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Abstract. In order to apply the holonic paradigm to design Multi-Agent
Systems, there is need of a methodology. This methodology must lead
from the analysis of a problem in terms of holons to the design of a
Multi-Agent Systems. The aim of this paper is to propose a framework
to guide the analysis of such systems. This framework is based upon
organizational concepts which have been successfully used in the MAS
domain. In order to illustrate this approach we will take as example the
adaptive mesh problem.
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1 Introduction

Even if software agents and multi-agent systems (MAS) are recognized as both
useful abstractions and effective technologies for modeling and building com-
plex distributed applications, they are still difficult to engineer. When massive
number of autonomous components interact it is very difficult to predict the
behavior of the system and guarantee that the desired functionalities will be ful-
filled. Moreover, it seems improbable that a rigid unscalable organization could
handle a real world problem.

The term holon was originally introduced in 1967 by the Hungarian Philoso-
pher Arthur Koestler[13] to refer to natural or artificial structures that are nei-
ther wholes nor parts in an absolute sense. According to Koestler, a holon must
respect three conditions: (1) being stable, (2) having the capability of autonomy
and, (3) being capable of cooperation[2]. The stability means that a holon is
capable of reacting when strong perturbations are applied. The autonomy im-
plies that a holon is capable of auto-management in order to achieve its own
goals. The capability of cooperation denotes that holons are capable of working
in common projects according to shared goals with other holons or other layers
of holons.

Holonic organizations have proven to be an effective solution to several prob-
lems associated with these hierarchical self organized structures (e.g. [5], [6], [9],

[15] ).



In many MAS applications, an agent that appears as a single entity to the
outside world may in fact be composed of several agents. This hierarchical struc-
ture corresponds to the one we find in Holonic Organizations.

Frameworks have been proposed to model specific problem domains, mainly
in Flexible Manufacturing Systems (FMS) and Holonic Manufacturing Systems
(HMS), such as PROSA![17] and MetaMorph[14]. However, the Holonic paradigm
has also been applied in other fields such as cooperative work[3].

In order to apply the holonic paradigm to design MAS, there is need of
a methodology. This methodology must lead from the analysis of a problem in
terms of holons to the design of a MAS. This paper aims to propose a framework
to guide the analysis of such systems. Our architecture isn’t application domain
dependent so it can be easily reused in other domains. This framework is based
upon organizational concepts which have been successfully used in the MAS
domain [10,12,16,18].

To illustrate this approach we will take as example the adaptive mesh prob-
lem. The reader should bear in mind that the problem is intended to illustrate
the methodology rather than the complete resolution of this complex problem.

A distinguishing feature of cellular radio mobile networks is the rapid in-
crease of the consumer demand and the ensuing complexity in their design and
management. Responding to this demand requires the space to be partitioned
between a large amount of service units or cells. The adaptive meshing problem
for dimensioning considers traffic statistics as a predefined resource that must
be attributed to many adaptive low power Base Transceiver Station (BTS). In
order to treat this problem using a HMAS, each resource will be assigned with
an agent whose main and unique goal is to find a BTS that could cover the traffic
in his resource. This goal must be accomplished respecting certain constraints
like geometry and the maximal traffic an antenna can cover.

We base our approach on the Role-Interaction-Organization (RIO) Method-
ology. RIO uses a specific process and a formal notation that are described in
[12].

This work is structured as follows. Section 2 presents the HMAS and holon
internal structure. Section 3 gives detail on the basic holon roles and illustrates
the different roles on the adaptive mesh problem. Section 4 present the simulator
developed and the obtained results . Eventually, Section 5 concludes.

2 Holonic Multi-Agent Systems

2.1 The Structure as a whole

The Holonic Multi-Agent System (HMAS) Structure can be seen as a set of
hierarchical levels, where the agents can interact only with other agents at the
same level or at the level immediately below.

! The name PROSA stands for Product-Resource-Order-Staff Architecture, which re-
fer to the composing types of holons.



