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Self-organized Multi-Agent System (MAS) are still difficult to engineer, because, to deal with real
world problems, a self-organized MAS should exhibit complex adaptive organizations. In this
respect the holonic paradigm provides a solution for modelling complex organizational structures.
Holons are defined as self-similar entities that are neither parts or wholes. The organizational
structure produced by holons is called a holarchy. A Holonic MAS (HMAS) considers agents
as holons which are grouped according to holarchies. The goal of this paper is to introduce an
architecture that allows holons to adapt to their environment. The used metaphor is based upon
the immune system and considers stimulations/requests as antigens and selected antibodies as
reactions/answers. Each antibody is activated by specific antigens and stimulated and/or inhib-
ited by other antibodies. The immune system rewards (resp. penalizes) selected antibodies which
constitutes a good (resp. wrong) answer to a request. This mechanisms allows an agent to choose
out of a set of possible behaviors the one which seems the best fitting for a specific context. In
this context, each holon, atomic or composed, encapsulates an immune system in order to select
a behavior. For composed holons, each sub-holon is represented by the selected antibody of its
immune system. The super-holon’s immune system therefore contains an antibody per sub-holon.
This recursive architecture corresponds with the recursive nature of the holarchy. This architec-
ture is presented with an example of simulated robot soccers. From experiments under different
conditions we show that this architecture has interesting properties.

Categories and Subject Descriptors: I.2.11 [Computing Methodologies]: Artificial Intelli-
gence—Distributed Artificial Intelligence; D.2.0 [Software]: Software engineering—General; C
[Computer Systems Organization ]: General

General Terms: Algorithms, Design

Additional Key Words and Phrases: agents, Holonic Systems, immune systems

1. INTRODUCTION

Complex systems are characterised by multiple interactions between many differ-
ent components. They are called complex because design or function or both is
difficult to understand and verify. The behaviour of the system is the result of the
non-linear aggregation of local behaviours of it components. Multi-Agents Systems
(MAS) have become a natural tool for modelling, simulating and programming
complex systems. Indeed, MAS are composed of autonomous, reactive, proactive
and interacting entities called agents engaged in the realisation of a joint goal. Both
types of systems are studied in their organisation dynamics and in the emergence of
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organisational structures. However, in Complex Systems there usually exist a great
number of entities interacting between themselves, and acting at different levels of
abstraction. In this context, it seems unlikely that MAS will be able to faithfully
represent complex systems without multiple granularities. That’s why holonic sys-
tems have attracted the attention of researchers. The term holon was coined by
A. Koestler in 1967: a holon is a self-similar structure composed of holons as sub-
structures. A hierarchical structure of holons composed of holons as sub-structures
is called a holarchy. A holon can be seen, depending on the level of observation,
either as an autonomous ”atomic” entity, or as an organisation of holons. This
duality is sometimes called the Janus Effect1, in reference to the two faces of a
holon. We can count today a relevant number of works dedicated to their study.
Their domains of application range from Manufacturing Systems [Maturana et al.
1999], Transports [Bürckert et al. 1998], cooperative systems [Adam et al. 2000]
and radio mobile mesh dimensioning [Rodriguez et al. 2003].
Despite this relevant number of works on Holonic MAS (HMAS), defining an adap-
tive architecture for holons is still a difficult task. The goal of this paper is to
propose an adaptive architecture for HMAS which integrates the notion of immune
systems. The advantages of immune systems in this case are twofold. The first
is that immune systems have learning capabilities and are able to adapt to envi-
ronmental changes. The second advantage is that immune systems can be easily
used inside holarchies as they have the same duality as holons. Indeed, an immune
system is an entity that can be considered as a whole but is composed of smaller
entities, in our case antibodies. If we apply this recursive scheme to antibody we
can draw a parallel between an holarchy and it associated decision making mecha-
nism. This paper proposes to integrate an artificial immune system into a holonic
system. The immune system then deals with both the decision-making process and
the self-organisation of the holarchy. The immune system that served as inspiration
for this work is based upon the Jerne’s Idiotypic Network [Jerne 1974].

The metaphor used considers stimulations/requests as antigens and selected an-
tibodies as reactions/answers. This mechanism allows an agent to choose among a
set of possible behaviours the one which seems the best fitting a specific context.
Thus each agent has a set of antibodies, representing behaviours, fitted to respond
to specific antigens, representing stimuli.
There are numerous advantages of such approach. Each agent keeps its autonomy
but the coordination towards the accomplishment of the goal is ensured by select-
ing the right stimulus. A MAS can pursue several goals at the same time which
might be interdependants. The immune system allows the system to learn by a
reinforcement mechanism.
The natural immune system is a subject of great research interest because it pro-
vides a powerful and flexible information processing capability as a decentralised
intelligent system. The immune system provides an excellent model of adaptive
operation at the local level and of emergent behaviour at the global level. There
exist several theories to explain immunological phenomena and software models
for simulating various components of the immune system [Suzuki and Yamamoto

