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We deal here with the application of discrete-event System Specification (DEVS) formalism

to implement a semi-physical fire spread model. Currently, models from physics finely

representing forest fires are not efficient and still under development. If current softwares are

devoted to the simulation of simple models of fire spread, nowadays there is no environment

allowing us to model and simulate complex physical models of fire spread. Simulation models

of such a type of models require being easily designed, modified and efficient in terms

of execution time. DEVS formalism can be used to deal with these problems. This formalism

enables the association of object-oriented hierarchical modelling with discrete-event

techniques. Object-oriented hierarchical programming facilitates construction, maintenance

and reusability of the simulation model. Discrete-events reduce the calculation domain to the

active cells of the propagation domain (the heated ones).

Keywords: Discrete-event modelling and simulation; DEVS; Cellular models; Fire spread.

1. Introduction

At present, risks and costs of ecological catastrophes
make the scientific community increasingly involved in

modelling and simulating natural phenomena. The aim
is to understand the behaviour of these catastrophes to
predict them.
In environmental problems, cellular propagations (oil

spills, fire spread, floods, . . .) are numerous. The volume

of data and the complexity of these phenomena oblige
scientists to dispose simple and efficient computer tools,
which take program evolutions easily into account.
By their complexity, forest fire propagations are

among the most difficult phenomena to model and

simulate. Despite the recent availability of very accurate
and detailed physical models for laboratory cases
(Margerit and Séro-Guillaume 2002, Simeoni et al.

2002), there is no effective model capable of correctly
predicting actual forest fires. Computer simulation

can help in developing such models by comparing
simulation model outputs and experimentation. Hence,

as long as the simulation results do not match the
experimentation, the model has to be modified.
However, the multitude of parameters in interrelation
in a fire spread requires high computer capabilities and

decreases productivity.
Our final aim is to develop an efficient and easy to use

computer tool to assist physicists in modelling and

simulating fire spread (Muzy et al. 2001). Current

environments are devoted to the simulation of semi-

empirical models (Rothermel 1972) in actual forest fire

spreading applications (Lopes et al. 2002). Nevertheless,

nowadays there is no environment allowing us to model

and simulate complex physical models of fire spread.
The physical model we used to represent fire spread is

based on a reaction-diffusion equation (Balbi et al.
1998). The temperature of each cell is represented as a

partial differential equation (PDE) that has to be
discretised in the form of finite differences or finite
elements.*Corresponding author. Email: a.muzy@univ-corse.fr
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In ecological problems, both hierarchy and taxonomy
are the two basic organising principles. The use of an
object-oriented approach fits well with these two
principles. In fire spreading, another difficulty consists
in the fact that only heated and burning cells need to be
examined. Discrete-event simulation allows us to easily
design this behaviour. Concentrating on processing
events rather than cells, cells send messages only
when heated or burned. In the first case, they are
automatically adjoined to the calculation area; in the
second one they are removed from it.
Discrete-event system specification (DEVS) (Zeigler

et al. 2000) formalism enables the association of
object-oriented hierarchical modelling with discrete-
event techniques. Using this formal definition, the
correctness of the simulation engine can be soundly
proved, improving the security of simulation, reducing
testing time and increasing productivity. Moreover,
models simulation can be performed using the abstract
simulator principles introduced in Zeigler (1984).
An abstract simulator is an algorithmic description
of how to carry out the instructions implicit in
DEVS models to generate their behaviour. Simulators
corresponding to the formal description of the DEVS
models are automatically generated allowing us to save
modelling time.
Section 2 sets out the modelling and simulation

concepts of DEVS formalism. The formulation of the
mathematical model we used is presented in section 3.
Section 4 is devoted to presenting the DEVS application
to fire spread. In the Section 5, the results of the
approach are depicted and discussed. Finally, we
conclude and make some prospects.

2. DEVS concepts

The use of a modelling formalism facilitates the
development of simulations. A formal paradigm
should allow one to model the behaviour of a system
and securely translate it into an executable model.