Figure 1 presents a possible disposition of the HMAS Structure. As shown,
only agents that are performing a Head role, are present in two different levels.
A dashed line is used to show that is the same entity in both levels. The role of
this agent is performing is independent of the role he is performing in the lower
level.
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Fig. 1. HMAS Structure

Our approach considers a HMAS as moderated groups, where each head
represents the members of his holon with the outside world as introduced by
[8,11]

In this organization every agent without any previous engagement is consid-
ered to perform what we call a “Stand-Alone” role. These agents will interact
only with the representatives (heads) of the holons to request a service provided
by the Holon.

According to their needs, they could play the “merging” role and request to
the heads their admission as a member. If accepted, the agent becomes then a
“part” of that holon (fusion).

From that moment on, until he leaves the holon, either by self decision or
command of the holon’s head, he can directly interact only with the members of
the holon. Any other request must go through the head, who will then request
that service to the outside agents.

If the satisfaction? level is not reached, the agent can either leave the holon
(fission) or try to join other holons. If no conflict arises, the agent will perform
the “multi-part” role.

2 See Section 2.2.



2.2 A holon internal structure

An agent that is interacting within a HMAS will change his role according his
needs. The whole merging system is inspired by the Immune System [4,7]. Ac-
cording to this approach, it is possible to determine if two agents are suited to
work together considering their goals and services.

Each agent has an identifier which gives all relevant information. As in the
immune system, an agent can find out the affinity he has with another by com-
paring his identifier with the identifier of the other agent, then uses this affinity
to decide whether or not to merge. Several definitions of “Affinity” can be found
depending on the problem nature. In a general sense we can say that two agents
have a high affinity with each other if their goals are similar and their services
complementary. Once again, several approaches can be taken to define when two
goals are similar.

In the meshing example, the holon’s identifier should give the position of
the agent’s resource (X, Y coordinates) and the traffic it contains. Using these
values, an agent can determine whether or not to merge.

As explained before, the affinity should give a measure of the compatibility
of the agent’s goal and services. In this particular case, both agents will have
the same goal, to ensure the coverage of their resources. Therefore, the main
problem is to ensure that the geometrical constraints are respected. The affinity
could be decomposed in two main parts:

— Distance affinity: will provide a geometry dependent value used to ensure
that the geometrical constraints are respected. As we need square meshes,
we will use two parameters to test the distance affinity. First, we will check
if the agent trying to merge is inside the acceptance distance (see Figure
2). If not, the agent will be rejected. However, if the agent is inside this
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Fig. 2. Acceptance Distance

distance, the head will calculate the real distance affinity. The affinity equals
the number of resources, that are already part of the mesh, and have an
unitary distance with the resource the new agent represents.



Lets consider three different situations shown in Figure 3. Agents in (a) and
(b) will be accepted into the holon if the maximum traffic that an antenna
can handle has not been reached. If the mesh is close to this value, agent (a)
will be privileged. However, agent, ¢ will be rejected in all circumstances.
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Fig. 3. Distance Affinity Example.

— Resource affinity: Used to ensure that the limits of an antenna are not
exceeded.

Another important parameter in the agents behavior is the agent’s satisfaction.
It enables the agent to move between different roles according to his needs. In
the mesh example, we will use the satisfaction to ensure that the agent’s resource
is covered by a mesh. We present first some definitions and then a state diagram
of the agent’s roles.

In the next definitions we will use the following notation:

H; Setof Holons the agent i belongs to
HMAS Setof all agents in the Holonic Organization
R; Role of the agent i
#H; cardinality of H;

Self Satisfaction (SS;): Satisfaction for the agent i produced by his own work.

Collaborative Satisfaction (CSF ): Satisfaction produced for the Agent i by
his collaboration with other agents of the Holon(s) he belongs to.



