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Raphaël Duboz1, David Versmisse2, Gauthier Quesnel2, Alexandre Muzy3 and Éric Ramat2
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Abstract
The Multiagent Systems (MAS) paradigm is considered
here in the context of the Modelling and Simulation
(M&S) theory [18]. Our aim is to deal with some of the
fundamental concepts of MAS in the light of a formalism
associated with well known simulation algorithms. This
should improve the use and intelligibility of MAS. On the
other hand, MAS are systems where drastic changes of
structure and behaviour can occurred. Hence, we consider
a formal and operational framework that supports dy-
namic structures, the Dynamic Structure Discrete EVent
Specification system (DSDEVS) [1]. The approach is fi-
nally applied to a fishery model.

1 Introduction
Multiagent Systems (MAS) appear as a relatively new
and powerful metaphor for complex systems modelling.
On the other hand, currently, simulation is increasingly
used to test complex systems behaviours. Hence, it is cru-
cial for the MAS paradigm to dispose of well defined al-
gorithms. Moreover, complex systems necessitate to be

studied by different domain specialists. These specialists
must be able to communicate the model architecture and
behaviour to a large scientific community. In other words,
the specification of MAS must be based on an unambigu-
ous formalization.
Usual MAS specifications do not account for structure
changes during the simulation. Among these specifica-
tions, one can distinguish two kinds of formal approaches:
those dealing with structure specifications and those deal-
ing with behaviour specifications. For instance, one of the
first J. Ferber’s formal approach was the Block-like Rep-
resentation of Interactive Components (BRIC) [3]. The
main limitation of BRIC (as argued by the author) is that
it does not enable the formalization of the structure evo-
lutions of the system (i.e., connections between agents,
agents and environment and therefore the dynamic of in-
teractions). We can cite another paper written by P. Gruer
et. al. [5] where Object-Z and Statecharts are combined to
deal with MAS formalization. In this work too, it remains
difficult to formalize dynamic changes of structure.
In this paper, we consider the works initiated by B.P. Zei-
gler in the 70’s [18]. These works aim at defining a theory
of M&S as a formal framework for the specification of
dynamical systems. In this context, we adopt a dynamical
definition of MAS.
By tackling certain problems related to the modelling
of ecosystems, A.M. Uhrmacher proposed the use of a



dynamic structure specification for the formalization of
MAS [13]. Nevertheless, this work does not guaranty the
consistency of models behaviour considering several hi-
erarchical levels of specification. Furthermore, we think
a non-trivial analogy exits between MAS and M&S the-
ory. Uhrmacher’s approach gives a first mapping between
MAS concepts and the M&S theory [14]. To formalise
this mapping and ensure behavioural consistency of hier-
archical MAS, we consider here the works undertaken by
F. Barros which provide a formal framework to deal with
dynamic changes of structure: the Dynamic Structure
Discrete EVent Specification System (DSDEVS) [1, 2].
This framework respects all the fundamentals of the M&S
theory.
In this paper, we start by briefly introducing the M&S the-
ory. Then, we establish an analogy between this formal
framework and some concepts of MAS paradigm. After,
we present a concrete implementation of our approach.
Finally, we finish this article by a discussion and some
perspectives.

2 Background
The M&S theory intends to be as general as possible. It
addresses major computer science issues related to the
field of modelling and simulation. M&S theory aims to
develop a common framework for the specification of dy-
namical systems. We do not present here the whole of this
theory. We advise the interested reader the second edition
of B.P. Zeigler’s [17].

2.1 General principles
In order to specify dynamical models, B.P. Zeigler intro-
duced the Discrete EVent System Specification formalism
(DEVS) [17]. In DEVS, “atomic models” describe a sys-
tem’s dynamic and “coupled models”, the inner structure
of the system. In a hierarchical way, coupled models de-
scribe connections between atomic and coupled models.
We give here three fundamental concepts related to DEVS
in order to better understand the aim of this formal ap-
proach:

• Models coupling,

• Property of closure under coupling,

• Separation between formal models and their abstract
simulators.