2.1 DEVS modelling

A heuristic rule to attack model complexity is to
decompose them in less complex ones. DEVS uses
different models and sub-models coupled in a network
model to specify the behaviour and structure of a
system.
Atomic sub-models combined into coupled models can

compose a DEVS model. The atomic models give a local
description of the dynamic behaviour of the studied
problem. The coupled models represent the different
interconnections between a set of model elements
(atomic models or other coupled models).

In DEVS, models behaviour is described in a modular
way. With modular specification in general, we must
view a model as possessing input and output ports
through which all interaction with the environment is
mediated. In the discrete-event case, events determine
values appearing on such ports. External events are
received on the input ports and sent on the output ones.

A DEVS atomic model is described as:

M ¼ hX,S,Y, �int, �ext, �,Di

X is the input events set,
S is the state set,
Y is the output events set,
�int manages internal transitions,
�ext external transitions,
� the outputs,
D the elapsed time.

A DEVS coupled model is defined as:

CM ¼ hX,Y,D, fMig, fIig, fZi, jgi

X is the set of input events,
Y is the set of output events
D is an index of components

For each i2D:
Mi¼ hXi, Si, Yi, �inti, �exti, taii is a basic DEVS

model,
tai is the time advance function,
Ii is the set of influences of model i,

For each j2 Ii:
Zi,j is the i to j translation function:

Zself,j: X!Xj,
Zj,self: Yi!Y,
Zi,j: Yi!Xj.

Here ‘self’ refers to the coupled model itself and is a
device for specifying input and external output cou-
plings and internal couplings.

2.2 DEVS simulation

In DEVS, simulators are automatically generated after
defining models. Each model is piloted by an automatic
generated simulator. This allows us to describe models
independently from actual simulation procedure
improving model reuse.

Two kinds of simulation entities, called processors,
correspond to the DEVS models: coordinators and
simulators. Every atomic model is connected to its

194 A. Muzy et al.
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simulator and each coupled model to its coordinator.

The coordinator manages the simulation process

between its inferior simulators. The coordinator of the

top-most coupled model in the hierarchy is linked to

a root processor. The root initialises the simulation

and activates its subordinates until some termination

condition is met thus signifying the end of the

simulation.
To achieve the simulation, messages are exchanged

between the simulation entities. These messages contain

information describing events to process during the

simulation. Kinds of messages represent different

activities to be carried out by the models. Four types

of messages are used:

. the ‘�-messages’ associated to the internal transitions,

. the ‘x-messages’ associated to the external transitions,

. the ‘y-messages’ associated to the output functions,

. the ‘d-messages’ associated to the simulation process

synchronisation.

Message exchanges between a coordinator and a

simulator are schematised in figure 1.
A coordinator has two schedulers:

. ECH stores messages with a carried time t greater

than the simulation time T,
. EV stores messages with a carried time t equal to the

simulation time T.

When a simulator receives an x-message, it carries

out its external function transition �ext, which returns

a d-message. This d-message is transformed into
a �-message, which leads to the output function
� execution, which returns a y-message. The internal
transition function �int is then automatically executed.
This one can return a d-message.

3. Mathematical model of fire spreading

Over the last 50 years, several efforts have been carried
out in modelling forest fire spread. The problem consists
in calculating fire spread rate, flame front position and
temperature distribution in complex fuel. To make real
time simulation, complexity of fire spread and data
volume require having simple mathematical models
capable of predicting the main behavioural features
of fire.

Based on Weber’s classification (Weber 1990),
three kinds of mathematical models for fire propagation
can be identified in accordance with the methods used
in their construction. The first type includes statistical
models (McArthur 1966), which do not consider
physical information. The second one incorporates
semi-empirical models (Rothermel 1972), based on the
principle of energy conservation, but which do not
distinguish between the different mechanisms of heat
transfer. Finally, physical models (Albini 1985) describe
the various mechanisms of heat transfer and take the
finest mechanisms involved in fire spread into account.
However, solving such models requires very long

Coordinator

ECH (t > T) *

Internal coupling External output coupling

EV (t = T) x y

δext δintλ

y *

*

d

y

1

x

4 3

2

5

(1)

(2)

