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ABSTRACT

The utilization of the road network by vehicles with different

behaviors can generate a danger under normal and especially

under evacuation situations. In Le Havre agglomeration

(CODAH), there are 33 establishments classified SEVESO

with high threshold. The modeling and assessment of the

danger is useful when it intersects with the exposed stakes.

The most important factor is people. In the literature, vul-

nerability maps are constructed to help decision makers as-

sess the risk. These maps are based on several types of vul-

nerability: socio-demographic, biophysical and other differ-

ent types of hazards. Nevertheless, such approaches remain

static and do not take into account the population displace-

ment in the estimation of the vulnerability. We propose a

decision support system which consists in a dynamic vul-

nerability map based on the difficulty to evacuate different

sectors in Le Havre agglomeration. This map is visualized

using the Geographic Information System (GIS) of the CO-

DAH and evolves according to the dynamic state of the road

traffic through a detection of communities in a large graph.

This detection is realized by an ant algorithm.

INTRODUCTION

Le Havre agglomeration is exposed to several types of nat-

ural and industrial hazards: 16 establishments are classified

SEVESO 1(EUROPEAN Community 1996) with very high

∗Corresponding author. Authors are alphabetically ordered. Michel

Nabaa research is supported by Haute-Normandie Region.
1Directive SEVESO is an European directive, it lays down to the states

to identify potential dangerous site. It intends to prevent major accidents in-

volving dangerous substances and limit their consequences for man and the

environment, with a view to ensuring high levels of protection throughout

threshold.

The examination of impacted populations remains a difficult

exercise. In this context, the Major Risk Management Di-

rection team (DIRM) of Le Havre Agglomeration (CODAH)

has developed a model which estimates the nocturnal and di-

urnal exposed population allocation PRET-RESSE (Bourcier

and Mallet 2006); the scale is the building. Although the

model is able to locate the diurnal and nocturnal population,

it remains static because it does not take into account the

daily movement of people and the road network utilization.

For a better people evacuation in a major risk case, we need

to have detailed information about the state of road traffic

network to determine how to allocate the vehicles on the road

network and model the movement of these vehicles. In fact,

the panic effect of some people and the redundant drivers be-

haviors can lead to accidents and traffic jam, this can be very

grievous and spread quickly.

In the literature, several models were developed to calculate a

score for the vulnerability related to the road network utiliza-

tion. Most of these models adopt a pessimistic approach to

calculate this vulnerability: this case is met when a group of

people in a hazardous area decide all to take the same route

to evacuate this area, which unfortunately happens quite of-

ten in the real world evacuation situations. Although it helps

decision-makers to estimate the risk by a census vulnerabil-

ity map, this approach remains static and does not take into

account the evolution of the road network traffic.

In this paper, we propose a dynamic and pessimistic ap-

proach related to the road network utilization. To this end,

we model the road network by a dynamic graph (the dynam-

ics is due to the traffic evolution). A simple model based

on traffic flow will also be proposed and the interaction be-

tween micro and macro traffic simulation will be discussed.

Then, we apply a self-organization algorithm (belonging to

the collective intelligence algorithms) to detect communities

in the graph. These communities correspond to clusters in

the graph which evolve along the time. Each community is

the Community.



a group of people in a neighborhood who share totally or

partially, at a give time, the same route. The algorithm al-

lows us to define the different vulnerable neighborhoods of

the agglomeration in the case of a pessimistic evacuation due

to a potential danger, while taking into account the evolu-

tion of the road network traffic due to the impact of the other

flows coming from other neighborhoods. The result of this

algorithm will be visualized into a GIS on a dynamic vulner-

ability map which categorizes various sectors depending on

the difficulty of access to the road network. Finally, this vul-

nerability map will construct a tool to aid decision-makers in

a better estimation of risk in the communes of the CODAH.

This tool enriches the PRET-RESS static model developed at

the CODAH, taking into account the mobility of the popula-

tion.

STATE OF THE ART

Traditional methods evaluating the risk for population do

not treat generally the behavioral of evacuee (e.g. initial

response to an evacuation, travel speed, family interactions

/ group, and so on.); they describe prescriptive rules as

the travel distance. These traditional methods are not

very sensitive to human behavior for different emergency

scenarios. The computerized models offer the potential to

evaluate the evacuation of a neighborhood in emergency

situations and overcome these limitations (Castel 2006).

Recently, some interesting applications have been developed

by including the population dynamics, the models of urban

growth patterns and land use.

