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Abstract

Level crossings (LC) are identified as being critical security points in both road and
rail infrastructures. Statistics show that more than three hundred people are killed
every year in Europe in more than 1200 accidents occurring at level crossings.

In this paper, we propose and apply a systematic method to establish a global
model involving both rail and road traffic in the level crossing area. The model
building approach proposes a progressive integration of elementary models, each
of which describing the behaviour of a part in the whole LC environment. We are
interested more precisely in a particular phenomenon which may cause collisions
at level crossings, and which corresponds to the accumulation of vehicle waiting
queues on the LC exit zone. As a model, we use Petri Nets (PN). For the sake of
precision and in order to obtain a realistic and fine behavioural model, quantitative
aspects are integrated in the form of functions (stochastic distributions, determin-
istic values, probabilities, etc.) associated to the transitions of our PN model (=
Stochastic PN).

Keywords: level crossing, risk assessment, modelling, Petri Net.

1 Introduction

A level crossing (LC) is an intersection point (at the same level) between railway
and road traffic. In areas with high traffic density, level crossings are generally
fitted with automatic protection systems (lights, barriers, alarms).

In terms of safety, LCs have been identified as being weak points in the railway
and road transport networks. Every year more than 300 people are killed in more
than 1200 accidents occurring at LCs through Europe. We have to recall that in
France, as well as in most of the other European countries, under nominal condi-
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tions railway traffic has absolute priority when a train is crossing through a LC, i.e
trains don’t have to stop or to be sure that the way is free before crossing a LC.

A problem that has caused several train/vehicle collisions at LC is when a wait-
ing queue is formed in the exit area of the LC. Indeed, it has been shown that in
general when the LC is open (barriers in the high position and green road lights
showing), and when a traffic jam occurs on the exit of the LC, road users arriv-
ing to the LC do not stop before the protection barrier, but enter to the LC crossing
zone (CZ), thus risking to remain blocked on the rail track until a train arrives. This
is obviously forbidden in the highway code, as even if the LC is open to the road
traffic, road users have to insure that they can leave the CZ safely before going in.

Let us note that there is a system based on inductive loops enabling to detect
traffic jams. However, the deployment of this system is not generalized and above
all, in general this kind of system becomes out of order with roadworks, which are
a main cause of jams.

In this paper, we propose to develop a complete model integrating both the rail-
way traffic and the road traffic. We emphasize more particularly the phenomenon
of traffic jam in the LC exit zone. Our goal is to prepare a basis (behavioural model)
for the evaluation of the collision risk on LCs induced by these circumstances.

The behavioural model we develop is a Petri Net (PN) model and the approach
we implement is progressive. First, we work out elementary models each describ-
ing a part of the LC environment. These models are then assembled, thus obtaining
a global model. The description of our behavioural model is then refined in order
to obtain a precise and realistic description.

The paper is organized as follows: in section 2, a description of the general
LC topography and its environment is proposed. We develop in section 3 a model
describing the LC environment starting from elementary models of the numerous
parts of the system. Finally, in section 4, we conclude the study by reviewing the
main steps of the modelling approach proposed and we give some guidance for
future work.

2 LC environment topology

LC environment designates all the parts involved in the dynamics of the rail/road
junction. A LC can be guarded or not. Generally, only LCs with low traffic moment
(road traffic frequency * rail traffic frequency) are not protected. The others are
generally equipped with automatic protection systems which may comprise train
sensors, road lights, sound alarms and barriers. In our study we consider a standard
automatic LC in the intersection of a single railway track with a bidirectional road,
equipped with train sensors, road lights, sound alarms and two half-barriers (cf.
figure 1).

The LC protection is performed in such a way that when a train approaching the
LC is detected by the train sensor, the closure cycle is initiated. The LC is reopened
to the road traffic as soon as the train is detected in the departure direction.
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Figure 1: General topography of an automatic LC.
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Figure 2: Steps of the modelling approach.

3 Behavioural model

In order to obtain a complete behavioural model of the LC environment, a progres-
sive approach will be employed [5]. First, the studied environment will be decom-
posed in subsystems (modules). Then, functional requirements of each of these
modules are expressed in a semi formal way and elementary behavioural models
are set up for all the subsystems. The global model is finally obtained by integrat-
ing the elementary models while establishing the behavioural interdependencies.
This approach (cf. figure 2) was developed in [4].

By analyzing the dynamics of the studied system, three main parts can be iden-
tified: road traffic, railway traffic and LC control. In section 3.1, we will develop
elementary models of the identified subsystems. Then in section 3.2, interactions
between the subsystems behaviours will be taken into account in such a way that
the elementary models are integrated in a same global one. The integration step is
done by employing mechanisms similar to those developed in [4].

