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Abstract
Objectives: The key objective of this present article is the presentation of
a control strategy which consists to compensate the disturbance as soon
as it is observed. The main purpose of the proposed control strategy is
to guarantee the respect of railway scheduling. The novel strategy allows
compensating temporal disruption as soon as it is observed in order to avoid
the time constraint violation and to respect planned scheduling. Methods:
An algorithm that amends the measured disturbances by compensating the
disruption along the mono-synchronized paths is presented. The proposed
algorithm allows computing the available control margin for every controllable
place. Findings: The main impartial is to compensate partially or totally
the disturbance so as to avoid time constraint violation in railway transport
networks. In these networks, time may be a significant parameter because it
encompasses constraints to avoid adverse events. The temporal constraints
which will arise on the railway network may degrade the planed schedules
and consequently affect the availability of transportation systems. This leads
to many problems in the decision and optimization of the studied transport
systems. Novelty/Applications: This paper is devoted to the modeling and
robust control of the Tunisian railway network. In this context, a novel
robustness strategy is developed to compensate the time disruption in railway
networks and to preserve the planned schedule.
Keywords: robustness; control; temporal disturbances; railway networks;
Ptime Petri Nets

1 Introduction
Manufacturing workshops, rail or road transport networks and computer networks can
be considered as Discrete Events Systems (DES). However, the discrete nature of flows
run does not exclude the existence of schedules to respect, delivery and expiry dates. All
these temporal constraints are generally characterized by a minimum and a maximum
time constraints assigned to an operation or a state.

In rail transport networks, the processes control must guarantee the travel durations
specifications in order to ensure the traffic stability. Each system has a robustness
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property in order to maintain product quality when there are time disturbances. The robustness is defined as the ability of the
system to preserve

the specifications facing some expected or unexpected variations. So, the robustness characterizes the capacity to deal with
disturbances. In this context, the work presented attempt to build a robust control approach facing traffic disturbances. These
disruptions were no longer acceptable due to the growing demand.

In railway transport networks traffic disturbance cannot be avoided. Keeping traffic stability is of importance to researchers
and manufacturers. The railway system is subject to different constraints, whether at the level of the equipment or of service.
In addition, the increase in the traveler’s number causes remarkable delays and the unavailability of the transport systems. In
these transport systems, a temporal disturbance cannot be predicted or prevented. Our research focuses on the elimination and
compensation of these disturbances by an application of robustness control techniques. The system that motivated this study
is a real railway transport network. In the system under consideration, the processing times are interval-valued. Otherwise, a
processing time is selected between two bounds which depend on the operation to be performed. Any deviations (occurrence
of a temporal disturbance) from the allowed lower (resp., upper) bounds will lead to a low service quality. Thus, the study of
robustness of these systems is needed to be carried out.Themain objective of this paper is the presentation of a control strategy
which consists to compensate the disturbance as soon as it is observed. The established strategy allows averting catastrophic
scenarios, avoiding the violation of time constraints and guarantees the stability and safety of railway traffic.

Most of the existing research focuses on short delays and small disturbances. In our study, the focus is on all types of
disturbances, such as major disturbances (like the accumulation of delays). Moreover, no systematic study was conducted in
the Sahel railway network.These are the main motivation for our research.Themain contribution is to supervise by simulation
the railway traffic and to rate the impact of temporal disruption on the railway network modeled by a SP-TPN.

Railway transport systems must be supervised online in order to avert critical situations.The time disruptions can affect the
railway scheduling and can lead to a transport service degradation. The general objective is to preserve the railway network
stability and make it more efficient and secure. In this context; various research were conducted on the robustness and control
of transportation systems in order to improve railway quality service.

On the one hand, in (1) an evaluation of the railway network robustness with regard to operational delays is proposed. The
author proposes, a stochastic model of delayed propagation to identify imposed delays and to calculate the resultant secondary
delays. Individual robustness measures the ability of trains to limit and reduce the adverse effects of their own primary delays.