(1)   carried time = T

(2)   carried time > T 

Simulator

x

Figure 1. Message exchanges between a coordinator and a simulator.
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calculation times and thus they are difficult to integrate
into functional fire-fighting tools.
Currently, most real-time simulators are based on

Rothermel’s stationary model. This is a one-dimensional
semi-empirical model, in which a second dimension can
be obtained using propagation algorithms integrating
empirically wind and slope. In the last few years, we
planned to add a physical dimension to the semi-
empirical models to increase their precision and
integrate in a more robust manner the wind and slope
effects. This model is a non-stationary two-dimensional
semi-physical model (Balbi et al. 1998).
Different physical assumptions were made to reduce

the state variables needed to model a fire-spread:

3.1 An equivalent medium

The present study uses elementary cells composed
of earth and plant matter. These cells are considered
to represent a thin, isotropic and homogeneous
equivalent medium.

3.2 Exchanges with environment

The energy transferred from the cell to the air is
considered to be proportional to the difference between
the temperature of a cell and the ambient temperature.

3.3 Equivalent diffusion

Heat transferred between a cell and its neighbouring
cells is due to three mechanisms: radiation, convection,
and conduction. We assume that these exchanges can be
represented by a single equivalent diffusion term.

3.4 Equivalent kinetics

To model the combustion reaction, it is assumed that:

. combustion occurs above a threshold temperature Tig,

. above this threshold, the fuel mass decreases
exponentially,

. the quantity of heat generated by the combustion
reaction per unit fuel mass is constant.

The above assumptions give rise to the following
model:

@T

@t
¼ �kðT� TaÞ þ K�T�Q

@�v
@t

in the domain ð1aÞ

�v ¼ �v0 if T < Tig ð1bÞ

�v ¼ �v0:e
��ðt�tigÞ if T � Tig ð1cÞ

Tðx, y, tÞ ¼ Ta at the boundary ð1dÞ

Tðx, y, tÞ � Tig for the burning cells ð1eÞ

Tðx, y, 0Þ ¼ Ta for the non burning cells at t ¼ 0 ð1fÞ

Where, considering a cell:
Ta (27�C) is the ambient temperature,
Tig (300�C) is the ignition temperature,
tig (s) is the ignition time,
T (�C) is the temperature,
K (m2 s�1) is the thermal diffusivity,
� (s�1) combustion time constant,
�v (kgm�2) is the vegetable surface mass,
�v0 (kgm�2) is the initial vegetable surface

mass (before the cell combustion).

The model parameters are identified from experi-

mental data of temperature versus time. The heat

transfer of the model is schematised in figure 2.
Two numerical methods can be used to discretize the

model: the finite element method (FEM) and the

finite difference method (FDM). In a previous study,

we applied these two methods (Santoni 1997). Although

they provided the same results, the FEM appeared more

complex to implement, and produced longer execution

time. Thus, the FDM was chosen because of its

simplicity and good performance.
The study domain is meshed uniformly with cells of

1 cm2 and a time step of 0.01 s. The physical model

solved by the FDM leads to the following algebraic

equation:

T kþ1
i, j ¼ a T k

i�1, j þ T k
iþ1, j

� �
þ b T k

i, j�1 þ T k
i, jþ1

� �

þ cQ
@�v
@t

� �kþ1

i, j

þdT ki, j ð2Þ

Q
∂t

∂σν

k(T−Ta)

K∆T K∆T

Figure 2. Heat transfer of the semi-physical model.

196 A. Muzy et al.
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where Tij is the grid node temperature. The coefficients

a, b, c and d depend on the time step and mesh size

considered.

4. Fire spread simulation using DEVS

We saw above that the main constraint in real-time

simulation of fire spread is that we must deal with

large databases representing complex phenomena while

simulation time must be very small about the actual

spread.
The literature presents other approaches based on

discrete-event simulators. These simulators (Barros and

Ball 1998, Vasconcelos et al. 1995, Ameghino et al. 2001)

use DEVS formalism and Rothermel’s model.