1Roman god with two faces. Janus was the god of gates and doorways, custodian of the universe
and god of beginnings
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2000b].
The basic components of the immune system are macrophages, antibodies and
lymphocytes. Lymphocytes are cells maturing in the bone marrow and produces
antibodies from its surface. The antibody recognises and binds to a specific type of
antigens (foreign substances invading a human body). The key portion of an anti-
gen recognised by the antibody is called epitope, which is the antigen determinant.
Paratope is the portion of antibody that corresponds to a specific type of antigens.
Once an antibody combines with an antigen via their epitope and paratope, an-
other type of cell starts to eliminate the antigen. Recent studies in immunology
have clarified that each type of antibody also has its own antigenic determinant,
called an idiotope. This means that an antibody is recognised as an antigen by
another antibody [Farmer et al. 1986]. On this basis, Jerne proposed the concept
of the immune network, or idiotypic network [Jerne 1974], which states that anti-
bodies and lymphocytes are not isolated, but they communicate with each other.
The idiotope of an antibody is recognised by another antibody as an antigen. This
network, called idiotypic network, is built on the basis of the idiotope recognition
with the stimulation and the suppression chains among antibodies. The approach
presented in this paper is based on this interpretation of the immune system.

This paper is organised as follows. Section 2 presents the principles of the frame-
work for holonic systems and the idiotypic network. Section 3 presents the concepts
of the multi-level idiotypic network architecture and illustrates it with a robot soc-
cer example. Section 4 covers the related works and conclusion is given in section
5.

2. BACKGROUND

2.1 Holonic MAS

A holon can be seen, depending on the level of observation, either as an autonomous
”atomic” entity, or as an organisation of holons. A holon is a whole-part construct
that is composed of other holons, but it is, at the same time, a component of a
higher level holon. Examples of holarchies can be found in every-day life. A human
body is the most widely used example since a body cannot be considered as a whole
because it is composed of organs, that in turn are made up of cells, molecules, and
so on.

Holonic Systems have been applied to a wide range of applications. Thus it is not
surprising that a number of models and frameworks have been proposed for these
systems. However, most of them are strongly attached to their domain of applica-
tion and use specific agent architectures. In order to have a modular and reusable
modelling that minimises the impact on the underlying architecture a framework
is proposed here based on an organisational approach. The RIO model [Hilaire
et al. 2001] has been selected to represent organisations. This model has been cho-
sen since it enables formal specifications, animations and proofs based on the OZS
formalism [Gruer et al. 2004]. The RIO model is based on three main concepts:
role, interaction and organisation. Roles are generic behaviours mutually interact-
ing according to an interaction pattern which groups generic behaviours and their
interactions and constitutes an organisation. Organisations are therefore descrip-
tions of coordination structures. Coordination occurs between roles if interactions
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take place.
In this context, an agent is specified only as an active communicative entity which
plays roles [Ferber and Gutknecht 1998]. In fact agents instantiate an organisation
(roles and interactions) when they exhibit behaviours defined by the organisation’s
roles and when they interact according to the organisation interaction patterns.
An agent may instantiate one or more roles and a role may be instantiated by one
or more agents. The role playing relationship between roles and agents is dynamic.
We think this model is a basis for the engineering societies of agents.
No assumptions has been made on agent architectures. The general definition of
the agent definition allows many agent types. More specific choices can be intro-
duced in more accurate RIO models.
With the RIO model a definition of a holonic framework is proposed. In order to
maintain a generic holonic framework, it is necessary to distinguish between two
aspects that overlap in a holon. The first is directly related to the holonic character
of the entity, that is to say that a holon (super-holon) is composed of other holons
(members or sub-holons). This aspect is common to every holons and is therefore
called holonic aspect. The second is related to the problem the members are trying
to solve, making it application dependent.
A super-holon is an entity in its own right, but it is composed by its members. Thus,
it is necessary to consider how members organise and manage the super-holon. In
[Gerber et al. 1999], the authors propose three types of structures for super-holons:
Federation (all members are equal), Moderated Group and Merge Into One. Here
the Moderated Group has been adopted as the management structure for super-
holons, due to the wide range of configurations it allows. Since an organisational
approach is used, a particular organisation called Holonic Organisation is defined
to represent the structure of a super-holon.

In a moderated group, a subset of members (heads) will represent all the sub-
holons with the outside world.

A Holonic Organisation represents a moderated group in terms of roles and their
interactions. A member inside a super-holon must play at least one of the three
main roles: Head role players are moderators of the group as an invisible interface.
Represented members have two possible roles: Part role where members belong to
only one super-holon , and Multi-Part role where sub-holons are shared by more
than one super-holon.

Every super-holon must contain at least one instance of the Holonic Organisation
and it must play at least one role of this organisation to define its status in the
composition of the super-holon.

Super-holons are created with a goal and for fulfilling some tasks. To achieve
these goals and tasks, the members must interact and coordinate their actions. The
framework also offers a mean to model this second aspect of the super-holons, goal
dependent interactions modelling, using Internal organisations. The behaviours
and interactions of the members can thus be described independently of their roles
as components of the super-holon. The set of internal organisations can be dy-
namically updated to describe additional behaviours. The only strictly required
organisation is the Holonic one that describes member’s status in the super-holon.

