2.1
Product Perspective) for organizational purposes. Since MAS are considered
to be environment-driven business developments, the environment aspects
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often have great influence on MAS. Thus, the potential features of the three
sections of the Domain model are described in this subsection.
• An existing subsection (2.2 Product Functions):

this subsection is

renumbered to subsection (2.3), and it is described in terms of both the
Role model and the user functions. Therefore, it should provide a summary
of the key roles that agents in MAS will perform. It is important to note
that this only include a high-level summary of the Role model that defines
the major functional roles for each listed agent.
• A new defined subsection (2.4 Agent Perspective): based on the provided
description of this section, the Agent model should be summarized in section
2. It should include a description that lists and defines the potential software
agent categories and their main characteristics.
• An existing subsection (2.6 Apportioning of Requirements): this subsection
is renumbered to subsection (2.8), and it should identify functional agent
roles and user functions that may be delayed until future versions of the
agent-based system are developed.

5.1.3

Specific Requirement

The third section, “Specific Requirement”, contains subsections that describe
in sufficient technical detail all MAS requirements. This includes all functional
roles concerning all inputs and outputs to/from the multi-agent system as well as
all required nonfunctional requirements [100]. We suggested the following changes
to this section as follows:
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• A new defined subsection (3.1 Agent Properties): this subsection should
extend the subsection (2.4 Agent Perspective). It is concerned with agent
properties/ dimensions at a level of sufficient detail that will help MAS
designers to construct the internal states for every agent type in MAS.
• An existing subsection (3.1 External Interfaces):

this subsection is

renumbered to subsection (3.2). One goal of the third section is to provide
detailed descriptions of software interfaces. Then, the Interaction model
should be described in this subsection in such a way that it presents
communication mechanisms and messages between all agent types.
• An existing subsection (3.2 Functions): this subsection is renumbered to
subsection (3.3). It is concerned with specifying all MAS functional actions in
great detail. This should specify the subsection (2.2 Product Functions) and
include sufficient detailed specifications for every functional role played by an
agent or an end user. Also, this subsection should extend the subsection (2.4
Agent Perspective) and include sufficient detailed specifications of software
agent categories and characteristics. It is critical also to explicitly link listed
proposed agents to their functional roles. An agent-role list is an effective
technique to use here.
• An existing subsection (3.4 Logical Database Requirements): this subsection
is renumbered to subsection (3.5). It is concerned with any information that
is to be stored in a database. Thus, the knowledge model should be described
in such a way that shows how some types of agents, such as the reflex and
learning agents, can use it. Also, the agent architectures should be briefly
outlined in this subsection.
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• An existing subsection (3.7 Organizing the Specific Requirements): this
subsection is renumbered to subsection (3.8). Agent-oriented specification is
detailed and tends to be extensive. Therefore, it is important to give special
attention to organizing this information to ensure clarity and understanding.
Subsection (3.8) should also include a method of organizing by agent class.
Associated with each agent class is a set of agent roles and characteristics.

5.1.4

Supporting Information

The fourth section, “Supporting Information”, contains subsections that make
the SRS document easier to use; for example, it has a Table of Contents, an Index,
and several appendixes [100]. We suggested no change to this section and consider
this information suitable for the five data models of MAS.
Figure 5.1 illustrates the updated structure of the IEEE Std 830-2009 model
by highlighting in Yellow the new and edited subsections.
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Figure 5.1: The updated structure of the IEEE Std 830-2009 model
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Chapter 6
Model Validation
Evaluation is an integral part of the development process of the proposed
restructured IEEE Std 830 model. It is important to assess and demonstrate the
utility and effectiveness of using the proposed restructured IEEE Std 830 model in
standardizing the requirements specification of multi-agent systems. Therefore, we
designed three different evaluations. 1) we specified requirements of a small simple
multi-agent system by using both the new restructured model and the original
model, and then we compared the outcomes of both models. 2) we used the
restructured model to specify requirements of some previous agent systems that
were already specified by using the original model, and we analyzed the outcomes
of the different models based on some well-known software quality attributes. 3)
we conducted an external evaluation study by asking participants to go through
the restructured model sections using a few simple real-world problem scenarios,
and then to take an online survey to provide feedback on their experience using
the restructured model. The content of this chapter was previously published by
this dissertation’s author in [99] and [108].
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6.1

Developing a Multi-Agent System Using the
Proposed Model

We specified requirements of a simple small multi-agent system, called ItemTrading multi-agent system (ITMAS) by using both: the new proposed IEEE Std
830 model, called UpdModel, and the original IEEE Std 830, called OrgModel.
ITMAS enables users to create and employ agents to act on their behalf to trade
items. The agents were classified into two main types based on their roles as
follows:
• A buyer agent accepts item inputs from a buyer user and tries to find agents
selling these items at an acceptable price, and
• A seller agent accepts item inputs from a seller user and tries to do so at the
highest possible price to sell.
The UpdModel model worked as expected.

It provided us with all the

necessary information required to specify ITMAS. The updated and new
sections in UpdModel made the agent-oriented specification process more explicit
and manageable, and later allowed us to develop ITMAS with the JADE
framework, which is the most widespread agent-oriented system in use today
[109]. Appendix B provides additional details of UpdModel used to describe
requirements specification of ITMAS. Figure 6.1 demonstrates the JADE platform
for ITMAS and shows the identified agents (e.g., 2 agent sellers and 1 agent buyer)
that substitute the actual ITMAS users to perform the items trading. Figure 6.2
illustrates a UML sequence diagram operated by JADE that visualizes messages
between the buyer and the seller agents. It shows how these agents interact to best
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achieve their assigned delegated tasks and when the agent operations begin and
end. Figure 6.3 shows the Eclipse Console that reports the conversations between
these agents during the trading time. The conversations show how the agents
negotiate and coordinate to complete the bargaining process.

