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Highlights:
 ■ developed a simulation model to assess railway timetable robustness against disturbances;
 ■ analyzed key dependencies between infrastructure and operational parameters impacting delays;
 ■ identified and implemented reconfiguration measures to reduce average train delays;
 ■ demonstrated significant improvements in punctuality and network capacity after reconfiguration;
 ■ provided insights into effective strategies for enhancing railway resilience under disturbance conditions.

Article History: Abstract. The article presents an approach to train traffic modelling that allows for the analysis of how rail-
way networks respond to various disturbances, including increased traffic and disturbance events. It discusses 
different methods of reconfiguration actions in key points of the railway network, which helps reduce delay 
propagation in the transport system. The 1st part covers building simulation models, which include defining 
infrastructure, setting train routes, configuring rolling stock, and disturbance scenarios, enabling the analysis of 
various disruptive events. The simulations allow for testing disturbance scenarios with minimal downtime risk 
without interfering with the real-world environment. The study results identified key system parameters gener-
ating the largest delays, such as platform availability, signaling, and the number of block sections. Probability 
density distributions for event intervals and durations were analyzed. The Kolmogorov–Smirnov test was used 
to confirm the fit of empirical distributions with theoretical ones, which were then implemented in the model of 
railway line No 271, running from Wrocław to Żmigród (Poland). As part of the reconfiguration of this railway 
line, new platforms were added, the time required for route setting was reduced, and the number of block sec-
tions was increased. These actions significantly reduced average delays, improved line capacity, and enhanced 
the robustness of the railway transport system against disturbances. The reconfiguration effectively reduced 
delays in areas causing significant time exceedances above 359 s, which was recognized in the Polish railway 
network as critical.
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1. Introduction

Simulation modelling of train traffic plays a crucial role 
in designing railway infrastructure, optimizing timeta-
bles, managing traffic on congested lines, and improv-
ing robustness against disturbances. Simulations enable 
the detailed analysis of the impact of various operational 
changes, such as signal adjustments or infrastructure ex-
pansion, without the need to implement these changes 
directly in the real environment. Computer simulations al-
low testing scenarios related to traffic disturbances, sud-
den increases in traffic, and extreme weather conditions, 
which help prepare for emergency situations and minimize 
downtime risks.

Technological advancements have made simulation 
models more sophisticated, integrating factors related to 
the impact of disturbance events and vehicle interactions. 
Tools like OpenTrack, RailSys, and AnyLogic enable the cre-
ation of comprehensive models that assess how the rail-
way network responds to different types of disturbances. 
Thus, simulations support infrastructure managers, railway 
operators, transport planners, and researchers in making 
informed decisions both on a strategic and operational 
level, contributing to increased flexibility and robustness 
of railway networks against disturbances.
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2. Literature review

Early research on simulation modelling focused on the 
fundamental aspects of traffic management at the level of 
individual lines and stations. 

Discrete event models, used in the work by Xu et al. 
(2014), allow for the analysis of train traffic considering 
energy consumption parameters and managing train dis-
tances to minimize delays. They are particularly useful for 
optimizing traffic on single-track railway lines, where inter-
actions between trains can lead to congestion and delays. 

As simulations evolved, new tools like OpenTrack and 
RailSys gained popularity due to their capabilities in mod-
elling more complex scenarios involving the influence of 
infrastructure on capacity and schedule stability (Mid-
delkoop et al. 2012). 

An example is the comparison of RailSys and Open-
Track, where detailed aspects of railway infrastructure, 
including signaling and track layouts, can be modelled, 
which is critical for operational efficiency (D’Ariano 2010).

2.1. Train traffic simulation

The 1st group of studies focuses on the simulation of in-
dividual train traffic, considering technical aspects such as 
traction, rolling resistance, and rail potential. 

Research by Mongkoldee et al. (2016) demonstrates 
power flow and potential losses associated with DC volt-
age in traction systems, which is crucial for optimizing en-
ergy consumption. 

The simulation described by Aredah et al. (2024) focus-
es on modelling freight train traffic, considering external 
forces and energy consumption. It enables the analysis of 
energy efficiency of various propulsion technologies. This 
is useful for studies on optimizing energy costs and reduc-
ing carbon emissions. 

Longo et al. (2020) presented an approach that consid-
ers energy consumption in a mesoscale model. By inte-
grating OpenTrack and modeFRONTIER tools, simulations 
allow for analysing energy consumption and generating 
timetables optimized for energy efficiency. 

Li & Gao (2007) introduced a train motion equation 
model with an additional component accounting for safe 
spacing between trains. This model, used in moving block 
systems, accurately reflects dynamic train behavior under 
high traffic density. 

Cole et al. (2017) analyze longitudinal train dynamics 
and models related to interactions between wagons. Such 
models are key for optimizing freight train traffic with 
higher energy demands.

2.2. Infrastructure and capacity simulation

The 2nd important area of research is the simulation of 
railway infrastructure and capacity analysis. 

Chen & Han (2014) used OpenTrack to analyze capacity 
on the Beijing–Shanghai line (China), considering different 
scenarios with train spacing. The analysis revealed that re-

ducing the spacing between trains could increase capacity 
by up to 72.7%, which is particularly important for high-
speed rail in China. These simulations help identify ways to 
increase capacity without expanding infrastructure. 