The authors in (2) study the impact of the robustness on the railway scheduling. The impartial is to maintain travelling task
while there is a disturbance such as a delay or a failure.

Other authors (3,4), use Colored Petri Nets (CPN) as a modeling tool for transportation systemsThe same formalism served
as a support for a comparative analysis of the performances of the BAL (Automatic Light Block) / KVB (Speed Control by
Beacons) systems and ETCS on a European freight corridor project (5). Numerous other works use Petri nets to model and
analyze railway systems (6–8).

Some works are interested in the rescheduling of railway traffic in presence of unpredictable events. They are based either
on simulation (9), heuristic procedures (10) or mathematical optimization (11). Other approaches use Integer Programming (IP),
Linear Mixed

Programming (MLP) (12), Linear Programming (LP) orNonlinear Programming (NLP) (13). To our best knowledge, no paper
in this category considers the study of disturbances impacts on railway traffic.

All previous works are different from our work. In our article a new control strategy allowing to compensate unpredictable
events as small disruptions. The main impartial is to guarantee strict compliance with the planned scheduling. This is done
by updating, the token sojourn times in the places affected by the disturbances. To the best of our knowledge, such control
approach has been never formalized for railway transport networks.

The contributions of the present paper are
(i) The improvement of the time semantic of the railway network model with the introduction of the Stochastic P-timed

Petri Nets (SP-TPNs)
(ii) A new control strategy approach, based on the study of effective sojourn time of the token in places. This approach is

used to evaluate the influence of different types of disturbances on the expected schedule.
This paper is organized as follows. Section 2 introduces the studied Tunisia railway system. Section 3 recapitulates the

approach for model identification through real measurements. Section 4 present the robust control strategy facing disturbances
and illustrates by simulation the effectiveness of the proposed approach. Finally the conclusions and extensions may be read in
the last Section.
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2 Problem statement

2.1 Presentation of Tunisian Railway Network

Tunisian National Railways Company (TNRC) is a state owned company, which is responsible for operation, maintenance
and management of national rail network. The TNRC operates 11 lines linking major cities of Tunisia including the Sahel rail
network.This line linkingmainly the cities and agglomerations of the Sahel fromMahdia toMonastir. It begins from theMahdia
station crosses, Tebouloba untilMonastir station by serving the agglomerations of KsarHellel, Bouhjar, [Figure 1 ].With amean
of 50 minutes frequency, Sahel Metro guarantees a daily scheduled traffic between 5:00. To 9:00 P. M.

Fig 1.The Sahel Railway line

2.2 Modelling of the railway transport system

In the transport system under consideration, the travelling and staying time, are interval- valued. So, any deviations from
the allowed lower and upper bounds will cause the defective traffic disturbances. Stochastic P-time Petri Nets (SP-TPNs) are
practical tools for modeling the studied railway system whose travelling times aren’t precisely given.

3 Parameter identification of the Tunisia railway network model

In this part, we sumup the different parts of the identification approach discussed in (14).This approach is based on experimental
measurements observed during travel operation in the the studied Railway Network. Based on measurements reported by the
SCADA of the TNRC company, dynamic intervals and sojourn times for each place of the SP-TPN are determined. The main
impartial is to built SP-TPN model able to reproduce the railway traffic behavior.

3.1 Collected data from TNRC company

The approach proposed in this paper is based on a statistical analysis of the real measurements, collected by the Supervisory
Control And Data Acquisition (SCADA) system of the Tunisian National Railway Company (TNRC), to identify the time
parameters of the Stochastic P-timed Petri Net (SP-TPN) model.

[Figure 2 ], shows a SP-time Petri net (S) modelling the studied transport system. The acquired S is used to study the
robustness facing time disturbances of the Tunisian Railway system.