For computer modelers, this integration provides the ability

to have computing entities as agents that are linked to

real geographical locations. For GIS users, it provides the

ability to model the emergence of phenomena by various

interactions of agents in time and space by using a GIS

(Najlis and North 2004). So, combining several layers as

houses, road network, population... allows us to model

different types of agents into a GIS environment.

In (Cutter et al. 2000), the authors present a method to

spatially estimate the vulnerability and treats the biophysical

and social aspects (access to resources, people with evacua-

tion special needs, people with reduced mobility ...).

Several layers are created in the GIS (a layer by a danger),

and all these layers are combined into one composed of

intersecting polygons to build a generic vulnerability map.

To complete this, it was necessary to take into account the

infrastructure and various possible routes of evacuation. So,

a new map has been constructed and a new layer has been

incorporated. This work has been applied to the George

Town canton in which we find various natural and industrial

risks, and where there are different types of people.

In the neighborhood evacuation cases on a micro scale, a

number of studies based on micro simulation have been

developed.

In their paper (Church and Cova 2000), the authors pre-

sented a model to estimate the necessary time to evacuate a

neighborhood according to the effective of the population,

the number of vehicles, roads capacity and the number of

vehicles per minute. The model is based on the optimization

in order to find the critical area around a point at a potential

danger in a pessimistic way. This model has been coupled

with a GIS (ArcInfo) to visualize the results (identify

evacuation plans) and construct an evacuation vulnerability

map for the city (Santa Barbara).

Cova and Church (Church and Cova 1997) opened the way

on the study based on geographic information systems to

evacuate people. Their study identified the communities

that may face transport difficulties during an evacuation.

Research has modelled the population by lane occupation

during an evacuation emergency using the city of Santa

Barbara.

An optimization based model (graph partitioning problem)

was realized to find the neighborhood that causes the

highest vulnerability around each node in the graph and a

vulnerability map around nodes in the city was constructed.

A constructive heuristic has been used to calculate the best

cluster around each node. This heuristic was developed in C

and the result was displayed on a map (with ArcInfo).

Nevertheless, in this approach, we predefine the maximum

number of nodes in a neighborhood, which may not always

be realistic and does not take into account the traffic evolu-

tion during the calculation of critical neighborhoods. So, the

vulnerable neighborhoods don’t evolve according to traffic

state.

Since an individual panic under evacuation situation may

cause a collective panic and the changes that may occur in

the environment (buildings collapse, reverse route direction),

the evolution of the system is unpredictable; so, in our work,

we try to build a dynamic vulnerability map evolving with

the traffic dynamics, in which the nodes number of in a

critical neighborhood, is not predetermined and can change

depending on actual traffic state.

DYNAMIC MODEL

Problem description

In this paper, the term "vulnerability" depends on the access

to the road network. To address this vulnerability, we have to

finely represent the population and the dynamic state of road

traffic. In PRET-RESSE model developed within the ma-

jor risks management team of CODAH, we have ventilated

the day / night population at the building scale. The model

was able to locate people during the day both in their work-

place and their residence (the unemployed and retirees). It

has been estimated that people will be in their residence dur-

ing the night.

PRET-RESS will be enriched by our model that will try to

dynamically assess the vulnerability related to the road traffic

evolution; so we are interested in the allocation of the vehi-

cles on the road network, the regulation of the traffic flow and

trying to dynamically estimate the vulnerability according to

the traffic.



System architecture

Our system consists of two modules as shown in the figure 1.

Figure 1: System architecture

The simulation module contains three components:

• The dynamic graph extracted from the road network

layer and detailed in the following section,

• The flow management component consists of vehicles

flow simulator applied on the graph,

• The communities detection component, detailed in the

"Communities Detection" section. Its input is the ex-

tracted graph and the current flow. It returns the com-

munities that are formed according to the current state

of road traffic.

The visualization module consists of the road network layer

integrated into the GIS. This module communicates with the

simulation module: the graph is constructed from this mod-

ule, which in turn get the simulation result and visualize it as

a dynamic vulnerability map.

Environment modeling

The road network is integrated as a layer in the Geographic

Information System (GIS). From this layer, we extract the

data by using the open source java GIS toolkit Geotools.

This toolkit provides several methods to manipulate geospa-

tial data and implements Open Geospatial Consortium

(OGC) specifications, so we can read and write to ESRI

shapefile format. Once data road network are extracted,

we use the GraphStream tool (Dutot et al. 2007) developed

within LITIS laboratory of Le Havre to construct a graph

corresponding to the GIS network layer. This tool is

designed for modeling; processing and visualizing graphs.