Collective Satisfaction (CISE ): Satisfaction Produced for the head of the
Holon H by the member agent i

Accumulative Satisfaction (AS;X): Satisfaction produced for the Agent i
p=X
ASE = " CS? where X = #H; (1)

p=0

Leadership Satisfaction (LSH): Satisfaction produced for the agent i by the
fact he is the leader (Head) of the Holon H

LSH =Y CISHEYj#i,je H

Necessary Satisfaction (NSC): Necessary Instant Satisfaction to finish the
task the agent has been assigned according to Constraints C. If the constraints
are limited to time t and t = K, then NS¢ = NSt = NSK = constant.

Instant Satisfaction (I1S;): Satisfaction produced by the work done up to the
moment (individual and accumulated).

AS; + 55; if R; = Part
Vie HMASIS; =< LS; +SS; if R; = Head (2)
SS; if R; = Stand — Alone

Using the above defined satisfaction, we can see the transitions between roles
using only satisfaction, as shown in Figure 4. Transitions are labeled by condi-
tions within square brackets. If the condition is true, the transition is fired. In
the next section we present a possible representation of the satisfaction for the
mesh problem.

Stand—Alonl: [IS<NS] Head
)

[LS > AS'] or REJECTED

[IS<NS] 1
(IS<NS)and (SS>CS)) ]

[ AS'> AS']

[LS < AS"]

Merging

[ (IS <NS)and (AS> max(LS, AS)) |
Fig. 4. State Transitions Diagram according to the agent’s satisfaction parameter

As said before, in the example the only goal of the agent is to ensure the
coverage of his resource and, at the same, time respect the constraints imposed
by the problem (Geometrical and Maximum coverage).



3 Holon Roles

An agent that wants to be part of a holonic organization should be able to per-
form different behaviors according to his status in the HMAS. Several models
were proposed in the literature to manage the interaction and the organization
between the agents [8]. In our approach each Holon has a representative (Head)
that will interact with other agents and Holons. A holon has four roles (Stan-
dAlone, Head, Part and Multi-Part) and one transitory state (Merging) .

3.1 StandAlone

As an agent joins a HMAS Organization, he has no special bindings with other
agents, and does not collaborate with any other agent. This situation represents
a Stand Alone Behavior. In this state, the agent’s decisions are not attach to
any restriction but his own goals and objectives. The agent will remain in this
state as long as he is satisfied.

In the adaptive mesh problem, the goal of the agent is to ensure the coverage
of his resource, then he will try to join a mesh immediately. The only situation
where he remains in a stand-alone role is when his resource can get an antenna
for him alone, which is a highly improbable situation. We can then say that N.S
is the maximum traffic an antenna can cover and SS the agent’s resource. If we
look at equation 2 we see that I.S = S§S. Then if the agent’s resource is not big
enough to receive an antenna of its own, he will try to merge.

3.2 Head

There are several ways how an agent can raise to the Head state. The first and
more straight-forward is when the agent becomes head by his own decision. In
this case, the negotiations with other Holons failed in the merging State (see
3.5). Another way is to become a Holon head by Command. In this case the
actual Holon head is going to change his state and needs to give up his role to
other agent. This agent becomes the representative of all the others with the
exterior world. He is then able to take engagements with other agents that will
benefit the Holon as a whole.

Several condition could lead an agent to leave his role as a the head of a
Holon: (1) The agent finished his task and commands a coworker to take his
place as the Head of the Holon. The new head is now free to take any decision
according the common goals. (2) The agent performing the head role has been
chosen to be the head of a new holon. In this case, his former Holon will be
added as a part of the new Holon he is representing. The new designed Head is
conditioned in his actions, as he must become a part of the new formed Holon
in the higher level as described. (3) The agent has no more common goals with
the rest of the agents and needs to leave the holon to search new co-workers.

In the adaptive mesh problem, an agent that performs the head role will
be responsible to respect the constraints of a mesh. He will be representing a



possible mesh in the system, and will accept or refuse other agent’s requests to
fusion according the constraints.

