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France's national state-owned railway company (SNCF) plans to introduce the Automated Train Operation (ATO)
system in manually operated trains to make train operations more efficient, eco-friendly, and precise. Preliminary
Risk Analysis of ATO have been conducted at SNCF, but they are theoretical and have not been validated by human-
in-the-loop simulation. As a contribution to the state of the art, we propose to use the PRODEC method to achieve
a safety-orientated human-centered and organization-centered design, requiring the development of appropriate
scenarios, which constitutes the object of this paper. To this end, our methodology and results are based on 1) the
analysis and categorization of the incidents that occurred within SNCF during the past years, including their
classification, occurrence, and severity; ii) expert judgment. By doing so, we aim to define the human and
organizational factors, as well as the technical elements that significantly impact system safety. The ten most
relevant scenarios were developed.

Keywords: Railway, Risk analysis, PRODEC method, Human system integration, Scenario-based design.

1. Introduction

The railway industry is always looking for a better
solution to the challenges of urbanization, safety,
and climate change. Automated trains take part in
global autonomous mobility. It is a more
ecological solution expected to provide increased
capacity and greater flexibility to the railway
system. Automated Train Operation (ATO)
(ERA, 2022) is a key component of future
automated train. When activated, ATO can
manage and supervise the traction and braking of
the train according to the travel profile provided
by the European Traffic Control System (ETCS).
Train drivers should cooperate with the ATO over
ETCS system on the next generation of automated
trains. The International Association of Public
Transport (UITP) has defined four levels of

automation. From manual operation to fully
automated train operation, we will go through the
journey in several steps corresponding to the
levels of automation from Grade of Automation 1
(GoA1l) up to GoA4. The rail industry today is
now evolving from GoAl, manual driving with
cabin signaling, to GoA2, semi-automated driving
with ATO. The introduction of ATO should
reduce train driver’s workload, but it also raises
the question of task sharing between the
technological system and the train driver and how
to ensure safe train operation in this cooperation
framework.

The impact of automation on human operations
has been discussed in several industrial fields,
including railways. In aerospace, several studies
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have examined the possibility of applying
intelligent assistance in the cockpit (Rogers,
1995); Prévot et al., 1995; Tenney, Rogers, and
Pew, 1995). In the automotive industry, driver
collaboration with autonomous vehicles and
automated urban transportation systems is also an
emerging topic (Hakkala and Heimo, 2020; Teoh,
2020); Inagaki, 2008). These studies indicate that
driver vigilance can be negatively impacted by
automation. With respect to railway industry,
some research has also focused on the vigilance
impact of the autonomous transportation to the
rail system (Spring et al., 2012); Richard, Boussif,
and Paglia, 2021).

In the current literature, few work efforts are
devoted to the study of safety for this semi-
automated train operation. SNCF has performed
some preliminary risk analysis by organizing a
workgroup of experts in cognitive and railway.
But the result of this work is not yet tested and
validated.

This paper emphasizes the selection and
construction of appropriate scenarios for further
PRODEC implementations. PRODEC (Boy &
Morel 2022) is a scenario-based design method
that enables the elicitation of emergent properties
of a human-machine system in the design phase
(Carroll 1997). It is based on the development of
procedural scenarios considering both existing
declarative  configurations, called AS-IS
scenarios, and new declarative configurations to
be designed, called TO-BE scenarios, run human-
in-the-loop simulations, observe and analyze the
various activity produced. Two kinds of
comparisons are carried out: (1) comparison of
AS-IS tasks and TO-BE tasks (what we call task
is what is prescribed); and (2) comparison of TO-
BE tasks and TO-BE activities (what we call
activity is what is effectively performed). These
comparisons enable the discovery of emergent
properties, projecting new functions and potential
infrastructure(s) that will define the projection of
next TO-BE configurations of the sociotechnical
systems being designed and developed.