The first concept indicates that it is possible to couple
atomic models in a hierarchical way. Models coupling
implies modularity, a concept which is related to object-
oriented concepts. The resulting model is named a “cou-
pled model” or a “network of models”.
The property of closure under coupling ensures that a
DEVS hierarchy (connected coupled and atomic models)
is behaviourally equivalent to a single atomic model. This
concept allows the composition of models at several hier-
archical levels.
The third concept establishes an equivalence between
DEVS formal models and the corresponding simulation
algorithms (the abstract simulators). These simulators
provide a separation of concerns between the simulation
procedure and models, thus promoting model reuse.
In 1985, G. Klir was the first to introduce the concept
of dynamic structures within a framework of modelling
and simulation [6]. After, F. Barros introduced the DS-
DEVS formalism [1]. The latter constitutes the most sat-
isfactory formalization for the modelling of dynamical
changes in structure. Let us cite F. Barros writing about
dynamic structure systems in general [1]: “[. . . ] struc-
tural changes can better reflect dynamic of real systems
we want to model in which drastic changes of structure
and behaviours can be observed”. This assertion is par-
ticularly relevant in the context of MAS where relations
between agents are likely to change dynamically. Thus,
DSDEVS is worth for the formalization of MAS in the
context of dynamical systems.
In order to give the reader the formal notions and general
concepts, we introduce here after the DSDEVS formal-
ism.

2.2 Formalization of the dynamic changes
of structures

A DSDEVS model defines a network of models such as:

DS DEVN∆ =< X∆,Y∆, χ,Mχ >

where:

∆ is the name of the network of models that the DS-
DEVS defines,



X∆ is the set of the couples of input port-events of the
network of models,

Y∆ is the set of the couples of output port-events of
the network of models,

χ is the name of the executive model,

Mχ is the model of the executive. Mχ defines the
dynamic of the structure (i.e., topology and compo-
sition of the network of models).

X∆ = {(p, v)|p ∈ IPorts, v ∈ VX∆ } is the set of input ports
and input values, with VX∆ the set of the possible values
for input and IPorts the set of input ports’ names.
Y∆ = {(p, v)|p ∈ OPorts, v ∈ VY∆ } is the set of output
ports and output values with VY∆ the set of possible val-
ues for output and OPorts the set of output ports’ names.
The connection of output ports with input ports define the
topology of the graph of coupled models.
Mχ specifies the active ports at a given time. Mχ is a par-
ticular atomic DEVS model such as:

Mχ =< Xχ,Yχ, S χ, δextχ , δintχ , λχ, taχ >

S χ is a particular tuple defining the set of states of the
system. Any change in this tuple implies a change in the
structure of the executive model. The set of states S χ of
the executive model is defined by:

S χ = (Xχ
∆
,Yχ
∆
,Dχ, {Mχi }, {I

χ
i }, {Z

χ
i, j},V

χ)

where:

Xχ
∆

is the set of input events on the DSDEVS,

Yχ
∆

is the set of output events on the DSDEVS,

Dχ is the set of the models’ names composing the
network,

Mχi is the set of models composing the network ∀ i ∈
Dχ,

Iχi is the set of influencees of i ∀i ∈ Dχ ∪ {χ,∆},
i.e. the set of models which can send an event to the
model i, including the DSDEVS model itself,

Zχi, j is the i→ j output to input function ∀ j ∈ Iχi ,

Vχ is the set of other state variables useful for the
computation of transition functions.

The state S χ has the information about the structure of the
DSDEVS. If any change occurs in this state, the structure
of the executive network is modified.
The various functions of the executive model are the same
as in an atomic DEVS model. The time advance function
taχ defines the time a model remains in the state s ∈ S χ if
no external event occurs. It is defined by:

taχ : S χ → R+

the set Qχ of total states of the system is:

Qχ = {(sχ, e)|sχ ∈ S χ, 0 < e < taχ(s)} where e is the
elapsed time in state sχ.