Figure 6.1: The JADE platform for the item-trading multi-agent system (ITMAS)

Figure 6.2: The UML sequence diagram to visualize messages between the agents
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Figure 6.3: Conversations and coordinations between the agents

On the other hand, we could clearly see the difficulty associated with using
OrgModel in specifying ITMAS requirements despite the fact that ITMAS is
merely a simple small multi-agent system. Unlike UpdModel, OrgModel could
not handle most of the information related to the 5 agent data models, which
were needed to specify ITMAS. This issue is linked to the lack of the structure
that can facilitate agent-oriented specification in OrgModel. In fact, we instead
had to compress some of this information into OrgModel and use a separate sheet
to address other ITMAS specifications. As a result, the ITMAS analysis process
became difficult to adapt and understand. Table 6.1 outlines the evaluation main
points conducted to compare the ITMAS requirements specified by UpdModel
and OrgModel. Unlike OrgModel, which could not address most of the ITMAS
requirements specification, the new and updated sections in UpdModel could
make the difference in providing all necessary structure for specifying ITMAS.
For instance, OrgModel was not designed to address specifications of the agent
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roles and communications, but UpdModel provided new sections to cover such
vital information.
Table 6.1: The evaluation matrix for the ITMAS requirements after applying both
UpdModel and OrgModel
Data Model
Domain
Model
Role
Model
Agent
Model
Interaction
Model
Knowledge
Model

Specification Section
Operating Environment
Physical/Virtual Environment
Application Domain
User Functions
Agent Functions
Agent Classification
Agent Characteristics
Agent Communications
Agent Messaging Protocols
Agent Patterns of Interaction
Agent Messaging Ontology
Agent Repository of Knowledge
Agent Architectures

OrgModel


 (sec 2.1)
 (sec 2.2 & 3.2)










UpdModel
 (sec 2.2)
 (sec 2.2)
 (sec 2.2)
 (sec 2.3 & 3.3)
 (sec 2.3 & 3.3)
 (sec 2.4 & 3.3)
 (sec 2.4 & 3.1)
 (sec 3.2)
 (sec 3.2)
 (sec 3.2)
 (sec 3.2)
 (sec 3.5)
 (sec 3.5)

In addition, we demonstrated the UpdModel value by constructing a set of
metrics used to measure the new UpdModel contents and provide useful indicators
that could help stakeholders to predict and better understand the entire MAS
development processes. For instance, UpdModel helps to measure the development
complexity and size of the MAS project by estimating the prospective number of
agents, roles, and communications. UpdModel can also be used to track changes
to the originally specified MAS requirements in order to measure requirements
stability. Table 6.2 represents some of the metrics and their potential use.
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Table 6.2: The set of metrics to present the benefits of the proposed IEEE Std 830
model (UpdModel)
Metric

Method
 finding the total number of agents

Development
 finding total number of roles
complexity & size  finding the different interaction
ways between agents

Achievability

Testability

Requirement
Stability

6.2

 finding percentage of the actual
implemented agents to the defined
agents in UpdModel
 finding percentage of the actual
implemented roles to the defined
functional roles in UpdModel
 dividing MAS analysis into 5 data
models

 measure the changes in agents or
roles compared to the original
defined ones in the UpdModel
initial draft

Benefit





predict complexity
predict size of work
locate resources
…

 determine project
functionality
 find unimplemented functions
 …
 lead to better and easier
testing
 predict testing size
 lead to better stakeholder
understanding
 determine stability of
functions
 predict complexity
 determine understandability
 …

Comparison to a Previous Attempt of Using
the Original IEEE Std 830 Model

We compared the proposed model (UpdModel) with a previous attempt at using
the original model (OrgModel) in the development of multi-agent systems. Finding
attempts to use the IEEE Std 830 model with agent-based systems was a laborious
task, as only a few attempts have been made mainly in academic environments.
In 2004, a report published by Kansas State University described an attempt to
use OrgModel to specify requirements of a multi-agent system called agentMom,
a framework for building agents and their passed messages [110], [111]. After
reviewing the SRS document, we were unable to locate many specifications, such
as agents’ definitions, roles, and communications, nor could we find any useful
information about the domain application and environment. Based on the available
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information, we were able to use UpdModel to re-produce the requirements
specification of the agentMom system. Thus, as shown in Table 6.3, we constructed
an evaluation matrix that illustrates a careful comparison between our UpdModel
and OrgModel applied by the agentMom’s team at Kansas State University. To
simplify the process, we shaped evaluation criteria based on the quality attributes
described in the original IEEE Std 830-2009 model to assess the quality of SRS
documents (pages 4 to 8) [100]. The evaluation provides valid positive evidence of
the effectiveness of using UpdModel in terms of the quality attributes. For example,
due to the new and updated sections becoming available in UpdModel, agentMom
specification becomes more testable and modifiable. Table 6.3 describes in detail
the above evaluation and shows the quality attributes applied to OrgModel and
UpdModel.

6.3

An Evaluation Survey

An independent and external research study was conducted to assess the suitability
and validity of the updated IEEE Std 830 model. The aim of the study was to
determine whether the updated model satisfies MAS requirements specification
and to solicit feedback on any possible missing details or weaknesses in the model
structure. Several experts in software engineering and agent-oriented systems
were invited to participate in the research study. They were asked to go through
the proposed model sections with a few simple real-world problem scenarios (in
this case the requirements specification of the Item-Trading Multi-Agent System
(ITMAS) that enables users to create and employ agents to act on their behalf
to trade items. Refer to Appendix B for the full SRS description of ITMAS).
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Table 6.3: The evaluation matrix used to compare UpdModel and OrgModel
Quality
Attribute
Correct

IEEE Std 830 Model
Evaluation

Description
OrgModel was developed as a part of a large
completed project. So, we assume that it is
correct. UpdModel is carefully reviewed many
times to ensure correctness.
The author of OrgModel was restricted by
limited choices available to describe MAS
specs. That is why we detect some mixed and
blurry information in OrgModel.
Unlike OrgModel, UpdModel gives space to
describe critical details such, as the application
domain, agent types, splitting roles, and agent
interactions.
UpdModel is well-organized, and the new
extensions help to avoid conflict. For OrgModel,
it is hard to tell.
Although UpdModel indicates the necessity of
ranking importance and/or stability for agents
and functional roles, this is not always easy to
do. OrgModel does not address this attribute.
UpdModel uses concrete terms and measurable
quantities to allow all functional roles to be
tested and cost-evaluated. OrgModel cannot be
completely verified due to unambiguous and
incomplete attributes.
UpdModel describes five new separated MAS
data models to avoid redundant and intermixed
information, e.g. every agent linked to a list of
roles. Such new MAS models are hard to specify
in OrgModel.
Unlike OrgModel, UpdModel requires using
unique names in the proposed five models and
reference numbers in all SRS updated
documents.