PRODEC enables the evaluation of collaboration
performances and the trust between human
operators and technical systems. PRODEC is
applied in several projects in different domains. A
complete BPMN-CPSFA PRODEC process is

produced in an air combat system in the
MOHICAN project to evaluate collaboration
between pilots and cognitive systems (Boy 2021).
And it also contributes to the development of
next-generation offshore oil-and-gas facilities
that involve a fleet or robots remotely managed
(Boy et al., 2023). In our scope, under the
transition from manual driving trains to semi-
automated trains, the question of trust and
collaboration raises with the increasing
automation of ATO. We identify the safety-
related components in the early design phase for
semi-automated trains. And by comparing the
tasks in declarative knowledge and the activities
elicited by Human-in-the-loops simulation under
different situations, we can discover the emergent
functions.

Consequently, in close cooperation with the
training experts and the drivers, we decided to
first analyze the existing risks on the current
railway system based on accident data and choose
the most critical scenarios that could guide the
shift from GoAl to GoA2.

This paper presents the analysis of open-source
accident databases from SNCF, including
incidents and accidents in railway structures in
France from 2015 to 2022 (SNCF, 2022). Then
we present the construction of the scenarios and
their selection.

2. Database analysis

2.1. Incident databases and analysis

The French National Railway Company (SNCF)
operates a large network of railways throughout
France. From 2015, as part of data release policy,
SNCF has begun sharing 216 databases in real-
time for all types of trains and its infrastructure.
These databases contain information on passenger
services; the state of the infrastructure; transport
flows, and rail safety. In this last category, six
databases are present with 1647 eclements of
remarkable safety events (ESR), including
incidents and accidents. An ESR is an event related
to a train in service that puts itself, the other train,
the passengers, or any other railway assets in
danger.

Table 1. Severity scale for incidents and accidents
(adapted from EPSF, (2016))

821



822

Severity Measurable standards

1 “Minor” safety event

An event that could have had consequences on materials,

or even slight injuries

An event that could have had individual human

3 consequences (one or two seriously injured - 24 hours of
hospitalization) or one person killed

An event that could have had collective human

4 consequences (many seriously injured and/or several
people killed)

5 An accident which had significant consequences

6 An accident which had serious consequences

French railway safety authority and its partners
defined six grades of severity for incidents and
accidents from minor to major (Table 1)

2.1.1. Incidents cause categorizations

The open-source incident database records the
location, date, severity, and a short description of
the incident. We first classified these incidents
manually according to the incident cause. We
defined two main categories: cause related to the
infrastructure and rolling stocks, and violations of
procedures and rules. The first category concerns
technical systems failures, either rail or rolling
stock. The second category includes operations
that do not comply with the operational rules.
Incidents in the latter category are mostly related
to human errors. We define subcategories based
on the role of the initiator’s occupation: train
driver, signaler, and engineering worker. Table 2
presents this categorization of each incident type
and its occurrences in the SNCF network from
January 2015 to December 2022.

Table 2. An example of incident categorization.

Main Cause Sub-category Total
Technical failure Infrastructure 374
Technical failure Rolling Stock 150
Human Error Train Driver 841
Human Error Signaler 201
Human Error Engineering workers 43

38 incidents are not included in this categorization
because the incident record does not provide
sufficient evidence to define the cause. These data
show that more than 67% of incidents that have
occurred in recent years on the SNCF network are
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related to human errors. Of the three roles in
railway, train drivers have made the most human
errors statistically. Train drivers' workload and
vigilance issues during assignments are widely
studied (Edkins and Pollock 1997; Naweed 2013).
Despite the skills acquired, train drivers are still
the main cause of incidents in the current railway
system. With the introduction of ATO, the
workload of train drivers and signalers is expected
to be relatively reduced (Brandenburger et al.
2018). But it increases vigilance problems (Rees
et al. 2017) due to the loneliness in the driving
cabin and monotony of the tasks.

2.1.2. Incidents consequences

After this first categorization, we ranked the
incidents  according to  their  severity
(consequences). The results are shown in Table 3
for the 10 most severe ones.

Table 3. An example of highest severity incidents.