Although all heads represent possible meshes in the system, a Holon Head
can decide to leave his role if, after trying to improve the Holon’s satisfaction,
the satisfaction is insufficient to remain as a Holon. In order to improve the
Holon’s satisfaction, will accept new agents to increase the Holon covered re-
source, or will command member agents to leave the Holon if they don’t respect
the geometrical constraints or if the covered resource has exceeded the maximum.

3.3 Part

Once an Agent was accepted in a Holon, his autonomy is reduced because of
his obligations with the Holon. In this state, the agent can receive requests from
other members of the holon, and Commands from the Holon’s head. Commands
and Requests are treated differently. In both cases, a member(sender) of the
Holon is demanding a service provided by other agent (receiver)3. However, the
head can either make a request or a command* to a member of his holon. Com-
mands should be used only for time-critical demands and to execute engagements
of the Holon® with external agents. If a holon-part needs a service provided by
another member to execute a time-critical task, he must request this service to
the Head, who will then send a command to the service provider.

As mentioned before, heads are the only that can send Commands to other
agents and, as any other member of the Holon, can also send requests.

The Requests are simple demands to an agent for his services. The agent can
then analyze the demand and accept or refuse it. The criteria of this decision
is problem-dependent and there are no general rules. Commands, on the other
hand, are actual orders to the agent, that he can not refuse and should be treated
before any request.

As the head acts as the representative of all the agents in the Holon, he is
in title to engage the Holon in new activities®. In order to provide the Head of
a group of services he can count on (see service allocation, section 3.6), as an
agent joins the Holon, the head will allocate a group of services.

These allocated services can be used by the head to complete a task. Although
this procedure can be achieved using a sequence of request/accept-refuse with
the members of the Holon, this method speeds the execution up and ensures
that time-critical task can be done. It also avoids possible dead-locks where the
only holder of an important service blocks the whole holon.

3 The receiver could be at the same time a Holon Head and he might need to request
the service to another agent.

* The services to which a head can issue a command are restricted to the services
allocated in the merging process (Section 3.5).

® These engagements are requests of external agents that the Holon Head accepted.

5 This could be from rendering one single service to an external agent to compromised
the whole holon to become part of a higher level Holon.



In the adaptive mesh problem, the agent gets to this role if negotiations with
a Holon succeeded. He will remain in the holon if his satisfaction level is raising.
In order to calculate this value, we will consider AS™ as the sum of the resources
of the members of the holon H. If the agent remains in the holon, his goal will
be accomplished and will stay in the HMAS until the antenna is finally assigned.
However, is is also possible that the agent receives a command to leave the holon,
in that case, he must return to Stand-Alone and restart the merging process.

3.4 Multi-Part

The Multi-Part Role is a special case of the Part Role. This state is reached
when an agent belongs to more than one Holon. There are several situations to
consider(e.g: requests conflicts, forwarding requests, etc ) however these issues
are out of the scope of this paper. In the presented example, a resource must
be covered only by one antenna, then no agent can assume this role. However,
other approaches could be used to enable this behavior, like to overlap different
meshes.

3.5 Merging

The agent will get to this state if an unsatisfactory condition has arrived in his
earlier state. Meaning that is the agent’s understanding that he will not achieve
his goals respecting the imposed constraints if he remains in the previous state.
These constraints could be externally imposed (time, defined by the problem
itself, etc) or self imposed due to the need of services. There are two possible
previous states:

StandAlone: The agent is requesting to become part of a holon with his
whole services available. This means that the agent has no previous engagements
with other holons. If these negotiations fail (he was not accepted by a Holon),
he may then become a holon head himself and try to find coworkers. If he is
accepted by a Holon, he becomes a part.

Part or Multi-Part: The agent is already part of other(s) holon(s). This
is of special interest to the head of the holon where the agent is requesting his
entry. The agent must send his status when he requests the fusion into the holon.
He also sends his disponibility, a measure of the probability that the agent can
provide a determined service. The disponibility should be defined according the
problem’s definition and constraints.