UpdModel
OrgModel
UpdModel

Unambiguous OrgModel
Complete

UpdModel
OrgModel

Consistent

UpdModel
OrgModel

Importance
and/or
Stability

UpdModel
OrgModel

Verifiable

UpdModel
OrgModel

Modifiable

UpdModel
OrgModel

Traceable

UpdModel
OrgModel

----

Then, the participants conducted an online survey to provide feedback on their
experiences using the proposed model in specifying ITMAS. Because the survey
protocol involved human subjects, it was first reviewed and approved by the
Institutional Review Board (IRB # 18-018 – Date: Feb 8, 2018) to ensure that
the survey had no risk to the participants.
As shown in Table 6.4, the survey consisted of 12 statements organized into 3
sets to determine the following: participants’ acceptance of the proposed model
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(S1, S2), their satisfaction with using the various added and updated agent
information to the model (S3 to S5), and the quality of the proposed model
(S6 to S12). The participants were asked to indicate their level of agreement
or disagreement with each statement. We were able to collect and analyze 13
responses from the participants, as shown in the following charts.

Refer to

Appendix C for the full sized survey.

Set 1

Table 6.4: The 3 sets of the online survey statements given to the participants to
scale the updated IEEE Std 830 model
S1
S2

Set 2

S3
S4
S5
S6
S7

Set 3

S8
S9
S10
S11
S12

The updated IEEE 830 model helps the developers to identify an agent-based system to be
developed along with its requirements.
The updated IEEE 830 model describes what the agent-based system will do and how it will be
expected to perform.
Information regarding domain perspective which includes application domain, operating
environment, and physical/virtual environment needs to be specified in the IEEE 830 model and
will be used to build an agent-based system.
Information regarding agent classification, characteristics, functions, and communications need to
be specified in the IEEE 830 model and will be used to build an agent-based system.
Information regarding agent architectures and agent repository of knowledge, if any, need to be
briefly outlined in the IEEE 830 model and will be used to build an agent-based system.
The functional requirements described in the model were unambiguous: there was only one
interpretation for every stated requirement.
The functional requirements described in the model were complete: all significant requirements
concerning function, performance, interfaces, design constraints, and quality factors were
included.
The functional requirements described in the model were consistent: no subset of individual
requirements characteristics, actions, or terms conflicted.
The functional requirements described in the model were verifiable (Testable): requirements were
stated in concrete terms that can be verified through testing or other objective means.
The functional requirements described in the model were modifiable: the specification was
structured and annotated so that changes may be made easily, completely, and consistently.
The functional requirements described in the model were traceable: the origin of each requirement
was clear and the format should aid in tracing forward and backward.
The functional requirements described in the model were usable: the specifications should be
useful during development and in later identifying maintenance requirements and constraints.
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In the first set – determining participants’ acceptance of the proposed model
(S1, S2) – our concern was focused on whether or not the participants thought that
the proposed standards model is capable of specifying agent-oriented requirements
specification. As shown in Figure 6.4, the participants were all in favor of the
model, as no one disagreed with the statements S1 and S2.

8
6

7

Participants

5

Strongly Agree
Agree
0
0

0
0

S1

Disagree
Strongly Disagree

S2
Feedback

Figure 6.4: The degree of acceptance of the updated IEEE Std 830-2009 model
In the second set – satisfaction with using the various added and updated agent
information to the proposed model (S3 to S5) – the participants were motivated
to provide feedback about the added and edited agent information to the original
IEEE Std 830 model. They were not given any clues about this new content in
the model. We believe that the existence of such information makes the IEEE
Std 830-2009 model more suitable to handle the agent-oriented specification. As
illustrated in Figure 6.5, the positive responses actually confirmed our belief, as all
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participants agreed with the statements S3 and S4, but 4 participants disagreed
with the statement S5. The proposed model is required to briefly outline agent
architectures which support the concepts for building rational agents and their
characteristics. This information is essential to start any MAS subsequent design,
but such as some participants disagreed with referring to implementation details,
like mentioning agent architectures in the requirements specification phase.

8
6

7

5
5
4

Participants

4

Strongly Agree
Agree
0
0

S3

0
0

S4

Disagree
0

Strongly Disagree

S5

Feedback

Figure 6.5: The degree of user satisfaction after applying the updated IEEE Std
830-2009 model

In the third set – checking the quality of the proposed model (S6 to S12) –
the participants gave their opinions about the quality of the proposed model after
using it to specify requirements of a small multi-agent system. They rated the
model content based on the IEEE 7 quality attributes of software requirements,
described in the original IEEE Std 830 document [100], by indicating how well they
felt that the requirements met the quality attributes on a scale from Strongly Agree
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to Strongly Disagree. Figure 6.6 illustrates the participants’ feedback as no one
strongly disagreed with the MAS specification quality, but several participants
disagreed that all the quality attributes could be proved, indicating that some
of the MAS requirements’ descriptions were vague, incomplete, and untraceable.
We believe that this issue could be linked to the small, simple requirements
specification document given to the participants. However, most responses to
the quality attributes were positive as shown in Figure 6.7.

7
6 6

Participants

5

6

5

5 5

6

5

4
3

3

4

3

3

2

2
1

0

0

S6

1
0 0

S7
Strongly Disagree

Disagree

2

2

1
0

S8

3

1
0

S9
Feedback
Agree

0

S10
Strongly Agree

0

0

S11

0

S12

Not Applicable

Figure 6.6: The summary of users’ views regarding the given quality attributes as
applied to the updated model

Figure 6.7 was derived from Figure 6.6. It presents a straightforward view that
illustrates only the summary of participants’ views who agreed with each quality
attribute as applied to the proposed IEEE Std 830-2009 model. The responses were
generally positive, with a range from 8 to 12 of the 13 participants who agreed or
strongly agreed with each quality attribute.
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Participants

13
12
11
10
9
8
7
6
5
4
3
2
1
0

12
11

11

10
9

9

8

S6

S7

S8

S9

S10

S11

S12

Modifiable
(S10)

Traceable
(S11)

Feedback

Quality
Attributes

Unambiguous
(S6)

Complete
(S7)

Consistent
(S8)

Verifiable
(S9)

Usable
(S12)