Incident Severity
Accident to person 4.89
Collision against end-of-track bumper 4.6
Collision between 2 trains rear-end 4.5
Collision against an obstacle at a level crossing 4.09
Authorization to pass a closed signal 4.0
Breakage of a piece of rolling stock 4.0
Collision against end-of-track bumper 4.0
Collision with parked or drifting vehicle 4.0
Damaged earthwork 4.0
Insufficient train brake power 4.0

The severity of the incidents is distributed
between 3 and 6. The analysis shows that the most
severe type of incident is Accident to person, with
an average severity of 4.89. The other three types
of incidents greater than 4 are: Collision against
end-of-track bumper, Collision Obstruction, and
Rear-end Train Collision. These incidents
represent a collection of different types of
collision.

The severity of the incidents is mainly distributed
between 3.0 and 5.0. We divide this interval into
two: [3.0,4.0) and [4.0,5.0]. 1310 incidents fall
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within the severity range [3.0-4.0), and 293
incidents fall within the severity range [4.0,5.0].
Fig 2 and Fig 3 show the frequency of incidents
in these intervals according to the 5 cause
categories. For highest and lowest severe
incidents, the train driver is the cause of more than
55% of incidents on both severity intervals.
Compared to the incidents in the severity range of
[3.0-4.0), the failure of technical system
(infrastructure and rolling stock) has a higher

frequency than in the severity interval [4.0,5.0].

Engineering Workers

Infrastructure

Train Driver 2%

Rolling Stock

signaler

Fig. 1. Distribution of incidents in 5 categories of
severity [4.0,5.0] (January 2015 to December 2022)

Engineering Workers

Infrastructure

Rolling Stock
57.7%

Train Driver

Signaler

Fig. 2. Distribution of incidents in 5 categories of
severity [3.0,4.0) (January 2015 to December 2022)

2.1.3. Incidents frequency

Serious incidents such as collisions and
derailments receive a great deal of media and
public attention because these incidents are often
associated with significant human injury and
property damage. But there are 33 incidents of
severity greater than 5 during the 2015-2022

period out of 1,647 incidents. To understand the

daily life and the most common incidents on the
rail system, we also analyzed incidents over the
past 8 years according to their highest frequency.
The 10 most frequent incidents are given in Table
4.

Table 4. The 10 most frequent incidents

Incident Type Occurrence
Inadvertent crossing of a closed signal 174
Track failure 157
Exceeding speed limit (> 40 km/h) 132
Serious signaling incident 119
Dispatch without a written speed 116
restriction order

Crosses level crossing with open gates 81
Open doors in passenger trains operations 78
Derailment 75
Fire on board a train 64
Damaged earthwork 57

The results show that the most frequent incident
in the French railway in recent years is the signal
passed at danger (SPAD) which indicates the
inadvertent crossing of a closed signal. The
average severity of the incidents of this type is
3.88 which implies that the incidents can have
disastrous consequence for the railway network.

A lot of research has been done on this specific
incident to identify the cause (van der Flier and
Schoonman 1988; Punzet, Pignata, and Rose
2018; Yan et al. 2021; Naweed et al. 2018;
Kyriakidis et al. 2019). The literature shows that
SPAD errors are strongly related to the train
drivers’ non-technical skills. According to the
SPAD toolbox published by Rail Safety and
Standards Board (RSSB), 91% of the SPADs are
related to driver error. The most frequent causes
are: “not checking the aspect of the signal”, “bad
reading of the signal” and “viewing the wrong
signal” (RSSB 2020).

However, the train drivers are not the only ones
involved in signaling errors. The signalers also
play an important role in these incidents. The
Serious Signaling Incident type occurred 128
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times on French rail network from 2015 to 2022.
This is the fourth most frequent incident among
all types of incidents. The complexity of signaling
control and signaling compliance make signalers
and train drivers the main contributors to the
incident databases. For the semi-automated trains,
this situation could improve with the introduction
of ATO over ETCS. On the GoA2, ATO is
available to the train driver in the driver’s cabin.
Once the driver has activated the ATO, he or she
is supposed to drive the train strictly according to
the optimal braking curve calculated by the
European Rail Traffic Management System
(ERTMS), and all the signals must be followed
accordingly.