Schöbel et al. (2022) demonstrated that OpenTrack can 
be used to analyze timetable stability across the railway 
network and assess how different infrastructure configura-
tions affect train traffic. This is crucial for long-term plan-
ning. 

The article by Szűcs (2001) presents the application of 
the Cassandra system to railway operations simulation, 
which aids in planning and optimizing railway infrastruc-
ture. The system allows for analysing dynamic operations 
and timetable management while simultaneously mod-
eling infrastructure and logistical constraints. 

Bigdeli et al. (2009) discussed various graph metrics 
used to analyze railway networks’ criticality and robustness 
against disturbances. These methods are used in simula-
tions to assess key points in networks and potential bot-
tlenecks, which is crucial for designing networks resilient 
to failures. 

In the work by Kierzkowski & Kisiel (2015a), operational 
modeling for traffic flow management was demonstrated 
through examples of simulation models applied to trans-
port logistics management. 

The article by Pouryousef & Lautala (2015) proposed a 
hybrid approach to simulation, combining discrete event 
simulation with continuous modeling. The goal is to in-
crease the capacity of the railway network and optimize 
timetables. 

Harrod et al. (2019) used the OpenTrack model to 
assess timetable robustness against delays on suburban 
railway lines in Copenhagen (Denmark). The impact of dif-
ferent delay scenarios on punctuality and network capacity 
was examined. Simulation models offer insight into how 
increasing the number of trains or speeding up operations 
affects the overall robustness of the timetable. 

Majumder et al. (2024) described the use of rough set 
theory and machine learning methods to evaluate the ser-
vice quality provided by Indian railways. This allows for the 
analysis of train performance based on key attributes, such 
as punctuality, ticket availability, cleanliness, and safety. 

Jeremić et al. (2021) focused on analyzing robustness 
against disturbances in the Belgrade (Serbia) railway sys-
tem, evaluating different timetable variants and assessing 
the effectiveness of the network in areas with a high risk 
of delays.

2.3. Simulation of multi-layer  
transport networks

Another group of studies deals with the modeling of mul-
ti-layer transport networks. 

Dudakova et al. (2023) presented a multi-layer model 
that allows for analyzing the robustness of the entire trans-
port network against disturbances. This approach enables 
the evaluation of the impact of failures on different lay-
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ers of the transport system, which is crucial for increasing 
infrastructure robustness against operational disturbances. 

Du et al. (2016) introduced a multi-layer transport net-
work model combining railway and aviation networks. The 
efficiency of passenger transfers between the 2 networks 
was analyzed, considering varying transfer costs and pas-
senger flow dynamics. 

Alessandretti et al. (2023) focused on multimodal ur-
ban mobility, integrating different modes of transport 
such as buses, metros, and railways within a multi-layer 
network. Adjacency matrices were used to analyze urban 
infrastructure and its interactions. 

Karpenko & Prentkovskis (2022) emphasized the im-
portance of developing supporting technologies that can 
improve the transport system’s response to unforeseen 
disturbances and reduce the impact of delays. 

Wang et al. (2022) presented a method for identifying 
key nodes in a multi-layer railway and aviation network. 
They used a modified version of betweenness and close-
ness centrality metrics, adapted to multi-layer dynamics, 
to identify the nodes with the greatest impact on capacity 
and the system’s robustness. This approach helps in ana-
lyzing how nodes connecting different layers (e.g., airports 
and railway stations) influence overall performance.

2.4. Passenger movement simulation

The next group of studies focuses on the simulation of 
passenger movement within railway stations. 

Deng et al. (2023) used AnyLogic to simulate emer-
gency evacuations at railway stations. This allowed for 
the identification of bottlenecks and the optimization of 
station capacity. The study results showed that appropri-
ate reconfiguration of the station layout can significantly 
reduce evacuation times and increase passenger safety. 

Liu & Chen (2020) examined emergency evacuation 
strategies. The models used indicators such as traffic den-
sity, evacuation time, and the distance covered by pas-
sengers to assess the effectiveness of different evacuation 
routes and adjust operational strategies. 

Zhu (2023) focused on modeling passenger flow in var-
ious station sections using AnyLogic, including entrances, 
ticket vending machines, and exits. The model allows for 
identifying bottlenecks. 

Kierzkowski & Kisiel (2015b) focused on optimizing 
operational processes using simulations, where passenger 
flow is modeled to minimize delays and improve station 
capacity. 

Liang & Yuan (2014) studied passenger behavior at a 
station in terms of exit route selection using AnyLogic. The 
study focused on various options such as stairs, elevators, 
and escalators, analyzing which were preferred depending 
on traffic volume. The results provided insights into station 
capacity evaluation.

2.5. Timetable simulation  
for robustness analysis

The next group of studies focuses on analyzing timetable 
robustness against disturbances using railway transport 
system modeling. 

Andersson (2014) defines robustness as the ability of 
a timetable to maintain smooth operations despite pri-
mary and secondary disturbances, such as delays caused 
by signal failures or unforeseen interruptions in passenger 
service. Introducing time buffers and adding reserves be-
tween train operations helps minimize the propagation of 
delays and increases schedule flexibility, which is key to 
improving robustness. 

