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Abstract. It is important to find rational values of time reserves to compensate for delays 
during train movement to ensure train schedule reliability. This study proposes to investigate 
the impact of different categories of trains and their time reserve on schedule reliability. The 
main purpose of the study is to develop a method for studying the extent of the impact of time 
reserve on train schedule reliability based on the epidemiological model. Mathematical train 
delay propagation at the section model has been developed on the basis of the Susceptible – 
Infected – Removed (SIR) epidemiological model of adaptation type (taking into account the 
effect of using different train categories. It is suggested to use a binary genetic algorithm to 
search for parameters of delay propagation rate in the SIR model. According to a specially 
developed data acquisition algorithm, empirical data on the propagation of train delays at the 
station were obtained. Experimental studies have been carried out to search for train delay 
propagation velocity coefficients in the SIR model. The train movement restoration results 
during a delay at the station are given to study the impact of the time reserve value on train 
schedule reliability, taking into account the speed recovery delay set in the SIR model. The 
simulation results confirm the developed mathematical model adequacy. 

1.  Introduction  
One of the important ways to increase the efficiency of rail transportation of goods and passengers is 
to ensure high quality indicators of basic transport services as a result of both constructive [1] and 
organizational measures [2, 3]. However, in railway systems with mixed traffic of passenger and 
freight trains with partial adherence to the timetable, there is a problem of ensuring the reliability of 
the transportation process. Improving the reliability of work schedules of train traffic is one of the 
important indicators of organizational decisions to ensure the competitiveness of railway transport. To 
achieve these indicators in the process of using the developed train schedule, it is necessary to conduct 
studies on the effect of train delays that may occur on the stability of movement of all other categories 
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of train flows. This will allow, at the stage of developing a working train schedule, to provide for 
temporary compensation zones with the possibility of restoring train movements, which are delayed 
with the least impact on network traffic. It should be noted that there are almost no effective methods 
for numerically determining the impact of trains of various categories and the size of their reserve time 
on the reliability of the train schedule without observing the freight train departure timetable. Taking 
into account that the mutual impact of train flows, in conditions of delays, on a railway section is 
nonlinear, characterized by a significant level of uncertainty, complicates the task of formalizing this 
process. Under such conditions, the goal is to develop a research method that will formalize the 
process of propagation of train delays on a railway line, taking into account the mutual impact of trains 
of various categories and the size of their reserve time. This will make it possible to assess the impact 
of delays that may occur on the section under the conditions of existing values of time reserves for 
finding rational parameters of the train schedule. As a result, based on the research results, it is 
possible to develop a method that will reduce subjectivity in making decisions on establishing the 
values of time reserves for various categories of trains with a mixed traffic system without observing 
the freight train departure schedule, and will increase the accuracy and speed of assessing the 
reliability of the train schedule before its implementation. This will ensure the stability of movement, 
high speed of trains, increase the capacity of the section and reduce the impact of delays on the 
stability of the line. Thus, studies aimed at improving the reliability of working train schedules for 
railway systems without adhering to the freight train departure timetable are relevant and have 
practical value. 

2.  Literature review and problem statement 
A lot of work has been devoted to research in search of new effective methods for analyzing the effect 
of time reserves on the reliability of train schedules. In particular, in his studies author of [4] compares 
the effectiveness of various strategies for applying time reserves in Danish rail timetables to the 
recommendations of the UIC. In [5], based on an analysis of train delays on the railways of Holland, 
Switzerland, and Germany, threshold delays were determined for various categories of trains in these 
countries. There is research [6] focused on review of the state of practice and existing schedule 
planning procedures based on the rules of railway administrations from several European countries. A 
number of shortcomings were identified in the development of a motion schedule, one of which is the 
lack of effective modeling tools, optimization and data analysis methods for improving schedules. As 
part of the development of research methods for studying the impact of the time reserve value on the 
reliability of the train schedule, the accuracy of predicting the propagation of train delays in the 
network is important. Based on the analysis of various approaches for predicting the spread of train 
delays in the network, the following are distinguished: deterministic, stochastic, statistical. 