This approach guarantees a clear separation between the management of the
ACM Journal Name, Vol. XX, No. XX, XX 20XX.
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Fig. 1. Computer Science Department Holon : Holonic and Internal Organisations

super-holon and goal-specific behaviours and it also enables modularity and re-
usability.

In order to illustrate these concepts, let us consider the example of a University.
If the university is considered as a holon, it can be assumed that it is composed of
departments and research laboratories. Let a teaching department of the university
holon (see figure 1). The holonic aspect refers to the fact that students and teach-
ers compose and manage the department. On the other hand, the department is
created with a specific purpose and, thus, it has to fulfil precise goals/tasks in the
system (e.g. teaching/research). Figure 1 shows this example: the Department is
decomposed into three groups, the first representing the holonic organisation and
the others related to goal-dependent organisations : a Lecture and a Council.

Further details on this framework can be found in [Rodriguez 2005; Rodriguez
et al. 2003]. A formal specification of the above described roles can be found in
[Rodriguez et al. 2005; Rodriguez et al. 2007].

2.2 Immune System

From a computational viewpoint the human immune system can be viewed as a
parallel, distributed system that has the capacity to control a complex system over
time [Farmer et al. 1986]. The human immune system is composed of several layers
of defence such as: physical (skin), innate and adaptive. The adaptive part of
the human immune system has been mostly taken into consideration in this paper.
The adaptive system improves its response to a specific pathogen at each exposure.
Thus, the adaptive system has three key functionalities: recognition, adaptation
and memory. The adaptive immune system can be divided into two major sections:
the humoral immune system and the cellular immune system. The former acts

ACM Journal Name, Vol. XX, No. XX, XX 20XX.
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idiotope

epitope

Ab1:Antibody

Ag1:Antigen 

Ag2:Antigen

Ag3:Antigen

paratope

Fig. 2. Antibody and antigen recognition and binding mechanism

against antigens by means of proteins called immunoglobulins or antibodies which
bind to antigen. This binding mechanism allows an antibody to either tag an
antigen for attack by other part of the immune system or neutralise antigens. The
latter, among other duties, destroys virus-infected cells. Figure 2 shows the antigen
recognition mechanism. An antibody Ab recognises an antigen Ag and binds to it if
Ab matches with the structure of Ag. The region of the antibodies which matches
the antigens is called the paratope. The counterpart region of antigens is called
epitope. In figure 2 Ab1 antibodies recognise only antigens similar to Ag1.

Adaptation is the second functionality of the immune system, where there is
a continuous generation of antibodies by cloning and muting existing ones. The
goal is to produce antibodies that will match antigens. If new antigens appear the
immune system may be capable of producing matching antibodies.

When an antibody matches with an antigen Agi it proliferates in order to bind
to this type of antigen. This selection mechanism increases the concentration of
effective antibodies. Even if all Agi antigens are destroyed the immune system is
able to keep some antibody that could destroy them for some time. This is the
third functionality of the immune system: memory. If an Agi antigen reappears,
matching antibodies may already exist.

Among numerous theories which try to explain the human immune system, Nobel
Laureate N. K. Jerne proposed a model based on interactions between antibodies
[Jerne 1974]. These interactions take the form of stimulation and inhibition. This
theory is known as Jerne’s Idiotypic Network. The network is defined by stimula-
tion/inhibition links between antibodies. From now on, we will speak of immune
system as reference to the immune network. The region by which antibodies stimu-
late or inhibit other antibodies is called idiotope. Idiotopes play the roles of antigens
for other antibodies. It means that each antibody may be seen by other antibodies
as an antigen if its idiotope corresponds to the paratope of these antibodies. This
concept is illustrated in figure 2 by the Ab1 antibody which has both paratope and
idiotope. This regulation mechanism enables the immune system to maintain an
effective set of cells and self-organise in order to deal with antigens. Indeed, the
stimulation/inhibition links are based on affinities between antibodies to deal with
specific antigens. If two type of antibodies are able to match two similar type of
ACM Journal Name, Vol. XX, No. XX, XX 20XX.
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Paratope Behaviour specification Idiotope

precondition under which
this behaviour is stimulated

attributes, codes, data, be-
haviour and intern idiotypic
network

references to stimulating be-
haviours and the degree of
the stimuli (affinities)

Table I. Antibody description

antigens then they will have affinity and will stimulate each other. On the contrary
if antibodies are built to deal with very different types of antigens they will inhibit
themselves.

2.3 Immune System Based Agent Architecture

Jerne’s Idiotypic Network has already been used as agent architecture, for example
in [Watanabe et al. 1999]. Such architecture is an interpretation of the Jerne’s
theory. We use concepts developed in that work for a single agent case as a basis for
the approach presented in this paper. The main principle of this architecture is that
each antibody represents a possible behaviour of the agent with it preconditions and
affinities with other antibodies. It is an arbitration mechanism which allow both
the choice of a single behaviour according to some stimulations, the antigens, and
learning with the continuous computation of affinities between these antibodies.