Figure 2 represents the network layer into the GIS and the

figure 3 is the graph extracted with geotools and visualized

with GraphStream by using the same points coordinates.

The data extracted from network layer contains the roads cir-

culation direction, roads id, roads type, their lengths and ge-

ometry.

The extracted multigraph G (t) = (V (t), E (t)) represents the

road network at time t where V (t) is the set of nodes at t and

E (t) the set of arcs at t. We deal with a multigraph because

we have sometimes more than one oriented arc in the same

direction between two adjacent nodes due to multiple routes

between two points in Le Havre road network. GraphStream

facilitates this task because it is adapted to model and visual-

ize multigraphs. In the constructed multigraph:

• The nodes represent roads intersections,

• The arcs represent the roads taken by vehicles,

• The weight on each arc represents the needed time to

cross this arc, depending on the current load of the traf-

fic

• Dynamic aspect relates to the weights of the arcs, which

can evolve in time, according to the evolution of the flu-

idity of circulation.

We have also constructed a Voronoi tessellation (Thiessen

polygon) around nodes and projected the population in build-

ings on these nodes. The population in buildings is extracted

from PRET-RESS model.

Vehicles flow

For a better people evacuation in a major risk situation, we

need to know the state of the road network to determine how

to allocate the vehicles on this network and to model the

movement of these vehicles. Different types of models can

be adopted:

• The microscopic model details the behavior of each in-

dividual vehicle by representing interactions with other

vehicles and in general by using a spatialization. It is

used on the scale of a sector or a neighborhood. It has

the advantage to model vehicle behavior in an evacu-

ation of a neighborhood, people panic, interactions be-

tween vehicles, accidents. . . So, if we have vehicles with

different behaviors and interacting between them, these

vehicles sometimes self organize and with a top down

approach, we can examine the global behavior of the

system and try to locally modify the environment, when

necessary, to ameliorate the system,

• The macroscopic model is based on the analogy be-

tween vehicular traffic and the fluid flow within a canal.

It allows us to visualize the flow on the roads rather than

individual vehicles. It is used at many sectors or the en-

tire city scale,

• The hybrid model allows coupling the two types of dy-

namics flow models within the same simulation. Sev-

eral works have already borrowed this direction (Hen-

necke et al. 2000, Bourrel and Henn 2002, Magne et al.

2000), however, this approach is relatively new and very

few have adopted it to our knowledge (Hman et al.

2006). The use of a hybrid model is very important

to us: changing the scale from micro to macro in a re-

gion where we haven’t a crisis situation (everything is

normal) allows to economize the computation and the



Figure 2: The initial network layer

change from macro to micro in a critical situation al-

lows to zoom and detect the behaviors and interactions

between entities in danger.

In this paper, we used a simple model of macroscopic flow:

• A flow of cars moving from one arc to another adjacent

one,

• The arcs are limited in capacity,

• The flow can be broken and two or more flows can

gather on a node,

• Traffic jams may appear in certain places of the road

network; those places will be more vulnerable than oth-

ers.

We have adopted a macroscopic model in which flows cir-

culate normally (no accidents) because the goal now is to

establish a dynamic pessimistic vulnerability map which is

not always the case in the real world (e.g. 90% of people

takes an exit route and the rest takes another route for ex-

ample). Hence, it is important to have in the near future a

micro approach with a change of scale (from micro to macro

and vice versa during the simulation) to simulate scenarios of

danger in real time (accidents, behavior of drivers, vehicles

interactions ...), a study on which we are working actually.

COMMUNITIES DETECTION

Our aim is to identify communities in graphs, i.e. dense ar-

eas strongly linked to each other and more weakly linked to

the outside world. If the concept of communities in a graph

is difficult to define formally, it can be seen as a set of nodes

whose internal connections density is higher than the outside

density without defining formal threshold (Pons 2005). Thus

the goal is to find a partition of nodes in communities accord-

ing to a certain predefined criteria without fixing the number

of such communities or the number of nodes in a community.

Interesting works were developed in the literature on the de-

tection of structure in large communities in graphs (Clauset

et al. 2004, Newman 2004a;b, Pons and Latapy 2006).

In our problem, we look for a self-organization in networks

with an algorithm close to the detection of communities in

large graphs and belonging to collective intelligence algo-

rithms. Organizations connect elements, events or individ-

uals by interrelations so that they become components of a

whole. They assume the solidarity and robustness of these

links, and ensure that the system will eventually be long last-

ing despite random perturbations. The organizations, there-

fore : transform, produce, tie and maintain. Time is present

generating the dynamic and we will try to fight against these

organizations, in the case of risk management, to avoid bot-

tlenecks which do not facilitate the evacuations.