Figure 6.7: The summary of users’ views who agreed with each quality attribute
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Chapter 7
Conclusion
Multi-agent systems are receiving increased attention due to their capability to act
rationally and flexibly to achieve delegated tasks in complex and large real-world
applications. However, MAS development is often large, complex, and difficult. It
requires the inclusion of sound software engineering practices in order to be more
formal, efficient, and utilized in the industry. The software industry is heavily
driven by standardization in order to support the entire software development
life-cycle. Based on our evaluation applied to a large number of agent-oriented
methodologies, we believe that no well-structured standardization process has
been proposed and incorporated into any agent-oriented specification phase in
the existing agent-oriented methodologies. This research aims to address this gap
in the standardization process for MAS requirements specification by proposing a
model-driven approach to restructure and update the IEEE Std 830-2009 model to
make it better able to handle the requirements specification of multi-agent systems.
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7.1

Contributions

A number of important contributions were made as a result of this research work.
First, a comprehensive criteria-based evaluation for the requirements specification
phases in the AOSE methodologies was conducted. The evaluation criteria were
extracted from the software engineering body of knowledge guide (SWEBOK-V3.0)
and used to determine the coverage degree of any AOSE methodology requirements
phase with respect to the SE practices, such as the adherence to software standards.
Evaluating the requirement phases in several AOSE methodologies helped us to
both identify the common information required in the process of agent-oriented
specification, the five data models, and also to clearly indicate the lack of process
standardization in the requirements analysis of multi-agent systems. Based on this
evaluation, we concluded that the standards practice is ignored or rarely mentioned
in the MAS requirements analysis process.
Second, we developed and proposed a model-driven approach to restructuring
the IEEE Std 830-2009 model in such a way that makes it more suitable to handle
the MAS requirements specification. Based on the identified five data models
required to be specified in the MAS requirements analysis, the updated model
proposed adding new extensions and updating others in the original model to
complement the standardization process in MAS requirements specification. The
updated model plays a key role not only in improving and formalizing the MAS
analysis process, but also in giving an improved signal to the industry in order to
better comprehend the concepts of multi-agent systems and realize their benefits.
Third, the proposed restructured IEEE Std 830 model was subjected to several
different types of evaluations to ensure its utility and effectiveness. This includes
the following:
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• Developing requirements specification of a small, simple multi-agent system,
called ITMAS, which was delineated by using both the new proposed
model (UpdModel) and the original model (OrgModel). The analysis of
both models’ outcomes illustrated that UpdModel was better suited than
OrgModel in addressing agent-oriented specification.
• Utilizing the proposed model for specifying requirements of a previously
developed multi-agent system, called agentMom, which was already specified
by using the original model. We constructed an evaluation matrix that
illustrated a careful comparison between UpdModel and OrgModel which
was previously used to specify agentMom. Unlike OrgModel, UpdModel
showed a strong indication of adherence to the quality attributes.
• Conducting an independent external research study to assess the suitability
and validity of the proposed model by asking expert participants to test the
proposed model sections with a few simple real-world problem scenarios and
then take an online survey to provide feedback on their experience using
the model. The feedback was very encouraging, as all participants agreed
that the proposed model was capable of handling the MAS requirements,
and they were satisfied with using the model with all updated and added
agent information. Also, the summary of users’ views with respect to the
given quality attributes as applied to the updated model were positive and
reflected how well the agent-oriented specification in the proposed model met
the quality attributes.
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7.2

Limitations

This dissertation research has faced several important limitations worth pointing
out so that they may be addressed in future work. These include the following:
• During our evaluation of the agent-oriented specification phases in various
AOSE methodologies, we struggled with the lack of existing mature
methodologies because only a few ones were up-to-date. This was caused
by the lack of available supporting documents and tools; in addition, the
large number of the introduced AOSE methodologies made the evaluation
difficult to perform in terms of selecting among these methodologies.
• We failed to find any particular use of the original IEEE Std 830 model in the
industrial settings; thus, we were unable to evaluate the model’s limitations
in addressing how the agent-oriented specification was manipulated.
• We consider the size of the sample used in the external research study and
the online survey to be small, with only 13 participants. We had hoped to
have more feedback, questions, objections, and recommendations that could
be used to improve the proposed model more effectively.

7.3

Recommended Future Work

In conclusion, the updated IEEE Std 830 model proposed in this research work
is comprehensive and has the potential to be an effective means to guide MAS
developers toward producing high-quality and well-organized SRS artifacts, which
is a relevant and warranted contribution. However, this work was meant to be the
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start of a continued effort to support standardizing the development process lifecycle of the agent-based systems. In this regard, the following recommendations
are made for future work.
• We plan to extend the updated IEEE Std 830-2009 model to cover more
specific standards for the central subsections in the MAS data models
we identified and for every new extension we added. This can be done
by studying which standards information is required to be specified in
every subsection. For instance, which MAS standards information needs
to be included in the section 2.2 domain perspective, or which standards
information should be added to the section 3.1 Agent properties.
• A metrics program should be considered for inclusion in the proposed model.
Data should be collected during the use of the proposed model in specifying
MAS requirements. This will generally help to evaluate the utility of the
proposed model and to provide MAS stakeholders with useful indicators to
predict and better understand the entire MAS development processes.
• Several software quality attributes,

known also as non-functional

requirements, may need to be specified in detail in order to strongly support
the proposed model.

For instance, clear descriptions of how to specify

reliability, security, and portability requirements of multi-agent systems will
improve the proposed model and lead to gain more users.
• This work will be provided to the Secretary, IEEE-SA Standards Board, for
consideration. If accepted, the proposed model may need to be revised.
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offer to agent-based social simulation. In Understanding Complex Systems,
pages 81–117. Springer, 2017. doi: 10.1007/978-3-319-66948-9\ 6.

100

[49] Amund Tveit. A survey of agent-oriented software engineering. In NTNU
Computer Science Graduate Student Conference, Norwegian University of
Science and technology, 2001.
[50] Arnon Sturm and Onn Shehory. The evolution of mas tools. In AgentOriented Software Engineering, pages 275–288. Springer, 2014.
[51] Oren Etzioni. Moving up the information food chain: Deploying softbots on
the world wide web. In Proceedings of the National Conference on Artificial
Intelligence, pages 1322–1326, 1996.
[52] Michael J Wooldridge and Nicholas R Jennings. Software engineering with
agents: Pitfalls and pratfalls. IEEE Internet Computing, 3(3):20–27, 1999.
ISSN 1089-7801.
[53] Jürgen Dix, Koen V. Hindriks, Brian Logan, and Wayne Wobcke.
Engineering Multi-Agent Systems (Dagstuhl Seminar 12342).