Dewilde et al. (2011) emphasize that identifying criti-
cal points – locations in the network highly sensitive to 
delays – allows for the strategic placement of time buffers 
and reserves. This minimizes the effects of delays in the 
most congested parts of the timetable. 

Khoshniyat & Peterson (2017) assess how the introduc-
tion of additional time buffers impacts schedule stability. 
They use the RailSys simulation tool to test timetable ro-
bustness. 

Meng et al. (2019) propose a method for relocating 
time buffers in the timetable at the most delay-prone lo-
cations, improving timetable management and minimizing 
disturbance propagation. These studies highlight the im-
portance of strategically placing time reserves, especially 
in high-traffic nodes. 

Solinen & Palmqvist (2023) describe changes in Swe-
den’s timetable planning policies, which have increased 
robustness by introducing rules related to time buffers in 
key infrastructure points. 

Jin et al. (2019) conducted studies on mixed integer 
linear programming methods for adding buffer time to 
timetables. The method was validated and proved effec-
tive in reducing delays on the Guangzhou (China) metro 
network. 

Fischetti et al. (2009) present techniques based on lin-
ear programming and ad hoc methods aimed at building a 
robust timetable under delay and disturbance conditions. 
The results show that these techniques offer fast, high-
quality solutions comparable to traditional, but more time-
consuming, stochastic programming methods. 

Goerigk et al. (2014) consider both strict robustness, 
which provides maximum punctuality guarantees, and 
light robustness, offering a more flexible approach. Stud-
ies show that strict robustness may result in significant 
travel time extensions, while light robustness offers a com-
promise between the level of guarantees and travel time. 

In research by Kierzkowski & Kisiel (2015c), infrastruc-
ture capacity modeling and operational management in 
conditions of arrival time variability and disturbances were 
discussed. 
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Yan & Goverde (2017) proposed a model for cyclic 
timetables that allows flexibility in stop and travel times 
while allowing train overtaking on selected sections. The 
model is based on the periodic event scheduling problem 
and integrates robustness functions, such as maximizing 
travel time between events. 

Sels et al. (2016) developed a model that generates 
timetables minimizing passenger travel time while increas-
ing robustness against disturbances. Their approach is 
based on minimizing expected travel time while consider-
ing the probabilities of primary delays. These studies dem-
onstrate that achieving robust timetables while minimizing 
passenger travel time is possible. 

Akkan & Gülcü (2018) presented the use of genetic 
algorithms for railway timetables, where timetable stability 
is critical in the context of dynamic operational changes. 

Salido et al. (2008) showed that simulations can be 
used to build robust timetables by enabling emergency 
scenario testing and assessing how the timetable responds 
to different levels of disturbance.

The link between timetable robustness and railway 
traffic simulation lies in using simulations as tools to test, 
optimize, and assess how timetables handle various distur-
bance conditions. Simulations allow conducting analyses 
without interfering with actual infrastructure, enabling re-
alistic replication of the system’s response to delays, fail-
ures, and increased traffic. Although considering various 
aspects of traffic management and timetable optimization, 
current research on railway transport modelling does not 
fully analyze the impact of dynamic disturbances, such 
as changes in infrastructure availability or traffic control. 
There is a lack of detailed analyses of flexibility, i.e., the 
ability to quickly adapt to emergencies. Simulation mod-
els can be extended by including additional parameters 
related to the dependencies between individual elements 
of the simulation model. Introducing changes in depend-
ent parameters would allow for examining their impact on 
railway punctuality in terms of responding to disruptive 
events. This is crucial for managing traffic on high-density 
lines.

3. Process of building a simulation model

The process of building a railway line simulation model, 
taking into account disturbances, can be divided into 
5 fundamental stages:
 ■ defining infrastructure;
 ■ defining train paths;
 ■ defining rolling stock;
 ■ defining timetables;
 ■ implementing disturbance scenarios.

The construction of a simulation model begins with de-
fining the infrastructure, which can be divided into 2 main 
types: linear and point infrastructure. Linear infrastructure 
includes tracks, which form the basic framework of the 
model, and the traction network. In the 1st stage, vertex 
points are defined, representing points of infrastructure. 

Next, these vertex points are connected by edges, cor-
responding to track sections linking various points in the 
railway network. This process also defines switches. The 
next step defines parameters such as track length, gradi-
ent, curve radius, and switch parameters. After defining the 
linear infrastructure, the next step is to define the point in-
frastructure. This includes stations (platforms, tracks), pas-
senger stops, sidings, branch signal boxes, signals, traffic 
control devices (signal boxes, automatic traffic control sys-
tems), engineering structures (bridges, viaducts, tunnels, 
culverts), traction substations, and railway crossings. Next, 
speed profiles are defined. The maximum speed trains can 
operate on a given section depends on the track’s char-
acteristics, purpose, and local speed restrictions. The final 
parameters in defining infrastructure constraints are head-
way times related to station dwell times and the spacing 
between trains on the route.

The next stage is defining train paths, which refers to 
the routes trains will follow between points in the railway 
network. Predefined routes (vertex points and edges de-
scribing the track between stations or important points) 
and paths (linking various routes into more complex seg-
ments) are used to accomplish this. This allows for defining 
the exact train routes, known as itineraries, which combine 
routes and paths, reflecting the entire journey of a train 
through the defined network.