Using the deterministic approach, it is possible to study the network response to delays, but its 
application does not allow for a realistic assessment of the dynamics of the distribution of delays of 
railway networks in which the planned train schedule is completely or partially missing [7]. The 
stochastic approach allows for more accurate and adequate prediction of the propagation of the delay 
[8], but requires verified input data regarding the parameters of the propagation of delays, which are 
not always possible to obtain. Many studies focus on statistical analysis of completed train schedules 
to find statistical patterns in the propagation of delays [9]. In addition, all approaches can be divided 
according to the level of detail into micro- and macro-modeling. Simulation models based on the 
principles of micromodeling provide more accurate results, but knowledge of the normative train 
schedule is important for their work. In the railway system of Ukraine and the like, freight trains 
depart from forming stations “on readiness” without observing the timetable, which complicates the 
analysis of the fulfillment of the train schedule for deviations from the standard transit time standards. 
It is for this type of movement that it is important to increase the reliability of the transportation 
process. 

According to the analysis, which made it possible to identify the advantages and disadvantages of 
various approaches to modeling, the proposed macroscopic approach to modeling the propagation of 
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train delays is proposed for a railway system with partial observance of train schedules. One of the 
promising directions for modeling the propagation of train delays at the macro level is the use of 
modified epidemiological mathematical models used to simulate epidemics, the spread of viruses, and 
the like. A successful example of the application of the epidemiological model is [10], which proposed 
a mathematical SIR model for formalizing the congestion propagation on urban transit networks by a 
congestion susceptibility recovery process. However, the use of such a model for determining the time 
reserves in the schedule of movement of railway networks of mixed movement of passenger and 
freight trains without observing the latest timetables is impossible. The study [11] proposed an SIS 
model of epidemic spreading, which is able to reproduce the empirical distribution of train delays. 
This approach suggests the possibility of several delays for one train. The simulation results in terms 
of scheduled train traffic in the Italian railway network confirmed the adequacy of the mathematical 
model in the real processes of delay propagation. This proves the effectiveness of the chosen research 
area. Given that the macroscopic approach to modeling the propagation of train delays can more 
adequately describe the uncertainty of the parameters of the train flow system without observing the 
network traffic schedule, the main goal of the study is to develop a method for studying the impact of 
the time reserve on the reliability of the train schedule based on the epidemiological model. 

3.  Materials and methods 
For railway systems not observing the freight train schedule, to which the Ukrainian railway belongs, 
the rules for establishing time reserves in the threads of trains of various categories are quite general, 
which requires studies of the impact of trains of various categories and the size of their time reserve on 
the reliability of the schedule on the section, taking into account that the most unexplored indicator is 
the time for recovery in the thread, distributed by the method of compensation for movement [12]. 
Compensation for movement consists of using the difference between the minimum train time for the 
section and the fact that the planned schedule contains a component – the regular addition time, which 
is attached to the train time for each section in accordance with the requirements of the infrastructure 
operator. The amount of addition time (time reserve) in different railway systems varies depending on 
the distance the train follows, the time it takes and the station to park. This reserve of time, when the 
train is late, allows for surge operation to accelerate the train in comparison with the planned schedule 
in order to reduce delay and avoid scenarios of cascading delays with significant costs. Figure 1 shows 
one of the possible practical examples of the application of surge operation in the event of an initial 
delay in the train schedule on a conditional double-track section A-B. 

Upon departure from station B, freight train No. 2002 experienced an initial delay of tdelay = 14 
minutes with two scenarios. Delay involves the development of a second scenario in which the stop of 
train No. 2002 at the station is inevitable in order to perform the overtaking operation (with 24 minutes 
of downtime) of passenger trains following a pack according to the normative schedule with the 
highest priority. If there is a reserve of time – compensation during movement, the course of events 
may change into scenario 1, which provides for the transfer of an order from the dispatcher to the 
freight train operator No. 2002 to accelerate the latter on the first stretch B-I of the second train by 2 
minutes, on the second j-f – by 4 min; on the third f-e – by 5 minutes; on the fourth e-d – by 5 
minutes; on the d-c – by 4 minutes, which will allow freight train No. 2002 to arrive at station A in 
accordance with the regulatory train schedule. One example of the development of scenarios in the 
practical conditions of the implementation of the motion graph proves the effectiveness of the 
existence of a reserve in the form of compensation time in the graph thread. However, if too long 
standby time is selected, the duration of the train occupying the infrastructure of the section increases, 
which leads to a decrease in the district speed and throughput of the section. Under such conditions, it 
is important to solve the problem of finding rational values of the compensation time in the threads of 
the train schedule of various categories. This will allow us to find a balance between the reliability of 
the traffic schedule and the practical throughput of the railway section. 
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Figure 1. Scheme of train movement scenarios when a delay occurs 
on a double-track section: scenario 1 – implementation of the ahead 
operation; scenario 2 – overtaking with passenger trains. 