The concept of total state (sχ, e) enables the specification
of a future state according to the time elapsed in the cur-
rent state. It also makes possible the specification of the
external transition function. Indeed, DEVS proposes two
transition functions in order to make the difference be-
tween the autonomous evolutions of a model from these
due to external events. The external transition function is:

δextχ : Qχ × Xχ → S χ
This function specifies the response of the system to input
events.
The internal transition function (autonomous part of the
model) is defined by:

δintχ : S χ → S χ
This function specifies the lifespan of a state sχ evaluating
ta(sχ) when entering in state sχ.
The output function is an application of the set of states
S χ into the set of output ports-events Yχ. It is defined by:

λχ : S χ → Yχ
This function is activated when the time elapsed in a given
state is equal to its lifespan. Consequently, λχ is defined
only for active states, i.e. ∀sχ|taχ(sχ) , ∞.
Owing to the fact that changes of structure take place on
internal or external transitions in the executive model, we
can distinguish the autonomous changes (or internal tran-
sitions) from changes caused by external models. More-
over, the hierarchical decomposition enables to build DS-
DEVS coupled models. Lastly, as in DEVS, it exists ab-
stract simulators for DSDEVS. The interested reader can
refer to the article introducing the formalism [1].



3 Agents in a dynamical structure
formalization

3.1 The agent
We consider an agent A as a DSDEVS model. Messages
are exchanged between agents and/or between agents and
the environment using discrete events. Values taken by
the ports of the DSDEVS model match with values of ex-
changed messages between the different models of agents.
The definition set of values taken by discrete events for the
agent A is defined by VXA . We can differentiate the ports
receiving messages coming from other agents from those
coming from the environment, or necessary for the simu-
lation. The same can be assume for YA with regard to the
emission of messages outside from the agent. Thus, we
can formalize an agent A as follow:

DS DEVNA =< XA,YA, A,MA >

with the following precisions regarding a classical DS-
DEVS model:

XA = XAagent ∪XAenv ∪XAsim the union of the couples of
ports-events defined for the messages coming from
other agents (XAagent ), from the environment (XAenv ) or
useful for the simulation (XAsim ),

YA = YAagent ∪ YAenv ∪ YAsim with the same definitions
for messages sent by the agent.

3.1.1 The perception

Perception is specified by the arrival of external events on
the model’s ports. These events change the state of one or
several models, which compose the executive MA. There-
fore, we consider perception in two ways.
First, the perception devices are specified by XAagent and
XAenv . We can call them “receptors”. The definition of
these sets specify the type of messages exchanged by the
agent with the outside. This is the structural aspect of per-
ception.
Secondly, we consider the functional aspect of the per-
ception that implies a change in state. Assuming A as an
agent formalized through a DSDEVS, the perception PA

of A is defined as the set of external transition functions
such as:

PA = {δextd | δextd (Qd, (v, ipd))}

with:

(d, ipd) ∈ ZA
DS DEVNA,d

with ipd a port of model
d ∈ DA and DA the set of names of component
models of the executive model.

The evaluation of an external transition function implies a
change of internal state of the agent. The internal state of
the agent can be formalized as follows:

S A =
d∈{DA}
× S d

Owing to the fact that the definition domain of the values
taken by the ports is not restricted, we can assimilate any
type of messages coming into the agent model through
receptors as stimulus.

3.1.2 The actions, the proaction and the reaction

In a MAS, the actions of agents can be of different types:
displacement, destruction or modification of an object of
the environment, information deposit, etc. We can rep-
resent these actions by a discrete event generated by the
agent, i.e., the emission of an external event by an output
function. In the same way that for perception, action is
considered in its structural and functional aspects. There-
fore, YAenv and YAenv are named “effectors” and considering
A as an agent formalized through a DSDEVN, the action
FA of A is defined as the set of output functions such as:

FA = {λd | λd(S d) = (v, opd)}

with:

(d, opd) ∈ ZA
d,DS DEVNA

where opd is an output
port of model d ∈ DA.