After defining the train paths, the next step is config-
uring the rolling stock. Each train used in the simulation 
requires a detailed description, including parameters such 
as traction characteristics, weight, length, brake type, and 
train type.

The next step is defining timetables. A database of 
timetables is configured, containing departure times, ar-
rival times, stations, passenger stops, platform stops, and 
dwell times for each train, along with its unique number. 
It is also necessary to account for priorities for different 
types of trains.

After defining timetables, railway traffic disturbances 
are introduced into the model. Disturbances can be simu-
lated by adding probability density distributions for the 
occurrence and duration of various events, such as signal 
failures, infrastructure damage, speed restrictions, weather 
conditions, and sudden traffic interruptions. These distur-
bances can be modeled based on historical delay data or 
introduced as potential event scenarios, such as planned 
track closures. Individual events can be assigned to specific 
kilometers of the railway line, considering the direction of 
travel and the selected segment. Configuring disturbance 
scenarios allows for analyzing the impact of events on rail-
way traffic and testing timetable robustness against dis-
turbances. The process of building the simulation model 
is presented graphically in Figure 1. Each stage serves a 
distinct purpose: defining infrastructure establishes the 
foundational network elements; defining train paths out-
lines routes and optimizes traffic flow; configuring rolling 
stock details train specifications; defining timetables sets 
departure and arrival schedules; and implementing dis-
turbance scenarios assesses the model’s robustness un-
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der various operational conditions. The parameters in the 
shared rectangles can be defined simultaneously. Detailed 
parameters and descriptions for each stage of building the 
simulation model are summarized in Table 1.

After configuring all elements of the model, the simula-
tion can be conducted. During the simulation, parameters 
such as travel time, punctuality, the impact of disturbances 
on traffic flow, and the effectiveness of disturbance man-
agement strategies are monitored. Based on the simula-
tion results, robustness analysis of the timetables can be 
performed, and model parameters can be adjusted to en-
hance the system’s robustness against disturbances.

In the context of railway traffic simulation, it is essential 
to understand the dependencies between individual mod-
el parameters. To this end, a dependency matrix (Table 2) 

was constructed to identify key relationships between pa-
rameters. This enables the determination of critical param-
eters for operational efficiency and how delays and other 
disturbances may propagate throughout the network. A 
value of 0 indicates no relationship between parameters, 
while 1 indicates a relationship.

From the matrix, it can be concluded that the length of 
the track influences the headway, which means that longer 
track sections allow for a reduction in the distance be-
tween consecutive trains on the route. Furthermore, track 
length also affects arrival times, as the longer the section 
between stations, the more time is required to travel that 
distance. Gradient affects both departure and arrival times, 
as steeper tracks increase rolling resistance, leading to 
longer travel times, and is also related to the train’s weight.  

Figure 1. Stages of building a railway line simulation model (source: created by the author)
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Table 1. Parameters and descriptions for each stage of the simulation model building process (source: created by the author)

Parameter Description
Infrastructure parameters

Vertex represents infrastructure points such as stations, switches, stops, sidings, and traffic control points; these are 
locations where edges connect, and trains can change direction or stop

Edges edges in the railway line simulation model refer to track sections connecting different points in the railway 
network

Switches number, types, and configurations of switches, including the speed at which switch positions can be changed
Track length each track section’s length affects travel time and distances between stations
Gradient expressed in per mille, it influences rolling resistance and energy consumption
Curve radius affects the speed limits for trains on curves
Stations and stops locations of stations, platforms, the number of available tracks at stations, platform length, and the 

availability of transfer points
Station areas includes edges, vertex points, and signals associated with the station. stop points are also defined, allowing 

train stop simulation at specific platform locations
Signaling default position and types of signals (e.g., semaphore signals, shunting signals), and train stop points before 

signals
Electric infrastructure voltage in the traction network, location of traction substations, and power limitations
Railroad crossings the location of railway crossings and pedestrian crossings may impact safety and travel time (speed limits)
Speed profile maximum speed in different sections of the track, taking into account restrictions related to curves, signaling, 

and switches
Headway minimum safe distance between consecutive trains on the same route, ensuring safe traffic management

Train path parameters
Routes routes are sets of vertex points and edges that describe the track’s path between stations or important 

points. routes form the basis for defining specific train journeys
Paths paths connect different routes into more complex segments, such as transitions through stations. this allows 

for defining exact train itineraries
Itineraries a combination of routes and paths that reflect the entire train journey through the defined network

Rolling stock parameters
Traction 
characteristics of 
locomotive

engine power, maximum tractive force, energy efficiency, and maximum speed

Train weight total weight of the train, including the locomotive and cars, affecting energy consumption, braking force, and 
the ability to overcome gradients

Train length the total length of the train, important in the context of station track availability
Brake type the braking capability on various track sections
Train type refers to the operational characteristics of trains: passenger, freight

Timetable parameters
Departure times the times at which trains depart from specific stations or stops
Arrival times the times at which trains arrive at specific stations or stops
Stations stations allow for train starts and ends, overtaking, crossing, changing direction, and composition changes. 