To solve the problem of finding rational values of the compensation time in threads, it is proposed 
to apply the SIR-model (Susceptible-Infected-Removed model), which is used to model the spread of 
infectious diseases in a closed society, the spread of viruses in a computer network and cases of 
planned exposure on an agent in social networks [13]. Adapting this model to the problem of the 
impact of train delays on the railway network, it is possible to imagine the spread of infectious 
diseases as the process of spreading train delays and the associated effect on the movement of trains 
on the railway network. Within the framework of the adopted statement of the problem, to describe the 
effect of the time reserve in the train schedule threads of various categories, it is proposed to present 
the total number of trains in the calculation section in three states, each of which represents an 
outstanding stage in the development of delay propagation. 

Thus, the total number of train threads (freight and passenger) should be divided into groups: S(t) –
delay-sensitive trains, which at time t  follow the schedule but can be delayed when moving on the 
section (Susceptible) I(t) – train, following with a delay infecting the movement of other trains, 
passing on a delay (Infected) R(t) – train, during the passage through the railway section with a delay, 
compensated for the delay, followed the schedule, and did not cause the occurrence of delays in 
further movement (Removed). Figure 2 shows a graph of the process of transition of trains between 
states on the site. 

 
Figure 2. Graph of the transition process of trains between states in the 
section. 

Sij Iij Rij 
β γ 

SIR 
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Given the importance of taking into account the different priority of traffic on a section of trains of 
various categories, it is proposed to expand the state groups into subgroups-classes in accordance with 
their category r. For a mixed model of site operation, in this study it is proposed to take into account 
the following categories of trains: r=1 – passenger trains; r=2 – community trains, r=3 – freight trains. 
According to current rules [14], the priority hierarchy corresponds to the indicated sequence of 
categories. It has been suggested that trains of each class have the same characteristics of delay 
transmission and motion recovery processes. 

According to [15] a mathematical model can be written as a system of differential equations of the 
form 
 

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑑𝑆𝑟(𝑡)
𝑑𝑡

= −�𝛽𝑟,𝑙

𝑙

𝑆𝑟(𝑡)𝐼𝑙(𝑡);            

𝑑𝐼𝑟(𝑡)
𝑑𝑡

= �𝛽𝑟,𝑙

𝑙

𝑆𝑟(𝑡)𝐼𝑙(𝑡) − 𝛾𝑟𝐼𝑟;   

𝑑𝑅𝑟(𝑡)
𝑑𝑡

= −𝛾𝑟𝐼𝑟,                                     

 (1) 

where 𝑆𝑟 – the number of opportune trains in class 𝑟 on the section, trains; 𝛽𝑟,𝑙  – propagation speed of 
the delay from class 𝑟 trains to class 𝑙 trains in the area where  𝑟 = 𝑙, 𝑟, 𝑙 𝜖 𝑅; 𝐼𝑙  – the number of 
infected class l trains in the section, trains; 𝑅𝑟 – the number of class 𝑟 trains that followed with a 
delay, but removed it, trains; 𝛾𝑟– delay recovery speed in class 𝑟 trains on a section; 𝑡 – time or 
simulation step, hour. All system parameters have positive values. 

The system of equations has a standardization condition of the form 𝑁𝑟 = 𝑆𝑟(𝑡) + 𝐼𝑟(𝑡) + 𝑅𝑟(𝑡), 
where 𝑁𝑟 – the total number of class r trains in the section 𝑁 = ∑𝑁𝑟, 𝑁 – the total number of trains 
of all classes in the section. The initial conditions for the system (1) are the level (𝑆0𝑟, 𝐼0𝑟, 0), where 𝑆0𝑟, 
𝐼0𝑟 – the number of favorable and delayed class 𝑟 trains in the section at 𝑡 = 0, respectively. 