Action can be divided in two components, proaction
and reaction. The concept of proactive models exists in
DEVS. It is attributed to an atomic or a coupled model
which has only output ports (i.e., X = ∅ and Y , ∅).
Thus, the behaviour of the model is driven by the internal
transition functions. The proactivity can thus be seen as
the set of output functions which originated in a proactive
model. Considering Mp as the set of proactive models
composing an agent A, we can formalize the proactivity
WA as follows:



WA = {λdp | λdp (S dp ) = (v, opdp )}

with:

(dp, opd) ∈ ZA
d,DS DEVNA

,

and dp ∈ Mp with Mp ∈ DA is the set of proac-
tive components in the agent model.

At this point, the definition is incomplete. Indeed, a
proactive model can involve a change of state in another
model composing the agent. A consequence can be that
the latter computes an output function related to the arrival
of an external event coming from the proactive model.
Thus, there can be any number of transitions, in any num-
ber of component models, between the emission of an
output value by the proactive model and the emission of
an output value by the agent model. More embarrassing
is the case where we consider the dynamical aspects of
the system to define the proactivity. The same output
can originate in a proactive model or not. For example,
a physical displacement of an agent can be either a proac-
tive action, or a reactive one: it depends on the dynamic
and environmental context of the agent.
The reactivity runs up against the same difficulties. Nev-
ertheless, as for the proactivity, we can give a minimal
definition of the reactivity of an agent. Considering A
as a model of agent, a part of the reactive actions of A
can be formalized as being the set of the output functions
associated with the model A and the transitory states of
component models d ∈ DA. Indeed, the transitory states
allow to simulate the emission of an output on an external
transition. This reaction to an input event can define the
reactivity RA of A such as:

RA = {λd | λd(sd) = (v, opd), ta(sd) = 0}

with:

sd ∈ S d | D ∈ DA − {Mp} the set of the states of
component models which are not proactive,

(d, op) ∈ ZA
d,∆A

where opd is a the set of output
ports of model dp ∈ DA − Mp,

The action and the reaction are considered here in their
minimal definitions as a functional interface of the agent
with respect to the outside.

3.1.3 Autonomy

The concepts of action and reaction have to be related
to autonomy, which is more than the union of internal
transitions of a DSDEVS model. Indeed, the proactive
behaviour of an agent can be the consequence of an au-
tonomous “decision-making” in a proactive model which
sends events towards component models. Thus, the set
of functions of the component models which are not con-
nected to the input or output ports of the agent model,
defines the autonomy of the agent.
Regarding an agent A as a DSDEVS, all the external tran-
sition functions, which are not receiving a discrete event
related to an input port from the agent coupled model,
and all the internal transition functions of the component
models of the agent, define the autonomous behaviour O
of agent A. We can write:

OA = {δintd ∪ δextd | δextd (S d, (v, ip))}

with:

(v, ipd) < ZA
∆A,d

where ipd is a wearing of input
and v its value,

S d is the set of states of the component models
d ∈ DA.

3.1.4 Behaviour

Perception, action, proaction and autonomy formalize the
behaviour CA of the agent A as follows:

CA = FA ∪ PA ∪ OA

Here, all the transition functions composing the agent
specify its behaviour. Only the functions of time advance
(i.e., ta) do not appear here. These functions define the
problem-specific timings of agents to perceive and act.
The structure of A (component models of A and the asso-
ciated interaction network) participates to the definition of
behaviour. Then, a change of structure in the agent model
implies a change of behaviour. An agent can change its
own structure according to the value of external or inter-
nal events, which modifies its state S A. Hence, the spec-
ification of these changes can be given by δextA and δintA

of the executive model of A. This implies that the agent
can have autonomous or non-autonomous changes in its
behaviour.