This model is a predictable model (we know how long

it takes a cell to burn). Our semi-physical model is more

complex to simulate and unpredictable. We don’t know

the time it takes a cell to burn because it depends on the

energy flow of the neighbouring cells. However, this

model is always in a testing phase and needs to be

modified according to simulation results.
Our semi-physical model was firstly implemented with

a non-object-oriented simulation model (Santoni 1998).

Despite the good results, the developed code proved to

be complex, and showed some problems related to the

evolution of the fire spread model (wind and slope

influences, non-homogenous vegetation, etc.). To

circumvent those difficulties, we chose to use DEVS to

model and simulate fire spread.

4.1 DEVS fire spread model

The numerical resolution of the physical problem needs

the meshing of the spread domain. As illustrated in

figure 3, a first level of hierarchy is used to split up the

problem. In this simplest case (we reduced the number of

cells for understand ability), atomic models (C elements)

corresponding to the cells are interconnected by means

of a coupled model M.
A single atomic model (the A element) is linked to

every C element. It allows to initiate the fire spread by

specifying ignition zones. An input port (in.A) is used

to determine ignition location and type of ignition

(punctual or linear). Output ports (out0.A to out8.A)

are linked to every C element to send ignition

temperatures.
As detailed in figure 4, the C elements own several

ports to interact with neighbours and external models:

. Four input ports and four output ports for informa-

tion exchange between the element and its neighbours:

� in N:C � out N:C
� in S:C � out S:C
� in E:C � out E:C
� in W:C � out W:C

. an input port for the element ignition: in_A.Ci,

. an output port brings out the temperature value of the

element: out_T.Ci.

We depict in figure 5 a simplified temperature curve of

a cell in the domain.

A
in.A

out0.A

out8.A

C6 C7 C8

C3 C4 C5

in_A.C6

out_T.C6
out_T.C0

out_T.C8

in_A.C2

M

in.M

out0.M

out8.M

out_T.C2C0 C1 C2

Figure 3. DEVS fire spread model.
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Five phases corresponding to time advances and cells’

behaviour are defined from this curve. The C elements

have phases inactive, active, unburned, burning and

burned, with corresponding advance time functions ta
of infinite, 0, 1, 1 and infinite.
We have considered that above a threshold tempera-

ture Tig the combustion occurs and under a Tf

temperature the combustion is finished. Hence, we

deliberately neglect the end of the real curve to save

simulation time. An intermediate phase (active) allows

us to activate the cell when receiving the temperature of

a neighbor. As long as a cell does not receive a

temperature different from Ta, it does not propagate

its temperature to restrict the calculation domain around

the flame front.
Actually, we implement the C element algorithm

described in figure 6.

Lines 00 and 02 define the input/output ports. Line 01
sets out the state variables used. In lines 03 to 16, the �ext
transition function is depicted. This function allows us
to store the neighbouring temperatures received (lines 07
to 16) or the initialisation temperature of the cell
(lines 04 to 06). This is made by testing the input ports
(lines 04 and 07).

The output function � is activated either by the �ext or
�int transition functions (lines 19 and 26). The choice is
made testing the value carried by the �-message received
by the function. The � function allows us: to restart the
simulation at each time step (�int call); to calculate the
temperature of the cell; to send the temperature of
the cell to the neighbours (�ext call), according to the
phase of the cell and to the neighbouring temperatures
received.

The �int transition function is devoted to affect the
phase of the cell after the output function execution.
This is made by checking if the temperature of the cell
has been calculated or not (lines 46 and 54). If the
temperature of the cell has been calculated and the cell
has received an initialisation temperature (lines 46 to
53), the phase corresponding to the temperature received
will be affected. Otherwise (lines 54 to 78), depending on
the temperature of the cell: a new phase is affected (lines
59 and 68); the temperatures are initialised (lines 61 to 63
and 72 to 74); a d-message is sent to pass in the burned
phase (line 70).

4.2 DEVS fire spread simulation

The behavioural model previously introduced and
illustrated in figure 3 gives rise to the automatic
generation of the simulation tree represented in figure 7.

active

t(Ta, tig)

inactive

Tf= 60°C
Tig= 300 °C

T (K)

unburned burnedburning

Figure 5. Simplified temperature curve of a cell of the domain.