2.2. Expert’s judgements and driver’s training

Follow-up discussions with train drivers on
incidents analysis results, the train drivers noted
that, from their perspective, environment around
the stations is complicated and the most difficult
operations part. First, the train driver must adapt
the best speed to ensure a precise stop on the
platform. Then he focuses on doors opening and
closing at the right time to serve passengers.
Weather and rail conditions are major concerns
during these operations. Snow, fog, rain, and
leaves on the tracks often lead train drivers to
misjudge when and where to start braking.
Boarding and disembarking passengers is also
more difficult in these situations.

Based on these responses and the incidents
analysis, we began to select the most
representative scenarios from the existing ones.
Our goal is always to anticipate the safety-critical
elements and situations that improve the early
design phase of GoA2. Thus, based on the
existing scenarios, we have built corresponding
scenarios on the GoA2.

3. Scenario selection and construction

A scenario describes a series of human operations
and machine functionalities. Theoretical analysis
of a technical system is often not human-centered
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or cannot be adapt to the real situation. For
application at the early age of design for a future
system, operational scenarios are often inspired
by existing scenarios from the system’s ancestor
or analogous systems. In our case, to consider
human behaviors and experiences in the design of
a semi-automated train, we draw inspiration from
existing scenarios at the SNCF training center.

From the previous incident analysis and expert
interviews, we identified the conditions and
events that safety-critical for current rail
operations: signaling, rail conditions, and a
critical safety area: the station. The SNCF training
center has corresponding scenarios for manual
train driving training. Among the existing training
scenarios, we have selected five scenarios that can
present the manual driving of a train in different
situations.

The driving situation can be classified in three

categories: Typical & normal situation, Critical
& Abnormal situation, and Emergency & Near
accident situation.

From a systemic point of view, a railway system
is composed of two main parts: the environment
(infrastructure, weather, etc...) and the train itself.
To ensure the full functionality of the whole the
environment must be suitable for train operations
and the rolling stock itself must function as
expected. There are different types of failures of
environmental factors and onboard train systems.
Based on incident analysis and expert judgment,
we analyze the failure modes considering two
safety related environmental elements: weather
and rail obstacles. Three on board safety-related
components, depending on the level of
automation of the train system: at GoAl, the
signalization display in the driver's cabin; at
GoA2, the ETCS signalization display and the
ATO. Table 5 represents the composition of the
system. The system components have two states:
functional or dysfunctional. The states of each
component are described below.
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Based on discussions with train drivers, a
complete GoAl TGV trip can be represented by
the following phases: leave departure station,
enter high-speed area, drive in high-speed area,
leave high-speed area, enter destination station.
Among these phases, the most important ones are:

e Phase 1: enter high-speed area
e  Phase 2: drive in high-speed area
e Phase 3: enter in destination station.

We select and develop the scenarios during these
three phases. According to the experts, the
weather factor plays an important role at the
station entrance. Bad weather can strongly
influence train drivers' judgement of the precise
position of the stop in relation to the current
speed. As a result, passenger boarding and
disembarking can be disrupted. This factor is only
considered for the entry phase at the destination
station.

Table 5. Composition of the system on GoAl and
GoA2 during three phases (normal situation)

Semi-automated Scenarios
(GoA2)

Manual Driving
(GoAl)

phasel _E--I ....
s O-E

Phase 2

Environmental components:

E;: No obstacle on the rail

E,: Obstacle on the rail

E,: Adapted weather for train operation
E,: Bad weather for train operation

On board train components:
e GoAl:
c;: Signalization display fully functional
¢;: Signalization display dysfonctional
e GoA2:
¢, ETCS signalisation display fully functional

¢,: ETCS signalisation display dysfonctionnel
c3: ATO fully functional
¢3: ATO disengagement

Any presence of E; can change a normal situation
directly  into (e.g.,
EiC1, E16y¢3,E1Gocs, E1CyGs, E1G3C5 BBy

emergency Eic,,
etc.) The train driver is always responsible for the
supervision of the system function and
environment perception. The obstacle on the rail
can directly lead to collisions if the train driver
doesn’t react in time.