Important parameters of the system (1) are the propagation rate of delay from trains 𝛽𝑟,𝑙 and the 
recovery rate of delay in class 𝑟 trains in section 𝛾𝑟. In this study, it is proposed to conduct studies in 
the following sequence: at the first stage, develop a method for searching for parameters 𝛽𝑟,𝑙 on the 
delay data of the real section, and then model the propagation of the delay with different delay 
recovery rates. 

It is proposed to use the method of evolutionary calculations, in particular, the binary genetic 
algorithm, BGA [16], to search for parameters of the delay propagation velocity in the system of 
differential equations (1). In general, the parameter search problem 𝛽𝑟,𝑙 can be represented as an 
optimization problem of the form 
 𝐹(𝛽) → min             

𝑔(𝛽) = 0,                 
ℎ(𝛽) ≤ 0,  𝛽 ∈ ℜ𝑛,

 (2) 

where 𝐹 – the objective function estimates between empirical values of the number of infected 
(delayed) trains 𝐼𝑟  and model 𝐼𝑚𝑟  obtained by solving the system of differential equations (1) taking 
into account the given initial conditions corresponding to real ones; 𝑔(𝛽) = 0; ℎ(𝛽) ≤ 0 – the 
restriction of equality and inequality, respectively, corresponding to the problem statement by solving 
the system (1). Within the framework of solving the optimization problem (2) in the system (1), the 
parameters 𝛾𝑟 = 0. 

To implement the optimization problem (2) within the framework of the genetic algorithm, the 
model variables are presented in the form of a fixed-length chromosome, taking into account the 
restrictions on their ranges and putting them into one numerical vector 
 𝐶ℎ = �𝛽1,1,𝛽1,2,𝛽1,3,𝛽𝑟,𝑙 , … ,𝛽3,3�, (3) 
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where ℎ = 1,𝐾����� – the chromosome number 𝐶, 𝛽𝑟,𝑙 ∈ {3 × 3} or 𝐶ℎ = [1 × 9], and the variable has 
limitations 0 ≤ 𝛽𝑟,𝑙 < 1. The solution of the system of differential equations (1) within the fitness 
function of the BGA is proposed to be performed using the fourth-order Runge-Kutta method [17]. 
The criterion for evaluating the selection of variables in the optimization problem (2) applied the 
average absolute error (MAPE) between the empirical and the results [18] 
 

𝐹(𝛽) =
1
𝑀�

|𝐼𝑟(𝑡)− 𝐼𝑚𝑟 (𝑡)|
𝐼𝑚𝑟 (𝑡)

100%

М,𝑟

→ min (4) 

where the indicator 𝐹(𝛽) is not defined for zero values 𝐼𝑚𝑟 (𝑡), 𝑀 – the number of rows of vectors of 
experimental data of the sample 〈𝑋�𝑞 ,𝑦�𝑞〉, 𝑞 = 1,𝑀������; 𝐼𝑟(𝑡) – output sample vector 〈𝑋�𝑞 ,𝑦�𝑞〉, 𝐼𝑟(𝑡) ∈ 𝑦�𝑞; 
𝐼𝑚𝑟 (𝑡) – the result of solving the system of differential equations (1) under initial conditions (𝑆0𝑟, 𝐼0𝑟, 0), 
corresponding to the q-th line of the sample 〈𝑋�𝑞 ,𝑦�𝑞〉, (𝑆0

𝑟,𝐼0𝑟,0) ∈ 𝑋�𝑞. 

4.  Results  
To be able to obtain accurate data on the distribution of the number of delayed trains over time on the 
calculated railway section, taking into account the various categories of trains, a special data 
acquisition algorithm was developed. To generate train delays of various categories and their 
distribution in the traffic schedule, an optimization mathematical model [19] was used in this work. 
According to the developed procedure, the simulation of the distribution of train delays in the work 
schedule for 2017-2018 years was performed on the Liubotyn - Sovnarkomivska regional branch of 
the Southern Railway branch of Ukrzaliznytsya JSC. This section is a bottleneck in the movement of 
trains to stations of the Kharkov railway junction. 