Ci
in_W.C

in_E.C

in_N.C

in_S.C

out_N.C

out_S.C

out_E.C

out_W.C

out_T.Ci

in_A.Ci

phase

Figure 4. Detail of the C elements.
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The root writes and reads data received from the

simulators and activates the coordinator. The coordi-

nator Co synchronises the messages exchange process

between the simulators SA, S0, S2, . . . , S8 that handle A,

C0, C1, . . . , C8 atomic models.
We now describe the simulation process step by step.

The evolution of the simulation can be analysed

regarding both the algorithm of the C components in

figure 6 and the coordinator and simulator message

exchange schematised in figures 9 and 10.
As depicted in figure 8, a point-ignition is applied

at t¼ 0 on the plate thanks to a temperature gradient.

This gradient allows not to create a thermal shock for

the semi-physical model. As described in figure 12, this

is represented by an incoming x-message on the

simulator SA (2), with the coordinates and the type of

ignition (linear or punctual). Then, SA sends immedi-

ately n y-messages containing the ignition temperatures

to the coordinator (5). The coordinator then transforms

the y-messages into x-messages. The x-messages are

finally addressed to the simulators involved by the

ignition (6).
These messages carry out the external transition

functions �ext of the C elements associated to the

simulators. The �ext function stores the temperature of

the cell and sends a d-message to the coordinator (7),

Figure 6. Algorithm of the C components.

Discrete-event modelling of fire spreading 199
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which transforms it in a �-message. The �-messages

finally induce the output function � (8) execution.
The � functions send four y-messages (9) containing

the temperature of the cell to the four neighbours. Every

neighbour will send by turn four y-messages to its own

neighbours until they propagate a temperature equal to

Ta. In that case, the requested cells will not respond. The

internal function transition �int finally assigns the phase

corresponding to the cell’s ignition temperature.

The algorithm to pass at time tþ 1 is depicted in

figure 10. When a cell receives the fourth temperature

(1), � calculates the temperature of the cell and sends a

y-message to the root (4). The �int function is then

carried out. This one assigns the phase corresponding to

the temperature of the cell and sends a d-message to pass

at time tþ 1 (6). Above t¼ 1, a cell will be activated if at

least one of its cardinal neighbours has a temperature

greater than Ta.

Figure 6. Continued.

200 A. Muzy et al.
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Finally, when a cell is burned, it sends its temperature

(Ta) to the root and then passes in burned phase. If a

neighbour sends it a y-message the burned cell sends it

the Ta temperature.
We obtain a good evolution capacity of the

simulation model and the discrete-events only

allow us to activate the neighbouring cells of the

flame front. To modify the physical fire-spread

model to include wind and slope (Marcelli et al.

1999), a simple modification of the equation

contained in the � output function can be done.

Nevertheless, the computer model is too complex to be

developed and understood by a non-computer science

specialist.

−0.2 −0.1 0 0.1 0.2 0.3

X (m)

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2

Y
 (

m
)

Temperature (Celsius)

933.6
873.2
812.8
752.3
691.9
631.4
571.0
510.5
450.1
389.7
329.2
268.8
208.3
147.9
87.4

Figure 8. Initial temperature gradient.

Root

Co

S0 S8 SA

C0 AC8

Figure 7. DEVS simulator associated to the fire-spread model.
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5. Simulation study

We used the JDEVS environment (Filippi et al. 2002) to
implement the DEVS fire-spread model in Java
language.

5.1 Experimental apparatus

Our research started by doing a set of experiments to
develop and validate a model. We used experimental
fires conducted on Pinus Pinaster litter, in a closed room
without any air motion, at the INRA (Institut National
de la Recherche Agronomique) laboratory near
Avignon, France (Balbi et al. 1998). These experiments
were performed to observe fire spread for point-ignition
fires under no slope and no wind conditions. The
experimental apparatus was composed of a one square
meter aluminium plate protected by sand. A porous fuel
bed was used, made up of pure oven dried pine needles
spread as evenly as possible on the total area of the

combustion table to obtain a homogeneous structure
with a fuel load of 0.4 kgm�2. The fuel depth was
approximately 2.3 cm. The needles were conditioned to
moisture content between 1% and 3%. The experiment
consisted of igniting a point using alcohol. The resulting
spread of the flame across the needles was closely
observed with a camera and thermocouples located
3 cm above the needle bed to record the temperature.
The gauge wire diameter of the thermocouples is 1mm
and the sampling frequency used for these thermocou-
ples is 1Hz.