In our scope, component E, is only effective in
phase 3. In both GoAl and GoA2 contexts,
scenarios of critical situation are defined by a
single failure E,.

Before entering the high-speed zone, TGV panels
inform the train driver that signal mode is
changing. Train drivers follow the trackside signs
after leaving the stations, except for TGV drivers
because the high speed prevents them from doing
so. Consequently, a signaling screen is available
in the cabin providing a different type of activity,
increasing train  operations and
awareness complexity. The safety component c;

situation

takes an interesting role in the entering high-speed
zone phase. For manual driving on GoAl, the
presence of ¢; in phase 1 change the situation
from normal to critical. At this phase, if the screen
is not turned on automatically after passing the
panels, according to the procedures SNCF, the
train driver should turn on the screen manually.
While the presence of ¢; in phase 2 change the
situation to emergency directly. During the high-
speed driving, the dysfunction of signalization
display makes manual driving not possible
anymore. On GoA2, the signalization in cabin is
apart of ETCS. ETCS controls and commands the
signalization Based on its specification, various
failure can potentially happen. In our research, to
compare with GoAl, we only discuss the
dysfunction of ETCS cabin signalization display.
This dysfunction doesn’t affect the functionalities
of ATO. So, we can analyze these two
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components’ failures separately. On GoA2, the
situation turns to critical if there are no other
failures other than ¢; (e.g. E;C;c3).

The presence of ¢3 is fatal failure to the semi-
automated train. In the specification, once the
working conditions for ATO are not met
anymore, ATO can disengage at any time of the
journey. All scenarios including ¢3 are
emergency. Under this situation, the train driver
should realize as soon as possible that the ATO is
no longer taking control of the train and he/she is
supposed retake the brake/ traction control of the
train following the signalization.

Based on these criteria, we select 5 existing
scenarios on GoA1 and constructed 5 scenarios on
GoA2.The scenarios are presented in Table 6.

Table 6. Example of GoAl & GoA2 scenarios
(T: typical; C: Critical; N: Normal; A: Abnormal;
E: Emergency; NA: Near Accident)

GoAl GoA2
T&N Eic, Ejcycs
C&A E,&; (Phase 1) EGes
C&A E,E,c; (Phase 3)  E,E,c,cs(Phase 3)
E & NA E,c; (Phase 2) E c,C5
E & NA Eic, E,c,c5
The GoAl scenarios are existing training

scenarios at SNCF. All GoAl and GoA2
scenarios must be modeled and formalized to
perform the simulations on GoA2 simulators.
Before the simulation, the train drivers’ tasks
should be clarified and listed for each scenario.
This can help us to better observe the gap between
task and activity and the differences in tasks and
workload on two levels of automation.

5. Conclusion and perspectives

This paper presents preliminary work for the
application of the PRODEC method, the main
contribution of the present work is to identify and
construct declarative configurations with the most
representative events and situations. The next step
of this work consists in simulating the selected
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and constructed scenarios and configurations. The
simulations will be performed on a manual
driving simulator (GoAl) and a semi-automated
driving simulator (GoA2). To observe the gap
between activities and tasks and identify the
emergent functions, we need to list tasks for each
human role before the simulation.

In this paper, we use SNCF opensource database
for accident analysis. This database is composed
by data from different sources. The definition and
accident types can differ from one institution to
another. based on these
descriptions, we resembled and recategorized

In our analysis,

several incidents to make the data more coherent.

In addition to incident analysis, a quantitative risk
analysis can be applied to identify vulnerabilities
and evaluate the reliability of existing barriers.
Based on the results, we can validate or improve
the safety procedures and better secure the semi-
automated trains.
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