they also enable passenger boarding and alighting
Passenger stops points on the route where trains stop briefly to allow passengers to board and alight
Platforms platform availability at a specific time depends on the timetable, train priorities, as well as potential delays 

and disturbances that may occur en route
Dwell times trains can start and end their journey, overtake and cross other trains, change direction or composition, and 

allow passenger exchange
Train number a unique identifier assigned to each train in the timetable
Train priority train priority defines how important a train is on a given route compared to other trains. basic priority 

categories include: express, fast, regional, and freight trains, with freight having the lowest priority
Disturbance scenario parameters

Probability 
distributions for time 
between disturbances

the probability of time between consecutive disturbances. describes how frequently disturbances occur in the 
railway network

Probability 
distributions for 
disturbance duration

the probability of disturbance duration. describes how long disturbances last in the railway network

Disturbance location the probability of disturbances occurring on a specific track section or kilometer
Track closures periodic or permanent interruptions in the availability of track sections, during which no railway operations 

can occur
Speed restriction due 
to disturbance

temporary restriction of maximum speed on a specific track section due to the presence of a disturbance
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Curve radius significantly influences the speed profile, as 
trains must reduce speed on curves with a smaller radius. 
The speed profile directly impacts both departure and ar-
rival times, as different sections of the route may require 
different maximum speeds, directly translating into travel 
times. Platform availability depends on train priority, sign-
aling, headway, and departure and arrival times. In the 
event of disturbances, platforms are assigned according 
to train priority, which improves traffic flow during con-
gestion. Train priority affects platform availability and de-
parture and arrival times, as higher-priority trains can be 
handled more quickly in emergencies situations. Signaling 
is closely linked to arrival times and platform availability, 
as signals control traffic on routes and at stations. It also 
influences headway, as signal settings determine the inter-
vals between trains. Headway affects both departure and 
arrival times and platform availability, as it includes station 
times associated with the minimum intervals between train 
arrivals and departures at stations. Departure and arrival 
times depend on track length, gradient, speed profile, train 
priority, and signaling.

4. Case study

4.1. Simulation model

To investigate the robustness of the timetable against dis-
turbances, a model of railway line No 271, running from 
Wrocław to Żmigród (Poland), was built. This line is part of 
the national transport network and is essential for passen-
ger traffic, characterized by intensive use. The railway line 
starts at Wrocław Główny station, which serves as a major 
transportation hub for the region. The line is equipped 
with a modern, computerized traffic control system that 

utilizes automatic block systems. This system allows real-
time monitoring of train traffic and efficient management 
of operational situations. The analyzed section is 47.15 km 
long and includes 16 control points, comprising 6 stations, 
6 passenger stops, and 4 branch signal boxes that facilitate 
railway traffic. Each point on the route, such as stations, 
stops, or branch signal boxes, was accurately modeled in 
the simulation, including the railway control systems. On 
this section, trains are operated by national passenger 
carriers, with 36 pairs of trains running daily. The types 
of trains on this route are varied and include 21 regional 
trains, 2 intercity trains, and 13 express trains. Each of 
these trains has an assigned priority, which is crucial for 
managing traffic during disturbances. Express trains, with 
the highest priority, are granted precedence on the route 
and have minimal platform stop times, while regional and 
intercity trains adapt to their current traffic situation to 
minimize delays on key sections. The simulation model in-
cluded all key elements of the infrastructure, including the 
track layout, platforms, signaling, timetable, and all control 
points along the route. Detailed parameters of the simula-
tion model are summarized in Table 3.

In the model, speed restrictions were carefully taken 
into account for various infrastructure elements, such as 
switches, stations, and individual track sections, allowing 
for a realistic representation of the railway line. On switch-
es, speed is limited based on the type and angle of the 
switch. The modeled railway line, with speed restrictions 
on the switches near Wrocław Główny station, is shown 
in Figure 2. In the model, trains reduce their speed when 
entering and exiting switches, reflecting actual operational 
practices. Speed restrictions at stations were also modeled, 
taking into account conditions for stopping, passenger 
service, and platform capacity. These speeds reflect both 
entry into and exit from stations. The model considers the 
maximum allowable speeds on the sections between sta-
tions and other control points, which may vary depending 
on terrain profile, curves, and gradients. Speed on these 
sections is restricted according to the maximum speed 
guidelines for passenger trains on railway line No 271 
(PKP 2017). The simulation model was also designed to 
adapt to varying traffic levels, including low or fluctuat-
ing periods. During such conditions, the model adjusts 
parameters such as train headways and platform assign-
ment, optimizing for lower traffic density. This adaptability 
allows the model to provide realistic assessments across 
diverse operational scenarios, enhancing its generalizabil-
ity. Additionally, the model can accommodate varying train 
priorities on mixed-use tracks, where both passenger and 
freight trains operate. The model assigns different priority 
levels, with freight trains given the lowest priority, allow-
ing for realistic simulation of scenarios that prioritize pas-
senger traffic while still incorporating freight operations. 
This feature enhances the model’s adaptability to diverse 
operational needs and expands its applicability across vari-
ous railway networks and strategies.