Dagstuhl

Reports, 2:98, 2012.
[54] Mehdi Dastani.

Programming multi-agent systems.

The knowledge

engineering review, 30(4):394–418, 2015. ISSN 0269-8889.
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Appendix B
The Requirements Specification
of the Item-Trading Multi-Agent
System (ITMAS)
This document shows SRS of a simple small multi-agent system, called ItemTrading multi-agent system (ITMAS). SRS is constructed based on our new
proposed model which is an update of the original IEEE Std 830 model used
with conventional software. Due to the limited space, this SRS document is
intended not to fully include all ITMAS specifications. It only describes some
ITMAS requirements and scenarios that allow to understand the benefit of using
the proposed model in specifying requirements of multi-agent systems.
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The Requirements Specification Structure of Multi-Agent Systems
The reader will follow the following structure outline

IEEE Std 830 for MultiAgent Systems

1. Introduction

1.1 Purpose
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1.4 References
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3.7 Software
System Quality
Attributes
3.8 Organizing the
Specific
Requirements

4.3 Appendixes

1. Introduction
This section should provide an overview of the entire Software Requirements
Specifications of the target agent-based system project.

1.1 Purpose
The purpose of this Systems Requirements Specifications model (SRS) is to provide the
guidelines necessary to design and implement the target agent-based system that fulfills all
the requirements given. This model is structured based on the IEEE Std 830-2009
model/template and will be entirely design-independent, focusing only the end requirements
that the final software must achieve. This SRS model can be used by clients and
stakeholders like project advisors, business analysts, domain executives, and various
software engineers as a representation of their requirements for the software. Fulfilling the
SRS document will be actually in essence fulfilling the contract with the client.

1.2 Scope
This SRS covers the software requirements for an Item-Trading Multi-Agent System
(ITMAS). ITMAS is an agent-based system that enables users to trade items. ITMAS
presents to its users two agent types: sellers and buyers. Both agents implement some simple
strategies and carry out negotiations to achieve the best results for the users they represent.
All issues related to purchased item delivery and payment are considered out of scope and
not taken into account in this document. Objective: developing a multi-agent system able
to simulate a real-life conversation between item buyers and sellers. Goal: improving the
ability of the ITMAS users to trade items in a faster and better ways.

1.3 Definitions, Acronyms, and Abbreviations
ITMAS
MAS
SRS
Agent
Buyer
Seller
User
Manager
Facilitator

Item-Trading Multi-Agent System, the software that this SRS describes, simulating
a real-life conversation and operations between buyers and sellers of items
Multi-Agent System
Systems Requirements Software, this document outlines the requirements that the
software must fulfill. It is entirely design-independent
a software agent is a goal-oriented entity that reacts to its environment and runs
without continuous direct supervision to perform some function for an end-user
an agent takes as input some items to buy and tries to find agents selling them at
acceptable prices
an agent takes as input some items to sell and tries to do so at the highest possible
price
an end-users who employ the buyer and seller agent
an agent type that is responsible for managing the operation of agent platform
which provides the physical infrastructure in which agent are deployed
an agent type provides Yellow pages services to other agents (maintaining and
updating agents list)
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GUI
UML
ACL
SL

Graphical User Interface, a way for users to interact with ITMAS
Unified Modeling Language, a modeling language intended to provide a standard
way to visualize the requirements and design of a system
Agent Communication Language used in messaging between agents
Semantic Language

1.4 References
 IEEE Standard for Software Requirement Specification, IEEE 830-2009
 The official website for Java Agent Development Framework located
http://jade.tilab.com/
 Developing multi-agent systems with JADE (Book), F. Bellifemine, G. Caire, & D.
Greenwood, 2007

1.5 Overview
Section 2 contains a more in-depth and complete definition of the ITMAS requirements.
This section is intended for the stakeholders who may or may not be familiar with the actual
software engineering process. It contains little to no technical information regarding the
MAS process necessary to transform this document into an actual piece of MAS system.
Section 3 contains all the technical requirements for the ITMAS system, including a full list
of agents associated with their functional roles and non-functional requirements. This
section is intended to be used by the software developers in order to create the actual MAS
system. Most information contained in this section is very technical and field-specific in
nature, and thus is not intended to be read or understood by anyone outside of the software
engineering field. Section 4 contains supporting information that makes the SRS easier to
use. It includes Table of contents, Index, and Appendixes.
In general, description of how analyses of the ITMAS information are organized and
presented in this SRS document as follows: In section 2, we will define the Domain model
which is concerned of the product environment, the Agent model which identifies agent
classes, and the Role models which identifies tasks of agents. Section 3 will include
descriptions of the interactions between the agents and the architecture of agents combined
with great deal of details of the overhead models.

2. Overall Description
This part of the SRS should describe the general factors that affect ITMAS and its
requirements. It does not state specific requirements, but, instead, it provides a background
for the ITMAS requirements, which will be defined in detail in Section 3 of the SRS, and
makes them easier to analyze and understand.
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2.1 Product Perspective
ITMAS is a new independent and self-contained product. This project will be a framework
that provides reusability of agent’s communication. It provides the basic building blocks for
building agents, conversations between agents, and the message that are passed in the
conversations.
 System Interfaces – Java JDK required to use JADE, Java Agent Development
Framework: JADE 4.4.0, and UMLet tool for drawing UML diagrams (optional)
 User Interfaces – simple GUIs will be used by users to create their buyer and seller
agents assign input data to them like the item title, prices, and deadline for sale. Also,
this GUI should show the conversion messages between agents and results of these
conversions.
 Software interfaces – Windows7 or above.
 Hardware interfaces – not specified in this document
 Communications interfaces – ACL & SL with agent messages and GUI to interact
with users