In the experimental studies, three scenarios were constructed according to which the delay of one 
train from the adopted class r was simulated with constant parameters of the infrastructure and the 
normative schedule. The delay was modulated in the odd direction of movement for the departure 
from the Lyubotyn station with a value of 25.17 minutes, according to the research of [19]. Initial 
conditions at 𝑡 = 0 for modeling 𝑁𝑟=1 = 9 trains, 𝑁𝑟=2 = 4 trains, 𝑁𝑟=3 = 32 trains. Visualization 
of the graphs of the dependences of the number of delayed trains of different classes with a cumulative 
total from the moment the model delay of the passenger train occurs is shown in figure 3. 

 
Figure 3. The dependence of the number of delayed trains of different classes with a 
cumulative total from the moment of model delay of passenger train No. 161 in the odd 
direction of movement on the Liubotyn - Sovnarkomivska section. 
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With the delay of one community train, the consequences are much less compared to the delay of 
the passenger train, which has a higher priority (figure 4). 

 
Figure 4. The dependence of the number of delayed trains of different classes with a cumulative total 
from the moment of model delay of the passenger train No. 161 in the odd direction of movement. 

Delay of a freight train caused a cascade of delays of other freight trains in the section with the 
same high priority. Having the highest priority, passenger trains avoided delays, while one community 
train fell into the cargo delay zone, which was a consequence of its delay (figure 5). 

 
Figure 5. The dependence of the number of delayed trains of different classes with a cumulative total 
from the moment of model delay of the freight train No. 161 in the odd direction of movement. 

The obtained data are presented as a set of vectors 〈𝑋�𝑞 ,𝑦�𝑞〉 for converting time from minutes to 
hours. The data are used to search for delay propagation velocity parameters in a system of differential 
equations by decoupling the optimization model (2) using the BGA method in the MATLAB 
environment. Visualization of the dynamics of changes in the values of the fitness function of BGA is 
shown in figure 6. 

On the basis of the results of the decoupling of the optimization model (2), the following 
coefficients are found; β1,1 = 0.0004; β1,2 = 0.0011; β1,3 = 0.0001; β2,1 = 0.0012; β2,2 = 0.1784; β2,3 = 
0.0015; β3,1 =  0.0001; β3,2 = 0.0001; β3,3 = 0.0023. The magnitude of the coefficients characterizes the 
impact of some categories of trains on others, and allows for numerical evaluation of the mutual 
impact of trains of different priorities in the train schedule. 
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Figure 6. A graph of the best and average values of the objective function F versus the number of 
BGA iterations in the process of selecting delay propagation velocity coefficients. 

According to the given input conditions 〈𝑋�𝑞 ,𝑦�𝑞〉, three delay scenarios (q = 3), the empirical results 
of which are shown in figures 3-5 and model results are obtained, which are shown in figure 7. The 
average absolute error (MAPE) between empirical and with the results is 3%, which is a high result. 

 
Figure 7. A comparative graph of the dynamics of the number of delayed trains between 
empirical values 𝐼𝑟 and model 𝐼𝑚𝑟  according to the three delay scenarios in accordance with 
〈𝑋�𝑞 ,𝑦�𝑞〉 the calculated section: thin line with circles – empirical values 𝐼𝑟; bold line – model 
values 𝐼𝑚𝑟 ; red colour – passenger trains r=1; green colour – community trains r=2; blue colour 
– freight trains r=3. 

To study the effect of the time reserve on the reliability of the train schedule, the experimental 
results of modeling the restoration of train movement in the area under study were carried out. It is 
proposed to change the initial conditions – to delay 5 passenger trains out of the 9 trains available, Іr =1 

(t=0) = 5 trains. Based on current standards, use the following parameters of the delay recovery speed 
for trains of class r in the section 𝛾𝑟=1 = 0.05; 𝛾𝑟=2 = 0.0667; 𝛾𝑟=3 = 0.10. Initial conditions at t = 
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0 for modeling 𝑁𝑟=1 = 9 trains, 𝑁𝑟=2 = 4 trains, 𝑁𝑟=3 = 32 trains. The coefficients of the 
propagation velocity of the delay 𝛽𝑟,𝑙 ∈ {3 × 3} are taken in accordance with the given values of the 
decoupling of the optimization problem in Section 6 of this article. 

The solution of the developed system of equations of the SIR model makes it possible to obtain the 
results of the restoration of train movement in the event of a delay of five passenger trains on the 
Liubotyn - Sovnarkomivska line (figure 8). 