5.2 Simulation results

Different results have been observed: rate of spread
of the fire front, temperature growth of a cell and
fire front positions. Those different aspects allow us
to make an analysis of the simulation and semi-
physical models results.

DEVS simulation model results obtained for a point
ignition are depicted in figure 11. In comparison, the
white squares represent the front obtained with a non-
object-oriented code already validated against experi-
mental data in Balbi et al. (1998) and Santoni (1997,
1998). A first observation at time t¼ 30 s of the circular
wave fronts gives the same results. Nevertheless,
a difference appears between the simulated fire front
widths at t¼ 50 s. Indeed, the fire front cools more
quickly. This can be explained by the end combustion
assumption (Tf¼ 60�C) effect on the predicted tempera-
ture curve versus time for a point of the calculation
domain as shown in figure 12.

Rothermel’s stationary model considers a fire rate of
spread as constant even in the ignition phase. This is not
a correct representation of the real propagation. As
depicted in figure 13, our semi-physical model takes this
acceleration phase into account. The fire acceleration in
its early stage reveals the unsteady nature of our model.

Based on a more fundamental mathematical model,
the simulation model we developed precisely describes
fire spread in each phase of the propagation (from
ignition to propagation). Nevertheless, simulation time
results did not meet real-time deadlines.

The final aim is to dispose of an effective simulator
capable of predicting the flame front position.
Therefore, execution time is crucial. If the results are
qualitatively good, we can now make a quantitative
discussion to improve simulation time.

DEVS formalism allows us to simulate continuous
systems by means of events, which produce a high
degree of overhead with the message inter-module
interactions. Hence, the synchronisation of the active
cells can overrule the performance improvements of
these asynchronous approaches for synchronous appli-
cation. The most important number of messages is due
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Figure 9. Message exchanges for the ignition of the C

elements.
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Figure 10. Message exchanges for next time incrementation.
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to cell communications. As schematised in figure 14, to
send its temperature to a neighbour, the simulator
associated to a cell needs to send a y-message to the
coordinator, which sends an x-message to the destina-
tion cell. Communication between cells proved too
complex and produced simulation time overhead.

6. Conclusion

An application of DEVS formalism for modelling and
simulating a laboratory fire spread has been conducted.

If the simulation results are qualitatively good and in
accordance with the experiment, they can be quantita-
tively improved.

DEVS hierarchy and modularity ease maintenance
and reusability of the simulation model of fire spread.
Models modifications can be easily integrated and
discrete-event simulation allows us to calculate only
active cells of a propagation domain thus optimising the
simulation.

Although fire spread needs continuity of time,
conversely it necessitates so fine-grained discretisation
for simulation that it is very difficult to solve under
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Figure 11. Circular front comparison between both results of non-object-oriented and DEVS simulation models: (a) at t¼ 30 s, (b)

at t¼ 50 s.
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real-time with discrete-event simulation. DEVS
modularity produces simulation time overhead
because of its inter-module message communications.
Furthermore, DEVS semantic leads to elevated
algorithmic complexity of code decreasing understand-
ability and complicating construction of the simulation
model.
To optimise the simulation performance, we project to

study and apply the multicomponent DEVS formalism
(Zeigler et al. 2000) to eliminate message exchange
overhead between components (or cells) and hierarchy
levels. Cells of multicomponent systems directly influ-
ence each other through their state transition function
reducing message interaction (between cells and levels)
to system synchronization improving simulation
performances.

Once the simulation has been optimised on a single

processor, parallel and distributed simulation will be the

only issue to simulate this type of processes on large

scales under real time deadlines. In this research area,

some recent parallel implementations are showing good

results anyway (He and Wu 2002).
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