First, antibodies are represented by agents. This analogy is depicted in table I.
An antibody is divided in three parts. The first is the precondition. It states under
which circumstances the antibody is stimulated. That is to say in which context
this antibody may execute it’s associated behaviour. This part is an analogy with
the real antibody paratope which tries to match antigens epitope to recognise them.
The second part specifies the behaviour of the antibody. It is the behaviour which
is executed when it is selected. The behaviour of the real antibody is to bind to
the antigen.
The third part is composed of references to other antibodies with degree of stim-
ulation (affinity). It is the idiotope part of the antibody by which it is recognised
and allows interactions (stimulation/inhibition) with other antibodies.
The Jerne’s Idiotypic network is defined by the different antibodies and their affini-
ties. Affinities are either stimulation or inhibition between two antibodies. An
example of idiotypic network is presented in figure 3. In the right part of this
figure, the arrows from antibody i to antibodies {1, ..., k, ...M} denotes that the
antibody i has affinities with antibodies {1, ..., k, ...M}. It means that antibody i
either stimulates or inhibits antibodies {1, ..., k, ...M}. In the left part of the fig-
ure arrows from antibodies {1, ..., j, ..., N} to antibody i denotes that antibodies
{1, ..., j, ..., N} have affinities with the antibody i. mji and mik denote affinities
between antibody j and i, and between antibody i and k, respectively. The affinity
means the degree of stimulation or inhibition. It is important to note that the affin-
ity relationship is not commutative. Whatever the affinity between an antibody i
and an antibody j it doesn’t influence the affinity from antibody j to antibody i.
The antibody population is represented by the concept of concentration. In [Farmer
et al. 1986] authors propose equations (1) and (2) to compute the concentration of
the antibody i, denoted by ai, using the stimulation/inhibition links. The concen-
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Antibody i

paratope behaviour

paratope behaviour

paratope behaviour

paratope behaviour

paratope behaviour

paratope behaviour

paratope behaviour

Antibody 1

Antibody j

Antibody N

m1i

mji

mNi
Antigen 1

miM

mik

mi1 Antibody 1

Antibody k

Antibody M

Fig. 3. Idiotypic network

tration computation is divided in two steps.

dAi(t)
dt

= (α
1
N

N∑
j=1

mjiaj(t) − α
1
M

M∑
k=1

mikak(t) + βmi − ki)ai(t) (1)

ai(t) =
1

1 + exp(0.5 − Ai(t))
(2)

The first step is described by equation (1). In this equation, the first and sec-
ond term of the right hand side denote the stimulation and inhibition from other
antibodies respectively. mji and mik are positive values between 0 and 1. The
third term, mi, is 1 when antibody i is stimulated directly by an antigen, otherwise
0. The fourth term, ki, denotes the dissipation factor representing the antibody’s
natural death. The equation (2) which is the second step of the concentration com-
putation uses the temporary value of Ai(t+1) result from equation (1) and squash
this parameter between 0 and 1. The concentration ai(t + 1) then belongs to [0, 1].
An antibody is selected based on the probability proportional to the current con-
centrations (roulette-wheel selection strategy).
Adaptation mechanisms are usually classified into two types: on-line adjustment
mechanism and innovation mechanism. This article only takes into consideration
the on-line adjustment mechanism that initially starts from the situation where the
idiotopes of the antibodies are undefined, and then obtains the idiotopes using rein-
forcement signals so the idiotypic network structure can be rearranged at run-time
by changing affinity values.
Therefore affinity values are all initialised with 0 and adaptation mechanism con-
sists in computing the affinity values using the analysis of reinforcement for executed
antibodies behaviours. This process builds up the idiotypic network.
The equation (3) describes how affinity m12 between antibody 1 and antibody 2 is
computed.

m12 =
TAb1

p + TAb2
r

TAb2
Ab1

(3)

—TAb1
p is the number of times penalty reinforcement signals were received when
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ImmuneSystem Antibody

behavior()

analyseAction()

*reinforcement()

updateAffinities()

environmentAnalysis()

*antigens()

*[stimulated]broadcast()

computeConcentration()

stimulationTest()

sendConcentration()

chooseWinningAntibody()
execute()

Fig. 4. A complete step of the immune system interactions

Ab1 was selected.

—TAb2
r is the number of times reward reinforcement signals were received when

Ab2 was selected.

—TAb2
Ab1 is the number of times both, Ab1 and Ab2, have reacted to specific antigens.

This approach means that the immune system learns from results of its own
behaviour.