2.2 Domain Perspective
2.2.1 Application Domain
ITMAS is considered as an e-commerce application used to buy and sell items via electronic
channels such as the Internet.
1. A user needs to apply polices and standards of e-commerce in his/her region
2. A developer needs to understand and follow the customer-sides regulations and
terminology
2.2.2 Operating Environment
Descriptions of the general characteristics of the ITMAS operating environment. Such
environment provides the necessary infrastructure in which agents deployed. It provides
Yellow pages services to agents and maintains an accurate, complete and timely list of
agents. It also should provide the most current information about agents. The operating
environment is responsible for managing the operations on agents like creation, registration
and deletion of agents, and for providing the structure of the agent communication language
(ACL) and the semantic language (SL). The operating environment should:
3. allow a user to create the buyer and seller agents
4. allow to register the buyer and seller agents
5. manage the defined buyer and seller agents which are spread across multiple
computers
6. provide the most current information about the buyer and seller agents
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2.2.3 Physical/Virtual Environment
Descriptions of the general characteristics of the physical/virtual environment of ITMAS, A
world component represents a virtual environment inside which the entire agent system’s
activity takes place. The physical environment, often has a great influence on agent-based
systems, is concerned with the analysis of a specific real world environment that ITMAS is
intended to work in and interact with. ITMAS should be designed to work in a physical
computer network that allows agents to perform their delegated tasks. Both buyers and
sellers implement simple strategies and carry out negotiations to achieve the best result for
the users they represent. For example, the physical/virtual environment should ensure the
following:
1.
2.
3.
4.
5.

A user should be able to lunch his/her buyer or seller agent(s) successfully
An agent should be able to notice all joining new agents
An agent should be able to notice all terminating agents
An agent should be able to deal with ad-hoc networks.
An agent should not use long-term planning to decide what action sequence should
be executed.
6. An agent should be able to find their way through the network efficiently (time &
cost)
7. An agent should be able to gather traffic information
8. An agent should be able to avoid collision and deadlock

2.3 Product Functions
This subsection should describe not only user functions but also agent roles/services. Thus,
it should outline at least the key roles that buyers and sellers in ITMAS will perform. Notice
that this only include a high-level summary of the major functional roles for each listed
agent.
2.3.1 User Functions
1. Enable users to create their personal accounts in ITMAS
2. Enable users to define their own agents (buyers and/or sellers)
3. Enable users to assign data inputs to their agents
4. Enable users to track their agents
5. Enable users to terminate their agents
2.3.2 Agent Functions
1. Enable buyers to request information about specific sellers within the network
2. Enable buyers to request information about all the sellers’ services within the
network
3. Enable buyers to call for proposal of a certain item from other sellers
4. Enable buyers and sellers to display their conversions
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5. Enable buyers and sellers to display their final decisions about trading the item
6. Allow buyers to reject the proposals
7. Allow sellers to refuse selling the items
8. Allow agents to choose among unicast, multicast and broadcast communication.
9. Allow agents to join and leave group
10. Provide message encryption and decryption techniques for secured
communication
11. Provide a life graphical representation of the interaction between buyers and
sellers
12. Allow agents to choose to encrypt or not to encrypt message

User Functions

create account

define new agent

assign data to agent

track agent

terminate agent
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User

Main use cases for the ITMAS agents

register in sys

display item
info

request info
Buyer
Agent

search for an item

Buyer

Seller
Agent
Seller

message other
agents

negotiate with
other agents

Request
CFP
Propose
Accept
Reject
Refuse

display results
Manager
Agent

Life Graphical
representation of the agents’
interactions

Facilitator
Agent

2.4 Agent Prospective
2.4.1 Agent Classification
Identifying and classifying agent types that are instantiated later at ITMAS run-time. It
should also include descriptions of characteristics for every agent type which may include
essential characteristics of agents such as Autonomy, Reactiveness, Proactiveness, and
Socialability.
Buyer – This agent type takes as input some items to buy and tries to find agents selling
them at an acceptable price. Such agents implement some simple strategies and carry out
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negotiations to achieve the best result for the users they represent. The characteristics of this
type agents are: Autonomous, Reactiveness, Proactiveness, and Socialability.
Seller – This agent type takes as input some items to sell and tries to do so at the highest
possible price. Such agents implement some simple strategies and carry out negotiations to
achieve the best result for the users they represent. The characteristics of this type of agents
are: Autonomous, Reactiveness, Proactiveness, and Socialability.
Facilitator – This agent type provides Yellow pages services to other agents. It maintains
an accurate, complete and timely list of agents and must provide the most current
information about agents in its directory. Every agent that wishes to publicize its services to
other agents should find an appropriate Facilitator and request the registration of its agent
description. The characteristics of this type of agents are: Autonomous, Reactiveness, and
Socialability.
Manager – This agent Type is responsible for managing the operation of an AP, such as the
creation and deletion of agents, and overseeing the migration of agents to and from the AP.
Each agent must register with a Manager in order to obtain an agent ID which is then
retained by the Manager as a directory of all agents and their current state (e.g. active,
suspended or waiting). The characteristics of this type of agents are: Autonomous,
Reactiveness, and Socialability.
2.4.2 Agent Characteristics (only definitions)
1. Autonomous: an agent makes its own choices about how to act in its environment
without any influence from the owner it represents.
2. Reactiveness: an agent responds in a timely fashion to environmental change.
3. Proactiveness: an agent decides for itself how best to achieve goals.
4. Socialability: an agent has the ability to interact and cooperate with other agent to
achieve its goals.

2.5 User Characteristics
Users who want to implement BTMA are expected to have general knowledge of trading
items. Also, all users need to have minimal technical expertise (need to know how to use
the mouse and keyboard). There are two types of users:
Buyer – a person how is interested in buying items. There will be a simple GUI that lets the
buyers defining their own agents and enters the required information of certain items, then
operating their agent to search for the wanted items.
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Sellers – a person who is interested in selling items. There will be a simple GUI that lets the
sellers defining their own agents and enters the required data of the items that are on sale.
Then operating their agents to negotiate with other buyer agent to sell the items.

2.6 Constraints
A general description of any other items that will limit the developers’ options for designing
the ITMAS system like regulatory policies, hardware limitations, network software and
protocols, and development standards. No constrains will limit developing ITMAS.

2.7 Assumptions and Dependencies
This subsection of the SRS should list each of the factors that affect the requirements stated
in the SRS. These factors are not design constraints on the software but are, rather, affected
by any changes of the requirements in the SRS.




Java JDK is required in the agent development platform.
Java Runtime Environment (JRE) Version 6.0 or above is required.
Agent development platform is required to develop agent components. Java Agent
Development Framework: be used shall JADE 4.4.0.