3.2 The multiagent system: agents and en-
vironment

3.2.1 The environment

The environment can be modelled in many ways. Gener-
ally, three cases occur [10]:

1. A centralized environment.

2. A “distributed” environment.

3. An environment seen as an agent.

In the first case, the environment is defined by only one
mathematical structure, which contains and represents all
the elements of the environment. We give here an exam-
ple of formalization of a centralized environment. Such a
structure can be formalized by an atomic DEVS model as
follows:

DEVS env =< X,Y, S , δext, δint, λ, ta >

where:

X and Y are respectively the set of input and output
ports,

S = {(phase, E,M)} is the set of states,

with:

phase which takes the values Idle or QXi |i =
1...n, with n the number of input ports of the
model,

Idle is the passive state. Each input ports Xi

corresponds to a potential question for the en-
vironment,

E is the set of passive entities of the system (the
set of space coordinates of static objects of the
environment, for instance),

M is the set of data in concern with the metric
of space (origin of the axes, space dimension,
etc.),

δext : (Idle, E,M) × Xi → (S i, E,M) corresponds to
the reception of the question by the environment,

λ(si, E,m)) : (S i, E,M) → Yi is the set of environ-
ment responses to external requests,

δint : (S i, E,M) → (Idle, E,M) is the return to the
passive state after answering a question,

ta(Idle, E,m) = ∞, the environment is still waiting
for a question,

ta(S i, E,m) = 0, answers to questions are instanta-
neous.

Owing to the fact that ta(S i, E,m) = 0, there is only one
external transition function applied to the passive state
(idle, E,m). This formalizes instantaneous interactions
between agents and their environment. The state E of the
environment stores environmental objects. In the case of
a distributed environment, the environment is defined by
a set of cells. Each cell can be seen as a centralized envi-
ronment. The interested reader can refer to Wainer’s and
Giambiasi’s work [16] where cell-DEVS is defined. In
the latter case (assuming the environment is an agent) we
can use the DSDEVS formalization of agents given in this
article.

3.2.2 The MAS

We can formalize a MAS as follows:

DS DEVNMAS =< XMAS ,YMAS , χ,Mχ >

where the state of the executive model Mχ contains the
set of models Mχi composed of the agents and of the en-
vironment. The external function of transition from Mχ is
written then:

δextχ : Zχ × Xχ → Zχ

i.e. it modifies the connections of the executive model. If
the internal transition function δintχ of the system exists,
that implies that the MAS itself can change its own struc-
ture. If it is considered that a MAS is not itself an agent,
this function should not be specified.

4 A concrete implementation

4.1 The fishery model
We present a simple fishery model [15] with only one har-
bour and several boats with the same activity: fishing on
a single species. The boats move on a surface which is di-
vided into cells where live fishes. A microeconomy model



considers the current price of fish as well as the boats fuel
consumption.

Each boat is an agent with the following characteristics:

• A speed.

• A fuel consumption.

• A fishing effort (which conveys the capacity to cap-
ture fishes).

• A scenario of fishing (a list of spatial cells to visit
associated with a fishing time).

Every boat goes to the port to seek a fishing scenario.
Thereafter, it goes to the sea for fishing. During the latter,
the boat notes its fuel consumption as well as the quantity
of captured fish.
At the end of the fishing time, it returns to the harbour to
sell its fishes and informs about its fuel consumption. The
harbour calculates its benefits. The boat asks for a new
scenario, goes to the sea and the loop starts again.
The dynamics of fish stocks relies on an analytical model.
An example of this type of system is given by the propos-
als of population/economy dynamic carried out by Gor-
don and Shaefer [4, 7, 9], on fisheries. A general expres-
sion can been given:

ẋi = fi(xi) + diixi +

n∑
j=1/i, j

di jx j, i = 1, . . . , n (1)

The equations are dependent but each of them solves a
variable: ẋi, the fish biomass in cell i, fi(xi) is the natural
growth term, di j is a spatial dispertial coefficient unique
for each cell (i, j). It corresponds to fishes moving. The
spatially explicit equation is solved by the quantization
method (see [15] for details).
The harbour is an agent. After each fishing time, boats
return to the harbour to give a summary of their fishing
(quantity of fish caught for each cell). With this informa-
tion, the harbour creates an approximate representation of
the available stock of fishes. A boat can then ask for a
new scenario with a preset policy. For instance, the har-
bour can managed fishing bans in certain areas (Marine
Protected Area or MPA). The consequence of a MPA is
that certain cells can not appear in a fishing scenario as
long as the ban is not raised (see figure 1).