Figure 4 details the interactions resulting from the perception of an antigen by the
immune system. The perception and encoding of antigens is done by an analysis of
the environment. The perceived antigens are sent to all antibodies. Each antibody
check if it is stimulated by the antigen and if stimulated broadcasts it affinity
values. It means that a stimulated antibody will either stimulates or inhibits other
antibodies. These stimulations and inhibitions are integrated by each antibody to
compute it concentration. They are respectively the first and second component of
the equation (1). The fact that the antibody is stimulated or not by this antigen,
is integrated in the third component of this equation mi. The antibodies then
send their concentrations to the immune system for selection. The antibody with
the greater concentration is chosen and executes it behaviour. After execution the
results are analysed by the immune system which sends rewards or penalties which
are used in the equation (3) in order to update the affinities of each antibody.
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< reinforcement

Idiotypic networkAntibody

affinities

Immune system Organization

< antigen
> concentration

Fig. 5. Organisational model of the Artificial Immune System

3. HOLON IMMUNE ARCHITECTURE

This section presents how a holon immune architecture can be constructed based
on the immune system principles. In section 2.1 the basic elements of the holonic
framework in terms of roles and their interactions were introduced. This frame-
work makes no assumption on the holon decision making mechanism. For concrete
applications, one has to use such a mechanism. We have chosen to use the immune
system as a basis for holon decision making. The reasons that leaded us was the
following: first the immune system can easily be integrated in holons of an holarchy.
Thus it constitutes a generic decision making architecture which can be deployed
for specific applications. This mechanism enables holons to exhibit adaptation
ability. Indeed, it allows holon to respond to any new situation and environmental
changes. Second, the immune system has self-organisation and learning capabilities.
It varies continuously and its structure change according to dynamic change of the
environment. For example, antibodies may disappear if they don’t take part in any
interaction. This simulates natural death of non stimulated antibodies. These fea-
tures are required for deploying self-organised holarchies. This section presents first
the generic principles of the integration of the immune system within the holonic
framework and then the integration for the example of robot soccer simulations.

3.1 The Immune System Organisation

As discussed before a holon is modelled using the Holonic Organisation, to define
the structure of the super-holon, and a number of Internal Organisations, to define
its behaviour. Then, as members play roles inside their super-holon, we need an
organisational model representing the immune system. Such a model is depicted in
figure 5.

Two roles are present in the organisation. First the Antibody role describes
the behaviour exhibited by Antibodies in the network. Antibodies influence each
other through the affinities interaction. When appropriate, antibodies will send
stimulation/inhibition stimuli, according to the affinities values of the antibody,
to other antibodies. With these stimulations/inhibitions and the present antigens,
each antibody computes its concentration using the equations (1) and (2) of section
2.3.

The IdiotypicNetwork role is added in order to interact with the antibodies. If
the situation changes then a new antigen must be fed into the immune system. The
ACM Journal Name, Vol. XX, No. XX, XX 20XX.
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IdiotypicNetwork role can inform the Antibodies of the new antigen the network
has to ”fight against” through the Antigen interaction. An antibody, the winner,
is selected. It is the antibody with the greatest concentration. Once chosen, the
winner can act according to it defined behaviour. The chosen Antibody can be
rewarded or penalised using the Reinforcement interaction. The reinforcement is
used by each antibody to update its affinities according to equation (3) of section
2.3.
This organisation is the abstraction of the sequence diagram of figure 4. Using this
organisation we describe the behaviours and interactions that agents should exhibit
in order to use the immune system as an arbitration mechanism.

3.2 Hierarchical immune based architecture

For each holon H whatever its level in the holarchy, we associate an immune system.
This immune system is modelled by the Immune System Organisation, see figure
5, and is introduced in the holon as an internal organisation. This means that the
domain-dependant decision-making process of super-holon H is done by the immune
system. This immune system takes as input (antigens) the interactions between
the holons members of super-holon H and the perception of H.

The decision made by the immune system, the selected antibody, will be fed into
the member holons which in turn will compute their behaviours according to the
same principles. It means that each sub-holon of H encapsulates an immune system
organisation for decision making according to it specific goals and objectives.

Super-holon’s members take decisions based on the immune system. This intro-
duces the immune system as a decision-making process for holonic systems. At the
same time, the immune system can be modelled hierarchically, where decision at
one level can be fed to lower levels describing simpler behaviours.
The use of the immune system then allows each level of the holarchy to exhibit
adaptation feature. Indeed, the immune system is an adaptative system which on
the one hand can act as a decision making mechanism for an holon and on the other
hand which can be modelled according to holonic concepts. The last fact consists
in viewing the immune system as an holonic artifact composed of sub immune
systems.

3.3 Example of architecture

The FIRA Robot soccer competitions began in 1996 using real robots and simula-
tors [Kim 1996]. It is an example where real-time coordination is needed. Indeed,
the principle is that two teams of autonomous robots to play a game similar to hu-
man football. It constitutes a benchmark for several research fields, such as MAS,
image processing and control.
Adopting the FIRA competition as a case study, a three layers system has been
developed to coordinate a robot soccer team. Each layer deals with a different level
of abstraction, as shown in figure 6.
First, the high level immune system, called team level, decides a strategy for the
team and assigns appropriate roles to robots according to the situation. These roles
(defence, attack, midfielder, etc) are defined by the strategy followed by the team
as a whole. This immune system is placed in each team holon.
Second, the medium level immune system deals with role-playing by robots. It
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Fig. 6. Holonic System using an Immune System Architecture

computes an aim point for the robot corresponding to the role decided by the high
level immune system.
Third, the low level immune system computes the robot trajectories.
The use of immune system in these levels allows each team to adapt to environ-
mental changes from ball and opponents movements to opponents strategy. The
immune system learns how to chose a fitted behaviour according to a specific con-
text. New behaviours can be generated to answer new needs and regenerate the
antibodies population.
Even if the general structure of the holarchy remains the same it composition in
terms of holon behaviours change according to the dynamic of the immune system.
These changes may be considered as reorganisations.