For each place of S, we denote [L i j , qi j
e , Hi j ] the lower bound of the time window, the expected sojourn time of tokens,

and the upper bound of the time window, respectively.
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Fig 2. SP-TPN model of the Tunidsian Sahel Railway network

4 Robust control Strategy facing Distrubances
Unpredictable events as small disruptions (such as malfunctions or absence of personnel) and significant disruptions (such as
significant and particularly damaging external accidents; train and infrastructure failures) are considered in (15) and (16–19). Both
types of events necessarily result in the invalidity of the train time table. In general, for small disruptions, the train dispatchers
manage the disturbances manually according to their knowledge especially when the metro is not operated. But this process
becomes more complex when major disruptions occur during the metro circulation. Moreover, manual interventions often
leads to degraded performance, where as robust approaches allow to determine the most appropriate control actions and to
schedule updating.

In this section, we propose a robust control approach allowing to detect temporal disturbances on the railway network and
to compensate these disruptions in order to guarantee strict compliance with the planned scheduling.This is done by updating,
the token sojourn times in the places affected by the disturbances. For this purpose, some definitions are introduced:

Definition 1: A place pk is observable if the firings of the input and output transitions of pk are computed. Based on these
measurements, the effective sojourn time of a mark is observed. PO ⊂ P is the set of observable places.

Definition 2: A place pk is controllable if the expected sojourn duration qek of the tokens can be modified by a control
action. Pc ⊂ P is the set of controllable places.

Definition 3: A path pth(y1, yK) = y1 y2 …yK in a SP-TPN is defined as an orderly and oriented succession of K nodes with
yk ∈ T∪P such as yk+1 ∈ (yk)

◦ for k = 1, . . . ,K−1.
In the proposed robust control approach, synchronization transitions play an important role due to the possibility of death

of marks in the input places of such transitions since it allows synchronization between events. Let us take the example of the
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places px and py which represent the input places associated to the synchronization transition ts, [Figure 3]. The unavaibility of
a token in the place py can cause a death of mark in px. The death of mark means the time constraints violation, which means
in railway transport the infraction of the time constraints imposed by the scheduled layer.

Fig 3. Possibility of death of token on the level ofthe synchronization transition ts

Definition 4: A disturbancesΩ is defined as unforeseen event affecting the scheduling performances. Formally,Ω is defined
as: Ω= qie-qi. The disturbance is considered as a delay if Ω>0, otherwise it is an advance.

Definition 5: The robustness is defined as the ability of the system to conserve its specified properties against unpredicting
and predicting events. A SP-TPN is robust against disturbances Ω if there is not a death of mark at the level of synchronization
transitions.

Definition 6: The temporal Compensation Capacities “CC” of a mono-synchronized path Lpth(p, ts) are defined by the
following formulas respectively for advances and delays:

CCa
(
Lpth (p, ts)

)
= ∑
(pr∈Lpth∩PC)

CMa(pi) = ∑
(pi∈Lpth∩PO

(bi−βi)

CCd
(
Lpth (p, ts)

)
= ∑
(pi∈Lpth(p,ts)∩Pc)

CMd(pi) = ∑
(pi∈Lpth(p,ts)∩Pc)

(ai−αi)

4.1 Tenet of robust control strategy

The main purpose of the robust control strategy is to guarantee the respect of the travel duration, which must imperatively
belong to a very strict time interval. The novel strategy allows compensating temporal disruption as soon as it is observed in
order to avoid the time constraint violation and to respect planned scheduling.

4.2 Study of path robustness

The proposed algorithm amends the measured disturbances by compensating the disruption along the mono-synchronized
paths. The proposed algorithm allows computing the available control margin for every controllable place. The main impartial
is to compensate partially or totally the disturbance so as to avoid time constraint violation.