The formalism used during the modelling step is that of Petri Net (PN) for the
advantages it offers in terms of semantics and expression ability. Also, basing our
study on models suitable for formal analysis and simulation is important in the
framework of safety studies [6], [7]. More precisely, the PN category which will
be used in our study is that of stochastic Petri Nets (SPN) [1] in such a way that the
dynamics can be described precisely by associating time firing functions (proba-
bilistic functions, deterministic values, etc.) and probability values to transitions
[2]. Moreover, using inhibitor arcs has the advantage of avoiding a useless com-
plexity on our model. An inhibitor arc links a place P to a transition 7. By default,
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as for usual arcs, an inhibitor arc has as weight 1. It prevent the transition 7T firing
as long as P is marked. It can also have a weight #n, in this case it forbids the firing
of this transition while there is at least n tokens in the place. Finally, note that in
this section only the global structure of the behavioural model is explained. Refin-
ing of this model is made while introducing temporal and probabilistic dynamic
aspects. For lack of space this part is not discussed in this paper.

3.1 Elementary models

3.1.1 Modelling of the railway side

In this section, we will depict the railway traffic under the hypothesis that we
are dealing with a single track line. Our model can be easily transposed, modulo
some adaptations, to describe a double track traffic. Moreover two kinds of trains
are considered: passenger trains and freight trains; according to the train type, the
speed is different. Finally we suppose that there is no overlap between consecutive
train traversals.

The elementary model set for railway traffic is presented in figure 3-left. In this
model #; allows the generation of trains arriving towards the LC, #, corresponds to
passenger trains selection (with a given probability p,gssenger) and 3 to the selec-
tion of freight trains (with a probability ppeignr = 1 — Ppassenger)- t4 corresponds
to the arrival of a passenger train to the LC and #s that of a freight train. Finally 74
accounts for train detection at the LC exit.

3.1.2 Modelling of the road side

In order to determine the risk exclusively related to the traffic jam problem, our
model (cf. figure 3-right) does not take into account other road users’ behaviours
which can also cause accidents, like for instance when a vehicle goes in zigzag

1 . .
trains generation

passenger train

arrival
to CZ

arrival
To CZ

Crossing end

Figure 3: Elementary models of the rail (left) and road (right) traffics.
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through a closed LC. Moreover, only one direction of the road traffic is modelled
here, since in our study we consider that the jam risk exists on only one running
direction.

In the model of figure 3-right, 7g enables the generation of vehicles at the LC
entry. The left branch following place P; describes the situation where there is no
jam on EZ. At most two vehicles can be on the CZ simultaneously. This corre-
sponds to the place-invariants respectively on {Pg, P9} and {Pjo, P11}, M(Pg) +
M(Py) = M(Pyg) + M(P11) = 1. As two vehicles can follow each other when
they cross CZ, the traversal is depicted with 2 places (Pg et Pjp) and 3 transitions
(Ty, To et T11). Transition Ty stands for the traversal start (access to CZ), Ty cor-
responds to the CZ exit start and 77; to the complete exit of CZ and the entrance
to EZ. EZ is the exit zone of the LC at which some traffic jams can arise. The
part of the model following 771 represents the vehicle places in EZ (each position
being described with a place P{z,i : 1 — N). Place P13 models EZ capacity
and Py stands for a counter of which marking indicates the number of vehicles
inEZ (M(Py) =) ;M (PfQ)). Despite the information given by P»g marking is
redundant with that of places Pf2, P»p in combination with some inhibitor arcs
are implemented in order to simplify the model and to make it clearer. Concretely,
the N-inhibitor arc linking P»o to To prevents the firing of 79 when EZ is sat-
urated (i.e when the maximum capacity of this zone is reached). Hence, firing
Ty denotes the fact that the crossing vehicle does not risk to remain blocked on
CZ. If we denote N the EZ capacity, we can obviously discern 2 place-invariants:
M(P13) + M(Py) = N and M(P13) + ) ; M(P{,) = N.

As to the right branch after P7, it describes the scenario when a jam occurs on EZ
i.e, when the maximum capacity N of this area is reached (there are simultaneously
N vehicles in EZ). Thanks to the inhibitor arc linking P;3 to T3, 713 which is
an immediate transition, cannot fire if there is still at least one token in Pj3, i.e
EZ is not saturated. Indeed as sSumiM(Pf2) + M(P13) = N, M(P;3) =0 =
oM (Pf2) = N, i.e EZis saturated. In this case, two progresses can be envisaged:
the first when the vehicle adopts a risky behaviour and enters to CZ despite of EZ
saturation, that is represented by 774 to which a custom probability value p,isk
is assigned. This behaviour is unaffectedly forbidden in the highway code. The
second evolution corresponds to the situation where the vehicle awaits at the LC
entry until a position becomes free in EZ. That corresponds to the firing of 775 and
the wait in Pjs. A custom probability pyue = 1 — pjig is associated to T1s. The
N-weighted inhibitor arc P9 — Ti6 prevents Tie firing as long as there are N
tokens in P»g. In other words, the waiting vehicle does not proceed as long as EZ
is saturated. P4 insures that no more than one vehicle can be in the CZ entrance
and finally T»;, P»5 and their associated arcs enable to reserve the first place in CZ
(token in Pog) to the vehicle waiting in Pis.