2.8 Apportioning of Requirements
Identifying requirements that may be delayed until future versions of ITMAS.
1. Enable ITMAS to authenticate users.
2. Enable users to create their account and maintain it.
3. Enable users to print or save some useful information from the system

3. Specific Requirements
This will be the largest and most important section of the SRS. The customer requirements
will be embodied within Section 2, but this section will give the detailed requirements that
are used to guide the project’s software design, implementation, and testing. It should
contain subsections that describe in sufficient technical details all ITMAS requirements.
This includes all functional roles regarding all inputs and outputs to/from the ITMAS and
all required nonfunctional requirements.

3.1 Agent Properties
This subsection is concerned with the agent properties/dimensions to a level of sufficient
detail that enables ITMAS designers to construct the internal states for every agent class in
ITMAS.
 Buyer:
Autonomous – (details here …)
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Reactiveness – (details here …)
Proactiveness – (details here …)
Socialability – (details here …)
 Seller:
Autonomous – (details here …)
Reactiveness – (details here …)
Proactiveness – (details here …)
Socialability – (details here …)

3.2 External Interfaces
Providing a detailed description of software interfaces. So, the interaction model should be
described in such a way that presents communication mechanisms between all agent types
along with external GUI’s.
3.2.1 User Interfaces (some GUI examples)
S#1 - Create Agent
X
Agent Name:
Agent Class:
OK

Cancel

GUI to define a buyer or seller agent
S#2 - Agent Name: Seller1
X
Item for Sale:
Min price:

Best price:
Deadline:
Display information Here …

OK

Reset

Cancel

GUI to input the seller’s item’s information
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S#3 - Error
X
The agent already exists, you need to change the agent name
OK
Example of the messages produced by the system
3.2.2 Hardware Interfaces
None
3.2.3 Software Interfaces
User shall be able to use ITMAS on all types of operating systems. No need to use other
software products.
3.2.4 Communications Interfaces
Besides describing any communication interfaces to other systems or devices (such as local
area networks), the interaction between agents should be described in this subsection. Like
any multi-agent system, Agents’ interactions in ITMAS are critical and need to be specified
in detail. Some examples are:
1. Buyer and Seller request registering themselves in Facilitator services and Facilitator
should refuse or accept that.
2. Buyer request information about all sellers and their current services.
3. Buyer call for quote or proposal from all Sellers who have the required item.
4. Buyer provides the item title, accepted price, and deadline to buy.
5. Seller should accept or refuse giving proposal.
6. Buyer should frequently call for quote or proposal (every 1 – 2 minutes).
7. Buyer should frequently request updating information of Sellers (every 1 – 2
minutes).
8. Seller should refuse to sell the item if the deadline due.
9. Buyer should reject proposal if the deadline due.
10. Facilitator should deregister Buyers or Seller if they are not active.
11. Seller agrees to sell the item.
12. Buyer agrees to buy the item.
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One example: A Buyer tries to buy an item from a Seller

3.3 Functions
This section is very important to build ITMAS as it defines the fundamental actions that
must take place in ITMAS in accepting and processing the inputs and in processing and
generating the outputs. It describes all of the software requirements to a level of sufficient
detail based on agents defined in 2.4 (Agent Perspective) and on functional roles for each
listed agent defined in 2.3 (Product Functions). It should also include detailed specifications
of each use case, including collaboration and other diagrams useful for this purpose. A
traceability technique should be used to follow the life of each requirement in both a
forwards and backwards direction. Some fully dressed uses cases of the functional
requirements are shown in the following tables, Due to the brevity of this paper, we will
not be ablr to describe all requirements.
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3.2.1 Functional Requirement #001.0
Create a seller agent
Function
None
Agent
ITMAS shall provide GUI to users to create their seller agents
Purpose
Agent Name, Class Type (see C#1 )
Inputs
Processing
 put the courser on the text edit of agent name
 give a an agent name
 move the courser to select the agent type
 select the agent type
 click on “OK”
GUI to enter the items information for this Seller
Outputs
Expected Error
 missing entering data to the text edits
 No class type to select from
 No output appears
Error messages notify users of the existing errors
Error Handling
Relationships
Use case #1
Reference
3.2.2 Functional Requirement #002.0
Enter item information
Function
Seller
Agent
ITMAS shall provide GUI to users to enter items for sale
Purpose
item title, best price, min price, and deadline
Inputs
Processing
 put the courser on the text edit of the item title
 give an item title
 move the courser to the best price field and enter the price
 move the courser to the min price field and enter the price
 move the courser to best price field and select the deadline
to sell
 click on “OK”
All overhead data saved and displayed in the life data box
Outputs
Expected Error
 missing entering data to the text edits
 No output appears
Error messages notify users of the existing errors
Error Handling
Relationships
Use case #2
Reference
3.2.3 Functional Requirement #003.0
Call for proposal (quote)
Function
Buyer
Agent
ITMAS shall let the buyer agent to message sellers calling for
Purpose
proposal about a certain item
item title, price, and deadline
Inputs
Processing
 put the courser on the text edit of the item title
 give an item title
 move the courser to the price field and enter the price
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Outputs
Expected Error

Error Handling
Relationships
Reference

 move the courser to best price field and select the deadline
to sell
 click on “OK”
Buyer cfp to all sellers who have the target item
 missing entering data to the text edits
 No one of sellers has the target item
 No output appears in the life text box
Error messages notify users of the existing errors
Sellers and Facilitator
Use case #3

mesg
cfp
Buyer
Agent

propose
encrypt mesg
Seller
Agent
receive mesg

reject mesg

refuse mesg
decrypt mesg

Use Case of Function # 3: call for proposal (quote)

3.4 Performance Requirements
ITMAS shall run on all types of desktop operating systems
Startup Time – ITMAS shall start in less than 5s
Max Size – ITMAS shall be able to work with 50,000 users. It shall be able to deal with
1000 active buyer and seller agents.
Edit Response Time – ITMAS shall respond for common edit operations in less than 1s.
Each user account shall be created and activated within 5 seconds after creation.