Let us take an example a temporal disruption occurred in a place p belonging to the mono- synchronized path Lpth(p, ts),
[Figure 4].The proposed algorithm allow to compensate the time disruption ,if the robust indicator will be equal to 1 and equals
0 otherwise, by computing the available control margin of the path Lpth(p, ts),

Algorithm 1: disturbance compensation
Inputs: Ω,p, ts;
Outputs : robust, Sqec)

1. Ωr←Ω
2. tnext ← (p◦)∩Lpth (p, ts)
3. Sqec← [∅]

4. while (Ωr ̸= 0)∧ (tnext ̸= ts)
5. pnext ← (tnext ◦)∩Lpth (p, ts)
6. if pnext ∈ PC
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Fig 4. Propoagation of the disturbance in thesubpath Lpth(p, ts)

7. if Ωr > 0
8. qenext

c = qenext −min(Ωr,−CMd (pnext ))
9. δ r←max(0,Ωr+CMd (pnext ))
10. end
11. if Ωa < 0
12. qenext c = qenext +min(−Ωa,CMa(pnext ))
13. δ r←min(0,Ωa+CMa(pnext))

14. end
15. tnext← (p◦next)∩Lpth (p, ts)
16. Sqec← [Sqecqec

next ]

17. else
18. Sqec← [Sqecqenext ]
19. end
20. end
21. if Ωa = 0, robust ← 1 else robust ← 0
22. end

The proposed iterative algorithm is able to compute the available control margins for each place p ∈Pc. These margins are
explored to compensate the disturbance along amono- synchronized paths from the place where the disturbance was observed.

The lines 4-5 select the mono-synchronized path Lpth(p, ts) on which the disturbance Ω is occurred and and which contains,
as last node, a synchronization transition ts.

In the delay case (disturbance Ωr← Ωn,Ωr > 0), the effective sojourn time is computed, in the observable place pnext as
follows qnext = qenext + Ω. In this case the time disturbance is compensated in the controllable places belonging to the path
Lpth(p, ts) admitting pnext as a starting place.

In this case, the expected sojourn times associated to the controllable places “qenext
c “ is computed by lines 8-9. The

CMd(pnext) associated to the controllable place pnext is calculated as follows CMd(pnext ) = Lnext −αnext ≤ 0 . The qe c
next

satisfy qe next
c = qenext +x with CMd(pnext )≤ x≤ 0.
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The calculation procedure for the expected sojourn times of the controllable places along mono-synchronized paths Lpth(p,
ts) proceeds until the delay compensation.

Otherwise (the disturbance is an advance) Ωa← Ω,Ωa < 0 then qnext = qenext + Ω< qenext in the observable place pnext
. In this case the disturbance is compensated on the level of controllable places belonging to the Lpth(p, ts) by generating an
advancement on their expected duration.

Algorithm 1 stops as soon as the condition in line 21 is satisfied.

5 Simulations and validation

5.1 Simulations and validation of the identification approach

The main objective of this section is to illustrate how the SP-TPN model, after identification, simulates the Sahel Tunisian
railway network in nominal and degraded modes (with and without disturbances). Thus a temporal study based on simulation
is intended. In this study, marks represent the metro position and the transitions firing correspond to metro passage times.This
study is spread over a period of 30 days and the main results have been reported in [figure 5]. This figure shows the position of
the metro in the Sahel railway network (Y axis) over time (X-axis).

The [Figure 5] shows the tokens evolution (the metros traffic of the studied railway network) according to SP-TPN model,
figure 2. Let us take the case of a trip made by a metro M1 (represented by red ellipse): This metro leaves from Mahdia station
(place P1). Arriving at Monastir station (place P45), M1 parks for a period T1 (level 1), then continues his journey to Sousse
station (Place 63) where he stays for a period T2. From Sousse station (return trip) themetroM1, parks atMonastir station (level
2, place P80) before returning toMahdia station (level 3, place P120).This simulation shows that a metro, during its circulation,
can have delays which result in temporal disturbances in the operating times. These delays are shown by a tokens scattering,
Figure 5.

Fig 5. Position of the metro in the sahel railway network (Y axis) over time (period of 16 hours

[Figure 6], reports the distribution of the trains departure times in various railway stations, for February month simulated
period, without control action. One can notice that the passage times dispersion corresponds to successive disturbances that
have an impact on the metro traffic.