3.1.3 Modelling of the control part

The operation of the LC automatic protection system is the following: when a
warning is launched, that is a train is detected in the arrival direction, the orange
traffic lights start flashing for 4 seconds and the sound alert start ringing, then

WIT Transactions on the Built Environment, Vol 108, © 2009 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



642 Safety and Security Engineering 111
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Figure 4: Elementary model of the LC control system.

simultaneously the red traffic lights start showing and the barriers move down.
The red lights remain switched on and the barriers are kept in the low position
until the train is detected (by train sensors) in the leaving direction. Thus the red
lights are switched off, the sound alert is stopped and the half-barriers are raised.

LC protection system operation will be roughly described in order to point out
closure and opening states. The LC is considered closed to the road traffic as soon
as the red lights start showing and is again open to the road traffic when the barriers
are completely raised after the train has left the LC (cf. figure 4).

Initially, the LC is open to the road traffic (P17 marked). Tig corresponds to
the barriers downgrade, P;g to the closed state and 779 to the LC opening. The
operation of the other subsystems (road lights, sound alarm) is not shown in our
model. Furthermore the protection system is supposed to operate normally.

3.2 Global model establishment

Integrating the elementary models in order to obtain a global behavioural model
is made by introducing the interactions between subsystems behaviours. In [4] we
propose a progressive method which enables representing these dependencies in
a progressive way in the shape of constraints linking the behavioural elementary
models. We will take advantage of this method in our study.

The first interaction is between the railway traffic and the LC control system:
As soon as a train is detected in the arrival direction (with train sensors linked
to the local control system), the closure cycle is launched. The LC is considered
to be closed to the road traffic as soon as the red lights show, that is 4s after the
alert is given. This is performed with a new place P, between 77 and Tig and the
temporal constraint [4, 4] as firing interval associated to 771g. Conversely, as soon
as the train leaves CZ, the LC is re-opened to the road flow, which is represented
by introducing place P; between T¢ and T19 as well as the firing interval [6, 6]
associated to T19, 65 being the time duration necessary for the barriers to be raised.
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Figure 5: The global behavioural model.

The second interaction is between the local control system and the road traffic.
Indeed, the control system is responsible of managing the road traffic across the
LC by either allowing or blocking the traffic. This interdependence is translated
by preventing the firing of transitions which correspond to the access into CZ as
long as the LC is closed to the road traffic. In our model, this is performed with
inhibitor arcs linking Pjg respectively to Ty, T13, T16¢ and T77. Finally, let us note
that there is no direct interaction between the railway traffic and the road traffic as
the LC control system is responsible of managing the circulation through the LC
and acts as an interface between the railway and road traffics.

The global behavioural model obtained is thus shown on figure 5 below.

For lack of space, we do not deal with dynamics simulation. We restrict the
scope of this paper to discuss the behavioural model establishment. This model is
then enriched (stochastic distributions, customer probabilities) in order to reflect
in a realistic way the system behaviour. The goal behind the modelling phase is to
assess quantitatively the collision risk. The influence of several parameters on the
collision risk will be studied. These parameters are:

e the length N of the vehicles queue on EZ area, in other terms the distance
between the LC and the origin of the traffic jam. In our model, this will be
performed by varying N, the number of places P{z;

WIT Transactions on the Built Environment, Vol 108, © 2009 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



644 Safety and Security Engineering 111

e the p,;g rate which reflects the proportion of vehicles entering the CZ despite
a jam being formed on EZ;
e the value D of the opening duration of the traffic in each direction.

Let us note that among the parameters listed above, only the last one is rulable
and can be fixed by the roadworks manager. Simulation will thus allow us to esti-
mate in a quantitative manner the impact of the opening/closing duration on the
collision risk level.

4 Conclusion

In this paper a risk assessment model dealing with collisions on LC is proposed.
The development of the behavioural model was made progressively by integrat-
ing the elementary models describing the behaviours of the various parts in the
LC environment. Modelling was quite complex as various phenomena have to be
depicted and given the interactions between the actors’ behaviours within the LC
environment.

The modelling approach proposed is distinguished by its gradual implementa-
tion. From an application point of view, the elaborated models take into account
the behaviours of the LC protection system, of the road traffic and of the rail-
way traffic, together. Moreover, the quantitative specification of behaviours offers
a precise description and consequently realistic results. We showed the interest of
having a formal model in order to set up some criteria affecting the safety, in an
optimal way.

Among the perspectives of this work, it will be interesting to automatize some
tasks in the modelling process. The idea is to work up generic patterns [3] which,
by instantiation, enable to describe certain behavioural aspects and requirements.
The elaboration of a part or the whole of the behavioural model can thus be
obtained by assembling these instances. In [4], we propose some outlines concern-
ing particularly the interdependencies between elementary behaviours. We wish to
investigate additional methods in order to make some modelling tasks systematic.
Finally, we want to develop evaluation techniques for stochastic PN models for
which there are no analytical methods to make evaluation more efficient.
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