Thus we will considered the graph at time t, G(t) =
(V (t), E(t)) where the edges are weighted, this weight be-

ing noted |e| for the edge e and represents the needed time



Figure 3: The extracted graph

to cross this arc, depending on the current load of the traf-

fic and we try to define a colored dynamic graph G(t) =
(E(t), V (t), C(t)).
The algorithm used can be referred to as an ant algorithm

(Dorigo and Stützle 2004). Our ant algorithm use several

colonies of ants, each of a distinct color. Ants travel inside

the graph an lay down pheromones, information that can be

detected by other ants. Pheromones are also colored. Ants

tend to be repulsed by pheromones of other colors. Further-

more, ants tend to favor edges with important weights.

The colored dynamic graph precedently mentionned is de-

fined such that:

• V (t) is the set of vertices at time t. Each vertex v is

characterized by:

– a color c ∈ C(t),

• E(t) is the set of edges at time t. Each edge e is charac-

terized by:

– a weight |e| ∈ N
+ that corresponds to interaction

importance between the elements at each end of

edge e.

– a quantity of pheromones of each color.

• C(t) is a set of colors representing the ant colonies at

time t.

The algorithm principle is to color the graph using

pheromones. Each colony will collaborate to colonize zones,

whereas colonies compete to maintain their own colored

zone (see figure 4). Solutions will therefore emerge and be

maintained by the ant behavior (see figure 5). The solutions

will be the color of each vertex in the graph. Indeed, col-

ored pheromones are deposited by ants on edges. The color

of a vertex is obtained from the color having the largest pro-

portion of pheromones on all incident edges (see algorithm

1).

We have an interaction between each two local adjacent

nodes according to the attraction force that exists between

them. This force depends in our case on the report of the

number of vehicles on the arc between 2 nodes neighbors /

vehicles capacity of the arc. This report was chosen because,

in every community, we will have a large number of vehicles



Figure 5: Example of a dynamic evolution and communities detection.

which all decide to exit through a single road in the case of

a potential danger; this responds well to one of the purposes

listed in beginning to have a pessimistic approach in the cal-

culation of vulnerability. The algorithm has the advantage of

not allowing the breaking of a link between 2 adjacent nodes

to maintain the structure of the road network. When the traf-

fic evolves, the algorithm detects that and communities can

change or disappear as a result of local forces that change

between the nodes locally.

Dynamic vulnerability map

At each simulation time step, the flow on the arcs changes

following traffic conditions and the attraction may change

also. Once communities are formed on the graph, the result

will be transmitted to the road network layer into the GIS to



Figure 4: Communities detection in a graph

Algorithm 1: Ant behavior

n: current node

t: current time

A: fear of hostile environment threshold

T : resting time

∆t: time counter

if degree(n)=0 then
Jump randomly on another node

else
w ← Sum of all weights on each incident edge to n

τ ← Sum of all pheromones of all colors on each

incident edge to n

τc ← Sum of pheromones of the ant color on each

incident edge to n

a← τc

τ

if ∆t < T then
Choose an edge to cross in a weighted random

fashion, using edges weight (if available)

Lay down a small amount of pheromone of the ant

color on this edge

n← vertex at the other end of the chosen edge

∆t← ∆t + 1

else

if a < A then
Jump randomly on another node

∆t← 0
else

Choose an edge to cross in a weighted random

fashion, using edges weight (if available)

Lay down a small amount of pheromone of the

ant color on this edge

n← vertex at the other end of the chosen edge

be visualized.

CONCLUSION

In this paper, we have proposed a decision support system to

assess the danger depending on the road network usage by

the vehicles population using the network. This tool enables

decision makers to visualize, on a geographic information

system, a dynamic vulnerability map related to the difficulty

of evacuating the various streets in the metropolitan area of

Le Havre agglomeration. We simulated road network traf-

fic by using a simple model of vehicles flow. A communi-

ties detection algorithm in the large graphs was adopted. It

enabled us to form communities in a graph thanks to local

forces propagation rule between adjacent nodes. The com-

munities evolve according to the current state of the road

network traffic. The result of the evolution of communities is

visualized by using a GIS. The adopted approach allowed us

to estimate the risk due to the use of the road network by ve-

hicles and categorize Le Havre agglomeration areas by their

vulnerability. We will complete our work by using real traffic

data retrieved from a displacements survey with Le Havre

population which will help us to better locate people during

the day and therefore having a more realistic vulnerability

dynamic map.
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