According to the Figure 6, The dispersion increases over time: The dispersion is weak in the morning since the traffic stops
at night and a new network scheduling is proposed for the subsequent day. The main impartial is to ensure that metro leave
on time in the morning. The dispersion increases during the day due to cumulative delays and various disturbances (see for
instance the histogram of the metro passage times at Monastir station, transitions t45, Figure 6, up, right).
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Fig 6. Passage times of metro at transitions t1 (up right), t45 (up left), t63( left down), t81( right down )

5.2 Simulations and validation of control strategy

A/ Application of the robust control approach to the railway transport network: temporal disturbance on the railway (Mahdia
- Monastir)

In SP-time PNs, if the upper limit is exceeded, there is a death of mark. The “death” of a token has to be seen as a time
constraint violation. In the studied railway network, a death of token corresponds to illegal behavior. Thus, some disturbance
can lead to a degraded service (traffic perturbation, cumulative delay, travelers claims, …) and influence the stability and the
security of the networks.

In order to avoid the traffic delay (occurrence of time disturbance δ in p127), Figure 7, it is possible to catch up the late
departure of the metro from Mahdia station by minimizing the staying time of the metro in the stations (generating advances
on the controlled transitions t5, t7, t9 and t12). This delay compensation makes it possible to avert catastrophic scenarios since
it allows to avoid the collision with the metro arriving from the station of Bekalta (single railway lane shared between the two
metros).

A series of simulations during the Februarymonthwas collected taking into account the application of novel control strategy.
The results are shown in the [Figure 8]. The impact of the perturbation on the railway line has been attenuated, so as so the
planned schedule is respected.Therefore according to [Figure 9], it is easy to take into account that the control strategy leads to
satisfactory results in the disturbances compensation.

This control approach can be applied to any Discrete Event System integrating time constraints (urban, maritime, rail
transport networks, manufacturing system with time constraints, etc.). Certainly the proposed approach can be applied to
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Fig 7. Example of disturbance propagation on railway network Mahdia-Monastir

Fig 8. Impact of the control strategy on the metro circulation
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Fig 9. Passage times of metro at transitionst1 (up right), t45 (up left), t63 (left down), t81 (right down) with control action

other networks but it does not cover two aspects:

• The first is the progression of faults: it is not easy to define, extract or ‘quantity’ damage; but it may be worthwhile to
consider the history of maintenance on a point, and other relevant facts.

• The second aspect is the deterioration process. It is not possible towait until the component deteriorates to an unrepairable
status because it may be very unsafe when it is working in this condition. Hence, it would be better to repair or replace
the components before its deterioration.

6 Conclusion
The planned schedule in railway network is frequently disrupted by disturbances that can lead to significant delays that degrade
the traffic or even lead to serious incidents on the railway line. In order to attenuate the disruptions impact on traffic, a novel
control strategy has been applied to a realistic railway network. This control strategy consists to compensate the disturbance
as soon as it is observed. The control approach have been approved and verified based on real data provided by TNRC which
manages the Sahel railway networks.

An algorithm has been designed to compute a new calendar each time a disturbance occurs. This algorithm updates the
expected sojourn times in the places affected by the disturbance. The method has been validated by simulation on the studied
railway network. The results are promising in terms of disturbance compensation. This leads to an optimization of the railway
network performance and thus the improvement of the transport service of this network.

From a methodological point of view, it would be interesting to improve the efficiency of the control strategy proposed in
this manuscript. Extension to partial will extend the range of applications for the proposed control approach.

In the railway networks, the travelling times should be within two bounds. Any deviations (occurrence of a temporal
disturbance) from the allowed lower (resp. upper) bounds will lead to a low service quality and can lead to disaster scenarios.
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The proposed control approach have been validated and verified by the real data provided by TNRC. In this context, we are in
the process of developing with the engineers of the railway company a platform (dashboard) allowing the control and supervise
in real time the studied railway network. The developed dashboard permit real-time data display and allows the supervisor to
control the train locomotive through a graphical interface. The first tests demonstrate that the surveillance approach has the
potential to react in real time in order to avoid catastrophic scenarios and to further rail safety.
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