Table 2. Dependency matrix between the parameters of the 
simulation model (source: created by the author)
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Gradient 0 0 0 0 0 0 0 1 0
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Speed profile 0 0 1 0 0 0 0 1 1
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3 dependent parameters were identified, generating 
the largest delays. These parameters were used to per-
form timetable reconfiguration, which is described in the 
later part of the article. The 1st indicator Tp is the average 
delay resulting from platform availability – Equation (1). It 
illustrates how the limited number of available platforms 
at stations affects the average waiting time for trains to 
access a free platform. It considers the priority Pi, p of the 
pth train using platform i, the platform availability indica-
tor Ai, p for the pth train (1 – available, 0 – unavailable), and 
the waiting time Di, p for the pth train to access platform 
i. The value of Tp was calculated based on all iterations of 
the simulation for each train and platform, allowing for 
the assessment of how platform availability contributes to 
delays in the entire railway system:

( ), , ,
1 1 1

1 1 1
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PR N r
p i p i p i p

pr i P

T P A D
R N P

  

= = =

  
  

= ⋅ ⋅ ⋅ ⋅ ⋅  
  

  
∑ ∑ ∑ ,  (1)

where: R – number of simulation iterations; N – number 
of platforms; [r] – index of a specific simulation iteration; 
Pp – number of trains using the platforms.

The 2nd indicator Ts represents the average de-
lay caused by the time spent waiting for a signal at the 

semaphore – Equation (2). This indicator measures how 
long trains have to wait for a signal allowing passage. It 
is related to track route setting and directly affects train 
departure times from stations. It takes into account the 
signal status Sj, p for the pth train at the jth semaphore 
(1 – available signal, 0 – no signal) and the waiting time 
Wj, p for the pth train at the jth semaphore. The value of Ts 
was calculated for all simulation iterations for each train 
and semaphore:
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where: R – number of simulation iterations; M – number 
of signals; [r] – index of a specific simulation iteration; 
Ps – number of trains waiting for a signal to be cleared.

The 3rd indicator Th represents the average delay 
caused by the time spent waiting for the release of a block 
section – Equation (3). This indicator measures how long 
trains must wait until the previous train vacates the block 
section. It takes into account the availability of the block 
section Wk, p (1 – block available, 0 – block occupied) and 
the waiting time Tk, p for the pth train to release the block 
section on section k. The value of Th was calculated based 

Table 3. Simulation model parameters (source: created by the author)

Parameter Value Parameter Value
Vertex 4215 vertex points itineraries 41
Edges 4425 edges departure times 549
Switches 189 switches arrival times 520
Track length 47.15 km dwell times 487
Stations and stops 6 stations; 

6 passenger stops; 
branch signal boxes

platforms 29

Signaling 119 semaphores train numbers 36 train pairs
Electric infrastructure 3 kV train priority 21 regional; 

2 intercity;
13 express trains

Railroad crossings 18 railroad crossings probability distributions for time between disturbances described in Section 4.2
Routes 315 probability distributions for disturbance duration
Paths 53 disturbance locations

Figure 2. Simulated railway line with speed restrictions on switches near Wrocław Główny station  
(source: elaborated by the author using the OpenRailwayMap – https://www.openrailwaymap.org)

https://www.openrailwaymap.org
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on all simulation iterations for each train and track section, 
which allows for the assessment of how block manage-
ment affects traffic flow and delays:

( ), ,
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h k p k p

hr k P

T W T
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= = =

  
  = ⋅ ⋅ ⋅ ⋅  
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where: R – number of simulation iterations; L – number of 
track sections with block sections; [r] – index of a specific 
simulation iteration; Ph – number of trains on a given track 
section.

The above indicators provide information about the 
factors generating delays in the simulated system and 
allow for further reconfiguration of timetables and infra-
structure.

4.2. Disturbances scenarios
Real disturbance data was implemented for the simulation 
model, developed based on actual data collected from 
railway line No 271. 100000 records were gathered, includ-
ing detailed information such as the event date, duration, 
train number, cause, and primary and secondary delays. 

Events were categorized into infrastructure, environmental, 
and rolling stock categories. In the infrastructure category, 
the most frequent events were: switch failures (2451 re-
cords), failures of railway crossing devices (1975 records), 
and failures of traffic control devices (1426 records). In the 
environmental category, the most common were: animal 
collisions (3084 records), delayed issuance of departure 
signals (2928 records), and improper application of right-
of-way rules (2748 records). In the rolling stock category, 
the most frequent events were: rolling stock failures (1952 
records), police interventions on trains (1654 records), and 
secondary delays caused by the driver (1379 records).

For each event category, probability density distribu-
tions were developed for the time between disturbances 
and their duration based on real data. Figure 3 shows the 
probability density distributions for the time between dis-
turbances and the duration of events for the infrastructure 
category. These were then implemented into the simula-
tion model, allowing for a realistic representation of dis-
turbances. As a result, various disturbance scenarios were 
generated, simulating their impact on railway traffic capac-
ity and punctuality under near-real conditions.
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Figure 3. Probability density distribution for time between disturbances and event 
duration for the infrastructure category (source: created by the author)
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Based on the fitted theoretical distributions, probability 
density distributions for time between disturbances and 
their duration were generated. The Kolmogorov–Smirnov 
test confirmed the quality of the fit at a significance level 
of 0.05. The critical value of the parameter is lkr = 1.36. 
The null hypothesis H0, which states that the empirical 
distribution matches the theoretical distribution, was ac-
cepted.