3.3.1 High level immune system. The high level network has been designed to
coordinate a team of robots for a robot soccer environment. This means that the
network has to choose a suitable strategy and it assigns to robots the roles defined
by the strategy. The choice of he strategy depends on the game situation. This
situation is defined by several parameters which act as antigens or preconditions
for antibodies. The first parameter defines which team controls the ball. It is de-
termined by the robot which is closest to the ball. The second is in which zone of
ACM Journal Name, Vol. XX, No. XX, XX 20XX.
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Precondition Behavior Affinities

TeamInControl and (BallZone =1 or
BallZone=2 or BallZone=3)

goalkeeper, near-defender, midfielder,
left-attacker, right-attacker

Table II. High level immune system antibody example

Reception−Ball Midfielder
Defender Goalie

Fig. 7. Example of strategy roles

the field the ball is. To reduce the set of preconditions the field has been split into
9 equal zones.
According to the current situation and the chosen strategy the high level immune
system assigns roles to robots. As described above, each robot can play its own
role like, for example, attacker, goal keeper or defender. The concept of zone can
be used to assign the appropriate role to each robot. For example {goalkeeper,near-
defender,midfielder,left-attacker,right-attacker } and {goalkeeper,near-defender,near-
defender,far-defender,midfielder} are two strategies for five robots teams. The first
is dedicated to attack and the second to defend. The duplicate role, near-defender,
in the second strategy means that two robots will play this role. Figure 7 illustrates
another example of strategy.
The fitness of each strategy has to be evaluated. Strategies are sorted in two cat-
egories: defence and attack. One criterion could be that no goal was taken and
respectively a goal was scored. This criterion is assumed as long as the antibody
representing the strategy is active.
An example of antibody of the high level immune system is presented in the table
II. In this example the precondition takes into account the two parameters pre-
sented before. The first is which team controls the ball and the second concerns
the ball position on the field according to a nine zone discretization. The behaviour
defines an attack strategy with three roles dedicated to attack. The affinities are
computed during the game by the reinforcement mechanism.

3.3.2 Medium level immune system. The second immune system is called the
medium level immune system. For each robot, the medium level system takes as
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Ab7

Ab4

Ab5

Ab8
Ab1

Ab2

Ab3

Ab6

Fig. 8. Examples of medium level antibodies

Precondition Behavior Affinities

defense-far NorthEast

Table III. Medium level immune system antibody example

input: (1) a role produced by the high level immune system and (2) the game con-
text. The game context is composed by the robots and ball position. The different
roles define general principles of a behavior. For example, the purpose of the goal-
classic role is to keep opponent robots from scoring goals. This role is one of the
possible roles of the goalkeeper and it consists in trying to be on the ball trajectory.
It will be described later. Defined roles act as antigens for antibodies. This means
that for each role there may be several stimulated antibodies. The behavior of each
antibody consists in an aim point. Indeed, in the robot soccer game the robots do
not have any actuator. The only way of acting is to move in order to either push the
ball or block an opponent. Roles are thus represented by displacements. Each aim
point defines a trajectory from the actual position of the robot to this aim point.
Each aim point is given as an input to the lower level immune system. The chosen
approach is to generate a fixed number of antibodies. Figure 8 gives an example
consisting of eight antibodies. Each antibody defines a direction. The aim point of
each antibody is generated according to a circle centred on the robot and a given
distance. For the defense-far role there are eight antibodies representing different
trajectories. If the defense-far role is assigned to a robot one of these trajectories
will be selected by the medium level immune system. The role of the robot will
then consists in moving to the aim point defined by the antibody. The antibody
presented in the table III corresponds to Ab2 in figure 8.
Several aim points are generated for each role and the medium level network chooses
only one. The result of the corresponding antibody is analysed after its execution.
Fitness of chosen action must be defined in order to confirm validity of reinforce-
ment mechanism and is role dependant. For instance in the case of the goal−classic
role the criterion shown in figure 9 was assumed. The idea is to maintain drl

dbl
= drr

dbr

relationship. This relationship enables the goalkeeper to be on the ball trajectory
without knowing the real ball movements which may be complex. Indeed, it is
computed only with, the goalkeeper, goal and ball current positions. If this rela-
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Fig. 9. Goalkeeper reinforcement criterion

Precondition Behavior Affinities

ObstacleFront MoveRight

Table IV. Low level immune system antibody example

tionship is satisfied then the selected antibody receives reward reinforcement signal,
otherwise the antibody receives penalty signal.