3.6 Service allocation

Conflict solving is an important part of the Part and Multi-Part Roles. As ex-
plained in 3.3 an agent can receive two different kinds of demands, Requests and
Commands. Requests can be refused, so to solve a conflict an agent could use
his right to refuse a demand. However, Commands can not be refused, so the
head’s right to send commands is limited to a set of services.



In the merging process, the Head must allocate a set of services. After an
agreement was reached, the Holon’s head is entitled to send command concerning
only this set of services, while must send requests to use other services provided
by this agent.

Normally, the Head will allocate those services that are not present in other
holon-members. As the agent joins a new Holon, only a limited part of his services
could be allocated.

It is impossible then that an agent receives two commands for the same
service. It should also be considered, that some services can not be allocated
independently, e.g. the case of a create-destroy mechanism.

4 Simulation Results

One of the mayor problems in radio mobile networks is to obtain balanced and
optimal BTS usage. A simulation application was developed to tackle this prob-
lem and test the principles exposed in this paper. As in our approach one agents
is assigned to each resource, the number of agents increases rapidly when using
more detailed maps, as shown in Table 1. This problem can be easily solved if
we consider the hierarchical nature of the HMAS. The map could be divided in
independent zones, where the holon responsible of the zone will report the final
result to the simulation holon.

[Map size|[Number of Agents]

40x40 670
78x78 2694
152x152 10793
300x300 43223

Table 1. Number of Agents

The system was implemented with the Madkit platform[1], and an extension
library is being developed to support roles and protocols needed by a HMAS. Be-
cause of the high number of agents in each simulation zone, several servers were
required. In order to support these highly detailed resources maps a server/client
structure was implemented. Each server will execute the simulation of a reduced
area. The servers are provided as well with a simulation responsible called Server
Network Holon. The former is in charge of the communications with the Client
Network Holon in order to report the progress of the simulation in real-time.

For the moment, the simulation uses a fixed maximum number of meshes,
which is translated in a fixed number of agent that are allowed to move to the
Head Role. These heads consider them self as the center of the mesh and accept
or refuse possible member using their coordinates to respect the geometrical
constraints.



Future work will enable the head to reassign his role to a better suited mem-
ber. This is aimed to obtain dynamically positioning of the BTS.

Figure 5 shows the resource of the meshes found in a simulation with a 40x40
resource map. For this simulation, the maximum BTS coverage was fixed to 200.
It involved 670 agents and resulted in 21 meshes. As shown, each BTS presents
a balanced and close to its maximum usage (Y axis).

%10
2001

Resource

4] 2 4 14 1l& 18 20 22

& a2 10 12
Mesh Number

Fig. 5. Mesh resource vs Mesh Number

5 Conclusion

In this paper we have presented an approach to design HMAS. This approach
is based on the definition of typical behaviors, called roles, a holon can play
over time. Using these generic roles the agent’s behavior can be detailed to solve
a wide range of problems. We give rules which define the possible transitions
between these roles. Moreover, we give generic state variables for holons and a
merging mechanism inspired by the immune system. Using the adaptive mesh
problem we have illustrated how to apply these concepts.

Other frameworks and methodologies have been proposed [3,14,17] and, al-
though they have shown to be effective inside specific domains, a more generic
framework is needed. Indeed, it is difficult to design a HMAS without clear and
specific definitions that can lead from the analysis in terms of holon to the design
of the system.

The aim of the paper is to contribute to the definition of a framework for the
analysis and design of HMAS. We have given some elements of this framework
but it needs more work to constitute a methodology for HMAS. We plan to give
formal definition of the concepts presented using the formal notation included



in RIO which enables prototyping and formal verification (model checking or
semi-automatic deduction of properties). We also plan to apply this approach to
other problems.
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