The input data used to validate the railway line simula-
tion model over 100 iterations includes probability density 
distributions for the occurrence of events and the intervals 
between failures. The output data consists of train delays. 
Figure 4 shows a comparison between the empirical distri-
bution of train delays and the delay distribution generated 
by the simulation model for station Skokowa.

In order to obtain reliable results, 100 iterations of 
the simulation were conducted, which aimed to replicate 
realistic operational conditions on the analyzed railway 
line. In each repetition, disturbance events were randomly 
selected based on the implemented probability density 
distributions. This approach allowed for the generation of 
diverse disturbance scenarios.

Based on the results from all 100 iterations, the aver-
age delay values for the entire railway line were calculated, 
which are presented in the dependency matrix discussed in 
Chapter 2. This analysis helped to identify which depend-
encies between the model parameters generate the most 
significant delays when disturbances occur (over 60 s).  
It provides information about the impact of various events 
on the fluidity and punctuality of railway traffic. The re-
sults for the dependencies generating the largest delays 
are summarized in Table 4.

In the Polish railway network, a train is considered de-
layed if it records a delay of more than 359 s (UTK 2024). 
The focus was on dependencies where delays exceeded 
this value:
 ■ platforms – train priority (453 s): the availability of 
platforms and the train’s priority affect how quickly 
trains can enter and exit stations. Higher-priority trains 
are given precedence in accessing platforms, which can 
cause lower-priority trains to be delayed. Events such as 

switch failures or track closures near stations can lead 
to longer delays, as limited platform availability extends 
waiting times for a free track;

 ■ signaling – departure times (392 s): problems with the 
signaling system can cause trains to wait for clearance to 
depart. Events related to signal failures or the improper 
issuance of departure signals can lead to delays in de-
parture times.

 ■ track length – headway (376 s): track length directly 
affects the time required for travel and the minimum 
time intervals between consecutive trains on the route. 
Longer track sections with short headways between 
trains cause delays.

4.3. Reconfiguration

In the simulation model, changes were introduced to 
reduce the average delays resulting from dependencies 
between key parameters. These changes included the ad-
dition of a new platform, modification of signal times, and 
an increase in the number of block sections, allowing for a 
reduction in the impact of disturbances. The reconfigura-
tion was carried out in 3 stages:
 ■ the 1st stage involved analyzing platform availability at 
stations. The algorithm shown in Figure 5 begins with 
identifying trains waiting for platform availability at a 
given station. Then, it checks if the platform is available. 

Figure 4. Comparison of empirical and simulated train delay distributions for Skokowa station (source: created by the author)
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Table 4. Average train delays for dependencies between 
simulation model parameters (source: created by the author)

Parameter Dependent parameter Average delay [s]
Platforms train priority 453
Signaling departure times 392
Track length headway 376
Train priority arrival times 224
Signaling track length 123
Headway arrival times 71
Headway departure times 69
Platforms departure times 64
Platforms signaling 62
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If the platform is available, the train is assigned to that 
platform and continues according to the schedule. If the 
platform is not available, the priority of the waiting train 
is compared to that of other trains using the platform. 
If the waiting train has higher priority, the possibility of 
relocating other trains to different platforms is analyzed 
to free up the platform. Other trains will be relocated, 
and the platform will be made available to the higher-
priority train if possible. If the platform is unavailable 
and other trains cannot be relocated, the availability of 
alternative platforms is checked. The train is directed to 
the alternate platform if another platform is available. 
The waiting time for the platform to become available is 
determined if no platform is available. At the end of the 
algorithm, the arrival and departure schedule is updated 
based on assigned platforms and train priorities.

To reduce delays related to platform availability and 
train priority, an additional platform was added at the 
busiest station – Wrocław Główny (marked with a red 
rectangle in Figure 6). The additional platform allows 
more trains to be served simultaneously, reducing the 
waiting time for lower-priority trains. The prioritization 
system was also updated to give precedence to higher-
priority trains, especially during peak hours;

 ■ the 2nd stage involved identifying and shortening ex-
tended paths, resulting in faster signal clearance. The 
algorithm shown in Figure 7 begins by identifying 
trains waiting for path assignment. Next, the number 
of switches that must be reset on the selected path is 
checked. If the number of switches to be reset is mini-

mal, the algorithm analyses the paths of other trains on 
the line. If the number of switches exceeds the minimum, 
an alternative path with fewer switch resets is selected. 
After analyzing the paths of other trains, the algorithm 
checks whether the selected train’s path conflicts with 
other trains’ paths. If a conflict occurs, the algorithm re-
solves it by determining the path order based on train 
priorities. The path that minimizes the train’s distance 
and the time required to reset the switches is selected 
for all available paths. Finally, the algorithm updates the 
arrival and departure schedules based on the shorter 
signal clearance times.

The reduction of delays caused by the dependency 
between path setting and departure times was achieved 
by shortening the path setting time (Figure 8), resulting 
in faster signal clearance at the semaphore. Faster signal 
clearance increases the station’s capacity. The signaling 
system considers the train’s priority, allowing for readi-
ness signals to be issued to trains that should be dis-
patched with precedence;

 ■ the 3rd stage involved identifying train waiting times 
due to headway. The algorithm shown in Figure 9 be-
gins by identifying track sections where trains are wait-
ing due to the required headway, which represents the 
minimum time interval between consecutive trains. Next, 
the algorithm checks if increasing the number of block 
sections is possible. If so, the algorithm increases the 
number of block sections on the given track section, 
which can reduce train waiting times. The following step 
analyzes whether the current headway can be shortened. 
If possible, the algorithm shortens the headway to the 
minimum level that complies with safety standards.  
If this is not possible, the headway remains unchanged. 
At the end of the algorithm, the arrival and departure 
timetable is updated, considering the increased number 
of block sections and headway changes, which optimizes 
line capacity and reduces delays.