3.3.3 Low level immune system. As described above, three immune systems
have been designed in order to implement strategies for robot soccer. For the basic
(primitive) skills such as movements to given positions and collision avoidance, the
low level idiotypic network was created. Since each robot has information about its
environment, it is possible to detect target positions and obstacles. In this study, the
low level immune system antigen represents either the aim point (generated by the
medium level IS) or obstacles (such as others robots and walls). For simplicity the
directions are categorised as: front, right, left, back. The sets of preconditions are
defined as follows: { ObstacleFront , ObstacleLeft , ObstacleRight , ObstacleBack
, None } and {AimFront , AimLeft , AimRight, AimBack } . The behaviours
corresponding to the ObstacleFront precondition are { MoveLeft , MoveRight ,
MoveBack } (table IV).

The affinities part is empty as it is constructed when the system evolves. These
affinities are computed using the reinforcement mechanism. Each robot receives re-
ward signals when current distance to aim (measured by hamming metric) is lower
than in previous step. It receives penalty signals either when it collides with an
obstacle or when the distance to the aim is greater than in the previous step. It is
possible to easily add or remove antibodies from this immune system in order to
improve or limit the robot behavior.
It allows robots to move to fixed points.
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Fig. 10. Robot Soccers Simulator

3.4 The simulator

A robot soccer simulator and an immune system API has been developed using
the MadKit platform [Gutknecht and Ferber 2000]. The interface of this simulator
during a game is shown in figure 10. This simulator gives the possibility to test
different immune system notably those described in the previous section.

3.5 Experimental Results

3.5.1 Experimental protocol. The architecture was tested with the simulator.
The tests consisted in running seven hundred games of five minutes each. During
these games the different informations, such as robots and ball positions, the goal
scored and the immune system data, were saved to an xml file. For each observed
phenomenon an average is computed in order to to avoid an experimental bias.
For the first test we have used two teams using the same strategy consisting in the
implementation of the architecture presented in this paper. For the second test, one
team was implemented using the immune based architecture and the other used a
hardwired strategy consisting mainly in following the ball except for the goalkeeper.

3.5.2 Two immune teams test. The first series of tests were made with two
teams of five robots playing against each other. Each team used the same mecha-
nism described in this paper. At the beginning of the game the immune systems
are initialised without any affinities.
The first phenomenon observed is the capacity of the immune systems to adapt
and to learn how to play. The average time between two scored goals has been
measured. This evolution is shown in the figure 11. The discretized units of x axis
represents the scored goals. The y axis represents the average time in seconds be-
ACM Journal Name, Vol. XX, No. XX, XX 20XX.



Adaptative Agent Architecture for Holonic Multi-Agent Systems · 17

0,00

50,00

100,00

150,00

200,00

250,00

300,00

350,00

400,00

450,00

1 2 3 4 5 6 7 8

Goals scored

T
im

e

goal scored

Fig. 11. Time evolution between two goals scored

tween two goals. The points of this figure represent the average difference between
the eight first goals on the x axis and on the y axis the time elapsed since the last
goal scored. So the ”real” time a goal is scored in a game is the sum of all y’s of
previous goals.
As can been from Figure 11, time between two goals increases as the system pro-
gresses. As the immune systems evolve each team plays more efficiently and it
becomes more difficult to score a goal. For instance, as shown by Figure 11, the
time elapsed in average between goal 5 and goal 6 and between goal 6 and goal 7 is
280s, while the time elapsed between goal 7 and goal 8 then rises sharply at 400s.
The second phenomenon under study is how each team has learned to coordinate
its members. More precisely, the evolution of strategy choices has been studied.
during the games. This evolution is shown in figure 12. The discretized units of
x axis represent the simulation steps. Each unit of the y axis represent a different
strategy which the high level immune system arbitrates. Thus a point (x,y) means
that at time x the team use the strategy number y. This number has been limited
to four for readability reasons.
At the beginning of the game teams often change their strategy while affinities are
in construction and there are no real links between strategies. While the game is
in progress fewer strategy changes occur. This convergence shows that the system
has learned how to choose between the different strategies. It doesn’t mean that
the strategy the system converged upon is a ”good” one. The latter is discussed in
the second series of test.

3.5.3 Immune team against hardwired team. The second series of tests we have
run consists in assigning a given strategy to the second team. This strategy, called
from now on simple strategy, consists in a goalkeeper, a defender and three attack-
ers. The goalkeeper tries to stop goals, the defender tries to intercept the ball and
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33%

67%

Immune team half Simple strategy team half

Fig. 13. Distribution of the ball on the field

to send it against into the opponents half. The attackers follow the ball in order to
score a goal. This simple strategy is fixed. The first team implements the immune
architecture presented in this paper. The aim of these tests were to compare the
presented architecture against a hardwired one. The first phenomenon observed is
the average position of the ball during the games. The field has been split in two
halves to see if the ball is more in one half than the other. Figure 13 presents the
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Fig. 15. Team in control of the ball

percentage of time the ball was in each half. The ball is 67% of time in the half of
the team with the non immune strategy.