3.5 Logical Database Requirements
It is concerned with all information that is to be stored in a database. Also, a repository of
knowledge that some types of agents, like reflex agents and learning agents, use to provide
explanations, recovery information, or optimize their performance should be described here.
This subsection should briefly outline agent architectures which support the concepts for
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building rational agents and their characteristics. Such information is important to start the
ITMAS design later. For instance, Belief-Desires- Intentions (BDI) architecture which used
by the Jade platform is probably the best known agent architecture that agents rely on to
reason about their actions.
 ITMAS must store user account information. Information like login ID, name,
password, email address (optional) shall be stored in a text-based flat file. The email
address gives the user option to receive any further information or update about the
software. As shown in the following file, each attribute shall be delimited by a
semicolon, and the entries shall be checked and sorted alphabetically by the login ID.
Format: Account ID;Name;Password;Email
Account1;K. Salhoub;1234567;kslhoub2014@my.fit.edu.com
Account2;M. Gibson;9876545;m gibson@mail.com
Account3; T. Brady;0101010;null
*Note: the account ID in this file is unique, and the email address is optional
File:UserAccounts.txt
 BDI Model (knowledge Model)
The basic assumption of the BDI model is that actions are derived in a two-step process
called practical reasoning. In the first step – (goal) deliberation – it is decided which set
of desires should be pursued in the current situation represented in the agent’s beliefs.
The second step – means–end reasoning – is responsible for determining how such
concrete desires produced as a result of the previous step can be achieved by employing
the means available to the agent.
The Jadex BDI enables the construction of rational agents following the BDI model. In
contrast to all other available BDI engines, Jadex fully supports the two-step practical
reasoning process (goal deliberation and means–end reasoning) instead of
operationalizing only the means–end process. This means that Jadex allows the
construction of agents with explicit representation of mental attitudes (beliefs, goals and
plans) and that automatically deliberate about their goals and subsequently pursue them
by applying appropriate plans. The reasoning engine is clearly separated from its
underlying infrastructure, which provides basic platform services such as life-cycle
management and communication. Hence, running Jadex over JADE combines the
strength of a well-tested agent middleware with the abstract BDI execution model.
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3.6 Design Constrains
No design constrains are specified for ITMAS.

3.7 Software System Quality Attributes
Nonfunctional Requirements are listed and described in this subsection.. It is important that
required attributes be specified so that their achievement can be objectively verified. ITMAS
needs the following:
3.7.1 Reliability
 Developers run tests and measure the number of errors encountered and the amount
of time between each failure
 Developers determine the desired levels of reliability for the ITMAS system
 ITMAS shall not crash on invalid or input data.
 The data files will be stored on a nonvolatile storage device such as a hard drive, so
that the data files can be retained when the system is shut off.
 If there is a fatal error, ITMAS shall shut down without crashing the computer it is
running on
3.7.2 Availability
 ITMAS shall run at any time any day.
 ITMAS shall allow users to restart the application after a crash.
 All data beyond the last save point will be lost.
 The user will be able to load his/her data file after ITMAS has been restarted and
continue using the system.
3.7.3 Security





ITMAS shall check the authority of the users when they login.
ITMAS shall use the computer’s default operating system security
ITMAS shall run over a network, it may need to use its own security features
ITMAS shall run over a network, so the user data and messages between agents
should be encrypted
 The system will keep log files of the user’s usage.

3.8 Organizing the Specific Requirements
For anything but trivial systems the detailed requirements in section 3 “Specific
requirements” tend to be extensive. For this reason, it is recommended that careful
consideration be given to organizing these in a manner optimal for understanding. ITMAS
presents different capabilities to different classes of users (end-users and agents), so its
requirements were organized by user class.
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4. Supporting information
This section is to makes the SRS easier to use. It includes the following:

a) Table of contents;
b) Index;
c) Appendixes.

133

Appendix C
Online Evaluation Survey
In this survey, the participants provided feedback on their experience using the
proposed IEEE Std 830 model in specifying requirements of a small simple multiagent system, called ITMAS. This helped to assess the suitability and validity of
the updated model. The survey consisted of 12 statements organized into 3 sets to
determine: participants’ acceptance of the proposed model (S1, S2), satisfaction
with using the various added and updated agent information to the model (S3, S4,
S5), and the quality of the proposed model (S6 to S12).
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Study title: Evaluating the new updated IEEE-830 standard model proposed to specify requirements of multi-agent systems
Researchers:

Khaled Slhoub, PhD Candidate/ College of Engineering & Computing/ School of Computing
Marco Carvalho, Associate Professor /Dean College of Engineering and Computing
We are inviting you to participate in a research study. Participation is completely voluntary. If you agree to participate, you can always
change your mind and withdraw. There are no negative consequences, whatever you decide.
What is the purpose of this study?
We want to validate an updated standard model that will be used to specify requirements of multi-agent systems. This study will help to
ensure the suitability and validity of this model and show its usefulness in meeting a specific class of problems in the analysis of such systems.
What will I do?
You will be asked to go through the updated model sections with a few real scenarios and then take a survey to answer a few questions
regarding your experience using the updated model. These questions about the degree of correctness, visibility, consistency, and
completeness of the model context. It also includes questions about how important and how satisfied you are with the various added and
updated sections in the model.
Risks





This survey has no risk to participants.
The survey will not require any personal information.
All responses will remain confidential and only known by the overhead researchers.
Online data being hacked or intercepted: This is a risk you experience any time you provide information online. We are using a
secure and widely used system to collect this data [Google Forms], but we cannot completely eliminate this risk.

Possible benefits

Your participation is voluntary.

You are not likely to have any direct benefit from being in this research study.

You may learn and practice a new technique to standardize the analysis process of agent-based systems.
Estimated number of participants:
At least 7 participants are needed in this study. They should have good experience with both software requirements analysis and agent-based
systems development.
How long will it take?
Total amount of time for individual participation is about 20 minutes.
Costs:
None
Compensation:
None
Where will data be stored?
On the servers for the Google Docs.
Contact information:
For any concerns or questions about the research study: Contact Mr. Khaled Slhoub, Principal Investigator at 407 633 0189 /
kslhoub2014@my.fit.edu. For questions about your rights as a research participant, complaints, or problems: Contact Dr. Lisa Steelman, the
IRB Chairperson at 3216747316 / ilsteelma@fit.edu.
Agreement to Participate
If you meet the eligibility criteria below and would like to participate in this study, click the checkbox below to agree to the Consent and then
move on to the next section to begin the survey. Remember, your participation is completely voluntary, and you’re free to withdraw at any
time.

I have experience with software requirements process

I have experience with development of agent-based systems
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