The simulation model was expanded to double the 
number of block sections to reduce delays resulting from 
the relationship between track length and headway (Fig-
ure 10). This increased the line’s capacity and reduced de-
lays caused by the need to maintain large gaps between 
trains.

Figure 6. Additional platform at the busiest station  
(source: elaborated by the author using the OpenTrack)

Figure 5. Platform availability analysis algorithm at a station (source: created by the author)
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When comparing the addition of platforms to the ex-
pansion of block sections, the model showed that platform 
additions are most effective in high-traffic areas with fre-
quent passenger services. On the other hand, increasing 
block sections proved particularly valuable in sections with 
mixed passenger and freight traffic, where headway reduc-
tions are critical for maintaining punctuality.

4.4. Results

In the analysis of the results, an examination was con-
ducted on the impact of reconfiguration actions, specifi-
cally focusing on platform availability, train path setting, 
and headway, on overall delay reduction. Figure 11 shows 
the average delay values depending on the analyzed de-

Figure 7. Train path analysis algorithm (source: created by the author)

Figure 8. Shortened train paths  
(source: elaborated by the author using the OpenTrack)

Figure 9. Headway waiting time analysis algorithm (source: created by the author)

Figure 10. Expansion of block sections (source: elaborated 
by the author using the OpenTrack)

Figure 11. Average delay values for dependent parameters before and after reconfiguration  
(source: created by the author)
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pendent parameters. The dotted line marks the threshold 
delay – 359 s, above which trains are considered delayed. 
The figure presents the results before reconfiguration, 
where delays exceeded the threshold for 3 parameters, 
and after reconfiguration. The addition of an extra plat-
form at Wrocław Główny station significantly decreased 
average delays from 453 s to 322 s, achieving a reduction 
of approximately 29% by enhancing station capacity. For 
signaling, reducing the path-setting time from 120 to 80 s 
lowered delays from 392 s to 348 s, resulting in a reduc-
tion of around 11%, demonstrating the effectiveness of 
faster signal clearance in improving traffic flow. Doubling 
the number of block sections along key track segments 
decreased delays from 376 to 351 s, yielding a reduction 
of about 7%, indicating that optimized headway reduces 
wait times between trains and enhances traffic manage-
ment. Table 5 illustrates the effectiveness of each reconfig-
uration action in achieving overall delay reduction within 
the simulated railway model.

5. Conclusions

The conducted simulation study highlights the significant 
impact of key dependencies between model parameters 
on train delays. A detailed analysis of dependencies be-
tween infrastructure and operational parameters, such as: 
platform availability, signaling, and track length revealed 
how these relationships affect delays and the overall ef-
ficiency of the railway system. These findings underscore 
the importance of optimizing these parameters to enhance 
punctuality and smooth train operations.

The primary contribution of this study is the develop-
ment of a simulation model designed to assess railway 
timetable resilience against disturbances. The model al-
lows for analyzing critical parameters that impact delays 
and provides a structured approach to identify and im-
plement reconfiguration measures aimed at reducing av-
erage train delays. The novelty of this study lies in the 
practical reconfiguration measures applied to a real-world 
railway network model (railway line no. 271). The recon-
figuration measures applied: the addition of a new plat-
form, shortening signal path-setting times, and increasing 
block sections, demonstrated significant improvements in 
both punctuality and network capacity. The implemented 
changes reduced average delays by approximately 29% for 
platform availability, 11% for signaling, and 7% for head-
way optimization, confirming the model’s utility in enhanc-
ing railway resilience under varying conditions. The practi-
cal applications of this model extend to various types of 

rail networks, including both urban commuter and intercity 
systems. By adjusting model parameters, such as train pri-
ority and path allocation, the model can analyze different 
network configurations and operational strategies, offering 
railway operators a flexible tool for testing reconfiguration 
scenarios and improving robustness in diverse operational 
contexts.

In future research, it is planned to develop an advanced 
method of railway system reconfiguration, which will be 
based on precise determination of boundary parameters 
for key infrastructure and operational elements. The goal 
will be to define optimal operating conditions under which 
delays can be minimized while maintaining high capacity. 
This process will include a detailed analysis of the impact 
of individual variables on the overall system performance, 
allowing for dynamic changes and adaptation of opera-
tional parameters depending on current traffic conditions. 
This will enable the development of a flexible traffic man-
agement model capable of responding to disturbances 
while minimizing their impact on the functioning of the 
entire system. In addition, future studies will explore other 
parameters that contribute to delays but do not require 
significant infrastructure investments. Although platform 
availability significantly impacts train punctuality, adding 
new platforms can be costly and spatially constrained. 
Therefore, upcoming research will prioritize adjustments 
to parameters such as signal timing, train priority man-
agement, and optimized scheduling practices, which can 
enhance network performance without major physical ex-
pansion of the system.
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