The second observed phenomenon is about which team controls the ball. This
was measured by the distances between the ball and the different robots. We make
the hypothesis that it is the robot nearer the ball which determines which team
control the ball. Again, the measure presented is the result of an average on all sim-
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(a) Immune system team (b) Simple strategy team

Fig. 16. Minimum distance between robots of the same team

ulated games. Figure 14 represents, on y axis, for each team the distance between
the robot nearer the ball and the ball. The x axis represents the time. It can be
seen that, except for the beginning and later for some small durations the immune
system team is the one in control of the ball. In order to clarify the distribution
of control we present the figure 15. It summarises figure 14 and shows that clearly,
with 77%, the immune system team has one of it robots near the ball.
Eventually, the third phenomenon of the second series of tests is the robot distribu-
tion on the field. Indeed, if the robots of a team are too near they lack of efficiency
in order to hinder their opponents and get the ball. Moreover, it is possible that
two robots of the same team hinder themselves. Figure 16 shows the average min-
imum distance between robots of the immune team 16a and the other team 16b.
The distance is represented by the y axis and the time on the x axis. If these two
graphics are compared it can be seen that the minimum distance range between
robots of the immune team is included in the minimum distance range of the other
team. Besides, the density of points near the range limit is more important in the
given strategy team than for the immune team. These two facts show that the
immune team has a more efficient occupation of the field.

4. RELATED WORKS

Motor schemas [Arkin 1989] are basic units of behavior. These behaviors can consist
in either movement or perception. In this sense they are similar to the behavioral
part of the antibodies in our work but motor schemas are not related as antibodies
in an idiotypic network. In [Arkin 1989] the author proposes the use of a three lay-
ers hierarchical planner for path-planning and navigation. The planner is similar
in principle with the three layer architecture of the robot-soccer example presented
in this paper. However, the choice of three layers is problem dependant and is
a specific solution for the robot-soccer problem. As many layers as needed can
be available for another problem or for a different solution for robot-soccers. The
planner architecture is designed for a singe agent case and does not take into accont
MAS. It is also difficult to tackle multiple objectives and the architecture does not
integrate a learning mechanism.
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Three-layers architectures, see for example [Gat et al. 1997], are common for au-
tonomous mobile robots. The differences between these approaches and the one
presented here is that again they only take into account a single agent case and are
hardwired architecture without learning mechanism.
Well-known arbitration architectures like subsumption of Brooks [Brooks and Con-
nell 1986] and Agent Network Architecture of Maes [Maes 1989] do not take into
account adaptation for the former or multiple-objectives for the latter. Moreover,
subsumption is based upon a fixed hierarchy of modules which may be hard to de-
sign for any application and does not allow flexible behaviors. In ANA the modules
are not sorted but are predefined.

It is actually difficult to find a MAS architecture which can fit with dynamic
environments and open systems. Self-organization is an answer to such problems.
Adaptation in self-organizing systems [Serugendo et al. 2003] can be achieved by
several techniques such as pheromone propagation [Mamei and Zambonelli 2004].
These techniques are aimed at very simple behaviors such as exploration. More-
over, it is difficult to take into account multiple objectives.
The metaphor of the immune system has already been used in computer science
for a wide variety of applications, e.g. [Dasgupta and Forrest 1995; Foukia 2004].
For surveys on immune systems applications one can read [de Castro and Zuben
2000; Dasgupta and Attoh-Okine 1997]. There are several computational mod-
els used to implement interpretations of the immune system. Among them: the
idiotypic network of Jerne used for example in [Y.Watanabe et al. 1998; Suzuki
and Yamamoto 2000a] and the clonal selection mechanism [Hightower et al. 1996].
The latter is based upon the proliferation of antibodies that best match detected
antigens. Many applications of immune systems deal with recognition of foreign
intrusions to distinguish self and non-self entities in the computer security field for
example [Foukia 2004; Steven and Hofmeyr 2001]. The work presented here is con-
cerned with immune systems as adaptive building blocks for a holonic architecture.
In this way behaviors must be associated with antibodies. Examples of such an
use of the immune system are presented in [Y.Watanabe et al. 1998; Suzuki and
Yamamoto 2000a]. To the knowledge of the authors, among these approaches, none
of them tackles the problem of multi-agent coordination and adaptation. Moreover,
system goals are often unique unlike the approach presented here which allows for
an objective per level.

5. CONCLUSION

This paper presents an approach that integrates the immune system provided by
Jerne’s Idiotypic Network into a holonic system in order to introduce a decentralised
decision-making mechanism into an HMAS. The role of the immune system is the
arbitration of several behaviours. The behaviour resulting from the arbitration
of a level, given by the head encapsulated immune system, is used as an input
by members of this level. Each part of a level can be a holon composed of a
head encapsulating an immune system and interacting with members and so on
recursively.
This architecture enables the coordination of interacting entities at several level of
abstraction and adds adaptive capabilities to these entities. This approach has been
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illustrated with a HMAS dedicated to robot soccer simulations. The advantages
of this approach are numerous. The first one is that immune system has learning
capabilities. This means that it is able to find at runtime the appropriate behaviours
to different stimulations. It also enables the decomposition of behaviours at several
levels of abstraction making them simpler to design. It separates the different goals
of the system and their learning mechanisms, this goal modularity makes the design
easier and the adaptation more pertinent. Eventually, it allows agents to coordinate
and MAS to self-organise dynamically. Indeed, behaviours of each holon help its
sub-holons to react to stimulations and to organise in order to solve the problem
at hand.
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