4.2 Implementation

For clarity here, we do not give the entire formalization of
the system. We point out some illustrative aspects. The
concrete implementation is realized using the Virtual Lab-
oratory Environment (VLE) [8].
The harbour agent and boat agents are DEVS models.
Agents exchange information through “effectors” and “re-
ceptors” following the specification given in section 3.
The dynamic of connections is controlled by the DS-
DEVS model of the MAS.
We consider a distributed environment. Every cells is
a DEVS model solving equation 1. Couplings between
cells follow a cell-DEVS architecture. Boats are located
on cells. They move by asking the MAS DSDEVS model
to switch to another cell following their own fishing sce-
nario.
The MAS is a DSDEVS model. Figure 1 shows us an ex-
ample of execution of the model. We can see several boat
agents fishing (blue square), the harbour (black square in
the upper left corner) and the fish biomass (green varia-
tions).

5 Discussion and opened works

A first analogy between some MAS concepts and the DS-
DEVS formalism has been achieved. Then, our approach
has been illustrated through a MAS fishery.
Metaphors play a key role in M&S. It is easier for mod-
ellers to think about the model using the MAS paradigm,
because the language it uses is closer to the natural
language. By providing an analogy between the MAS
paradigm and M&S formalisms, it is ensured that a mod-
eller can correctly implement his model.
Using a formal specification enables to describe sys-
tem properties including functional behaviour, timing be-
haviour, performance characteristics and internal struc-
tures. In this sense, DSDEVS is a satisfying formal lan-
guage.
Nevertheless, a sound formal specification should involve
rules for inferring useful information from the specifi-
cation (inconsistencies, incompleteness, state reaching).
DSDEVS does not provided such rules. On the other
hand, some recent works show that it is possible to go
from DEVS to formal proving techniques mapping DEVS



Figure 1: An example of model: each cell is an area where
a fish species lives, the color conveys their biomass. The
squares are boats which are fishing and so perturb the sys-
tem. The black square in the upper left corner is the har-
bour where the fisherman can go, sell their catch, obtain
their profits and take a new scenario to go fishing. We can
see a protected area at the bottom right corner.

onto the Z formal language [12] or using the categorical
approach [11]. Even if it is tricky to use these approaches
in the context of very complex systems, these techniques
are important steps toward formal verifications in MAS.
Autonomy, reactivity or proactivity can have several def-
initions leading to several specifications. If we adopt an-
other “view” of MAS, we would change the specification
but the set of existing algorithms for DSDEVS models
simulation will remain the same. This is an interesting
property regarding further design evolutions of MAS. Fur-
thermore, we are currently working on the definition of
others MAS concepts like group, role and organization
using DSDEVS.
Another interesting perspective of our work is to consider
MAS as multimodels (several formalisms in the same
simulation model). In a previous work, we showed the
possibility of such an integration considering ordinary dif-
ferential equation, finite state automata and Petri Net [8]
embedded in DEVS simulators. It gives MAS the poten-
tial to be used in very opened systems.
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into devs simulator: A case study. In proceddings of
the Conference on Conceptual Modeling and Simu-
lation, Genoa, Italy, 28-30 Octobre 2004.

[9] J. Sanchirico and J. Wilen. Bioeconomics of spa-
tial exploitation in a patchy environment. Jour-
nal of Environmental Economics and Management,
(37):129–150, 1999.

[10] J.C. Soulié. Vers une approche multi-environnement
pour les agents. PhD thesis, Université de la
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