 
Figure 8. Graph of the dynamics of changes in the state of train flows under the conditions of 
restoration of train movement during the day (t = 24 hours) when there is a delay of five passenger 
trains on the Liubotyn – Sovnarkomivska line: red – passenger trains r=1; green – community 
trains r=2; blue – freight trains r=3. 

The initial conditions and the value of the states of trains of different classes r on the line at t =24 
hours are shown in table 1. 

Table 1. The results of modeling the restoration of train movement during the day (t = 
24 h) in the event of a delay of five passenger trains on the Liubotyn – Sovnarkomivska 
line. 

States Passenger trains, 
r=1 

Community trains, 
r=2 

Freight trains, 
r=3 

Susceptible, 𝑆𝑟(t=0) 4 4 32 
Infected, 𝐼𝑟(t=0) 5 0 0 
Removed, 𝑅𝑟(t=0) 0 0 0 
Susceptible, 𝑆𝑟(t=24) 3.699 0.003 28.735 
Infected, 𝐼𝑟(t=24) 1.683 1.356   1.483 
Removed, 𝑅𝑟(t=24) 3.618 2.641   1.783 

 
The numerically determined effect of trains of various categories and the value of their time reserve 

on the reliability of the traffic schedule on the line was investigated for the first time. Of the five trains 
that were delayed, with a compensated recovery time of 20 minutes, it was possible to restore 
movement of 47% of the total number of trains detained. At the same time, the delay of five passenger 
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trains (the highest priority of traffic) led to delays of other trains. The set recovery time for suburban 
and important trains made it possible to restore movement of 51% and 83% of trains, respectively, of 
the total number of delayed trains. 

5.  Discussion and conclusion  
According to the results of this research, the process of propagating train delays on the railway line 
was formalized. This allowed to investigate how trains of different categories and the size of their time 
reserves were affected the reliability of the traffic schedule. The obtained results of modeling the 
recovery of train movement on the section indicate that the proposed method for studying the impact 
of the amount of the reserve time on the reliability of the train schedule based on the modified 
epidemiological SIR model permits to obtain numerical results with acceptable accuracy based on the 
macroparameters of the transportation process. The advantage of the proposed research method based 
on macromodeling is its versatility and the ability to gain knowledge about complex nonlinear 
processes of interaction between train flows in the event of delays from the historical data of previous 
periods of operation of the section. The proposed method for finding the coefficients of the 
propagation speed of the delay in the system of differential equations of the SIR-model allowed for the 
first time to numerically determine the mutual interaction of trains of different priority in the train 
schedule. It has been found out that the transfer rate of delay from passenger trains with the highest 
priority freight trains is 0.0001, while the transfer rate between freight trains is much higher and is 
0.0023. This can be attributed to the better planned timetable for passenger trains with large intervals 
from freight trains. Whereas freight trains are quantitatively significantly predominant, and their 
movement  is poorly planned, which leads to significant mutual interaction. Based on the simulation 
results, for the first time, the numerically determined impact of the availability of trains of various 
categories and the size of their reserve time on the reliability of the traffic schedule on the line. With a 
compensation time set in the schedule of 20 minutes for passenger trains and a delay of five, it is 
possible to restore the movement of 47% of trains of the total number of detained ones. The 
established recovery time for suburban and freight trains allowed 51% and 83% of restored trains to 
be, respectively, of the total number of detained trains. The simulation results confirmed the adequacy 
of the developed method. 

The disadvantages of the developed method include the need to adjust the parameters of the 
mathematical SIR model for each area of the investigated. To improve this approach, it is necessary to 
conduct additional research on the application of machine learning methods to obtain knowledge from 
the historical data of the operation of lines. It will increase the versatility of the approach to 
conducting research on grouping in terms of the operational parameters of various sections on the 
network. This will make it possible to reduce the dimension of the problem and speed up the 
calculations by using the found parameters of the SIR model for lines that are similar in terms of 
performance to each other. 

From a practical point of view, the application of the proposed mathematical SIR-model, taking 
into account the different priorities of train traffic, will allow to automate the complex process of 
searching for rational values of compensation time on the lines of trains of various categories for train 
schedules of railway lines within the software applications. This will allow to increase the punctuality 
and reliability of regulatory train schedules. 
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